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Abstract

:

Parks are an important component of the green infrastructure in cities. They provide multiple benefits for residents’ life. Due to the uneven spatial distribution of parks, it is necessary to evaluate the spatial disparity about residents’ access to parks. The two-step floating catchment area method is suitable for measuring the accessibility of urban parks. However, few studies have noticed the representative of entrances of parks, especially adding them into the process of accessibility measurements. The floating catchment area is often determined by road speed and empirical travel time. In this article, the impact of multi-entrances of the park will be considered and real-time travel time is used in calculating accessibility. In a case of multi-entrance parks in Beijing, the average travel time of the sub-district is calculated, and with the support of the modified method, the spatial accessibilities of car driving, public transport and car-public transport mixed travel modes are obtained. The results show that the time–space compression effect of car driving is more obvious and the mixed travel mode presents the advantage of high accessibility index. This study has a theoretical and practical value for urban planning, such as advising urban planners on the siting of green park space.
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1. Introduction


As an important element of urban green infrastructure, parks play a vital role in the construction of environmentally sustainable cities [1]. They are the link between human beings and the natural environment in urbanized areas, providing the urban residents with material, spiritual, economic and social benefits [2,3,4].



From the perspective of the environment, parks are known to protect urban biodiversity, provide urban ecosystem services and abundant landscape resources for cities [5]. In addition, urban land covered with vegetation can improve the air quality [6] and alleviate the urban heat island effect [7,8]. From the perspective of residents’ lives, urban parks offer convenient recreational and learning areas for residents. On the one hand, studies have shown that the presence of parks increases the opportunities for residents’ activities and communication with other people, which can enhance their health, both physical [9,10] and mental [11,12]. On the other hand, many parks are historical sites or are built with important activities. They are the most natural learning places for residents, especially teenagers. In addition, they also offer social and economic benefits through enhancing the economic vitality of the areas around them [13]. Considering these benefits, city managers and planners have stressed the necessity for adequate urban public green space [14]. However, with the rapid increase in residents’ demand for leisure and entertainment activities [15], many cities still face the problems of limited park resources [16] and the uneven spatial distribution of parks. As a consequence, in order to propose tailor-made interventions, researchers and urban planners have raised interest regarding how to identify the areas with potential risks for uneven distribution. Some scholars have investigated the disparity between the supply of urban green space and the demand of populations from the perspective of socio-economic status and demographic data [17,18], but their research results are far from reaching a consensus [19]. Therefore, concise and clear concepts and models are needed to measure the access. Through some studies and discussion, accessibility was considered to be available for evaluating access to public facilities such as parks. It can measure the ability of residents to access public parks and further reflect the rationality and fairness of the allocation of urban parks [20,21].



Accessibility refers to “the potential of opportunities for interaction” [22]. Although scholars have proposed different methods, such as cumulative models, gravity models, and proximity models [23,24,25], and have done a lot of research in the field of accessibility, such as Kong et al. in 2017 and Cheng et al. in 2019 [26,27], the essence of accessibility is the convenience level from one place to another via a certain transport system [28]. It is affected by the supply (starting points), the demand (destination points) and the spatial connection, which is usually measured by the travel cost, such as time and distance, between them [29]. First proposed by Radke and Mu [30] and then improved by Luo and Wang [31], the two-step floating catchment area (2SFCA) method is a special extension based on gravity models. It repeats twice when searching the floating catchment area, and can consider the supply, the potential demand and travel cost at the same time. Thus, it has been one of the most widely used methods in previous studies. In order to obtain better accessibility results, a series of improvements have been performed from 2SFCA. Luo and Qi proposed an enhanced 2SFCA that improves the actual simulation by dividing catchment into multiple zones based on multiple travel times [32]. The function of distance decay has also been introduced into 2SFCA to enhance it to get more precise results [33]. In reality, the supply-demand ratio is a continuous function, and thus the Gaussian function [34] and Kernel density function [35] was utilized.



The park is an important amenity in promoting urban residents’ quality of life. There are many empirical experiments about the accessibility to park study field. The spatial disparity of accessibility in cities has attracted the attention of scholars. In order to evaluate the spatial disparity between parks and the demanders, Li and Du et al. performed a modified a Gaussian-based 2SFCA method in Shenzhen [36]. They set out hierarchical systems with four types of distance. The results show that 40% of communities have a high population density but low accessibility of parks. A study paid attention to the accessibility of country parks between 14 country parks and 240 streets/towns in Shanghai [37]. The results show that most streets/towns have a low index value of the country parks, especially in the center area of Shanghai. A study using a long time series is helpful to find out the improvement degree of accessibility. A dynamic park accessibility analysis was undertaken of Hangzhou metropolitan area in China from 2016 to 2018 [38]. Based on this, researchers further proposed a machine learning algorithm to study the relationship between community deprivation and park accessibility changes. Wei evaluated the changes in accessibility over a decade in the 41 sub-districts of Hangzhou [39]. These studies can further supply information for analyzing the equality problem within the city. Some articles performed the research in the perspective of the vulnerable groups’ accessibility. Scholars added a new data source (mobile phone data) into 2SFCA when evaluating the access to urban park resources by the older people, as older people have limited physical mobility and the traditional census data lack some behavior-based information [40]. Xing et al. proposed a supply–demand improved 2SFCA method to estimate the spatial access to parks for youth in Wuhan [41]. The impact of data aggregation has also been noted. An E2SFCA method was utilized to measure and compare the spatial accessibility of the park at the micro and macro levels [42].



Nevertheless, there are some improvements in some aspects. First, the geometric centroids or centers of parks were regarded as the proxy for parks. However, in reality, many parks are gated and cannot be easily accessed at all points [39]. Residents can easily access those parks from the gates rather than the geometric centroids or centers of parks. Large or medium-sized parks (area more than 0.1     km  2   ) have multiple entrances, which will affect the estimated results of accessibility of parks, especially in urban parks, topic parks and district parks. Recently, some articles realized the effect of multiple entrances on the park’s service scope and used the entrances to calculate accessibility [41,43,44]. Nevertheless, they did not pay particular attention to the impact of the entrances on the entire service area of the park and on the attainable accessibility of demand points. In a word, up to now, the consideration of multi-entrances in the study of accessibility measures of urban parks is low. Moreover, researchers have mostly used the digital road network, combined with the empirical road speed and the empirical travel time to study the accessibility of parks. In fact, residents’ travel is a complex process. Only using empirical data can greatly simplify the process and may cause data errors. Furthermore, in terms of service capacity (also known as attraction coefficient) measurement, taking area as the only one measuring standard of service capacity may be improper. Having considered other factors [45], they are not widely used.



Overall, this study improved the accessibility measurement method for multiple-entrance urban parks as follow:




	
All entrances of parks are treated as the destinations and are specially calculated in the modified 2SFCA method.



	
The real-time travel time from Baidu Map is used to measure the cost between urban parks and residents.



	
The park grade as a parameter is added into the 2SFCA method, which is easy to obtain and is a sigh of the overall level of the park.








For better demonstrating our method, this article chooses large or medium-sized parks with multiple entrances in parks labelled for empirical experiments. The structure of this article is divided as follows: Section 2 briefly introduces the study area and data acquisition methods. Section 3 describes the research method used to measure accessibility. Section 4 evaluates the results of accessibility research. Section 5 is the discussion and Section 6 is the conclusion for this article.




2. Experimental Data and Study Area


2.1. Study Area


Beijing is the capital city of China with a huge population. It is a national political, economic and cultural center, as well as a world-famous ancient capital and modern international city. We take the central area of Beijing as the study area, including Dongcheng District, Xicheng District, Haidian District, Chaoyang District, Shijingshan District and Fengtai District. In this paper, we use sub-district as the basic research unit (aka blocks in the USA), which is the smallest administrative unit in China. It should be mentioned that capital airport sub-district is excluded because it is not adjacent to and far away from other sub-districts.



Beijing is a city with many years of history, which has left various historical urban parks, such as the Summer Palace and the Old Summer Palace. In addition, for meeting the needs of international activities and providing better living services for residents, Beijing has built a number of large-scale parks, such as the Olympic Park and the World Park. This provides a wealth of research objects for this paper. Figure 1 shows the study area and parks in this study.




2.2. Data Sources


The dataset in this article was obtained through the Baidu map application programming interface (API), which can be downloaded through the open platform by applying for signaling and specifying latitude and longitude. The location dataset of parks in this article was point of interest (POI) data, which included name, address, grade, and area. To better research the representativeness of multiple entrances, 3A to 5A grade (a sign of the overall level of the park stipulated by the Chinese government department) parks, which has large or medium-sized parks and multiple entrances, in parks labelled with the POI dataset were used in this paper. Community parks often have adjacent entrances for their small cover area, and most may have one entrance or are even not gated [36]. Hence, they were temporarily excluded from these experimental data. Thus, this paper includes 36 large or medium-sized parks.



The acquisition of travel time has a significant impact on the accessibility calculation. In this article, the real-time travel time of car driving and public transport way was also obtained from Baidu map, which will be described in detail in Section 3.1. Figure 2 shows the distribution of bus stops and subway stations in the study area. These stops can clearly present the spatial distribution of public transport routes, including the bus and subway network.



The population data of this article were from the sixth census, based on sub-district units. The population of the sub-district was regarded as the demand degree of the sub-district. The administrative boundary data, which was adjusted manually in combination with the paper map, also came from Baidu map.





3. Methodology


3.1. The Average Travel Time of Sub District


Baidu map is a platform for users to provide travel-related services. It can also provide users with travel planning and time-consuming requirements according to real-time road conditions. Therefore, the travel time via car and public transport is collected from Baidu map API under the support of a digital map and dynamic road conditions. This travel time will give an objective value considering the road congestion and traffic flow, so as to avoid a lot of road network processing work, and the results will more reliable.



The travel time of residents is collected with taking the sub-district as the original point (O) and entrances of parks as the destination (D). Thus, we get the travel time of the sub district-park pairs. In detail, we get the travel time of car driving and public transportation (which includes underground transportation and ground transportation) of these OD pairs, respectively.



The average travel time of a sub-district represents the average time from each sub-district to all of its accessed parks. This value can explain the cost consumption of the sub-district’s access to the urban park. This is calculated for car driving and for public transport, respectively. The formulas are as follows.


    A  T i c  =      1 n    ∑  j n   T  i , j  c   



(1)






  A  T i p  =  1 n    ∑  j n   T  i , j  p   



(2)




where   A  T i c    and   A  T i p    denote the average travel time of sub-district  i  under the mode of private car and public transportation, respectively.    T  i , j  c    and    T  i , j  p    are the travel time of private car and public transport from sub-district  i  to park  j , respectively, and  n  is the number of parks that sub-district  i  can access.




3.2. The Model for Measuring Spatial Accessibility


3.2.1. The Traditional 2SFCA Method


The two-step floating catchment area (2SFCA) method is performed in this article to measure the accessibility value. The core idea of the 2SFCA method is to search the floating catchment area (FCA) twice, once at the supply point and once at the demand point, so this method includes the following two steps [30,31].



In the first step, supply point  j  is taken as the center and search all demand points  i  within  j ’s search domain, then we can calculate the supply-demand ratio     V j   .


   V j  =    S j      ∑    d  j , i   <  d 0     P i     



(3)







In this expression,    V j    represents the supply-demand ratio of park  j ,    S j    is the service capacity of supply  j , and     d  j , i     is the travel cost between supply point  j  and demand point  i .    d 0    represents the threshold for the range of supply point services, which usually expressed in time or distance.    P i    is the requirement of unit  i  which falls within the scope of the search domain of the supply point  j .



In the second step, for each demand point  i , we search all the supply points in the search domain, and the supply–demand ratio    V j    of these supply points is added to obtain the accessibility of demand point  i .


   A i  =   ∑    d  i , j   <  d 0     V j  =   ∑    d  i , j   <  d 0       S j      ∑    d  j , i   <  d 0     P i     



(4)







   A i    is the accessibility of demand unit  i . A high    A i    value indicates that the demand unit has high accessibility.



In the accessibility measurement of urban park space, we used geometric centroids or centers to replace the park itself as the demand point may produce bias. A brief reason is given in introduction and here we will explain this in further detail. Many parks in reality have gates and only allow people to enter from the entrance. Figure 3 is a conceptual map demonstrating this. We generally think that to reach the entrance is to reach that facility. Therefore, the distance from the entrance to the center needs to be excluded in the experiment. In addition, when searching the FCA, if some areas of the park are within the catchment area but do not reach the center (such as J1, J3 in Figure 4), they will not be included in the catchment area. Meanwhile, when the center of the park is within the scope of the catchment area and the whole park is not fully included in the search domain (such as J2 in Figure 4), the whole park will still be included in the calculation.




3.2.2. The Modified 2SFCA Method


According to the above, for this article, we took the entrances of the park as the destination. So, in the first step of 2SFCA, the searching process was implemented from each entrance and the overall supply–demand ratio of a park was proportionally distributed to each entrance. In the second step, the target of the searching process was the entrances of the park instead of centroids and the supply–demand ratio of entrances was used to calculate accessibility. In this article, we introduced park grade and suggested that service capacity    S j    is a function of size and grade, which is similar to the literature of Xing et al., who used park size and function to represent service capacity [44]. It is worth mentioning that park function and park grade are a similar evaluation of the overall service capacity of a park, and park grade is converted to corresponding numbers, for example, 5A grade is converted as 5. According to the obtained travel data and the existing papers [46,47], we defined three travel modes when studying the spatial accessibility: car driving, public transport and car-public transport mixed travel mode (the mixed mode for short). It should be mentioned that the mixed mode was proposed to divide the population into residents choosing car to travel or not. The proportion was provided from the Beijing Transportation Research Center (2017) [48], which indicated that 32.3% residents prefer car to travel in the travel structure. For residents using car to travel, the searching threshold was similar to car driving mode and the demand-population was residents who prefer car. As for the other residents, the searching threshold was the same as public transport mode.



The improved model is as follows and the framework is shown in Figure 5.



Step one is to calculate the supply-demand ratio:


   V j  =    S j     P j ∗    =    W j  ∗  S j A     P j ∗     



(5)







In this formula,    V j    is the supply-demand ratio of park  j .    S j A    is the area of park  j , units in     km  2   , and    W j    is the grade of park  j .    P j ∗    represents the total demand population falling within the scope of search domain of all entrances of park  j . The formulas for each mode are as follows.


   P j c  =   ∑   i ∈   ∪  k  { i |  d  k , i   <  d 0 c  }    P i   



(6)






   P j p  =   ∑   i ∈   ∪  k  { i |  d  k , i   <  d 0 p  }    P i   



(7)






   P j m  =   ∑   i ∈   ∪  k  { i |  d  k , i   <  d 0 c  }    P i C  +   ∑   i ∈   ∪  k  { i |  d  k , i   <  d 0 p  }    P i  N C    



(8)




where    P j c   ,     P j p   ,    P j m    represent the total demand population park  j  under car driving, public transport and car-public transport mixed mode, respectively.     d  k , i     indicates the travel cost between park  j ’ entrance  k  and sub-district  i , and    d 0 c   ,    d 0 p    are the searching threshold of car driving and public transport.    P i    represents the total population of demand  i . Similarly,     P i C   ,     P i  N C     respectively represent the population prefer using car to travel and not.



In order to proportionally allocate the calculated supply–demand ratio of park  j  to each of its entrances, the following formula is required. By this formula,    V j    can be proportionally allocated to each entrance and it can ensure that the sum of the supply–demand ratio of each entrance can equal the value of the supply–demand ratio of park  j  (   V j   ). The formula implements the assignment from the whole to the individual.


   D  j , k   =  V j     P  j , k       ∑   k = 1  n   P  j , k      



(9)




where    D  j , k     is the supply-demand ratio of the entrance  k  in park  j , which will be used to calculate the accessibility in the next step. It is weighted from    V j    and this weight is obtained by the ratio of the population of park  j ’s entrance  k  to the total population of all entrances of park  j .



Step two is to calculate the accessibility value.


   A j ∗  =   ∑   d <  d 0 ∗     D  j , k    



(10)




where    A j ∗    indicates accessibility in mode  ∗ , and    d 0 ∗    indicates the search threshold in the mode  ∗ . Note that in the mixed mode, the searching range is the union of car driving and public transport mode.





3.3. Spatial Autocorrelation Analysis of Accessibility


The spatial analysis method, like Getis-Ord Gi * [49] and spatial autocorrelation analyses [50], can be utilized to describe the spatial distribution regularities of objects and there are studies in which spatial autocorrelation analyses were used for the accessibility scores [47,51]. Spatial autocorrelation refers to the statistical correlation between certain attribute values of geographical things that are distributed in different spatial locations, which is usually represented by global spatial autocorrelation and local spatial autocorrelation [52,53].



Global spatial autocorrelation analysis measures the relationship between attribute values of adjacent spatial distribution objects, which is represented by Moran’ I [54].


  I =   n   ∑   i = 1  n    ∑   j = 1  n   w  i j    (   y i  −  y ¯   )   (   y j  −  y ¯   )     (    ∑   i = 1  n    ∑   j = 1  n   w  i j    )    ∑   i = 1  n     (   y i  −  y ¯   )   2     



(11)







The Z-score is used to test the significance of Moran’ I. When    | Z |    > 1.96, it means they have spatial autocorrelation.



Global spatial autocorrelation analysis is used to test the global correlation under only one trend. However, due to the spatial heterogeneity of control objects [53], local spatial autocorrelation analysis is used to find out whether there is spatial autocorrelation in a local space. For each distribution object in the space, the formula is as follows [54],


   I i  =    y i  −  y ¯     S 2      ∑  j n   w  i j    (   y j  −  y ¯   )   



(12)







The Z value is also used to test the significance of local spatial autocorrelation. In Formulas (11) and (12),  n  is the number of space units,     y i    and    y j    are the attribute values of space objects at points  i  and  j , respectively.   y ¯   is the average value. The spatial weight matrix element    w  i j     is the connection between  i  and  j  points of the spatial object.





4. Results


4.1. Travel Time


Travel time is an important factor affecting accessibility. The sub-district is regarded as the original point (O), and entrances of parks are regarded as a destination (D). We get the travel time of each sub district-park (OD) pair, and then conduct a multi-perspective analysis of travel time. According to the statistics, the mean travel time between OD pairs for car travel is 35 min, with a minimum value of 1 min and a maximum value of 91 min. In contrast, the mean travel time of OD pairs for public transport is 80 min, with a minimum value of 14 min, and the maximum value is 316 min. It should be noted that OD pairs without public transport travel route is excluded. We can find that the mean time of public transport is about 2.29 times that of car driving.



Then, we calculate the travel situation from the sub-district perspective by using the average travel time of sub district, which represents the average time from each sub-district to all of its accessed parks. Figure 6 is a histogram and cumulative probability picture. The X-axis is travel time and the Y-axis is the number of sub-districts. We can find that for car travel, the calculated average travel time of sub-districts is within 70 min, of which 30–40 min is the most common, accounting for 47.37% of the total number of sub-districts. The second most common is the 20–30 min period, accounting for 30.83% of the total number of sub-districts, while the 40–50, 50–60, and 60–70 periods are relatively less common, comprising 17.29%, 3.01%, 1.50% of the sub-districts, respectively. Meanwhile, the calculated travel time for public transport is between 60 and 180 min, mainly within 60–90 min. The time period with the largest proportion is 70–80 min, accounting for 28.57% of the total number of sub-districts. The number of sub-districts in the other periods of time is relatively scattered. Figure 6 also shows that 95% of the sub-districts hold an average travel time within 50 min with car driving, while the minimum average travel time of public transport is 53 min, and 93.23% of the sub-districts can be reached by public transport within 120 min. Figure 7 is the spatial distribution of the average travel time under different travel methods. This clearly shows that the time increases from the center to the periphery. The picture above in Figure 7 shows the average car driving time of the sub-district and the picture below shows the calculated travel time in public transport. This chart is divided into 13 bands, with an interval of 10 min starting from 30 min. The color from red to blue-purple indicates that the average travel time of the sub-district increases gradually. We can find some spatial disparity information from it. Sub-districts in the top picture are almost filled with red and orange color, which demonstrates the short average travel time and in the bottom picture, sub districts are mainly filled with the long average travel time color, such as cyan and blue-purple.




4.2. Accessibility of Different Transport Mode


According to the obtained travel time between OD pairs, the improved 2SFCA method is used to calculate the accessibility value between the sub-district and parks. Based on the statistics of travel time between OD pairs and the reference of existing papers [47], we choose the mean time as the travel threshold, as it represents the average travel situation of the research object. We set out three travel modes for research in Section 3.2, so we get the accessibility of car driving (Figure 8a), public transport (Figure 8b), and the mixed mode (Figure 8c), respectively. We divide the accessibility results value into five levels, namely the highest level (>0.32), the high level (0.24–0.32), the medium level (0.16–0.24), the low level (0.08–0.16) and the lowest level (0–0.08). In Figure 8, dark color indicates high accessibility while light color indicates low accessibility. The value represents the area of park per ten thousand people.



In the distribution figure of the car driving mode (Figure 8a), we can see that it contains four levels of accessibility, and the highest level is excluded. The reason for this is that the car driving mode can get a wide scope in a mean-time threshold, which means there will be more residents to become the service objects, thus the supply-demand ratio is decreased, finally leading to a low accessibility result. The accessibility spatial distribution takes the south of Haidian District as the center and spreads around in a circle structure. Within the defined threshold, the accessibility of car driving is high in the central to northwestern area of the study area, while in the peripheral sub-districts with a sparse road network, the accessibility of the park is relatively low. There are thirteen sub-districts with a high accessibility level (0.24–0.32) in the south of Haidian District. The sub-districts with the lowest accessibility level (0–0.08) have an incompact distribution, and are mainly distributed in the east and south of Chaoyang District, and the east of Fengtai District. There are also a few in the northwest of Haidian District, the southwest of Fengtai District, the south of Dongcheng and Xicheng District.



Figure 8b shows the spatial distribution of public transport modes. It is worth noting that in this figure, the accessibility values of Wenquan Town Sub-district, Shangzhuang Town Sub-district and Sujiatuo Town sub-district in the northwest of Haidian District, Changxindian sub-district and Wanpingcheng sub-district in Fengtai District are 0 (which have been emphasized with yellow boundary line in Figure 8b). The reason is that these sub-districts have no traffic plan under the average travel time of 80 min of public transportation—that is to say, it is impossible to reach any research park from these sub-districts within 80 min or that there is no public transport route between these sub-districts and parks. There is one sub-district with the highest level in Haidian District and seventeen sub-districts with a high accessibility level, which is four more than car driving mode but the distribution is more disperse than that. High accessibility sub-districts are mainly distributed in the centre to the north of the study area, such as the north of Dongcheng District and Xicheng District, the southeast of Haidian District and the west of Chaoyang District, which are old urban areas in Beijing. The distribution area of low accessibility is similar to that of the car driving mode.



Figure 8c shows the spatial difference in accessibility under the mixed travel model. The number of sub-districts with the highest accessibility level is ten. This number is much larger than that in the car driving and public transport mode. These sub-districts are mainly concentrated in the south of Haidian District. Obviously, the accessibility of the park in three modes has spatial heterogeneity. We can see that compared with the first two modes, the mixed mode has more obvious accessibility advantages. It is clear that the range of the highest and high accessibility level sub-districts under the mixed mode is more widely distributed. In addition, the mixed mode has less of the lowest accessibility level sub-districts, with 16 in the mixed mode, 35 in the public transport mode and 38 in the car driving mode, though these sub-districts are mostly distributed in the peripheral area.



From the macro level, the three travel modes all reflect the same rule. That is, the regions with high accessibility are distributed from the south of Haidian District to Xicheng District and Dongcheng District. With the range moving to the peripheral area, the accessibility level also decreases. Combined with the sub-district average travel time distribution, we can find that this is closely related to the increase in travel time. This also proves that travel time is a significant factor affecting accessibility.




4.3. The Spatial Autocorrelation Results of Different Transport Modes in Accessibility


Based on the above results, the spatial autocorrelation analysis of accessibility is applied. We use the queen consistency weight method to calculate the global spatial autocorrelation index Moran’ I, and generate the local autocorrelation clustering graph. These steps are carried out in GeoDA, which is a geography software developed by Dr. Luc Anselin and his team. Table 1 shows the results of global spatial autocorrelation analysis in three modes. Figure 9 shows the corresponding global spatial autocorrelation scatter in different modes. It can be seen from Table 1 that in each mode, Moran’ I index is greater than 0, the Z-value is greater than 1.96, and the calculation results pass the Z-value test (p-value is 0.01 < 0.05). This shows that, in the central area in Beijing, the accessibility of the sub-districts to the 3A level and above parks has a positive spatial correlation. This means that the high accessibility is adjacent to the high accessibility sub-districts, and the low accessibility is adjacent to the low accessibility sub-districts. Local autocorrelation analysis is used to identify high and low level spatial clustering of park accessibility as well as spatial outlying sub-districts in the study area, and the Local Indication of Spatial Association (LISA) cluster map is generated, as shown in Figure 10. Red is High-High value clustering (H-H), blue is Low-Low value clustering (L-L), purple and pink are outliers (L-H, H-L). Although in the three modes, the spatial distribution of H-H value clustering and L-L value clustering is slightly different, the overall distribution is consistent. As shown in Figure 10, H-H values are mainly distributed in the southeast of Haidian District, Dongcheng District and Xicheng District, while L-L values are mainly distributed in the peripheral sub-districts. The rest of study area is distributed with outliers and no significant sub-districts.





5. Discussion


In this paper, with the support of real-time travel data, we first calculated the average travel time of the sub-district park pairs. The average travel time from the sub-district to parks implies a spatial pattern that the travel time increases from the center of the study area to the peripheral area. The results show that sub-districts’ average travel times in the car driving mode are mostly concentrated in the 30–40 min period, while in public transport mode, the times are most concentrate in 60–90 min period. Through the histogram of Figure 6 and the spatial distribution of Figure 7, it can be seen that the car driving mode has a more obvious time–space compression effect than the public transportation mode. This finding is similar to the results of Wang et al.’s analysis on the travel time of scenic spots [51].



In terms of accessibility results based on the modified 2SFCA method, we can find that the sub-districts with high accessibility level in car driving mode are mostly distributed in the south of Haidian District. These sub-districts are located near the third and fourth ring roads in Beijing, so the traffic there is convenient. This is one of the reasons for the highest accessibility. What is more, the Summer Palace (5A grade park) and Yuyuantan Park (4A grade park) are around them, so the proximity to the demand point is also a reason. Meanwhile, the results show that within the third ring road, the accessibility value remains relatively low, in spite of dense parks. Through the analysis of travel time and formula, we found that within the search threshold range, parks here can serve a large range of demanders, but the service capacity of the park is relatively low, which results in a lower supply–demand ratio and furthermore a lower accessibility result. The sub-districts with the lowest accessibility level are mostly distributed in the eastern peripheral area, as they are far away from the Beijing ring road and require a long travel time. In addition, these places are densely populated but sparsely distributed with parks.



In the public transport mode, the dense distribution of public transport routes corresponds to greater accessibility, and vice versa. High accessibility sub-districts are mainly distributed in the central to the north of the study area, because these areas are old urban areas, with the most complete public transport facilities and the densest metro and public transport lines. Compared with these areas, the south of the study area has relatively low accessibility. This demonstrates that the development of the northern part of Beijing’s central urban area is better than that of the southern part, which further forms a more complete transportation infrastructure.



The mixed mode has the highest number of the highest accessibility level sub-districts. This is because in the mixed mode, it not only takes advantage of the high speed of the third ring road and the fourth ring road, but also enjoys the advantages of perfect public transport infrastructure. In this mode, residents can access more parks, so the accessibility is higher. Obviously, the accessibility is higher in the west of the study area than in the east, even though the economic development of the east is better than that of the west. This is because the eastern part is mainly distributed with large business districts. The parks located there are small and the population is dense. Meanwhile, the western part has more large parks. Comprehensively analyzing this, the sub-districts with lowest accessibility are distributed in the peripheral area, which is closely related to the limited road network and public transport and to the sparse distribution of parks. Therefore, accessibility can be improved by increasing the traffic capacity of this part of the area. The findings of this study on the spatial disparity in the accessibility of parks are similar to Zhang et al. on the spatial disparity in the accessibility of churches [55]. In addition, we further found that higher accessibility can be obtained in the mixed mode of travel. Therefore, managers can improve the accessibility of residents by encouraging them to travel by different means of transportation.



The spatial autocorrelation analysis shows that the accessibility of the park has a positive globe spatial correlation. The LISA cluster maps of the three modes show that the H-H value clustering area and the L-L value clustering area are respectively distributed in some inner city and marginal areas. This indicates a significant imbalance in access to the resources. This is closely related to the spatial distribution of park resources as depicted in Figure 1. Thus, it can provide information for planners in their future designs in marginal areas.




6. Conclusions


Many accessibility measuring methods are utilized for better understanding the satisfaction of residents’ demand about parks. However, the representation of entrances of large or medium-sized parks has been ignored in the literature for a long time. In this study, we took the entrances of parks as the destination for analyzing the accessibility of parks. Taking the central area of Beijing as the study area, the 2SFCA method was modified according to the characteristic of large or medium-sized parks with entrances. As the travel time is an important element for evaluating accessibility, real-time travel time from Baidu maps was utilized. We first got the travel time between sub-district (O) and the entrance of parks (D) and in order to reveal the travel ability of sub-district to all accessed parks, the average travel time was calculated. Then, the mean time of OD pairs was utilized to measure the accessibility to parks under three defined modes with the modified 2SFCA method. The research shows that there was better accessibility satiation under the mixed mode, which provides information and support for advocating that residents have different means of transportation, such as public transport. Finally, Moran’ I index and LISA cluster map are used to detect global spatial autocorrelation and local spatial autocorrelation respectively.



The results of this study can provide information for future urban planning. In addition, the research method of this paper can also be considered in other facilities with similar characteristics. However, there are some limitations in our work. The first limitation is that the population in this paper is census data, which is mainly aimed at the permanent residents of the region, without considering the situation of tourists. In future research, we can add the big data based on location-based services, such as microblogs, to combine the permanent population with domestic and foreign tourists for further in-depth research. Second, the edge effect is not considered in this study. Thus, the accessibility might be underestimated when residents access parks which are just outside of the study area but can serve the study area under the time threshold. Third, this article considers car driving and public transport as the travel tool, and the mixed mode also assumes that residents, excluding those who prefer car driving, all use public transport to travel. Other modes such as walking and cycling can be analyzed as separate modes and added into the mixed mode in follow-up studies. Fourth, in this paper, geographical centroids are used in sub-districts as demand points. Although this is widely used, it may still cause errors if the sub-districts are large or the population distribution is very uneven. Therefore, we will consider this aspect in future work, such as using a more appropriate unit for the further experiment.
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Figure 1. Study area and the location of parks. 
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Figure 2. Spatial distribution of public transport stops. 
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Figure 3. A conceptual map of the route between demand point (sub-district) and supply point (park), where “   e ∗   ” represent “   entrance ∗   ” and (a), (b), (c), (d) are the available routes between sub-district and park in theoretical. 
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Figure 4. The searching scope when treated geometric centroids as destination. (J1, J2, J3 represent demand points, red points are the entrances while the yellow point is the geometric centroid.). 
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Figure 5. The framework of the modified 2SFCA method based on real-time travel time data and multi-entrances. 
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Figure 6. The histogram and cumulative probability picture of the average travel time of sub-districts. 
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Figure 7. A visual map of the average travel time of sub-districts in car driving and public transport way, respectively. 
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Figure 8. The spatial pattern of accessibility via different travel modes in urban area of Beijing, China. (a) The accessibility of car driving mode; (b) the accessibility of public transport mode; (c) the accessibility of the mixed mode. 
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Figure 9. The Moran scatter diagrams of accessibility index in different modes in urban area of Beijing, China. (a) Car driving mode; (b) public transport mode; (c) the mixed mode. 
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Figure 10. Local Indication of Spatial Association (LISA) cluster map of accessibility index in urban area of Beijing, China. (a) Car driving mode; (b) public transport mode; (c) the mixed mode. 
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Table 1. The results of global spatial autocorrelation analysis.
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	Travel Mode
	Moran’ I
	Z-Value
	p-Value





	Car driving
	0.7443
	13.6185
	0.01



	Public transport
	0.5991
	10.1647
	0.01



	Mixed
	0.7101
	12.1887
	0.01
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