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Abstract

:

Skywalk systems serve as a three-dimensional transportation solutions to address insufficient ground capacity and spatial fragmentation in high-density cities, thereby enhancing the pedestrian experience and representing an urban design strategy aimed at creating diversified and composite spaces. Previous studies have not included a quantitative analysis of the coordination levels between skywalk systems and the urban spatial environment, thus leading to a lack of understanding of the current state of built systems. In this study, we employ coupled modeling and cluster analysis methods to reveal the differences between North American and Asian skywalk systems by analyzing the level of coordination in their development and summarizing the existing typologies based on the analysis results. The results show that the skywalk systems in Minneapolis, Shanghai Hongqiao, and Osaka Umeda Hub are well-coordinated with their urban spatial environment. In contrast, the systems in Toledo, Seattle, and Oklahoma City exhibit significant dissonance. A cluster analysis has identified four distinct types of skywalk models: the attached and nodal closed skywalk network system, the traversing and attached covered and windowless skywalk node system, the traversing and nodal closed skywalk node system, and the attached closed skywalk linear system. These models provide an evaluation framework for their construction.
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1. Introduction


The acceleration of urbanization, population explosion, and land use constraints has led to a number of challenges for high-density cities, including insufficient basal capacity and spatial fragmentation [1]. The traditional planarized development mode is no longer aligned with contemporary society’s demand for composite space [2]. As a result, three-dimensional transportation has become an effective means of addressing these issues [3].



Skywalk systems are vital components of three-dimensional transportation infrastructure, which refers to the above-ground level that connects buildings and spaces through corridors to provide safe, comfortable, and convenient pedestrian access [4]. The development of skywalk systems can be traced back to the middle of the 20th century, initially emerging in North American cities, such as Minneapolis, Montreal, and Toronto. Its primary purpose was to mitigate the challenges posed by cold climates, protecting the pedestrians during their walking trip. By the end of the 20th century, skywalk systems had also been developed in some cities in Asia, such as Hong Kong, China, Singapore, and Tokyo, with the focus having shifted to alleviating ground traffic congestion and enhancing the plot ratio. At present, skywalk systems serve three main functions. First, they connect public transportation stations with the surrounding commercial, office, residential, and other functional areas by creating a three-dimensional pedestrian system that combines the ground and underground, thus shortening the walking distance and time, and improving the convenience and comfort of public transportation [5]. Second, it increases the amount of above-ground public space, expanding the space for urban activities such as communication, and stopping and resting [6]. At the same time, it creates a large amount of gray space at the ground level through an elevated design to enrich the spatial interface. The third purpose is to create a distinctive urban landscape [7], such as New York’s High Line Park, which was converted from an abandoned railroad, incorporating art installations and landscape design along the way, to become an iconic community activity space.



Despite the importance of skywalk systems, their construction is met with some controversy. Skywalk systems are influenced by various aspects of the urban environment [8], and their advantages in promoting urban development are mainly reflected in two aspects: First, they are integrated into urban life as a critical component of three-dimensional transportation, thereby reducing the reliance on high-carbon-emitting transportation modes (e.g., private cars) in cities and mitigating tailpipe pollution from slow-moving vehicles [9]. Second, they can improve the efficiency of urban space utilization and promote the three-dimensional development of the city. By utilizing the space resources above the city, the potential of urban three-dimensional space can be exploited to relieve the pressure of ground transportation and conserve land resources [10]. However, these benefits do not apply to all cities [7,11]; they are particularly effective in cities with relatively spacious streets, high white-collar employment rate, and cold and rainy weather, such as Minneapolis, St. Paul, Cincinnati, Toronto, Calgary, Edmonton, and Sapporo. Constructed skywalks also present challenges in four ways: Firstly, they can diminish the commercial vitality at street level, leading to a decline in ground-level retail activity, thus reducing the value of stores and discouraging ground-level engagement [12,13]. Secondly, the privatization of public space becomes an issue, with the opening hours of the skywalk system being influenced by architecture and resources being taken away from public space [14,15]. Thirdly, the lack of cohesive planning and management results in a fragmented system with subpar connectivity and accessibility [16]. Lastly, the construction cost is high, and the subsequent maintenance is challenging [8]. Taken together, this study concludes that skywalk systems play an important role in the overall development of cities, especially when they have a certain level of coherent development and promote sustainable urban development.



Of all the cases analyzed, North America and Asia stand at the forefront in terms of the quantity and quality of construction. After World War II, North American cities, especially those with severe climates, used skywalk systems as a means of rejuvenating older urban areas and providing citizens with a warm, convenient walking environment [17]. Originating in the mid-twentieth century, North American skywalk systems, often characterized by enclosed glass galleries connecting high-rise buildings, established an independent pedestrian network above ground level. These systems have the advantage of enhancing pedestrian mobility and safety, improving the walking environment, and driving economic revitalization in urban centers. However, since the end of the last century, the pace of skywalk system development in North America has slowed down or even stopped, with some cities beginning to dismantle them in favor of valuing the vitality of the ground floor. Unlike North America, Asia’s skywalk systems have shown new features and advantages in their development in recent years, especially in densely populated cities [18], embodying the concepts of sharing and inclusiveness [19,20,21]. Skywalk systems in Asia show localized characteristics, such as the Central–Mid-Levels skywalk system in Hong Kong, China, which utilizes mid-level walkways, building rooftops, and other spatial resources to form a three-dimensional shared space [22]. Similarly, the Umeda skywalk in Osaka, Japan, creates a multifunctional platform that is well articulated with its surroundings. The skywalk system is also used by different social groups for various purposes, especially during off-peak hours, such as Central’s skywalk system in Hong Kong, China, serving as a social place for foreign domestic helpers or a shelter for the homeless [23,24]. In Bandung, Indonesia, the skywalk system organizes street vendors to provide space and enhance the city’s image [25]. However, skywalk systems in Asia still need to address a number of issues, including the need for more sophisticated designs interfacing with neighboring buildings and the imperative to reincorporate completed zero-walks in the context of three-dimensional urban development [26,27].



With the acceleration of urbanization and the growing demand for transportation, environment, and space utilization, researchers have explored the relationship between skywalk systems and the urban environment. Currently, the research mainly focuses on the following aspects. Firstly, space integration and allocation. Public transportation-oriented three-dimensional pedestrian systems are crucial for expanding the boundaries of public space, and serve as the “glue” that binds and integrates various urban resources, such as public space, public transportation, and public buildings [28]. Built in the 1970s, the Central District of Hong Kong, China, is a successful example of the use of this strategy in urban renewal. This privately funded, 3.6 km long covered, semi-open skywalk system, resembling a fishbone along the main road, interconnects over 30 commercial and office complexes in a 1.8 km2 area, seamlessly linking Hong Kong Station and Central Station [26]. Secondly, pedestrian network stitching. The “stitching” effect of the skywalk system on urban road networks is mainly reflected in two aspects: first, as an instrument for downtown economic rejuvenation, as observed in cities like Minneapolis and Cincinnati in the United States, where pedestrianization development strategy serves as an important means of inner-city regeneration; second, as a remedy for the lack of vitality of the streets in historic cities such as Suzhou, China, where skywalk systems mend fragmented urban spaces [22] and restore connectivity [12,22,29]. Thirdly, regulation of the walking environment. Climate-oriented skywalk systems regulate the urban thermal environment while enhancing walkability. Cities like Minneapolis, USA, and Calgary, Canada, have adopted fully enclosed aerial walking systems to cope with severe cold [29,30]. Conversely, subtropical cities like Hong Kong, China and Guangzhou, China, utilize natural ventilation and roof outcroppings to temper heat and solar exposure. In addition, a study on “urban agriculture” in Java, Indonesia, has found that incorporating vegetation into the urban environment mitigates the heat island effect and improves the walkability of the city [31]. Finally, the aggregation of multiple urban functions. The skywalk system not only serves as a transportation carrier, but also combines with the landscape, commercial business, leisure and recreation, tourism and sightseeing, and social activities, yielding promising outcomes in Asian countries.



Previous studies have mainly focused on case-by-case empirical evidence for a single city or country, typically using single-factor correlation and influence factor analysis. However, there are fewer studies on the comparison and overall coherence between different cities. The research objective of this study is to explore the relationship between skywalk systems and urban environments and the development of coherence law, and at the same time to summarize the construction types and characteristics of existing skywalk systems, thus forming a reference to assist decision making.



The Section 2 of this paper is the literature review, screening specific evaluation indexes and constructing the index systems. The Section 3 constructs the research method. This is followed by the results of an empirical analysis in Section 4. Finally, Section 5 conducts a discussion and derives the study’s conclusions.




2. Literature


This section summarizes the classification of evaluation indicators and specific evaluation factors for assessing each skywalk system and its corresponding urban environmental system through a literature study, thus laying the foundation for the subsequent construction of the evaluation system.



2.1. Elements of Skywalk System Indicators


2.1.1. Classification of Indicators


This subsection summarizes five categories of important skywalk system components as classification indexes based on relevant research from both domestic and international sources. These categories are scale, connection strength, spatial structure, vertical transportation location, and closure attributes [18] (Figure 1). The scale of the skywalk directly affects its coverage and the service capacity of the pedestrian system, and the size of the scale influences the accessibility and sustainability of the skywalk system. The level of connection strength of the skywalk system affects its accessibility, continuity, and vitality [32]. A higher connection strength facilitates better adaptation to different neighborhood forms, scales, and functions. The spatial structure affects the accessibility, connectivity, and utilization efficiency of the system. The category of vertical transportation location impacts the interchangeability and accessibility of a skywalk system [33], and if designed effectively, a skywalk system can seamlessly connect with the surface and underground transportation networks. Closure attributes can directly affect the appearance and degree of shading of a skywalk system [34]. Systems with higher closure attributes typically provide a more private and secure travel environment, with better insulation effects that enhance the comfort and security of pedestrians [35].




2.1.2. Evaluation Factors


Factor parsing was performed based on the five dimensions selected above: scale, connection strength, spatial structure, vertical transportation locations, and closure attributes.



Scale includes three evaluation factors: length, width, and number of connected blocks. A longer length indicates a more extensive skywalk system, facilitating greater connectivity between more buildings and functional areas [36]. The width of a skywalk reflects its capacity and comfort, with wider skywalks accommodating more people and activities [37]. A greater number of connected blocks indicates more connectivity and diversity, thus meeting the characteristics and needs of different neighborhoods while facilitating interactions between them [6].



Connection strength is categorized in terms of plan and profile. Plan connection strength is subdivided into four evaluation factors: connecting only, through the building, attached, and nodal. Skywalks connecting buildings only provide the shortest path of passage between two buildings, while skywalks through buildings integrate with architectural spaces. Skywalks attaching buildings combine the characteristics of the above two categories, and skywalks forming nodes can expand the walking space and the range of activities [38]. The strength of profile connections is divided into two categories: low area connections and high area connections [12]. Low area connections provide walking paths between businesses on the ground floor of the building, and high area connections allow for quick access between high-rise offices and rooftop terraces.



The spatial structure is divided into three categories: linear, nodal, and network. Linear structures are more commonly situated along the main access routes and can connect the main nodes through the shortest paths. Nodal structures enhance the radiation and convenience of the skywalk system in the core area. Network structures provide multiple paths, increasing the flexibility of the skywalk system [20].



Vertical transportation locations are divided into two categories: inside the building and outside the building [5]. Vertical transportation set inside the building can utilize the building’s infrastructure, saving pedestrians space and time by providing easy access to building elevators while protecting pedestrians from inclement weather. Vertical transportation set outside the building is not affected by the building operation hours, allowing for 24-h public access and better integration into the three-dimensional transportation system.



Closure attributes are divided into three categories: closed, roofless and windowless, and covered and windowless. Closed skywalks protect pedestrians from external environmental factors such as rain, snow, cold, and heat [39]. Covered, windowless skywalks provide a more open, natural environment that allows pedestrians to walk while enjoying the surrounding landscape. Covered and windowless skywalks blur the boundary between buildings and public spaces, facilitating transitions and enhancing connectivity between buildings and public spaces [40].





2.2. Elements of Urban Environment Indicators


2.2.1. Classification of Indicators


This subsection summarizes three types of environmental factors affecting the construction of a skywalk system, namely the natural environment, the socio-economic environment, and the urban built environment, based on relevant domestic and international research (Figure 2). The natural environment has a significant impact on the feasibility and comfort of the skywalk system [36]. Cities with extreme climates, such as high temperatures, cold weather, and heavy precipitation, are more likely to develop skywalk systems, with walkways serving as climate shelters. Socio-economic environmental factors play a crucial role in the acceptance and contestability of skywalk systems [41]. Cities with more complex social environments (e.g., high population density, high transportation demand, etc.) are more likely to generate skywalks, which can alleviate surface traffic congestion and provide alternative walking paths [7]. The urban built environment profoundly influences the form of skywalks. In addition, it is imperative to take into account the characteristics of existing buildings and the organic connection with above-ground and underground transportation systems while designing skywalks [5,8]. This ensures a harmonious integration with the surrounding environment.




2.2.2. Evaluation Factors


Factor analysis is based on the three dimensions mentioned above, namely the natural environment, social and economic environment, and urban built environment.



The natural environment includes four factors: number of days with extreme temperatures, average annual temperature, average annual rainfall, and average annual snowfall. The number of days with extreme temperatures reflects climatic extremes, with a greater number indicating a higher need for a skywalk system to provide a comfortable walking environment [42]. The average annual temperature reflects the heat profile of the climate and can influence the choice of form in which the skywalk is constructed [43]. Average annual rainfall reflects the climate’s wetness, with walkways providing rain shelter, while average annual snowfall reflects its coldness, with walkways providing shelter from wind and snow [44].



In previous studies, the social and economic environment would be measured using five factors: total crime index, level of bachelor’s degree education, average annual household income, white-collar employment rate, and regional population; in addition, they would also have an impact on the construction of the skywalk. It has been shown that population size affects the size, location, and type of skywalk systems [45]. A lower crime index suggests a less safe city, leading pedestrians to prefer closed, separate, off-the-ground walking systems [46]. A higher level of bachelor’s degree education increases the need for skywalk construction [47]. Similarly, higher average annual household incomes boost funding for skywalk construction. Additionally, a higher white-collar employment rate indicates a more modernized economic structure, driving the construction and demand for skywalks [8,36,41].



The urban built environment encompasses five factors: population density, area, user satisfaction, construction of underground walkways, and length-to-width ratio of the block. High-density areas require more access and connectivity to accommodate large volumes of pedestrian traffic [8]; in areas with dispersed populations, aerial pedestrian systems need to address issues such as connectivity, convenience, and attractiveness. The size of the tract area affects the size and layout of the aerial walk system. Larger districts allow the skywalk to function as an efficient transportation mode, connecting various functional areas [5]. User satisfaction can assess the degree of acceptance of the skywalk system by walkers, enabling targeted improvements and optimizations based on walker experiences. As a part of three-dimensional transportation improvement, the demand for aerial walking systems may be equally present in areas where underground walkways are constructed [8,39], while the aspect ratio of a block affects the design and layout of a skywalk system [3].



Therefore, this study selects indicators that have a significant impact on skywalk system design, as determined in previous research, in the construction of an evaluation system for conducting subsequent research.






3. Materials and Methods


3.1. Coupling Degree Model


The coupled coordination model is a tool for analyzing the interactions and impacts of two or more systems and facilitates the assessment of the level of system coordination development [48]. The degree of coupling reflects the degree of interdependence between systems, and the degree of coordination measures the harmony of their interaction. In urban research, the model is widely used to assess the coordinated development of cities, infrastructure, and ecological environment. Studies such as Wang (2022), Li (2011), Wang (2019), Teng (2023), Li (2010), Xiao (2020), and Pan (2005) [49,50,51,52,53,54,55] used the model to analyze rail transit, urbanization, tourism, transportation-oriented development (TOD) station areas, commercial pedestrian neighborhoods, and the urban environment, providing valuable references for urban design.



When discussing the level of consistency between skywalk systems and the urban environment, the coupled coordination model can provide an in-depth understanding and a comprehensive assessment, and it boasts two major advantages: systematic comprehensive analysis and complexity treatment [56,57]. The coupling degree model considers the skywalk system and the urban environment as a holistic system, reveals the degree of mutual influence and coordination between the two through comprehensive analysis, and addresses the complexity of the urban environment, so as to better understand their respective levels of development consistency.




3.2. Experimental Design


The two systems of the air walking system and the urban spatial environment are selected. Firstly, two evaluation index systems are constructed separately by combining the literature research above. Secondly, the entropy value method is used to determine the weight of each index. Third, the coupling degree between the air walking system and urban spatial environment in each city is calculated. Finally, a cluster analysis is carried out according to the coupling results to classify the aerial walking system into different types and analyze the spatial distribution characteristics.



The experimental flow of this study is shown in Figure 3:



3.2.1. Experiment 1: Indicator System Construction


Firstly, the two systems of aerial walking system and urban spatial environment are selected, and the main factors affecting the development of skywalk construction are screened from the natural environment, socio-economic environment, urban built environment, and skywalk construction based on the literature research, so as to construct the two indicator systems. Secondly, the entropy value method is used to determine the weight of each indicator, which will enable the calculation of the coupling degree between each urban aerial walking system and the urban spatial environment in the next step. The calculation formula is as follows:




	
Information entropy value e








Calculate the weight of the ith sample value under the jth indicator for that indicator.


    P   i j   =      X   i j       ∑  i = 1   n      X   i j       



(1)




where i is the ith row, and j is the jth column.



Calculate the information entropy for each indicator (column).


    e   j   = − K ∗   ∑  i = 1   n        P   i j   ∗ ln ⁡ (   P   i j   )      



(2)




where n is the row.



There are logarithms in Equation (3) to determine if there is any significance. Usually, k takes the following values:


  k =    1   ln ⁡ ( n )    ,   0 ⩽   e   j   < 1    



(3)
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Information utility value
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where dj is the coefficient of variation of the jth indicator.



	3.

	
Weighting coefficient value








     w   j   =      d   j       ∑  j = 1   m      d   j        



(5)





The weight values obtained will be used for subsequent composite score calculation.




3.2.2. Experiment 2: Evaluating the Coordination Levels between Skywalk Systems and Urban Development


In this study, the coupling degree model is used to analyze the development level and degree of coordination of skywalk systems in North America and Asia. First, the degree of coupling and coordination of the skywalk system is evaluated by calculating the coupling degree between the skywalk system and the urban spatial environment in each city, and analyzing the interactions and influences between the two [58]. Second, each city is classified into a different type according to the coupling results, so as to better understand the relationship between the skywalk system and urban development. Based on the literature, the coupling degree model of the two systems is constructed as follows:


  C =        ∏  i = 1   n      X   i           1   n     ∑  i = 1   n      X   i       n        n    



(6)




where n is the number of subsystems, and n = 2, and X represents the value of each subsystem, with a distribution interval of [0, 1]. The coupling degree C-value interval is [0, 1]. Only two subsystems are involved in this study, so n = 2 and the traditional model function can be simplified.


  C =    2  x    x + 1    =    2    x  +   1    x       , x =    m i n     X   1   ,   X   2       m a x     X   1   ,   X   2        , x ∈ ( 0,1 ]  



(7)







In the traditional model for calculating the degree of coupling, the uneven distribution of C-values can have a great impact on the evaluation results. In addition, the use of traditional models involves a variety of criteria for categorizing the degree of coupling, which can undermine the validity of the use of the C-value [59]. Therefore, referring to related studies [60], the original coupling degree calculation formula is amended as follows:


   C   *  =    1 −      ∑  i > j , j = 1   n           X   i   −   X   j       2        ∑  λ = 1   n    λ      ×       ∏  i = 1   n         X   i     m a x   ( X   i   )        n − 1     



(8)




where xi ∈ [0, 1] and C ∈ [0, 1]. When the subsystem is more discrete, the C-value is lower, and vice versa. Compared with the traditional model, the distribution of the C-value in [0, 1] is as decentralized as possible, making the difference in C-value more pronounced and suitable for studying the two systems in this study.



Considering that the coupling degree C cannot effectively evaluate the coordination degree of the two systems, it is necessary to introduce coupling coordination degree D to construct the coordination model:


  D =   C   *  × T   



(9)






  T = α   v   1   + β   v   2    



(10)




where D represents the degree of coupling coordination (coordination degree), T is the comprehensive evaluation index of the two systems, and α and β are coefficients to be determined. This study considers the skywalk and urban environment to have equal importance in this evaluation system, so α = β = 0.5, C, D ∈ [0, 1]. The specific classification criteria of coupling and coordination status are shown in Table 1:




3.2.3. Experiment 3: Cluster Analysis of Coordination Evaluation Results


In this study, a cluster analysis is used to classify urban skywalk systems in North America and Asia into different types based on the coupling results, and the characteristics of and differences between each type are analyzed. In a cluster analysis, data with similar characteristics are grouped together, and when studying the relationship between skywalk systems and urban environments, it helps identify the correspondence between different types of skywalk systems and different urban environments to better understand their construction in urban environments [61].



This study utilized K-mean clustering to divide the dataset into K clusters so that the data points within each cluster were as similar as possible and the data points between different clusters were as different as possible. The measure of similarity is usually the distance between the data points, whereby the closer the distance, the higher the similarity. The process of a K-means cluster analysis involves iteratively updating the centroids of the clusters and the division of the clusters until certain stopping conditions are met, such as the maximum number of iterations being reached, or the change in the clusters being less than a certain threshold value [62].



In the K-means program, a simple and widely used squared error cost function is used to measure the distance. It is defined as follows [63]:


  E =   ∑  j = 1   k      ∑  i = 1   N            v   i   −   c   j         2    



(11)




where N and k represent the data and the number of centers, respectively; and vj is a sample of the data, in this case, the location (coordinates) of the ith collision belonging to the center cj. The Euclidean norm is typically used, but other distances such as Manhattan distance or road network distance can also be employed. During the clustering process, the centers are adjusted according to specific rules to minimize the total distance inequality (11) by searching for the center cj when the data are presented. The Euclidean distance between the data samples and all centers is calculated, and the nearest center is updated according to [63]:


  Δ   C   z     t   = η   t     ν   t   −   c   z     t − 1      



(12)




where z denotes the nearest center to the data v(t); note that the center and the data are represented at time t, where cz(t − 1) denotes the center position at the time of the previous clustering step. The adaptation rate, η(t), can be chosen in several ways. MacQueen [63] set η(t) = 1/nz(t), where nz(t) is the number of data samples that have been assigned to the center up to time t.





3.3. Selection of Influencing Factors


This summary constructs a system of indicators for evaluating the consistency of the development of the skywalk system and the urban spatial environment, based on the literature study mentioned above. The urban spatial environment and the skywalk system include 17 and 14 evaluation factors, respectively (Table 2). The research data are mainly sourced from official city websites, Wikipedia, Google Earth, climate websites, and transportation websites, and the data are current as of 2023. Specific indicators and their interpretations are shown in Table 2:




3.4. Cases


The reasons for selecting North America and Asia as the study areas are two fold: firstly, from an economic perspective, both North America and Asia are important regions of the global economy, and the degree of urbanization is also relatively high. This leads to cities in these regions experiencing a greater demand, and potential, for the construction of skywalk systems. Secondly, from the perspective of the urban built environment, North America and Asia differ greatly. North American cities are characterized by well-planned, spacious roads and a high greening rate, while Asian cities are characterized by high density, vertical development, and busy traffic. This contrast reflects the varied application of skywalk systems. Therefore, selecting North America and Asia as the research focus can not only reflect the global development trends of skywalk systems but also illustrate the effects of these system when applied in different environments and cultural contexts.



Eighty representative or typical cases of skywalk systems from North America and Asia were selected for this study (Figure 4). This includes 47 cases in North America and 33 in Asia. Specifically, they include America’s Minneapolis, St. Paul, Duluth, St. Cloud, Rochester, Cincinnati, Cleveland, Toledo, Akron, Des Moines, Cedar Rapids, Sioux City, Milwaukee, Dallas, Houston, Fort Worth, Rochester, New York, Buffalo, Syracuse, Boston, Atlanta, Charlotte, Chicago, Pittsburgh, Spokane, Seattle, Oklahoma City, Detroit, Grand Rapids, Tampa, San Diego, Fargo, Indianapolis, Louisville, Kansas City, Las Vegas, Lincoln. Canada’s Toronto, Hamilton, Kitchener, Oshawa, Calgary, Edmonton, Winnipeg, Vancouver, and Halifax; China’s Hong Kong, China, Taipei, China, Beijing, Macao, China, Shanghai, Hangzhou, Shenzhen, and Guangzhou; Japan’s Osaka, Chiba Makuhari, Sapporo, Tokyo, Yokohama, and Kobe; Mumbai in India; Singapore; Bandung in Indonesia; and Bangkok in Thailand.





4. Results


4.1. Coupled Coordination Analysis


By the end of 2023, 47 cases of skywalk systems were evident in North America, spreading across the United States and Canada, and 33 cases were apparent in Asia, spanning China, Japan, Southeast Asia, and India. Relevant data from these regions were input into the coupled coordination model (see Section 3.2. Experimental design for specific steps), and 80 data points that reflect the level of consistency between skywalk systems and the urban spatial environment’s development were obtained (Table 3).



From the calculation results, it is evident that the D-values of Minneapolis, Shanghai Hongqiao, Shanghai Lujiazui, and Osaka Umeda Hub are 0.815, 0.884, 0.873, and 0.857, respectively, and these skywalk systems are well coordinated with the urban spatial environment. The two systems in Toledo, Seattle, Oklahoma City, San Diego, Fargo, Kansas City, and Shanghai’s North Bund showed severe dissonance.



In terms of spatial distribution, the cases of harmonization exhibit a certain distribution pattern: the construction of skywalk systems in Asia is mainly driven by the three-dimensional development of cities, while in North America, they are more reflective of climate adaptation. In Asia, taking China as an example, pedestrian systems with higher consistency with urban development are mainly located in the Pearl River Delta and Yangtze River Delta regions, including economic and financial centers such as Hong Kong, China, Shanghai, Shenzhen, and Guangzhou. These cities, which attract significant populations and investments, are facing the challenges of “big city disease” associated with rapid urbanization, such as land scarcity, traffic congestion, and environmental pollution. Consequently, many cities have begun to explore and promote the public transportation-oriented development (TOD) mode. The skywalk system can improve the transportation facilities, increase the space utilization rate of the city, and shorten the travel time in the city. In North America, taking the United States as an example, the consistency between pedestrian systems and urban development is highest in the cold climate region around the Great Lakes and the hot climate region of southern Texas. Cities around the Great Lakes, such as Minneapolis, Chicago, and Detroit, experience harsh winters that pose significant inconvenience to pedestrian travel. Skywalk systems are constructed in these cities to ensure that pedestrians can easily reach various destinations regardless of the weather. In southern Texas, cities like Houston and Dallas require skywalk systems to provide cool and refreshing walking spaces during their hot and humid summers, which can greatly reduce walking comfort.




4.2. Cluster Analysis


As shown in Table 4, the degree of coordination between the skywalk system and the urban spatial environment was categorized using K-means cluster analysis with SPSSAU (18.0) software. As can be seen from the following table, four types of clusters were obtained with proportions of 13.75%, 28.75%, 15.00%, and 42.50%, respectively. Overall, the distribution of the four types of clusters appears to be more uniform, suggesting a better clustering effect.



After obtaining the clustering categories, an analysis of variance (ANOVA) was performed to explore the differential characteristics of each category. Referring to Table 5, it can be seen that the clustering category groups showed a statistical significance (p < 0.05) for all the research items, and the specific differences can be assessed by comparing means and eventually combining with the naming process of the clustering categories.



Cluster naming was determined based on the variability of the mean values across the four classes of clusters. The class with low coupling and low coordination was designated the first class, with a D-value interval of 0.25 ± 0.09 and a C-value interval of 0.58 ± 0.13. The second category has a D-value interval of 0.71 ± 0.10 and a C-value interval of 0.98 ± 0.02 and is named the high-coupling high-coordination category. The third category has a D-value interval of 0.52 ± 0.07 and a C-value interval of 0.70 ± 0.05 and is named the low-coupling high-coordination category. The fourth category has a D-value interval of 0.39 ± 0.11 and a C-value interval of 0.91 ± 0.07 and is named the high-coupling low-coordination category.





5. Discussion


5.1. Characteristics of Clustering


The characteristics of the four types of skywalk system types (Figure 5) and their corresponding urban environments are as follows:



5.1.1. Type 1 (High Coupling, High Coordination): Attached and Nodal Closed Skywalk Network System


This type of system is applicable to temperate or subtropical economic centers and is suitable for densely populated, highly educated, and congested cities such as Taipei, China, Hangzhou, Hong Kong, China, Osaka, and others (Table 6). This type of skywalk system is typically longer and wider, connecting more neighborhoods to form a network structure, and constructed in the form of mostly closed and covered windowless corridors, adapting to various climates around the world.



From another point of view, the construction of such large-scale skywalks comes with high costs and management challenges, leading to increased maintenance expenses for the city. For example, the skywalk system in Guangzhou’s Zhujiang New City has encountered problems with damaged facilities thus requiring maintenance; however, despite the investment, the skywalk is not highly utilized, resulting in idle resources and a waste of urban capital.




5.1.2. Type 2 (High Coupling, Low Coordination): Traversing and Attached Covered and Windowless Skywalk Nodal System


This type of system is suitable for cities with cold winters, hot summers, concentrated precipitation, and high white-collar employment, such as Yokohama, Chiba Makuhari, New York, and Cincinnati (Table 7). The skywalks in this type of system are more moderate in length, width, and number of connected neighborhoods, forming a nodal structure. The skywalks mainly traverse and attach to increase the connectivity and flexibility of the city, promoting the functional and spatial integration of the city. They are constructed in the form of enclosed, covered, and windowless corridors.



However, this type of highly coupled pedestrian system can have a significant negative impact on ground vitality. For example, in Cincinnati, USA, the removal of the skywalk system began around 2000 to address this issue. So far, nearly a dozen skywalks have been removed, accounting for about 30% of the total volume.




5.1.3. Type 3 (Low Coupling, High Coordination): Traversing and Nodal Closed Skywalk Node Systems


Representative examples include Fargo, Oklahoma City, and Rochester (Table 8). Comparing Type 2 with Type 3, the difference is that the skywalks of this type of system are mainly traversing and nodal, the construction form is mostly closed corridor, and they are more suitable for construction in cities with high crime rates.



However, closed skywalks can result in the walking system being affected by the business hours of the interconnected buildings, thereby compromising its public accessibility. Taking the United States as an example, most of the U.S. aerial walking systems are privately owned, only accessible to the people in the building, and have set opening times (part of the building’s opening time is less than 12 h), thus not fully serving the public.




5.1.4. Type 4 (Low Coupling, Low Coordination): Attached Enclosed Skywalk Linear System


This type of system is suitable for cities with four distinct seasons, which are less urban and less developed than the previous three types. Representative examples include Tampa, Syracuse, Kansas City, and Akron (Table 9). The skywalks in this type of system are typically shorter and narrower, and connect fewer neighborhoods to form a linear structure. The skywalks are predominantly enclosed, connecting only two buildings.



However, this type of skywalk system is susceptible to a lack of unified planning and management, and the connectivity and accessibility of the skywalk system may not be as effective as expected. For example, in Rochester, New York, there are three separate skywalks, each connecting three or four buildings, but they are not connected to each other, so it is impossible to establish a complete walking system.





5.2. Limitations


There are two research shortcomings in this study: First, the sample size needs to be increased [62]. The selection of cases in this study was based on research drawn from sources in the literature and from the Internet, which could have led to an incomplete sample set. Efforts should be made to increase the sample size in future studies to explore the issues more comprehensively. Second, the study only utilized objective empowerment, whereas a combination of subjective and objective empowerment would be more appropriate [63]. This approach may have neglected subjective factors such as expert opinions or practical situations. Objective data and subjective judgment should be combined for a more comprehensive assessment of the problem.





6. Conclusions


This study quantifies the level of coordinated development and spatial distribution patterns of skywalk systems and urban spatial environments in North America and Asia through coupled coordination modeling and cluster analysis methods. It summarizes the distribution pattern of coordinated and consistent development between skywalk systems and the urban environment in North America and Asia. Specifically, this study concentrates on the cold region of the Great Lakes and the hot region of southern U.S.A., while targeting high-density cities in Asia. Four types of skywalk systems are summarized: attached and nodal closed skywalk network systems, traversing and attached covered and windowless skywalk node systems, traversing and nodal closed skywalk node systems, and attached closed skywalk linear systems; it is found that attached and nodal closed skywalk network systems tend to result in a significant waste of urban resources. The traversing and attached covered and windowless skywalk node systems have a more substantial effect on ground vitality reduction. This suggests that the higher the degree of coupling, the greater the impact on the city. Moreover, all closed skywalk systems risk undermining the positive attributes of the public spaces they occupy.



The innovation of this research lies in applying coupled coordination modeling and cluster analysis methods to study skywalk systems. An evaluation system is constructed to assess the interplay between skywalk systems and urban spatial environments. The study then evaluates the level of developmental coordination and contrasts the coordination levels between two distinct regions: North America and Asia. This study concludes that the coupling degree model can be used as an effective instrument for gauging the level of coordination level between skywalk systems and the urban environment. Furthermore, the results of the existing cases can provide data support and inform decision making for the next steps in urban renewal.




7. Data Sources


	
Official city websites, states/provinces, countries;



	
Official websites of Census/Statistics Department of the cities, states/provinces, countries;



	
Google Earth;



	
Google Maps (accessed on 20 August 2023);



	
www.climate-charts.com (accessed on 21 September 2023);



	
www.weatherbase.com (accessed on 21 September 2023);



	
www.en.wikipedia.org (accessed on 21 September 2023);



	
www.urbanrail.net (accessed on 21 September 2023);



	
www.subways.net (accessed on 21 September 2023).
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Figure 1. Indicator elements of a skywalk system. 
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Figure 2. Indicator elements of urban environment. 
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Figure 3. Experimental flowchart. 
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Figure 4. (a) North American case distribution; (b) Asian case distribution. 
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Figure 5. Summary of skywalk system types. 
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Table 1. Criteria for categorizing states of coupling and coordination.






Table 1. Criteria for categorizing states of coupling and coordination.





	Value
	[0, 0.2)
	[0.2, 0.4)
	[0.4, 0.6)
	[0.6, 0.8)
	[0.8, 1.0]





	C
	Narrow coupling
	Low

coupling
	Middle coupling
	Good

coupling
	High

coupling



	D
	Serious imbalance
	General imbalance
	Narrow coordination
	General coordination
	High coordination










 





Table 2. Indicators for evaluating the consistency between skywalks and urban environmental construction.
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OBJ

	
First Indicators

	
Secondary Indicators

	
Interpretation of Indicators

	
References






	
Skywalk

Indicator System

	
B1 Scale

	
C1 Length

	
The existing length of the skywalk

	
[36]




	
C2 Width

	
Average of all skywalk widths

	
[37]




	
C3 Number of connected blocks

	
Total number of neighborhoods traversed by the skywalk

	
[6]




	
B2 Plan connection strength

	
C4 Connection only

	
The skywalk only serves to connect the two buildings

	
[38]




	
C5 Through the building

	
Skywalk runs through the building and takes up space within the building




	
C6 Attached

	
Skywalk is attached to the building




	
C7 Nodal

	
The skywalk zooms in locally to form spatial nodes




	
B3 Profile connection strength

	
C8 Low area connection

	
The skywalk is located on the lower level of the building and connects the commercial

	
[12]




	
C9 High area connection

	
The skywalk is located on the upper floors of the building and connects the offices




	
B4 The spatial structure

	
C10 Linear

	
Only linear and weakly connected

	
[20]




	
C11Nodal

	
Diffuse and more connected




	
C12 Network

	
Build on the first two to a particular scale




	
B5 Vertical

transportation connection

	
C13 Inside the building

	
Vertical transportation on the skywalk is located indoors or outdoors

	
[5]




	
C14 Outside the building




	
B6 Closure attribute

	
C15 Closed

	
Forms of enclosure for skywalks

	
[39]




	
C16 Roofless and windowless

	
[40]




	
C17 Covered and windowless




	
Urban spatial environmental indicator system

	
B1

Natural

Environment

	
C1 Number of days with extreme temperatures

	
Number of days with daily minimum temperature less than 0 °C or daily maximum temperature greater than 35 °C

	
[42]




	
C2 Average annual temperature

	
Average of daily temperatures for each day of the year

	
[43]




	
C3 Average annual rainfall

	
Total rainfall for a given location over a number of years divided by the number of years

	
[44]




	
C4 Average annual snowfall

	
Total snowfall for a given location for many years divided by the number of years




	
B2 Socio-economic environment

	
C5 Crime index

	
Crime rates or safety factors published on websites/reports

	
[46]




	
C6 Level of Bachelor’s Degree Education

	
The proportion of the total population with a university degree or higher in the region

	
[47]




	
C7 Average annual household income

	
Average annual household income as published on websites/reports




	
C8 White-collar employment rate

	
White-collar workers in the region as a percentage of the employed population

	
[8,36,41]




	
C9 Population

	
Total population in areas with skywalk construction

	
[45]




	
B3 Urban built environment

	
C10 Population density

	
The ratio of regional population to the regional area

	
[8]




	
C11 Area

	
The site area of the area where the skywalk is constructed

	
[5]




	
C12 User satisfaction

	
Pedestrian perceptions of skywalk use

	
[36]




	
C13 Construction of underground walkways

	
Whether an underground walkway is also being constructed in the area where the skywalk is installed

	
[8,39]




	
C14 Length-to-Width Ratio of the Block

	
The ratio of the long side to the short side of the block

	
[3]








Among these indictors, C4–C17 are logic variables, with data derived from map analysis and street view observations. The assignment rule is “1” for “yes”, and “0” for “no”. The C12 indicators of an urban environment are categorical variables, sourced from questionnaires. The assignment rules are “1” for “good feeling”, “2” for “fair feeling”, and “3” for “poor feeling”. The C13 indicators of the urban environment are also logic variables. The assignment rule is “1” for “yes” and “0” for “no.” The C12 data are taken from a questionnaire; the link to the questionnaire is https://www.wjx.cn/vm/P07rmQ6.aspx# (accessed on 15 January 2024)













 





Table 3. Calculation results of coupling coordination degree.
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	City
	C-Value
	T-Value
	D-Value
	Level
	City
	C-Value
	T-Value
	D-Value
	Level





	Minneapolis
	0.954
	0.697
	0.815
	9
	Kirchner
	0.986
	0.145
	0.377
	4



	St. Paul
	0.739
	0.514
	0.617
	7
	Oshawa
	0.886
	0.137
	0.349
	4



	Duluth
	0.616
	0.466
	0.536
	6
	Calgary
	0.738
	0.538
	0.630
	7



	St. Cloud
	0.560
	0.329
	0.429
	5
	Edmonton
	0.992
	0.564
	0.748
	8



	Rochester
	0.666
	0.483
	0.567
	6
	Winnipeg
	0.936
	0.202
	0.435
	5



	Cincinnati
	0.888
	0.261
	0.482
	5
	Vancouver
	0.890
	0.176
	0.396
	4



	Cleveland
	0.978
	0.119
	0.342
	4
	Halifax
	0.879
	0.190
	0.409
	5



	Toledo
	0.989
	0.012
	0.110
	2
	Hong Kong, China
	0.984
	0.630
	0.787
	8



	Akron
	0.419
	0.276
	0.340
	4
	Taipei, China
	1.000
	0.479
	0.692
	7



	Des Moines
	0.851
	0.287
	0.494
	5
	Beijing Xidan
	0.909
	0.332
	0.549
	6



	Cedar Rapids
	0.815
	0.260
	0.460
	5
	Beijing International Trade Center
	0.843
	0.302
	0.505
	6



	Sioux City
	0.531
	0.221
	0.342
	4
	Macao, China
	0.878
	0.274
	0.490
	5



	Milwaukee
	0.744
	0.328
	0.494
	5
	Hongqiao, Shanghai
	0.973
	0.804
	0.884
	9



	Dalas
	0.763
	0.337
	0.507
	6
	Lujiazui, Shanghai
	0.966
	0.788
	0.873
	9



	Houston
	0.992
	0.494
	0.700
	8
	Shanghai Zhongshan Road Station
	0.994
	0.333
	0.575
	6



	Fort Worth
	1.000
	0.096
	0.310
	4
	Shanghai Lianhua Road Station
	0.966
	0.370
	0.598
	6



	Rochester
	0.394
	0.231
	0.302
	4
	Shanghai Xujiahui
	0.722
	0.233
	0.410
	5



	Manhattan
	0.972
	0.629
	0.781
	8
	The North Bund, Shanghai
	0.792
	0.049
	0.198
	2



	Buffalo
	0.988
	0.110
	0.329
	4
	Hangzhou East Railway Station
	0.989
	0.368
	0.603
	7



	Syracuse
	0.632
	0.071
	0.212
	3
	Shenzhen Futian CBD
	0.998
	0.502
	0.708
	8



	Boston
	0.425
	0.106
	0.212
	3
	Shenzhen Three Pavilions and One City Area
	0.981
	0.361
	0.595
	6



	Atlanta
	0.654
	0.321
	0.458
	5
	Shenzhen East Railway Station
	0.980
	0.362
	0.596
	6



	Charlotte
	0.978
	0.143
	0.373
	4
	Shenzhen Binhai Corridor Bridge
	0.966
	0.591
	0.756
	8



	Chicago
	0.970
	0.431
	0.647
	7
	Shekou, Shenzhen
	0.993
	0.195
	0.440
	5



	Pittsburgh
	0.750
	0.290
	0.467
	5
	Guangzhou Zhujiang New City
	0.988
	0.499
	0.702
	8



	Spokane
	0.814
	0.163
	0.364
	4
	Osaka
	0.980
	0.750
	0.857
	9



	Seattle
	0.995
	0.015
	0.122
	2
	Makuhari Messe
	0.670
	0.528
	0.594
	6



	Oklahoma City
	0.688
	0.056
	0.195
	2
	Sapporo
	0.931
	0.293
	0.522
	6



	Detroit
	1.000
	0.128
	0.358
	4
	Toshima-ku, Tokyo
	0.999
	0.200
	0.447
	5



	Grand Rapids
	0.923
	0.260
	0.490
	5
	Shibuya-ku, Tokyo
	0.993
	0.595
	0.768
	8



	Tampa
	0.652
	0.066
	0.207
	3
	Yokohama Station
	0.965
	0.558
	0.734
	8



	Santiago
	0.758
	0.042
	0.178
	2
	Yokohama Sakuragicho
	0.673
	0.355
	0.489
	5



	Fargo
	0.724
	0.047
	0.184
	2
	Kōbe
	0.640
	0.438
	0.530
	6



	Indianapolis
	0.836
	0.181
	0.388
	4
	Mumbai
	1.000
	0.325
	0.570
	6



	Louisville
	0.865
	0.167
	0.380
	4
	Singapore Marina Center
	0.850
	0.290
	0.496
	5



	Kansas City
	0.588
	0.052
	0.175
	2
	Singapore Clarke Quay
	0.908
	0.205
	0.432
	5



	Las Vegas
	0.900
	0.216
	0.441
	5
	Singapore The Tube
	0.866
	0.271
	0.485
	5



	Lincoln
	0.795
	0.053
	0.205
	3
	Singapore Golden Mile Complex
	0.938
	0.192
	0.425
	5



	Toronto
	0.994
	0.571
	0.753
	8
	Bandung
	0.938
	0.352
	0.575
	6



	Hamilton
	0.972
	0.161
	0.396
	4
	Bangkok
	0.912
	0.186
	0.411
	5







Among them, the C-value is the coupling degree. The more significant the value, the greater the system interaction. The D-value is the coupling coordination degree. The larger the value, the higher the degree of coordination between the systems. The T-value is the coordination index. The coordination level is divided into 2–9 levels, representing the coupling coordination degree of severe disorder, moderate disorder, mild disorder, on the verge of dissonance, some coordination, primary coordination, intermediate-level coordination, well-coordinated.













 





Table 4. Summary of basic information on clustering categories.






Table 4. Summary of basic information on clustering categories.





	Clustering Category
	Frequency
	Percentage (%)





	cluster_1
	11
	13.75%



	cluster_2
	23
	28.75%



	cluster_3
	12
	15.00%



	cluster_4
	34
	42.50%



	Total
	80
	100%










 





Table 5. Clustered category ANOVA difference comparison results.






Table 5. Clustered category ANOVA difference comparison results.





	

	
Results of Clustered Category ANOVA Difference Comparisons (Mean ± Standard Deviation)

	
F

	
p




	
Low Coupling and Low Coordination (n = 11)

	
High Coupling and High Coordination (n = 23)

	
Low Coupling and High Coordination (n = 12)

	
High Coupling and Low Coordination (n = 34)






	
D 2

	
0.25 ± 0.09

	
0.71 ± 0.10

	
0.52 ± 0.07

	
0.39 ± 0.11

	
72.551

	
0.000 1




	
C 3

	
0.58 ± 0.13

	
0.98 ± 0.02

	
0.70 ± 0.05

	
0.91 ± 0.07

	
121.161

	
0.000 1








1 p < 0.05. 2 D-values represent coupling coordination. 3 C-values represent coupling.













 





Table 6. Data on Elements of Urban Environment Indicators for typical cities of type 1.
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	C1
	C2 (°C)
	C3

(mm)
	C4

(mm)
	C5
	C6

(%)
	C7

(USD)
	C8

(%)
	C9

(Thousands)
	C10 (km2)
	C11 (Thousands/km2)
	C12
	C13
	C14





	Hong Kong, China
	14
	25.0
	2131.0
	0.0
	21.66
	0.67
	62,775
	0.51
	243.3
	12.55
	19.38
	3
	1
	1.0



	Taipei, China
	8
	21.1
	2219.0
	0.0
	14.83
	0.65
	56,528.6
	0.53
	206.0
	11.21
	18.38
	3
	1
	0.9



	Hangzhou
	71
	17.1
	1492.0
	176.0
	17.34
	0.14
	41,324.5
	0.41
	1323.5
	9.30
	142.31
	1
	1
	1.2



	Osaka
	18
	15.8
	1475.0
	439.0
	33.43
	0.54
	50,370
	0.39
	129.4
	10.33
	12.53
	3
	1
	1.0










 





Table 7. Data on Elements of Urban Environment Indicators for typical cities of type 2.
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	C1
	C2 (°C)
	C3

(mm)
	C4

(mm)
	C5
	C6

(%)
	C7

(USD)
	C8

(%)
	C9

(Thousands)
	C10 (km2)
	C11 (Thousands/km2)
	C12
	C13
	C14





	Cincinnati
	116
	12.8
	1206.2
	289.6
	5
	0.39
	115,278
	0.94
	15.2
	2.54
	5.98
	3
	0
	1.0



	New York
	66
	13.2
	1257.8
	756.9
	15
	0.39
	203,149
	0.96
	304.0
	1.75
	173.71
	3
	0
	3.8



	Chiba Makuhari
	60
	15.5
	1768.0
	1510.0
	30.97
	0.53
	74,875
	0.33
	26.0
	5.22
	4.98
	2
	0
	1.2



	Yokohama
	11
	15.3
	1508.0
	723.0
	14.6
	0.57
	45,037
	0.37
	105.3
	7.03
	14.98
	2
	1
	1.0










 





Table 8. Data on Elements of Urban Environment Indicators for typical cities of type 3.
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	C1
	C2 (°C)
	C3

(mm)
	C4

(mm)
	C5
	C6

(%)
	C7

(USD)
	C8

(%)
	C9

(Thousands)
	C10 (km2)
	C11 (Thousands/km2)
	C12
	C13
	C14





	Rochester
	157
	7.1
	880.6
	1348.7
	19
	0.22
	79,159
	0.55
	4.0
	0.25
	16.00
	2
	0
	1.0



	New York
	98
	16.3
	924.3
	170.2
	4
	0.17
	62,463
	0.74
	11.8
	2.41
	4.90
	1
	0
	2.3



	Yokohama
	174
	5.2
	608.3
	1305.6
	2
	0.22
	75,389
	0.78
	1.8
	7.50
	0.24
	2
	0
	1.0










