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Abstract

:

The study of an urban center’s hierarchical structure is an important subject if one wishes to understand the city. Previous studies on urban hierarchical structure focused mostly on qualitative or quantitative research based on factors such as format, transportation, and economy, and lacked quantitative measurement from the perspective of street networks. This study examined the urban central area of Lujiazui, Shanghai, from the perspective of the percolation of the street network in the urban central area. Then, combined with the actual urban space function, the connotation and fractal nature of the hierarchical structure of the central area of the mega-city were obtained. The resulting nested hierarchies represent a reorganization of these highly agglomerated urban centers that contribute to sustainability. The fractal results were verified by the box counting method. Finally, this study fulfills its main purpose, which is to propose a new method for the study of the hierarchical structure of urban central areas.
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1. Introduction


Goal 11 of the United Nations Sustainable Development 2030 Agenda proposes to “Make cities and human settlements inclusive, safe, resilient and sustainable” [1]. As the core zone for information, the economy, transportation, and other urban elements, the central area of the city is the starting point for many urban activities, and this can be the foundation for the “basic path focus” [2]. With explosive population growth, the problem of “overloading” appears in the urban central area. Therefore, the construction of efficient, intensive, and sustainable urban centers has gradually become an urgent problem. The optimization of the spatial structure is an important step in promoting the sustainable development of the urban central area. At present, the research on the spatial structure of urban central areas can be roughly divided into the following categories: phenomenological research focusing on retail formats, urban functions, and urban attractiveness [3]; examinations of the scope and structure of urban central areas from the perspective of multivariate data [4]; evolutionary research conducted from the perspective of block evolution and business development in urban central areas [5]; and research on the urban structure obtained by using mathematical modeling from an economic perspective [6,7]. Traditional research on the structure of the urban central area mostly uses multivariate data, starting from the space, function, and form of the urban central area, and focuses on identification [8], evolution [9], and phenomena [10]. However, there are few studies on the hierarchical structure of the urban central area. Therefore, in view of this gap in the research, this study starts from a hierarchical perspective to re-explore the structure of the urban central area.



Hierarchical Structure and Percolation Analysis


The earliest hierarchical model of urban economic geography was the central place theory, which was proposed by Christaller and Lösch in the 1930s and 1940s [11]. Many studies subsequently and rapidly developed using the same logic, verifying the economic and geographical spatial location theory from different perspectives [12]. The hierarchical models are categorized into four types: nested, containment, subsumptive containment, and compositional containment hierarchies. The nested hierarchy is a sorting structure with recursive properties, while the other three hierarchical structures are more specific extensions of the nested structure with different emphases, focusing on the relationship between object attributes in the computer field. Therefore, in this study, the nested hierarchical structure is used to express the implicit, relatively primary inclusive relationship between urban block spaces so as to discover the interactive relationship between space and functional attributes.



At present, the research on hierarchical structure in the field of urban planning mostly judges the entire city from the perspective of economic theory [13,14]. Xiaoyan [15] used the gravity model to study the hierarchical structure of urban hierarchy structure. Beckmann [16] used a mathematical modeling approach to study the urban scale hierarchy. Carol [17] qualitatively divided the hierarchical structure of the urban center through field research on commodity prices and services. There is currently a lack of quantitative hierarchical structure research at the level of urban central areas.



Percolation analysis at street intersections provides a new approach to the study of sustainable urban center hierarchies. Piovani explored the linkages between the agglomeration characteristics of British urban retail formats and the penetration of street network intersections, illustrating the implicit connection between economic factors and urban transportation networks [18]. Dong applied percolation theory to explore the spatial co-location results of roads and infrastructure networks and verified the relationship between road networks and urban internal structural systems [19]. These studies confirmed that the distribution characteristics of street intersections at a regional level can express the hidden hierarchical structure characteristics for different distance ranges. Therefore, this study aims to provide a new perspective on the study of urban spatial structure through research based on the percolation theory.



In fact, the percolation analysis algorithm for the urban realm was originally developed in 2015, and Arcaute applied it to street intersections across the UK, finally creating a continuous hierarchy in the UK and realizing the zoning of the entire UK [20,21]. Maddison applied percolation theory to the detection and exploration of ancient sites and grouped them in a reasonable manner [22]. Arcaute and Maddison were pioneers in applying percolation analysis algorithms to regional-level urban spatial problems, and we have applied this technique to our study of the hierarchy of urban centers.



This study thus followed the above-mentioned research method based on the percolation theory of street networks, applied it to the urban center at the block level, and uses the results to discuss the hierarchical structure, fractal properties, and evolutionary context of the urban center at different scales. The resulting nested hierarchical structure reorganizes its spatial system from the highly agglomerated urban center, making it conducive to building a sustainable urban center in the future, from the perspective of blocks.



The main research question of this study is: Can percolation analysis at street intersections be used as a new method to study the spatial structure of urban central areas? To answer this question, we formulated the following sub-questions:



1. What is the practical significance of the hierarchical structure of the city center obtained by this method?



2. What practical significance does the transition and change of the city center obtained by this method have?



3. Can the method be verified?



The remainder of this study is structured as follows: Section 2 briefly introduces the principle and application method of the percolation theory based on the street network and explains the process of obtaining the intersection data. Section 3 discusses the hierarchical structure and fractal properties of the city center under different distance parameters. Section 4 provides a summary of the study, discusses its limitations, and uses the box counting method for validation. Section 5 provides an overview of the findings from a sustainability perspective.





2. Method and Dataset


The theory of percolation originated from an idea put forward by chemist Paul Flory in the 1940s when he was studying the gelation of polymers [23]. It can be considered as a kind of porous probabilistic study focusing on the formation process of infinite star clusters that appear as the probability increases. Li used a large porous stone as a case in an article entitled “Percolation on complex networks: Theory and application” [24] in an endeavor to understand the percolation process. That study postulates that, when a porous stone is immersed in water, water slowly soaks into the center of the stone. The connection between adjacent pores indicates a probability, that is, the probability of occupation. Different pore parameters can form multiple groups of different clusters, so we can perform multi-scale agglomeration analyses on the research object by adjusting the pore size. Currently, percolation theory has been generalized and deduced from basic physics to many research fields in human life such as predicting the spread of epidemics in medicine [25], predicting species distribution in forestry [26], and the penetration of coastlines in natural landscapes [27].



In the field of physics, percolation theory is mainly concerned with the clusters that appear when a surrounding lattice is occupied by an event as the p increases. This agglomeration feature is usually expressed by the size of the star cluster. The formula is:


  S =   l i m   N → ∞      S 1   N   



(1)




where N represents the size of the entire system (site number) and    S 1    is the number of sites in the largest cluster. As probability  p  increases, different giant star clusters are formed.



Percolation has three characteristics: threshold phenomenon, fractal phenomenon, and connectivity [28]. In fact, these three properties have a complementary relationship. The threshold phenomenon represents the morphological transition and critical phenomenon in the agglomeration process of street intersections; the fractal phenomenon expresses the morphological similarity and change process between different groups in the results of percolation analysis; and connectivity expresses the implicit relationship between street intersections. In summary, we apply percolation theory to street intersections in the city center to further understand the hierarchical structure of the city center at different scales. The main research methods and workflow of this study are depicted in Figure 1.



Specifically, the research methodology of this study is divided into the following three parts: in the first part, the percolation analysis algorithm is used to perform hierarchical clustering analysis on street intersections in the central area of Lujiazui and to ascertain the hierarchical structure of that area. In the second part, the hierarchical structure obtained in the previous part is analyzed, the hierarchical nested structure is obtained, and its fractal properties are interpreted. The third part summarizes the results and uses the box counting method to conduct fractal verification of street intersections in the city center.



In the next section, we will briefly introduce the data acquisition of Lujiazui city center in Shanghai and its road intersections.



2.1. Case Selection and Data Acquisition of Street Intersections


This study chose the central area of Lujiazui, Shanghai, as a research object. Lujiazui is one of the major financial centers in Shanghai, China, and has the scale and structural characteristics of an emerging city. Shanghai Lujiazui is different from the central area of the old city. It is an urban space dominated by cars, public transportation, and traveling residents. The spatial structure of its urban central area was gradually formed through overall urban planning, regulatory detailed planning, and gradual urban development. At the spatial level, it has the scale characteristics and advantages of the new era. Therefore, this study hypothesizes that the development of Shanghai’s Lujiazui urban center is a demonstration area with comprehensively developed cultural, economic, political, and other elements, and can be used as a typical case for the study of the spatial hierarchy of high-density urban centers based on street networks.



First, the preliminary acquisition of OpenStreetMap (OSM) data and the definition of the central area of Lujiazui, Shanghai are as follows. This study obtained data from OSM (https://www.Openstreetmap.org/#map=6/46.449/2.210, accessed on 11 July 2021) to collect the street network data of the central area of Lujiazui, Shanghai, and imported it to GIS. We referred to Yang and Hu’s method of defining the boundary of the urban central area [4], learning that the urban central area of Lujiazui is about   26.8      km   2    (Figure 2). On this basis, the redundant road types in the obtained OSM data were screened and eliminated, and finally four levels of roads in the central area of the city (primary, secondary, tertiary, and residential roads) were retained (Figure 3).



Second, OSM road centerlines were extracted. A 25-m buffer analysis was performed on the OSM road network by preliminary sorting, and the TIFF image in a monochrome threshold format with color mode 1 was exported (Figure 4). ArcScan was used to vectorize the exported TIFF image of the central area of Lujiazui, and the road centerline of the central area of Lujiazui was finally extracted (Figure 5).



Again, based on Figure 5, the street road network data were corrected and proofread with Tianditu (China Online Map) and Amap (https://www.amap.com, accessed on 11 July 2021). We finally acquired a street network dataset in the central area of Lujiazui containing 352 nodes and 576 links. Figure 6 illustrates the results of the filtered city center street intersections and links. (Data S1: data; shp).



It is worth noting that there is a certain distance error between the road center line established by OSM and the actual road network data, but the impact of such an error is usually negligible and can be ignored.




2.2. The Percolation Algorithm


Next, we briefly introduce the principle of percolation analysis. Figure 7 shows that, in the finite system, the percolation analysis algorithm divides the characteristic points into two clusters.



The clustering features obtained by the percolation analysis are defined by a given distance threshold (   d c   ). The technique selects an arbitrary point as a starting point, defines the distance threshold (   d c   ) as the radius of cluster selection, and performs cluster analysis by identifying “points” that fall within the range. Subsequent distance thresholds (   d c   ) will follow this definition. Specifically, the percolation analysis algorithm based on street intersections pays attention to the Euclidean distance between two-dimensional points. If the Euclidean distance is less than the given distance threshold (   d c   ), then the feature point is assigned to this cluster; if a cluster has less than two feature points, then it is determined that the cluster does not exist. Eventually, all points at different locations will be detected and classified. It is worth noting that the City Clustering Algorithm (CCA), which is based on the identification of population density to determine the urban boundary, was developed based on the percolation theory.



The development and evolution of the street network is closely related to the development of the structure of the city center. In 2015, Murcio applied street intersections to the fractal research of urban street networks for the first time. He found that, in statistical analyses, the degree distribution of the city street network was close to the Poisson distribution, so street intersections and segments can be considered equivalent [29]. Therefore, this study maintains that the analysis results based on street intersections can be used to characterize the study of street network structure.



This study selected the road intersection as the feature point, taking the street intersection in the central area of Shanghai Lujiazui as the center of the circle and using the given radius as the distance threshold (   d c   ) for clustering calculation. Under each set of distance thresholds (   d c   ), different percolation analysis results were obtained at street intersections in the city center, revealing different cluster characteristics. Finally, we obtained the results of stratified percolation based on street intersections in the city center. Simultaneously, with the expansion of the distance threshold (   d c   ), the different types of cluster features obtained also showed the spatial nesting structure and percolation evolution process of high-density urban central areas. This provides a new perspective and method for the preliminary research, scale control, and functional connectivity of the future urban central area.




2.3. Box Counting Method


The term “fractal” was coined by mathematician Benoît Mandelbrot. In nature, similar shapes with different volumes can always be found; fractal theory jumps out of the four-dimensional space and adopts the method of fractal dimensions to describe similarities of complex systems. In theory, the fractal dimension  D  is used to describe the filling degree of a fractal on the space. The fractal dimension definition methods include the box counting dimension, Hausdorff dimension, topological dimension, and so on.



The box counting dimension, also known as the Minkowski dimension, is a method of measuring the fractal dimension of the distance space    (  X ,   d  )    in fractal geometry. Imagine placing the research object on a uniformly divided grid, using the minimum number of grids to cover the fractal. The box dimension is calculated by setting grids of different scales to see the change in the number of fractals that cover it. The box count estimator is obtained by a scaling law that defines the dimension of the box.



The number of points that fall into the grid are counted as the evaluation process of the box counting method. The sequence of points (   r i   ,    N i   ) is formed into an empirical curve. If the empirical curve follows the fractal law, the corresponding estimated curve form is a power-law distribution (such as a parabola). The formula is:


  y = a ·  x d  + c  



(2)




where  x  is the box threshold    r i    (the pore diameter distance);  y  is    N i   , the number of count elements;  c  is the error estimate; and  d  is the score dimension.



We found the logarithm on both sides of the experience curve to result in a linear regression graph. The formula is:


  log  ( y )  = D · log  ( x )  + b  



(3)









3. Results


3.1. Hierarchical Structure of Lujiazui City Center


Through multiple selections of percolation experiments defined by different distance scales, we selected three groups of parameters for systematic calculation and analysis. The first set of parameters had a threshold range of 50–800 m. With 25 m as the radius step, 50 m as the minimum distance threshold (   d c   ), and 800 m as the maximum distance threshold (   d c   ), the most significant features can be observed in percolation analysis and calculation (Figure 8).



The second set of selected parameters had a threshold range of 300–500 m. As the slope of percolate changes between 300 m and 500 m appeared to be larger compared with the analysis results of the first group, we decided to perform a detailed percolation analysis on this range to identify any subtle changes. We took 50 m as the radius step, 300 m as the minimum distance threshold (   d c   ), and 500 m as the maximum distance threshold (   d c   ) (Figure 9).



The third set of parameters’ threshold range was 100–8000 m. To include the entire central area of Lujiazui in our range, we set 8000 m as the maximum distance threshold to analyze its variation characteristics, that is, a radius of 100 m as the step size, 100 m as the minimum distance threshold (   d c   ), and 8000 m as the maximum distance threshold (   d c   ). The percolation clustering characteristics did not change after the distance threshold (   d c   ) was set to 500 m (Figure 10).



We further scrutinized the percolation results obtained with different distance thresholds (   d c   ). The clusters were divided into 15 cluster levels according to the percolation process: the red cluster represents the highest level, and the blue cluster is the second highest level. The clustering feature of sites below level 15, indicated in gray, was not obvious. We extracted the distance thresholds (   d c   ) with salient features for analysis as depicted in Figure 11, Figure 12 and Figure 13, the hierarchical clustering being a step length of 25 m and a maximum radius distance threshold of 500 m.



With    d c  = 100   m   as the initial state, significant agglomeration characteristics were not reflected. With the expansion of the radius distance threshold (   d c   ), the agglomeration effect caused by percolation slowly increased, and a slight but obvious enhancement occurred when    d c  = 150   m  . Compared to the initial value, this transition displayed a clear representativeness of the urban core area. It would form three main cores, that is, the World Financial Building Area, NYU Shanghai Area, and Shanghai Pudong New Area Office Service Area, and multiple secondary cores along Century Avenue. Simultaneously, several main cores tended to expand to the surrounding areas. When    d c  = 150   m  , the structural transformation of Lujiazui city center reflected the economic center of Shanghai Lujiazui and the political and cultural nature of the region (Figure 11).



We further observed that there were multiple cores between    d c  = 200   m   and    d c  = 300   m  , forming a process of expanding to the center, with Century Avenue as the axis. When    d c  = 225   m  , a relatively stable multi-core structure feature was formed, and the fractal feature obtained at this time was the most obvious. It is worth noting that, when    d c  = 300   m  , with the business district of Century Avenue Metro Station as the divider, the degree of agglomeration was strengthened, and there was an obvious two-level differentiation on both sides. We noticed that, while the two major cores are “competing” for development, with Century Park as the boundary, new clusters of clusters gradually emerged in the opposite area. This shows to a certain extent that the existence of natural elements, such as parks, had a restrictive effect on the agglomeration and development of cities. On the whole, this transition process also gradually presented a process of evolution to the Century Avenue Subway Station Area which somewhat reflected the importance of the development and construction of the Century Avenue Subway Station Area in the future urban central area (Figure 12).



The next transition was when    d c  = 350    m   . The two cores of the central area of Lujiazui were integrated and separated from the opposite side by Century Park, forming a new gathering area headed by Huamu Community Cultural Center area, Metro Shanghai Pudong Mall area, and Zendai Himalaya Center area. Eventually, with the expansion of the distance threshold (   d c   ), the whole Lujiazui core area of full penetration was formed when    d c  = 450    m    (Figure 13).



Although the method of exploring the economic division of the spatial structure along the road had certain limitations, (for example, the actual connectivity and timeliness of the road intersections needed to be verified), the central area of the megacity was still divided into multiple cores within a certain tolerance range. Concomitantly, the central area of Lujiazui was divided into different dominant functional areas on the block scale level, which helped to explain the connectivity between urban block functions in the evolution of different areas.




3.2. Fractal Properties of Lujiazui Urban Center


The percolation effect of street intersections was accompanied by fractal features. The urban central area could transition to form multiple sets of core areas with different agglomeration patterns through recursive infiltration at different scales. When a certain distance scale is reached, a large agglomeration core can be formed. Simultaneously, it can be observed that, with the expansion of the distance threshold (   d c   ), the transformation of the morphological structure of the urban center could be summarized as a fractal nested structure with the block scale as the scale.



Specifically, when the distance threshold of    d c  = 150   m  , the culturally led area with the Shanghai International Conference Center area as its main attraction formed a relatively obvious fractal with the Lujiazui financial area, and this area held its leading cultural position to a certain extent. When    d c  = 250   m  , star clusters of different grades gathered along the main road, Century Avenue, to achieve a relatively stable structure. When    d c  = 350   m  , the star clusters on the north side of Lujiazui were integrated with Century Park as the boundary. With the expansion of distance, the evolution process of this complex tree-like structure essentially expressed the hierarchical relationship of “financial-dominated, political-secondary, and cultural-third” on the north side of the central area of Lujiazui. This included policy factors in the division of the spatial structure and disclosed the driving force leading the development of the entire Lujiazui city center to a certain extent. After    d c  = 350   m  , the southern area of Century Park gradually showed agglomeration that could be divided into three major areas led by the Huamu Community area, Metro Shopping Mall area, and International Expo Center area. This reflected the hierarchical relationship of “internationalization–livable–leisure” on the south side of Century Park. When    d c  = 450   m  , the maximum percolation result was achieved, and the central area of the city merged into a huge cluster of a single core. Figure 14 shows the spatial hierarchy nesting characteristics of the central area of Lujiazui.



From the clustering evolution process obtained at different spatial scales, the percolation analysis method revealed the relationship between different clusters, forming a nested model of the spatial structure from the perspective of the block scale. Figure 14 clearly shows the bottom-up agglomeration process and scale dependence in the city center. Overall, the urban core of Lujiazui could be divided into the Shanghai International Convention Center Area, Financial Center Area, Shanghai Pudong New Area Office Service Area, International Expo Center Area, Century Park, and Huamu Community Area, which could be transposed into the six functional elements of “landmark–business–politics–culture–landscape–livable”. Then, we could also divide the six functional areas into multiple groups according to the percolation results, which showed the hierarchical nesting relationship of urban spatial structure at different scales. In fact, we could also initially explore the connectivity between functional groups, expressing the hierarchical nesting model presented by the spatial structure of the urban center and providing a new method for the quantitative implementation of urban renewal strategies at the block scale in the urban center.



Overall, the geographical space (rather than time) showed a trend of evolution toward the Century Avenue Subway Station Area, which means that the Century Avenue Subway Station might become an important node for the further development and construction of the Lujiazui city center.





4. Discussion


This study demonstrates a method for quantitatively analyzing the hierarchical structure of urban centers. Based on the existing aggregated results of street intersections in the urban center, we selected the hierarchical nesting results obtained when the distance thresholds (   d c   ) are 450 m, 350 m, 325 m, and 250 m for analysis (Figure 15).



It is evident that the central area of Lujiazui, Shanghai, is bounded by Century Park and is divided into an “economically and politically dominated area” on the northern side and a “residentially dominated area” on the southern side. The northern area of Lujiazui, which is bounded by the Century Avenue Metro area, is divided into an “economically dominant area” and a “politically dominant area”. It is worth noting that the Shanghai International Conference Center area at the “fish mouth” of Lujiazui serves as a cultural node space for “guidance” and “sign” in the northern area of Lujiazui and plays an important role in the central area of the city (Figure 15). It is worth noting that Phearson [30] argues that sustainable cities have redundant and resilient modular subsystems. The hierarchically nested structure obtained in this study also expresses a similar elastic system to a certain extent, which may further deepen the understanding of the structure of urban central areas.



Judging from the results of the spatial structure division of the urban central area, according to the actual function of the urban central area, and when the distance threshold   (  d c   ) is 250 m, a relatively obvious grouping of the spatial structure of the urban central area from the block perspective is indicated. Furthermore, this study believes that 25–50 m can be set as a buffer zone, and the current situation analysis and guidance can be carried out in the subsequent spatial arrangement of urban central areas. What needs to be explained here is that the functions of different urban central areas differ, and the spatial structures reflected under the guidance of non-spatial attributes, such as policies, culture, and economy, also differ. Therefore, the hierarchical percolation results obtained in the urban central area of Lujiazui in Shanghai are not generalizable to other cities. In the future, we can further summarize the scale-dependent characteristics of different types of urban spatial hierarchies.



This study has certain limitations. From the perspective of the research object, it only conducts percolation analysis at street intersections, but in fact the complex and diverse composition of urban central areas still requires more diverse perspectives to interpret it. For example, Behnisch [31] applied percolation theory to quantify building connectivity in order to detect different urban boundaries. Arcaute [20] used commuting and population density to define the boundaries of urban systems and explored the relationship between urban indicators and scale. Cao [32] performed percolation analysis on population, roads, and nighttime lights to quantify urban extent. Montero [33] found that the MorphoLim method and percolation method obtained different morphological boundaries for urban agglomerations. From the perspective of research methods, this study only analyzes urban space, but lacks the consideration of location economy. At present, the research on the urban hierarchy is mostly based on the central place theory, from the perspective of microeconomics. For example, Hsu [7] used the equilibrium model to obtain the urban spatial hierarchy from the perspective of microeconomics, which verified the central place theory. Tabuchi [34] used the equilibrium method to provide a new economic research basis for the central place theory. Space and economy are both components of the spatial structure of urban central areas, and how to combine the two may be an important direction for future research. From the research results, this study obtains the static urban spatial structure at different scales through the percolation method, but lacks a dynamic urban spatial evaluation. For example, Li [35] conducted traffic congestion assessment from the nodes of dynamic traffic percolation transition. He [36] constructed a temporal hierarchical network through human movement data to control the spread of infectious diseases at multiple scales. In terms of the generality of the conclusions, the results of the division of the block-scale spatial structure in the central area of Lujiazui based on the percolation theory are not universal, and the block-scale and hierarchical structure of different types of urban central areas may need to be further discussed in the future.



In general, this study illustrates the validity of the percolation theory in the study of spatial hierarchies in urban centers. Although it has some limitations from the perspective of urban space, it undoubtedly complements existing market economy-led urban hierarchy research.



Fractal Verification


In the field of urban research, the theoretical model of percolation is used as a model to describe the agglomeration characteristics of random media in urban elements, and it is often accompanied by the fractal characteristics of urban elements under different distance thresholds (   d c   ). Presently, many studies in the field of urban research have demonstrated the fractal characteristics of urban elements. They suggest that the degree of filling urban space follows scaling laws, which means that the urban form of different elements is similar in scale [37]. The box counting method in the fractal statistical method can be used to describe the fractal shape or structure of an element to fill the space [38]. This section therefore presents statistical analyses based on the spatial location and quantity of street intersections in the city center. Fractal statistical characteristics to preliminarily verify the accuracy of the urban spatial structure were arrived at by the percolation analysis of street intersections in the city center (Figure 16).



Finally, we can record that the fractal characteristics of Shanghai Lujiazui city center obtained by the box counting method were not obvious when the box size was about 300 m (Figure 17). The avenues were distributed on the axis, and the percolation analysis reached the most significant fractal characteristics at this time (Figure 18). The clustering features with Century Avenue as the axis centered on the Shanghai International Conference Center area, Century Avenue Subway Station, Metro Shopping Mall area, and so on, had a certain similarity with the percolation clustering features at the intersection of    d c  = 250    m    street. When the size of the box was about 900 m, with the Shanghai Pudong New Area People’s Government area and the Shanghai International Convention Center area as the two cores, the overall box count presents a relatively uniform distribution dimension (Figure 19).



The results indicated a certain linkage relationship with the percolation results. Although the appearances of the two results are different, their implied meanings are similar. Probability distribution and statistics can, to a certain extent, verify the accuracy of the urban central area hierarchy of street intersections obtained by percolation analysis. Figure 17, Figure 18 and Figure 19 represent the box dimensions of street intersections in the city center when the percolation thresholds were 150 m, 250 m, and 450 m, reflecting the fractal characteristics of street intersections in the city center according to the box counting method.





5. Conclusions


The urban central area hierarchy is the focus of this study. Ultimately, the hierarchical structural features and evolutionary features we obtained deepen our understanding of the spatial structure of urban central districts.



The hierarchical nested structure provides theoretical support for a sustainable urban system and realizes the reorganization of functional areas in the urban center. The hierarchical nested structure obtained by the percolation analysis of road intersections in this study expresses the redundant (mostly manifested as residential function) and elastic modular system in the sustainable urban system. From the perspective of epistemology, the results supplement the concept of sustainable management of highly intensive urban central areas.



The starting “node” of percolation will become the focus of block-scale management in the urban central area. Along with the percolation process, the initial “central node” will gradually form multiple agglomeration areas (clusters), and eventually all nodes will merge into a single giant core. This may represent the important role implied by each “central node” in its neighborhood in a complex urban system. Therefore, these initial “central nodes” may become the “core nodes” for the management of urban central areas in the future.



Percolation transition “nodes” can provide theoretical support for the implied connectivity of urban central areas. The percolation analysis scales with the largest transition in this study are    d c  = 250 ± 25    m    and    d c  = 420 ± 25    m   . These two scales are not the average scales of Lujiazui neighborhoods but were obtained after considering the correlation between intersections. Therefore, by analyzing the percolation transition “nodes”, it is possible to detect the connected nature and characteristics of the urban center structure, providing theoretical support for urban planning and management to a certain extent.



Future studies may need to focus on the driving mechanism of the hierarchical structure of the urban center to enable researchers to further analyze the evolution results of the urban spatial structure of different functions from a more comprehensive perspective.
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Figure 1. A demonstration of the main methods and workflow used in this study [21,22]. (Fractalyse 3.0: downloaded from http://fractalyse.org, accessed on 11 July 2021). 
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Figure 2. The definition of the central area of Lujiazui in Shanghai, and the acquisition of OSM data. 
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Figure 3. Four types of retained roads: primary, secondary, tertiary, and residential. 






Figure 3. Four types of retained roads: primary, secondary, tertiary, and residential.



[image: Sustainability 14 09981 g003]







[image: Sustainability 14 09981 g004 550] 





Figure 4. A 25 m buffer analysis of the road network was performed to export a TIFF image in monochrome threshold format with color mode 1. 
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Figure 5. Vectorized TIFF image using ArcScan. 
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Figure 6. Shanghai Lujiazui city center road data and main function node. 
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Figure 7. Principles of percolation analysis in a finite range. Different colors represent different clusters. 
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Figure 8. Clustering features calculated by percolation analysis with 25 m as the radius step, 50 m as the minimum radius distance threshold, and 800 m as the maximum radius distance threshold. 
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Figure 9. Clustering features calculated by percolation analysis with 50 m as the radius step, 300 m as the minimum radius distance threshold, and 500 m as the maximum radius distance threshold. 
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Figure 10. Clustering features calculated by percolation analysis with 100 m as the radius step, 100 m as the minimum radius distance threshold, and 8000 m as the maximum radius distance threshold. 
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Figure 11. Percolation analysis results from    d c  = 100   m   to    d c  = 150   m  . 
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Figure 12. Percolation analysis results from    d c  = 200   m   to    d c  = 300   m  . 
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Figure 13. Percolation analysis results from    d c  = 350   m   to    d c  = 450   m  . 
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Figure 14. The spatial nesting structure of seven different functional groups. 
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Figure 15. The hierarchical structure of the city when    d c  = 450    m  ,   350    m  ,   325    m  ,   250    m   . 
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Figure 16. Box counting method for the statistics of estimated values of street intersections. 
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Figure 17. The size of the box is 300 m, and the fractal properties are not yet obvious. 
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Figure 18. When the box size is about 450 m, the boxes with higher fractal dimension are roughly distributed around Century Avenue. 
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Figure 19. When the size of the box is about 900 m, take the Shanghai Pudong New Area People’s Government Area and the Shanghai International Convention Center Area as the two largest box dimensions. 






Figure 19. When the size of the box is about 900 m, take the Shanghai Pudong New Area People’s Government Area and the Shanghai International Convention Center Area as the two largest box dimensions.
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