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Evidence suggests city grouping is an important way to implement urbanization in China. However, the Chengdu-Chongqing Economic Circle (CCEC) is a typical dual-core structure, and the development level of each city is different. If we do not focus on the key directions for urban development, it will not be conducive to the new-type urbanization process. Therefore, we use spatial analysis techniques and geographic big data sets to construct an approach for urban system layout optimization from a global perspective. It mainly includes urban extended trend analysis based on night light, multi-modal traffic network analysis, and spatial economic density analysis using Open Street Map (OSM) and Point of Interest (POI) data. The research results show the following interesting findings. Firstly, the historical relationship of cities has a significant impact on city grouping, and efficient transportation connections and prosperous enterprise distribution are key conditions for urban grouping during the acceleration period of urbanization. Secondly, the development of urban grouping should break through administrative restrictions and achieve a moderate separation of administrative divisions and economic divisions. It is beneficial to the rapid growth of the city group and the improvement of the internal structure. Thirdly, the urban group of Southern Sichuan and Western Chongqing (SSWC) is the region with the most potential for growth in CCEC. The urban expansion index (UEI) of the Yibin-Luzhou area is 2.16, and the spatial economic density has increased by 130/km2 in the past decade. Providing flexible development authority and focus on the construction of the Yibin-Luzhou Urban Belt along the Yangtze River is an important way to integrate southern Sichuan. Moreover, we found the UEI has a good universality and it can be used for studying urban expansion trends and city relationships in rapidly developing regions, especially in metropolitan areas or urban agglomeration.
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1 INTRODUCTION
In recent years, many major reforms and innovations have been implemented at the national level to address unbalanced spatial development (Ma et al., 2022) and further promote new-type urbanization in China (Cheng, 2022). The Territorial Space Plan (TSP) implemented in 2020 is a representative project. TSP belongs to the General Plan (Liu and Zhou, 2022), which integrates the original Land Use Plan, Urban-Rural Plan, and Major Function Zone Plan. The function of TSP is similar to the European Territory 2050 (ESPON & MCRIT LTD, 2014) and the America 2050 (Regional Plan Association, 2020). It is a guide for China’s future territorial space development, a blueprint for sustainable development, and the basis for various developments and constructions (Huang et al., 2020). Both Sichuan and Chongqing have completed the preparation of provincial TSPs in 2022 and incorporated various special plans during the 14th Five-Year Plan period into this plan, which has important guiding significance for the development of land and space in the Chengdu-Chongqing area in the next 15 years. CCEC’s urban system and transportation network system have been clearly planned in the TSP of Sichuan and Chongqing in 2021–2035. Scientific urban layout and efficient transportation networks are the basis for implementing a networked urban system (Rodrigue, 2020). The development of urban networks can optimize the spatial layout of land and space, and further promote new-type urbanization and rural revitalization (Huang et al., 2020).
TSPs of Sichuan and Chongqing are the framework plans, that have been comprehensively demonstrated at the provincial level, and their design and plan should be scientific at the macro scale (Wu et al., 2022). However, TSP covers multidisciplinary fields, involving land and resource protection, urban system layout, multi-industry collaboration, infrastructure and public service facilities, and human-land relationship coordination (Brunetta et al., 2018; Orsi et al., 2022). In addition, some concepts are officially proposed for the first time, such as the Fourth Pole (Ibold and Yun, 2021). Therefore, the previous studies are insufficient to provide a scientific-comprehensive reference for TSP compilation, especially planning concepts (Zhang et al., 2022a), and planning methodology (Wang et al., 2019; Song et al., 2020; Liu et al., 2022). Moreover, TSP implementation involves cross-regional multi-sectoral cooperation and multi-industry collaboration, which is a complex system engineering (Wu et al., 2022). Consequently, TSP is accompanied by many challenges and uncertainties from planning to implementation (Li et al., 2022), and it needs to be continuously optimized as the planning progresses. The overall planning of the urban system and traffic layout is designed in TSP (e.g.,: two metros and three CGs, etc.). The economic development in the CCEC is extremely unbalanced and belongs to a typical dual-core structure (Sun et al., 2019). In particular, the economic scale and infrastructure of prefecture-level cities in Sichuan Province differ greatly from the provincial capital. The essence of CG development is to realize spatial integration (Lu and Diab, 2023), and to achieve this target, CG needs to provide effective economic and infrastructure support (He and Nicholas, 2015; Wang et al., 2022a). As the key factors of city grouping, economic conditions, infrastructure connectivity, and urban historical relationships are crucial. However, in-depth scientific evidence on the above aspects is not present in the current version of the provincial TSP.
Previous research on urban system layout (USL) optimization mainly focused on analyzing the population-socio-economic evolution (Lyu and Jiang, 2022), employing population-economy panel data and Growth Pole Theory to identify USL (He et al., 2021a), the impact of urban land collaborative use on the USL (Ma et al., 2022), and proposing a strategy to optimize the USL according to the basic laws of urban agglomeration formation, development, and expansion (Fang, 2019). Additionally, some research extracting urban land social functional units using the OSM layer (Liu, 2021), integrating POI and NTL data to monitor changes in urban areas (Zhang et al., 2022b), and identifying spatial structures of urban agglomerations based on road network data (Xie et al., 2023), etc. Urban sprawl and its reasons have been discussed by many authors (e.g., by Bhatta (2010) who provided a table of 30 reasons), among which continued population growth is an important factor in the expansion of urban agglomerations (Masanobu, 2021). Therefore, human-land coordination and environmental sustainability (HLC&ES) are key research fields on USL optimization (Liu, 2020; Ma et al., 2022). Many researchers have conducted a lot of research in this field, such as Ma et al. (2022) believed that coordinating the land use of urban agglomerations can reduce the pressure on central cities and promote the growth of underdeveloped cities. The research results of Huang and Liao (2022) show that the evolution of USL in China is closely related to the green economy, and the polycentric structure is conducive to the sustainable growth of urban agglomerations (He et al., 2021b). American scholars have reconstructed the urban road network since 1900 and found that the development of urban agglomerations relies on the construction of road networks (Burghardt et al., 2022). Overall, few pieces of literature perform targeted USL research on the Chengdu-Chongqing urban agglomeration. The spatial distribution of cities has obvious geographical and cultural patterns in CCEC, and these characteristics have not been fully considered in previous studies.
On this background, combined with the team’s previous experience and the materials accumulated in the process of TSP planning preparation, we used geographic big data (Tamimminia et al., 2020) and employed the spatial analysis methods (Paramasivam and Venkatramanan, 2019) to perform the research on the optimization of urban system spatial structure in CCEC. We innovatively use the sector analysis method based on a nighttime light raster, which can provide a more explicit historical expansion of the city from a global perspective compared to traditional methods. In addition, the research uses POI data instead of traditional statistical data to analyze spatial economic distribution, making the analysis results more objective and intuitive. Specifically, we focus on analyzing the trend of urban expansion, the characteristics of the multi-model transportation network, and the spatial distribution of population and economy, and demonstrate the lack of conditions for the coordinated development of each CG. Based on Human-land Coordination Theory (Liu, 2020), an optimization scheme for urban system layout is proposed in CCEC.
2 MATERIALS AND METHODS
2.1 Study area
The Chengdu-Chongqing Economic Circle (CCEC) was first officially proposed in the “Plan Outline for the Construction of the Chengdu-Chongqing Twin City Region” issued by China’s National Development and Reform Commission in 2020. The economic circle belongs to the concept of Economics and the scope of the CCEC (Figure 1) coincides with the Chengdu-Chongqing urban agglomeration (CCUA). CCUA is one of the four major urban agglomerations in China, and it is also the largest urban agglomeration in western China. CCUA takes the Chengdu metropolitan area and the Chongqing metropolitan area as the dual-core, including 15 cities of Sichuan and 27 districts in Chongqing, with a total area of about 185,000 square kilometers, a permanent population of 95 million (2020), and a GDP of 8.58 trillion (2022). It is positioned as a world-class urban agglomeration. CCUA occupies an important position in the development of Chinese cities and transportation systems. It is listed by China as the fourth pole of the national three-dimensional transportation network in 2021. CCAU has an obvious dual-core characteristic, densely covered with multi-node cities, and it is an important representative of China’s large urban agglomerations. In addition, CCUA is a typical basin-type urban agglomeration, with important rivers distributed, and an important part of the Yangtze River Economic Belt, with unique geographical patterns and location conditions.
[image: Figure 1]FIGURE 1 | Study area. (A) Location in China, (B) Topographic features, (C) City spatial distribution.
2.2 Data collection
We use 5 datasets in this study (Table 1), which are open street map (OSM), point of interest (POI), night light raster (NLR), Sentinel-2 image, and surveys and statistics, respectively. All datasets are available on their official website, except surveys and statistics.
TABLE 1 | Data collection used in this study.
[image: Table 1]1) OSM
OSM is a free and open geographic database updated and maintained by a community of volunteers via open collaboration (Zhao et al., 2019). We downloaded the latest map data of China from the OSM server through Geofabrik, including point, line, and polygon layers. The raw data is in Shapefile format, and geographic information system (GIS) software is used to clip, coordinate transform, and topologically process the data, and finally obtain a standardized road network in the CCTEC.
2) POI
POIs big data is useful to support an understanding of the complex human-land system element of human-economic geography (Xue et al., 2022). POI’s essence is a vector point and it is a record of a place on a map that we find useful or interesting. A POI is typically defined by its geographical coordinates and a few additional attributes like name and category. The POI used is from the Baidu Map server, the data information is more abundant than OSM and Google, especially in China.
3) Nighttime light
The nighttime light remote sensing data used in this paper is a new-type dataset (Wu et al., 2021) optimized based on DMSP-OL (Elvidge et al., 1997) and SNPP-VIIRS (Elvidge et al., 2021). The dataset has a spatial resolution of 1,000 m × 1,000 m and a time series of 1992–2021. In addition, we also used another night light data (130 m × 130 m) of Luojia-1 with higher resolution, which was mainly used for verification. The above two lighting data can be downloaded from Harvard Dataverse and Wuhan University databases respectively.
4) Sentinel-2
The Sentinel-2 images are derived from the Sentinel series satellites launched by the European Space Agency, which contain 13 bands and three types of spatial resolutions: 10, 20, and 60 m. The satellite revisit cycle is 5-day, suitable for monitoring earth surface changes and urban expansion (Wang et al., 2022b; Williams et al., 2022). The study area needs 12 scenes to cover all and the preprocessing (e.g., radiometric calibration, atmospheric correction, and band combination) was performed on the Google Earth Engine platform (Wang et al., 2022c). Finally, we obtain the natural color image with a spatial resolution of 10 m.
5) Surveys and Statistics
Excepting map and image data, we also used the TSP and special plan materials (2022), socio-economic statistics (1990–2021), basic geographic information data (latest version), and previous site survey data (2018–2022).
2.3 Method
This research framework (Figure 2) includes three sections. Firstly, we analyze the urban system and traffic layout scheme in the provincial TSP and explain the possible problems. And then the spatial analysis methods are employed to analyze the urban expansion direction, multi-layer transportation network, and population economic spatial distribution. Moreover, we combined high-resolution remote sensing data and field survey data to verify the analysis results. Finally, an optimization and refinement scheme of the urban system layout is proposed. Specifically, the basic method of spatial analysis is as follows.
[image: Figure 2]FIGURE 2 | Framework of research.
2.3.1 Equality fan analysis
Equality fan analysis was used to reveal the spatiotemporal differences of urban expansion by analyzing a new-type night light remote sensing image. This meant the spatiotemporal differences in urban expansion can be shown by increased areas, expansion speeds, and expansion intensities of construction lands in different orientations (Wang et al., 2013; Dhanaraj and Angadi, 2021). The specific steps were as follows: (1) In ArcGIS Pro software, the urban geographical hub was set as the center and it was chosen as the starting point to draw eight equal fans with proper radius size (100 km); (2) The urban expansion in each sector area were extracted; (3) The urban expansion index (UEI) in each sector area was calculated. The intensities, speeds, and trends of urban expansion in different orientations and different periods could be compared by this index. UEI was expressed in Equation 1
[image: image]
Where [image: image] is the urban expansion index. [image: image] and [image: image] represent the urban area at time [image: image] and time [image: image], in each sector area. [image: image] refers to the time span from [image: image] th to [image: image] th period.
2.3.2 Multi-layer traffic network analysis
We use the topologically processed OSM network and the traffic planning data of the 14th Five-Year Plan to construct a multi-layered three-dimensional traffic network in the study area, and perform network analysis (Burghardt et al., 2022) to calculate the commuting time (CT) between cities for study urban connectivity. The specific calculation principle is shown in Eqs. 2–4
[image: image]
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Where [image: image] is the commuting time from city i to city j; [image: image] represents the shortest path from city i to city j; [image: image] refers to the mean speed from city i to city j
2.3.3 Weight-based fishing net density
Fishing net density is a flexible spatial density analysis method that can set different cell sizes based on different research scales (Shi et al., 2020; Horst et al., 2023). This method involves constructing cells of a specific size, calculating the ratio of sample count and cell area in each grid, and assigning values to grid cells. We use the enterprise POI fishing net density weight-based ([image: image]) to represent the spatial economic distribution. The specific formula is as follows 5
[image: image]
Where [image: image] is the density of the [image: image] th cell; [image: image] represents the POI count of the j type in the [image: image] th cell; [image: image] refers to POI’s weight of [image: image] type in the [image: image] th cell; [image: image] is the area of the [image: image] th cell.
3 RESULTS
3.1 Spatio-temporal change of urban night light
The expansion fan map (Figure 3) of the main cities in CCEC was obtained by analyzing the remote sensing data of night light from 1992 to 2021. The fan map can present the characteristics of the urban system and the direction of urban expansion in the past 3 decades. Deyang, Meishan, and Jianyang are included in the development plan of the Chengdu metropolitan area in the provincial TSP plan. It can be seen (Figure 3A) that every 5 years since 1992, the speed of Chengdu’s outward expansion has been relatively high (UEI = 2.89). Especially in the north, south, and southeast, incorporating Deyang, Meishan, and Jianyang into the Chengdu metropolitan area. In the recent 10 years, night light changes show that Chengdu has a significant expansion direction, particularly in the east and south (UEI = 1.98). Leshan and Mianyang are two important cities adjacent to the Chengdu metropolitan area, but they are not included in the metropolitan area due to spatial distance. The fan map shows that the urban expansion of Leshan City is not fast, and the main body of the city extends along major rivers such as the Minjiang River, Qingyi River, and Dadu River. The expansion characteristics of Mianyang City and Leshan City are relatively similar, and the intensity of urban expansion is not high. The main body of the city is basically connected with Deyang City in the south and expands to Santai County along the Fujiang River. Generally, a north-south urban belt has been formed, with the Chengdu metropolitan area as the core, connecting Leshan to the south and Mianyang to the north.
[image: Figure 3]FIGURE 3 | Spatio-temporal change of urban night light in CCEC from 1992 to 2022. (A–E) represent the Chengdu MA, SSCW-CG, CCC-CG, WDK-CG, and Chongqing MA respectively.
Yibin City is a key part of the SSCW city group in the TSP plan, it expands eastward and northwestward along the Minjiang-Yangtze River valley (Figure 3B). Especially in recent decades, urban has sprawl rapidly, and the central urban region gradually connected with Nanxi District and expanded to Jiang’an County (UEI = 2.16). Luzhou City, which is also an important city in the SSCW city group, is mainly expanded to the north due to the restrictions of administrative divisions (Figure 3B). It connects with Chongqing City through Lu County. In addition, Zigong City is a node city of SSCW, and its expansion mainly presents the characteristics of northwest and southeast directions (Figure 3B). In recent years, Zigong has gradually integrated with Neijiang in the east. In contrast, it has not achieved coordinated expansion with Yibin and Luzhou in the south. Overall, Yibin and Luzhou basically developed along the Yangtze River, connected the counties and districts along the river, and gradually formed an urban belt along the upper reaches of the Yangtze River.
The CCC city group contains three cities, Nanchong, Suining, and Guang’an. As the core city of the CCC city group in the TSP plan, Nanchong mainly expands southward along the Jialing River and reaches Xichong County in the northwest (Figure 3C). Suining mainly expands along the Fujiang River in the northwest-southeast direction and connects with Tongnan District in the south (Figure 3C). The characteristics of Guang’an’s urban expansion are similar to those of Leshan City, and it mainly develops into a dual-core city with its county-level city (Huaying City) under its jurisdiction. The difference from Leshan’s expansion is that Guang’an has been included in the development plan of the Chongqing metropolitan area. In view of the trend of urban expansion, the connection between the main node cities of the CCC city group is not high, lacking the support of county-level node cities.
As shown in Figure 3D, the WDK city group has a smaller size than the two city groups mentioned above. Dazhou and Wanzhou are the two core cities in the WDK city group. Judging from the trend of urban expansion (Figure 3D), the two cities have not developed in a coordinated way, and the degree of connection is not high. Chongqing Municipality is the core of the Chongqing metropolitan area, located in the southeast of the study area. Since 2006, the main body of Chongqing has expanded to the west, northwest, and northeast (UEI = 1.85), gradually connecting with Dazu, Yongchuan, Changshou, and Fuling. Chongqing City has expanded to Fuling District, Dazu District, Yongchuan District, and Guang’an City in the past 5 years, but there is an interesting phenomenon that the expansion has no focus in terms of space compared with the Chengdu metropolitan area. Moreover, the scale and night light intensity of the Chongqing metropolitan area is lower, especially in the core urban area.
3.2 Spatial characteristics of multi-layer traffic network
A transportation network system with intermodal transportation and effective connection is an important infrastructure for the spatial integration of urban groups. By analyzing the characteristics of CCEC’s multi-layer traffic network, the commuting mode and commuting time between cities can be accurately obtained, which is the basic index for judging the efficient interconnection between cities in a city group or metropolitan area. The multi-mode transportation system includes highways, high railways, waterways, and aviation in CCEC. We use OSM data and traffic planning data-based spatial analysis to calculate the commute time of the CCEC high railway and a high-speed way to analyze the characteristics of a multi-layer traffic network (Figure 4).
[image: Figure 4]FIGURE 4 | Multi-model transportation network in CCEC. (A–C) are high railway, highway, and waterway-aviation network layers respectively.
The Chengdu and Chongqing metropolitan areas have a dense highway network and have formed a unique geometric pattern and spatial structure. Taking Chengdu as the center to Deyang, Jianyang, and Meishan, forming a typical ring-shaped high-way network structure. After calculation, it can be seen that the commuting time to the three cities is 0.44, 0.35, and 0.45 h respectively. The Chengdu metropolitan area realizes the expressway for half an hour to travel, which provides convenient infrastructure support for the effective connection of node cities. Chongqing’s ring-shaped feature is not obvious, but it is connected to important node cities by a highway network, and the expressway transportation is convenient, forming a radial highway transportation system along the terrain with the central region of Chongqing as the core. Starting from the central urban area, it takes 0.74 and 0.64 h to reach Rongchang District and Changshou District respectively. It takes more time (0.91 and 0.85 h) to go to Guang’an City and Qianjiang District. It can be seen that the east-west travel time of the Chongqing metropolitan area is lower than the north-south travel time. Generally, the Chengdu metropolitan area is more convenient than the Chongqing metropolitan area for traveling by highway. The CCC city group and the SSCW city group have a relatively high expressway network density, basically forming an urban expressway with a ring-like structure. However, due to the relatively small scale of the city, it has not developed into a standard ring-shaped urban structure similar to Chengdu. The commuting time from Nanchong, the central city of the CCC city group, to Suining and Guang’an, is about 0.56 h. Similarly, the commuting time from Yibin, which is also a central city, to Zigong and Luzhou expressways is about 0.59 h in the SSCW city group. However, the highway network of the WDK city group is relatively sparse, and the distance between Wanzhou and Dazhou is less than 100km, but the high-speed commuting time between the two cities is 1.2 h (the maximum speed of Chinese expressways is 120 km/h).
Additionally, compared with expressways, high railways have a stronger radiating and driving effect on urban areas along the route in China. The connection of high railways between node cities will further strengthen the interconnection, personnel migration, and spatial integration of cities. There are eight high rail lines (two under construction) radiating from Chengdu and forming a 0.5-h high-speed rail metropolitan area. Seven high-speed rail lines have been extended from Chongqing, three of which are under construction, basically achieving a 0.66-h travel circle for high rail travel. The density of the high railway network in the SSCW city group is second only to the density of the Chengdu and Chongqing megalopolis. As a core city, Yibin is the intersection of the Chengdu-Zigong-Yibin high-speed railway, Chengdu-Guiyang high-speed railway, and Chongqing-Kunming high-speed railway, and it plays an important role as an important hub for the opening up of Chengdu and Chongqing to the south. We can achieve half an hour of high-speed railway commuting and reach the Chengdu and Chongqing metropolitan areas within 1 hour. In the CCC city group, Suining has a higher high-speed rail density, while Nanchong and Guang’an have a lower density. In particular, Guang’an is a blank area of the high-speed rail network, which is not conducive to the interconnection and coordinated development of the city group. In the WDK city group, Wanzhou and Dazhou have already opened high-speed rail to other cities, but the high-speed rail lines connecting them are still under construction. It can be seen from the pattern of the high-speed rail network that the cities in this city group have obvious administrative divisions.
Water transportation and civil aviation in the Chengdu-Chongqing area are important supplements to land transportation, especially the waterway, which covers national skeleton waterways (levels I and II). As a water transportation hub, Chongqing has extremely convenient river transportation, which is incomparable to Chengdu. Through the Yangtze River and its tributaries, the Minjiang River and the Jialing River, Chongqing can connect Leshan, Yibin, Luzhou, and Wanzhou from east to west, and Nanchong and Guangyuan from north to south (Figure 4C). On the urban agglomeration scale, civil aviation is one of the four transportation modes whose role has been weakened, especially in the field of passenger transportation. However, in special scenarios (natural disasters, traffic paralysis, etc.), air transport still plays a key role in passenger and cargo transport. Therefore, the number and level of airports in each city group are also very important for their connectivity. Specifically, Chengdu has five airports, followed by Chongqing with three airports, and each of the other prefecture-level node cities has one airport.
3.3 Spatial change of economic and population
Economic growth and population agglomeration are the driving forces of new-type urbanization (Mahtta et al., 2019). Superior economic-demographic conditions can effectively guarantee the capital and labor needed for urban development. Therefore, by analyzing the spatial economic distribution and population changes of city groups in CCEC, we can effectively judge the feasibility of spatial integration of each city group. However, traditional statistical panel data can only reflect the average level of the regional economy (Zhu et al., 2022), and cannot represent the spatial differences in regional economic distribution. Evidence shows that the number of firms is positively correlated with the size of GDP (Erdin and Ozkaya, 2020; Gherghina et al., 2020). Consequently, we use the POI data of enterprise distribution in 2012 and 2022 to analyze the fishing net density to characterize the spatial distribution and changes in the regional economy. In 2012 (Figure 5), the distribution of CCEC enterprises mainly concentrated in Chengdu (D = 589/km2) and Chongqing (D = 560/km2), with the highest distribution density of 589/km2, while the distribution density of enterprises in node cities was relatively low. Among the prefecture-level cities, Mianyang (D = 190/km2) and Yibin (D = 170/km2) rank high, but there is still a huge gap between Chengdu and Chongqing. The GDP scale (statistical data) of node cities in 2012 has a high consistency with the distribution density of enterprises. View of the POI’s distribution (Figure 5), in the SSCW city group Yibin-Luzhou, Zigong-Neijiang initially formed a network with a simple structure, and the other two city groups did not show this feature obviously. The distribution density of the CCEC’s enterprises has increased significantly in the past decade (Figure 5). The density of enterprises in prefecture-level cities has increased significantly, especially in Yibin (D = 300/km2), Mianyang (D = 330/km2), and Luzhou (D = 285/km2). Except for the two metropolitan areas, the SSCW city group has the largest distribution of enterprises, with a density of 185/km2 and a GDP of 932.2 billion yuan. In the CCC and Wanda WDK city group, the number of enterprises has increased significantly compared with 2012, but it is still lower than that of the SCCW city group. Their GDPs are 566 billion and 423.9 billion respectively (Table 2). Generally, the urban belt from Yibin to Yuxi via Luzhou has a large number of enterprises and superior economic conditions. In contrast, the spatial distribution characteristics of enterprises in the other two urban agglomerations are not obvious.
[image: Figure 5]FIGURE 5 | Distribution density of enterprises in CCEC, and the grid size is 1 km [image: image] 1 km.
TABLE 2 | GDP (billion RMB) trend from 2002 to 2022 years in CCEC.
[image: Table 2]Additionally, to explore the demographic elements of urbanization, we employed the Kriging interpolation method (Yadav, et al., 2018; Sharma, et al., 2021; Maurya, et al., 2023; Yadav, et al., 2023) to interpolate the population data (town level) based on the seventh census material (2020). Combining the locations of the two metropolitan areas and the three city groups, eight paths were selected (Figure 6A) to analyze the changing trend of the permanent population from Chengdu to Chongqing via different node cities (Figure 6) with a spatial perspective. It can be seen from the above that the 8 paths cover the main node cities of the CCEC. The analysis results show that Chengdu and Chongqing are the most populous regions in CCEC (Figure 6B), and the average population size of Chengdu and Chongqing is about 1.35 million/district and 1.15 million/district. As shown in Figures 5C–J, the average population size of the central district of Suining, Nanchong, and Guang’an in the CCC city group is 0.6 million—0.75 million (Figures 6C, D, E). In the WDK city group (Figure 6F), the population scale gradually increased from Dazhou to Wanzhou. The average population size of Yibin, Zigong, and Neijiang is similar, and the population size of Luzhou and West Chongqing is higher in the SSCW city group. The population changes from Chengdu to Deyang, Ziyang, and Meishan were 1.35 million per district to 0.8 million per district, 0.95 million per district, and 0.5 million per district, respectively. It can be seen that the population density in the north and southeast of the Chengdu metropolitan area is relatively high, while the population density in the south is relatively low.
[image: Figure 6]FIGURE 6 | Gradient of population change among different cities in CCEC. (A) is the map of the eight paths, and (B) is the population change curve along the eight paths. (C) to (J) are the curve details and marked location of the node city.
5 DISCUSSION
We use spatial analysis methods using geographic big data to improve the TSP. To prove the reliability of this result, we compared and verified the results of this study using high-spatial-resolution remote sensing images (Figure 7), previous studies, and government reports. According to the Human-land Coordination Theory, the optimization scheme of CCEC’s urban system layout is discussed.
[image: Figure 7]FIGURE 7 | Planning map of the urban expansion in different city groups and metropolitan areas.
SSCW city group is an important transportation hub connecting Sichuan Province and Chongqing City with the southern provinces (Chai et al., 2022), and it is also an important section of the New Land-Sea Corridor in Western China (Zhao et al., 2022), with a superior geographical location. Additionally, the area along the Yangtze River from Yibin to Luzhou is an important bamboo landscape belt in China, especially the adjacent areas of Jiang’an and Changning, and it is also a gathering place for bamboo forest tourism (Zhu et al., 2021). Both Yibin Port and Luzhou Port are important inland ports in the upper reaches of the Yangtze River, and they have established a coordinated development relationship (Ding and Ke, 2020). It can be seen that there are many node towns as supports between the two cities from the high-resolution remote sensing image (Figure 7A). More importantly, they all developed along the river and grew rapidly. Therefore, the establishment of the Yibin-Luzhou urban belt along the Yangtze River can better promote high-quality development and industrial coordination, and the region already has the basic conditions for spatial integration. The other two cities in the SSCW city group, Zigong, and Neijiang have a short spatial distance (Figure 7) and a co-directional extension (Figure 3). There is a foundation for integrated development in terms of urban planning style (Mi, 2019), historical and cultural (Hu, 2014), and economic connections (Gao et al., 2020).
The WDK city group is located in the hilly area of eastern Sichuan (Figure 7D). The spatial distance between Wanzhou District and Kaizhou District is relatively close, but the terrain and traffic conditions limit the spatial integration of the two cities. In addition, the economic scale of the city group is relatively small, and it is difficult to realize spatial integration in the short term. Combining regional transportation, economic scale, and geographical environment, breaking administrative barriers, and optimizing the infrastructure is a top priority. In the CCC city group, Nanchong has the largest urban area and economic scale (Figure 5), Suining has the best traffic conditions (Figure 4), and Guang’an is the closest to the Chongqing metropolitan area. However, fewer towns can be connected in series among the three cities. Viewed their expansion direction, the three cities are given priority to expand to the Chongqing metropolitan area. In addition, Nanchong can also expand along the valley of the Jialing River, and along the Chengdu-Chongqing traffic corridor is another expansion direction for Suining City.
Chengdu MA and Chongqing MA have their development advantages in terms of the integration of internal structure and space. The two major metropolitan areas are respectively located in the Chengdu Plain and the hilly area of eastern Sichuan. From a geographical perspective, the plain area is more suitable for spatial integration and coordinated development between cities. On the other hand, Chongqing has a richer river network and convenient waterways, relying on the Yangtze River and Jialing River, which can effectively connect with other cities. The radii of the two metropolitan circles are about 75 km and 85km, respectively. Under China’s current national conditions, the scope of the metropolitan circle should be reasonably controlled (He et al., 2020). The two metropolitan areas are located in the western part of China, which is a typical dual-core structure, and the prefecture-level cities are small in scale. The urban system cannot be compared with the Shanghai metropolitan area, the Great Bay Area metropolitan area, and the Great Lakes metropolitan area in terms of scale or grid level (Regional Plan Association, 2020; Chen et al., 2022). Therefore, rationally controlling the scope of the metropolitan area, and optimizing the internal structure and infrastructure conditions of the metropolitan area is the focus of urban system development in the Chengdu and Chongqing metropolitan areas.
It can be seen that our improvement plan has been proven by relevant research. The optimized spatial layout and expansion direction of the urban system are more suitable for the realistic development of the nod-city in CCEC. The plan we proposed could provide a clearer roadmap for the implementation of TSP, but it also has its shortcomings, such as limited on-site investigation data. We will investigate more nod-city to improve the details of the planning scheme in the future.
6 CONCLUSION
The research reveals the historical relationship between cities has a significant impact on city grouping and the transportation network and spatial economic drive urban expansion in the mid-term of urbanization. Moreover, the approach used in this research has a good universality and it can be used for studying urban expansion trends and city relationships in rapidly developing countries or regions.
Additionally, we proposed suggestions for the spatial integration of CCEC. 1). The SSCW city group should be divided into two core parts, the Yibin-Luzhou urban belt along the Yangtze River and the Zigong-Neijiang twin-city system. The implementation process of spatial integration should strengthen Yibin’s status as a sub-central city in Sichuan Province, optimize the infrastructure and industrial layout along the river, and coordinate the expansion direction of Zigong and Neijiang. 2). For the CCC city group, strengthening the node cities’ growth is the key, especially prioritizing Suining’s integration into the Chengdu-Chongqing transportation corridor and Guang’an should be included in the development plan of the Chongqing metropolitan area. 3). We should take advantage of the Yangtze River waterway to build a dual-core urban system of Wanzhou and Kaizhou and optimize the transportation infrastructure of Dazhou and the dual-core urban system. 4). Strictly restrict the expansion of the Chengdu metropolitan area and scientifically improve its internal spatial structure. Continue to optimize the development of the north-south urban belt with the metropolitan area as the core, and conditionally support the construction of the Leshan-Emeishan dual-core city system. 5). Strictly control the expansion of the Chongqing metropolitan area, establish a multi-modal transportation system between the central urban area and Changshou, and Fuling, and coordinate the spatial integration of western Chongqing and southern Sichuan.
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