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DATA NOTE

A city-level dataset of population subcenters in Chinese cities 
for urban polycentric detection (2001–2021)
Xinyue Gu a, Mengni Yu b and Xintao Liu a

aDepartment of Land Surveying and Geo-Informatics, The Hong Kong Polytechnic University, Hong Kong, 
China; bThrust of Urban Governance and Design, The Hong Kong University of Science and Technology 
(Guangzhou), Guangzhou, China

ABSTRACT
Urban areas across the globe are experiencing a shift towards 
polycentric development, characterized by the emergence of multi
ple subcenters within cities that can respectively function as eco
nomic, social, and residential hubs. In response to this trend, we 
generate a city-level dataset of population subcenters covering 336 
cities in China to serve dynamic urban polycentric detection from 
2001 to 2021 though analyzing Landscan data. Our dataset has 
been validated by diverse socio-economic factors, demonstrating 
that it can provide a relatively accurate depiction of urban structural 
changes. It comprehensively captures the evolution of urban poly
centric structures within China’s rapidly transforming cities, offering 
detailed insights into the formation and dynamics of population 
subcenters over two decades. These findings can facilitate policy
makers with evidence-based tools to optimize infrastructure and 
services distributions, thereby fostering efficient urban environ
ments. Moreover, the dataset supports advanced spatiotemporal 
analysis and modeling, which are essential for understanding urban 
sustainable development. The dataset is beneficial to explore pat
terns of urban growth, assessing policy impacts, and developing 
predictive models for urban structure evolution. All data, figures 
and relevant results are publicly available on Zenodo: https://doi. 
org/10.5281/zenodo.14279505.
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1. Introduction

The correlation among urban spatial structure, economic development, innovation out
put, policy performance, etc., has consistently been a focus of exploration in urban 
planning (Li & Du, 2022; Li & Liu, 2018; Wang et al., 2021). From a regional scale 
perspective, urban spatial structures encompass two fundamental models in terms of 
development: monocentric and polycentric. The monocentric model emphasizes the 
concentrated development of a single primary urban pole, including the sprawl into 
suburban areas. In contrast, the polycentric model stresses on the development of 
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multiple urban poles, promoting social, economic, and environmental objectives with 
nearly equal equity levels (Bridge & Watson, 2008; Liu & Wang, 2016). Monitoring the 
polycentric structure of cities not only addresses changes in the external environment but 
also facilitates harmonious internal development, providing crucial data support and 
structural references to achieve a high-quality, sustainable urban development.

Early research, influenced by “central place theory”, focused on exploring the scale 
performance of monocentric urban development structures (Mills, 1981). As urbanization 
has intensified and city sizes have rapidly expanded, a polycentric spatial strategy has 
become a favored development concept among scholars (Volgmann & Münter, 2022). 
Relevant studies have proven that polycentrism impacts various urban performances, 
including economic growth (Zhang et al., 2017), transportation efficiency (Wang & 
Debbage, 2021), urban resilience (Jia et al., 2020), and sustainable urban development 
(Yin et al., 2023). The scope of research has also extended further to internal urban scales 
(e.g., Central Business Districts), inter-urban scales (e.g., metropolitan regions), and trans- 
regional scales (e.g., continental “development poles” identified in the European Union’s 
territorial development policies) (Halbert et al., 2006).

Meanwhile, major cities worldwide have actively invested in the development of new 
districts, promoting a spatial structural transformation from monocentric to polycentric 
urban systems. Examples include the Los Angeles Metropolitan Area in the United States 
(Lee, 2007), Greater London in the United Kingdom (Chiaradia et al., 2012), and South 
Korea’s Busan-Ulsan-Gyeongnam (BUG) megacity project (Baek & Joo, 2022). Specifically, 
China stands out as the most typical representative with the largest number of such 
initiatives, providing researchers with an extensive field of study (Harrison et al., 2023; 
Huang et al., 2017; Yang et al., 2018). Given that China is the largest developing country, 
monitoring and measuring its urban spatial structures has become a critical research 
topic, which can provide significant reference for cities in the Global South.

This shift towards polycentric development reflects a global trend where cities aim to 
decentralize growth to alleviate congestion, improve efficiency, and promote balanced 
regional development (Crevoisier & Rime, 2021). In the context of China, this involves not 
only the construction of entirely new urban areas but also the revitalization and densifica
tion of existing secondary centers within larger metropolitan regions. After achieving 
a significant leap in urbanization rates, China has actively invested in the development of 
polycentric cities in recent years. This effort spans from the continental scale of the Belt 
and Road Initiative to the regional scale of urban agglomerations strategies (Gu et al., 
2024), down to the establishment of national-level new districts, high-tech industrial 
development zones, and secondary urban centers, all showcasing pronounced multi- 
polar development characteristics (Yu et al., 2023). These policies have, on one hand, 
promoted urban economic development and spatial expansion; and on the other hand, 
led to numerous practical issues, such as uncontrolled urban sprawl, imbalanced spatial 
structures, and difficulties in unit collaboration (Fang, 2015; Jiang & Wei, 2024).

As a result, the question of whether urban development should be monocentric or 
polycentric—a topic being enthusiastically debated within the field of urban planning— 
has sparked intense discussions in China (Li & Liu, 2018; Liu et al., 2016; Wang & Niu, 2023). 
The debate is not only about the efficiency and effectiveness of different urban forms but 
also touches upon broader issues of sustainability, equity, and resilience in the face of 
rapid urbanization. The lessons learned from these developments can offer valuable 
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insights into sustainable urban planning and management practices for other rapidly 
urbanizing regions around the world.

Therefore, conducting research on urban spatial structure with China as the backdrop 
can bring positive impacts from two perspectives. First, at the theoretical level, China’s 
unique developmental context can provide a new perspective on the debate between 
“monocentric” and “polycentric” models. Compared to the market-oriented polycentric 
development adopted in American cities, the polycentric nature of Chinese cities man
ifests as “planned polycentrism”, meaning that through local policy guidance, urban 
spatial structure planning is carried out to achieve polycentric development objectives 
(Li & Du, 2022). Its distinctive policies and abundant construction achievements may yield 
research conclusions different from those under the American context. Meanwhile, from 
a practical standpoint, foundational research on spatial structure holds significant prac
tical value for addressing existing problems in Chinese cities and promoting the sustained 
and healthy development of urban economies. Urban policy formulation requires spatial 
structure as a prerequisite. Policymakers integrate and allocate resources, optimize land 
use layouts, promote industrial agglomeration and collaborative development, improve 
the distribution of public services and infrastructure, enhance residents’ quality of life, and 
effectively control the disorderly expansion of cities, thereby boosting urban competi
tiveness (Wang et al., 2019).

Unfortunately, research on urban spatial structure in China is often plagued by the lack 
of a consistent definition and reliable datasets, which hinders effective investigation. 
Despite the wealth of studies on polycentricity, a few of them have comprehensively 
evaluated and reviewed this concept, leading to significant variations in the foundational 
statistics for polycentricity.

Since polycentricity can have different meanings at various geographic scales (e.g., 
within cities, between cities, and at the regional scale) and also presents ambiguous 
concepts from different analytical perspectives (e.g., morphological and functional diver
sity), research conclusions are scattered and even contradictory. For example, regarding 
whether polycentricity promotes urban economic development, Hua and Sun (2015) and 
Li and Liu (2018) affirm the positive implications of the polycentric development model 
based on its ability to alleviate diseconomies of agglomeration. Conversely, Li et al. (2019) 
and Li and Liu (2018) argue from the perspective of agglomeration externalities that the 
polycentric development model might hinder spatial agglomeration of elements within 
cities, thereby limiting improvements in urban economic efficiency.

Although research studies related to urban spatial structure require multi-year data 
across multiple cities, few of them provide multi-year statistics for urban structures across 
all of China. Li & Du (2022) calculated the polycentricity of 267 cities in China from 2006 to 
2016, but their data lack recent statistics and do not cover the entire country. Li and Liu 
(2018) computed the polycentricity of 337 prefecture-level cities in China for the year 
2014, missing a longitudinal comparison over multiple years. Chen et al. (2021) tabulated 
the degree of polycentricity for 23 provinces in China from 1997 to 2013, covering the 
whole area but with room for improvement in spatial precision of the data.

Based on these above backgrounds, this study defines the concept of polycen
tricity in urban areas and proceeds to analyze the spatial structure across all 
regions of China, quantifying the polycentric nature of urban forms. Specifically, 
the study adopts a morphological definition of urban centers based on “the 

1212 X. GU ET AL.



dispersed distribution of population and land use” (Rauhut, 2017). Unlike functional 
diversity that exhibits characteristics of “decentralized concentration,” morphologi
cal diversity manifests as “concentrated decentralization,” featuring less influence 
from internal and external connections and being more suitable for unified studies 
over multiple years within a broad geographical scope (Burger & Meijers, 2012; 
Wang & Niu, 2023; Yu et al., 2022). Second, we are able to ensure accuracy and 
currency of when using the Landscan global population raster dataset as the data 
source (Li & Du, 2022; Li & Liu, 2018; Liu & Wang, 2016) while conducting research 
on all prefecture-level cities across China.

We provide urban spatial structure data for of China; these cover 336 prefecture-level 
administrative regions, comprising four municipalities directly under the Central 
Government, two special administrative regions of Hong Kong and Macao, as well as 
the Taiwan Province from 2001 to 2021, which has been shared in the public data 
repository Zenodo (Gu et al., 2025). This dataset offers extensive reusability and significant 
contributions to urban studies in China.

First, it serves as a foundational resource for multidisciplinary research, supporting 
an in-depth exploration into changes in urban form and their impacts in fields, such as 
urban planning, economics, and sociology. It also provides scientific evidence for 
government decision-making, facilitating optimizing the layout of public service facil
ities and assessing the effectiveness of urban development policies. Second, this 
dataset plays a critical role in environmental protection and sustainable development 
by helping identify relationships between high-density development zones and nature 
reserves. This thus promotes the achievement of relevant goals outlined in the United 
Nations’ 2030 Agenda for Sustainable Development, particularly those concerning 
sustainable cities and communities (SDG 11). Overall, this dataset lays a solid founda
tion for analyzing the benefits of China’s urban spatial structure, exploring the rela
tionship between spatial structure and urban development, and informing the 
formulation of urban development policies.

2. Methods

2.1. Research area and data collection

The population data is derived from the 1-km resolution population spatial distribution 
raster data of the LandScan dataset for years between 2001 and 2021. The urban vector 
maps originate from the 1:1,000,000 vector database provided by the National Geographic 
Information Resource Catalog Service System website, which delineates urban boundaries 
and defines the scope of cities. This study is conducted at the prefecture-level city unit, 
encompassing a total of 336 prefecture-level cities. Generally speaking, as the main body of 
urban administrative units in China, prefecture-level cities consist of several or dozens of 
districts, county-level cities, and counties, covering areas of thousands of square kilometers 
with populations in the millions. In scale, they are equivalent to metropolitan areas in the 
United States or provincial/regional administrative units in Western Europe, fully demon
strating the agglomeration and dispersion of urban activities (He et al., 2019). Therefore, 
the samples of this study can characterize the entirety of China.
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2.2. Identification of urban population subcenters

The scale of a city is determined by its total population, while the structure of a city is 
defined by the spatial distribution of its population. In China in particular, urban 
development is strongly influenced by planning policies, with infrastructure and public 
service allocations often based on per capita quotas. As a result, population centers in 
Chinese cities typically correspond to functional centers (Yue et al., 2019). Based on 
this, this study defines polycentric cities as those characterized by multiple spatially 
distinct and functionally significant population centers, while monocentric cities are 
defined as those dominated by a single center that concentrates the majority of the 
city’s population and urban functions. Methods for identifying city centers, include 
minimum (absolute) density-based (Krugman, 1991), relative density-based (Giudici 
et al., 2024), nonparametric methods (Lee, 2007), among others. Due to the large 
number of cities involved in this study and the high variability in population distribu
tion patterns across different regions, methods that rely on predefined density thresh
olds—such as minimum density-based or relative density-based approaches—are 
prone to arbitrariness and inconsistency. Therefore, we employ nonparametric meth
ods based on spatial autocorrelation to calculate city centers, which does not require 
such assumptions.

Nonparametric methods for identifying urban centers include the percolation method 
(Cao et al., 2020) and clustering algorithms, such as DBSCAN (Tu et al., 2022) and KDE- 
based techniques (Kucukpehlivan et al., 2023). However, the percolation method requires 
determining an optimal threshold, while clustering algorithms often rely on repeated 
calibration of key parameters—parameters that may not be adaptable across multiple 
cities and years.

In contrast, the Local Moran’s I (LMI) index offers a statistically grounded approach to 
identifying clusters of population density. It is particularly suitable for large-scale, con
sistent, and repeatable comparative analyses. As a measure of spatial autocorrelation, LMI 
is robust to data heterogeneity and captures local patterns more effectively. Originally 
proposed by Anselin (1995), LMI decomposes the global Moran’s I into contributions from 
individual spatial units, enabling the detection of localized clusters and spatial association 
patterns. Thanks to its ability to identify statistically significant clusters by comparing each 
location to its neighbors—without the need for predefined thresholds—LMI is adaptable 
to different spatial scales and city types. Consequently, it has been widely used in urban 
studies to identify urban centers (Li & Liu, 2018; Liu & Wang, 2016; Tepanosyan et al., 2019; 
Wang et al., 2023). In this study, we adopt the Local Moran’s I index to detect population 
clusters and extract urban subcenters, as illustrated in Figure 1.

STEP I: Extract potential population centers. In this study, the Local Moran’s I index 
(LMI) was used to identify population centers for each city. Its calculation formula is as 
follows (Anselin, 1995; Zhang et al., 2008):

Where zi is the value of variable z is the value of variable i; �z is the mean of z over all n 
locations; zj is the value of variable z at location j, where j�i; σ2 is the variance of z; wij is 
the spatial weight, defined as the inverse of the distance dij between locations i and j.
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This index measures the degree of spatial autocorrelation by evaluating each 
unit in relation to its neighboring units. Statistically significant Local Moran’s 
I values are classified into four types: HH (High-High), LL (Low-Low), HL (High- 
Low), and LH (Low-High). Among these, HH indicates areas with high population 
density surrounded by similarly high-density areas, which are identified as potential 
population subcenters.

STEP II: Assign values to sub-centers of population. Considering that a population 
center should be a contiguous area, adjacent HH grids (potential population centers) are 
merged into centers. Then, the area of each center is calculated using ArcGIS, and 
LandScan population raster data is connected to obtain the area and resident numbers 
of each potential center.

STEP III: Determine urban centers. Following the method of Liu and Wang (2016), it is 
believed that a population center should contain at least three grids (3 km) and have more 
than 100,000 residents. Centers that do not meet these criteria, having smaller areas and 
fewer populations, are eliminated. Among all the identified population centers, the one 
with the largest total population is defined as the main center, while the remaining 
centers are classified as sub-centers. Based on this classification, we construct a relative 
polycentricity index to capture the distribution pattern of urban population centers.

Figure 1. Framework diagram of identification of urban population subcenters.
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Calculation of Urban Polycentricity Index. In this study, we use the proportion of 
population in each sub-center (POPsubcenter) to all population centres in a city to measure 
the degree of urban polycentricity (Wang et al., 2021), and the equation is as follows:

This indicator reflects the population share of sub-centers relative to the main center, 
thereby indicating their relative importance. A value close to 0 suggests a highly mono
centric structure, where the main center holds a dominant position. In contrast, a value 
approaching 1 indicates a polycentric structure, where sub-centers are comparable in 
population size to the main center. This index enables comparative analysis of urban 
polycentricity across different cities and over time.

3. Data records

The comprehensive dataset constructed for this study is available for download on 
the public data repository Zenodo (Gu et al., 2025). The dataset includes 21 shape
files and two aggregated CSV files, covering population distribution centers and 
polycentricity indices of 336 prefecture-level administrative regions in China (includ
ing Hong Kong, Macao, and Taiwan). The time span of the data ranges from 2001 to 
2021.

● Shapefiles: The spatial patterns of population subcenters for each city in the whole 
China, from 2001 to 2021. Each shapefile includes two attributes: Area (the area of 
the corresponding subcenter, km2) and Sum (the total population of the correspond
ing subcenter).

● CSV files: The number of centers and the urban polycentricity index for each city in 
the whole China, from 2001 to 2021.

Following the implementation of the small-town household registration management sys
tem reform in 2001, restrictions on hukou (household registration) in county-level cities and 
small towns were completely lifted in China, significantly increasing urban-rural mobility 
(Peng, 2023). This reform has further influenced urban population distribution, which is why 
this study selects the year 2001 as the starting point for analysis, with a 20-year time frame to 
explain the characteristics of population distribution in China’s prefecture-level cities.

This research chose three significant urban agglomerations as sample areas to show
case the basic situation and trends of the data. They are the Beijing-Tianjin-Hebei, the 
Yangtze River Delta, and the Pearl River Delta, as illustrated in Figure 2. These regions 
were selected due to their deep historical foundations, economic advancement, popula
tion density, and strategic importance, making them well-suited to represent the evolu
tion of urban development in China. The Beijing-Tianjin-Hebei region, located in northern 
China, plays a key role in national political and industrial development. The Yangtze River 
Delta in eastern China, centered around Shanghai, is the country’s most important 
economic engine. The Pearl River Delta in southern China, anchored by cities such as 
Guangzhou and Shenzhen, is known for its role in China’s export-oriented economic 
reform and rapid urban expansion.
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Urban agglomerations consist of several closely linked cities or metropolitan 
areas within a relatively small region, often characterized by economic integration 
and interconnected infrastructure. According to our dataset, it can be observed 
that the data generally conforms to the development patterns of cities, with the 

Figure 2. Spatial-temporal patterns of the urban structure in the cities of Beijing-Tianjin-Hebei, the 
Yangtze River Delta, and the Pearl River Delta.

BIG EARTH DATA 1217



urban structure in these three urban agglomerations evolving from monocentric to 
polycentric.

4. Technical validation

Based on previous studies, we employed Pearson correlation analysis to establish the 
relationship between polycentricity index and urban scale, built environment, resource 
endowment, economic construction, and population as well as social development (Liu & 
Wang, 2016; Sat, 2018; Thiel et al., 2019). This approach was used to validate the 
calculated polycentricity index. During the calculation process, the data of each indicator 
were transformed using logarithms to eliminate the impact caused by inconsistencies in 
measurement units. The data source we refer here is the “China Urban Statistical Yearbook 
2002–2022”. Due to missing indicator data across different years, we selected valid data 
indicators to test some prefecture-level cities. Table 1 shows the validation indicators.

Through Pearson correlation analysis of the multicentricity indices for each year and 
the indicators listed in Table 1, we obtained the results shown in Figure 3. Despite some 
indicators being insignificant in certain years, at least three indicators per year were 
significant (P-value less than 0.1, meaning the correlation is significant). Besides, all 
P-values were less than 0.5, indicating the reliability and accuracy of our multicentricity 
index (Biau et al., 2010; Taylor & Bates, 2013).

To further validate the accuracy of the identified urban subcenters, we supplemented 
the statistical correlation analysis with direct spatial comparison and localized 
interpretation.

First, we compared our results with the Global Human Settlement Layer—Urban 
Centre Database (GHS-UCDB), which provides harmonized global data on urban 
center characteristics in both geospatial vector and tabular formats, using urban 
centers as reporting units (Melchiorri et al., 2024). Taking 2020 as an example, we 
selected four representative cities—Chongqing, Dalian, Nanning, and Nanchang— 
and overlaid our identified subcenters with the urban extents provided by the GHS- 
UCDB, as shown in Figure 4. These cities were chosen to reflect diverse geographic 
locations and urban development types in China: Chongqing, located in southwest 

Table 1. Description of the control variables.
Category Implications

Urban Scale Built-Up Area
Year-End Permanent resident population

Built Environment Year-end Actual Cultivated Land Area
Residential Land Area
Green Space Area

Local Resource Household Gas Consumption
Total Water Resources

Economic Development Total Retail Sales of Consumer Goods
Actual Utilized Foreign Investment of the Year
Average Wage of On-the-Job Employees

Social System Number of Hospitals
Number of Higher Education Institutions
Total Postal Services Volume
Total Telecom Services Volume
Total Passenger Traffic
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China, is a mountainous inland megacity known for its polycentric and topography- 
constrained development; Dalian, in the northeast coastal region, represents a port 
city with an axial and dispersed spatial structure shaped by transportation corridors; 
Nanning (southern China) and Nanchang (central China) are fast-growing provincial 
capitals characterized by compact urban forms and high population density in their 
core areas. The results demonstrate a high degree of spatial consistency, particularly 
in the rapidly urbanizing suburban areas. Some discrepancies in newly emerging 
centers are likely due to the GHS-UCDB being released in 2024, whereas our analysis 
is based on population data from 2020. These variations are consistent with 
expected urban growth trajectories.

Second, we conducted visual validation using satellite imagery and recent urban 
planning documents. For example, in Chongqing, the identified centers covered the 
nine traditional central districts, while new centers emerged in suburban county-level 
cities such as Rongchang, Yongchuan, and Changshou, aligning well with known func
tional hubs and built-up land use patterns. This validation is also consistent with the 
findings of Zhang et al. (2022). In Dalian, the spatial distribution of subcenters aligns with 
the city’s planned cluster-based development strategy, with a core in the central district 
and extensions southward toward the Lushunkou New Urban Area and northward toward 
clusters such as Wafangdian and Zhuanghe, forming a compact, corridor-based urban 
pattern along the Shenda and Danda axes.

The validations conducted through comparison with the GHS-UCDB and visual analysis 
of functional urban land use confirm that the identified subcenters in our dataset are both 
statistically sound and spatially aligned with the actual urban functional structure.

Figure 3. Pearson correlation heatmap between polycentricity and indicators.
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In addition to validation, we compared our dataset with existing urban center 
datasets, including both global resources like the GHS-UCDB and China-specific 
studies (Li & Liu, 2018; Liu & Wang, 2016; Wang et al., 2019). Our dataset offers 
significant improvements in both functional relevance and temporal resolution. 
First, unlike the GHS-UCDB, which provides static global urban center data, our 
dataset focuses specifically on Chinese cities, capturing annual population 
dynamics at a 1 km resolution. This enables more precise and functionally mean
ingful identification of subcenters that reflect real-world urban activity patterns. 
Second, while existing China-focused studies have assessed centrality for selected 
cities, they are limited in terms of temporal coverage, spatial scope, and metho
dological consistency. In contrast, our dataset systematically captures the evolution 
of urban centers across all Chinese prefecture-level cities over a 21-year period 
(2001–2021), offering a unified foundation for longitudinal analysis. These improve
ments make our dataset particularly valuable for studying urban development 
trajectories, conducting policy analysis, and supporting urban modeling, especially 
in rapidly growing and increasingly polycentric cities.

Figure 4. Comparison of urban centers between our results and GHS-UCDB R2024. (a) Google Earth 
imagery (2025). (b) Subcenters identified in our study (2020). (c) GHSL-defined urban centers (2024). 
(d) Superimposed comparison.
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5. Usage notes

This study provides a comprehensive dataset on the population distribution centers 
of 336 cities in China from 2001 to 2021. The dataset, which are replicable, auditable, 
and scalable based on the methods and data adopted in this research, has been 
uploaded to the public data repository Zenodo for unrestricted access. This dataset 
lays a solid foundation for analyzing the benefits of urban spatial structures in China, 
exploring the relationship between spatial structure and urban development, and 
formulating urban development policies. The advantages of this dataset are as 
follows.

First, the dataset presented in this study encapsulates the fundamental characteristics 
of urban spatial structures in China. Compared to existing data, our dataset allows for 
a comprehensive observation of the spatiotemporal patterns of urban spatial structures in 
China, aiding in-depth analysis of the efficiency issues of urban spatial structures, thereby 
facilitating to determine whether urban development structures should be single- 
centered or multi-centered.

Second, the proposed dataset is compatible with other social data and is suitable 
for cross-sectional, time-series, and panel data studies. All these facilitate empirical 
research on external factors, such as the built environment, social systems, economic 
development, and technological innovation related to urban spatial structures and 
urban development. For instance, this dataset can evaluate the economic benefits of 
different spatial structures in cities and the impact of urban structures on urban 
innovative development.

Third, this dataset includes vector data of sub-centers across all regions of China, laying 
the groundwork for urban and regional development policies. For example, it enables the 
formulation of master plans according to city sub-centers, effective allocation of resource 
facilities, avoidance of resource waste or regional inequality, and forming urban devel
opment strategies to organize urban structures and effectively control the disorderly 
expansion of cities.

While the dataset generated in this study inevitably comes with certain limita
tions, further enhancement of this work can be conducted in the following aspects 
in the future. First, our current assessment of urban polycentricity is based solely on 
population data and does not account for the spatial distance between main and 
secondary centers (Li & Liu, 2018). To address this limitation, we plan to develop 
a more comprehensive polycentricity index that incorporates distance-weighted 
measures. Specifically, the future index will integrate: (1) the number of sub- 
centers, (2) the population share of sub-centers relative to the total urban popula
tion, and (3) spatial dispersion measures that reflect the distance between the 
centers.

Moreover, due to limitations in data availability—specifically, the lack of high- 
resolution, city-level socio-economic indicators with consistent temporal coverage from 
2001 to 2021—we were unable to implement GWR analysis at this stage. Nonetheless, we 
recognize the value of spatial statistical models such as GWR for exploring the spatial 
associations between urban polycentricity and socio-economic factors. In future work, we 
plan to incorporate such models to better capture spatial heterogeneity and to gain 
deeper insights into the dynamic evolution of urban form and structure.
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Lastly, the local Moran’s I index was used to extract sub-centers from HH clusters in 
spatial clusters of LandScan data in this study. In some cities, due to the dispersed nature 
of urban populations prior to 2010, the density of LandScan cells was insufficient to yield 
statistically significant HH clusters, resulting in missing sub-center data for those years. 
Therefore, our future research will refine the computational precision and enrich the early- 
stage computational data.
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