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A B S T R A C T   

The development of cities and regions emerges from the complex associations at various spatial 
levels, highlighting the importance of a multi-scale approach to analyzing regional urban net-
works. This study attempts to establish a new analysis framework encompassing national, 
regional, and local dimensions by employing a population flow network in the Yangtze River 
Delta in China. It explores the inter-city connections and spatial structures of regional urban 
networks as well as the correlations and differentiations of urban functions under multi-scale 
interaction. The results indicate that: (1) Regional network demonstrates notable multi-scale 
interactions with an explicit hierarchical structure; (2) The roles and positions of different cit-
ies vary significantly across scales due to economic, administrative, locational, and transportation 
differences; (3) Different city types can drive their evolution by navigating through rescaling in a 
diverse multi-scale environment; (4) A positive correlation is observed when comparing the 
functional behaviors of cities across various scales. This study provides insights for cities to 
identify their strategic roles and adapt development strategies within the wider network frame-
work, offering theoretical and practical contributions to multi-scale urban networks analysis.   

1. Introduction 

The design of urban systems plays a crucial role in the strategic direction and urban development. Using deductive approaches, 
Christaller and Lösch made principal contributions to the central place model, which became the foundation for urban system research 
[1]. However, inter-city connections have surpassed the limitations of the central place theory. Various elements flow extensively at 
local, regional, national, and other scales, resulting in multi-scale urban networks. Urban networks are essential in understanding 
urban systems as the complexity of network configurations and spatial network positioning grant cities specific functions and positions 
[2]. 

Research on regional urban networks has attracted significant academic interest [3,4]. Many studies have centered on 
intra-regional connections and explored the network structures [5–7] and evolutionary trajectories [8,9] within a singular spatial 
dimension by employing complex network analysis. However, it is crucial to recognize that urban and regional developments are 
profoundly shaped by multi-scale factors. Kelly [10] argued that urban and regional development is shaped by factors both within and 
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outside the region. Gottmann [11] identified the megalopolitan belt as a connector, linking cities within the urban area to hubs (or 
gateways), notable for its multi-scalar connectivity. Scale is a critical factor when defining the functional role or positionality of a city. 
For instance, Knox and Taylor [12] highlighted the interdependence across scales as a primary feature of the world city concept and 
promoted recognizing "world city-ness" across different scales. Schmitt and Smas [13] pointed out that a city’s status sensitively 
depends on the scales of the networks analyzed. Furthermore, focusing solely on one scale might overlook cities that serve specialized 
functions at specific spatial scales, such as gateway cities that connect city networks across multiple scales [14]. 

In essence, cities display complex scalar interactions, with growth influenced by hierarchical spatial scales amid diverse 
geographical landscapes. Current studies have not fully revealed the multi-scale dynamics and complexities of urban networks and 
overlooked the critical role of multi-scale interactions in shaping urban functions and their significance in a broader network 
framework. Some studies discussed the multi-scalar nature of urban networks and emphasized the interactions between global and 
local dynamics from an economic globalization perspective [15,16]. Nevertheless, this body of work primarily focuses on the "global" 
and "local" scales [17]. The ties between nation-states, regions, and other localities between the "global" and "local" realms, and their 
reciprocal impacts, remain under-studied. 

As global value chains are morphing into national and regional chains. China proposed a strategy centered on domestic economic 
circulation. Restructuring across the nation-region-city scales is anticipated to be the core of China’s regional governance in the 
coming era. Hence, research on the "nation-region-locality" scale is imperative for "urban positionality transformation" [2] and 
regional growth. 

Castells [18] introduced the concept of the "space of flows", identifying its core elements as flows, networks, and network nodes. 
Within urban networks, cities and regions can function as network nodes. Human mobility, logistics, capital flows, and information 
circulations are as flow elements and connecting carriers. Inter-city connections, based on different “flows”, offer unique viewpoints 
for examining urban networks. Scholars have increasingly examined these flows through various lenses, such as infrastructure 
pathways [19,20], organizational trajectories of enterprises pathways [21,22], and socio-cultural pathways [23,24], thus probing 
urban networks at multiple spatial scales. Population mobility plays a pivotal role in reshaping territorial dynamics [25]. Despite 
advancements in information technology, face-to-face communications remain essential. Motivated by business ties, travel, visits, or 
relocations, population mobility often reflects socio-economic values. Capitals, labor, and information flows alongside population 
movements across different territories, connecting cities to multi-scalar spatial landscapes and leveraging resources from multi-scalar 
networks. Therefore, population mobility is a crucial driving force in shaping multi-scale urban networks. 

Considering the aforementioned, this study explores the characteristics of urban network and city functions within the Yangtze 
River Delta region in China from national, regional, and local scales. Analyzing the population mobility at different scales within the 
urban network. The research aims to provide a more detailed and comprehensive understanding of the mutual relationships between 
cities and the spatial organizational patterns of multi-scale networks. This, in turn, offers theoretical support and policy recommen-
dations for cities to establish multi-scale division of labor and cooperation. The paper is organized as follows: Section 2 introduces the 
theoretical basis and gives the analytical framework. Materials and methods are described in Section 3, followed by analytical results in 
Section 4. Discussion and conclusion are drawn in section 5. 

2. Theoretical basis 

2.1. Networked scales 

Scale is an essential tool in geography for analyzing spatial patterns, processes, and mechanisms of research elements [26]. The 
geographical scale has traditionally been construed as a relatively static hierarchy of bounded spaces with varying extents of power 
[27]. These relationships among scales are perceived as vertical and inherently nested, with smaller-scale units enveloped within more 
expansive ones. For instance, Taylor [28] advanced a global-nation-local scalar analytical framework, while Smith [29] proposed a 
scalar system ranging from individuals to the global level. Each scale represents a spatial "space of place" with clear boundaries and 
notable boundary effects. The rise of economic globalization and technological revolution resulting in "time-space compression", has 
fostered long-distance and transregional interactions among cities. Despite their spatial discontinuities, cities maintain intricate 
functional links, leading to misalignments between scale hierarchies and scopes [30]. Some scholars advocated for a horizontal 
network perspective of scales [31,32], where networks form horizontal spaces across geographically dispersed nodes. Cox [31] 
introduced a "networks of association" scalar framework and observed interactions without boundaries, suggesting permeable regional 
borders that enable elements separated by spatial constraints to converge. 

Examining vertical scalar systems and horizontal relational networks separately offers insights into human geography. However, it 
limits the comprehensive understanding of diverse spatial processes. For instance, Nation-regional spatial arrangements combine 
elements of vertical and horizontal scalar constructions. Regional integration showcases relational horizontal scales while regional 
governance drives vertical-scale expansion. As a result, the joint development of scales and networks has garnered attention and 
debate. Brenner [33], for instance, emphasized the interdependence of geographical scales and relational networks. Bank and Van 
Heur [34] argued that networks are not purely egalitarian and flat but display a clear hierarchical structure. From another perspective, 
highlight networks’ role play in connecting various scales, enabling "Jumping Scales" [31]. Leitner [35] posits that networks permeate 
and traverse scales, enabling different hierarchical scales to intertwine. 

In conclusion, networks bridge scales, connecting actors within and across them. The scalar aspect of networks is not limited to 
horizontal orientations. It encompasses a geographical relational framework where layered hierarchies and networks coexist and 
intertwine. 
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2.2. Local buzz, global pipelines 

Bathelt introduced the theoretical model titled "local buzz, global pipelines " [36]. "Local buzz" designates the informational and 
communicative environment formed when entities in close geographic proximity interact through face-to-face engagements. It em-
phasizes the frequent and sustained interactive collaboration at the local level and the agglomeration of economic activities. On the 
other hand, "global pipelines" pertains to channels of cooperation and information flow that cross extensive geographical spans, 
providing opportunities for local actors to access external knowledge and resources, thereby breaking the path dependence of the local 
system. The synergy between buzz and pipelines allows regions to access external resources and knowledge and circulate them locally, 
fostering economic advancement and bridging global-local interfaces. 

The "local buzz, global pipelines" model emphasizes the role of spatial scale in local production systems. Within the "global-local" 
paradigm, "global" nor "local" exhibit considerable scalar fluidity rather than fixed scales. "Local" can encompass intra-city industrial 
sectors, industry conglomerates, urban centers, or even an entire geographical region. Non-local affiliations appear across varied 
spatial dimensions [37] and are not restricted to global connections. Domestic linkages, whether inter-city or inter-regional, can also 
be characterized as pipelines. 

The "local buzz, global pipelines" model was initially applied to developing industrial clusters and has been extensively utilized in 
innovation networks. However, it is rarely used in other research areas. Based on leveraging cross-scale cooperation and communi-
cation, internal interactions, and external connections, the explanatory power of the "local buzz, global pipelines" model can be 
enhanced (refer to Fig. 1). 

Anchored in the "buzz-pipelines" theoretical framework, this paper divides population mobility into two distinct modes: the intra- 
city "buzz" and the inter-city "pipelines". The "local buzz" encompasses information exchanges and knowledge intersections arising 
from urban population concentrations. A dense urban population suggests that cities harbor more significant potential for novel 
knowledge generation and economic value at the local level. The "pipelines" pertains to inter-city population flow encompassing 
regional and national levels. When cities forge numerous external connections, they inevitably tap into a wealth of pipelines to absorb 
external knowledge, information, and resources, thereby nurturing local knowledge innovation and economic expansion, and 
bolstering the city’s standing within the network. 

2.3. Framework of analysis 

Based on the "networked scales" and the "local buzz, global pipelines" theoretical framework, this paper utilizes the population flow 
network as an empirical path to examine the multi-scale connections and cross-scale interactions of urban networks (see Fig. 2). 

Multi-scale is one of the essential characteristics of urban networks. This study focuses on local, regional, and national scales. At the 

Fig. 1. Analytical model of muti-scale network based on "local buzz, global pipelines". 
Conceptual diagram illustrating an analytical model for muti-scale network. The dynamics of urban development are divided into two distinct 
modes: the intra-city buzz and the inter-city pipelines. "Buzz" can be understood as local agglomeration, while "pipelines" pertains to inter-city 
connections, split into external contacts at both regional and national levels. 
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local scale, the city’s functions demonstrate internal agglomeration and interactive capabilities. While their external regional and 
national connections reflect its functions at the regional and national scales, showcasing the city’s radiating influence and competitive 
advantages across various scales. 

Relationships within urban networks may exhibit distinct characteristics at different scales. By examining the connectivity and 
structural features of urban networks at various scales, we can study cities’ scale bias—whether their external connections rely more on 
regional networks or tend to draw strength and resources from networks beyond the regional or larger scales. The concept of "poly-
centricity" is a pivotal lens for understanding the spatial structure of urban regions. The city-region may unveil a polycentric structure 
at a specific scale, while it may present as monocentricity at another scale. Analyzing polycentricity at diverse geographical scales 
allows for a comprehensive investigation of a city’s position across various scales. 

The functionality of a city across diverse spatial scales is interconnected rather than isolated. The accumulation of internal re-
sources and interactions with external elements form a repetitive and accumulative cycle. As resources traverse networks of various 
scales, interactions occur between entities at these scales, leading to functional differentiation and correlation. The functional roles of 
cities should comprehensively reflect their abilities in aggregation, diffusion, circulation, and control of elements within nested multi- 
scale networks. Based on functional differentiation, cities are categorized as integrated cities, national-oriented cities, regional- 
oriented cities, local-oriented cities, and periphery cities. Simultaneously, this study attempts to elucidate the correlation effects 
between internal agglomeration (local functions) and external network connections (regional functions, national functions). 

As recommendations and policy insights for urban development in multi-scale networks, cities can seek suitable positions and 
development scales within the urban network through rescaling. By guiding and optimizing network externality, cities can encourage 
more active interaction with external networks, enhancing their innovation and development levels. 

3. Materials and methods 

3.1. Study area 

The Yangtze River Delta region, located on China’s eastern coast within the lower stretches of the Yangtze River, is delineated by 
the river to its north and features the renowned Yangtze River Delta plain with its gently rolling terrain, contrasting with the hilly 
landscapes to its south. This region enjoys strategic transportation facilities, including state-of-the-art maritime ports and airports, and 
possesses a vast economic hinterland. It stands as a premier financial hub in China. Serving as the vanguard of China’s reform and 
opening-up initiatives, the Yangtze River Delta has capitalized on its strategic location and robust industrial base, transforming into the 
most vibrant and open urban cluster in China’s economic realm. 

In response to "de-globalization", the Yangtze River Delta, historically a pivotal point of globalization and the international urban 
system, is shifting from relying on global value chains to a leadership role within the domestic value chain. Against this backdrop, a key 
challenge for cities within the Yangtze River Delta is determining their specific position and function in regional and national urban 
frameworks during the era of domestic circulation. Additionally, pinpointing the optimal scale strategy is an essential dilemma that 
requires immediate attention. 

Since the 1990s, the territorial boundaries of the Yangtze River Delta have continually evolved. According to the " Outline of the 
Regional Integration Development Plan for the Yangtze River Delta." issued by China’s central government in 2019, the Yangtze River 

Fig. 2. Research approach and analytical framework. 
Flowchart depicting a schematic overview of the analytical framework employed in the study, serving as a guide to the reader for understanding the 
research approach in the paper. 
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Delta region consists of 41 cities distributed across Shanghai, Jiangsu, Zhejiang, and Anhui provinces. These encompass the centrally 
administered city of Shanghai, three provincial capitals (Nanjing in Jiangsu, Hangzhou in Zhejiang, and Hefei in Anhui), and 37 
prefecture-level cities (as shown in Fig. 3). 

3.2. Research data 

Recently, large-scale data with locational information has been extensively incorporated into urban network research [38,39]. 
Prominent Chinese internet giants, such as Baidu and Tencent, offer real-time dynamic data on population flow. This study employs 
Tencent’s population migration data. Compared to Baidu’s location data, Tencent’s migration dataset has a time granularity of 24 h, 
which reduces the likelihood of long-distance routes being fragmented and encompasses nearly all long and short-distance flow tra-
jectories. As one of China’s most influential internet companies, Tencent offers digital products that span social networks, e-commerce, 
music, browsers, and more, effectively covering virtually all mobile smartphone users. Tencent utilizes the Location-Based Services 
(LBS) provided by its associated apps to gather geographic location requests from users’ smart devices during specified intervals. A vast 
array of inter-city migration trajectories of individual users can be accessed through sophisticated processing of user location data 
while ensuring user privacy [39]. 

The Tencent migration data used in this study is derived from Tencent’s Location Data Platform (https://heat.qq.com/qianxi.php). 
The platform provides a user interface and an application programming interface (API), allowing for collecting and utilizing popu-
lation flow data via web scraping. This research harnesses Tencent’s Location Data Platform to obtain daily population flow data from 
June 1 to June 30, 2019. The dataset chronicles the top ten inflow and outflow records for each city, with attributes including the 
origin city, destination city, inflow, outflow, and migration volumes via different transportation means such as highway, railway, and 
aviation (as shown in Table 1). 

Data on the resident population is sourced from the annual statistical announcements released by Chinese city governments. This 
study employs the average resident population figures from the end of 2018 and 2019 for each city as the representative population 
during the research period. 

3.3. Research methods 

3.3.1. Network construction 
For this study, cities and the mobility of residents between cities are positioned as nodes and the flow element of inter-city con-

nections, respectively. The Yangtze River Delta region forms networks internally and concerning other Chinese areas. Urban network 
within the Yangtze River Delta region is recognized as the "regional network" rooted at the regional scale, while urban network 

Fig. 3. The Yangtze River Delta region in China. 
Composite figure providing a comprehensive visual representation of the geographic location, traffic infrastructure, and city distribution within the 
Yangtze River Delta. Subfigure (a) highlights the geographical location of the Yangtze River Delta in China, situated on the eastern coast within the 
lower reaches of the Yangtze River. Subfigure (b) provides a snapshot of the traffic situation in the YRD region, illustrating key transportation 
elements, including airports, railways, expressways, and national highways. Subfigure (c) depicts the spatial distribution of major cities within the 
Yangtze River Delta. 
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between the Yangtze River Delta region and other areas in China corresponds to the "region-national network" situated at the national 
scale. 

The population outflow from city i to city j is identical to the population inflow from city j to city i, which might potentially lead to 
redundant counting. To address this problem, a more accurate measure of the overall population flow between cities can be achieved 
by consolidating outflow and inflow routes and eliminating duplicate data. This culminates in creating a population flow matrix, 
represented as Equation (1): 

Sij =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 S12 ⋯ S1(n− 1) S1n
S21 0 ⋯ S2(n− 1) S2n
⋮ ⋮ ⋮ ⋮ ⋮

S(n− 1)1 S(n− 1)2 ⋯ 0 S(n− 1)n
Sn1 Sn2 ⋯ Sn(n− 1) 0

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(1)  

In the equation: n is the number of cities in the population flow matrix. Sij represents the migration intensity from the origin city i to the 
destination city j, while Sji represents the migration intensity from the origin city j to the destination city i (i = 1,2,⋯,n; j = 1,2,⋯,

n; i ∕= j). The weight of population flow between city i and city j is denoted as Wij, which is calculated using Equation (2): 

Wij=Sij + Sji (2) 

This article will explore the external connections of cities in the Yangtze River Delta at both regional and national scales. 
Consequently, the data has been processed in two scenarios.  

(1) Both the origin and destination are cities within the Yangtze River Delta. This yields a 41 × 41 O-D population flow matrix, 
which measures inter-city connections at the regional scale.  

(2) Either the origin or destination is a city within the Yangtze River Delta, while the other is outside the Yangtze River Delta region. 
With 250 cities outside the Yangtze River Delta having connections with cities inside the Yangtze River Delta, this is represented 
by a 41 × 250 O-D matrix and is used to evaluate inter-city connections at the national scale. 

3.3.2. Urban centrality 
This study categorizes urban centrality into three distinct scales: local, regional, and national. Each of these scales signifies the 

city’s importance at varying levels. The concept of local centrality, often termed "local buzz", encapsulates the city’s capacity for 
internal agglomeration and interactions. The city’s total resident population is the metric for this local scale. In contrast, centrality at 
the regional and national scales signifies the city’s external connectivity, highlighting its ability to engage with other cities in re-
sources, information, and other exchanges. Furthermore, it underscores the city’s radiating influence and competitive edge at these 
scales. We selected the city’s total external connections as the metric for this type of centrality, as it vividly portrays the city’s 
interconnectivity within a broader urban network. Specifically, regional centrality pertains to a city’s connections with other cities 
within its region, while national centrality accounts for connections with cities beyond its region. 

To assess the degree of polycentricity across different spatial scales, this study employs the Gini coefficient, a recognized metric for 
measuring inequality. The methodological details for this calculation are available in the cited literature [40]. The Gini coefficient 
ranges from [0,1], with a lower value suggesting a more pronounced polycentric trait within the given region. 

3.3.3. Urban functional role delineation based on multi-scale network 
Urban network centrality is often used to determine cities’ roles or positions within urban networks [41–43]. Some studies have 

examined the functions of urban network from various perspectives. For example, according to the two-dimensional characteristics of 
centrality and power, Neal classifies world cities into quintessential, hub, and gateway world cities [41]. Liu et al. identify four city 
types by analyzing inter-city and intra-city polycentricity: cities with high levels of both, cities with low levels of both, and cities with 
contrasting levels of polycentricity [44]. Wei et al. distinguish cities as inter-oriented or extra-oriented based on their internal and 
external information connections [2]. 

This study expands on prior research by analyzing population mobility network to uncover cities’ functional differences across 
local, regional, and national scales. Depending on a city’s centrality at varying scales and using mean values as a benchmark, cities in 
the Yangtze River Delta region can be classified into five categories: integrated cities, national-oriented cities, regional-oriented cities, 
local-oriented cities and periphery cities (as shown in Table 2). 

Table 1 
Samples of raw data.  

Date Origin City Destination City Transportation In/Out Migration Volumes 

2019-6-1 City1 City2 highway outflow 75453 
2019-6-1 City1 City3 railway outflow 27313 
2019-6-1 City1 City3 aviation outflow 1758 
… … … … … …  
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(1) Integrated cities: These cities manifest high centrality across several scales. They have both a remarkable capacity for resource 
aggregation and pronounced external connectivity, thereby acting as pivotal nodes for population mobility at all scales.  

(2) National-oriented cities: These cities have a strong presence in the national-scale urban network but exhibit limited interactions 
with other cities in the region. Their primary function is to serve as conduits facilitating the region’s integration into the larger 
national urban framework.  

(3) Regional-oriented cities: Notably central at a regional scale, these cities establish close economic relationships and interactions 
with other cities nearby. However, their position in the national functional hierarchy is somewhat diminished.  

(4) Local-oriented cities: Despite their significant size, these cities are largely dependent on their internal systems for expansion. 
Their urban networks are somewhat insular, leading to a lower degree of nodality in the broader urban matrix.  

(5) Periphery cities: These cities have tenuous connections both at a local level and external level. 

3.3.4. Correlation index between multi-scale urban function 
To analyze the interplay of cities’ functions at different spatial scale, this study uses correlation coefficients between centralities at 

these scales to measure the interconnected effects of urban functions. The computational formula is presented as Equation (3): 

RX− Y=

∑
(x − x)(y − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(x − x)2 ∑
(y − y)2

√ (3)  

In the equation: RX− Y represents the correlation between urban functions across scales X and Y. Here, x denotes epitomizes the city’s 
centrality at scale X, while y represents the same at scale Y. Meanwhile, x and y indicate the average centrality values for cities at the 
specified designated scales X and Y, respectively. 

4. Results 

4.1. Multi-scale urban networks of population flow 

4.1.1. Inter-city connections at different scales 
Using ArcGIS, the population flow network within the Yangtze River Delta (as shown in Fig. 4) and the Yangtze River Delta-other 

areas in China population flow network (as shown in Fig. 5) are visualized. Inter-city population mobility intensity is categorized into 
five levels using natural breaks classification. Overall, the urban network in the Yangtze River Delta exhibits a multi-scaled spatial 
characteristic. 

From a regional standpoint, inter-city connections in close proximity are emblematic of the prevailing trends of population flow 
within the Yangtze River Delta. The significance of geographical proximity is evident: cities within a straight-line distance of 120 km 
represent 8.5 % of all connectivity edges. However, these connections account for 41.3 % of the overall flow. High-tier connections 
typically form between central cities and their adjacent counterparts. This is evident in city pairs such as Shanghai-Suzhou, Suzhou- 
Wuxi, Hangzhou-Jiaxing, Hangzhou-Shaoxing, Hangzhou-Shanghai, Changzhou-Wuxi, Hefei-Lu’an, Nanjing-Zhenjiang, and 
Shanghai-Jiaxing, which demonstrate the highest frequency of population flow. The prominence of the corridor effect in urban 
regional linkages is apparent; cities situated along major transport routes often form strong connections with their neighbors. In the 
eastern portion of the region, the primary connections form a “Z”-shaped backbone, extending from Southern Jiangsu through 
Shanghai to Northern Zhejiang. Conversely, in the western part, the focus is on Hefei, the capital of Anhui province. Due to 
geographical impediments, such as challenging terrains and less developed transportation infrastructure, the southern region of Anhui 
province and the southwestern part of Zhejiang province generally exhibit weaker connection strengths, resulting in limited inter-city 
exchanges. 

From a national standpoint, the Yangtze River Delta’s external connections exhibit a dual characteristic of proximity and orien-
tation towards developed regions. Cities that maintain strong external ties are primarily located at the regional boundary and in 
prominent urban agglomerations such as the Jing-Jin-Ji, Pearl River Delta, and Chengdu-Chongqing clusters. In the region’s northern 
section, cities such as Xuzhou, Fuyang, and Lianyungang have forged strong associations with external cities like Linyi, Jining, and 
Zhoukou, predominantly through highways. In contrast, national or broader regional connections appear less constrained by 
geographical space. Centralized connections link cities that stand at the pinnacle of economic development in the country. Originating 
from core cities within the Yangtze River Delta, like Shanghai, Hangzhou, and Nanjing, these linkages extend to other national central 
cities, including Beijing, Chengdu, Guangzhou, Shenzhen, and Wuhan. 

Table 2 
Classification of urban roles based on multi-scale network.  

Role of Cities Local Centrality Regional Centrality National Centrality 

Integrated City High High High 
National-oriented City High or Low Low High 
Regional-oriented City High or Low High Low 
Local-oriented City High Low Low 
Periphery City Low Low Low  
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Fig. 4. Urban network based on population flow within the Yangtze River Delta region. 
Network visually representing the population flow network within the Yangtze River Delta. Inter-city population mobility intensity was categorized 
into five distinct levels using the natural breaks classification. The color gradient signifies varying degrees of connectivity intensity. The close 
proximity of inter-city connections on the map reflects the prevailing trends of population flow within the Yangtze River Delta. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Urban network based on population flow between the Yangtze River Delta region and other areas in China. 
Network visually representing the population flow network between Yangtze River Delta region and other areas in China. Inter-city population 
mobility intensity was categorized into five distinct levels using the natural breaks classification. The color gradient signifies varying degrees of 
connectivity intensity. The map reveals a dual characteristic of these external connections, emphasizing both geographical proximity and an 
orientation toward developed regions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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4.1.2. Scale bias in inter-city connections 
In their external engagements, cities often integrate into networks of varying scales. This study examines the distribution of 

external connections across these scales to understand the bias in scale of cities in city network (as shown in Fig. 6). A higher per-
centage of connections beyond the region indicates cities’ greater inclination to acquire development resources from the national-scale 
urban network. In general, economically developed cities and those on the region’s periphery prefer connecting with national net-
works. In contrast, smaller cities and those in the central region are more inclined to establish regional connections. 

Central cities in the Yangtze River Delta, including Shanghai, Nanjing, and Hangzhou, maintain a higher proportion of national- 
scale connections in their external engagements. Unlike other central cities, Suzhou leans more towards regional links. Its prox-
imity to Shanghai allows it to benefit from the ripple effects of Shanghai’s economic strength. Additionally, its neighboring cities, like 
Wuxi and Changzhou, are economically robust, nudging Suzhou towards greater dependence on the regional urban network for its 
growth. As provincial capitals, Hangzhou and Nanjing possess substantial administrative and economic influence, enabling them to 
spearhead and manage broad inter-city partnerships, and consolidate their central roles in expansive urban networks. 

Cities with significant external connections, such as Xuzhou, Lianyungang, Fuyang, Wenzhou, Quzhou, and Jinhua, are chiefly 
located on the region’s outskirts. While these peripheral cities have limited direct ties to central cities, resulting in increased associated 
costs and a lesser integration into the core regional network. Their strategic external connectivity aids in their assimilation into the 
national network. For example, Lianyungang is the terminal of the vital Lanzhou-Lianyungang railway line, marking its significance as 
a transport nexus. Tai-zhou is a critical conduit linking China’s coastal region to its southwestern territories. These cities also boast 
airports, boosting their external links. This vast network provides access to essential resources and data, propelling their urban 
development at a national level. 

Cities with a dominant share of regional connections are primarily found in the central regions of Anhui and Jiangsu provinces. 
Among them, Xuancheng, Huai’an, Taizhou, Yancheng, and Huainan have the highest regional link proportions. These cities rank 
lower in economic development within the Yangtze River Delta. Their limited economic growth and smaller industrial bases make it 
difficult to forge links with national cities. As a result, their access to the resources vital for urban growth primarily hinges on the 
regional urban network. 

4.2. Regional polycentricity at different scales 

4.2.1. Urban centrality spatial structure 
Using the natural break classification, the centrality of cities in the Yangtze River Delta at different scales is categorized into four 

distinct tiers. This categorization is depicted in Fig. 7, which outlines the hierarchical structure of city centrality at various scales. The 

Fig. 6. The proportion of inter-city connections at different scales. 
Pie chart overlaid on a geographical map displaying the distribution of inter-city connections at different scales to understand the preference in scale 
of connections of cities in the Yangtze River Delta. The yellow segment represents regional-scale connections, while the blue segment signifies 
national-scale connections. A higher percentage of blue indicates a greater inclination of cities to acquire development resources from the national- 
scale urban network. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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diagram indicates that the spatial structure of the Yangtze River Delta has significant scale-dependent variations. As the scale in-
creases, both the tiers and the spatial distribution of city centrality undergo noticeable changes. 

From local scale, the Yangtze River Delta displays a spatial pattern typified by “one dominant, multiple strong”. Shanghai emerges 
as the primary first-tier city, acting as a significant attraction for population and resources. The second tier, encompassing cities such as 
Nanjing, Xuzhou, Fuyang, and Hangzhou, has a more distributed spatial arrangement. 

On the regional scale, the Yangtze River Delta transforms into a polycentric spatial configuration with central cities including 
Shanghai, Suzhou, Hangzhou, and Nanjing. Cities of high centrality are closely grouped, with the aforementioned central cities 
providing a guiding influence over surrounding areas. Owing to their formidable economic strength, Shanghai, Suzhou, Nanjing, and 
Hangzhou act as pivotal nodes, drawing population flows within the region and occupying the top tier. Cities like Wuxi, Hefei, Jiaxing, 
Ningbo, and Changzhou comprise the second tier. Their strategic locations, close to the central cities, allow them to leverage the 
beneficial effects of these primary hubs, subsequently boosting their population attraction potential. The third-tier cities are pre-
dominantly located in the east-central part of the Delta, whereas fourth-tier cities are mostly found in the region’s western and 
southern peripheries. 

On national scale, the structure leans towards a mono-centric configuration with Shanghai at its focal point. Shanghai is the only 
first-tier city, primarily tasked with driving business transactions and facilitating flows between the Yangtze River Delta and other 
major national cities. Hangzhou, Nanjing, and Suzhou are positioned in the second tier. Cities located the region’s northern boundary, 
including Xuzhou, Fuyang, and Lianyungang, as well as Zhejiang’s Ningbo, Jinhua, and Wenzhou, are categorized in the third tier. 
Areas with limited inter-city population flows at this scale are extensively distributed within the inner region of the Delta. 

4.2.2. Polycentricity of Yangtze River Delta 
Table 3 presents the centrality rankings of the top ten cities across various scales, their centrality ratios relative to the top-ranked 

city, and the polycentricity index at different scales. From this table, it is clear that the polycentricity for the Yangtze River Delta 
decreases as the spatial scale increases. This finding suggests that polycentricity is scale-dependent: as the spatial scale enlarges, the 
distinction in the polycentric structure lessens. Shanghai boasts a pronounced primacy on the local scale. However, it does not 
maintain an unchallenged supremacy within the Yangtze River Delta on the regional scale while its dominance markedly surpasses that 
of other cities on the national scale, with the polycentricity reaching its nadir. This observation implies that cities’ external connections 
manifest a threshold effect: high-order cities are more adept at consolidating resources and elements within the network. As the spatial 
scale expands, the variance in city centrality grows more evident, intensifying the disparity in urban rankings. 

4.3. Muti-scale interaction: functional differentiation and functional correlation 

4.3.1. Functional differentiation characteristic 
Using the classification method detailed in Section 3.3.3, cities within the Yangtze River Delta have been categorized into five 

types. Fig. 8 presents a three-dimensional scatter plot depicting city centrality across national, regional, and local scales. This visual 
representation clearly displays the relative positions of cities at each scale (as shown in Fig. 8(a and b)). 

Shanghai, Hangzhou, Nanjing, and Suzhou emerge as the integrated cities of the Yangtze River Delta, serving as the principal hubs 
and organizational pivots within the population flow network of the region. These cities fulfill intermediary and bridge roles within 
multi-scale network. They benefit not only from dense local interactions but also from the influx of new resources from higher-scaled 
mobilities. Hefei, Ningbo, Wuxi, Changzhou, Jiaxing, and Shaoxing, identified as regional-oriented cities, are strategically positioned 

Fig. 7. Hierarchical structure of urban centrality in the Yangtze River Delta at different scales. 
Composite figure illustrating the spatial structure of city centrality at local, regional, and national scales. Using the natural break classification, the 
centrality of cities at different scales is categorized into four distinct tiers, with darker colors indicating higher centrality rankings. The figure 
indicates t the scale dependency in the spatial structure of the Yangtze River Delta region, emphasizing the variations in centrality across different 
geographic scales. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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in the Yangtze River Delta’s heart, enabling widespread connections with other cities in the area. Conversely, the Yangtze River Delta’s 
national-oriented cities, including Xuzhou, Jinhua, Wenzhou, and Fuyang, are mainly located on the region’s outskirts. Cities such as 
Su-zhou, Nantong, Tai-zhou and Yancheng are local-oriented cities. Positioned centrally in the region and at a distance from major 
transport arteries, their urban development leans heavily on local resource advantages and internal aggregation, with weaker external 
connections. Some medium and smaller cities, constrained by their economic development levels, find it challenging to access core 

Table 3 
Urban centrality and regional polycentricity index at different scales.   

Local Scale Regional Scale National Scale 

1 Shanghai 1 Shanghai 1 Shanghai 1 
2 Suzhou 0.443 Suzhou 0.873 Hangzhou 0.255 
3 Hangzhou 0.416 Hangzhou 0.781 Nanjing 0.176 
4 Wenzhou 0.382 Nanjing 0.623 Suzhou 0.158 
5 Xuzhou 0.363 Wuxi 0.472 Xuzhou 0.107 
6 Nanjing 0.349 Hefei 0.442 Jinhua 0.071 
7 Ningbo 0.345 Jiaxing 0.346 Wenzhou 0.061 
8 Fuyang 0.339 Ningbo 0.300 Fuyang 0.058 
9 Hefei 0.335 Changzhou 0.299 Ningbo 0.052 
10 Nantong 0.301 Shaoxing 0.252 Lianyungang 0.044 
Polycentricity index 0.325 0.457 0.741  

Fig. 8. Three-dimensional scatterplots of urban centrality. 
Three-dimensional scatter plot showcasing city centrality at national, regional, and local scales. (b) is a detail view of (a). Cities in the Yangtze River 
Delta are categorized into five types: core cities, national gateway cities, regional hub cities, local node Cities, and periphery cities. The plot visually 
displays the distinct roles and positions of cities within the multi-scale network. 

Table 4 
Classification of urban functional roles.  

Functional Role of 
Cities 

Role in Multi-scale 
Network 

Role in 
Plannings 

City 

Integrated Core Integrated Core Shanghai 
Integrated Hubs sub-core Hangzhou、Nanjing、Suzhou 
Regional-oriented 

Hubs 
Regional-oriented Hefei、Wuxi、Ningbo、Changzhou、 

Regional-oriented 
Nodes 

general Jiaxing、Shaoxing 

National-oriented 
Nodes 

National-oriented Xuzhou、Jinhua、Wenzhou、Fuyang 

Local-oriented 
Nodes 

Local-oriented Su-zhou、Nantong、Yancheng、Tai-zhou 

Periphery Cities Periphery Lianyungang、Haozhou、Quzhou、Lu’an、Anqing、Huzhou、Zhenjiang、Chuzhou、Lishui、 
Bengbu、Huangshan、Yangzhou、Huaibei、Suqian、Wuhu、Taizhou、Zhoushan、Chizhou、 
Ma’anshan、Huai’an、Huainan、Xuancheng、Tongling  
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resources within the urban network, positioning them as peripheral cities in the Yangtze River Delta’s urban matrix. 
The functions and positions of cities are essential in formulating development objectives and strategies. This paper aligns urban 

roles outlined in planning documents with cities’ roles in the multi-scale network, enhancing research precision. It amalgamates the 
city system proposed in existing regional plans, such as the "Yangtze River Delta Regional Plan (2009–2020)," the "Yangtze River Delta 
Urban Agglomeration Development Plan (2016–2030)," and the "Outline of the Regional Integration Development Plan for the Yangtze 
River Delta (2019)." Cities are classified into three levels: Shanghai emerges as the exclusive core city; Changzhou, Wuxi, Suzhou, 
Nantong, Ningbo, Hefei, and Hangzhou are designated as sub-core cities; and the rest are identified as general cities. 

Table 4 details the results of the city functional roles classification. This classification underscores the strategic integration of city 
positioning within broader urban networks and planning paradigms, further categorizing cities into integrated core, integrated hubs, 
regional-oriented hubs, national-oriented nodes, local-oriented nodes, and periphery Cities. 

Shanghai, as the Yangtze River Delta’s singular core city. It possesses formidable comprehensive strengths, markedly surpassing 
other cities in political, economic, and cultural dimensions. Hangzhou, Nanjing, and Suzhou are integrated hubs in the Yangtze River 
Delta. Hefei, Wuxi, Ningbo, and Changzhou show a discernible gap compared to the other sub-core cities, lacking adequate national- 
level connectivity and thus positioned as regional-oriented hubs. Jiaxing and Shaoxing are geographically proximate to Shanghai and 
Hangzhou, elevating their network status by cultivating close ties with these integrated counterparts, classified as regional-oriented 
nodes. 

Xuzhou, Jinhua, Wenzhou, and Fuyang are identified as national-oriented nodes. pivotal within the broader framework. Though 
these cities are designated as general within regional plannings, their proactive involvement in the national population network 
underscores their critical roles as key nodes in the nationwide network. Xuzhou and Fuyang, located on the northern periphery of the 
region, have limited connections to the eastern central cities of the Yangtze River Delta. They focus on integrating into other regions by 
fostering cross-regional collaborations with external neighboring cities, as shown in Fig. 5. For example, Fuyang has forged strong ties 
with nearby Zhumadian and Zhoukou through major road networks. Meanwhile, Xuzhou, together with cities like Suqian, Lia-
nyungang, Suzhou (in Anhui province), Huaibei, and cities in Henan like Shangqiu and in Shandong like Jining and Zaozhuang, jointly 
establishes the Huaihai Economic Core Zone. The National Development Commission of China released the "Development Plan for the 
Huai River Ecological Economic Zone" in 2018, elevating it to a national strategic level. The Huaihai Economic Zone exemplifies cities 
seeking external development through cross-regional collaboration. Jinhua and Wenzhou, on the other hand, have extended their 
reach beyond regional boundaries to the national level by transforming their local production modalities and industrial systems. 
Wenzhou introduced the "Wenzhou Model" of private enterprise-led development, fostering a division of labor system reflecting 
modern market economics. Jinhua’s commodity market is prosperous, Yiwu, China’s largest small commodity trading base, is located 
in Jinhua, facilitating the distribution of goods nationwide and worldwide. These national-oriented nodes in the Yangtze River Delta 
all oriented breakthroughs by elevating their scale and looking beyond the region. 

4.3.2. Functional correlation characteristic 
According to Formula (3), the cross-scale functional correlation indexes for the Yangtze River Delta region, different provinces, and 

various types of cities are determined. The results are presented in Table 5. When observed broadly, the functional correlation indices 
at different scales within the Yangtze River Delta region are prominently significant, all registering values above 0.7. These indices 
point to a positive correlation effect across various scales. 

High correlation indices are observed between local scale urban centrality (LC) and regional scale urban centrality (RC), as well as 
national scale urban centrality (NC), are high. This emphasizes that interactions within cities, which lead to agglomeration economies, 
enhance a city’s external connections. In tandem, heightened external connectivity can amplify a city’s internal agglomeration 
economy. A notably stronger correlation between LC and NC suggests that internal agglomeration significantly elevates a city’s 
standing within the national functional network. Conversely, regional scale connections are markedly affected by factors such as 
distance friction and geographical positioning. Hence, the influence of internal agglomeration on a city’s functional status at the 
regional scale is more subdued than at the national scale. Positive synergies are also evident between regional and national scale inter- 
city connections (RC and NC). The urban network in the Yangtze River Delta acts as a "conduit" for population and resource flows, both 
intra-regionally and beyond. Cities serving as transit hubs, strategically situated at these "conduit" intersections, forge functional 
connections with cities within and outside the region, thereby promoting a synergistic evolution of regional and national functions. 

When the four central cities—Shanghai, Hangzhou, Nanjing, and Suzhou—are excluded, the cross-scale correlation indices for 
medium and smaller cities in the Yangtze River Delta region decrease significantly. This infers that cross-scale interactions are more 
pronounced in the region’s central cities. From a provincial vantage point, Zhejiang province demonstrates the most robust correlation 
between RC and NC, signifying a pronounced mutual enhancement between regional and national connections. Cities in Zhejiang, 

Table 5 
Correlation index between multi-scale function.  

Relevant Scales Yangtze River Region Zhejiang Province Jiangsu Province Anhui Province Small and Medium Cities Central Cities 

RLC− RC 0.813** 0.684* 0.732** 0.752** 0.601** 0.838 
RLC− NC 0.878** 0.710* 0.784** 0.908** 0.655** 0.987* 
RRC− NC 0.741** 0.846** 0.795** 0.579* 0.339* 0.754 

Note：* indicates significant at the 5 % level and ** indicates significant at the 1 % level. 
LC: Local scale centrality RC: Regional scale centrality NC: National scale centrality. 
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bolstered by efficient external transportation networks, can adeptly cultivate internal and external connections. Jiangsu province 
showcases a fairly uniform cross-scale functional correlation across its indices. Conversely, cities in Anhui province display the 
strongest correlations between LC and RC, as well as LC and NC, denoting a tightly interwoven bond between their agglomeration 
capacities and external functions. 

5. Discussion and conclusion 

5.1. Discussion 

Urban development is influenced by forces at multiple scales. A multi-scale perspective enables a comprehensive understanding of 
urban relationships and functional roles. “Local buzz, global pipelines” model establishes a foundational framework for multi-scale 
urban networks research based on leveraging cross-scale cooperation and communication, internal interactions, and external 
connections. 

Within an open urban network system, cities cannot rely solely on resources at a single scale for development and accumulation. 
Cities can either forge or join different scale city networks based on their developmental imperatives. This leads to an upward or 
downward reallocation and connections, thereby introducing a "rescaling" developmental paradigm. Lower-tier cities can circumvent 
their entrenched hierarchical constraints and the limitations of traditional geographic proximity by forging higher scalar external 
connections, thus directly competing for resources, privileges, and networked statuses typically reserved for higher scalar echelons. 
For example, Cities like Xuzhou and Wenzhou, classified as national-oriented nodes, elevate their scale within urban networks by 
engaging in cross-regional collaborations and transitioning production models, thereby accessing resources for national-scale devel-
opment. Meanwhile, regional-oriented nodes like Jiaxing and Shaoxing, leverage their geographic proximity to central cities, estab-
lishing tight collaborations with neighboring central cities. Through mechanisms like borrowed size and network externalities, these 
cities share the broader benefits generated by larger central cities. 

Positive correlation is observed when comparing the functional behaviors of cities across various scales. This suggests that local 
governments should simultaneously focus on internal interactions and external connections within cities when formulating devel-
opment strategies. Intervening and promoting urban rescaling through network links and factor supply-demand, is crucial in this 
context. Strengthening transportation infrastructure, especially those less influenced by distance decay effects like high-speed railways 
and aviation, can help cities establish connections beyond regional boundaries and tap into broader network externalities. Meanwhile, 
enhancing the "local space" to improve the capacity to adhere and attach to external resources is vital for facilitating the breakthroughs 
of development pathways. 

Connections between cities are tighter at lower hierarchical scales, and sparser at higher ones. The Yangtze River Delta’s urban 
network, centered around cities like Shanghai, Suzhou, Hangzhou, and Nanjing, shows a polycentric structure with close connections 
among these central cities and their neighbors. Notably, key regions such as the Shanghai metropolitan area, the Suzhou-Wuxi- 
Changzhou metropolitan area, and the Nanjing metropolitan area, owing to their high levels of urban cohesion, serve as crucial 
supports for the regional urban network. This structure aligns with current goals to crucial urban integration within metropolitan 
areas. Looking ahead, the Yangtze River Delta could foster a relatively balanced polycentric network by improving resource flow 
within and among metropolitan areas. However, at the national scale, the Yangtze River Delta displays a unimodal pattern dominated 
by Shanghai, with external connections primarily sustained through the region’s integrated cities. To support the "domestic economic 
circulation " strategy, overcoming the administrative barriers that restrict the flow of external resources and encouraging cross- 
regional cooperation are essential. By leveraging Shanghai, Nanjing, Hangzhou, and national-oriented cities as gateways and 
bridges in the multi-scale urban network, other cities within the region can be integrated into a broader urban network, thus promoting 
the efficient allocation of resources and the development of regional integration. This approach not only enhances the organizational 
efficiency of spatial resources but also propels the region’s integration into the national network. 

5.2. Conclusion 

This study extends and elaborates on the "local buzz, global pipelines" model, constructing a multi-scale analysis framework of 
regional urban networks encompassing national, regional, and local dimensions. From a multi-scale perspective, it examines regional 
urban networks’ connectivity characteristics, spatial structures, and cities’ functional correlations and differentiations. 

The main empirical findings from the Yangtze River Delta region are as follows: (1) Scale dependency of urban networks: Multi- 
scale analysis reveals distinct connectivity and structural characteristics of urban network at the national, regional, and local scales. (2) 
Scale bias in muti-stale networks: economic performance, administrative hierarchy, geographic positioning, and transportation in-
fluence a city’s scale orientation. A higher administrative ranking, adjacency to other regions, and efficient external transportation 
facilitate a city’s integration into national networks. (3) Rescaling for transformational development: Different city types can drive 
their evolution by navigating through rescaling in a diverse multi-scale environment. (4) Positive correlation among city functions 
across scales: The mobility of populations within urban networks connects scales, generating interactive effects. 

Current scholarly discussions lack adequate empirical research on regional urban networks from a multi-scale perspective. This 
paper introduces an innovative multi-scale analytical framework that extends beyond the confines of single-scale analyses, incorpo-
rating interactions across local to national levels. Moreover, by classifying cities based on their multi-scale positions, our research 
reveals a new method for interpreting and defining urban functional roles. This offers theoretical support and policy recommendations 
for cities to identify strategic roles and establish collaborative divisions of labor. Empirical findings highlight multi-scale networking 
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behaviors’ implications for urban strategy and policy, showcasing the practical value of multi-scale framework. 
While this research analyzes the multi-scale characteristics of urban networks for a single year, it does not track the dynamic 

changes within the network. Nevertheless, scales constantly adjust, impacting power and control levels, which may restructure spatial 
organization and governance. Analyzing only one year lacks depth in tracing shifts in urban control across multiple scales. Future 
investigations could utilize data from multiple years to delve into the evolution of cities’ roles within multi-scale urban networks. This 
approach will further enhance our understanding of scale interaction effects, complementary effects, and rescaling’s role in urban and 
regional development. In addition, this study opted for human mobility as a representative measure to examine the characteristics of 
multi-scale urban networks. However, urban connectivity involves various spatial interactions like the flow of goods, capital, infor-
mation, and technology. Cities may occupy different positions and serve various functional roles in different networks. Relying solely 
on human mobility may introduce bias. Future research could use a more diverse set of flow data, considering multiple factors to 
interpret multi-scale urban networks comprehensively. 
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