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Abstract:



Urban expansion has become a widespread trend in developing countries. Road networks are an extremely important factor driving the expansion of urban land and require further study. To investigate the relationship between road networks and urban expansion, we selected Beijing, New York, London, and Chicago as study areas. First, we obtained urban land use vector data through image interpretation using a remote sensing (RS) and geographic information systems (GIS) platform and then used overlay analysis to extract information on urban expansion. A road network density map was generated using the density analysis tool. Finally, we conducted a spatial statistical analysis between road networks and urban expansion and then systematically analyzed their distribution features. In addition, the Urban Expansion-Road Network Density Model was established based on regression analysis. The results indicate that (1) the road network density thresholds of Beijing, New York, London, and Chicago are 18.9 km/km2, 37.8 km/km2, 57.0 km/km2, and 64.7 km/km2, respectively, and urban expansion has an inverted U-curve relationship with road networks when the road network density does not exceed the threshold; (2) the calculated turning points for urban expansion indicate that urban expansion initially accelerates with increasing road network density but then decreases after the turning point is reached; and (3) when the road density exceeds the threshold, urban areas cease to expand. The correlation between urban expansion and road network features provides an important reference for the future development of global cities. Understanding road network density offers some predictive capabilities for urban land expansion, facilitates the avoidance of irregular expansion, and provides new ideas for addressing the inefficient utilization of land.
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1. Introduction


Urban expansion is an important stage and inevitable occurrence in urban social and economic development [1,2]. With the rapid development of global urbanization, the compact use of urban land has become even more important. Rational urban planning, the control of urban expansion, and the prevention of disorderly unauthorized construction are beneficial to sustainable urban development. Road networks, which are the “skeleton” of urban social development and the foundation and important driving factor for urban land expansion, are closely linked with urban expansion [3,4]. Road networks, which are integral components of the infrastructure and support urban integration, connect various functional areas. Increasingly well-developed road networks bring the administrative regions of cities into closer contact and accelerate the exchange and aggregation of logistics, energy flows, information flows, capital flows, and other flows. The investment scale, area, space action, and other factors of road networks have made these features significant drivers of urban expansion [5,6,7]. Thus, the rapid expansion of urban land increases the rigid demand for the land in road networks.



Urban expansion is a research focus of land use cover/change, urban development, ecology, and other areas, and many scholars have conducted studies on this topic, including the drivers of urban land expansion, temporal and spatial variations, simulations and predictions, ecological and environmental effects, and other effects [8,9,10]. The main research methods include methods for monitoring spatial expansion that are based on geographic information systems (GIS) and remote sensing (RS) [11,12], logistic regressions [13,14,15], cellular automata (CA) [9,16], and other analysis methods that involve models of system dynamics. Burchfield, et al. [17] studied the extent to which urban development in the U.S. was expanding and what determined the spatial differences in expansion. These authors used remote sensing data to track the evolution of land use and noted that early public transport infrastructure increased expansion. Handy [18] provided an overview of the theory of smart growth and made several specific propositions regarding the relationships between transportation and land use: (1) building more highways contributes to more sprawl, (2) building more highways leads to more driving, (3) investing in light rail transit systems increases densities, and (4) adopting new urbanism design strategies reduces automobile use. Additionally, the use of road networks for the promotion of urban land expansion was emphasized. Tayyebi, et al. [19] proposed an urban growth boundary model (UGBM) that uses artificial neural networks (ANNs), geospatial information systems, and RS to simulate the complex geometry of the urban boundaries of Tehran, Iran. ANNs were used to train on “roads” as the first predictor variables of the urban boundary geometry in Tehran. Alsharif and Pradhan [13] analyzed urban sprawl in the metropolitan city of Tripoli by using a logistic regression model and found that roads were an important driving force in the region. Thus, road networks are an important driving factor of urban expansion [20,21,22]. However, studies investigating the specific relationship between road networks and urban expansion are uncommon.



In contrast, the effect of roads on land use is one of the most active research areas in road ecology and landscape studies [23,24,25]. Important results have been obtained by research on road networks, and scholars have focused on the ecological effects of road networks [26], design and optimization [27], the response of road networks to urbanization [24], the evolution of road networks [28], and other aspects. Research on road networks and urbanization has increased in recent years because the world is experiencing a period of rapid urbanization [29]. Rui and Ban [30] examined the relationship between different street centralities and land-use types in Stockholm and found that the density of each street centrality was highly correlated with one type of land use. To study the evolution and complexity of urban street networks, Mohajeri and Gudmundsson [31] introduced methods for quantifying the geometric characteristics of street networks and analyzed the details of the evolution of the networks of Sheffield (U.K.), Khorramabad (Iran), and Kerman (Iran) over tens to hundreds of years. Their results suggested that the spatial distribution of streets was strongly affected by the surrounding landscapes but in different ways. Lerman, et al. [32] used spatial syntax to model pedestrian movement in urban transportation planning; their study showed that the distribution of pedestrian movement could be explained by the spatial variables that represent the properties of a street network. In brief, road network and urbanization studies have attracted increasing attention. However, the results of most of these studies are lacking in terms of the quantitative relationships between urban road networks and urbanization factors at the holistic urban scale; thus, the effectiveness of roads and their role in urbanization remains unclear.



In summary, few quantitative studies have examined the correlation between urban land expansion and road networks, and the existing results do not effectively guide practical work related to land use. Previous studies of urban expansion mainly found that road networks are one of the driving forces of urban expansion, but related studies from the perspective of road networks are lacking. Furthermore, the driving mechanism of road network density is unclear. Although a turning point and critical value of the urban expansion cycle, which are driven by the road network density, may exist, these concrete values have not been measured. The lack of quantitative research and the abundance of studies that only examined their qualitative relationship have created limitations in terms of land-use planning, decision making, and other processes.



To address these issues, this study aims to reveal the quantitative relationship between road networks and urban land expansion by establishing a quantitative model of the relationship between road networks and urban expansion in Beijing, New York, Chicago, and London. In this paper, the term “urban expansion” refers to urban land space expansion. We assume that the urban population growth, tax structure, policy, and other driving factors of urban expansion maintain relatively steady growth and do not fluctuate considerably during the study period. The objectives of this study are (1) to summarize the spatial distribution characteristics of the expansion of these four cities over nearly 30 years and the classification signatures of the urban road networks in 2014 based on RS and GIS; (2) to analyze the spatial coupling relationship between urban expansion and the road network density using spatial statistics; and (3) to model the quantitative relationship between the road network density and urban expansion using regression analysis methods to compute the eigenvalues of urban expansion. Our study is designed to help urban planners and decision-makers better understand the quantitative relationship between road networks and urban land expansion and make scientifically sound decisions for future urban development, particularly in developing countries.



The remainder of this study is organized as follows. Section 2 describes the study areas and data sources and introduces the methodology and data processing. Section 3 analyzes the results of the spatial and temporal characteristics of urban land expansion, the road network density characteristics of urban expansion, and the fitting analysis of the road network density and urban expansion. Section 4 presents the discussion, and conclusions are provided in Section 5.




2. Data and Methodology


2.1. Study Area


Beijing, New York, London, and Chicago, four international metropolises, are used as the study areas in this article (see Figure 1). These four cities are “world class cities”. Moreover, these study areas are distributed in different locations around the world and have undergone or are undergoing rapid development via urban expansion and road network construction. Over the past three decades, urban expansion in New York, London, and Chicago has remained nearly steady [33], and the lag effects of urban expansion on the road network density are not obvious. Beijing is in a rapid development stage, and the lag effects of urban expansion are currently difficult to quantify [34]. In addition, these four cities exhibit different types of urban patterns, covering coastal, lake, island, and plains cities. The expansion in Beijing, New York, London, and Chicago has been nearly stable, and a comparative study of these cities provides a meaningful reference for development in other regions, particularly in developing cities.


Figure 1. Location, topography, and city center (location of the municipal government) of the study areas—Beijing, New York, London, and Chicago.
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Urban boundaries for comparative studies of cities in different countries are very important [35], and the related definitions include those of the cities, urbanized areas, and metropolitan areas. Identifying the theoretical urban boundaries of these four megacities is challenging. Considering the main purpose of the study (to provide a decision-making reference for the development of cities in developing countries) and access to authoritative and comparable data, the administrative boundaries were selected as the study area’s boundaries. Moreover, this study mainly investigates the expansion of single cities in relation to road networks and does not consider the interactions between metropolitan core areas and suburban cities.




2.2. Data Sources


To study the temporal and spatial relationships between urban expansion and road networks, historical data and spatial data are necessary. After reviewing the literature and querying the existing data, we decided to take advantage of key data, including RS data and the vectors of the spatial distribution of urban roads and urban borders.



RS data that were derived from Landsat satellite images were used for the image interpretation of the spatial distribution of urban land and the extraction of information regarding urban land use changes. The basic requirements of the data selection were a resolution of 30 m × 30 m, cloud cover less than 10%, and suitably high image quality for accurate interpretation. The collected satellite data are shown in Table 1. Vector data associated with urban road networks corresponding to the time of the RS data were derived from the Open Street Map database [36]. Maps of the spatial distribution of the roads were generated for each city by extracting information for highways, main roads, secondary roads, railways, and other road classes.



Table 1. Details of the Landsat images and other data that were used for this study.







	
City

	
Landsat Images

	
Other Data




	
Satellite/Sensor

	
Path/Row

	
Date

	
Items

	
Date






	
New York

	
Landsat5/TM

	
13/32

	
June 1984

	
Road networks

	
August 2014




	
Landsat8/OLI

	
July 2014

	
Administrative borders




	
London

	
Landsat5/TM

	
201/24

	
October 1984

	
Road networks

	
August 2014




	
Landsat8/OLI

	
July 2013

	
Administrative borders




	
Chicago

	
Landsat5/TM

	
23/31

	
April 1985

	
Road networks

	
August 2014




	
Landsat8/OLI

	
July 2014

	
Administrative borders




	
Beijing

	
Landsat5/TM

	
123/32–33

	
August 1984

	
Road networks

	
August 2014




	
Landsat8/OLI

	
October 2014

	
Administrative borders










The administrative boundaries were used as urban boundaries in this paper. The vector data that were associated with the city boundaries were downloaded from the official website of the city government departments and other databases, and we converted their coordinate systems and projection coordinates in accordance with the RS data.




2.3. Methodology


2.3.1. Kernel Density Analysis


Urban road network density refers to the ratio of the total length of the centerline of urban roads to the urban land area; the fundamental equation is
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(1)




where D is the road density in km/km2, [image: there is no content] is the length of the road centerline in km, and [image: there is no content] is the urban land area in km2.



The kernel density is a commonly used density analysis method for spatial analysis, which uses points or polyline features to compute the value of a unit area and fit each point or line over a smooth tapered surface. Possible uses include finding the density of houses, crime reports, roads, or utility lines that influence a town or wildlife habitat. In the ArcGIS density analysis tool, the population field can be used to weight some features more heavily than others, depending on their meaning, or to allow one point to represent several observations [37]. We computed the road length in every square kilometer unit by setting default bandwidths, and road network density maps were generated via kernel density analysis. The search radius is the radius within which the density is calculated. The units are based on the linear unit of the projection of the output spatial reference. The default search radius (bandwidth) is the shortest of the width or height of the output extent in the output spatial reference, divided by 30. The search radius of Beijing, New York, London, and Chicago was 5.90, 1.55, 1.50, and 1.14 km, respectively.




2.3.2. Overlay Analysis


Overlay analysis is one of the most commonly used spatial methods in GIS. This method can be used to reveal the characteristics of mutual differences, links, and changes between multiple layers of data. The spatial distribution of urban expansion was obtained with ArcGIS10.2, which was used to overlay and clip urban land use maps in two different periods. After adding the road network density layer to the analysis, we used the urban land expansion layer as a mask and obtained the corresponding point information between the road network density layer and the urban land expansion layer. Moreover, the spatial information from the corresponding locations of urban expansion and the road network provided the relevant data for a regression analysis.




2.3.3. Regression Analysis


Regression analysis is a statistical method for determining the quantitative relationship between two or more interdependent variables. In this paper, we used the curve estimation module in Statistical Product and Service Solutions (SPSS) to perform a regression analysis of the statistical results (i.e., urban space analysis) and optimized the road network-urban land expansion regression model. Generally, the curve estimate module includes a linear function, quadratic term function, compound function, logarithmic function, cubic function, exponential function, and other models. The optimal model is conveniently obtained by comparing and analyzing the results for each model fitted from graphs and tables.



We used a scatter plot that used the road network density as the independent variable and the urban expansion speed as the dependent variable. The relationship between the expansion speed and urban road network density could be presented as an inverted U-shape. This shape is consistent with the characteristics of a non-linear model, specifically, a curve model, such as a quadratic or cubic equation. However, the curvature changes were minimal, and the curve magnitude was not large, gently varied, and generally exhibited a downward trend. This behavior was approximated by using a simple linear regression model. In addition, relevant studies have shown that the relationship between urbanization and per capita income obeys a logarithmic law over certain ranges of time and space [38], and the relationship between urban expansion and road transport network connectivity also satisfies a logarithmic relationship [39]. Therefore, the relationship between urban expansion and road networks may satisfy a logarithmic relationship.



Urban expansion speed refers to the annual average area of the new expansion of urban built-up land in each megacity in the study area and is used to characterize the spatial scales of urban land expansion. This factor is equivalent to the new area of urban expansion (km2) in a specific timeframe divided by the elapsed time (years). We also established a simple linear regression model, simple curve regression model, and logarithmic model for urban expansion as a function of road density to explore the quantitative relationship between urban land expansion areas and the densities of the road networks. The specific models are as follows:
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[image: there is no content]



(7)




where y is the urban expansion rate, x is the road density, βi (i = 1,2,3) is the regression coefficient, a0 is a constant term, and εt is the regression residuals.





2.4. Data Processing


The data processing consisted of three steps: image interpretation with RS, overlay and spatial analysis, and regression analysis. The research process is shown in Figure 2.


Figure 2. Research flowchart.
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(1) Based on the 1984 (or 1985) and 2014 (or 2013) RS images covering the study areas and according to the classifications of land use type, we used the maximum likelihood algorithm of supervised classification to interpret the Landsat TM images using the Environment for Visualizing Images (ENVI) 5.1. Considering our research purposes, the land classification system was divided into urban land, non-urban land, and water, and we extracted the type of urban land to generate the urban map [40]. According to the Confusion Matrix Using Ground Truth ROIs (region of interest, ROI) in ENVI’s toolset, the calculated kappa coefficients were greater than 0.85, which indicates high accuracy.



(2) Overlay analysis and spatial analysis were used to obtain the expansion area of urban land. We overlaid two period maps of urban land and calculated the differences with ArcGIS 10.2. Then, the spatial distribution of the new increase in urban land over approximately three decades was attained. Using the kernel density feature of the spatial analysis tools, we calculated the density of the urban road networks in 2014 and created density maps. The resolutions of the road density layer and the urban expansion layer were both 30 m × 30 m. Second, the data used in the corresponding relationship were extracted and converted into the ASCII format based on the spatial analysis of the density data and urban expansion area (see Table A1.).



Table A1. Road network density and urban expansion speed in Beijing.







	
x

	
lny

	
x

	
lny

	
x

	
lny

	
x

	
lny

	
x

	
lny






	
0

	
−6.354

	
3.8

	
−0.226

	
7.7

	
−1.651

	
11.9

	
−3.586

	
15.8

	
−4.351




	
0.1

	
−5.760

	
3.9

	
−0.315

	
7.8

	
−1.754

	
12

	
−3.664

	
15.9

	
−4.369




	
0.2

	
−3.585

	
4

	
−0.374

	
7.9

	
−1.887

	
12.1

	
−3.736

	
16

	
−4.637




	
0.3

	
−2.875

	
4.1

	
−0.351

	
8

	
−1.911

	
12.2

	
−3.547

	
16.1

	
−4.415




	
0.4

	
−1.451

	
4.2

	
−0.431

	
8.1

	
−1.836

	
12.3

	
−3.500

	
16.2

	
−4.681




	
0.5

	
−1.146

	
4.3

	
−0.496

	
8.2

	
−1.863

	
12.4

	
−3.480

	
16.3

	
−5.053




	
0.6

	
−0.333

	
4.4

	
−0.535

	
8.3

	
−1.903

	
12.5

	
−3.556

	
16.4

	
−5.819




	
0.7

	
−0.448

	
4.5

	
−0.561

	
8.4

	
−1.904

	
12.6

	
−3.666

	
16.5

	
−6.195




	
0.8

	
−0.065

	
4.6

	
−0.603

	
8.5

	
−1.894

	
12.7

	
−3.865

	
16.6

	
−6.166




	
0.9

	
−0.061

	
4.7

	
−0.679

	
8.6

	
−1.754

	
12.8

	
−3.956

	
16.7

	
−5.850




	
1

	
−0.221

	
4.8

	
−0.662

	
8.7

	
−1.832

	
12.9

	
−3.981

	
16.8

	
−6.152




	
1.1

	
0.034

	
4.9

	
−0.704

	
8.8

	
−2.185

	
13

	
−3.939

	
16.9

	
−5.741




	
1.2

	
−0.008

	
5

	
−0.830

	
8.9

	
−2.303

	
13.1

	
−3.921

	
17

	
−6.725




	
1.3

	
−0.054

	
5.1

	
−0.857

	
9

	
−2.417

	
13.2

	
−3.825

	
17.1

	
−6.502




	
1.4

	
0.059

	
5.2

	
−0.868

	
9.1

	
−2.484

	
13.3

	
−3.842

	
17.2

	
−7.156




	
1.5

	
0.139

	
5.3

	
−0.920

	
9.2

	
−2.551

	
13.4

	
−3.836

	
17.3

	
−6.653




	
1.6

	
0.042

	
5.4

	
−1.059

	
9.3

	
−2.546

	
13.5

	
−3.947

	
17.4

	
−6.831




	
1.7

	
−0.021

	
5.5

	
−1.112

	
9.4

	
−2.611

	
13.6

	
−3.945

	
17.5

	
−6.240




	
1.8

	
0.093

	
5.6

	
−1.192

	
9.5

	
−2.648

	
13.7

	
−4.029

	
17.6

	
−7.013




	
1.9

	
0.171

	
5.7

	
−1.204

	
9.6

	
−2.686

	
13.8

	
−4.095

	
17.7

	
−6.071




	
2

	
0.114

	
5.8

	
−1.236

	
9.7

	
−2.813

	
13.9

	
−4.180

	
17.8

	
−6.777




	
2.1

	
0.075

	
5.9

	
−1.265

	
9.8

	
−2.801

	
14

	
−4.056

	
17.9

	
−7.323




	
2.2

	
0.113

	
6

	
−1.292

	
9.9

	
−2.908

	
14.1

	
−4.006

	
18

	
−6.608




	
2.3

	
0.093

	
6.1

	
−1.284

	
10

	
−2.987

	
14.2

	
−3.986

	
18.1

	
−7.470




	
2.4

	
0.086

	
6.2

	
−1.214

	
10.1

	
−3.008

	
14.3

	
−3.944

	
18.2

	
−7.156




	
2.5

	
0.081

	
6.3

	
−1.259

	
10.2

	
−3.024

	
14.4

	
−4.058

	
18.3

	
−5.903




	
2.6

	
0.105

	
6.4

	
−1.430

	
10.3

	
−2.995

	
14.5

	
−4.138

	
18.4

	
−6.407




	
2.7

	
−0.028

	
6.5

	
−1.518

	
10.4

	
−3.117

	
14.6

	
−4.085

	
18.5

	
−6.608




	
2.8

	
−0.005

	
6.6

	
−1.604

	
10.5

	
−3.223

	
14.7

	
−3.950

	
18.6

	
−5.960




	
2.9

	
−0.068

	
6.7

	
−1.676

	
10.6

	
−3.258

	
14.8

	
−3.939

	
18.7

	
−4.790




	
3

	
0.044

	
6.8

	
−1.652

	
10.7

	
−3.253

	
14.9

	
−3.972

	
18.8

	
−6.138




	
3.1

	
0.001

	
6.9

	
−1.627

	
10.8

	
−3.314

	
15

	
−4.106

	
18.9

	
−7.047




	
3.2

	
−0.095

	
7

	
−1.691

	
10.9

	
−3.390

	
15.1

	
−3.986

	

	




	
3.3

	
−0.150

	
7.1

	
−1.669

	
11

	
−3.300

	
15.2

	
−4.034

	

	




	
3.4

	
−0.139

	
7.2

	
−1.652

	
11.1

	
−3.495

	
15.3

	
−4.076

	

	




	
3.5

	
−0.213

	
7.3

	
−1.838

	
11.2

	
−3.650

	
15.4

	
−4.004

	

	




	
3.6

	
−0.179

	
7.4

	
−1.835

	
11.3

	
−3.680

	
15.5

	
−4.168

	

	




	
3.7

	
−0.195

	
7.5

	
−1.769

	
11.6

	
−3.695

	
15.6

	
−4.381

	

	




	

	

	
7.6

	
−1.697

	
11.8

	
−3.690

	
15.7

	
−4.428

	

	








Note: x stands for the road network density and y is the urban expansion speed.








(3) Using spatial statistics for the corresponding point between the road networks and urban land expansion, we quantified the relationship between the road networks and urban expansion and fitted a curve using a regression analysis. First, we converted the data from the ASCII format to the single-column text format, including the road network density value and urban land expansion area. Then, the urban expansion speed under each road density unit (0.1 km/km2) was calculated. Finally, using the statistical analysis tools available in SPSS, their relationship was quantified using a regression analysis.





3. Results


3.1. Spatial and Temporal Characteristics of Urban Land Expansion


Our data processing results showed that urban land expansion in Beijing since 1984 has been significant, having expanded by 1521.57 km2 by 2014. The development of cities caused these areas to expand rapidly. Urban expansion in Beijing was mainly concentrated in the district outside the third ring, excluding the traditional areas (i.e., Dongcheng District and Xicheng District). In the Changping District, Daxing District, Tongzhou District, Fangshan District, and Mentougou District, expanded urban areas were distributed near the boundaries of the districts and the various districts around the old urban area. Meanwhile, the degree of expansion was relatively low in suburban areas, such as Yanqing County, Miyun County, Huairou District, Pinggu County, and Shunyi District, and the expansion areas were distributed around the old urban areas. Overall, urban expansion in Beijing began from the traditional core of the city, showing a disorderly and large-scale expansion, and the surrounding urban area was affected by the spatial radiation in the center of the city (see Figure 3a).


Figure 3. Change in urban land over the last 30 years in (a) Beijing, (b) New York, (c) London, and (d) Chicago.
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The characteristics of urban land expansion in New York are displayed in Figure 3b. Since 1984, urban expansion has been mainly concentrated in Staten Island (Richmond County) and Queens. Because of the sea reclamation project and land reclamation plan and due to considerable urban economic development, expansion has been minimal in the Bronx, Brooklyn, and Manhattan and was mainly distributed in the coastal regions or along rivers. As the most populous and economically developed borough, Manhattan underwent the earliest effective development, but urban expansion has since slowed. Similar to Manhattan, the development of Brooklyn’s economy began at an earlier time and has reached a high level; thus, urban expansion has been slower in the recent period of interest. With respect to the other four districts, Staten Island, which has experienced the largest urban land expansion over the past 30 years, is characterized by a remote location, low population density, more natural landscape, and a low level of land development. The Bronx, which was predominantly based on agriculture, has the largest garden area and more protected lands; thus, urban land has also expanded to a certain extent during this period. In Queens, the scale of urban expansion has developed gradually, mainly occurring close to the border during this period.



The characteristics of urban land expansion in London can be observed in Figure 3c. Since 1984, land expansion has mainly been distributed in the peripheral areas and far from the City of London and Westminster, including Hounslow, Richmond, Kingston, and other boroughs. Meanwhile, the urban land area in Inner London has remained nearly unchanged and stable. Overall, the expansion of urban land over the last three decades has been mainly concentrated in the periphery of the city, i.e., the Outer London area, and much more on the eastern side than on the western side. The City of London was fully developed during the Industrial Revolution and promoted urban construction in the Inner London region, including the City of Westminster, Kensington-Chelsea, and other urban autonomies. The Greater London Plan in 1982 took steps towards establishing a satellite town on the periphery of London and proposed organic decentralization of the metropolitan population while emphasizing balanced development. Hence, further expansion of urban land outside London has been promoted over the last three decades.



The characteristics of urban land expansion in Chicago can be seen in Figure 3d. For nearly three decades, urban expansion can be summarized as relatively dispersive and with low aggregation. More expansion areas were distributed in the central region, and some smaller distributed areas were present in the southern and northern regions. Most expansion occurred along the main urban roads. Convenient shipping and traffic greatly stimulated the initial development of industry and commerce in the core area. The land use structure was further improved with economic restructuring in the 1980s. During the second half of the 20th century, because of the urban recession and the outsourcing of industrial enterprises, suburban areas gradually became the major growth areas due to the availability of employment. Hence, urban construction increased in suburban areas, and the expansion of this region has been prominent for nearly three decades.




3.2. Spatial Distribution Characteristics of the Road Network Density


We used Jenks natural breaks to grade the road network density of Beijing in ArcGIS 10.2. The results in Figure 4a illustrate that the most intensive regional road network was distributed inside the Third Ring Road. The second highest density level (6.8–12.2 km/km2) was located between the Third Ring Road and the Fifth Ring Road. The road network densities of the six traditional districts were relatively high, especially those in Dongcheng District and Xicheng District. In Daxing District, Tongzhou District, Shunyi District, eastern Changping District, and eastern Fangshan District, the road network density was mainly distributed in the third grade (3.3–6.7 km/km2). In Huairou District, Miyun County, and Mentougou County, the road networks were sparse. Except for the urban area, most regions were distributed in the fifth grade (0.1–1.1 km/km2). Overall, the distribution of the road network density in Beijing was higher to the southeast and lower to the northwest, generally decreasing from traditional areas to the areas surrounding the old towns.


Figure 4. Distribution of the road network density in (a) Beijing, (b) New York, (c) London, and (d) Chicago in 2014.
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According to the statistical characteristics of the road network density with urban land change from 1984 to 2014 in Beijing, urban areas have expanded by 1521.57 km2 by 2014 compared to those in 1984 (see Table 2). The area of significant urban expansion was located at a road density level from 2 to 3, and the total expansion area at this level comprised 77.2%. Additionally, no urban expansion occurred when the road density exceeded 18.9 km/km2.



Table 2. Road network density characteristics of urban expansion in Beijing.







	
Road Density Grade

	
Range (km/km2)

	
Urban Land Area (km2)

	
Expansion Speed (km2/year)






	
1

	
0–1.1

	
171.34

	
5.71




	
2

	
1.2–3.2

	
660.43

	
22.01




	
3

	
3.3–6.7

	
513.23

	
17.12




	
4

	
6.8–12.2

	
152.04

	
5.07




	
5

	
12.3–19.5

	
23.67

	
0.79










Using the Jenks natural breaks method, we graded the road network density in New York (see Figure 4b). The results showed that the regions in New York with the densest roads were clustered together in the south-central region of Manhattan, the southern area of the Bronx, central Queens, and the southern coast of Brooklyn. The areas at the second level (17.3–23.1 km/km2) of road density were distributed across Manhattan and the central area, most of the area to the south of central Bronx, and the western and eastern coastal areas of Queens and Brooklyn. Manhattan, the Bronx, Queens, and Brooklyn had a higher road density, with the highest in Manhattan. New York’s road network density was characterized by a high road density that was concentrated in Manhattan, the Bronx, and Queens, and a relatively low road density in Richmond. The general trend was that the farther an area was from the water, the higher the road density became.



According to the change in urban land use of New York’s road network density characteristics in 1984–2014 (see Table 3), the urban expansion area was 57.63 km2 in 2014 compared to that in 1984. The significant expansion of the urban area was characterized by a road density level from 2 to 4, and these levels comprised 91.4% of the total expansion of the New York area. When the road density exceeded 37.8 km/km2, the area of new land was zero.



Table 3. Road network density characteristics of urban expansion in New York.







	
Road Density Grade

	
Range (km/km2)

	
Urban Land Area (km2)

	
Expansion Speed (km2/year)






	
1

	
0–3.9

	
2.10

	
0.07




	
2

	
4.0–10.7

	
13.46

	
0.45




	
3

	
10.8–17.2

	
27.12

	
0.90




	
4

	
17.3–23.1

	
12.07

	
0.40




	
5

	
23.2–40.1

	
2.88

	
0.10










As shown in Figure 4c, in London the densest road network areas were concentrated in the City of London, the City of Westminster, the area adjacent to the border between the two cities, Islington, Camden, Tower Hamlet, Lambeth, and Southwark, among other areas (i.e., around the region of the two cities). The region with the second density level (25.2–36.6 km/km2) was mainly distributed in Kensington-Chelsea, Hammersmith-Fulham, central Condon, north Islington, southern Hackney, Tower Hamlet, western Newham, and the northern areas of Luesihan, Southwark, Lambeth, and Wandsworth. Overall, the road network density in London was characterized by a high road density region that was concentrated in the City of London, the City of Westminster, and the area around the two cities, with small areas scattered in the regional center of the various administrative areas. The density tended to exhibit an annular distribution: the farther a location was from the City of London, the lower the road density became. This finding is closely related to urban planning. The planning structure of Greater London is a concentric closed system with a single center. Its transportation organization adopted a perpendicular radial pattern with concentric circles of roads in the transportation network.



To summarize the characteristics of the road network density in London with the urban land use change in 1984–2013 (see Table 4), the results showed that the urban expansion area in 2013 was 90.46 km2 with respect to 1984. The expanded area was associated with road density grades of 2–4, and expansion at these levels comprised 86.8% of the total area. When the road density exceeded 57.0 km/km2, the expanded urban area was zero.



Table 4. Road network density characteristics of urban expansion in London.







	
Road Density Grade

	
Range (km/km2)

	
Urban Land Area (km2)

	
Expansion Speed (km2/year)






	
1

	
0.3–10

	
5.42

	
0.18




	
2

	
10.1–17.4

	
15.07

	
0.50




	
3

	
17.5–25.1

	
28.76

	
0.96




	
4

	
25.2–36.6

	
34.66

	
1.16




	
5

	
36.7–65.4

	
6.54

	
0.22










In Chicago, the statistical results showed that the densest regions of road networks were concentrated in the central region of the city adjacent to Lake Michigan, presenting a southward strip development (see Figure 4d). The areas at the second level of road density in Chicago (27.7–37.2 km/km2) were mainly located in the middle of the city near Lake Michigan, generally developing zonally along the highways to the north and south. The sparsest road density areas were mainly distributed along the southern and northeastern edges away from the city center. Overall, the high-density road network areas were distributed around the city center and zonally spread to the north and south. Additionally, the closer to Lake Michigan a location was, the higher the road density became.



According to the statistical characteristics of the road network density with urban land use change in Chicago from 1985–2014 (see Table 5), the urban expansion area in 2014 was 90.46 km2, greater than that in 1985. A significant urban expansion area occurred for road density levels of 2–4, and expansion at these levels comprised 84.8% of the total expansion area of Chicago. When the road density exceeded 64.7 km/km2, the urban expansion area was zero.



Table 5. Road network density characteristics of urban expansion in Chicago.







	
Road Density Grade

	
Range (km/km2)

	
Urban Land Area (km2)

	
Expansion Speed (km2/year)






	
1

	
0–11.8

	
7.73

	
0.26




	
2

	
11.9–20.8

	
23.75

	
0.79




	
3

	
20.9–27.6

	
30.59

	
1.02




	
4

	
27.7–37.2

	
22.38

	
0.75




	
5

	
37.3–64.7

	
6.00

	
0.20











3.3. Fitting Analysis of the Road Network Density and Urban Expansion


This study took the relevant data from New York as the experimental data and made an initial assessment of the goodness of fit for the above models (Equations (2)–(7)). The model parameters were correlated with the least-squares method in the SPSS platform. The results are shown in Table 6. When using model 6 (Equation (7)), the highest coefficient of determination (R2) was 0.91, and the F-statistic was higher, reaching 1178.24 (the corresponding p-value approached 0.00). The results showed that the logarithmic relationship model produced the best fit for the relationship between the rate of urban expansion and road network density. Therefore, this paper fit the curves of the relationships between the road networks and urban land in Beijing, New York, London, and Chicago by using the SPSS platform. When using model 6 (Equation (7)) for curve fitting, the results showed that all the R2 values were greater than 0.90, indicating high fitting precision. The curve fitting results are shown in Figure 5. The R2 of the New York regression was 0.91, corresponding to the best fitting result of the above models. In addition, the regression parameters and t-statistics showed that the fitting precision was high. The estimated coefficients were significant (the p-values were all less than 0.01; see Table 6). The fitting equation was as follows:
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Figure 5. Fitting curves of the urban expansion and road network density.
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Table 6. Regression analysis results of the urban expansion and road network model in New York.







	

	
y

	
lny




	
1

	
2

	
3

	
4

	
5

	
6






	
x

	
−1.92 × 10−2

	
9.57 × 10−2

	
2.96 × 10−1

	
−1.07 × 10−1

	
3.14 × 10−1

	
5.96 × 10−1




	

	
(−7.83) *

	
(13.57) *

	
(23.34) *

	
(−15.76) *

	
(25.55) *

	
(23.67) *




	
x2

	
-

	
−3.15 × 10−3

	
−1.66 × 10−2

	
-

	
−1.15 × 10−2

	
−3.05 × 10−2




	

	
-

	
(−16.87) *

	
(−21.03) *

	
-

	
(−35.45) *

	
(−19.44) *




	
x3

	
-

	
-

	
2.41 × 10−4

	
-

	
-

	
3.40 × 10−4




	

	
-

	
-

	
(17.31) *

	
-

	
-

	
(12.26) *




	
Constant

	
0.88

	
0.18

	
−0.44

	
0.39

	
−2.18

	
−3.05




	

	
(17.29) *

	
(3.21) *

	
(−7.99) *

	
(2.75) *

	
(−22.18) *

	
(−28.04) *




	
F-statistic

	
61.38

	
197.35

	
342.19

	
248.46

	
1190.91

	
1178.24




	

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.00)




	
Observations

	
358

	
358

	
358

	
358

	
358

	
358




	
R2

	
0.15

	
0.53

	
0.74

	
0.41

	
0.87

	
0.91








Note: * indicates a significance level of 0.01; the values in parentheses for the estimation outcomes of variables are the T statistics, and the p-value is in brackets in the “F-statistic” line.








This paper quantified the relationship between the road networks and urban land use in London by using model 6 for curve fitting, and the R2 reached a high value of 0.96. The fitting equation was as follows:
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The R2 of the simulation for the relationship between the road network density and urban land in Chicago reached 0.95 when using model 6 for curve fitting. The simulation’s precision was high, and the fitting equation was as follows:
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The R2 for the relationship between Beijing’s road networks and urban land use when using model 6 for curve fitting was 0.87, indicating a good fit. The fitting equation was as follows:
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The results of estimated coefficients for the four cities are shown in Table 7. To further explore the extent of the transformation of the mutual promotion of road network density and urban expansion, this paper modeled the urban expansion-road network and turning point formula based on the regression analysis. The turning point is the position at which the degree of the effect of road network density on promoting urban expansion changes. First, the turning point in New York was calculated by using Formula (12):
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Table 7. Estimated coefficients for the Urban Expansion-Road Network Density Model.







	
City

	
Variable

	
Coeff.

	
Standard Error

	
T Stat

	
p-Value

	
Lower 95%

	
Upper 95%






	
New York

	
Intercept

	
−3.049

	
0.109

	
−28.042

	
6.10915 × 10−92

	
−3.263

	
−2.835




	
x

	
0.596

	
0.025

	
23.672

	
6.16589 × 10−75

	
0.547

	
0.646




	
x2

	
−0.030

	
0.002

	
−19.437

	
8.81140 × 10−58

	
−0.034

	
−0.027




	
x3

	
0.000

	
0.000

	
12.265

	
4.64122 × 10−29

	
0.000

	
0.000




	
London

	
Intercept

	
−3.396

	
0.089

	
−38.255

	
5.7456 × 10−155

	
−3.570

	
−3.221




	
x

	
0.645

	
0.013

	
48.348

	
5.0927 × 10−197

	
0.618

	
0.671




	
x2

	
−0.027

	
0.001

	
−49.192

	
2.7193 × 10−200

	
−0.028

	
−0.026




	
x3

	
0.000

	
0.000

	
41.670

	
8.2661 × 10−170

	
0.000

	
0.000




	
Chicago

	
Intercept

	
−3.661

	
0.066

	
−55.632

	
1.0479 × 10−245

	
−3.791

	
−3.532




	
x

	
0.399

	
0.009

	
46.387

	
1.2088 × 10−205

	
0.383

	
0.416




	
x2

	
−0.012

	
0.000

	
−39.131

	
5.1276 × 10−171

	
−0.012

	
−0.011




	
x3

	
0.000

	
0.000

	
27.202

	
1.8363 × 10−108

	
0.000

	
0.000




	
Beijing

	
Intercept

	
−1.285

	
0.222

	
−5.799

	
2.82317 × 10−8

	
−1.723

	
−0.848




	
x

	
0.436

	
0.102

	
4.284

	
2.94317 × 10−5

	
0.235

	
0.637




	
x2

	
−0.077

	
0.013

	
−6.126

	
5.24066 × 10−9

	
−0.102

	
−0.052




	
x3

	
0.002

	
0.000

	
4.800

	
3.25335 × 10−6

	
0.001

	
0.003










The calculated turning point X0 was 11.84 km/km2. In conjunction with the curve fitting results (see Figure 5), the trend of urban expansion in New York and the road network density could be summarized as follows: when the road density in New York was less than 37.8 km/km2, the relationship between the rate of expansion and the road network density exhibited an inverted U-shape, where 11.84 km/km2 was the turning point at which the rate of urban expansion increased with road network density. No expansion occurred when the road density exceeded 37.8 km/km2.



The turning points X0 for London and Chicago were calculated in a similar manner as 16.86 km/km2 and 21.40 km/km2, respectively. Additionally, the road densities in London and Chicago were less than 57.0 km/km2 and 64.7 km/km2, respectively. In these cities, the relationships between the expansion velocity and urban road network density exhibited an inverted U-shape. The turning points at which the trends in development changed for London and Chicago were 16.86 km/km2 and 21.40 km/km2, respectively. If the road density exceeded 57.0 km/km2 or 64.7 km/km2, the urban land in London and Chicago would no longer expand. In addition, the turning point for rapid urban expansion in Beijing was 3.3 km/km2, and the expansion threshold was 18.9 km/km2.





4. Discussion


4.1. Spatial Coupling Relationship between Urban Expansion and Road Network Density


Over the last three decades, the trends in urban land expansion have been similar in three of the studied cities. The area of urban land expansion has gradually decreased from the center outward, while the distribution of the road network density has gradually decreased outward from the city center. A close association existed between urban land expansion and the spatial density of the road network. Some differences existed in the spatial distribution of urban expansion because of the different locations. For example, New York City, which is a port city, exhibited higher road densities farther from the sea, and urban land expansion has been distributed in coastal areas for nearly three decades. The distribution of the road network density in Beijing was higher to the southeast and lower to the northwest, tending to decrease from traditional areas to the areas surrounding the older towns. Urban expansion in Beijing has occurred from the traditional core of the city over the past three decades, and the surrounding areas were affected to various extents by spatial radiation from the center of the city.



In spatial planning or land use planning, developed countries in Europe and the Americas require a higher level of urban land facility construction. In these countries, infrastructure often pioneers urban land expansion [41,42]. Local governments and related departments encourage and guide the urban construction land shafts developed along both sides of the road to take advantage of existing infrastructure facilities, which is legally mandated in some areas. However, the fundamental demand for transport has always been a primary consideration for increasing commuters [43]. The attraction of urban transit promotes new construction in developed areas, especially in China’s largest cities. For example, the subway in Beijing City affects the housing and rental prices in the suburbs. Therefore, the construction of a road network is the driving factor of urban land expansion, and urban land expansion is the outstanding response to this network.



Through our analysis, the road network density distribution reflects the basic trends of urban land expansion. The expanded area was centrally associated with road density grades of 2–4 or 2–3. Differences in the response patterns existed during different stages of urban development or in different areas.



(1) In high-density road network areas and urban construction areas beyond the expansion threshold, i.e., urban centers with almost no available land, the high cost of construction, overloaded transportation systems, and air and noise pollution [44] that result from poor housing and industrial and ecological factors [45] encouraged more businesses and residents to move to the suburbs for convenient transportation, lower costs, and a better environment.



(2) Areas with low-density urban roads, i.e., areas under the inflection point where urban construction and development are at low levels, which are often urban fringe areas or adjacent areas, should be managed for spatial planning with a focus on urban development. To protect ecological land, we should focus on ensuring compact construction, preventing sprawl and illegal construction, and promoting compact urban development [46]. Because these regions are different from older regions and are approaching the saturation point, the vast development potential makes planning an important function, especially considering the need for the strict rational use of open space.



(3) In areas past the turning point and regions in which expansion is slowing, e.g., urban intermediate zones, we should focus on monitoring plan implementation. The transition zone or the middle of an urban area is a concentrated area of neighborhoods, and we can improve land-use efficiency and reduce urban land pressure by rationally increasing plot ratios, better developing three-dimensional space, and expanding floor space, among other approaches.




4.2. Turning Points of Urban Land Expansion


A fitting study was performed to analyze the relationships between these urban road networks and urban land expansion. When the road network density was less than the threshold value, the rate of urban sprawl and the density of the road network exhibited an inverted U-shaped relationship. The turning point is when the trend changes so that the rate of urban expansion increases with increasing road network density. When the road network density does not exceed the turning point, the rate of urban land expansion exhibits a gradual upward trend; however, after exceeding the turning point, the rate of urban land expansion decreases.



Relative to the already stabilized urban expansion in cities such as New York, London, and Chicago, the turning point in Beijing was relatively low. New York, London, and Chicago, which were chosen as mature samples of global cities, placed more emphasis on the improvement of city quality, while Beijing is in a stage of rapid urban development. Its diverse needs promote the continual expansion of the urban area. Furthermore, several significant differences exist between Beijing and the other three cities in terms of urban spatial planning and the architectural styles of the neighborhoods [47,48]. For example, a large number of gated communities were constructed in Beijing’s central area. Additionally, the main roads are generally wide and branching roads are relatively thin. Beijing’s road network density is expected to further increase because the concept of “narrow the roads, densify the road networks, open the blocks” has been supported for urban development in China.



The turning point for the exploration stage when using the Beijing road network of 1988 to model the road network and urban expansion from 1984–2014 was calculated as approximately 2.3 km/km2. The Beijing map of 1988, which covered the current main urban area, was downloaded from the University of Texas Libraries at the University of Texas at Austin. When using the same spatial scale, the turning point was 6.25 km/km2 as calculated by the model for the road network of 2014. Thus, the turning point of Beijing’s urban expansion has been greatly improved after more than 20 years of development.



With respect to the results in New York, London, and Chicago, the fitting accuracy in Beijing was lower because of a larger proportion of low-density areas, which mostly consist of urban fringe areas and are irregular in terms of land use, reducing the overall simulation accuracy.



The turning point is the most important feature of an urban land expansion-road network density model with relative stability. In addition, the road network density threshold is an important indication of the urban development level, particularly in developing countries. According to the turning point, a city’s development can be divided into different stages in terms of temporal and spatial development to develop relevant spatial planning based on local conditions, which could help prevent poor investment and construction in terms of urban infrastructure and improve the rationality of urban spatial planning. Thus, related studies can provide important references regarding the utility of urban expansion. To avoid the rapid expansion of urban land, rational traffic planning is an effective means of achieving the mutual promotion and coordinated development of urban land use and road networks.




4.3. Limitations and Future Perspectives


This study focused on the antecedence of road networks for driving urban expansion. The turning points and the threshold values were calculated through research on the spatial quantitative relationship between urban expansion and the road network density. A large number of theoretical and empirical projects confirmed that road networks and urban expansion are closely linked. Road networks have an inducement effect on urban expansion, that is, the distribution and speed of urban expansion. The quantitative indicators for road networks are rich and mature, which is convenient for our research. Moreover, the quantitative relationship between road networks and urban expansion can facilitate the rational utilization of urban land. The existing literature on urban expansion and road networks lacks quantitative analysis of the relationship between these factors. The results of this paper enrich the research results of urban expansion theories and methods.



However, a few limitations must be addressed in future studies. For example, this paper considered the urban spatial expansion of a single city. The presence of single or multiple urban centers can change urban land use in a range of single cities. Additionally, some suburban cities are located outside these megacities, and sprawl is likely to continue. On the other hand, this study only used one period of urban road network data. In further research, we will study the effect of the evolution of road networks on urban expansion and compare the multiple-scale quantitative relationship between road networks and urban expansion, such as single cities and metropolitan areas, to examine additional indicators of urban expansion trends by using the urban land expansion-road network density model.





5. Conclusions


In this paper, we used Beijing, New York, London, and Chicago as the study areas and comprehensively utilized the RS and GIS platforms to analyze the general characteristics of urban expansion over the past three decades based on image interpretation, information extraction, and spatial overlay analysis on urban land use. Furthermore, based on the road network data, the distribution characteristics of the urban road network density were summarized using the kernel density analysis tool. Finally, a road network-urban expansion model was constructed using regression analysis to determine the quantitative relationship between the road networks and urban expansion. In addition, the turning point for urban expansion was determined and further investigated.



The turning points of urban land expansion in Beijing, New York, London, and Chicago were 3.3 km/km2, 11.84 km/km2, 16.86 km/km2, and 21.40 km/km2, respectively, and the road network density threshold values were 18.9 km/km2, 37.8 km/km2, 57.0 km/km2, and 64.7 km/km2, respectively. When the road network density was less than the threshold value, the rate of urban sprawl and the density of the road network exhibited an inverted U-shaped relationship.



Road networks are an important foundation for urban development, and these features affect urban expansion. On the one hand, urban development requires efficient road networks for support. On the other hand, improving road networks plays a key role in affecting urban land use and guiding changes to the urban landscape. This paper demonstrated that the road network-urban expansion model plays an important role in predicting and controlling the direction and scale of urban expansion by studying the associated relationship. Urban expansion varies based on the degree of road-network development in different locations, and the observed distributions are conducive to scientific planning and rational land use in these cities and to improving land use efficiency. In summary, the quantitative relationship between road networks and urban expansion exhibited an inverted U-shaped pattern. The turning point of urban expansion is worth investigating in other cities that are experiencing rapid development to promote sustainable development and achieve smart growth in the future.
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