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Abstract: An intra-urban hierarchy of activity centers interconnected by non-motorized 

and public transportation is broadly believed to be the ideal urban spatial structure for 

sustainable cities. However, the proper hinterland area for centers at each level lacks 

empirical study. Based on the concentric structure of everyday travel distances, working 

centers, shopping centers, and neighborhood centers are extracted from corresponding 

types of POIs in 286 Chinese cities at the prefectural level and above. A U-shaped curve 

between Household Transportation Energy Consumption (HTEC) per capita and center 

density at each of the three levels has been found through regression analysis. An optimal 

intra-urban hierarchy of activity centers is suggested to construct energy-efficient cities. 

Keywords: intra-urban hierarchy of activity centers; household travel energy consumption; 

center density; U-shaped curve 

1. Introduction

One of the most important features of an urban landscape is the clustering of economic activity in

many centers of different tiers [1,2]. This has been amply investigated at the regional level, using cities 

and towns as solid points and seeking their scale distribution within an interurban hierarchy [2–7]. Yet, 

a city should be viewed not only as a physical entity, but also as a pattern of point locations connected 

by flows of people, information, money, and commodities, as stated in the theory of The Urban Field [8]. 
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Just as there are systems of cities, the cities embedded in these systems are systems themselves [9]. An 

intra-urban hierarchy of centers with different tiers requires the same attention as has been paid to 

studies of the interurban hierarchy. 

The spatial arrangement of intra-urban centers is closely connected with individual travel behavior. 

A clear movement hierarchy from an individual’s local stop, district center, and main city center is 

usually followed during an individual’s everyday commuting from home to city center [10]. It is 

becoming widely believed that a hierarchy of centers interconnected by non-motorized and public 

transportation is the ideal urban spatial structure for sustainable cities to reduce dependence on the 

automobile. In such a hierarchy, a center of a higher level is surrounded by several lower-level 

centers [11–13]. However, the proper quantifiable spatial extent for the centers at each level lacks 

empirical proof [14], since almost all existing work related to urban spatial structures and Household 

Transportation Energy Consumption (HTEC) has been limited on the binary choice between 

monocentricity and polycentricity. Very few studies have investigated whether a U-shape curve exists 

between HTEC and center density (the number of centers divided by the urbanized area). To achieve 

our assumption (Section 2), centers of different levels are determined, and HTEC data is gathered with 

relatively reliable methods (Section 3). Regression analysis between HTEC and center density for each 

level is conducted to test the existence of the U-shaped curve (Section 4). Finally, some suggestions 

and discussion are given in Section 5. 

2. Literature and Assumptions

2.1. Intra-Urban Hierarchy of Activity Centers and Their Spatial Arrangement 

Matters and activities spatially cluster around centers of different tiers in various natural and social 

phenomena [3]. The same spatial patterns exist at the intra-urban level [2,4,15,16]. Activity centers at 

different levels cover unique spatial extents and function with different efficient sizes [17,18]. 

The proper quantifiable spatial extent for centers at each level within the intra-urban hierarchy is 

crucial for urban planning [19]. Numerous attempts have been carried out to achieve a proper urban 

spatial structure throughout the twentieth century [3,20–24]. New Urbanism, which emphasized the 

spatial scale of the basic development unit, has gained growing attention and support since it was 

proposed in the early nineteen nineties. Transit Oriented Development (TOD) advocates that a 

neighborhood around a public transport stop should lie within a 2000 feet (600 m) radius, and that a 

higher-level development unit should be within a one mile extent [25]. 

Influenced by New Urbanism, more and more research has attempted to restructure spatially-disordered 

cities by implanting non-motorized and public transportation networks. Cervero [13] advocates that 

dynamic second-level and third-level centers connected by multilevel transport networks should be 

constructed step-by-step in a process of urban spatial extension; in this way, an individual’s need to 

travel to various destinations and distances would be fulfilled. Borrowing from Maslow’s Hierarchy of 

Needs, Frey [11] demonstrated that both the micro and macro spatial structures of a sustainable city are 

exemplified by Glasgow. Basically, a center of a higher level is surrounded by several lower-level 

centers and all are connected by public transportation. Newman and Kenworthy [12] illustrated the 

intra-urban hierarchy of four levels in the Sydney metropolitan area. There, the local center is the 
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lowest level, covering an extent of 3 km2 and serving 8000–19,000 people. The town center, the higher 

level, covers about 30 km2 and serves 70,000–175,000 people. The transit city center usually features a 

spatial extent of 20–30 km in radius. Finally, the Central Business District (CBD) is the highest level. 

Dai [26] summarized related studies on intra-urban hierarchy and put forward a serious of suggestions 

about the scale of each level in the intra-urban hierarchy for Chinese cities. However, the author 

himself admitted that his suggestions were based on strictly ideal assumptions that lacked of empirical 

study or proof. This is the common defect of all similar works. 

2.2. Concentric Structure of Everyday Trip Space 

The intra-urban hierarchy of activity centers is closely connected with individual travel behavior [14]. 

Individual travel destinations (mainly shopping trips) are usually spatially-distributed in a concentric 

structure [27–31], because preferences of travel time and mode are dissimilar for different types of 

activities, which can be explained by the travel time ratio (TTR) index [32,33]. The rationale behind 

the TTR concept is that the location where an individual will participate in an out-of-home activity is 

related, among other things, to the travel time investment needed to reach the activity location, as well 

as the duration of the activity to be conducted at that destination. Susilo and Dijst [34] used the Dutch 

National Travel Survey to measure the TTR index for various activities. The results show that each 

activity has a unique TTR index; for example, the TTR for work is about 0.12 (one hour of travel for 

work in accordance with an eight-hour workday). For daily product shopping, the TTR is roughly 0.4 (a 

12-minute shopping trip in accordance with 30 min of shopping), and it is approximately 0.23 for 

travel to a café/restaurant (20 min of travel in accordance with a 90-minute outing at the 

café/restaurant). 

The concentric structure of everyday trip spaces is mostly investigated in terms of shopping trips. 

Berry and Parr [35] improved the traditional Central Place Theory by bringing in consumer behavior to 

explain the hierarchical structure of commercial activities. Wu et al. [36] conducted a questionnaire 

survey in Tianjin, discovering an obvious hierarchical structure of shopping trips, in which average 

shopping trips for food and vegetables is 0.4 km, for daily necessities is 1 km, for shirts and socks is 2 km, 

for household appliances is 5 km, and for suits and overcoats is 7.4 km. Feng et al. [37] detected a 

similar concentric pattern for Beijing’s residents; i.e., average shopping trips for food and vegetables is 

1.07 km, for daily necessities is 1.43 km, for clothes is 4.04 km, and for household appliances is 5.2 km. 

Trips for work are usually longer than for daily shopping, which can be explained by the TTR concept, 

since work duration greatly exceeds that of ordinary shopping activities. The constant Travel-Time 

Budgets (TTBs) Hypothesis is of great help in understanding individual commuting behavior. A TTB 

simply means that people allocate a fixed portion of the 24 h they have in a day as the maximum 

amount of time out of that day that they would be willing on average to spend on travel [38]. After 

being first introduced by Tanner in 1961 [39], the TTB has been reported almost as a universal constant 

across time and space at 1–1.3 hours per person per day, e.g., 70.7 min [40], 70–90 min [41], 68 min [42], 

78 min [43], and 60–80 min [44]. Generally, automobile and public transportation are the chief modes 

for commuting. Dieleman et al. [45] determined that 48% of people commute by car, and by 

comparison make only 30% of shopping trips by car, in the Netherlands. Zhou and Yang [46] analyzed 

the commuting behavior of residents in Guangzhou, China, and found that the bus is the primary mode 
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for commuting, with 31.5% of people using it with an average commuting distance by bus of 5.5 km. 

The automobile was next, with 24% with the average trip length of 4.9 km, and the bicycle was last, 

with 20% using it and the average trip bicycle trip length was 3.0 km. 

Trips for leisure and social activities are usually longer and more automobile-dependent. According 

to Frandberg and Vilhelmson [47], the average trip length for visits in Sweden is 24.1 km, and for leisure is 

20.4 km; both of these are longer than shopping trips (9.0 km) and work trips (16.8 km). Burger et al. [48] 

discovered that 47% of social activities and 38% of leisure activities take place out of the municipality 

in which one lives in Randstad, Holland. As a comparison, only 22% of shopping activities were 

outside of the municipality in which an individual in Randstad lives. 

2.3. Interrelations between Travel Mode Choice and Trip Distance 

With varying operational speed, accessibility, cost, and comfort levels, each transport mode is 

suited for a unique optimal trip distance. Van Wee et al. [39] visualized the relationship between trip 

distance and transport mode with a theoretical model, taking the speed, cost, and comfort level of 

different transport modes into consideration. Miao and Zhao [49] illustrated this issue similarly. 

Scheiner [50] reported findings from longitudinal analyses of the German national travel survey 

KONTIV for the period 1976–2002, and suggested that once the availability of the car is held constant, 

the rationale behind people’s choice of travel mode for a certain trip distance remained relatively 

stable. It is shown that the proportion of walking is extremely high for trips shorten than 1 km, and the 

proportion of automobile travel increases gradually for trips longer than 1 km. The advantageous trip 

distance for a bicycle is 1–3 km, and for public transport it is 5–7 km. Liu et al. [51] built a 

programming model of inhabitant trip distance distribution under the constraints of various utilities; 

they targeted information entropy maximization and validated the model using inhabitant trip survey data 

from Suzhou. The result shows similar advantageous trip distance for different types of transport mode 

with Scheiner’s study [50]. Santos et al. [52] summarized the factors that impacted the choice of 

transport mode, including social-economic and urban form factors, and tested them with a sample of 

112 medium-sized European cities using a discrete choice modeling approach. 

Detailed discussion of the advantageous trip distance of each specific transport mode is carried out 

by a large body of literature. Millward et al. [53] analyzed the frequency and length of walking 

episodes, categorized by origin, purpose, and destination, and also investigated the distance-decay 

function for major destinations for walking behaviors in Halifax, Canada. It was found that most walks 

are shorter than 600 m, and very few exceed 1200 m. Heinen et al. [54] summarized existing literature 

on commuting by bicycle, pointing out that for distances between 0.5 and 3.5 km, the bicycle is most 

often used [55,56], and noting that the “acceptable” maximum travel distance differs between genders: 

11.6 km for men and 6.6 km for women [57]. Roth et al. [14] utilize the large-scale, real-time “Oyster” 

card database of individual person movements in the London subway to reveal the structure and 

organization of the city. It is shown that intra-urban movement is strongly heterogeneous in terms of 

volume, but not in terms of distance travelled; an interval of 5–10 km was found to be the peak interval 

for subway trips. Wang et al. [58] explored the mobility patterns of passengers in a public transport 

network based on Shijiazhuang bus passenger survey data. The results show similar peaked 

distribution of travel distance, which can be fitted by a negative binomial distribution, and the peak 
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point for a bus trip is approximately 4–5 km. Ben-Akiva and Morikawa [59] estimated models of 

choice among alternative travel modes using revealed preference data and stated preference data. The 

main conclusion is that there is no evident preference for rail travel over bus when quantifiable service 

characteristics such as travel time and cost are equal, but a bias does arise when rail travel offers a 

higher-quality service.

2.4. Monocentricity vs. Polycentricity: Debate about Urban Spatial Structure’s Impact on HTEC 

Large cities and urban regions are now typically described as polycentric (multi-centered), having 

evolved from monocentric (single-centered) entities in the presence of enhanced transport and 

communication technologies, rising affluence, and the decentralization of activities [1,45,60]. An 

extensive literature has developed over the last quarter century documenting relationships between travel 

behavior and patterns of urbanization [61–63]. However, empirical findings have been quite inconsistent 

about whether a monocentric or polycentric urban spatial structure tends to help reduce HTEC, as 

summarized by Buliung and Kanaroglou [64] in a comprehensive literature review on this issue. 

Generally, the urban spatial structure impacts HTEC in two ways: one is the mode choice and the 

other is the travel distance and duration. Findings with respect to travel mode and polycentricity have 

been relatively consistent, implying that the polycentric urban form tends to be associated with higher 

levels of auto dependence and solo driving. This can be partially explained by (a) insufficient 

residence–workplace public transit connectivity in polycentric cities and (b) discretionary activities for 

residents being located in peripheral and/or suburban locations [45,65–71]. On the other hand, findings 

have been relatively inconsistent about polycentricity’s impact on trip length and duration. Supporters 

of polycentricity use the co-location hypothesis to describe the potential commuting implications of 

firm and household decentralization. Under co-location, efficient travel is thought to emerge as firms 

and households follow one another during the course of employment decentralization [70,72–76]. 

Supporters of monocentricity argue that even when the number of jobs and housing units in an area are 

equal, there is no guarantee that the people who work in an area are the same ones who live there, since 

a large number of empirical evidence shows that the emergence of the polycentric urban form has not led 

to system-wide travel efficiencies for work and other purposes [45,65–67,69–71]. Maat et al. [77] 

indicate that a commute time of 15 to 20 min is acceptable to many people, so they do very little to 

further reduce their commutes. Moreover, according to the utility theory, distance is not the only 

constraint on travel behavior; the benefit of shopping at a higher-quality store, for example, may 

outweigh distance considerations, and one might travel longer to buy better or cheaper products at a 

place that offers a diversity of products rather than to patronize a more limited option located nearby. 

2.5. Theoretical Assumptions 

This review of the ideal conception of the intra-urban hierarchy of activity centers interconnected 

by non-motorized and public transportation shows that there is a need for empirical studies on 

quantifiable spatial extents for centers at each level based on the concentric structure of everyday trip 

space and the advantageous trip distance of each transport mode. As mentioned above, polycentricity 

is believed to be associated with higher levels of auto dependence, yet at the same time the average 

commuting distance may be shorter, based on the co-location hypothesis in polycentric cities. As an 
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overlying result of both transport mode and travel distance, HTEC may feature a quadratic relationship 

with the average hinterland area of a center. If a center covers a vast hinterland (resembling the 

monocentric situation), residents at the distant periphery have to make longer commuting trips, leading 

to increased HTEC. On the other hand, if a center covers a small hinterland (resembling the polycentric 

situation), residents tend to rely on the more flexible automobile mode as a result of insufficient 

residence–workplace public transit connectivity. For centers at each level within the intra-urban 

hierarchy, there may always exist a U-shaped curve between HTEC and the center density (the 

reciprocal of the average hinterland area of a center), implying that centers at each level have an 

optimal hinterland range. 

The concentric structure of everyday trip spaces underlies the classification of center levels within 

the intra-urban hierarchy. Trips conducted for daily products, kindergarten, primary school and to a 

community center are usually within a 10-minute walk (half a mile, 800 m); i.e., this represents the 

first concentric layer (Neighborhood Center), resembling the concept of the Neighborhood Unit 

presented by Perry [23]. The main activities in the second concentric layer (Shopping Center) are non-daily 

shopping, service, and going out for dinner, most of which takes place within the desirable distance of 

10–20 minute bicycling. In the third concentric layer (Working Center), companies and places of 

leisure activities such as friends’ home, theaters, and museums are the major destinations of individuals, 

and public transport (by bus or subway within the desirable time budget of 30 min) is the ideal mode for the 

third concentric layer. A U-shaped curve is assumed to exist at each of the three levels. 

3. Methods and Data

Theoretical assumption testing is conducted in the following three steps.

3.1. Extraction of Intra-Urban Centers at Each Level 

Density thresholding based on employment is the mainstream effective method for quantitative 

definitions of intra-urban centers [14]. Thurstain-Goodwin and Unwin [78] illustrated how to extract 

intra-urban centers of UK towns using kernel density estimation to transform the data from point or 

area “objects” into continuous surfaces of spatial densities. Following this method, we attempt to 

extract working, shopping and neighborhood centers of 286 Chinese cities at the prefectural level and 

above, based on different types of points of interest (POI) obtained from Open Street Map [79]. The POIs 

have been supplemented and checked based on the Baidu Map [80] and reclassified into 31 sub-groups 

included in seven groups (Table 1). 

Table 1. Description of groups and sub-groups for all the POIs for the 286 Chinese cities at 

the prefectural level and above. 

Group Sub-Group Note

Shopping 

Daily shopping Including grocery store and small supermarket 

Vegetable market 

Mall and supermarket Including shopping mall and big supermarket 

Pharmacy 

Non-daily shopping All the other shopping facilities except the above four groups 
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Table 1. Cont. 

Group Sub-Group Note

Dining 

Restaurant Including Chinese restaurant and foreign restaurant 

Beverage shop Including café and teahouse 

Fast food 

Cake and bread 

Education 

Kindergarten 

Primary school 

Middle school 

University 

Health 
Hospital 

Clinic 

Leisure 

Sports 

Park 

Museum Including all kinds of museums and galleries 

Theater and cinema 

KTV 

Bar 

Service 

Post office 

Telecom shop Such as China Mobile and China Unicom 

Bank 

Dry cleaners 

Barber shop 

Hotel 

Job 

Commercial building 

Company 

Factory 

Government facilities 

Density analysis with point-based activities for center extraction refers implicitly to the CBD 

research developed during the second half of the twentieth century, and a set of activities and 

indicators has been listed to be considered for an analysis on CBD based on western cities [81–83]. 

Yet spatial distributions of POIs in Chinese cities are different from those in Western cities due to the 

unique socialist market economy and planning regulations in China: (1) following the regulations of 

the Standard for Residential Planning published by the Chinese Ministry of Housing and Urban-Rural 

Development, amenities of basic services and commodities, such as grocery shops, clinics, 

kindergartens, primary schools, and community centers are usually within good accessibility (within 

800 m) for most residents; (2) huge divergence in trip distance between daily shopping and non-daily 

shopping has been revealed by several studies on the hierarchical structure of shopping activity in 

Chinese cities [28,36,37]. Trip distance for daily product and food is 1–2 km on average, while for 

clothing, appliance, and other non-daily products the distance is mostly over 4 km, close to the trip 

distance for meals and service [27,30]; and (3) with the fast expansion of urbanized areas in these two 

decades, commuting trip distance is generally longer than non-daily shopping trip distance, indicating 

that a working center covers larger hinterland than a shopping center in Chinese cities. 
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Based on the analyses above and the assumptions that the main activities take place in centers at 

each level, we extract neighborhood centers with the POIs of daily retail, community center, 

kindergarten, primary school, and clinic (Right in Figure 1). Shopping centers are obtained with the 

POIs of non-daily retail, restaurant, and service (Middle in Figure 1). Finally, working centers are 

attained with all the POIs because all the facilities generate jobs (Left in Figure 1). 

Figure 1. Exemplification of Beijing for center extractions. (Left) Raster of working 

facilities in Beijing. (Middle) Raster of shopping facilities in Beijing. (Right) Raster of 

neighborhood facilities in Beijing. 

Shopping centers are exemplified here to show the specific process with the following four steps. 

(1) Kernel Density analysis with the search radius of 500 meters is utilized, sourcing from POIs of 

non-daily retail, restaurant, service, and middle school in ArcMap 10.1. A raster with a 20-meter 

resolution covering the region of Mainland China is generated. About the bandwidth of kernel 

density analysis, some similar studies usually use k-order nearest-neighbor analysis to 

delimitate the bandwidth for each city [84,85]; however, the number of sample cities in our 

study is much larger, and it will be very difficult to carry out the k-order nearest-neighbor 

analysis for the 286 sample cities once at a time. We think 500-meter bandwidth is a good 

choice from a practical point of view: first, the upper limit for walking is usually 800 meters of 

path distance [50,53], approximately 500 meters of Euclidean distance in a grid city. Second, 

according to the Standard for Residential Planning published by the Ministry of housing, 

service radius of basic amenities at neighborhood level, such as bus stops, kindergartens, 

community centers, and grocery shops is also 800 meters of path distance. Third, the outcome 

of the bandwidth for Italian cities is 400 m (Trieste) and 389 meters (Udine) through k-order 

nearest-neighbor analysis (k = 50) [85], considering that blocks in Chinese cities are usually larger 

than in European cities, 500 meters is quite proper for kernel density analysis in Chinese cities. 

(2) Urbanized areas for each city are identified based on the global urban extent map of MODIS 

500 [86] and a Google map with historic versions in Google Earth 6.0. 

(3) A shopping center raster for each city is extracted with the urbanized areas, and reclassified 

into ten classes based on cell value with the Natural Breaks Method (Natural Breaks classes are 

based on natural groupings inherent in the data, class breaks are identified that best group 

similar values and that maximize the differences between classes, from ArcGIS 10.1 [87]. 

(4) Cells in the top three classes are identified as shopping centers, after comparison with the actual 

location of shopping centers based on the master plans of Beijing, Shijiazhuang, Jinan, 

Zhengzhou, Taiyuan, and so on (Figure 2). 
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Similarly, working centers and neighborhood centers are obtained (Figure 2). Cells in the top one 

class of the working center density raster are identified as working centers, while cells in the top five 

classes of neighborhood centers of the neighborhood center raster are recognized as neighborhood 

centers, after comparison with actual positions of neighborhoods based on the master plans of cities 

mentioned above. 

Figure 2. Extraction results of working centers (upper), shopping centers (middle) and 

neighborhood centers (lower). Black stands for centers, red stands for cells with lower 

value, and blue stands for cells with higher value. 

3.2. Estimations of HTEC and Obtainment of Controlled Variables 

HTEC are estimated with the “Top-down Method” provided by the 2006 IPCC guidelines for 

national greenhouse gas inventories [88] as showed below. 

C = Q1 × L1 × λ1 × EF1/P+ Q2 × L2 × λ2 × EF1/P + E1 × EF6 × Q3/Q'3 × P 

C is HTEC per capita. Q1/Q2/Q3 is the amount of urban buses/taxis/private vehicles. Q'3 is the 

amount of private vehicles in the province where the city lies in. L1/L2 is the annual mileage of 

buses/taxis. λ1/λ2 is the 100 km fuel factor of buses/taxis. EF1/EF1 is the carbon emission factor of 

diesel oil/gasoline. E1 is the household gasoline consumption of the province where the city lies in. 
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Formula parameters are obtained from a variety of sources. They include: (1) urban buses/ 

taxis/private vehicles counts and urban population from the China City Statistical Yearbook [89]; 

(2) carbon emission factor of diesel oil and gasoline from the 2006 IPCC guidelines for national 

greenhouse gas inventories [88]; (3) household gasoline consumption at the provincial level from the 

China Energy Statistical Yearbook [90]; and (4) annual bus mileage is obtained from the Beijing 

Public Transport Group website while bus speed is set at 16 km/h and fuel factor is 32 L/100 km 

according to Zhang’s research [91]. Taxis are assumed to utilize gasoline as no record exists in any 

statistical yearbook for percentage of natural gas operated taxis. Annual taxi mileage is set at 12,000 km, 

and fuel factor is set at 10 L/100 km according to Zhao’s research [92]. 

GDP per capita, population density, and urbanized area have been proven to feature significant 

impacts on HTEC per capita by a large body of literature [93–99] (Statistical description of these 

variables can be seen in Table 2). For our sample of 286 Chinese cities at the prefectural level and 

above: (1) the value of GDP per capita is from the China City Statistical Yearbook [89]; (2) the value 

of the urbanized area is obtained based on the global urban extent map of MODIS 500 [86] and Google 

maps with historic versions in Google Earth 6.0, as mentioned above; and (3) the population density of 

the urbanized area is recalculated for urban form metrics based on the population density map with a 

100-meter resolution provided by the Worldpop database [100]. This database was chosen because the 

population density values in the statistical yearbooks do not accurately reflect reality. The statistical 

yearbook calculation method, which divides the urban population by the area of the entire 

administrative district, results in a much smaller value of population density than what exists in reality, 

because the urbanized areas where most citizens settle are usually much smaller than the entire 

administrative district. 

Table 2. Statistical description of center densities, HTEC and controlled variables.

Variables N Minimum Maximum Average Standard Deviation 

Working center density (numbers/km2) 286 0.001  1.015  0.033  0.065  

Shopping center density (numbers/km2) 286 0.003  1.015  0.044  0.066  

Neighborhood center density (numbers/km2) 286 0.05 8.44 0.7608 0.83354 

HTEC (kg/person) 286 9.625  1071.632  139.059  104.606  

GDP per capita (1,000 Dollars/person) 286 0.920  23.412  6.142  3.823  

Urbanized area (km2) 286 0.985  1465.684  109.797  181.142  

Population density (People/km2) 286 355.541  10,996.613 4809.247  2216.433  

3.3. Regression Analyses between Center Density and HTEC 

Great divergences of the urbanized area in our 286 study cities necessitated a regression analysis 

conducted by grouping based on urbanized area. According to the Notice on Adjusting Classification 

Standard of City Size published by the Chinese State Council [101], Chinese cities are reclassified into 

five classes based on urban permanent resident population: small cities with a population under 500,000, 

medium cities with 500,000 to 1,000,000 people, large cities with 1,000,000 to 5,000,000 people, 

extra-large cities with a population over 5,000,000 and megacities with over 10,000,000 people. Two 

adjustments are made based on the above classification: (1) the extra-large cities and megacities 

are merged into one class, since samples of each are too small to conduct a regression analysis; 
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and (2) large cities are divided into two classes: one with a population of 1,000,000 to 2,000,000 and 

the other with a population of 2,000,000 to 5,000,000, because the latter class is proven to present the 

best comprehensive efficiency in China [102,103]. 

The relationship between the working center density and the natural logarithm (LN, used to 

eliminate the heteroscedasticity) of HTEC per capita is demonstrated here to exhibit the regression 

analysis, taking GDP per capita, population density and the urbanized area as controlled variables. A 

significant quadratic relationship (a U-shaped curve, as shown in Figure 3) between working center 

density and HTEC per capita is found only in the case of cities with a population of 2,000,000 to 

5,000,000 (Table 3). Cities with working center density of 0.0149 (the average hinterland area of a 

working center is about 67 km2) have the lowest HTEC per capita. 

Figure 3. Illustration of the U-shaped curve between HTEC per capita and center densities 

at all three levels. 

Table 3. Regression results between HTEC and center densities at each of the three 
levels for centers. LN HTEC per capita is the dependent variable, coef in the table is 
short for non-standardized coefficient.

Center 

Level 

Adjusted 

R2 
SIG N 

 Quadratic 

Term OF 

Center Density

Center 

Density 

Population 

Density 

Urbanize

d Area 

GDP Per 

Capita 
Constant

Working 

center 
0.543 0.00003 34 

coef 2924.12 –88.3636 0.00004 0.0011 0.0613 4.211

sig 0.03192 0.03736 0.26407 0.2045 0.0171 0 

t 2.25811 –2.18576 1.13970 1.2988 2.5343 9.482

Shopping 

center 
0.500 0.00017 33 

coef 656.678 –40.6959 0.00004 0.0013 0.0595 4.312

sig 0.05318 0.03568 0.31484 0.1296 0.0201 0 

t 2.02203 –2.21121 1.02417 1.5631 2.4686 10.42

Neighborh

ood center 
0.389 0.00209 33 

coef 1.85298 –2.41565 0.00003 0.0016 0.0340 4.312

sig 0.07369 0.09622 0.47224 0.0735 0.2259 0 

t 1.86080 –1.72360 0.72906 1.8617 1.2391 10.42

Similarly, the existence of the U-shaped curve is confirmed between HTEC per capita and shopping 

center density in the class of a 2,000,000 to 5,000,000 population (Table 3). Cities with shopping 
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center density of 0.0313 (the average hinterland area of a shopping center is about 32 km2) have the 

lowest HTEC per capita. Neighborhood center density is also demonstrated to have a significant 

quadratic relationship with HTEC per capita in the class of a population of 2,000,000 to 5,000,000, 

HTEC is the lowest for cities with neighborhood center density of 0.652 (the average hinterland area of 

a neighborhood center is about 1.53 km2). 

It is worth mentioning that only for cities with 2,000,000 to 5,000,000 people, three types of center 

densities show significant quadratic relationships with HTEC. The entire intra-urban hierarchy is 

difficult to identify in smaller cities, while the urban spatial structure tends to be disordered and the 

meso-level spatial unit is generally ignored in megacities [26]. 

4. Results and Discussion

4.1. Neighborhood Center and HTEC 

It has been proven by the previously-discussed regression analysis that a neighborhood center 
covering an average of 1.53 km2 favors reducing HTEC. Hinterlands for centers of small scale within 
city borders tend to be quadrangular rather than hexagonal, as typically described in the Central Place 
Theory, since the isochrones starting from any point in grid cities are mostly quadrangular at 45-degree 
angles to the grid [104] (Figure 4). We can see that the distance from the centroid (a neighborhood 
center) to a vertex is about 880 meters for a square of 1.53 km2 (Figure 3), meaning that any point within 
the square is less than 880 meters away from the neighborhood center. This hinterland range resembles 
the Neighborhood Unit of a half-mile radius presented by Perry [23]. High accessibility of daily products 
and services within 800 meters (a 10-minute walk) has been proven to significantly lower the HTEC per 
capita by encouraging non-commuting trips on foot [93,94,96]. A desirable distance of less than 800 
meters for walking determines that some residents in a neighborhood unit larger than 1.53 km2 have to 
drive to obtain daily products; on the other hand, incomplete facilities in centers smaller than 1.53 km2 
would also force residents to drive to centers at a higher level to find the products they need. 

Figure 4. Isochrones starting from a neighborhood center in grid cities, speed for non-road 
area is set as half of that for road (the orthogonal grey lines), and the distance between road 
axes is set as 100 meters. 
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4.2. Shopping Center and HTEC 

From the regression analysis discussed above, we find that 32 km2 is the optimal hinterland area of 

a shopping center for the purpose of the lowest HTEC. It can be concluded that the shape of the 

optimal shopping center’s hinterland is a square, resembling the optimal neighborhood unit described 

above, but about five times larger, since the distance from the centroid to a vertex for the optimal 

shopping center’s hinterland (4 km2) is about 5 times that of the optimal neighborhood center’s 

hinterland (0.88 km2). In such a hinterland, any point is within 4 km of any other point, starting from 

the centroid (the shopping center); this is close to the upper limit of the desirable trip distance using the 

bicycle mode [55,56]. A shopping center with a larger hinterland will mean that some residents in the 

periphery have to drive or take the bus to the shopping center, which is more energy-consuming than if 

they could travel by bicycle. Additionally, sometimes the products and services available at a shopping 

center with a smaller hinterland are undesirable, causing residents to make trips to centers at higher 

levels that are farther away. 

4.3. Working Center and HTEC 

For working centers, the ideal hinterland area is 67 km2, exactly two times of that for shopping 

centers. According to Berry and Parr [35], the ratio (k) of the hinterland area between one level and the 

lower level may be two, four or nine in quadrangular central place systems. Based on the situation of k = 2, 

the hinterland for a working center would be a square of 8.2 km per side parallel to the road grid, the 

vertex of which is located within a shopping center (Figure 5). Residents in such a working center’s 

hinterland would travel at most 5.7 km to the working center, which is still in the desirable distance 

range of buses, since none of the 35 Chinese cities with 2,000,000 to 5,000,000 people in our sample 

featured a subway system in 2010 (the base year of the regression). This conclusion suggests that, for 

cities featuring faster public transport systems, e.g., subway or suburban railway, the optimal 

hinterland of a working center way be larger, which calls for further investigation with samples all 

around the globe, because the number of cities featuring subway or suburban railways in any one 

country is too small to conduct a proper regression analysis. 

Figure 5. Illustration of the optimal intra-urban hierarchy of activity centers tested in this article. 
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5. Conclusions

Numerous attempts have been carried out since Howard’s Garden City Theory in 1898 to achieve

a proper urban spatial structure. An ideal intra-urban hierarchy of activity centers interconnected by 

non-motorized and public transport for sustainable cities has been proposed, conceived and advocated 

many times, yet the proper quantifiable spatial extents for centers at each level in terms of controlling 

HTEC still lack empirical proof. Based on the concentric structure of everyday trip space, working 

centers, shopping centers, and neighborhood centers are extracted from corresponding types of POIs in 

286 Chinese cities at the prefectural level and above. The U-shaped curve between HTEC per capita 

and center densities in each of the three levels has been found through regression analysis. For the 

purpose of achieving the lowest HTEC per capita, the optimal hinterland area is 67 km2 for a working 

center with the bus as the preferred transport mode, 32 km2 for a shopping center with the bicycle as 

the preferred transport mode, and 1.53 km2 for a neighborhood center with walking as the preferred 

transport mode (Figure 5). Thus, an optimal intra-urban hierarchy of activity centers emerges, yet 

probable centers at higher levels in larger cities calls for further investigation from a global perspective. 
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