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Abstract: The accuracy of the regression model of ridership of subway stations depends on the scale

range of the built environment around the subway stations. Previous studies have not considered

the Modifiable Area Unit Problem (MAUP) to establish the regression model of subway station

ridership. Taking Beijing as an example, this paper expanded the built environment variables from

“5D” category to “7D” category, added indicators such as parking fee standard and population

density factor, and proposed a Multi-Scale Geographical Weighted Regression (MGWR) model of

outbound ridership of subway stations with standardized variables. The goodness of fit of regression

models under 10 spatial scales or built environment around subway stations are compared, and

the spatial heterogeneity of built environment factors under the optimal spatial scale of outbound

ridership of subway stations during the morning peak on weekdays is discussed. The results show

that: (1) the scale range overlapped by 1000 m radius circular buffer zone and Thiessen polygon

has the highest explanatory power for the regression model, and is regarded as the optimal scale

range of built environment; (2) the density of office facilities, sports and leisure facilities, medical

service facilities, building density and floor area ratio (FAR) has a significant impact on the outbound

ridership of all subway stations; (3) office facilities, catering facilities, FAR, number of parking lots,

and whether subway stations are transfer stations have a positive impact on outbound ridership.

The number of medical service facilities, sports and leisure facilities, bus stops and building density

have a negative impact on outbound ridership; (4) the two added factors in this study: parking

charge standard and population density, as the influencing factors of the built environment, have

a significant impact on the outbound ridership of some subway stations; and (5) the different local

coefficients of the built environment factors at different stations are discussed, which indicate the

spatial heterogeneity on the outbound ridership. The results can provide an important theoretical

basis for the prediction and analysis of demand of ridership at subway stations and the integration of

the built environment around the stations.

Keywords: urban traffic; built environment; multi-scale geographically weighted regression (MGWR);

subway station; optimal scale range

1. Introduction

For a long time, the relationship between public transport and land use has always
been a research topic of interest to scholars and policy makers in the field of transport
and urban planning [1,2]. Subway has the characteristics of large traffic volume, low
pollution, high speed, low energy consumption, and plays an important role in the urban
public transport system. Land use is an important factor affecting subway ridership [3].
Clarifying the built environmental factors that affect the ridership of subway stations and
their impact degree is conducive to putting forward targeted urban renewal planning
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strategies and policy suggestions for stations with overloaded ridership, and stations with
insufficient ridership.

In recent years, scholars have conducted a lot of research on the factors that affect rail
transit ridership. Due to different research purposes and data acquisition methods, the
methods of representing public transport ridership data in the research are also different.
When accurate pick-up and drop-off ridership data cannot be obtained, some studies have
used the monthly average accommodation rate [4] and the average weekday accommoda-
tion rate [3,5] to represent it, but more scholars prefer to choose the one-day relationship [6]
and the average daily relationship [7,8]. The models used in the existing literature include
the direct demand model [9,10] and the regression model, among which the regression
model is mostly used. Regression models include global regression model and local re-
gression model. Global models include the structural equation model (SEM) [11], distance
decay regression model [4] and ordinary least squares method (OLS) [3,4,12–14]. However,
the default parameters in the global model are stable in the global range, so the calculated
coefficients have no significant difference in space [15]. In fact, in different spaces, the
estimated coefficients of the influencing factors of traffic ridership may be inconsistent.
Geographically Weighted Regression (GWR) [16,17] was used to study the relationship
between built environment and subway station ridership [15–17]. GWR considers spatial
instability, which can reveal the spatial heterogeneity of spatial parameters. In addition,
GWR has been proved to have better fitting results than the global OLS model [15]. Some
recent studies have proposed a hybrid GWR model [18], which allows some variables to
be local variables and others to be global variables, in order to effectively separate inde-
pendent variables that produce global and local effects. However, it cannot well reflect the
spatial heterogeneity. Multi-scale Geographically Weighted Regression (MGWR) [19,20]
has made some improvements on this, which not only improve the goodness of fit results
and model interpretation ability, but also can use the optimal bandwidth to measure the
scale difference in spatial heterogeneity of influencing factors [6,21]. The MGWR model is
currently applied to the relationship between built environment and ridership [6], influ-
encing factors of second-hand house price [21] and environmental science [22,23]. To the
best of our knowledge, there is a lack of research on the mechanism of the influence of built
environment on ridership of subway stations by using MGWR model.

Due to the availability of data, existing studies have drawn different conclusions on
factors affecting ridership of subway stations. In the selection of the influencing factors
of built environment, some scholars have selected from the aspects of land use, social
and economic factors and traffic environment [18,24–27]. In analyzing the factors that
influence transportation, Cervero and Kockelman summarized the “3D” dimensions of
the built environment, namely density, diversity and design. When studying the built
environment and walking and riding behavior under its influence in Bogota, Colombia,
Cervero and others added “distance to transit” and “destination accessibility” on the basis
of the “3D” principle, which formed the “5D” planning principle [28–30]. Since then, many
scholars have studied the built environment that affects TOD effectiveness with the “5D”
dimension index as a reference [6,31–33]. With the development of the “5D” theory, Chris
De Gruyter et al. added “demand management” and “demographics”, and finally formed
the “7D” theory [34]. However, the spatial heterogeneity of “demand management” and
“demographics” as two types of built environment influencing factors on the ridership at
subway stations needs to be further analyzed.

The influence range of the built environment around the subway station is also an
important issue affecting the interaction mechanism between built environment and rider-
ship of subway stations, which is usually called “pedestrian catchment area” (PCA). The
selection of PCA mainly adopts the circular buffer with the subway station as the cen-
ter [9,13,17,18], but considering that in the area with dense distribution of subway stations,
PCA will overlap. Therefore, some scholars use the method of combining Thiessen poly-
gons with circular buffer zones [6,10,35]. The research radius selected by different scholars
varies greatly, including 500 m [25,36], 600 m [18], 800 m [6,13,15,36] and 1500 m [37],
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among which 800 m is the scale chosen by most people. The radius of circular buffer is
mostly selected based on previous research experience [6,17] or travel distance [18], and did
not adopt quantitative research methods. Guerra et al. summarized the use of a 0.25 mile
catch area around transit for jobs and a 0.5 mile catch area for population, by using the direct
demand model to study 1457 public transport stations and their surrounding environments
in the United States [9] Although some scholars have used quantitative methods to explore
the choice of PCA, the sample size involved is large and difficult to operate. Modifiable area
unit problem (MAUP) refers to the change in spatial analysis results following the defined
basic area unit (grid cell or particle size). Some studies show that MAUP is an essential
basic problem [38–40] in travel behavior analysis. Most of the existing studies [6,13,17] use
the built environment of a single subway station as the research range, or use the single
range delineation method to conduct quantitative statistical analysis of the impact of built
environment, without considering the MAUP problem.

The related studies are summarized in this paper, as shown in Table 1. These studies
investigated the impact of the built environment on the ridership of public transport from
the aspects of analysis methods, explanatory variables used in the model, the division
of the impact range of the built environment and the case study area. To sum up, the
literature review shows that the methods and built environment factors used by Chinese
scholars in the research are similar to those in other countries, but the methods adopted
in the delineation of pedestrian catchment area (PCA) for subway stations are slightly
different. Some scholars [6,10,17,35] use Thiessen polygon and circular buffer overlay
method in their research, while other scholars use zones of neighborhoods [16,26] or
buffer method [9,13,15,18,25]. In terms of research on the ridership and built environment,
more of them choose a single scale range and less of them analyze the impact of built
environment factors on the subway ridership considering the MAUP’s scale and zoning
effects. Compared with GWR and OLS models, MGWR has better goodness of fit and
can better reflect the spatial and scale differences in the impact of the built environment
on ridership. Therefore, MGWR has certain advantages compared with other models.
However, the spatial heterogeneity of the variables of the built environment reflects that
the impact of the explanatory variables is different according to different locations of the
city, so the impact degree of the explanatory variables of the same built environment may
not be comparable among different cities. Therefore, when applying the MGWR model, we
should carry out targeted analysis on specific cities.

Table 1. Summary of literature review.

Author
Main
Independent
Variables

Analysis Method PCA Radius of PCA Study Area Main Conclusion

Guerra
et al. [9]

Occupation and
population

Direct demand
models (DRMs)

Circle buffer
0.25 mile and
0.5 mile

21 cities of United
States

The optimal circle
buffer is 0.25-mile
catchment area for jobs,
0.5-mile catchment area
for population

Cardozo
et al. [15]

Occupation,
workers, land
mixed use

OLS, GWR Circle buffer 200 m and 800 m Madrid, Spain
GWR model has better
fitting than the OLS
model

Jun et al.
[18]

Population
density,
employment
density,
proportion of
apartment units

Stepwise
regression
models, Mixed
geographically
weighted
regression

Circle buffer
300 m, 600 m and
900 m

Seoul, Korea

Significant influencing
factors: residential,
commercial
development patterns,
mixed land use within
600 m circle buffer, and
spatial heterogeneity of
influencing factors is
discussed
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Table 1. Cont.

Author
Main
Independent
Variables

Analysis Method PCA Radius of PCA Study Area Main Conclusion

Calvo et al.
[16]

Socioeconomic,
land use,
accessibility and
transportation
system variables

GWR Neighborhoods Madrid, Spain
The significant influencing
factors are different in
different regions

AlKhereibi
et al. [26]

Land use density Regression model Neighborhoods Qatar
Significant influencing
factors: land use type

Zhao et al.
[13]

Land use,
external
connectivity and
intermodal
connection

OLS Circle buffer 800 m Nanjing, China

Significant influencing
factors: CBD dummy
variable, the number of
education buildings,
entertainment venues
and shop centers, bicycle
Park and Ride spaces

Chen et al.
[25]

Land use,
intermodal
connection and
station
characteristics

Minkowski
distance-GWR

Circle buffer 500 m Nanjing, China

Minkowski distance-GWR
achieves better
goodness-of-fit than the
global OLS and GWR

Li et al. [10]
Population,
employment,
density, land use

DRMs

Overlay of
circular buffer
and Thiessen
polygon

800 m
Guangzhou,
China

Significant influencing
factors: Residential
buildings, business
buildings, workplaces,
shopping, sport,
leisure services

Li et al. [35]

Population,
employment,
land use density,
diversity and
station
characteristics

GWR

Overlay of
circular buffer
and Thiessen
polygon

800 m
Guangzhou,
China

Influence of built
environment on
ridership flow has
spatial variation

Cong et al.
[17]

Land use,
network topology
and intermodal
connection

GWR

Overlay of
circular buffer
and Thiessen
polygon

690 m Xi’an, China

The influence of land
use types on passenger
flow is heterogeneous in
time and space

Gao et al.
[6]

“5D” built
environment
characteristics

MGWR

Overlay of
circular buffer
and Thiessen
polygon

800 m Beijing, China

Built environment
features has significant
spatial heterogeneity,
MGWR achieves better
goodness-of-fit than the
global OLS and GWR

This
research

“7D” built
environment
characteristics

MGWR

Circular buffer,
and overlay range
of circular buffer
and Thiessen
polygon

500 m, 800 m,
1000 m, 1200 m
and 1500 m,
respectively

Beijing, China

The area overlapped by
1000 m radius circular
buffer zone and
Thiessen polygon has
the highest explanatory
power for the MGWR
model. the spatial
heterogeneity of built
environment factors
is discussed

The objective of this research is to find a better scale range of the built environment
around subway stations and improve the goodness of fit of the MGWR model between
the subway stations ridership and the built environment factors. We construct multiple
MGWR models under different catchment areas of the built environment around subway
stations based on the “7D” theory, considering the parking charge standard and population
density among the factors that affect the built environment. By comparing the goodness
of fit results, the optimal scale range of the built environment is selected to evaluate the
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built environment factors that have significant impacts on ridership of the subway station,
and the spatial heterogeneity and scale difference in the built environment factors are also
explored. Discussion and suggestions for planners and policy makers are presented.

2. Methods

2.1. Environmental Influencing Factors of Subway Stations

Based on the “7D” theory of the built environment, and according to the principles of
data availability and experimental operability, the built environment quantitative indicator
system (as shown in Table 2) is established. This indicator system is divided into eight
categories: density, diversity, design, destination accessibility, travel distance, demand
management, demography and other indicators, with a total of 19 influencing factors.

Table 2. Influencing factors of the built environment and the calculation methods.

Built
Environment

Category
Interfering Factor Data Sources Computing Method Unit

Density

Density of catering facilities
Amap API(Application

Program Interface)
(https:

//lbs.amap.com/
(accessed on 10 October

2021))

Di = Ni/Si

In the formula, Di is the
density of certain type of POI
facilities at subway station i;

Ni is the number of POI
facility points of a certain
type within the analysis

range of subway station i; Si

is the total area of the
analysis range.

quantity/km2

Density of scenic facilities
Density of commercial facilities
Density of science, education

and cultural facilities
Density of residential facilities

Density of office facilities
Density of sports and leisure

facilities
Density of medical service

facilities

Building density

Open street map
(https:

//lbs.amap.com/
(accessed on 10 October

2021))

Bi = Ai/Si

In the formula, Bi is the
building density within the
analysis range of subway

station i; Ai is the total area
of building base within the

analysis range; Si is the total
area of the analysis range.

m2/km2

Diversity Mixed utilization of land

Amap API
(https:

//lbs.amap.com/
(accessed on 10 October

2021))

Hi = −

n
∑

i=1
(Ki) · ln(Ki)

In the formula, Ki is the ratio
of the number of POI facility

points of a certain type
within the analysis range of

subway station i to the
number of all POI facility
points; Hi is the degree of

mixed use of land at subway
station i. The higher the Hi

index, the higher the degree
of mixed use of land around

the subway station.
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Table 2. Cont.

Built Environment
Category

Interfering Factor Data Sources Computing Method Unit

Design
Road density Open street map

(https://www.
openstreetmap.org/

(accessed on 10 October
2021))

Li = Ri × 1000/Si

In the formula, Li is the road
density within the analysis

range of subway station i; Ri is
the sum of road lengths within

the analysis range; Si is the
total area of the analysis range.

km/km2

Floor area ratio

Ei = Oi/Si

In the formula, Ei is the floor
area ratio of the analysis range
of subway station i; Oi is the
total building area within the
analysis range; Si is the total

area of the analysis range.

Density of subway lines

Mi = Ci × 1000/Si

In the formula, Mi is the
density of rail lines within the

analysis range of subway
station i; Ci is the sum of

subway line lengths within the
analysis range; Si is the total

area of the analysis range.

km/km2

Destination
accessibility

Number of parking lots Amap API (https:
//lbs.amap.com/

(accessed on 10 October
2021))

Number of POI facilities quantity

Number of bus stops

Distance to transit Distance to the nearest bus stop

Amap API (https:
//lbs.amap.com/

(accessed on 10 October
2021))

Shortest path analysis m

Demand
management

Parking charge standard in
the area where the subway

station is located

Amap(https:
//www.amap.com/

(accessed on 10 October
2021)) and Baidu(https:

//map.baidu.com/
(accessed on 10 October

2021)) Map Parking
service

Take the average of charging
standards of multiple parking lots

Chinese yuan
(CNY)/hour

Demographics Population density
Data from WorldPop

[41,42]

Pi = Gi/Si

In the formula, Pi is the
population density within the

analysis range of subway station
i; Gi is the population within the
analysis range; Si is the total area

of the analysis range.

persons/km2

Others Attribute s of subway stations
According to the map of

Beijing subway
To determine whether it is a

transfer station, yes is 1, no is 0

2.2. Delineation of the Built Environment Range around Rail Transit Stations

Some studies use a fixed circular area within 500 m [25,36], 800 m [6,13,15,37] or
1500 m [37] radius centered on a subway station as PCA for subway ridership analysis.
Due to the differences in the reality of different cities, it cannot be confirmed whether this
scale is applicable to all cities. The circular buffer zone will result in the overlap of the
research range of different subway stations, especially the subway stations located in the city
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center. The distance between them is relatively close, which will easily lead to the double
calculation of the built environment. At the same time, despite being within the service
radius of multiple subway stations, travelers will still choose the nearest subway station.
Therefore, to avoid this phenomenon, the concept of Thiessen polygon is introduced, and
the intersection of Thiessen polygon and circular buffer zone is used to solve the problem of
overlapping research range [6,10,35]. By default, travelers in different regions are assigned
to the designated subway station, that is, travelers will only take the subway at that subway
station. However, this method also has some limitations. When the distance between
travelers and two stations on different subway lines is close, travelers may choose a farther
station for convenience. Therefore, in combination with the existing research, two zoning
methods were selected to delimit the spatial range of the built environment: one method
takes each subway station as the center, and selects 500 m, 800 m, 1000 m, 1200 m and
1500 m, respectively, as the radius to delimit the circular buffer zone; another method is
called “Thiessen polygon overlay range” in which a buffer and a Thiessen polygon are
created through ArcGIS intersecting analysis for each station (Figure 1).

−

2
1VIF

1
2

Figure 1. Schematic diagram of zoning method for built environment analysis range.

2.3. Spatial Autocorrelation Test of Explanatory Variables

The Moran’s I index test was carried out on the index values (explanatory variables)
of various influencing factors of the built environment around the subway station and
the morning peak outbound ridership (dependent variables) of the subway station on
weekdays, for which the regression model was built. The results show that the p values of
all explanatory variables were less than 0.05, and the Moran’s I index was between −1 and
1, indicating that the spatial autocorrelation of explanatory variables was significant, which
was suitable for establishing the MGWR model.

2.4. Multiple Collinearity Test of Explanatory Variables

Variance impact factor (VIF) can reflect the severity of multicollinearity [43]. The
calculation formula is:

VIF =
1

1 − R2
(1)

where R2 in the formula is the coefficient of determination in the regression equation.
When VIF > 10, it is considered that there is multicollinearity, and this variable should be
removed [36].

2.5. Model Construction

We took ridership of subway stations as the dependent variable, and the 19 influenc-
ing factors of the built environment as the explanatory variables; we then eliminated the
explanatory variables that are unreasonable in the spatial autocorrelation and collinearity
tests. Ten variable datasets were built, containing independent variables of built envi-
ronment and the dependent variable. For five of them, their analysis ranges of the built
environment are five circular buffers with the radius of 500 m, 800 m, 1000 m, 1200 m
and 1500 m, respectively. For the other five, their analysis ranges of built environment
are the overlay ranges of Thiessen polygon and the before-mentioned five circular buffers,
respectively. Due to different dimensions of independent variables, in order to reflect
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the relative degree of influence on the dependent variable, the dependent variable and
independent variable were standardized to obtain their own standardized values, with
the mean value of 0 and the standard deviation of 1. The MGWR model with variables
standardized is shown in Equation (2). The interpretation for the local regression coefficient
βbwk is that if the standardized independent variable increases by one standard deviation,
on average, dependent variable increases by βbwk standard deviation units [44].

y∗i = βbw0(ui, vi) + ∑
n

k=1
βbwk(ui, vi) · x∗ik + εi (2)

y∗i =
yi − y

sy
(3)

x∗ik =
xik − xk

sxk
(4)

where y∗i is the standardized value of the morning peak outbound ridership of subway
station i; (ui, vi) is the longitude and latitude coordinates of subway station i; βbw0 is the
regression model constant of subway station i with coordinate (ui, vi); βbwk is the local
regression coefficient of the k-th built environmental influencing factor of subway station i;
bwk is the optimal bandwidth of the k-th built environmental influencing factor; x∗ik is the
standardized value of the k-th built environmental influencing factor indices of subway
station i; εi is the random error of subway station i; n is the number of factors affecting the
built environment; y is the average value of outbound ridership at the morning peak of
subway station; sy is the standard deviation of the morning peak outbound ridership of
the subway station; xik is the indices of the k-th built environmental influencing factor of
subway station i; xk is the average value of the k-th influencing factor indices; sxk is the
standard deviation value of the k-th influencing factor indices.

According to the analysis range of different built environments and the model results
obtained by the zoning method, we regard the optimal analysis range of the model as the
optimal built environment scale range applicable to cities.

3. Data, Results and Discussion

3.1. Research Objects

Beijing is a mega-city with a population of 25 million, and it was also the first city in
China to open a subway operation. Since the first line was put into operation in 1969, 19
subway lines had been built and operated by 2017. We selected the subway stations that
have been put into use in these 19 lines as the research object, totaling 287 stations.

3.2. Passenger Flow Data

The existing research on the relationship between the built environment and ridership
of subway stations has only captured the one-day ridership data for analysis, which has a
certain degree of occasionality, and does not represent the real demand for the ridership on
weekdays. Therefore, this paper obtained the hourly outbound ridership data of Beijing’s
subway operation lines within five working days from April 17 to 21, 2017. According
to the trend analysis of the total outbound ridership (Figure 2), it was determined that
the morning peak on weekdays is from 7:00 to 9:00 a.m. In order to reduce the impact of
daily ridership fluctuation, we take the average value of a five-day passenger flow as the
dependent variable. Figure 3 shows the spatial distribution of outbound ridership at 287
stations during the morning peak.
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Figure 2. Outbound ridership of Beijing subway stations on weekdays.
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Figure 3. Spatial distribution of outbound ridership during the morning peak on weekdays in Beijing.

3.3. Model Goodness of Fit and Optimal Partition Scale Analysis

The collinearity test results show that the VIF values of the density of catering facilities
and residential facilities are greater than 10 in the analysis range of a circular buffer zone
with a radius of 1200 m; in the analysis range of a circular buffer zone with a radius of
1500 m, the number of parking lots, density of catering facilities, density of residential
facilities, density of sports and leisure facilities, density of medical service facilities and VIF
of floor area ratio (FAR) are all greater than 10, which indicates that these variables have a
strong collinearity problem with one or more other variables. Therefore, these variables
should be excluded from the regression analysis for their corresponding spatial range.

The coefficient of determination R2, adjusted coefficient of determination (Adj. R2),
Akaike information criterion (AICc), and residual square sum (RSS) were used to compare
the goodness of fit of regression models. The higher the coefficient of determination is, the
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better the fitting effect of the regression model is. The lower the AICc and RSS are, the better
the fitting effect is. The goodness of fit results of MGWR models for 10 analysis ranges
of the built environment are shown in Table 3. The MGWR model corresponding to the
built environment scale range of 1000 m radius buffer and Thiessen polygon superposition
range has the best goodness of fit. The coefficient of determination R2 is increased to 0.932,
which is higher than R2 in other studies, such as 0.837 [6], 0.841 [17], and 0.687 [36] In
addition, this optimal spatial scale range can also provide reference for the range of TOD
planning and construction of subway stations. We have provided the data of the 1000 m
radius buffer and Thiessen polygon overlay range for some subway stations in this scale
range, as shown in Appendix A.

Table 3. Goodness of fit results of MGWR regression models under different analysis scales.

Partition Method

Buffer Radius
500 m 800 m 1000 m 1200 m 1500 m

Circular buffer

R2 0.904 0.873 0.866 0.772 0.714

Adj.R2 0.853 0.827 0.815 0.726 0.659
AICc 451.083 435.733 457.131 507.001 567.798
RSS 27.452 36.422 38.577 65.183 82.045

Thiessen
polygon

overlay range

R2 0.885 0.915 0.932 0.922 0.917

Adj.R2 0.835 0.868 0.889 0.881 0.872
AICc 445.86 424.935 407.826 386.033 413.161
RSS 32.995 24.437 19.601 22.526 23.824

3.4. Analysis of Significant Factors

Table 4 shows the statistics of regression coefficient results of an MGWR model ob-
tained from the overlay range of a buffer zone with radius of 1000 m and Thiessen polygon.
It also includes the percentage of subway stations significantly affected based on the ad-
justed t-value at the 95% confidence level. It can be seen that the morning peak outbound
ridership of all stations is affected by the density of office facilities, sports and leisure
facilities, medical service facilities, building density and FAR. The factors that influence the
subway station more than 50% include the density of catering facilities and the number
of parking lots. The factors that influence the subway station less than 20% include the
density of scenic spots, commercial, scientific, educational and cultural facilities, residential
facilities, the density of subway lines, the density of roads, the number of bus stops, the
parking charge standard of the area where the subway station is located, and the distance
to the nearest bus stop. The factors that affect the subway station more than 20% but less
than 50% include the degree of mixed use of land and population density.
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Table 4. Results statistics of local regression coefficients of Variables of MGWR model.

Categories
of Built En-
vironment

Variables Mean Min Max

Percentage of
Subway Stations

Significantly
Affected

Constant term −0.057 −0.397 0.307 45%

Density

Density of catering facilities 0.297 0.074 0.406 88%
Density of scenic facilities 0.041 0.039 0.045 0%

Density of commercial facilities −0.057 −0.065 −0.053 0%
Density of science, education

and cultural facilities
−0.082 −0.089 −0.079 0%

Density of residential facilities 0.070 0.064 0.074 0%
Density of office facilities 0.502 0.496 0.507 100%

Density of sports and leisure
facilities

−0.169 −0.182 −0.164 100%

Density of medical service
facilities

−0.198 −0.210 −0.193 100%

Building density −0.259 −0.272 −0.243 100%

Diversity Mixed utilization of land −0.018 −0.878 1.041 39%

Design
Road density 0.001 −0.001 0.006 0%

Floor area ratio 0.297 0.287 0.306 100%
Density of subway lines −0.114 −0.121 −0.108 0%

Destination
accessibil-

ity

Number of parking lots 0.178 −0.148 0.432 62%

Number of bus stops −0.035 −0.131 0.070 20%

Traffic
distance

Distance to the nearest bus stop −0.002 −0.079 0.128 3%

Demand
manage-

ment

Parking charge standard in the
area where the subway station

is located
0.029 −0.236 0.274 17%

Population
statistics

Population density 0.079 −0.285 0.624 32%

Other
indicators

Attribute of subway station
(whether it is a transfer station

or not)
0.238 0.072 0.484 71%

Figure 4 shows the local coefficient distribution of some built environment factors
based on MGWR model results. The percentage of outbound ridership of subway stations
during the morning peak is significantly affected by these built environmental factors,
which is more than 20% of all stations. The larger the circle in the figure is, the larger the
absolute value of the coefficient of the independent variable is, and the more significant the
influence on the ridership of the subway station is. The smaller the circle, the smaller the
absolute value of the coefficient of the independent variable, and the less significant the
influence on the ridership of the subway station. For the stations that do not display the
circle for some independent variables, the results show that these independent variables
have no significant effect on the ridership of the subway station. The orange circle means
that the independent variable has a positive influence on the ridership of the subway
station; that is, the increase in the independent variable will lead to the increase in the
ridership of the subway station. The green circle means that the independent variable
has a negative influence on the ridership of the subway station; that is, the increase in the
independent variable will lead to a decrease in the ridership of the subway station. For a
certain influencing factor, the difference in local coefficients reflects the spatial heterogeneity
of the influence degree of this factor on the outbound ridership of subway stations. It can
be seen that:
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Figure 4. Local regression coefficient distribution of the built environment influencing factors of outbound

ridership at subway stations during the morning peak: (a) Office facilities; (b) Floor area ratio; (c) Catering

facilities; (d) Number of parking lots; (e) Whether it is a transfer station; (f) Medical service facilities; (g) Sports

and leisure facilities; (h) Number of bus stops; (i) Building density; (j) Parking charge standard; (k) Population

density; (l) The degree of mixed land use.
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(1) Office facilities, catering facilities, FAR, the number of parking lots and whether it
is a transfer station have a positive impact on the morning peak outbound ridership. Office
facilities (Figure 4a) and FAR (Figure 4b) have significant impacts on outbound ridership
of all subway stations. Under the similar spatial distribution characteristics of the impact
coefficient, the closer to the eastern region of Beijing, the greater the impact of office facility
density and FAR on the morning peak outbound ridership of subway stations; catering
facilities (Figure 4c), the number of parking lots (Figure 4d) and whether they are transfer
stations (Figure 4e) have a significant impact on the morning peak outbound ridership
of most subway stations. Catering facilities have a greater impact on the southwest and
eastern region of Beijing. The number of parking lots has a greater impact on the central
district of Beijing’s urban area, mainly within the Third Ring Road, and it also has a greater
impact on the morning peak outbound ridership of subway stations located in the east and
northeast. Whether the station is a transfer station has a greater impact on the ridership of
subway stations located between the East Second Ring Road and the East Third Ring Road,
and it also has a greater impact on the ridership of subway stations that are located on the
northwest subway lines;

(2) Medical service facilities, sports and leisure facilities, the number of bus stops and
building density have a negative impact on the morning peak outbound ridership. Medical
service facilities (Figure 4f) and sports and leisure facilities (Figure 4g) have significant
negative impacts on all subway stations; their spatial distribution characteristics of the
coefficients are similar, and the degree of influence increases from the southeast to the
northwest. The main purpose of most people’s travel during the morning rush hour is
for work. For medical service facilities and sports and leisure facilities, the higher the
density of such facilities within the determined analysis range, the lower the density of
office facilities. Therefore, the higher the density of the two types of facilities, the lower
the outbound ridership may result. The number of bus stops (Figure 4h) has a significant
impact on the outbound ridership of subway stations, and the percentage of the number of
these subway stations is 20%, mainly distributed in the southeast, which has a negative
impact on the outbound ridership. The main reason is that the primary function of this area
is residence, and the denser the bus stops are, the greater the residential density around
the rail stops is, and the density of jobs is relatively small. Building density (Figure 4i) has
a significant impact on outbound ridership for all subway stations, which has a negative
impact on outbound ridership. The lower the building density is, the higher the outbound
ridership is. The main reason is that the core area and the northwest area are surrounded
by high-rise or super high-rise buildings, which are characterized by low building density,
high FAR and more job chances. Therefore, the outbound ridership of these subway stations is
relatively high; however, the buildings in the east and south are mainly residential with a high
building density and relatively few job chances, resulting in a relatively low outbound ridership;

(3) Parking charge standard, population density and degree of mixed land use have
different positive and negative impacts on the morning peak outbound ridership due
to different locations. The parking charge standard (Figure 4j) has a positive impact on
the morning peak outbound ridership of subway stations along the northern section of
Changping Line and Line 16, and the increase in parking fee has a positive impact on the
increase in outbound ridership of the subway stations in the region. The population density
(Figure 4k) has a positive impact on the morning peak outbound ridership of subway
stations, for example, stations on Changping Line which is located in northwest Beijing,
stations along the northern section of Line 16, stations on Line 2, stations in the western
section of Chaoyang District of Line 10, and the subway stations along the eastern section of
Line 14, all of which have high working population density. However, in the east of Fengtai
District, the population density around the subway stations on Line 4, Daxing Line, Line
2, Line 7 and the south section of Line 8, has a negative correlation effect on the morning
peak outbound ridership, and the degree of impact is relatively small. Such stations are
mainly located in the south, where the residential population density is high and the
density of employment units is low, resulting in relatively small morning peak outbound
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ridership. The degree of land use mix (Figure 4l) has a positive impact on the morning peak
outbound ridership of the subway stations located in the southeast of Haidian District and
the northern section of Line 8, and its impact is relatively large, mainly because the main
function of the land around these subway stations is high-tech services, and the degree of
mixed use of surrounding land is relatively low. If commercial and public service facilities
are added to improve the mixed use of land, the outbound ridership will be increased; in
the west of Chaoyang District, namely the subway stations along Line 2, the east section of
Line 10, and the northeast section of Line 14, the mixed degree of land use has a negative
impact on the outbound ridership during the morning peak, and the impact is relatively
large, mainly because these subway stations are surrounded by CBD business districts and
embassy districts with high density of employment units. To improve the mixed degree of
land use within the limited space, increasing the scale of other land uses will reduce the
land with high density of employment units, and it may reduce the outbound ridership of
subway stations.

The density of office facilities, sports and leisure facilities, medical service facilities,
building density and FAR have a significant impact on the morning peak outbound rid-
ership of all subway stations. The influence of office facilities, catering facilities, FAR,
the number of parking lots, whether subway stations are transfer stations and other built
environmental factors on the outbound ridership during the morning peak is positive. The
number of medical service facilities, sports and leisure facilities, bus stops and building den-
sity have a negative impact on the morning peak outbound ridership on weekdays. Parking
charge, population density and land use mix, which are three built environment factors,
have different positive and negative impacts on the morning peak outbound ridership of
subway stations due to their different locations. Beijing is faced with the characteristics
of overload operation of subway stations. In the process of updating and transforming
the built environment for the purpose of relieving and guiding the ridership of subway
stations, it is suggested that priority should be given to adjusting the built environment
factors that have a significant impact on the ridership of subway stations.

Exploring the relationship between the built environment and subway station rider-
ship can provide reference for ridership prediction and urban planning decision making.
For urban policy makers, they can ease the function or guide the passenger flow according
to the ridership of subway stations in different regions of the city and their significant
influencing factors, so as to promote the development of urban TOD. For example, for
subway stations with over-loaded ridership, on the one hand, the excessive concentration
of passenger flow can be alleviated by increasing the supply of subway line facilities; on
the other hand, the demand for passenger flow can be reduced by transferring or reducing
those facilities with significant positive impact on the station. For subway stations with
small ridership, it is recommended to add facilities that have a greater positive impact on
them, and further improve the traffic connection facilities such as sharing bicycles and
buses, to improve the traffic accessibility. For urban planners, the ridership of subway
stations can be preliminarily predicted according to the built environment of the city, and
the planning and updating strategies can be timely adjusted accordingly.

3.5. Model Bandwidth Analysis

Fotheringham et al. [19] used the back-fitting algorithm to optimize the independent
variable bandwidth of MGWR, reflecting the difference in the impact scale of every inde-
pendent variable, and improving the accuracy of the model. The optimal bandwidth of the
subway station outbound ridership model represents the number of surrounding subway
stations to be calculated when estimating the local coefficients of various influencing factors.
The total number of subway stations is 287. When the optimal bandwidth is close to this
number, the local coefficient solution is affected by most stations, and this influencing factor
is a global scale variable. The smaller the optimal bandwidth is, the smaller the spatial
influence scale is, and the local coefficients are greatly affected by nearby stations, which
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is a local scale variable. Table 5 lists the optimal bandwidth of each influencing factor of
MGWR model.

Table 5. Optimal bandwidth of variables results of MGWR model.

Categories of Built
Environment

Variables Bandwidth

Constant term 43

Density

Density of catering facilities 96
Density of residential facilities 286

Density of office facilities 286
Density of sports and leisure facilities 286
Density of medical service facilities 286

Building density 286

Diversity Mixed utilization of land 43

Design
Road density 286

Floor area ratio 286

Destination accessibility
Number of parking lots 53

Number of bus stops 184

Traffic distance Distance to the nearest bus stop 157

Demand management
Parking charge standard in the area
where the subway station is located

64

Population statistics Population density 43

Other indicators Attributes of subway stations 43

Among the categories of density and design of built environment, most of the variables
have a scale of overall importance, including the density of residence, office, sports and
leisure, medical service facilities, as well as building density, road density and FAR, indicat-
ing that these influencing factors have a relatively stable spatial impact on the outbound
ridership of subway stations. The number of bus stops and the distance from the subway
station to the nearest bus stop also have a larger scale effect. The degree of mixed use of
land, the number of parking lots, the population density, and the attributes of subway
stations have a small-scale effect. The subway outbound passenger flow is more sensitive
to the impact of its location, and the minimum scale of land mixed use, population density
and subway station attributes is 43.

4. Conclusions

Most research on subway station ridership regression models does not consider the
MAUP’s scale and zone effects, which may not achieve a better goodness of fit result.
The objective of this paper is to increase the accuracy of the regression model between
ridership of subway stations and the built environment and explore the effects of the spatial
heterogeneity of built environment factors on subway station ridership. The authors expand
the built environment variables from the “5D” category (density, diversity, design, distance
to transit and destination accessibility) to the “7D” category (density, diversity, design,
distance to transit, destination accessibility, demand management and demographics).
The explanatory variables we use in this research include 16 variables used in previous
research and three variables added in this study: parking fee standard, population density
and whether it is a transfer station. The dependent variable is the outbound ridership
of subway stations during the morning peak on weekdays. Considering the MAUP, two
zoning methods were selected to delimit the spatial range of the built environment: one
method takes each subway station as the center, and selects 500 m, 800 m, 1000 m, 1200 m
and 1500 m, respectively, as the radius to delimit the circular buffer zone; another method is
called the “Thiessen polygon overlay range”, which is created through ArcGIS intersecting
analysis between multiple circle buffers and multiple Thiessen polygons. This study designs
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10 scale range scenarios, creates a data set with built environment as the independent
variable, and subway station inbound ridership as dependent variable for each scenario.
The optimal scale range of the built environment around subway stations is obtained
by comparing goodness of fit of MGWR models under 10 scale range scenarios. The
MGWR model corresponds to the scale range overlapped by the 1000 m radius circular
buffer zone, and Thiessen polygon has the best goodness of fit result and its coefficient of
determination is also higher than that in other studies. The area overlapped by a 1000 m
radius circular buffer zone and Thiessen polygon is regarded as the optimal scale range
of built environment around subway stations in Beijing. The MGWR local coefficients
indicate the spatial heterogeneity of the built environment factors at different stations.
However, the spatial heterogeneity of built environment variables is different with research
results on other cities. It is very difficult to compare spatial heterogeneity among different
cities. The results can provide an important theoretical basis for prediction and analysis of
ridership demand at subway stations, also for the integration of built environment around
the stations in Beijing.

There are several other limitations to note. First of all, due to the limitation of data
acquisition, this study only acquired the outbound ridership data of the subway station
within a week. In future research, it is hoped to obtain more abundant ridership data of
different periods of time, to explore the similarities and differences in the influences of the
built environment on different periods of the day and on the weekend ridership. Secondly,
the explanatory variables in this paper lack the authoritative data of Beijing’s resident
population and employment distribution, and there may be some errors in the estimation
results of the model. In the future, more detailed population survey data should be used
for research to improve the accuracy of the model. Third, this study only uses the subway
ridership data of Beijing. In future studies we hope to obtain more passenger flow data from
other cities, to explore whether there is regularity of significant factors affecting different
cities. The method proposed in this paper has obtained useful goodness of fit results
in the regression analysis of 287 subway stations in Beijing. However, this method has
certain limitations in the application of cities or other counties with fewer subway stations,
because the MGWR model requires a certain sample size to obtain effective goodness of fit
results. Therefore, how many subway stations can achieve satisfactory goodness of fit of
the regression model is a problem that needs further discussion.
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Abbreviations

Adj. R2 Adjusted Coefficient of Determination

AICc Akaike Information Criterion

API Application Program Interface

DRM Direct Demand Models

FAR Floor Area Ratio

GWR Geographically Weighted Regression

MAUP Modifiable Area Unit Problem

GWR Geographically Weighted Regression

MGWR Multi-Scale Geographical Weighted Regression

OLS Ordinary Least Squares

PCA Pedestrian Catchment Area

RSS Residual Square Sum

SEM Structural Equation Model

TOD Transit Oriented Development

VIF Variance Impact Factor

Notations

Ai The total area of building base within the

analysis range

Ri The sum of road lengths within the

analysis range

Bi The building density within the analysis

range of subway station i

Si The total area of the analysis range

Ci The sum of subway line lengths within

the analysis range

y∗i The standardized value of the morn-

ing peak outbound ridership of sub-

way station i

Di The density of certain type of POI facili-

ties at subway station

βbw0 The regression model constant of sub-

way station i with coordinate (ui, vi)
Ei The floor area ratio of the analysis range

of subway station i

βbwk The local regression coefficient of the

k-th built environmental influencing

factor of subway station i

Gi The population within the analysis range x∗ik The standardized value of the k-th

built environmental influencing fac-

tor indices of subway station

Hi The degree of mixed use of land at sub-

way station i

εi The random error of subway station

i; n is the number of factors affecting

the built environment

Ki The ratio of the number of POI facility

points of a certain type within the analy-

sis range of subway station i to the num-

ber of all POI facility points

y The average value of outbound rider-

ship at the morning peak of subway

station

Li The road density within the analysis

range of subway station i

sy The standard deviation of the morn-

ing peak outbound ridership of the

subway station

Mi The density of rail lines within the analy-

sis range of subway station i

xik The indices of the k-th built environ-

mental influencing factor of subway

station i

Ni The number of POI facility points of a

certain type within the analysis range of

subway station i

xk The average value of the k-th influ-

encing factor indices

Oi The total building area within the analy-

sis range

sxk The standard deviation value of the

k-th influencing factor indices

Pi The population density within the analy-

sis range of subway station
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Appendix A

Table A1. Some subway station data under the 1000 m radius buffer and Thiessen polygon overlay range.

Variables
Stations Chang

pingxishankou
Gonghua

cheng Beianhe
Daoxiang

hulu
Tundian

Shange
zhuang

Cuige
zhuang

Dongxia
yuan

Lucheng Huagong

Morning peak ridership of
subway

299 152 477 1204 184 286 875 709 602 356

Density

Density of
catering facilities

0.75 0.32 1.27 0.32 14.34 11.72 20.41 0.85 1.88 13.78

Density of scenic
facilities

0.75 0.32 0.32 0.00 0.64 0.42 0.00 0.43 0.75 0.49

Density of
commercial

facilities
0.00 0.00 0.32 0.00 1.91 0.42 1.51 0.00 0.75 0.98

Density of
science,

education and
cultural facilities

3.38 1.27 0.64 1.27 7.33 4.19 9.82 1.28 3.75 7.38

Density of
residential
facilities

1.50 0.32 2.55 1.59 4.78 2.51 7.94 3.41 0.75 7.87

Density of office
facilities

3.01 1.59 7.32 5.73 18.48 22.61 12.09 8.10 18.77 74.80

Density of sports
and leisure

facilities
1.13 0.32 5.09 0.00 2.87 5.44 1.89 0.00 2.63 2.95

Density of
medical service

facilities
0.75 0.00 0.64 0.00 2.87 1.26 2.27 0.00 1.50 0.98

Building density 0.01 0.01 0.02 0.03 0.08 0.06 0.04 0.01 0.00 0.23

Diversity
Mixed utilization

of land
0.03 0.03 0.03 0.08 0.03 0.03 0.04 0.06 0.03 0.17

Design
Road density 7.50 4.20 7.02 9.05 6.15 6.20 2.52 8.10 5.89 9.60

Floor area ratio 0.04 0.05 0.07 0.05 0.17 0.18 0.12 0.06 0.00 0.65
Density of

subway lines
0.64 0.70 0.88 0.64 0.63 0.30 0.75 0.54 0.33 0.57

Destination
accessibil-

ity

Number of
parking lots

0 1 1 0 0 6 3 2 8 19

Number of bus
stops

8 1 3 5 5 2 4 7 7 1

Distance
to transit

Distance to the
nearest bus stop

88.58 8.92 114.15 268.65 379.19 529.83 33.63 259.35 20.33 819.20

Demand
manage-

ment

Parking charge
standard in the
area where the

subway station is
located

0.5 0.4 0.5 1 0.5 2 0.5 0.3 0.5 1.5

Demo-
graphics

Population
density

3458 5460 6560 3322 5554 11821 9353 2759 1930 20441

Others
Attribute of

subway station
0 0 0 0 0 0 0 0 0 0
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