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Abstract: Long-distance school commuting is a key aspect of students’ choice of car travel. For cities
lacking school buses, the metro and car are the main travel modes used by students who have a
long travel distance between home and school. Therefore, encouraging students to commute using
the metro can effectively reduce household car use caused by long-distance commuting to school.
This paper explores metro ridership at the station level for trips to school and return trips to home
in Nanjing, China by using smart card data. In particular, a global Poisson regression model and
geographically weighted Poisson regression (GWPR) models were used to examine the effects of the
built environment on students’ metro ridership. The results indicate that the GWPR models provide
superior performance for both trips to school and return trips to home. Spatial variations exist in
the relationship between the built environment and students” metro ridership across metro stations.
Built environments around metro stations, including commercial-oriented land use; the density of
roads, parking lots, and bus stations; the number of docks at bikeshare stations; and the shortest
distance between bike stations and metro stations have different impacts on students” metro ridership.
The results have important implications for proposing relevant policies to guide students who are
being driven to school to travel by metro instead.

Keywords: students; metro ridership; school commuting; spatial variations; geographically
weighted regression

1. Introduction

School children’s reliance on cars is not only harmful to their daily travel behaviors towards
sustainability but also aggravates traffic congestion on urban roads [1-4]; therefore, governments in
many developed and developing countries have committed to encouraging school children to go to
school using active modes of travel including walking and bicycling [5-8]. However, active modes are
most suitable for short-distance travel. When students travel a long distance to school, policies and
measures that encourage them to walk or bicycle to school would be ineffective. In China, although
some students live near their schools under the nearby enrollment policy, there are many students,
especially in junior and senior high schools, having to travel a long distance to school due to the
uneven distribution of educational resources [9,10]. A similar phenomenon can also be found in many
developed countries, such as the United States [11] and New Zealand [12]. Therefore, to reduce the
number of car trips needed for escorting caused by spatial inequality, studies focusing on students
who have medium and long-distance school commutes are essential.
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In contrast to developed countries, the school bus systems in China and some developing countries
are not mature. There are two main aspects that limit the widespread usage of school buses in China.
First, China lacks favorable conditions for operating bus systems. As mentioned before, increasing
numbers of parents would like to send their children to famous schools, which are usually far away
from home; thus, many students are scattered across the city. This issue makes it extremely difficult
to operate high-efficiency school buses. Second, the supervision and management of school bus
operations are poor. On the one hand, there are no laws or regulations that oversees the construction
of school buses; at the same time, the safety and quality of vehicles that picking up/dropping off
students are not guaranteed, which worries parents [9,13]. On the other hand, schools would be
unwilling to bear the costs and safety risk of school bus operation. To summarize, it is difficult to
popularize school buses in China in the short term. Therefore, for students whose school travel is
long distance, public transportation, especially in the metro area of a metropolis, is their best choice
other than using a car. As metro ridership increases, the number of students choosing to travel by car
decreases. To guide more students with middle or long commuting distances to travel by metro, it is
important to investigate the factors that influence students” metro ridership for school trips.

Although only a few studies have focused on students” metro ridership [14], many studies
have pointed out that the built environment has a considerable influence on students’ choice of
travel mode for school commuting [15-18]. For instance, in areas with high residential density
and neighborhood density as well as well-connected and accessible by roads, the likelihood of
students travelling by active modes increases [17]. Since students usually walk or bicycle from
their homes to metro stations, the characteristics of the built environment around metro stations
largely affects whether they choose the metro to travel either to or from school. It is, therefore,
essential to examine the impact of the built environment on metro ridership for school trips at the
station level. Importantly, the demand distribution of passengers on the metro may vary across space;
thus, the effects of the spatial heterogeneity of factors should be considered when conducting an
analysis of students” metro ridership. However, most of the existing relevant studies use multiple
linear regressions to explore the influencing factors on metro ridership because this type of model
can quickly, conveniently and effectively determine the relationship between independent variables
and the dependent variable [19,20]. These studies have ignored the possibility of spatial variations.
Therefore, to obtain a deeper understanding of students” metro ridership for school trips, it is necessary
to find other models to reflect spatial heterogeneity and provide an important basis for transportation
planning and management to guide students in using the metro.

Overall, based on the consideration of spatial heterogeneity, this study attempts to use
geographically weighted regression (GWR) to investigate the relationship between students” metro
ridership and the built environment around metro stations. The overall framework of this paper is as
follows: Section 2 reviews existing literature in regard to the built environment factors that affect metro
ridership at station level and the application of GWR in the transportation field. Section 3 provides
a brief introduction of the study area and data set. Section 4 describes the research methodology.
The results of the model and the corresponding discussions are described in Section 5. This is
followed by a presentation of the implications for transport policies and specific measures in Section 6.
Our conclusions are provided in the final section.

2. Literature Review

A large body of literature exists on school travel mode choice [2,8,9,21,22]; however, few studies
have focused on students’ metro ridership for school trips using smart card data [23]. The literature
review focuses on previous studies that examine the influence of the built environment factors on
metro ridership and the application of GWR in the transportation field.
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2.1. Influence of the Built Environment on Metro Ridership

Since, as stated previously, there are few studies on the use of metros by primary and secondary
school students, this paper uses the built environment factors affecting metro passenger flow in
the existing literature as a reference. In the research examining metro ridership at the station level,
the characteristics of the built environment are usually divided into land use, intermodal connections
and external connectivity with the metro [19]. Previous studies have confirmed that land use is
closely related to transit ridership, and population and employment are the most important variables
related to land use [24,25]. Zhao et al. [19] introduced six factors related to mixed land use to explore
the impacts of land use on metro ridership. They found that the number of education buildings,
entertainment venues and shop centers have a significant influence on metro ridership. In terms of
intermodal connections with the metro, such as feeder bus lines and park-and-ride (P&R) spaces,
also have a significant impact on metro passenger flow [25,26]. Using Nanjing, China as a case
study, Zhao et al. [19] explored the influence of the number of feeder bus lines and the bicycle P&R
spaces within the metro stations’ pedestrian catchment area (PCA) on the passenger flow of the metro.
They found that the number of bicycle P&R spaces are closely related to metro ridership, while the
number of feeder bus lines are not. Recently, Ji et al. [27] also found that the density of feeder bus
stations and bikeshare stations around metro stations have a significant impact on metro-bikeshare
transfer trips. In addition, the characteristics of external connectivity also impact transit ridership [19].
Many studies have shown that road density, the number of intersections, and bicycle facilities, etc. can
significantly affect students’ choices regarding active travel modes [9,15,17].

2.2. Application of GWR in the Transportation Field

GWR is a modeling method that reveals the spatial heterogeneity of influencing factors by
allowing regression coefficient estimates to vary with geographic location [28]. This type of model has
mostly been used in the fields of medical science, economics, geography and so on [29,30]. In recent
years, this model has been applied to research in the field of transportation and has provided many
results [31-34]. In the research on public transportation ridership, Chow et al. [35] applied a GWR
model to predict bus passenger flow for home-based trips using data from Broward County, Florida.
They found that the GWR model generates more accurate predictions than linear regression models.
Later, Gardozo et al. [36] used a GWR model to predict the passenger flow of the Madrid metro at the
station level. The authors also pointed out that the GWR model is more suitable for the analysis of
metro ridership demand than the linear regression model. To improve public transportation usage in
Taiwan, Chiou et al. respectively applied global and local regression models to identify the key factors
affecting public transportation usage rates in different regions. The authors found that the GWR model
has better accommodates of spatial autocorrelation and that most variables have parameters that differ
across regions [37]. Similar findings can be found in the study of Tu et al. [38]. Recently, some scholars
have tried to improve the GWR model according to the distribution characteristics of the research
data. Ma et al. [39] used a geographically and temporally weighted regression model to explore
the relationship between the built environment and transit ridership considering the space-time
relationship. The authors indicated that the results of geographically and temporally weighted
regression model are superior to those obtained using the GWR method and the ordinary least square
(OLS) model. In addition, Ji et al. [27] used a geographically weighted Poisson regression model
(GWPR) to study the relationship between sociodemographic, travel-related, and built environment
variables and transfer volume from a spatial perspective. The result shows that the GWPR model
results are better than those of the Poisson regression model.

Generally, previous studies have provided valuable information on factors influencing ridership
and GWR modeling. However, these studies focused on the relationship between the passenger
flow at the metro station and the surrounding built environment. The relationship between the built
environment and students’ metro ridership has not been studied using the GWR model. Little is
known regarding whether and how the built environment influences on the metro usage rates across
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the regions for students who usually live far away from school. Therefore, this paper focuses on the
metro ridership at the station level for trips to school and return trips to home in Nanjing, China by
using the GWR model; this research can address the gap in the existing literature.

3. Study Context and Data

3.1. Study Area Context

The study area is Nanjing, the capital of Jiangsu province, China, which includes an area of
6587 km? and in 2015 [40], had a population of more than 8.2 million. We choose Nanjing for this
case study because (a) Nanjing is a veritable “educational metropolis”. By the end of 2016, there were
232 secondary schools in Nanjing and 349 primary schools (including 54 high schools and 178 junior
high schools). In addition, the number of primary and secondary school students was 930,700 [40].
In the face of fierce competition related to college entrance examinations, parents in Nanjing pay more
attention to their children’s education issues, and the phenomenon of choosing schools across districts
is serious. (b) Nanjing is a typical large Chinese city according to the Standards for Categorizing
City Sizes [41] and has a relatively well-developed metro network. Six metro lines have been built
and are in operation, namely, lines 1, 2, 3, 10, S1 and S§; the total length of the metro network is
225 km. As shown in Figure 1, the metro network in Nanjing includes 113 stations, with an urban
region covering 16 stations, a suburban region covering 58 stations and an exurban region covering
39 stations.

(a) China
(b) Jiangsu province
(¢) Studied areas of Nanjing

Legend
River Exurban
I Urban + Metro station
Suburban == Metro line

Figure 1. Study areas of Nanjing.

3.2. Data Source

3.2.1. Nanjing Metro Smart Card Data

Smart cards (SCDs) are used for the Nanjing public transit system and the data that can be
obtained from the system include the card type, the corresponding station ID and time stamps for each
card ID when a passenger enters or exits a metro station. Due to our research aim, this study used data
only for student cards. A student SCD is available for students below 18 years old, and primary school
students, junior high school students and high school students can use these cards. This study collected
SCD data on Nanjing rail transit from 9-31 October 2016, which includes 15 specific weekdays from
which samples of trips were extracted. The smart card data set used in this paper was a compilation of
approximately 0.36 million transactions made by nearly 29 thousand SCD.
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3.2.2. Nanjing Point of Interest (POI) Data

To measure the built environment, the 2016 Nanjing POI data, which were obtained from the Baidu
map, were also used in this study. POI data are a kind of point data representing real geographical
entities and include spatial information such as latitude and longitude and addresses, and attribute
information such as name and category [39]. The data collected for this study include information
about the boundaries of the county and district, urban roads, parks, metro stations, bus stations, public
bicycle stations, parking lots, financial service areas, commercial buildings, retail industries, hotels,
recreation, medical services, research and education, and corporate and residential communities.
Built environment indicators were extracted from these data.

4. Methods

4.1. Identifying School Commuters

The research methods used to identify commuters based on SCD data have become mature;
however, at present, there are few studies on the identification of school commuters [14]. Many studies
have assumed that the place where the cardholder stays for more than several hours (except for the
first place, which is considered to be the residence) can be considered to be the place of employment of
the cardholder [42—44]. This identification problem occurs because most transit commuters are likely
to take buses or the metro regularly with relatively fixed stops at similar times for a long time span [42].
Nevertheless, these methods are not appropriate for identifying school commuting. Because students
may be escorted by their parents, quite several students just use the metro for one-way trips. Therefore,
an identification method for students and their commuting trips considering escorts was adopted.
According to Gu et al. [14], metro commuting students can be identified based on the school schedule
and the students’ travel frequency. This study used the following recognition rules: (1) The boarding
metro station with the highest frequency for each card ID is the candidate home or school. (2) When
multiple stations with the same highest frequency occurs, adjacent stations are merged, and the records
of more than two stations with the highest frequency are removed (it is a small probability event).
(3) When determining a candidate station, the corresponding station with the highest frequency is
identified as another candidate station; (4) Home and school in two candidate stations are determined
specifically by the relationship between arrival time/departure time and school time. The flow chart is
presented in Figure 2.

Data preprocessing

Next steps adapt to each card ID

Occurrence frequency
ighest frequen

YES

NO

=1 >2 ~2<13:00 -14:00pm —>.— @
v v i Ves

Home/school' Y Combine & YHome & schoo
candidate check candidate NO
i
Y

NO

CAnother candidate | Combine & chec@ ES

Order transactions 4—

Figure 2. School commuter identification process.




Sustainability 2018, 10, 4684 6 of 16

Based on the identification steps, the SCD data indicate that 72,728 students used SCDs, and 28,925
of these students were identified as commuters. The distribution of the number of days that the
identified commuters used the metro and commuted by metro during the 15 weekdays under study is
shown in Figure 3. Evidently, the regular pattern of trips commuting to school is entirely in accordance
with the distribution of the number of travel days for all students. This result verifies the reliability of
the above identification method. A total of 351,631 school trips were taken during the 15 weekdays,
including 191,055 trips to school (TS) and 160,576 return trips to home (RTH).

25000 8000

20000

6000 4
15000
4000

10000

Number of students
Number of students

2000 4
5000

0 o4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of travel days by metro Number of commute days by metro
(a) (b)

Figure 3. Distribution of the number of days students used the metro and commuted by metro.
(a) Number of days the students use the metro; (b) Number of days the students commute.

4.2. Calculating the Dependent Variables

Because students” school commuting trips include TS and RTH, the study needs to consider the
students” metro ridership at the station level for both trips. For TS, we measure the ridership of a
metro station as the sum of the number of boarding students for which this is the home station and the
number of deboarding students for which this is the school station. For RTH, we measure the ridership
of a metro station as the sum of the number of boarding students for which this is the school station
and the number deboarding students for which this is the home station. Notably, we found that the
frequency of metro use by students for TS and for RTH changed little from Monday to Thursday, while
the number of students who used the metro to go home from school on Friday increased significantly,
as shown in Figure 4. The possible reason for this result is that some of the school students are
resident students who usually stay at the school during weekdays and every week, go home on Friday.
Therefore, this paper only includes the number of students using the metro from Monday to Thursday
in consideration of the unusual characteristics of students using the metro on Fridays. More specifically,
we use the average station ridership for TS and for RTH as the dependent variables.

50000 -

A
40000 - /

30000 A

}
T
|

20000 A

10000 4

Stuents' metro ridership

0 T T T T 1
Monday Tuesday Wednesday Thursday Friday

—@— Home-School —A—School-Home

Figure 4. Distribution of the number of students commuted by metro for TS and RTH.
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4.3. Selecting the Explanatory Variables

As stated in the literature review section, there are three main aspects of the built environment,
namely, land use, connections with the metro and external connectivity, are associated with transit
ridership. In this paper, following Xia et al. [45] and Zhao et al. [19], we used circles with a radius of
800 m as a buffer for the metro stations, and extracted the built environment indicators related to the
frequency of primary and secondary school students’ use of the metro to go to school and return home
in the metro stations’ PCA, as follows.

First, together with the characteristics of schooling behavior, we used population, employment,
and the number of commercial and educational buildings to measure land use. Due to the limitations
of our data and following Ma et al. [39], the number of residents and jobs in the PCA have been
replaced by the POI of the residential buildings and employment places.

Second, because students who use the metro may need to transfer to either a bus, public bicycles or
a car for the remainder of their trip, this study used variables that are related to intermodal connections,
following Ji et al. [27]., as well as variables related to P&R points.

Third, to measure the external connectivity of metro stations, we included data on road density,
intersection density, the closest distance from the bus stop to the metro station, and the closest distance
from the bicycle station to the metro station in the PCA.

Finally, a total of 12 variables are selected from three levels: land use, intermodal connection,
and external connectivity. All variables are continuous variables, and we had calculated the maximum,
minimum, mean, and standard deviation of these variables, as shown in Table 1.

Table 1. Statistical Results of the Various Indicators.

Independent Variables Unit Max Min Mean S.D.
Dependent variables
Trips to school (TS) Number 32,197 31,826 31,973 139.67
Return trips to home (RTH) Number 47,324 35,726 35,933 195.47
Land use variables
Job density (JobD) Number/km? 431 0.00 41 72.99
Residential-oriented land use (RLU) Percentage 1.00 0.00 0.06 0.10
Commercial-oriented land use (CLU) Percentage 0.83 0.00 0.50 0.19
Educational-oriented land use (ELU) Percentage 0.70 0.00 0.07 0.10
Transferring-related variables
Density of P&R (ParkingD) Number /km? 40.78 0.00 5.33 6.82
Density of bus stations (BusD) Number/km? 40.78 0.00 12.00 10.42
Density of bike stations (BikeD) Number/km? 8.95 0.00 1.83 2.37
Docks at bikeshare stations (Docks) Number/km? 389.94 0.00 69.80 92.79
External connectivity variables
Density of intersections (IntersectionD) Number /km? 18.54 0.56 5.71 3.86
Density of road networks (RoadD) km/km? 27.78 3.98 16.04 5.34
Shortest distance between bus station and metro station (SDtoBus) m 3695.94 1.98 379.15 660.68
Shortest distance between bike station and metro station (SDtoBike) m 42,693.46 16.21 5850.36 8792.79

4.4. Modeling GWPR

To investigate the impacts of the built environment on the metro ridership of students from a
spatial perspective, a GWR model was used in this paper. As stated before, the GWR model is an
extension of the linear regression model, which allows for the assessment of spatial heterogeneity
in the relationship between a given independent variable and a set of dependent variables. In the
GWR model, the closer the sample point is to a given regression point, the greater the influence on the
sample point. For any metro station i, the GWR model uses the following expression [28]:

P
i = Bio(ui,vi) + Y Bre(uj, vi)xy + ¢ i=1,23...n 1
=1

where (u;, v;) is the coordinates of the metro station 7 in space; and y;, xjx and ¢; are the dependent
variables, the kth independent variable and the error term for location i; respectively. B;y is a constant
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variable; and By is the coefficient at station i for the independent variable xj. In addition, P is the
number of independent variables. It is worth noting that GWR generally requires that the dependent
variable has a normal distribution, and when the dependent variable is the “frequency of metro use by
students”, in accordance with the Poisson distribution, the GWPR is more effective than the general
GWR model. Based on Poisson regression, the formula for the GWPR can be expressed as follows:

p
ﬁio(ui,vi)+k21ﬁk(ui/vi)xik+€i )
e -

yi = i=1,23...n ()

The linearization formula can be calculated as follows:
P
Iny; = Bio(ui, ;) + Y Br(wi, vi)xix +€ i=1,2,3...n 3)
k=1

where Iny; is the log rate ratio of y;. Please note that for each station, the parameter By can be different.
The closer the observed data is to the station i, the greater the influence on B (u;, v;) is. For the solving
principle in detail, please refer to the study of Nakaya et al. [46]. In addition, the corrected Akaike
information criterion (AICc) and the Akaike information criterion (AIC) were used to evaluate whether
GWR provides a better fit than a global model [28], as a smaller AICc/AIC indicates a better result.

5. Results

5.1. Global Results

Before establishing the global and local models of the GWR, it is essential to perform a collinearity
test on each parameter to remove parameters with strong collinearity. For TS and all independent
variables, we used STATA software for collinearity testing. The independent variables RLU and BikeD
are removed because they have a collinear relationship with the other variables (VIF > 10). Similarly,
the independent variables RLU and BikeD were excluded from the collinearity test of the dependent
variable RTH and the independent variables. The other tested variables are included in the global
Poisson regression models for TS and RTH separately.

After deleting the variable for which the evaluation result was not significant (p > 0.1), the results
are presented in Table 2. The first model uses TS as the dependent variable, and the second model uses
RTH as the dependent variable. It is found that the land use around the metro station has less of an
impact on the frequency of metro use by students commuting to school, and only commercial land use
(CLU) has a significant impact. In contrast, intermodal connection and external connectivity have a
significant impact on the student’s metro ridership for school trips.

Table 2. Global Poisson Modeling Results.

Dependent Trips to School (TS) Return Trips to Home (RTH)
Variable Coef. S.E. Z-Stat. Coef. S.E. Z-Stat.
Intercept 5.377 0.007 746.032 *** 5.474 0.007 782.499 ***

CLU 0.446 0.007 61.512 *** 0.444 0.007 63.789 ***
RoadD —0.407 0.008 —50.420 *** —0.368 0.008 —47.939 ***
ParkingD —0.387 0.011 —36.112 *** —0.315 0.009 —33.659 ***
BusD 0.404 0.008 48.358 *** 0.393 0.008 50.676 ***
Docks 0.183 0.008 23.052 *** 0.183 0.007 24.677 ***
SDtoBike —0.575 0.010 —56.195 *** —0.607 0.010 —58.849 ***
AIC 20,495.239 19,214.216
AICc 20,496.305 19,215.282
Percent deviance explained 0.429 0.482

Note: ** p < 0.01.
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The table shows that CLU, BusD and Docks have a positive impact on the frequency of students
using the metro for commuting. Specifically, in the first model, the coefficient of CLU is 0.446, indicating
that after controlling for the other variables, each additional unit of CLU will result in an increase in
the expected number of students who use the metro to go to school by 0.562 times (e%4¢ — 1). In the
same way, when the other variables remain unchanged, the expected number of students using the
metro to go to school will increase by 0.498 times when BusD increases one unit. For each additional
unit of Docks, the expected number of students using the metro will increase by 0.201 times. Unlike the
above explanatory variables, RoadD, ParkingD and SDtoBike have a negative impact on the frequency
of students using the metro for commuting. As the density of such variables within a PCA increases,
the students’ metro ridership decreases. Similar results can be found in the second model.

The conventional Poisson regression model explains the possible determinants of students’ metro
ridership for school trips from a global average point of view. However, the regression parameters are
fixed across the space and the potential geographical variations of these parameters remains unknown.
To explore the impact of spatial heterogeneity on the frequency of students” metro use more deeply,
this paper will examine the variables using the GWPR model.

5.2. Local Results

Before establishing the GWPR model, the spatial nonstationarity of the dependent variable is
tested. Spatial nonstationarity refers to a change in the relationship or structure of the variables caused
by changes in geographic location and can be tested by calculating Moran’s I from the residuals of the
global regression result [29]. The value of Moran’s I ranges from —1 to 1. When the absolute Moran’s
I > 0, a spatial correlation exists. The higher Moran’s I is, the more obvious the spatial correlation.
It is reasonable to establish a local model only when the regression residual does not have spatial
randomness. In this paper, the global Moran’s I of both the first model and the second model are 0.167
and 0.273, respectively. This indicates that the relationship between the dependent variable and the
independent variable of the model is spatially nonstationary. Therefore, we normalize the significant
variables in the global model and include them in the local model. By calculation, each factor has a
specific coefficient value for each metro. The results of the factors affecting the frequency of metro use
by students for TS and for RTH are shown in Tables 3 and 4.

Table 3. GWPR Modeling Results of TS.

Local Terms Mean Min Low Quartile Median Upper Quartile  Max  DIFF of Criterion *
Intercept 5.201 2.377 4.94 5.253 5.787 8.069 —648.232
CLU 0.352 —0.145 0.175 0.363 0.562 0.95 —1888.56
RoadD —0.336 —0.798 —0.493 —0.397 -0.176 0.12 —1244.441
ParkingD —0.352 —1.078 —0.548 —0.349 —0.228 0.569 —1337.879
BusD 0.329 —0.084 0.196 0.342 0.436 0.84 —879.722
Docks 0.238 —0.181 0.026 0.167 0.448 0.852 —1055.801
SDtoBike —0.862 -5.192 —1.103 —0.624 —0.382 3.237 —519.315
AIC 10,730.82 AICc 10,748.06 Percent of deviance explained 0.702

Note: * The positive value of the diff-criterion suggests that nonspatial variability exists in terms of model
selection criteria.

Table 4. GWPR Modeling Results of RTH.

Local Terms Mean Min Low Quartile Median Upper Quartile  Max  DIFF of Criterion *
Intercept 5.456 3.143 5.188 5.395 5.890 8.451 —695.618
CLU 0.360 —0.090 0.192 0.337 0.546 0.928 —1992.976
RoadD —0.290 —0.721 —0.433 —0.338 —0.145 0.115 —1065.073
ParkingD —0.315 —0.889 —0.463 —0.292 —-0.215 0.453 —1006.787
BusD 0.328 0.026 0.198 0.329 0.430 0.772 —817.654
Docks 0.246 —0.065 0.090 0.191 0.396 0.745 —865.232
SDtoBike —0.634 —4.076 —0.961 —0.626 —0.273 3.582 —504.021
AIC 10,724.904 AICc 10,741.48 Percent of deviance explained 0.712

Note: * The positive value of the diff-criterion suggests that nonspatial variability exists in terms of model
selection criteria.
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By comparing the AIC/the AICc of the global modal and those of the local model, it is found that
the two local models have a lower AIC and AICc than their corresponding global models. This result
shows that the regression result of the GWPR model is better than that of the Poisson regression
model. In contrast to the fixed coefficients across space in the global model, all selected variables in the
local model have spatial variabilities that depend on the diff-criterion values. Tables 2—4 demonstrate
how different the coefficients of the variables appear in the global and local models. For instance,
the coefficient Docks is positive in the global model but is negative in the local model. This indicates
that the influence of the factor Docks on students’ metro ridership indeed varies over space and that
we need to consider spatial variations in the association between students” metro ridership and the
characteristics of the built environment. Since each metro station has a specific coefficient estimate in
the GWPR model, the estimation result of this model can reflect the influence of each factor on the
frequency of metro use by students for school trips across the regions.

5.3. Analysis and Discussion

To further explore the impact of the spatial heterogeneity of the built environment variables on
the frequency of students using the metro for TS and for RTH, we use ArcGIS software to express
the coefficient estimates for each metro station as shown in Figures 5 and 6. Figure 5 shows that
the effect of all variables on metro ridership for TS varies with the spatial distribution of the metro
stations. CLU and BusD have positive impacts on student’s metro ridership at the station level.
Specifically, the coefficient of CLU is 0.446 in the global model, but in the local model, it increases
from urban to exurban areas, with the largest value for exurban areas (Figure 5a). This result indicates
that the coefficient in the global model is the average value of the continuous coefficients in the
local mode. The global model cannot show that in areas with darker colors, each additional unit of
CLU is associated with a higher frequency of students going to school. Perhaps this result occurs
because commercial development encourages students to use the metro, but concentrated commercial
development tends to attract more passengers at early peak hours, which is not conducive to students
using the metro to go to school. In contrast, BusD has a greater positive association with the frequency
of metro use by students in the central area, which includes line 2 and line 10 (in Figure 5d). Perhaps
this result occurs because some metro commuters in these areas are more willing to transfer to a bus,
which helps students use the metro for going to school during the morning peak.

Unlike the above variables, RoadD and ParkingD have negative impacts on the frequency of
students using the metro for TS. As RoadD increases, the frequency with which students use the metro
decreases. This result is consistent with the study conducted by Broberg and Sarjala [16]. Notably,
this negative impact has a greater association with students’” metro ridership for TS in south of the
Yangtze River (in Figure 5b), which may be due to a higher population density and road density
in these areas. Similarly, as ParkingD increases, the frequency with which students use the metro
decreases. The main reason may be that the existence of a parking lot or parking space around the
school will encourage parents to drive their children to school. Figure 5c shows that this negative
impact is more obvious north of the Yangtze River. This result may have occurred because of the
relatively low density of public transport facilities in these areas, and the increased density of parking
lots encourages students to use a car to go to school.

Unexpectedly, although Docks and SDtoBike have a positive impact on the frequency of students
metro use to go to school in the global model, both positive and negative effects exist throughout the
region. This result differs from the results of previous research [27]. In general, the more transfer
facilities there are and the closer they are to the metro station, the more positive impact they have on
metro passenger flow. However, Figure 5e shows that as the number of docks increase, the frequency
of metro use by students who live near line 10 and line 1 decreases. The possible reason for this result
is that these two metro lines have a concentrated large number of commuter passengers during the
morning peak, and an increase in the number of public bike stations has attracted more commuters to
use the metro because they can transfer from a bicycle. Facing travel chaos, primary and secondary
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school students, as a vulnerable group, are unwilling to (or their parents will not allow them to) use
the metro to go to school. Figure 5f shows that students living in the central area are more willing to
use the metro to go to school, as the distance from a public bicycle station to the metro station increases.
It may be that some students who travel a short distance prefer to go to school by bicycle rather than
using the metro during the morning peak. However, these different spatial distributions cannot be
reflected in the global model, which not only reduces the prediction accuracy of the model but is also
unfavorable for policy recommendations.

As seen in Figure 6, the impact of the built environment on the frequency with which students use
the metro for RTH is basically consistent with that of students using the metro for TS. The difference
is that the number of docks has a positive effect only for the frequency with which students use the
metro for RTH, as shown in Figure 6e. This result may have occurred because public transport services
have been improved due to the difference between school runs and rush hours. This result confirms
our previous suspicion that commuting trips during the morning peak have a negative impact on the
use of the metro by primary and secondary school students. These results are of great significance for
proposing facility planning, and they have policy implications for the use of the metro by students
who commute over medium and long distances.
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Figure 5. Spatial distribution of estimated coefficients of variables for TS.
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Figure 6. Spatial distribution of estimated coefficients of variables for RTH.

6. Implications and Limitations

6.1. Research Implications

In Nanjing and most other Chinese cities, for most parents, a major factor when choosing a school
for their children is the quality of schools. Only after choosing a school will they decide whether,
who and how to escort their children according to the school’s location and other factors. Thus,
students’ choice of school travel mode, especially for students with independent travel ability, largely
depends on the built environment around their home [47]. The results from this study reveal that land
use and transport facilities have different impacts on the frequency of metro use by students across
space, and these results have valuable implications for guiding students who travel long distances in
metropolitan areas to use the metro transport system more.

First, although the commercial buildings that exist along the metro lines have a significant positive
influence on students” metro ridership in suburban and exurban areas, this effect is not significant
in the central area. This result suggests that commercial development around metro stations in the
suburbs and exurbs should be encouraged. Notably, since an increase in the density of commercial
areas attracts more people and traffic, setting a long time for walk signal at intersections within 800 m
of the metro station may help encourage students to use the metro, especially in the area south of the
Yangtze River in Nanjing.

Second, an increase in the density of bus stations also has a significant positive impact on students
metro ridership, especially around line 2 and line 10 in Nanjing. This result means that for students
who go to school using the metro, the bus is more a feeder mode than an alternative mode. Therefore,
enhancing the layout of bus stops around line 2 and line 10 will contribute to increasing students’ metro
ridership by improving the accessibility of these metro stations and shifting some of the commuting
traffic off the metro. In addition, to attract more students who travel a medium or long distance to
use public transit the government should encourage bus companies to add feeder buses to the metro
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stations or to the longer distance local bus routes for primary and secondary school students during
school runs.

Third, our results indicate that public bicycles have an important influence on students” metro
ridership for TS. Since public bicycles first began to be available in the urban areas of Nanjing in
2015, the city realized the full coverage of the public bicycle network in all the districts at the end of
2017. However, according to our results stated above, the number of docks at bikeshare stations has a
negative impact on students use of the metro to go to school. This result suggests that appropriate traffic
management measures should be implemented after planning and designing transport infrastructure.
Primary and middle school students, as a vulnerable group, prefer not to travel during the morning
peak when there is a crowded and noisy environment in public transport systems. Our descriptive
analyses also indicate that the average station ridership for TS is less than that for RTH. To solve
this problem, staggered shifts should be implemented during the morning peak to accommodate
both employees and students in some suburban and exurban areas (such as Qixia District, and Jianye
District).

Moreover, the density of parking lots is closely related to the frequency of metro school commuting.
As the density of the parking lots is increased, students become less willing to use the metro.
Nevertheless, the number of parking facilities around the metro stations cannot be decreased because,
on the one hand, the parking lots around metro stations are provided not only for parents but also for
commuters or other social vehicles. On the other hand, some students, especially younger children
with a long travel distance, must be escorted by their parents. If the number of parking facilities
around metro stations are reduced, then the surplus parking demand will transfer to urban roads,
which will inevitably cause traffic chaos. Establishing a mature school bus system is the only way to
reduce the number of car trips used for these students in the future.

6.2. Research Limitations

This study has some limitations. First, this paper focuses on built environment factors affecting
students’” metro ridership for TS and RTH at the station level; however, factors at the individual
level including students’ socioeconomic attributes, information about their family, and information
about the parents, and personal attributes are not included in the modeling due to the limitations of
the SCD data. However, the student’s family, parents and personal attributes are important factors
that influence whether students use the metro to travel [9,10,48]. Second, in this paper, land use is
measured by POI because data on building size cannot be obtained. Third, since this study only
focuses only on students who commute in the metro system, students not using a metro smart card
have not been considered. In future studies, we could extend this study to analyze more factors that
may affect students’” school commuting, such as the socioeconomic attributes of card holders and their
parents as well as the socioeconomic variables associated with the metro stations’ PCA, by combining
a questionnaire and smart card data. Furthermore, we could establish a semi-parametric GWPR model
in addition to the local model and compare their performance, thus providing more detailed insight
into the significance of different travel groups.

7. Conclusions

This paper focuses on the primary and secondary school students’” commuting behavior in the
metro system and explores metro ridership at the station level for TS and RTH by using the smart card
data (SCD) of Nanjing. A global Poisson regression model and a GWPR model were used to examine
the spatial distributions of the built environment factors associated with students” metro ridership.
The results show that GWPR models provide superior performance for both TS and RTH because the
global model has misspecification by adopting a spatially averaged associations between correlates.
However, spatial variations exist in the relationship between the built environment and students’
metro ridership across metro stations. Specifically, built environments, including commercial-oriented
land use; the density of roads, parking lots, and bus stations; the number of docks at bikeshare stations;
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and the shortest distance between bike stations and metro stations around different metro stations
have different impacts on students” metro ridership. According to these findings, recommendations
for urban planners and policymakers are further proposed to guide students who are currently being
driven to school to instead, travel instead by metro.

This research makes two main contributions. First, most of the existing research on student
behaviors focuses on the choice of active travel modes (bicycling and walking), while neglecting the
fact that long-distance school commuting is the key to the parental choice of car travel for the students.
This paper explores the metro ridership of commuting students by using three weeks of SCD data and
addresses the gap in the existing literature. A GWPR model was first used to explore the relationship
between the built environment and students’” metro ridership for TS and RTH. Using this approach
not only improves the accuracy of the model but also provides a theoretical basis for developing
differentiated policies and measures for guiding students who live in different regions to use the metro.
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