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Active travel to school is considered one of the channels for improving schoolchildren’s daily physical activity
level. The built environment is increasingly recognized as a factor likely to influence travel behavior. However,
previous studies have primarily captured the macro-level built environment, usually assumed to be linearly
associated with active travel to school. Using travel data from Beijing (China) enriched with street view imagery,
this study employs generalized additive mixed models to examine non-linear associations between the odds of
children’s walking to school and streetscape built environmental attributes. Results show that schoolchildren,
especially from higher-income families, are more likely to walk to school when they live in neighborhoods with
lower street walkability, while higher street enclosure was associated with higher odds of walking for all re-
spondents. A non-linear but overall negative relationship was observed between the odds of walking and street
safety facilities. Stratified analyses showed that schoolchildren’s household car ownership, educational attain-
ment of parent(s), and household annual income modify the built environment-walking to school association.

These findings contribute to a growing evidence base for child-friendly cities promoting active travel.

1. Introduction

Physical inactivity and a sedentary lifestyle are major health-risk
factors for schoolchildren, causing overweight, obesity, and some
chronic diseases. The World Health Organization (WHO) recommended
that children and adolescents should engage in >60 min of moderate to
vigorous physical activity daily to maintain good health (WHO, 2020).
Globally, however, about 81% of adolescents did not meet this recom-
mendation (WHO, 2018). In China, only 22.7% of primary school-
children met the recommendation in 2010 (Zhang et al., 2012).

Active travel (i.e., walking and cycling) to school (AST) is considered
an important channel to increase energy expenditure (Fulton et al.,
2005; Schoeppe et al., 2013). Previous studies have found that children
and adolescents who reported a higher level of AST had higher physical
activity levels (Pizarro et al., 2016; Chillon et al., 2010). Consequently,

there is a great need to promote children’s physical activity by
encouraging them to travel to school actively.

The built environment (i.e., man-made places and spaces including
buildings, parks and transportation systems) has increasingly been
recognized as a contributor to children’s AST with evidence primarily
from western countries (Helbich et al., 2016; Vanwolleghem et al., 2016;
Kaplan et al., 2016; Dias et al., 2019). The level of AST varies worldwide
(Hallal et al., 2012). In China, 56.3% of schoolchildren and adolescents
walk or cycle to school, while only 15% in Chile and 86% in Japan do so
(Alliance, 2018). At present, only a few studies have focused on the built
environment — AST relationship in Chinese cities (Sun et al., 2018; Lu
et al.,, 2019a; Yang et al., 2020b). However, most of these studies have
captured the built environment from a bird’s eye view, such as the 5Ds
(i.e., density, diversity, design, destination accessibility, and distance to
transit), thereby failing to capture how people perceive their
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surroundings on the ground. Some have applied machine learning and
street view data to measure the levels of street greenery within chil-
dren’s residential neighborhoods (Yang et al., 2020b; Laszkiewicz and
Sikorska, 2020), but other street environmental features, such as street
safety and walkability, which have been proven to have significant ef-
fects on schoolchildren’s travel behavior, have rarely been included
(Sun et al., 2018; Christiansen et al., 2014; Buttazzoni et al., 2019).

Most existing studies assume that each built environment attribute
has a linear relationship with AST (Christiansen et al., 2014, Buttazzoni
et al., 2019). Nevertheless, this may not always be the case. Previous
studies have suggested that there were different non-linear and
threshold effects of different built environment attributes on physical
activity (PA) for children. For example, low or excessive land-use mix,
population density, and destination accessibility may have no effect on
children’s PA, and intersection density may have optimal value in the
relationship with children’s PA (Huang et al., 2021). However, little
attention has been paid to possible non-linear relationships between the
built environment and AST.

Previous studies have focused on the built environment in the vi-
cinity of a child’s residential address (Lu et al., 2019a; Sun et al., 2018).
However, scant attention has been paid to the effects of built environ-
ment attributes on active travel within the school neighborhood which
may be fundamentally different than the residential environment (Su
et al., 2013).

To address these research gaps, this paper aims to investigate the
non-linear relationship between the streetscape built environment and
the odds of walking to school among primary schoolchildren in Beijing.
This paper enriches the knowledge on the relationship between the built
environment and transport-related walking for schoolchildren in three
ways: (1) it makes a first attempt to assess associations between the
streetscape environment and AST, (2) it makes a methodological
contribution by unraveling possible non-linear relationships, and (3) it
further examines how the streetscape built environment within the
residential and the school context jointly related to AST.

2. Literature review
2.1. Built environment and travel behaviors for schoolchildren

The urban environment seems to play a role in how children travel
(McMillan, 2016; Panter et al., 2008) as suggested in the behavioral
model of school transportation (Mitra, 2013). Essential built environ-
mental determinants for adults include population density (Dias et al.,
2019; Dalton et al., 2011), design (Kaplan et al., 2016; Maki-Opas et al.,
2014), distance to transit (Yang et al., 2020b; Page et al., 2010), land use
mix diversity (Vanwolleghem et al., 2016; Rothman et al., 2015; Zang
et al., 2019), and destination accessibility (Evenson et al., 2006; Moran
et al., 2015), while it is less well understood how these factors are
associated with children’s AST.

Many previous studies have used the intersection density and street
connectivity as measures to represent urban design (Ewing and Cervero,
2010; Cervero and Kockelman, 1997). For example, a Danish study used
road connectivity as a part of walkability index and found that higher
walkability of the school site was related with higher odds of AST
(Christiansen et al., 2014). Similarly, a study in Perth (Australia) also
found a positive relationship between street connectivity and walking to
school (Giles-Corti et al., 2011). In contrast, a study in California re-
ported a negative association between the street connectivity and
walking to school among children (Su et al., 2013). However, pedes-
trians’ activities may vary significantly due to the changes in the
streetscape environments, indicating that the current widely used street
design indicators may not capture fine-grained aspects of streetscape
design (Yin and Wang, 2016). Therefore, alternative street design in-
dicators have been proposed, who found children’s active travel
behavior was positively (though not always significantly) related to (the
perception of) route safety (Christiansen et al., 2014), the presence and
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quality of sidewalk (Kim and Heinrich, 2016; Ghekiere et al., 2015;
Verhoeven et al., 2017) and the presence of a window facing the street
(McMillan, 2007), while higher traffic and a hilly terrain along the route
were negatively related (Kaplan et al., 2016; Timperio et al., 2006).
There were mixed results for the points of interest along the street, like
on-street retail and snack shops (Kaplan et al., 2016; Yu and Zhu, 2013),
and the presence of traffic lights and pedestrian crossings (Hume et al.,
2009; Timperio et al., 2006).

Three methods are commonly used for measuring the above built-
environment factors. First, questionnaires and audits from photo-
graphs are time-consuming and labor-intensive. Second, GIS data are
widely available but are not suitable to represent what residents
perceive on the ground. To overcome these issues, third, machine
learning techniques are occasionally used to extract streetscape envi-
ronmental features from street view images. A few studies conducted in
Hong Kong showed that street greenery has a positive effect on an in-
dividual’s travel propensity (Yang et al., 2020a) and odds of active
traveling (Yang et al., 2020b; Lu et al., 2019b).

2.2. Non-linear relationship between the built environment and active
travel behaviors

Most previous studies reassumed a linear relationship between the
built environment and travel behaviors (Buttazzoni et al., 2019; Chillon
et al., 2014), which may lead to estimation bias (van Wee and Handy,
2014). Recently, some machine learning methods (e.g., random forest,
gradient boosting, decision trees), were used to examine non-linear re-
lationships and threshold effects of the built environment and residents’
travel behaviors, such as travel mode choice (Zhao et al., 2020; Hage-
nauer and Helbich, 2017), driving distance (Ding et al., 2018), and
active travel behaviors (Liu et al., 2021a, 2021b; Tao et al., 2020). These
studies have highlighted the importance of considering the non-linear
shape of the relationship between the built environment and travel
behaviors.

Although the machine learning approach provides a better under-
standing of the relationships between the travel behaviors and built
environment effects, the disadvantages of using machine learning ap-
proaches to measure the built environment effects should not be over-
looked. First, different from traditional regression methods, machine
learning methods fail to report whether the variable was significant or
not (Ding et al., 2021; Ding et al., 2018), which may challenge model
interpretation. Second, some machine learning approaches have been
recognized as a “black box” model whereby the underlying rationale
behind the function is not understandable by humans, and the outcome
cannot provide indications for its choice (Guidotti et al., 2018). Third,
most studies with machine learning methods have not considered the
spatial heterogeneity of different neighborhoods or traffic analysis zones
and correlation structures caused by nested respondents’ data, which
may bias statistical inference (Chen et al., 2021). To overcome the above
issues, studies have used generalized additive mixed models (GAMMs)
to examine non-linear relationships between the built environment and
travel behaviors (Kerr et al., 2016; Christiansen et al., 2016). Using
GAMMs, one can not only explore threshold effect of built environment
characteristics on travel behaviors but also provided a better under-
standing of variable significance. For 17 cities across 12 countries, it was
found that perceived residential density had a non-linear relationship
with the likelihood of transport-related walking more than 150 min per
week and the odds of transport cycling (Kerr et al., 2016). In addition, a
curvilinear relationship between the net resident density and odds of
transport-related walking with an inversed U-shape with a threshold of
12,000 dwellings/km? was reported in a multi-country investigation
(Christiansen et al., 2016).

Little attention has been paid to exploring the non-linear relationship
between the built environment and AST (Panter et al., 2008). A study
conducted in Hong Kong, a high-density and developed city, found that
population density within 30,000-60,000 persons/km? was positively
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related to transport-related walking for youth (Lu et al., 2019a). This
study, however, ignored the built environment around children’s
schools and did not consider the different effects of the built environ-
ment on the travel behavior of respondents with different socioeconomic
statuses.

2.3. Role of socioeconomic status on schoolchildren’s travel behavior

According to the social ecological model, besides the physical built
environment, intrapersonal and interpersonal factors as well as organi-
zational and policy factors play a role for children’s physical activities
and travel behaviors (Sallis and Owen, 2001; Lee and Moudon, 2004). In
addition, the social ecological model also emphasized the exploration of
the reciprocal interaction between factors at different levels, which was
an effective way to understand and change people’s behaviors (Sallis
et al., 2006; Vanwolleghem et al., 2016; Mitra, 2013).

Some studies found that children and adolescents with a lower so-
cioeconomic status (SES) were more likely to travel actively to school
(Bringolf-Isler et al., 2008; Siiba, 2020; McDonald, 2008). One possible
explanation might be that the families of children with a lower SES were
more likely to face financial problems, which were barriers for school-
children to choose passive travel modes, such as the car and public
transport (Dias et al., 2019; McDonald, 2008). A Swiss study found that
the likelihood of commuting passively was 3.1 times higher among
families with >2 cars than that of families without cars (Bringolf-Isler
et al., 2008). A study in Ghana found that the odds of AST for primary
children living in an owner-occupied residence was only about 57.46%
of the active travel probability of other children (Siiba, 2020). Another
study found that households with an annual income of more than
$60,000 in the U.S. had a lower ratio of active transportation, which was
only about 68% of those with an annual income of less than $30,000
(McDonald, 2008). Besides, children would have higher odds of AST if
their parents believed in their ability to be independently mobile or to
travel alone (Veitch et al., 2017).

In summary, most previous studies considered the built environment
from a macro-level perspective and/or either focused on the built
environment at home or at the school site. Both approaches likely lead to
a bias in assessing the built environment-AST relationship. Finally, most
earlier studies focused on developed countries, whereas evidence from
developing countries is limited. However, there are differences not only
in the built environment between developed and developing countries,
but also in polices regarding schoolchildren. For example, the “attending
nearby school” policy in China restricts primary school admission to
schoolchildren living within a defined distance, which may lead to
particularities of the schooling patterns of Chinese schoolchildren.

3. Materials and methods
3.1. Study area and data

This study focused on Beijing, the capital of China. The travel data
were obtained from the Fourth Beijing Official Household Travel Survey
(BOHTS) carried out by the Beijing Municipal Commission of Transport
in 2010 (http://jtw.beijing.gov.cn/). Since 1986, five rounds of cross-
sectional BOHTS (i.e., 1986, 2000, 2005, 2010, and 2015) were con-
ducted to support the improvement of transportation strategies. Beijing
conducted the BOHTS based on Traffic Analysis Zones (TAZ) as the areal
unit. In 2010, the Beijing area comprised 1,912 TAZs. We used only
those 676 TAZs within the Fifth Ring Road of Beijing (with an area less
than 3.14 km?) or that intersected with it, as TAZs beyond the Fifth Ring
Road were usually large in size and sparsely populated (Fig. S1). The
average size of the included TAZs was 1.034 km?.

3.2. Travel survey data

The household travel survey was based on a 24-h travel diary
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comprising in total 253,583 trips conducted by 115,920 participants
within 46,900 households, which accounted for 0.6% of the total pop-
ulation of Beijing. The participants reported all their trips within 24-h in
chronological order when they were interviewed. Each trip record
included some travel attributes, such as transport modes, the TAZ code
of trip origin and destination, start time per trip and arrival time, and
travel purpose (e.g., working, schooling, personal affairs, visiting
friends). Fig. 1 shows the sample selection. We selected trips conducted
by schoolchildren in primary education located within the study area. In
total, our final sample included 1,758 schoolchildren, who provided
3,347 trips.

Characteristics of travel-to-school records and vice versa were based
on self-reported data. Subjects could choose from 14 response items
including walking, car, motorbike, cycling, bus, metro etc. We consid-
ered walking trips (dichotomized into ‘walking: yes or no’) as the
dependent variable. Whether or not the trip origin and destination were
in the same TAZ was coded as ‘yes or no’. We also calculated the
Euclidean distance between the central point of the origin TAZ and
destination TAZ to capture travel distance (in kilometers), which was
defined as O if the trip’s origin and destination were within the same
TAZ. We also collected data on parental companionship during school-
children’s walking trips to school. The variable was grouped into travel
alone vs. travel with parent(s) vs. travel with grandparent(s).

In addition to the trip-record data, the survey also recorded the
participants’ socio-demographic information. We included the following
covariates: gender (female vs. male), age (in years), hukou status (local
hukou vs. non-local hukou), household car ownership (no car vs. have
car), household bicycle ownership (no bicycle vs. have bicycles), annual
family income (<50,000 yuan vs. 50,000-100,000 yuan vs. >100,000
yuan), and the highest educational level of the schoolchildren’s parent
(s) (junior high school or below vs. senior high school vs. college or
above).

3.3. Tencent street imagery data

We obtained street view images taken in 2013 from Tencent Map
(https://map.qq.com/). Sampling points were created every 50 m along

All travel records

(n=253,583)
1 N Travel records from other people
) 4 4 (n=244,217)
Travel records from schoolchildren
who were receiving the full-time
primary education (n=9,366)
| N Travel records for other purpose
Y 4 (n=866)
Travel to school records from
the above samples
(n=8,500)
T N Origin and destination of travel records
* 7 were not home and school TAZs
Travel records only occured between (n=574)
the home and school TAZs
(n=17,926)
| » | Travel records occurred in other area
Y 4 (n=4,454)

Travel records occurred
in our study area
(n=3,472)

I Outlier records
Y (n=25)
Travel records after
deleting the outliers
(n = 3,447)

Y

Fig. 1. Sample selection.
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the street network, which was retrieved from OpenStreetMap
(https://www.openstreetmap.org). For each sample point, we selected
four street view images from 0°, 90°, 180°, and 270°. In total, there were
32,148 sample points with 128,592 street view images. We implemented
a machine learning approach to extract objects from those downloaded
street view images. We used a fully convolutional neural network (i.e.,
the FCN-8s) to conduct semantic image segmentation, thereby identi-
fying 151 street different objects (Yao et al., 2019). To train the FCN-8s,
we used the ADE20K scene parsing and segmentation database (Zhou
et al., 2018; Zhou et al., 2017). Thereafter, the proportion of each street
object’s pixel per image was calculated by feeding the images into the
trained model. Each object’s pixel proportion of the four street view
images per sample point were averaged. The segmentation accuracy of
the FCN-8s reached 81.44% and 66.83% in the training and test set (Yao
et al., 2019), ranking within the top 10% worldwide (leaderboard: http
://sceneparsing.csail.mit.edu). A similar model has been widely applied
elsewhere (Helbich et al., 2019; Liu et al., 2021a, 2021b; Wang et al.,
2019a, 2019b, 2019c; Yao et al., 2019).

Based on the segmented street view images, four detailed built
environmental features have been determined which were found to
affect residents’ travel behavior (Ewing and Handy, 2009; Christiansen
et al., 2014; Ross et al., 2017). Streetscape greenery and walkability
were used to represent the physical features along the street (Yang et al.,
2020b; Dessing et al., 2016; Dalton et al., 2011; Kim and Heinrich,
2016), while enclosure and street safety facilities may reflect the
walking and cycling experience of pedestrians and their perception of
the street environment (Ewing and Handy, 2009). Streetscape greenery
is represented by the average value of greenery of all sampling points
within a TAZ. Walkability is given as the ratio of the pavement’s pixels
to the sum of the pavement and the driveway’s pixels of the sample
points within a TAZ. Our measure to capture enclosure was defined as
the average height-to-width ratio of vertical objects (i.e., buildings and
trees) and the horizontal objects (i.e., pavements and roads) of the
sample points within a TAZ (Ma et al., 2021). Finally, we defined street
safety facilities as the average value of the sum of pixels in the propor-
tion of street furniture objects (i.e., fences, streetlamps, traffic lights,
cameras, and windows) of the sample points within a TAZ. Formulas for
each streetscape measure are given in the supplementary materials
(Table S1).

3.4. TAZ data

We used several measures of the built environment per TAZ. We
computed these variables within each residential TAZ and within each
school TAZ. Population density was measured by using the Beijing
Census Data for townships and sub-districts for 2010. We calculated the
number of intersections, bus stops, and metro stations from point of
interest (POI) data. Besides, we obtained land use data extracted from
the Landsat-5 remote sensing imagery with a spatial resolution of 30 m
to compute the proportion of greenspace per TAZ. Finally, regarding the
public security level of the TAZs, we extracted the number of criminal
cases for 2013 per 10,000 people from the court of Beijing (https://
www.bjcourt.gov.cn/cpws/index.htm). The crime data included seven
crime types: theft, intentional homicide, intentional injury, affray, lar-
ceny, robbery and being disorderly. Further details are given in the
supplementary materials (Table S1).

3.5. Statistical analyses

Descriptive analyses were used to summarize the sample character-
istics. The relationship between the streetscape built environmental
variables and walking to school was estimated using generalized addi-
tive mixed models (GAMMs). GAMMs can model data based on a variety
of distribution assumptions, and they account for dependency in the
data due to clustering (i.e., trips nested in individuals nested in TAZs),
and make it possible to estimate non-linear relationships (Wood, 2006;
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Hinckson et al., 2017). We fitted fully adjusted GAMMs with logit link
functions to model the likelihood of walking (versus not walking). The
odds ratio (OR) and 95% confidence intervals (95% CI) were reported.
Non-linear effects were modeled with thin-plate splines. The criterion to
determine whether a variable had a curvilinear relationship was based
on the estimated degrees of freedom (EDF) (i.e., the higher the value, the
more complex is a smooth function) and through Akaike information
criterion (AIC)-based comparisons with a linear term. A >10-unit AIC
decrease provides strong evidence for a non-linear association (Sallis
etal., 2020; Lu et al., 2019a). Multi-collinearity was tested with variance
inflation factors (VIF).

Model 1 examined the non-linear relationship between the odds of
walking and the built environment at the residential TAZs only. After
that, for considering the possible effect of built environments around
school jointly, we multiplied the value of built environmental indicators
of residential and school TAZ by 0.5, respectively, and added them
together and explored their non-linear effects on odds of walking (Model
2). Stratified analyses were conducted to explore the heterogenous effect
of schoolchildren and their households’ socioeconomic and de-
mographic characteristics on built environments - walking behaviors
associations. We conducted stratified analyses based on respondents’
household annual income, highest educational level of parent(s), and car
ownership (Models 3-5). GAMMs were estimated in R using the “mgcv”
package (Wood, 2006).

4. Results
4.1. Descriptive statistics

Walking accounts for 51.58% of the total trips. Cross-TAZ traveling
to school accounted for a relatively large proportion (61.33%), while the
average travel distance was 1.51 km, which was shorter than the 3 km
specified by the Chinese government for ensuring that schoolchildren
live within the stipulated distance of a compulsory school (http://www.
moe.gov.cn/). Only 35.92% of the school trips were children accom-
panied by their guardians, of which 28.63% and 7.29% were accom-
panied by parent(s) and grandparent(s). Other summary statistics of the
sample and the covariates are summarized in Table 1, while the spatial
distribution of the streetscape variables is shown Fig. S2.

4.2. Association between built environment characteristics and active
travel to school

There was no evidence of multi-collinearity among the variables.
Table 2 shows the results of associations between the odds of walking to
school and the built environmental characteristics after full covariate
adjustments. Higher odds of walking to school were significantly asso-
ciated with lower walkability and higher enclosure value within resi-
dential TAZs (Model 1). A curvilinear relationship was observed
between the odds of walking to school and the street safety facilities of
residential TAZs. The likelihood of walking was negatively associated
with street safety facilities in residential TAZs to the value of 0.010, and
then remained relatively stable up to 0.017; thereafter a decline was
noticeable (Model 1) (Fig. 2). We found no further evidence that other
variables had a non-linear association. In addition, there was a negative
linear relationship between the odds of walking and street safety facil-
ities when simultaneously considering the built environments of resi-
dential and school TAZs (Model 2). Population density and intersection
density were both positively related to odds of walking to school in both
the models, while respondents with a higher density of metro stations
showed a negative relationship with odds of walking (Model 1).

An increase in age was significantly positively correlated with the
higher odds of walking to school. Respondents that had local Beijing
hukou and owned bicycles had a lower likelihood of walking, and car-
owners had lower odds of walking when considering only the built en-
vironments of residential TAZs.
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Table 1
Descriptive statistics of the sample (N = 3,447).
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Table 2
Results of generalized additive mixed models of walking to school.

Characteristics Proportion / mean
(SD)
Outcomes
Walking 51.58
Other modes of travel 48.42
Trip characteristics
Whether residential address and school address are located
in the same TAZ (%)
No 61.33
Yes 38.67
Euclidean distance between the residential TAZ and school ~ 1.51 (2.30)
TAZ (km)
Companionship information (%)
Travel alone 64.08
Travel with parent(s) 28.63
Travel with grandparent(s) 7.29
TAZ characteristics (in each TAZ)
Streetscape greenery 0.14 (0.07)
Walkability 0.10 (0.05)
Enclosure 1.24 (0.50)
Street safety facilities 0.02 (0.01)
Crime rate per 10,000 people (%) 1.72 (1.64)
Population density (persons/km?) 18,119.22
(31,424.54)

Density of street intersections
Density of bus stops

65.95 (57.14)
17.52 (13.42)

Density of metro stations 1.70 (5.08)
Proportion of green space (%) 31.32(6.17)
Individual socio-demographic characteristics
Gender (%)
Male 52.79
Female 47.21
Age 9.04 (1.83)
Hukou status (%)
Local hukou 77.42
Non-local hukou 22.58
Car ownership (%) 45.16
Bicycle ownership (%) 72.50
Education level of the head of household (%)
Junior high school or below 13.54
Senior high school 25.54
College or above 60.92
Annual family income (%)
Less than 50,000 50.06
50,000-100,000 37.32
More than 100,000 12.62

There was a higher likelihood of walking when the addresses of
residence and school were in the same TAZ, and travel distance from
residence to school had a negative association with the odds of walking.
Besides, traveling with parent(s) was significantly related to the reduc-
tion in the odds of walking.

4.3. Stratified analyses by socioeconomic characteristics

Comparing the AIC score of Model 1 and Model 2 indicated that the
model based on the built environment of residential and school TAZs
had a better goodness-of-fit (AIC: 2,860.744 vs. 2,672.898). Therefore,
we conducted stratified analyses only for Model 2. Results from the
stratification are given in Table 3.

For car ownership, a higher walkability index was related only to
lower odds of walking to school for car owners, and we found a negative
effect of street safety facilities on odds of walking, which was stronger
for car owners. For the educational attainment analyses of the parent(s),
higher streetscape greenery was related to lower odds of walking among
those children whose parents had a senior high education or below,
while higher street safety facilities were associated with lower odds of
walking only for the more highly educated group. Stratifying by income,
we found that walkability and street safety facilities were related only to
lower odds of walking for the higher-income group.

Model 1 Model 2

Built environment in
residential and school TAZ

Built environment in
residential TAZ

OR (95% CI) OR (95% CI)

Built environments

Streetscape greenery 0.839 (0.635,1.108) 0.916 (0.588,1.427)

Walkability 0.728% (0.507,1.045)  0.688 (0.401,1.179)
Enclosure 2.038***  (1.233,3.369) 1.544 (0.729,3.269)
Street safety NA 0.542** (0.332,0.886)
facilities

Crime ratio 1.165 (0.870,1.560)  1.143 (0.770,1.698)

Population density 1.235*
Intersection density 1.268%*

(0.978,1.561)  1.370*
(1.052,1.528)  1.268*

(0.997,1.882)
(0.959,1.675)

Bus station 1.090 (0.894,1.329)  0.975 (0.687,1.384)

Metro 0.892* (0.790,1.008)  0.975 (0.826,1.150)

Greenspace 0.995 (0.335,2.958) 0.718 (0.157,3.288)
Gender (Reference:

Female)

Male 1.160 (0.938,1.435)  1.182 (0.930,1.503)
Age 1.158***  (1.091,1.230)  1.175***  (1.097,1.258)

Hukou (Reference:
non-local hukou)

Local hukou 0.603*** (0.455,0.798)  0.635"** (0.459,0.876)
Car ownership 0.796* (0.629,1.008)  0.816 (0.626,1.065)
Bicycle ownership 0.511%%* (0.398,0.656)  0.478"** (0.359,0.637)

Annual family income
(Reference: less than
50,000 yuan)

50,000-100,000 0.926 (0.722,1.187) 0.936 (0.704,1.244)
yuan
More than 100,000 0.865 (0.598,1.253)  0.799 (0.520,1.225)
yuan

Household educational
level (Reference:
Junior high school)
Senior high school
College or above

Travel in the same TAZ

Travel distance

(0.795,1.650)  1.093
(0.702,1.430)  0.878

(1.274,2.527)  2.429***
(0.256,0.368)  0.319***

(0.727,1.643)
(0.592,1.303)
(1.524,3.871)
(0.260,0.392)

Companionship
Companion with 0.768* (0.611,0.965)  0.805* (0.627,1.033)
parent(s)
Companion with 1.119 (0.756,1.657) 1.068 (0.699,1.631)
grandparent(s)
Intercept 0.010 (0.001,0.173)  0.000***  (0,0.031)
Curvilinearity variable =~ EDF P-value
Street safety in 3.629%**  0.002
residential TAZ
Observations 3,447 3,447
Adjusted R? 0.599 0.682
AIC 2,860.744 2,672.898

OR = odds ratio, 95% confidence intervals (CI) in parentheses.
" p <0.10.

" p < 0.05.
p < 0.01.

5. Discussion

This study enhances our understanding of the relationship between
built environments and the odds of schoolchildren walking to school.
Besides considering traditional built environmental variables, we
explored the role of the streetscape built environment by unraveling
possible non-linear relationships. The results indicated that odds of
walking to school were associated with a street’s walkability, a street’s
enclosure, and safety facilities, as well as the population density, inter-
section density, and metro density of the residential and school TAZs.
Furthermore, a pronounced travel distance and travel with parent(s)
were associated with lower odds of walking to school. Evidence con-
cerning non-linear associations was limited to street safety facilities. We
also found that the relationship between the built environment and odds
of walking was moderated by car ownership, educational level of parent
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example, results from a high-density community in India showed that
the increasing feeling of enclosure by pedestrians increased their feeling
of perceived safety when walking (Singh, 2016). However, others
argued that a higher degree of enclosure may create opportunities for
offenders and generate possible threats, which may evoke fearful feel-
ings, and thus people are increasingly unwilling to travel actively (Nasar
et al., 1993; Stamps, 2013). Evidence from the US showed that high
enclosure environments formed by vegetation were related to a lower
level of perceived safety compared to medium or low enclosure envi-
ronments (Baran et al., 2018).

Somewhat unexpected was the negative relationship between the
street safety facilities and the odds of walking, regardless of whether the
built environments of school TAZs were considered. However, our
finding echoes the results of two other studies. The first, conducted in
the U.S., found that primary children’s AST was negatively related to
their parents’ perception of safety (Chillon et al., 2014). The second,
carried out in 17 cities across 12 countries, indicated that perceived
traffic safety was negatively associated with total minutes of walking
among those who walked and the likelihood of transport-related
walking for more than 150 mins per week (Kerr et al., 2016). Possible
explanations include, first, our innovative calculation method of street
safety facilities based on street static objects, such as traffic lights,
streetlights, monitors etc. extracted from street view images. Second,
compared with people who rarely walk on a daily basis, those who walk
regularly may be more familiar with street security. Previous studies
also proved that schoolchildren’s travel was greatly affected by their
parents’ perception of street safety (Hume et al., 2009; Pont et al., 2013;
Buttazzoni et al., 2019).

5.2. Other built environmental factors

Besides streetscape built environmental variables, several of the
typical built environmental factors were related to walking. Population
density had a stronger positive relationship with odds of walking when
considered within both the residential and school TAZs. A study in Hong
Kong suggested that the odds of transport-related walking for youths
was positively related to a population density of up to 60,000 persons/
km? (Lu et al., 2019a). In our case, 90% of TAZs had a population density
of fewer than 30,000 persons/km?.

Intersection density was positively related to walking. This associa-
tion suggests that improving street connectivity around residential and
school sites may promote AST. This finding is in line with results from
developed countries (e.g., Kerr et al., 2007; Giles-Corti et al., 2011).

Our results also indicated that the metro density of the residential
TAZs was negatively related to the odds of walking, which was consis-
tent with prior evidence. For example, a higher accessibility of a transit
station may lead to more traffic flow, which in turn, may increase
schoolchildren’s and parents’ concerns about traffic safety (Lu et al.,
2019a; Yu and Zhu, 2013; Yang et al., 2020b).

5.3. Stratified analyses by socioeconomic status

Consistent with previous studies (Chillon et al., 2014; Bringolf-Isler
et al., 2008; McDonald, 2008), our stratified analyses showed that the
relationship between streetscape built environments and the likelihood
of schoolchildren walking to school varied depending on demographic
and socioeconomic characteristics. The streetscape greenery of the res-
idential and school TAZs was only negatively related to odds of walking
for the lower-educated group. This is probably because lower-educated
families tend to have lower incomes and often live in old communities,
low-rent houses, and other places with poor environmental quality,
which may be more sensitive to green space exposure (Rodriguez-
Loureiro et al., 2021). The walkability of the residential TAZs was only
negatively related to the odds of walking for car owners and higher-
income groups. Car ownership often means a better household in-
come. Previous studies found that those with a higher income more
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often reside between the suburbs of the third to the fifth ring of Beijing,
which have a better environmental quality (Feng and Zhong, 2018).
Based on this, an improvement in walkability may not only promote
walking but may also enhance the comfort of passive travel (i.e., driving
and public transport). Finally, the negative association of street safety
facilities and walking was stronger for car owners and was observed in
higher educated and higher-income groups. It could be that people with
a lower socioeconomic status (i.e., people without a car, lower educated,
and lower-income group) are limited in their travel choices.

5.4. Limitations

This study had some limitations. First, due to our cross-sectional
data, we were not able to assess the causal relationship between built
environments and walking behaviors. Second, constrained by data
availability, we considered only objective built environmental factors
and neglected children’s and parents’ perceptions that were found to be
of relevance to how children travel (Yu and Zhu, 2013; Sun et al., 2018;
Vanwolleghem et al., 2016). Third, the measurements of the street
environment were based on the extraction of static street view image
data, which is probably not able to fully reflect the real situation on the
streets. Dynamic indicators, such as real-time traffic volume, may
circumvent this shortcoming in the future (Giles-Corti et al., 2011).
Lastly, we considered only the transport-related walking of school-
children and did not consider their walking for other purposes (e.g.,
leisure). As suggested elsewhere (Moran et al., 2015), the relationship
between the built environment and other purposes among children may
be different. However, whether this also applies to high-density cities in
China remains unexplored.

6. Conclusions

We examined the non-linear relationships between the streetscape
built environment and schoolchildren’s odds of walking to school in
Beijing. We found that higher odds of walking were related to the lower
walkability and higher enclosure of the residential TAZs. A curvilinear
relationship was observed between the odds of walking and the street
safety facilities of residential TAZs, but the shape showed a negative
correlation as a whole. Similar was the street safety facilities-odds of
walking association for the school TAZs. Higher population density and
intersection density were linked to higher odds of walking, while the
metro density of residential TAZs had an inhibitory effect on odds of
walking. Besides, those children living further away from school or
going to school with their parent(s) had a lower likelihood of walking.
Finally, the relationships between the streetscape built environment and
odds of walking to school for schoolchildren were stronger for car
owners, parents with higher level of education, and those with a higher
income.

Our results have some implications for planning practices. First,
territorial planning of China should emphasize the spatial governance at
streetscape of cities, such as the street quality of walking/cycling envi-
ronment. Policymakers and urban planners are advised to identify the
quality of street environments to reach a comprehensive understanding
of the urban form by combining emerging data sources (i.e. street view
data) with the traditional survey data. Second, our results suggest a
significant association between street furniture and schoolchildren’s
walking behavior. Hence, policymakers are advised to increase the
provisions of child-friendly street facilities, like barrier-free pedestrian
spaces, signs for children, appropriate lighting, and a non-motorized
lane of the proper width. Finally, the government and schools are
instructed to organize some activities to raise the awareness of school-
children and their parents of the benefits of active travel, such as
“walking school bus” and “car-free days”.
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