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A B S T R A C T

In the context of population ageing in many developed and developing countries, encouraging active transport
behaviors of older adults, is a key public health priority. However, many cross-sectional studies assessing the
impact of built environment characteristics on travel behavior fail to address residential self-selection bias, and
hence the causal relationship is uncertain. A large-scale public housing scheme provided this study with a unique
research opportunity to distinguish residential self-selection from the effects of built environment characteristics
on the travel behaviors of older adults (N=13,468 and 3,961 in two analyses respectively) in Hong Kong,
because public housing residents have little freedom to choose their residential locations. The results showed
that the elderly living in public housing estates generally have fewer trips, shorter overall travel times and
distances, and fewer motorized trips including those by rail or private car than those living in private housing
estates. In addition, the results for walking, walking times, numbers of trips, and travel distance for elderly
people in public and private housing all exhibited markedly different associations with built environment
characteristics. Strength of built environment-travel behavior associations dropped by approximately 30–50%
after controlling for the effect of residential self-selection. The results indicate that both built environment
characteristics and residential self-selection affect travel behaviors.

1. Introduction

The travel behaviors of urban residents worldwide have changed
dramatically in recent years from favoring active transport modes such
as walking or cycling to private vehicle use. The change in travel be-
havior also leads to more physical inactivity among older adults, who
are the most sedentary segment of the population (King et al., 2013).
There is compelling evidence that active transport has many benefits for
older adults, such as preventing and treating chronic illnesses and im-
proving physiological and psychological health (Sener et al., 2016).
Walking constitutes the most popular habitual physical activity because
it requires no special equipment or clothing, and can be done alone or
in the company of others and at any time, so it can easily be in-
corporated into daily personal routines (Hamdorf et al., 2002; Tudor-
Locke et al., 2002). Therefore, in the context of developing sustainable

and healthy cities, encouraging active transport behaviors for older
adults should be a key public policy priority (Sun et al., 2017).

To tackle the problem of shifting travel behavior, researchers in the
fields of public health, urban planning, and transportation have taken
an ecological approach by examining the influence of various in-
dividual, social, and built environment factors on travel behavior
(Handy et al., 2002). Built environment characteristics have been in-
creasingly recognized as key factors affecting travel behaviors. The
interaction between socioeconomics and urban form is central to the
understanding of the decision-making concerning travel behavior
(Badoe and Miller, 2000).

1.1. Built environment-travel behavior associations

The built environments of neighborhoods are particularly relevant
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for older adults, who have increased functional limitations and may be
reluctant to go outdoors. Physical barriers such as distance, slopes, and
other obstacles may hinder the active travel behavior of older adults
(Cauwenberg et al., 2011). In general, empirical studies of built en-
vironment-travel behavior associations find that the inhabitants of
dense, compact neighborhoods with mixed land use undertake shorter
trips and use public transport or active transport modes more often
(Barnett et al., 2017; Cerin et al., 2017; Chaudhury et al., 2016). High
population densities, the presence of many pedestrian destinations, and
well-connected street networks result in shorter trip distances, and
hence higher rates of walking, cycling, or public transport trips, with
less dependence on private vehicles. However, the availability of parks
and open greenspaces may be limited, and personal safety may be an
issue (Saelens and Handy, 2008). A recent review of longitudinal stu-
dies showed that changes in the built environment lead to changes in
physical activity. New infrastructures for walking, cycling, and public
transportation were associated with increased overall and transporta-
tion-related physical activity (Karmeniemi et al., 2018). In terms of
specific active transport behavior, the built environment was more
likely to be associated with transportation walking compared with
other types of active transport behaviors, such as recreational walking
(McCormack and Shiell, 2011).

1.2. Residential self-selection bias

However, many of the abovementioned studies that estimate the
impact of built environment characteristics on travel behavior fail to
address residential self-selection bias and hence the causal relationship
is uncertain (van de Coevering et al., 2015). Residential self-selection
refers to when people choose their residential locations because of their
travel attitudes and preferences or social inequity (Cao et al., 2009;
Diez Roux, 2004). In other words, personal preferences and attitudes
towards travel behaviors may affect residential location selection. For
example, people preferring walking may consciously choose to live in
neighborhoods that encourage walking. Therefore, the observed built
environment-travel behavior associations may be spurious. Empirical
studies confirm that residential location choice is endogenous to the
relations between travel behavior and urban form (Boarnet and Crane,
2001; Krizek, 2003; Sermons and Seredich, 2001). Social inequity,
particularly in terms of household income and vehicle ownership, also
contributes to residential self-selection. Low-income families may
choose residential locations solely because of housing affordability,
which may not have urban design features that support walking. Built
environment-travel behavior associations have been found to be di-
vergent from community socioeconomic status (Su et al., 2017). People
in households without access to a car make 42% more walking journeys
than the population average (Boone-Heinonen et al., 2010). Socio-
economically disadvantaged communities are found to have fewer de-
sign features supporting active transport for children. These results il-
lustrate the significant social inequalities in both built environment and

travel behavior.
The two main research approaches taken to mitigate residential self-

selection bias are first to distinguish residential preferences, often via a
questionnaire, from built environment-travel behavior relationships
(Boone-Heinonen et al., 2011; Cao, 2015b; Ding et al., 2018; Sallis,
2009; Van Dyck et al., 2011), and second, to use a longitudinal research
design to explore the influence of changes in urban form on travel be-
havior (due to residential movement or built environment interven-
tion), with the individual as his or her own control (Aditjandra et al.,
2016; Braun et al., 2016; Collins et al., 2018; Giles-Corti et al., 2013;
Hirsch et al., 2016; Hirsch et al., 2014; Karmeniemi et al., 2018;
Knuiman et al., 2014; McCormack et al., 2017). Both built environment
and self-selection have been found to affect the variations in travel
behavior across different neighborhoods, and that residential self-se-
lection typically weakens the effects of the built environment on travel
behavior (Cao et al., 2009). For example, a recent review of long-
itudinal studies found that the effects of environmental change/re-
location on various travel behaviors were weak, unlike the findings in
cross-sectional studies (Ding et al., 2018). Some studies also reported
attenuated associations between built environment characteristics and
physical activity after accounting for residential self-selection
(McCormack and Shiell, 2011).

1.3. Opportunity arising from large-scale public housing programs

Hong Kong is a densely populated city on the southeast coast of
China and is internationally renowned for its large-scale public housing
program, which provides inexpensive accommodation for low-income
families. As of 2018, the total stock of public rental housing flats was
818,903, which provided accommodation for nearly 30 percent of the
total population (Census & Statistics Department of Hong Kong, 2018).
Each public house estate has on average 3975 housing flats and a site
area of 60,000m2, accommodating 10,832 residents. Public housing
estates are located throughout the Hong Kong territories, and generally
consist of multiple 30- to 40-story residential towers and surrounding
public spaces built for physical and leisure activities. Importantly, the
assignment of public flats is largely based on availability and family
size, but not on personal preferences for residential location. Public
housing residents had little freedom to choose residential location ac-
cording to their travel preferences. Hence, the residential self-selection
bias is significantly reduced for public housing residents (Fig. 1).

Previous studies have established that exploring built environment-
travel behavior associations for public housing residents is a viable
option to address self-selection bias, because those residents cannot
realize their travel preferences and the differences in travel behaviors of
public housing residents are largely caused by built environment
characteristics (Lin et al., 2017). For example, one study explored the
changes in travel behaviors for low-income women moving to either a
neo-traditional community or a suburban neighborhood with the help
from a public housing program (Wells and Yang, 2008). In another

Fig. 1. The conceptual framework. (a) Private
housing residents can choose their residential loca-
tions based on their travel abilities and preferences.
The built environment-travel behavior associations
may be overestimated because of residential self-se-
lection. (b) Public housing residents have little
freedom to choose residential locations; their travel
behaviors are largely determined by built environ-
ment characteristics. By comparing the strength of
built environment-travel behavior associations for
the two groups, we can identify whether residential
location choice is endogenous to the associations
between travel behavior and built environment
characteristics.
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study, the built environment-travel behaviors associations were com-
pared for two groups of residents related to whether they have freedom
to choose residential locations in Beijing, China (Lin et al., 2017). As
suggested by that study, built environment and travel preferences re-
ciprocally affect each other for the group with freedom to choose re-
sidential location; built environment determines travel preferences for
the group without freedom (Lin et al., 2017). Therefore, in the context
of China and other societies with large-scale public housing programs,
it is critical to identify whether residents have freedom to choose where
they live (Lin et al., 2017).

1.4. Our study

Objectively estimating residents' daily exposure to the built en-
vironment is another challenge facing researchers. Urban big data have
been recently exploited to measure fine-grained urban greenness ex-
posure and other urban environment characteristics (Adlakha, 2017;
Nguyen et al., 2018; Su et al., 2017). For example, most health studies
used one of three methods to assess street greenery: questionnaires,
field audits, and geographic information systems (GIS) (Lu et al., 2018).
Some recent studies have demonstrated the big data of urban streets-
cape images, such as Google Street View (GSV), can be a cost-effective
and time-saving method of assessing greenness exposure, because these
images bear a close resemblance to what pedestrian see on the streets.
Emerging evidence supports that fine-grained urban greenness ex-
posure accessed by GSV is significantly correlated with active transport,
overall physical activity behaviors and mental health (Lu, 2018; Lu

et al., 2018; Rzotkiewicz et al., 2018; Wang et al., 2019a, 2019b).
We address these issues in the present study. First, we exploit the

research opportunity of a citywide public housing scheme in Hong Kong
to address the issue of residential self-selection bias. We can confidently
control for residential self-selection by comparing the built environ-
ment-travel behavior associations of elderly people who can satisfy
their residential preferences (e.g., those in private housing estates) with
those who cannot (e.g., the elderly in public housing estates) (Fig. 1)
(Smith et al., 2016). Second, we estimate residents' exposure to urban
greenness using GSV images combined with a machine learning tech-
nique. In brief, the current study examines whether the elderly in pri-
vate and public housing estates have different travel behaviors, and
whether the built environment has different effects on these two groups
of elderly people.

2. Methods

2.1. Travel data

We obtained travel behavior data from the 2011 Hong Kong Travel
Characteristics Survey (HKTCS). The HKTCS was commissioned by the
Transportation Department to identify the general travel behavior of
the whole Hong Kong population, and thus has a large sample size. The
main survey includes a total of 13,468 elderly people (≥65 years old),
4,680 of whom live in public housing estates and 8,788 in private
housing estates. Trained interviewers conducted the face-to-face inter-
views, and individual information including age, gender, dwelling

Fig. 2. Eye-level street greenness assessment with PSPNet, a computer deep learning technique. (a) Sampling points with 50m spacing were generated in the street
centerlines. (b) Four streetscape images were retrieved for each point from Google Street View, in the north, east, south, and west directions, respectively. (c) All
street vegetation in the images was segmented with PSPNet.
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location, and household income were obtained. The travel behavior of
the participants was examined in this round of the main survey by
asking them whether they had decided to walk or not during the pre-
vious 24 h (their willingness to walk). The survey response rate was
71%. Thus, from this survey we can identify whether the participants
had recently walked or not. It was worth noting, only participants
making at least one travel trip were included in our analysis, because
personal factors, such as physical function limitations, may prevent
some elderly people from conducting travel behaviors independently.

The interviewers conducted an additional survey for a subset of
3,961 elderly people to obtain detailed travel trip data including the
number of trips taken and the total travel distance, travel time, walking
time, and the number of trips with different types of motorized trans-
port. We thus obtain detailed travel data for the 3,961 elderly people.
Ethical approval for the study was obtained from the Research
Committee of City University of Hong Kong (H000691).

2.2. Urban greenness

The level of urban greenness exposure was obtained from the GSV
images in conjunction with a machine learning technique, PSPNet
(Zhao et al., 2017). Using the reported addresses, the locations of the
participants were geocoded on a digital map with ArcGIS 10.5 (Esri,
USA). A neighborhood was defined as a 500m street network buffer
around a participant's dwelling location. The sampling points are gen-
erated on the street centerline, with a spacing of 50m as the buffer.
Using the Python script we developed, we retrieved four street view
images facing north, east, south, and west (Fig. 2). We trained the
PSPNet model with the cityscape dataset, a repository of 5,000
streetscape images with pixel-level annotations from 50 cities. The
trained PSPNet model can extract vegetation in any new streetscape
images (Fig. 2c). The greenness value for each point can be measured
by the green view index (the proportion of green pixels in the four
images), using the following formula:

∑ ∑=
= =

Greenery pixels Total pixelsGreen view index /
i

i
i

i
1

4

1

4

The green view index values range from 0.0 to 1.0, with a higher
value indicating more eye-level greenness. The average green vision
index of all points in the buffer zone is used to assess the communities
around the place of residence. The reliability of the PSPNet greenness
extraction has been confirmed in other studies by comparing it with the
level extracted through expert judgement (r= 0.89; p < 0.01).

2.3. Other factors

Other built environment characteristics that may potentially influ-
ence travel behavior were included: population density, street con-
nectivity, and land-use mix (Barnett et al., 2017; Cerin et al., 2017). The
population density data were obtained from the Census & Statistics
Department of the Hong Kong government. The density was measured
by the residential population per km2 (people/km2). Land-use mix was
measured by the land-use entropy score, indicating the level of land-use
diversity. Four land-use types were included in this score: residential,
retail, office, and recreational. Street connectivity was calculated as the
number of three-way or four-way street intersections per km2. The data
were obtained from the Planning Department of Hong Kong. We also
measured distance to transit and destination accessibility, which may
also affect travel behaviors for elderly people (Barnett et al., 2017;
Cerin et al., 2017; Tan and Xue, 2016). These were assessed by the
distance to the closest Mass Transit Rail (MTR) station and the number
of retail shops, respectively. The individuals' information, e.g., age,
gender, private vehicle ownership, and household income, were also
included in the study.

2.4. Data analysis

A two-step analysis structure was applied to measure travel beha-
vior: the likelihood of walking or not for 13,468 elderly people, and the
detailed travel behavior (including number of trips, total travel dis-
tance, total travel time, total walking time, and number of motorized
trips) of a subset of 3,961 participants. Separate multilevel models were
conducted to account for the clustering structure of elderly people
(level 1) nested within neighborhoods (level 2). In Analysis 1, a logistic
regression model was used to test the associations between various built
environment factors and the odds of walking for 13,468 elderly people.
In Analysis 2, linear regression models were used to test the associations
of predictors with various travel behaviors for the subset of partici-
pants. The travel behavior of elderly people in public housing was
compared with those in private housing, using the mean, standard de-
viation (SD), t-test, and corresponding p-values. In all analyses, data
were divided into public and private housing to identify how built
environment-travel behavior associations vary across these two groups
of participants. Built environment variables were selected based on
variance inflation factor (VIF), ensuring there was no multicollinearity
between those variables, similar to selection criterion in previous stu-
dies (Ma and Dill, 2015; Mertens et al., 2017). All variables (VIF≤ 2)
were kept in regression models except street intersection density. The
intra-class correlation coefficient (ICC) was reported to estimate the
proportion of variation in outcomes attributed to clustering structure,
i.e. the degree of fitness of multilevel models. The monthly household
income data were converted to a four-band categorical variable: low
(< 10 k HKD/month), medium-low (10 k-20 k), medium-high (20 k-
30 k) and high (> 30 k). The multilevel modeling was conducted in R
with the lme4 package. Odds ratios (ORs), 95% confidence intervals
(CIs), and standardized β were reported for the model fitting.

3. Results

3.1. Descriptive results

The descriptive statistics of the 13,468 elderly in Analysis 1 are
shown in Table 1. Overall, 53.9% of participants walked at least once.
The average age was 74.5 years. Female participants slightly out-
numbered male (52.2% vs. 47.8%), and a large proportion had low
household incomes (42.1%). Most participants had no private vehicles
(92.6%). Roughly one third (34.7%) lived in public housing estates with
the remainder in private housing estates (65.3%).

Table 1
Characteristics of study participants in Analysis 1. (N=13,468; Hong Kong
SAR, China, in 2011).

Individual
characteristics

Number of participants
(number of
neighborhoods)

Percentage (%) Do some
walking (%)

Gender
Male 6443 47.8 52.8
Female 7025 52.2 54.8

Household income (HKD/month)
Low (< 10 k) 5673 42.1 57.9
Medium-low
(10–20 k)

3198 23.7 53.6

Medium-high
(20–30 k)

2171 16.1 52.8

High (> 30 k) 2426 18 45.8
Vehicle ownership
No 12477 92.6 54.8
Yes 991 7.4 41.8

Housing type
Public housing 4680 (238) 34.7 55.1
Private housing 8788 (1529) 65.3 53.2
All participants 13468 100 53.9
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The descriptive statistics of the 3,961 participants in Analysis 2 are
shown in Table 2. The average age was 72.4 years, and there were
fewer female participants than male (45.8% vs. 54.2%). A large pro-
portion of participants had low household incomes (39.6%). Vehicle
ownership was 10.4%. The participants in private housing estates still
outnumbered those in public housing estates (69.6% vs. 30.4%).

The detailed travel behavior outcomes in Analysis 2 were sum-
marized by the residential type (public vs. private estates). The mean,
standard deviation (SD), t-test, and corresponding p-value are given in
Table 3. The elderly in public housing had fewer trips (2.13 vs. 2.25),
shorter overall travel times (72.29 min vs. 75.43min), and travel dis-
tances (9974.01m vs. 11745.48m), and fewer trips in motorized
transport, including rail (0.53 vs. 0.66) and private cars (0.01 vs. 0.13),
than those in private housing.

3.2. The associations between built environment attributes and the
likelihood of walking (elderly people in public vs. private housing)

The results of the model predicting the odds of walking from
Analysis 1 are given in Table 4. As hypothesized, the odds of walking
for those in both public and private housing had markedly different
associations with built environment characteristics and individual fac-
tors. The model of all built environment factors accounts for 9% of
variance in the likelihood of walking for elderly people in public
housing, and 17% for those in private housing. By controlling for re-
sidential self-selection, the built environment-likelihood of walking
association reduces from 17% (elderly people in private housing) to 9%
(those in public housing). We assume residential self-selection is only
applicable for elderly people in private housing but not those in public
housing. Hence, we can estimate residential self-selection may account
for 47% of observed built environment-likelihood of walking

association for elderly people in private housing, by calculating the
percentage change of strengths of two associations (R2) with formula:
(17%–9%)/17%=47%. The intra-class correlation coefficient (ICC) for
elderly people in public housing was 0.13, indicating that 13% of
variance in walking propensity can be explained by the clustering
structure. The ICC for the multilevel model of elderly people in private
housing was 0.21.

The number of retail shops was significantly related to the like-
lihood of walking for both groups. Land-use mix was significantly as-
sociated with the likelihood of walking for those in public housing but
not in private housing. Urban greenness and population density were
significantly associated with the likelihood of walking for those in
private but not in public housing.

In terms of individual factors and neighborhood SES, vehicle own-
ership was negatively associated with the likelihood of walking for both
groups. Neighborhood medium household income, household income,
gender, and age were negatively associated with the likelihood of
walking only for elderly people in private housing. Females in private
housing had a higher likelihood to walk than males.

3.3. The associations between built environment attributes and total
numbers of trips (elderly people in public vs. private housing)

The associations between built environment attributes and the total
number of trips in Analysis 2 are shown in Table 5. The model of all
built environment factors accounts for 17% of variance in the number
of trips taken by elderly people in public housing, and for 39% of those
in private housing. We can estimate residential self-selection may ac-
count for 56% of the observed associations between built environment
factors and total number of trips for elderly people in private housing.

The number of trips taken by those in public and private housing
exhibited markedly different associations with built environment
characteristics and individual factors. The number of retail shops was
negatively related to the number of trips for elderly people in both
public and private housing. Distance to MTR was negatively associated
with the number of trips of those in public housing only, while popu-
lation density was negatively associated with the number of trips only
for those in private housing.

In terms of neighborhood SES and individual factors, a neighbor-
hood medium household income was positively associated with the
number of trips only for those in private housing. Gender and age were
negatively associated with the number of trips of elderly people in both
public and private housing. Vehicle ownership was positively asso-
ciated with trips only for those in private housing.

3.4. The associations between built environment attributes and total travel
distance (elderly people in public vs. private housing)

The associations between built environment attributes and total
travel distance in Analysis 2 are shown in Table 6. The model of all built
environment factors accounts for 30% of variance in the total travel
distance of elderly people in public housing, and for 43% of those in

Table 2
Characteristics of study participants in Analysis 2. (N=3,961; Hong Kong SAR,
China in 2011).

Individual
characteristics

Number of participants (number of
neighborhoods)

Percentage (%)

Gender
Male 2148 54.2
Female 1813 45.8

Household income (HKD/month)
Low (< 10 k) 1568 39.6
Medium-low
(10–20 k)

903 22.8

Medium-high
(20–30 k)

648 16.4

High (> 30 k) 842 21.3
Vehicle ownership
No 3548 89.6
Yes 413 10.4

Housing type
Public housing 1203 (197) 30.4
Private housing 2758 (929) 69.6
All participants 3961 100

Table 3
Travel behaviors by different residential types (public vs. private housing) in Analysis 2; N= 3,961.

Travel behavior Elderly in public estates mean (SD) Elderly in private estates mean (SD) t-test p-value

Number of trips 2.13 (0.54) 2.25 (0.73) −5.99 <0.01*
Number of walking trips 0.15 (0.47) 0.18 (0.52) −1.74 0.08
Total travel distance (m) 9974.01 (10791.18) 11745.48 (12356.19) −4.54 <0.01*
Total travel time (min) 72.29 (39.5) 75.43 (41.9) −2.26 0.02*
Total walking time (min) 20.81 (12.61) 21.46 (13.24) −1.49 0.14
Number of motorized trips 1.97 (0.43) 2.06 (0.54) −5.48 <0.01*
Number of trips by rail 0.53 (0.87) 0.66 (0.94) −4.21 <0.01*
Number of trips by car 0.01 (0.12) 0.13 (0.55) −11.17 <0.01*
Number of trips by bus 1.42 (0.91) 1.24 (1) 5.48 <0.01*
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private housing. Residential self-selection may account for 30% of the
observed associations between built environment factors and total
travel distance for elderly people in private housing.

The travel distances for elderly people in public and private housing
also exhibited markedly different associations with built environment
characteristics and individual factors. Population density, number of
retail shops, and distance to MTR were significantly related to total
travel distance only for those in private housing. None of the built
environment factors were related to total travel distance for those in
public housing.

In terms of individual factors, gender and age were negatively as-
sociated with total travel distance for the elderly in both public and
private housing. High household income was positively associated with
travel distance only for those in private housing.

3.5. The associations between built environment attributes and walking
times (elderly people in public vs. private housing)

The associations between built environment attributes and total
walking time in Analysis 2 are shown in Table 7. The pattern of results
for this analysis was similar to those previously found. The overall
model accounts for 22% of variance in the walking time of elderly
people in public housing, and for 35% of those in private housing.
Residential self-selection may account for 37% of the observed asso-
ciations between built environment factors and walking times for el-
derly people in private housing.

The total walking time of those in public housing was also weakly
related to predictors, unlike those in private housing. For those in both
public and private housing, the number of retail shops was positively
associated with walking time, and distance to the closest MTR station
was negatively associated with walking time. However, urban green-
ness was positively associated with walking time for those in private but
not in public housing. Neighborhood medium household income,

Table 4
Multilevel logistic regression analysis to predict the odds of walking in Analysis 1; N= 13,468.

Model predictors Elderly in public housing Elderly in private housing

OR (95% CI) p-value OR (95% CI) p-value

Built environment
Urban greenness 1.01, (0.87, 1.18) 0.91 1.14, (1.02, 1.27) 0.02*
Population density 1.07, (0.94, 1.22) 0.32 1.14, (1.04, 1.24) <0.01*
Land-use mix 1.17, (1.04, 1.32) 0.01* 1.01, (0.93, 1.11) 0.77
Number of retail shops 1.18, (1.04, 1.35) 0.01* 1.28, (1.15, 1.43) <0.01*
Distance to MTR 1.12, (1.00, 1.26) 0.06 1.06, (0.96, 1.17) 0.22

Neighborhood SES
Medium household income 0.93, (0.84, 1.03) 0.16 0.90, (0.83, 0.96) <0.01*

Individual factors
Gender (Male as ref.)

Female 1.05, (0.93, 1.19) 0.43 1.14, (1.04, 1.26) <0.01
Household income (Low as ref.)

Medium-low (10–20 k) 0.85, (0.73, 1.03) 0.06 0.91, (0.80, 1.04) 0.17
Medium-high (20–30 k) 0.91, (0.75, 1.11) 0.36 0.82, (0.71, 0.95) 0.01*
High (> 30 k) 0.83, (0.62, 1.13) 0.24 0.70, (0.61, 0.81) <0.01*

Vehicle ownership (No as ref.)
Yes 0.57, (0.36, 0.89) 0.01* 0.83, (0.69, 0.99) 0.03*

Age 0.94, (0.88, 1.00) 0.06 0.95, (0.91, 1.00) 0.04*
R-squared values (Tjur's D) 0.09 0.17
Intra-class correlation coefficient (ICC) 0.13 0.21

Table 5
Multilevel linear regression analysis to predict total number of trips in Analysis 2; N=3,961.

Model predictors Elderly in public housing Elderly in private housing

β (95% CI) p-value β (95% CI) p-value

Built environment
Urban greenness 0.02, (−0.07,0.11) 0.68 0.03, (−0.03, 0.08) 0.33
Population density −0.04, (−0.09, 0.02) 0.20 −0.03, (−0.07, 0.00) 0.05*
Land-use mix −0.02, (−0.07, 0.03) 0.40 0.00, (−0.03, 0.04) 0.88
Number of retail shops −0.07, (−0.12,-0.01) 0.01* −0.11, (−0.16,-0.07) <0.01*
Distance to MTR −0.06, (−0.11,-0.01) 0.01* 0.00, (−0.04, 0.03) 0.82

Neighborhood SES
Medium household income 0.02, (−0.02,0.07) 0.31 0.08, (0.05, 0.11) <0.01*

Individual factors
Gender (Male as ref.)

Female −0.08, (−0.13,-0.02) 0.01* −0.17, (−0.21,-0.13) <0.01*
Household income (Low as ref.)

Medium-low (10–20 k) −0.07, (−0.14, 0.00) 0.04 −0.04, (−0.09, 0.02) 0.18
Medium-high (20–30 k) −0.04, (−0.13, 0.05) 0.40 −0.05, (−0.11, 0.01) 0.09
High (> 30 k) −0.16, (−0.30,-0.02) 0.02 −0.05, (−0.10, 0.01) 0.11

Vehicle ownership (No as ref.)
Yes 0.12, (−0.08,0.32) 0.24 0.15, (0.08, 0.23) <0.01*

Age −0.02, (−0.03,-0.02) <0.01* −0.03, (−0.03,-0.02) <0.01*
R-squared values 0.17 0.39
Intra-class correlation coefficient (ICC) 0.09 0.21
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vehicle ownership, and age were negatively associated with the walking
time of those in private but not public housing.

4. Discussion

The present study compared the differences in travel behavior and
the environment-travel associations of elderly people living in private
and public housing estates. Those in public housing have far less
freedom to choose their residential locations and are often unable to
realize their preferences when assigned housing, so we can rule out the
residential self-selection bias when estimating built environment-travel
behavior associations. By comparing the strength of built environment-
travel behavior associations for the two groups of elderly people, we
can identify whether residential location choice is endogenous to the
associations between travel behavior and built environment char-
acteristics.

4.1. Major findings

As shown in Table 3, elderly people in public and in private housing
estates exhibit notably different travel behaviors. Those in public
housing estates had fewer trips, shorter total travel distances and times,
and fewer trips by rail or by car but more trips by bus than their
counterparts in private housing estates. Socioeconomic status may ac-
count for these differences. The elderly in private housing estates may
make more trips because they have more potential destinations which
they regularly visit. However, the number of walking trips and total
walking time were similar for both groups. This finding differs from
that in a previous study (Boone-Heinonen et al., 2010), which suggested
that people of low-income households walk more than those in high-
income households. The low prevalence of private vehicles and the
well-established public transport system in Hong Kong may explain the
contrasting finding in Hong Kong. Elderly people in both private and
public housing estates rely heavily on walking and public transport,
although those in the former use rail services more often, which are

Table 6
Multilevel linear regression analysis to predict total travel distance in Analysis 2; N= 3,961.

Model predictors Elderly in public housing Elderly in private housing

β (95% CI) p-value β (95% CI) p-value

Built environment
Urban greenness 0.03, (−0.15, 0.22) 0.71 −0.07, (−0.16, 0.02) 0.10
Population density 0.03, (−0.09, 0.16) 0.57 −0.09, (−0.14, −0.03) <0.01*
Land-use mix 0.11, (0.00, 0.21) 0.05 −0.05, (−0.10, 0.01) 0.11
Number of retail shops 0.09, (−0.02, 0.19) 0.10 0.09, (0.02, 0.16) 0.01*
Distance to MTR −0.03, (−0.13, 0.07) 0.58 0.06, (0.01, 0.12) 0.03*

Neighborhood SES
Medium household income 0.07, (−0.02, 0.16) 0.14 −0.05, (−0.10, 0.00) 0.06

Individual factors
Gender (Male as ref.)

Female −0.18, (−0.29, −0.08) <0.01* −0.15, (−0.22, −0.08) <0.01*
Household income (Low as ref.)

Medium-low (10–20 k) 0.02, (−0.11, 0.14) 0.81 0.02, (−0.08, 0.12) 0.69
Medium-high (20–30 k) 0.03, (−0.14, 0.20) 0.73 0.03, (−0.08, 0.14) 0.64
High (> 30 k) 0.55, (0.28, 0.82) <0.01* 0.01, (−0.09, 0.12) 0.80

Vehicle ownership (No as ref.)
Yes −0.03, (−0.38, 0.32) 0.87 0.20, (0.08, 0.31) <0.01*

Age −0.01, (−0.02, −0.01) <0.01* −0.01, (−0.02, −0.01) <0.01*
R-squared values 0.30 0.43
Intra-class correlation coefficient (ICC) 0.20 0.27

Table 7
Multilevel linear regression analysis to predict total walking time in Analysis 2; N=3,961.

Model predictors Elderly in public housing Elderly in private housing

β (95% CI) p-value β (95% CI) p-value

Built environment
Urban greenness −0.13, (−0.36, 0.10) 0.26 0.23, (0.06, 0.39) 0.01*
Population density 0.04, (−0.04,0.13) 0.30 0.01, (−0.05, 0.07) 0.71
Land-use mix 0.08, (−0.01, 0.17) 0.07 −0.02, (−0.07, 0.04) 0.56
Number of retail shops 0.08, (0.01, 0.17) 0.05* 0.11, (0.04, 0.17) <0.01*
Distance to MTR −0.10, (−0.19,-0.01) 0.02* −0.07, (−0.12,-0.01) 0.02*

Neighborhood SES
Medium household income 0.04, (−0.04, 0.12) 0.38 −0.06, (−0.11,-0.01) 0.02*

Individual factors
Gender (Male as ref.)

Female −0.11, (−0.22, 0.00) 0.06 0.02, (−0.05, 0.09) 0.59
Household income (Low as ref.)

Medium-low (10–20 k) 0.00, (−0.13, 0.13) 0.97 0.03, (−0.08, 0.13) 0.63
Medium-high (20–30 k) −0.12, (−0.29, 0.06) 0.19 −0.09, (−0.20, 0.02) 0.12
High (> 30 k) 0.04, (−0.23, 0.32) 0.76 −0.07, (−0.18, 0.03) 0.17

Vehicle ownership (No as ref.)
Yes −0.16, (−0.52, 0.19) 0.37 −0.18, (−0.30, −0.05) <0.01*

Age 0.00, (−0.01, 0.01) 0.84 −0.01, (−0.01, 0.00) 0.02*
R-squared values 0.22 0.35
Intra-class correlation coefficient (ICC) 0.17 0.20
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more expensive but more comfortable than the bus service.
Marked differences were found in the built environment-travel as-

sociations for the two groups of elderly people, regarding the likelihood
of walking, the total number of trips, trip distance, and the decision to
walk. The number of retail shops was negatively associated with the
number of trips for elderly people in both public and private housing.
The distance to the MTR was positive for those in public housing, while
population density was negative for those in private housing. The
number of retail shops was positively associated with the decision to
take walking trips for elderly people in both public and private housing.
Urban greenness and population density were positive only for those in
private housing. Land-use mix was positive for those in public housing.
In terms of total travel distance, population density was negative while
the number of retail shops and the distance to MTR were positive for
those in private housing. No built-environment characteristics had
significant effects for those in public housing. The number of retail
shops was positively associated with total walking time, while distance
to MTR was negative for both groups. Urban greenness was only posi-
tive for those in private housing.

Our results suggest that built environment characteristics have
greater effects on elderly people in private housing than on those in
public housing. As implied by the difference in the strength of built
environment-travel behavior associations (R2 values) between the two
groups, residential self-selection substantially reduces the associations
by 30–50%. The reported built environment-travel behavior associa-
tions may be overestimated in other cross-sectional studies. Hence,
future health studies should control for residential self-selection in their
research designs. The findings support that both built environment and
residential self-section affect travel behaviors (Boone-Heinonen et al.,
2011; Cao, 2015a; Ettema and Nieuwenhuis, 2017; Ewing and Cervero,
2010; Feuillet et al., 2016; Howell et al., 2018). For example, different
sociodemographic characteristics, attitudes, and preferences will in-
fluence which communities' residents choose to live in, and will
therefore experience different built environment characteristics
(Howell et al., 2018). The decision to use public transport is influenced
the most by whether residents deliberately choose to live in an en-
vironment conducive to using this mode (Ettema and Nieuwenhuis,
2017). Residential preferences also confounded the associations be-
tween built environment characteristics and the time spent walking
(Howell et al., 2018).

The discrepancy in built environment-travel associations among the
two groups is manifested in the effect of urban greenness. Urban
greenness was related to the decision to walk, and to the total walking
time for elderly people in private but not for those in public housing.
Elderly people with higher family incomes can choose to live in private
housing estates within greener neighborhoods, while those with lower
incomes do not have this choice. This is consistent with previous
findings. For example, in Shanghai, residents with higher incomes can
enjoy private, club-like green spaces within their housing estates, while
lower income residents only have access to public green spaces (Xiao
et al., 2017). A 25% difference was found in the weekly total leisure-
time physical activity, in terms of minutes, between individuals with
and without the self-reported availability of outdoor greenspaces or
recreational facilities (Mackenbach et al., 2018).

Among all built environment characteristics, the number of retail
shops is most consistently related to almost every aspect of travel be-
haviors for both elderly groups in Hong Kong. The results are consistent
with previous evidence that the availability of pedestrian destinations is
important for active travel behaviors such as walking. The presence of a
mall has been positively associated with neighborhood walking in both
objective and perceived models (Michael et al., 2006). The walking
time per week has been significantly associated with the number of
commercial establishments in local neighborhoods (Nagel et al., 2008).
Retail shops, such as grocery shops, market places, and shopping malls,
are essential to the daily life of the elderly in Hong Kong, possibly
because they lack other types of leisure space (Zang et al., 2018).

However, urban density and land-use mix have insignificant effects on
most outcomes of travel behavior. The findings differ from those of
previous studies, which are often conducted in Western cities with low
urban density (Sallis, 2009). The different urban density may cause the
different findings. The urban density of Hong Kong is much higher than
in Western cities (Xue and Sun, 2018), and so in relative terms Hong
Kong's low density may be equivalent to high density in other Western
cities, or even higher, and thus urban density has a marginal impact on
travel behavior (Lu et al., 2016). The same may apply to land-use mix,
as mixed-used multilevel buildings are the norm in Hong Kong. The
insignificant effects of urban density and land-use mix on travel beha-
vior have also been found in other dense urban areas in Asia and South
America (Lu et al., 2016, 2019; Salvo et al., 2014; Xu et al., 2010). For
example, walkability, a composite measure of urban density, land-use
mix, and street intersection density, was inversely associated with the
moderate-to-vigorous physical activity time of adults in Cuernavaca,
Mexico (Salvo et al., 2014).

4.2. Policy implications

The findings of the current study have several policy implications.
The travel behaviors of different groups of elderly people have different
associations with built environment characteristics. Hence, targeted
policy interventions or urban planning strategies are needed to stimu-
late active travel behaviors of the specific demographic groups.
Furthermore, our results suggest that pedestrian destination availability
in neighborhoods outperforms 3D's variables (density, diversity and
design) in predicting travel behaviors of elderly people in Hong Kong.
Hence, local governments should be cautious when interpreting the
findings of studies conducted in cities with different urban and social
contexts, because they may be inapplicable. Our suggestion is, by col-
lecting localized evidence, we can propose proper solutions to address
important issues like population ageing and declined active transport
rate.

4.3. Strengths and limitations

This study has several strengths. First, we exploited a unique re-
search opportunity from a large-scale public housing scheme to dis-
tinguish residential self-selection from the effects of built environment
characteristics on travel behavior. Second, this study features a large
sample size, representative of the whole elderly population in Hong
Kong. In addition, the travel behavior was scrutinized in depth and
various aspects were considered, such as the number of trips, the
likelihood of walking, total walking time, total travel distance and time,
and the number of trips by rail, private car, or bus. The travel data were
collected by trained interviewers using face-to-face interviews, to
maintain high data quality. Third, urban big data of streetscape images
were used to objectively assess eye-level urban greenness. The images
more closely resemble what residents can see and perceive on the
ground than overhead-view satellite images, so this is a quick and ef-
ficient method of estimating residents' daily exposure to urban green-
ness. This study also has some limitations. We still cannot establish a
causal relationship between built environment characteristics and
travel behavior, but we did address the residential self-selection bias. A
more rigorous research design, such as a natural experiment, is war-
ranted. The travel behaviors were self-reported and thus prone to recall-
bias or social desirability bias. These could be objectively collected via
portable devices, such as GPS systems and accelerometers, in future
studies.

5. Conclusion

This present study compared the difference in the effect of the built
environment on the travel behavior of two groups of elderly people:
those living in private housing estates and those in public housing.
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Those in public housing cannot realize their personal residential pre-
ferences because public housing allocation is largely based on random
assignment and flat availability. Hence, we can control for residential
self-selection when estimating built environment-travel associations.
The results reveal a complex relationship among built environment,
residential self-selection, and travel behavior. Thus, the elderly people
in public housing have fewer trips, shorter overall travel times and
distances, and fewer trips in motorized transport such as rail or private
cars than those in private housing. The built environment has a stronger
effect on the travel behavior of elderly people in private housing than in
public housing. The results indicate residential self-selection and built
environment simultaneously affect travel behavior. Hence, as suggested
in other studies, it is important to control for residential self-selection
when estimating built environment-travel associations.
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