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ABSTRACT

Despite evidence showing the spatial nonstationarity of the determinants of bike activity,
very few studies have addressed the phenomena, probably due to the limited sample size of
the traditional count data. To address this gap, this study demonstrated the applicability of
Strava bike activity data by developing a geographically weighted Poisson regression
(GWPR) model that can reveal how the influence of socioeconomic and land-use factors vary
across a region. The city of Austin was selected as a case study, and Strava bike volume was
gleaned from 1494 intersections. The representativeness of the Strava data was first examined
by comparing those data with the video-based actual bicycle volume data from 43
intersections in the study area. Despite the high deviation in several locations, Strava volume
exhibited moderate linear relationships with actual volume. The GWPR model developed in
this study outperformed the traditional global model and revealed significant spatial
variability of nine variables related to age, income, education, transit stops, hub locations,
offices, schools, trails, and sidewalk facilities. Notable spatial variations on bike activity were
observed across the study area in terms of magnitude, direction, and significance of the
impact for all model variables. The analysis and discussion offer guidance to practitioners
and policymakers in tailoring policies and programs that consider the spatial context. The
study also provides insights for understanding the potential use of crowdsourced data in
examining bike activity, especially when resources are limited.

Keywords: Bike activity, Strava data, spatial variations, intersection, geographically
weighted Poisson regression
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1. Introduction

Nonmotorized activities such as walking and biking offer a broad range of individual and
community benefits related to health, environment, economics, and road safety (De Hartog et
al. 2010; Jacobsen 2003; Schnohr et al. 2006). In recognizing the myriad benefits linked to
increased nonmotorized activity, transport professionals and health advocates worldwide
have been committed to promoting walking and biking over the past several years. In order to
formulate strategies to encourage active mode usage as well as prioritize nonmotorized
facility projects, transport professionals must understand the nonmotorized demand and its
relationship with determinants across a spatial domain.

Research is replete with studies documenting the influence of several determinants on
bike and pedestrian demand, or volume, at both the macro (e.g., census tract, city) and micro
(intersection or street segment) levels, mostly employing various aspatial models. The
traditional methods are largely based on the assumption that the relationship between the
built environment or sociodemographic factors and walking and biking is spatially
homogeneous, which is not always true. Nonmotorized activity may vary widely by location
and time, even across similar traffic and environmental conditions within a region (Griswold
et al. 2011). It is likely that one variable may have strong influence on bike demand in one
location but may exhibit weaker association elsewhere (Yang et al. 2017). In addition, while
some variables (such as population density) have been established as a consistent influence
across studies, variation in the direction of influence in some variables has been observed.
For example, income was found to have both negative (Hankey et al. 2017) and positive
influences (Strauss and Miranda-Moreno 2013) on bike activity. Varying effects of school
land use were also observed (Hasani et al. 2019; Strauss and Miranda- Moreno 2013). While
the influence of variables largely depends on the local community and population, it may also
vary based on the type of neighborhood (urban, suburban, and rural mixture conditions)
within the same region (Qin and Ivan 2001). If such variations in influence exist, it is
particularly necessary to quantify and analyze them in order to better inform policies and
investment decisions. However, a considerable gap exists regarding the handling of spatial
non-stationarity in nonmotorized studies.

Geographically weighted regression (GWR) is a well-known method that addresses
the issue of spatial nonstationarity (Brunsdon et al. 1998). This localized regression
technique, although suggested to be more exploratory rather than confirmatory in nature
(Cromley and Hanink 2014; Mennis 2006), allows to reveal geographical variations in the
relationships between a dependent variable and explanatory variables (Harris et al. 2010).
Despite its limitations, the GWR method has been the most popular spatially varying
coefficient model, mostly due to its relative simplicity (Murakami et al. 2019). The method
has been widely applied in health and environmental studies (e.g., Gao and Li 2010; Nakaya
et al. 2005) and in a few transportation studies, such as traffic and transit analysis (e.qg.,
Cardozo et al. 2012; Selby and Kockelman 2013; Zhang and Wang 2014). However, very
few research efforts have emphasized nonmotorized activity analysis, particularly bike
ridership investigations at the micro level (e.g., Yang et al. 2017). One probable explanation
for this gap is that spatial analysis requires large-scale spatial data that are most often not
practical to collect through traditional counting methods. Even with the automatic counting
technologies, it is only feasible to gather nonmotorized activity data from a limited number of
locations. Recently, the growing proliferation of crowdsourced fitness app data (such as
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Strava, Endomondo, or MapMyRide) has offered a solution to the issues of limited temporal
and spatial coverage of bike data posed by the traditional counting methods. Big data sources,
characterized by their volume, velocity, and variety (Laney 2001), offer great potential to
understand the detailed spatiotemporal travel pattern of nonmotorized traffic on an
unprecedented level of detail. Although such crowd-sourced data have often been blamed for
lacking quality assurance and representativeness (Goodchild and Li 2012; Jackson et al.
2013) and are considered inadequate without validation from an actual location count (Jestico
et al. 2016), they no doubt offer enhanced space-time resolution that can be leveraged to gain
insights into the spatial variation of features affecting bike activity, whereas manual count
data fall short. A few studies focusing on crowdsourced data (such as a bike-sharing system
or fitness app) have incorporated spatial dependency or non-stationarity of the observations
while investigating bike activity (e.g., Griffin and Jiao 2015; Ji et al. 2018; Lee and Sener
2019; Shen et al. 2018) and demonstrated the superiority of various spatial models. The
findings underscore that investigation of the influence mechanisms of different features is
needed for optimized resource allocation and focused policy efforts.

Among many crowdsourced data sources, Strava has been creating a huge dataset,
gleaning user data from both pedestrians and bicyclists. Strava is one of the largest cycling
fitness apps, having reported distance data of 8 billion miles from 48 million users across 195
countries in 2019 (Strava 2019). Based on the large number of users, a handful of researchers
have investigated the use of Strava data sources to examine various issues of nonmotorized
travel, including the impact of the built environment and socio-demographic features on
cycling behavior (Griffin and Jiao 2015; Hochmair et al. 2019; Sun et al. 2017), accident risk
(Saha et al. 2018; Sanders et al. 2017), and air pollution during cycling (Lee and Sener 2019;
Sun and Mobasheri 2017). For example, Griffin and Jiao (2015) employed GWR in the
Austin area to evaluate bike ridership gleaned from Strava data (at the census block group
level) with respect to residential and employment density, land-use diversity, bicycle
facilities, and terrain. Readers are referred to Lee and Sener (2020a) for an extensive review
of Strava Metro data and their use in active transportation literature. Moreover, a number of
studies in the field analyzed OD-level Strava data, which required to aggregate the trips at a
larger scale, for instance, at city level (Selala and Musakwa 2016) or block group level
(Hochmair et al. 2019). Prior studies high- lighted the importance of conducting a more
disaggregate-level analysis, such as at an intersection level, for better insights into the cycling
patterns (e.g. Selala and Musakwa 2016).

In addition, while investigating the representativeness of the Strava data, a few studies
have compared Strava bike volume and manual count volume for their study area. For
example, Jestico et al. (2016) examined the representativeness of the Strava data on total
bicycle volume in Victoria, Canada, and based on their results, suggested the use of Strava
volume as an indicator of the actual bicycle volume. A similar study (Sanders et al. 2017) that
developed a bicycle exposure model for the Seattle area also suggested that Strava volume
can be a reasonable proxy of the total bicycle volume in certain circumstances. Contributing
to the growing research in the use of crowdsourced data, and in light of the aforementioned
research gap in bicycling research, this study harnessed the enhanced resolution offered by
the Strava data to develop a GWR model to better characterize the spatial distribution of bike
activity and to quantify the spatially nonstationary relationships between the surrounding
influencing features and bike demand in intersections. To the best of the researchers'
knowledge, no study has explored Strava bike volume at the microscopic level (inter- section)
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for the purpose of developing a spatial model utilizing socio-economic and built environment
features. Moreover, this study also contributes to the efforts of city officials because a large
proportion of crashes occur at intersections in the study area (Texas Department of
Transportation (TxDOT), 2016), and gathering insights into the inter- section-level bicycle
volume is essential in developing focused policy efforts and effective safety implementation
plans.

2. Study area and data
2.1. Study area

With an area of 326 square miles, the city of Austin accommodates a population of over
996,369 (City of Austin Planning and Zoning 2020). Downtown Austin, which is located on
the north bank of the Colorado River, is the central business district of the city. The
University of Texas (UT) at Austin, accommodating over 50,000 students, is located north of
the downtown area. Although the eastern part of the city is flat, the western part contains
some hilly terrain. The city is also home to several natural and man-made lakes.

Austin makes an excellent case study for this research for multiple reasons. First, the
city has experienced tremendous population growth, especially since 2000. While the
neighborhoods on the city's edge (far south Austin) have observed dramatic increase, growth
within the city's inner regions (downtown, Montopolis, and Pleasant Valley) is also notable
(Hedman et al. 2017). Second, by its very nature, the city is diverse in terms of age, culture,
income, and built environment characteristics, and it has experienced a steep rise in the
degree of socio-economic spatial separation over the last few decades. Since 2000, the city's
Hispanic and Latino population share has increased and is mainly concentrated on the east
side (Hedman et al. 2017). There has also been a rise in younger, single-person households.
The growing economic development has attracted a young, well-educated, and
environmentally and health-conscious population to the city. Third, the diversity in the land-
use characteristics across the city is also notable. Despite being heavily car-dependent,
especially in suburban neighborhoods, the city has observed a significant increase in bicycle
commuters in the last few years. Moreover, the region has a total of 267.5 miles of bicycle
facilities, including protected and buffered bicycle lanes and urban trails (shared-use paths;
City of Austin 2018a). Although the improved facilities have spurred increases in bike
activities in many locations, some areas have not observed significant bike activity, which
might be attributed to the local socioeconomic or land-use characteristics of a neighborhood.

2.2. Bicycle volume data

The primary data, intersection bicycle volume, utilized in this study were obtained from
Strava Metro® (proprietary source) through the Texas Department of Transportation
(TxDQOT). Strava Metro is a data service that produces anonymized and aggregated activity
data from users of the Strava app, which allows cyclists and runners to track their activities
(such as rides, runs, and walks) on a smartphone or other GPS device.

The obtained dataset contains three subsets in three formats: streets, origin-
destination, and nodes. Because the spatial unit for this study was the intersection, node-level
data (street intersections) were extracted. Strava Metro reports both all-purpose cycling
activity and commuting activity counts for the nodes. This research processed the total
bicycle volume count for all nodes for the year 2017 since the actual volume data were
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available for the same year. In order to overlay the Strava nodes with the street intersections,
the bicycle street network for the study area was used, as provided by the Austin Department
of Transportation. The process extracted 2520 intersections, and Strava annual (2017) bicycle
volume at various intersections ranged from 5 to 4005, meaning that some locations observed
only 5 bicyclists in an entire year. However, the observations might have been influenced by
two factors: (a) the actual volume might have varied greatly from the Strava volume in that
location, and/or (b) the node/intersection might have represented excessive nodes of the
network, such as alleys, driveways, or off-street pedestrian paths. Therefore, those data points
were identified as unreasonable or outliers—a common phenomenon for crowdsourced, or in
particular Strava data (Wang et al. 2016). Thus, to mitigate possible bias in the model
exhibiting the relationship between bike volume and various explanatory variables, a data
filtering task was performed. To remove intersections with very small annual Strava bike
volumes, only intersections experiencing at least an annual Strava bike volume of 1000? (i.e.,
around three bike activities per day) were selected. The final dataset contained 1494
intersections in the study area.

To examine the representativeness of the Strava data, the actual bicycle volume data
was also estimated at the intersections in the study area using two types of bicycle count data:
short count data (24-hour data at 43 intersections collected in 2017) and continuous count
data. The short count data were obtained from the City of Austin Transportation Department,
which collected the count data by a video recorder, at each intersection, on typical weekdays
over a 5 month- period (April, May, June, August, and October) in 2017. The continuous
location counts, which are available since 2012, were obtained for 11 locations in the study
area from Eco-Counter, a company that assists with continuous data collection for pedestrians
and bicyclists in specific locations across cities around the world (Eco-Counter 2019). The
continuous count data were utilized to estimate the daily and monthly factors that can be used
to scale the short count data to a representative value (Nordback et al. 2013). Following
standard guidelines of factor adjustment process for representative volume estimation
(Johnstone et al. 2017; Nordback et al. 2013; Turner et al., 2018), annual average daily
bicycle volumes were estimated for 43 intersections in the study area.

2.3. Explanatory variables

In order to gather data related to explanatory variables for the study, prior studies were
reviewed in detail focusing on insights capturing the association between bicycle traffic and
socioeconomic and land-use features (Chen et al. 2017; Dill 2009; Ewing and Cervero 2010;
Hankey et al. 2017; Hasani et al. 2019; Strauss and Miranda-Moreno 2013; Tabeshian and
Kattan 2014). This study sought to build a rich set of explanatory variables using insights
from the earlier studies as well as the data available for the study area. The gathered variables
in this study can be broadly classified into five categories: demographics, socioeconomics,
pedestrian- or bicycle-specific infrastructure, transit facilities, and land use (for more details
on the explanatory variables, see Munira and Sener 2017). Buffer-zone radii of 0.1 mile, 0.5
mile, and 1 mile were created; the sizes were derived from previous studies (Hasani et al.
2019; Tabeshian and Kattan 2014).

1 Cutoff values ranging from 500 to 2000 annual bike volume were also assessed but are not reported
due to the brevity of the paper. Based on the model performance, the researchers selected the cutoff
value of 1000 for final model building.
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The demographic and socioeconomics variables included age, gender, education, race,
household size and occupancy status, income, and commute mode and time of the
surrounding population. The bicycle-specific infrastructure-related variables included
different types of bicycle infrastructure based on the conditions and comfort level, which was
developed by the City of Austin (2017), bike signal, intersection density, and bike-sharing
stations. Various transit-facility-related variables were gathered, including frequency of
transit stops, transit route length, and distance from hub locations. Land-use variables, such
as number of schools, offices, industries, open areas, mixed-use developments, water areas,
and bicycle-accessible bridges, etc. were also gathered based on available data.

Note that although the Strava bike volume does not represent the actual trip
generation, it is expected to be related to the bicyclist population living/working around the
region since bicycle trips are mostly short trips (e.g., Dill 2009 noted that median bicycle trip
length is below 3 miles). Therefore, the sociodemographic variables were added into the
models by taking empirical evidence from previous studies and assuming that bike volume is
influenced by the characteristics of the population living near the location.

Data were gathered from both publicly available sources and private communications
with the City of Austin Transportation Department. Public data were gathered from the City
of Austin data portal, ACS 2017 survey, City of Austin Planning and Development Review
Department, Texas Education Agency, Austin Transportation Department Arterial
Management Division, and Capital Metro data portal. Moreover, an updated (2019) bicycle
infrastructure map was obtained from the Data and Technology Services of the City of Austin
Transportation Department.

Since all of the raw datasets obtained from different sources were at different spatial
scales, the datasets were cleaned and processed to bring them to homogenous spatial scales
(buffer level). Over 140 variables of 30 distinct types were created for each of the buffer
zones. Several new variables were created by aggregating the original variables when deemed
meaningful and statistically necessary. For example, the variable “total population between
the age of 18 to 34” was created by aggregating the population of six categories of ages for
both males and females. Similarly, the variable “paved and unpaved trail length” was created
by aggregating the paved and unpaved trail lengths for the buffer zones. The data processing
and analysis were performed using R statistical software and ArcGIS.

3. Methodology
3.1. Comparison of Strava and actual volume data

The annual Strava volume data were compared with the actual annual average bicycle volume
data at the same locations to explore the representativeness of the Strava data. The
comparison was performed using three key statistics—average percent deviation (APD),
average of the absolute percent difference (AAPD), and Pearson's correlation coefficient—
following guidelines from the Transportation Research Board's Guidebook on Pedestrian and
Bicycle Volume Data Collection (Ryus et al. 2014). The APD represents the overall
divergence from the actual volume data. The AAPD is a measure of the source’s consistency.
Pearson's correlation coefficient is a measure of linear correlation between the actual bike
volume and Strava cyclist volumes.
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3.2. Model variable selection

The variable selection was completed through an extensive three-stage procedure. First, a
simple OLS model was developed to analyze the relative strengths of relationships between
each of the explanatory variables and the dependent variable (Strava bike volume). This
included identification of the variables that had significant association—at a 90% confidence
level—with bike volume. Second, Pearson's correlation coefficients were examined for each
pair of explanatory variables to investigate the correlation between variables. This process
yielded a large number of significantly correlated variables, from which highly correlated (at
0.7) variable pairs were recognized. Finally, by iterating several combinations of variables
that are not highly correlated, a final model was selected based on parsimony and intuitive
considerations (taking into account the local conditions), as well as the significance and
statistical fit, using the corrected Akaike's information criterion (AlCc) value that compared
the goodness of fit of the models. A collinearity inspection of the final model variables was
also conducted to ensure no multicollinearity. The same set of variables were used in the
local and global models for comparison, which is consistent with previous literature (Blainey
2010; Yang et al. 2017).

Note that the process of variable selection may have also been performed by utilizing
various state-of-the-art machine learning approaches, including Lasso or Random Forest.
However, this study opted for the manual approach over those machine learning processes
because they are often referred to as the black box approach with limited interpretability
(Chen et al. 2017). The approach followed in this study promotes a profound understanding
of the influence of individual variables and the dynamics of their relationship, given the local
condition, in order to make informed decisions.

3.3. Geographically weighted Poisson regression modeling

To explore the local variations of the influence of socioeconomic and built environment
features on the Strava bike activity at intersections, a GWPR model was developed for this
study. The GWPR model can handle the discrete and dispersed count nature of the data while
accounting for the spatial nonstationarity and spatial heterogeneity of parameter estimates.

The form of a GWPR model is as follows:
Iny; = Bo(us, v;) + By (U, vi)xig + Bo(uy, v)Xiz + oo+ (U, i) Xy + & (1)

where y; is the dependent variable; i denotes intersections of the study area; x;; denotes the
independent variables of the model, where coefficients S, (u;, v;) are varying conditionals
on the location; (u;, v;) is the location of intersection i; and &; is the random error term.

The estimated coefficient, £ at location i, can be obtained using the following
equation (Fotheringham et al. 2002):

Bn(ui, ) = (XTW(u, v)X ) X"W(w;, v;)Y 2)

where W(u;, v;) denotes an n by n spatial weight matrix that can be expressed as
W(i):

Wiq O 0
w; 0
W(@) = 12
0 Win
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where the diagonal element w;;(j = 1 ....n) is the weight matrix given to intersection
j in the calibration of the model for intersection i, and off-diagonal elements are 0.

In this modeling framework, a regression equation is estimated for each intersection
based on the observations in nearby intersections, which means the observations closer to
intersection i have more of an influence on the parameter estimation of i than the intersections
far from it. This effect gradually decreases as the distance between the two locations
increases. To estimate the smoothed geographical variations in the parameters with a
distance-based weighting scheme, GWPR employs a spatial kernel method. The kernel
function is generally one of two types: Gaussian or bi-square (Fotheringham et al. 2002).

The kernel's bandwidth, cut off for the distance to assign weight, could either be fixed
(based on distance) or adaptive (based on a specific number of neighbors). The GWPR
modeling outcomes are sensitive to bandwidth selection (Yu and Peng 2019). A small
bandwidth encompassing a small number of observations may result in unstable fits, while
too large a bandwidth may introduce bias. Studies have indicated that adaptive kernels are
suitable when observations are sparsely dis- tributed over space because some locations may
only have a few neighbors if fixed methods are used (Chen et al. 2017; Feuillet et al. 2015).
Given the irregular distribution of Strava bike activity across the study area, this study
employed the adaptive kernel method coupled with a bi-square weighting scheme to ensure
that each local regression encompassed enough regression points regardless of the
surrounding density.

The bi-square weighting scheme can be specified as follows:

wy = ;[1 - (dij/hi)z]z ifdy; <h,

0 Otherwise

where d;; is the distance between two observations i and j, and h; is the maximum

distance to assign nonzero weights. Observations located beyond bandwidth h; are assigned a
weight of zero.

Using an adaptive bandwidth, the minimum number of neighbors to be included in
calibrating the local models can be identified. The AICc (Akaike 1974) is generally utilized
to determine the optimal bandwidth, in which the model with the lowest AICc is identified as
the best model (Fotheringham et al. 2002; Nakaya et al. 2005). In general, models are not
deemed significantly different if the difference of AICc values is less than 4 (Charlton and
Fotheringham 2009).

In addition, some of the explanatory variables selected for the model may not be
subject to local dependency. In those cases, instead of a fully local or a fully global model, a
semiparametric model combining the global and local effects of the variables is more
appropriate. For this study, a geographical variability test was performed to examine the
spatial variability of each parameter and to determine which variables vary over space. For
the geographic variability check, different semiparametric models were developed wherein
the variables in question were kept as fixed (global) while the other variables were kept as
local. The variables will vary over space if the original GWPR model performs better than the
semiparametric model in terms of comparison criteria such as AICc (Nakaya et al. 2005). The
test suggested that each of the model variables significantly varied over space. Therefore, this
study built the fully local GWPR model because it was expected to best explain the varying
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relations between bike activity and the explanatory variables.

To perform the GWPR analysis, this study used GWR4, a Windows application for
geographically weighted regression modeling developed by Nakaya (2012). Although
evaluating a geographically weighted negative binomial regression model might have been
beneficial for the study, the latest available software—GWR4.0—does not allow for the
calibration of a geographically weighted regression model with a negative binomial structure.
Thus, the model could not be developed for this research. However, since the local models
are fitted using several similar adjoined observations, it is expected that the variance of bike
volume will become much closer to the mean while estimating the local parameters in a
GWPR setting (Li et al. 2013; Xu & Huang, 2015). Also, studies conducting similar analyses
have noted that Poisson regression does not produce significantly different results compared
to the negative binomial model since the coefficients of the models are similar for the two
error distributions (Hadayeghi et al. 2010; Li et al. 2013).

4. Results and discussion
4.1. Comparison results of Strava and actual volume data

Although Strava provides a large sample size with enhanced temporal and spatial resolution,
sampling bias is a well-recognized concern across emerging datasets, including Strava (Lee
and Sener, 2020a,b). For example, Strava data tend to oversample male and fitness riders and
undersample young, female, and novice bicyclists, as noted by other studies (Boss et al. 2018;
Jestico et al. 2016). The results of this study confirmed the variations between Strava and
actual volume data.

A comparison of the actual volume and Strava data for 43 inter- sections showed that
the percentage deviation varied from —43% to —97%, which indicated that the divergence of
Strava volume from the actual volume varied with space. The variations differed across
geographic locations (Fig. 1), probably due to a difference in demographic characteristics and
trip purpose distribution in different areas. The APD was —89%, which was fairly high. The
AAPD was 89%, which indicated that Strava volume was less than the actual volume in all
locations, as expected. Moreover, Pearson's correlation coefficient was r = 0.63 (p < 0.0001),
which indicated a strong linear association between the volume data from the two sources.
The associations were stronger when compared to other recent studies. For instance, Turner
et al. (2019) reported a Pearson's of r = 0.59 and an AAPD of 92.49% when comparing
Strava and actual volume data from eight counting locations in Austin. For a study in Miami-
Dade County, Florida, Hochmair et al. (2019) compared Strava activity counts and video-
based actual count data on 32 sites and reported a correlation of r = 0.5.
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Fig. 1. AAPD of Strava bicycle volume in 43 locations in Austin.
4.2. Description of explanatory variables and spatial distribution

The final model contained nine explanatory variables at varying buffer zones: population age
18 to 34 (1.0 mile), population with at least a bachelor's degree (1.0 mile), median income
(2.0 mile), frequency of school (0.5 mile), length of helpful sidewalk (0.1 mile), trail length
(paved and unpaved; 1.0 mile), frequency of office establishment (0.5 mile), frequency of
transit stop (0.5 mile), and distance from transit hub. A collinearity inspection of the nine
variables indicated that all variance inflation factor values were less than 2.6, confirming no
collinearity among the final model variables.

The age, education, and income variables were noted to have significant influences on
bike activity in several other studies. It was also expected that the presence of public schools
(primary and secondary regular, charter, and alternative schools) and office establishments
would have an impact on bicyclists in an area. The transit hub refers to a site containing
transit stations (such as bus and/or light rail) and other facilities, including a Park & Ride, a
space dedicated for bikes, carshare, and more. It was expected that the decreasing distance
from hub locations to the intersections would increase bike activity. The helpful sidewalk
variable refers to sidewalk facilities next to a less- comfortable road (high traffic volumes and
speeds, and little or no bicycle accommodations). Finally, the trail facility refers to the length
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of both paved and unpaved trails, which is expected to promote bike activity.

Fig. 2 illustrates the spatial distribution of the six variables that showed notable
variation across the study area. For discussion, this study mainly followed the neighborhood
definition provided by Hedman et al. (2017). The spatial distribution of demographic
characteristics (Fig. 2a, b, and c) across the city exhibits notable variation. The high
concentration of the young population around the city center can be attributed to the UT
student population. Overall, the affluent populations are concentrated on the city's west side
rather than on the east. A previous report (Hedman et al. 2017) also suggested that the less
wealthy, more diverse communities are generally concentrated on the east side of the city.
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Fig. 2. Spatial distribution of explanatory variables.

The intersections in the central region are surrounded by many office establishments
(Fig. 2d). The concentration decreases as the distance from downtown increases. Moreover,
intersections in the central, north, and southwest regions are served by hub facilities (Fig. 2e),
while intersections in the southeast regions are located far from hub locations. Similarly, a
majority of the intersections in the study area are served by multiple transit stops (bus and

Page 12 of 25



Munira and Sener (2020)

rail), except some intersections on the northeast side. Moreover, the length of trail facilities
(both paved and unpaved) is highest around the central area near Zilker Park (Fig. 2f). A
number of intersections in the northwest and southwest regions do not have any nearby trail
facility.

4.3. GWPR model results

4.3.1. Model performance

The final model's performance was first compared with a global model, which is the same as
the traditional Poisson model, in terms of R-square and AICc. As shown in Table 1, the final
GWPR model has a significantly smaller AICc and a larger percent deviance explained
(pseudo R-square) compared to the global model. The findings further emphasize the spatial
variation in the relationships between the predictors and bike activity.

Table 1. Model performance comparison.

Model Type AlCc Percent Deviance Explained
Global Model 47,925 0.15
GWPR Model 28,423 0.5

Note. Bandwidth size is 164.

Fig. 3 presents the spatial variation of R-square obtained from the GWPR model.
Spatial variations of the local R-squared estimates illustrate the difference in the combined
statistical impact of the final model variables on bike activity across the neighborhoods in the
Austin area, from very low (0.1) to high (0.66). The highest predictive power of the model
was observed in the central north, southwest, and downtown regions. The predictive power
was especially lower in the northeast region, which emphasizes the importance of conducting
an in-depth and more spatially focused analysis for the related areas. In general, the findings
indicate that significant heterogeneity exists among different explanatory features when
relating them to bike volume. This heterogeneity, however, cannot be captured by traditional
global models.
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Fig. 3. R-squared values derived from the final GWPR model.

4.3.2. Model estimates

The coefficient estimates from the GWPR model exhibited notable variation in terms of
magnitude, direction, and significance. A summary of the direction and significance of the
relationship of the variables is presented in Table 2. The table shows that each of the nine
variables had both positive and negative influences on bike volume, depending on the
locations of the intersections. Each of the variables had a varying proportion of positive and
negative significant estimates.
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Table 2. Summary of the directions of relationships derived from the GWPR model.

Total Among Significant

Variable (buffer length) Significance (p<0.1)

(p<0.1) [ Ppositive [ Negative
Population age 18 to 34 0 0 0
(in 1,000; 1.0 mile) 18% 6% | 44%
Population with bachelor or higher
degree 16% 57% 43%
(in 1,000; 1.0 mile)
Median income 0 0 0
(in 1,000; 1.0 mile) 14% 0% | S0%
Frequency of school 0 0 0
(in 100; 0.5 mile) 20% 4% >o%
Frequency of office establishment 0 0 0
(in 100; 0.5 mile) 19% 41% S9%
[_)lstance from transit hub 14% 510 49%
(in miles)
Frequency of transit stop 0 0 0
(in 100; 0.5 mile) 17% 61% | 3%
Length_ (mile) of helpful sidewalk 19% 43% 570
(0.1 mile)
Paved _and unpaved trail length 150 5304 47%
(1.0 mile)

Note. A total of 1,494 intersections; dependent variable: Strava bike volume.

Fig. 4 illustrates the spatial distribution, strength, and direction of coefficient values
describing the relation between the nine model variables and bike activity. Due to space
considerations and to bolster the argument, only significant coefficients of the final model are

discussed in the following sections.
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Fig. 4. Spatial distribution of the final GWPR model coefficients (significant at p < 0.1).
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In terms of age, the young population (age 18 to 34) was associated with a greater
bike activity at the nearby intersections. Similarly, the population with a higher degree had
positive influences on bike volume at most intersections in the study area. These findings are
consistent with previous studies indicating higher biking among young and educated
populations (e.g., Sallis et al. 2013). However, the equal distribution of positive and negative
influence of the income variable suggests that both low- and high-income populations
contribute to the bike activity in the city of Austin.

In terms of land-use factors, a high frequency of school and office establishments
mostly have a negative association with bike activity at nearby intersections. An interesting
finding was observed in terms of the positive influence of office establishments, which were
mainly concentrated in central Austin and decreased with increasing distance from
downtown. This positive influence may likely be attributed to individuals living in the
central/downtown region being more likely to opt for biking for their daily commute, whereas
driving is a more likely choice for suburban commuters. On the other hand, the positive in-
fluence of schools was mainly observed near the university/college campuses of the study
area, such as the UT campus in the downtown area as well as the north and south campuses
of Austin Community College. This result suggests that although primary or high school
students generally avoid biking to school, university students are more likely to bike to
campus or nearby locations. A similar finding was reported by Schneider and Stefanich
(2015), who indicated the positive influence of proximity to a university campus and mixed
land uses on bicycling.

Further, a high frequency of transit stops was found to generally encourage bike
activity at nearby locations, which was expected given that bicycles are allowed on buses and
trains in Austin (CapMetro, 2017). However, the north and south regions, away from
downtown, exhibited more positive influences of transit facilities on bicycling compared to
downtown. This result indicates that bicyclists living in suburban regions are more likely to
take advantage of the increased mobility and accessibility offered by integrated transit
facilities. Furthermore, the transit hubs exhibited both positive and negative in- fluences on
bike activity.

The observed relationship between a helpful sidewalk and bike activity was
unexpected but insightful. Generally, it was seen that despite having a helpful sidewalk
adjacent to high-speed and high-traffic roads, bicyclists tended to avoid those areas, although
a few downtown intersections exhibited the usefulness of helpful sidewalk facilities for
bicyclists. This finding is likely the result of bicyclists in suburban regions tending to feel less
safe on roads, mostly due to motorized traffic, compared to those living in urban regions
(National Highway Traffic Safety Administration 2008). Moreover, while most of the
intersections demonstrated the positive influence of trail locations, results from some
intersections, such as in the East Austin and Riverside neighborhoods, suggested that a trail
facility is not a positive determinant of bike activity. A possible explanation for this result is
the poor condition of the trails in that area (Buchele 2019). A recent survey conducted by the
City of Austin (2018b) revealed local people's desire to improve the quality and connectivity
of nonmotorized facilities in the noted area.

5. Conclusion
This study examined the spatial influence mechanisms of various socioeconomic and land-
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use features on intersection bike volume in Austin using Strava data. A GWPR model was
developed utilizing nine variables that were selected from a rich set of explanatory variables.
The model, which outperformed the global model, revealed significant spatial variability of
the explanatory variables with relation to bike volume that could not be reflected by the
traditional models.

In general, the location-specific estimates of the socioeconomic and built environment
variables demonstrated how the determinants of bike activity vary between urban and
suburban neighborhoods. One of the notable observations was that the central region,
especially the area around the UT campus and downtown, exhibited the most variation. For
example, both positive and negative influences of age, income, and degree on bike activity
across this area indicated the varying socioeconomic characteristics of people biking in this
area. While office and school land-use impede bicyclists across most of the study area, this
specific region largely exhibited positive associations. Even the sidewalks next to the less
comfortable roads (high traffic volumes and speeds, and little or no bicycle accommodations)
mostly appeared to be a positive determinant of bike activity. This area, which is dominated
by mixed land-use development, has comparatively higher and better nonmotorized facilities
(City of Austin 2014). The overall positive im- pact of a trail and helpful sidewalk on the bike
activity in this area suggests that balanced and mixed land use with continuous and connected
nonmotorized facilities can encourage more bike activity among a population that reflects
different demographics. On a similar note, the negative influence of some trail facilities along
the east side (of Interstate 35) of the central region suggests that uncomfortable and poorly
connected trail facilities may deter bicyclists even if those facilities are located in areas of
high bike activity.

In summary, the contribution of this study is twofold. First, this study demonstrates
the applicability of Strava-gleaned bike data to illustrate the variability of the determinants,
which traditional count data with limited sample size cannot emulate. This might be
particularly essential in cases where agencies are limited in resources (budget, time, staff,
etc.) to collect additional data and need support from alternative, supplementary sources of
data. Important to note that, while Strava has enriched bicycle research capabilities as
exemplified in the current study, several challenges exist (e.g. under-representativeness of the
general population, bias towards and away from certain groups) and hence researchers need
to be cautious when generalizing the results as noted by Lee and Sener (2020a). Second, this
study helps inform policy recommendations by illustrating how policies that encourage
bicycle activity, including building or improving new infrastructures, should not be adopted
uniformly throughout the city because the driving factors differ across neighborhoods.
Instead, the characteristics and needs of the specific regions should be well understood and
differences across regions should be recognized when making policy decisions. For example,
people living in the downtown region may perceive sidewalks adjacent to high-speed roads as
advantageous in reaching to destinations, while suburban populations may not feel
comfortable being next to a busy, high-speed highway and tend to avoid those routes. Thus,
efforts to increase the number of people commuting to offices and schools from suburban
areas may warrant improved bike facilities with enhanced connectivity. In addition, this
finding emphasizes the need for initiatives like Safe Routes to School (City of Austin 2018c)
to encourage elementary and middle school students to bike to school. Furthermore, the study
findings reveal that neighborhoods dominated by mixed-use development have more
potential to increase bike mode share among populations of different demographics. This
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finding may have implications in future land-use planning of the city. The scope of this study
can be extensively widened. Similar to other studies of nonmotorized activity models
(Hochmair et al. 2019; Winters et al. 2010), this study utilizes cross-sectional data and hence
the findings provide evidence of associations. Future research on multi-year panel data will
be necessary to further build the body of evidence for causality (Xie and Levinson 2010).
Furthermore, neighborhoods with low model fit merit further investigation, particularly to
ascertain if additional variables that were not available in the current study—for example,
number of students at a university or college, frequency of transit service—can explain the
variability of bike activity in those locations. Moreover, since Strava also provides data at
enhanced temporal resolution, future GWPR models can be extended to account for the
temporal variation of bike activity. Finally, the GWR model of this study sought the ‘best-on-
average’ scale (or single bandwidth) of relationship non-stationarity. Future studies would
benefit from testing this assumption and examining the potential of incorporating flexible
bandwidth (Leong and Yue 2017; Fotheringham et al. 2017) since some relationships
(between the dependent and explanatory variables) may operate at a larger or smaller scale
(Murakami et al. 2019). In addition, future research will be important to utilize diagnostic
tools in order to investigate and account for collinearity and outliers if exists (Wheeler 2007;
Harris 2019). Different model specifications can also be examined to test the sensitivity of
this analysis.
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	ABSTRACT 
	Despite evidence showing the spatial nonstationarity of the determinants of bike activity, very few studies have addressed the phenomena, probably due to the limited sample size of the traditional count data. To address this gap, this study demonstrated the applicability of Strava bike activity data by developing a geographically weighted Poisson regression (GWPR) model that can reveal how the influence of socioeconomic and land-use factors vary across a region. The city of Austin was selected as a case stu
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	1. Introduction 
	Nonmotorized activities such as walking and biking offer a broad range of individual and community benefits related to health, environment, economics, and road safety (
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	). In recognizing the myriad benefits linked to increased nonmotorized activity, transport professionals and health advocates worldwide have been committed to promoting walking and biking over the past several years. In order to formulate strategies to encourage active mode usage as well as prioritize nonmotorized facility projects, transport professionals must understand the nonmotorized demand and its relationship with determinants across a spatial domain.  

	Research is replete with studies documenting the influence of several determinants on bike and pedestrian demand, or volume, at both the macro (e.g., census tract, city) and micro (intersection or street segment) levels, mostly employing various aspatial models. The traditional methods are largely based on the assumption that the relationship between the built environment or sociodemographic factors and walking and biking is spatially homogeneous, which is not always true. Nonmotorized activity may vary wid
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	Geographically weighted regression (GWR) is a well-known method that addresses the issue of spatial nonstationarity (
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	Yang et al. 2017
	Yang et al. 2017

	). One probable explanation for this gap is that spatial analysis requires large-scale spatial data that are most often not practical to collect through traditional counting methods. Even with the automatic counting technologies, it is only feasible to gather nonmotorized activity data from a limited number of locations. Recently, the growing proliferation of crowdsourced fitness app data (such as 

	Strava, Endomondo, or MapMyRide) has offered a solution to the issues of limited temporal and spatial coverage of bike data posed by the traditional counting methods. Big data sources, characterized by their volume, velocity, and variety (
	Strava, Endomondo, or MapMyRide) has offered a solution to the issues of limited temporal and spatial coverage of bike data posed by the traditional counting methods. Big data sources, characterized by their volume, velocity, and variety (
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	), they no doubt offer enhanced space-time resolution that can be leveraged to gain insights into the spatial variation of features affecting bike activity, whereas manual count data fall short. A few studies focusing on crowdsourced data (such as a bike-sharing system or fitness app) have incorporated spatial dependency or non-stationarity of the observations while investigating bike activity (e.g., 
	Griffin and Jiao 2015
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	) and demonstrated the superiority of various spatial models. The findings underscore that investigation of the influence mechanisms of different features is needed for optimized resource allocation and focused policy efforts. 

	Among many crowdsourced data sources, Strava has been creating a huge dataset, gleaning user data from both pedestrians and bicyclists. Strava is one of the largest cycling fitness apps, having reported distance data of 8 billion miles from 48 million users across 195 countries in 2019 (
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	). Prior studies high- lighted the importance of conducting a more disaggregate-level analysis, such as at an intersection level, for better insights into the cycling patterns (e.g. 
	Selala and Musakwa 2016
	Selala and Musakwa 2016

	). 

	In addition, while investigating the representativeness of the Strava data, a few studies have compared Strava bike volume and manual count volume for their study area. For example, 
	In addition, while investigating the representativeness of the Strava data, a few studies have compared Strava bike volume and manual count volume for their study area. For example, 
	Jestico et al. (2016)
	Jestico et al. (2016)

	 examined the representativeness of the Strava data on total bicycle volume in Victoria, Canada, and based on their results, suggested the use of Strava volume as an indicator of the actual bicycle volume. A similar study (
	Sanders et al. 2017
	Sanders et al. 2017

	) that developed a bicycle exposure model for the Seattle area also suggested that Strava volume can be a reasonable proxy of the total bicycle volume in certain circumstances. Contributing to the growing research in the use of crowdsourced data, and in light of the aforementioned research gap in bicycling research, this study harnessed the enhanced resolution offered by the Strava data to develop a GWR model to better characterize the spatial distribution of bike activity and to quantify the spatially nons

	for the purpose of developing a spatial model utilizing socio-economic and built environment features. Moreover, this study also contributes to the efforts of city officials because a large proportion of crashes occur at intersections in the study area (
	for the purpose of developing a spatial model utilizing socio-economic and built environment features. Moreover, this study also contributes to the efforts of city officials because a large proportion of crashes occur at intersections in the study area (
	Texas Department of
	Texas Department of

	 
	Transportation (TxDOT), 2016
	Transportation (TxDOT), 2016

	), and gathering insights into the inter- section-level bicycle volume is essential in developing focused policy efforts and effective safety implementation plans. 

	2. Study area and data 
	2.1. Study area 
	With an area of 326 square miles, the city of Austin accommodates a population of over 996,369 (
	With an area of 326 square miles, the city of Austin accommodates a population of over 996,369 (
	City of Austin Planning and Zoning 2020
	City of Austin Planning and Zoning 2020

	). Downtown Austin, which is located on the north bank of the Colorado River, is the central business district of the city. The University of Texas (UT) at Austin, accommodating over 50,000 students, is located north of the downtown area. Although the eastern part of the city is flat, the western part contains some hilly terrain. The city is also home to several natural and man-made lakes. 

	Austin makes an excellent case study for this research for multiple reasons. First, the city has experienced tremendous population growth, especially since 2000. While the neighborhoods on the city's edge (far south Austin) have observed dramatic increase, growth within the city's inner regions (downtown, Montopolis, and Pleasant Valley) is also notable (
	Austin makes an excellent case study for this research for multiple reasons. First, the city has experienced tremendous population growth, especially since 2000. While the neighborhoods on the city's edge (far south Austin) have observed dramatic increase, growth within the city's inner regions (downtown, Montopolis, and Pleasant Valley) is also notable (
	Hedman et al. 2017
	Hedman et al. 2017

	). Second, by its very nature, the city is diverse in terms of age, culture, income, and built environment characteristics, and it has experienced a steep rise in the degree of socio-economic spatial separation over the last few decades. Since 2000, the city's Hispanic and Latino population share has increased and is mainly concentrated on the east side (
	Hedman et al. 2017
	Hedman et al. 2017

	). There has also been a rise in younger, single-person households. The growing economic development has attracted a young, well-educated, and environmentally and health-conscious population to the city. Third, the diversity in the land-use characteristics across the city is also notable. Despite being heavily car-dependent, especially in suburban neighborhoods, the city has observed a significant increase in bicycle commuters in the last few years. Moreover, the region has a total of 267.5 miles of bicycle
	City of Austin 2018a
	City of Austin 2018a

	). Although the improved facilities have spurred increases in bike activities in many locations, some areas have not observed significant bike activity, which might be attributed to the local socioeconomic or land-use characteristics of a neighborhood. 

	2.2. Bicycle volume data 
	The primary data, intersection bicycle volume, utilized in this study were obtained from Strava Metro® (proprietary source) through the Texas Department of Transportation (TxDOT). Strava Metro is a data service that produces anonymized and aggregated activity data from users of the Strava app, which allows cyclists and runners to track their activities (such as rides, runs, and walks) on a smartphone or other GPS device. 
	The obtained dataset contains three subsets in three formats: streets, origin-destination, and nodes. Because the spatial unit for this study was the intersection, node-level data (street intersections) were extracted. Strava Metro reports both all-purpose cycling activity and commuting activity counts for the nodes. This research processed the total bicycle volume count for all nodes for the year 2017 since the actual volume data were 
	available for the same year. In order to overlay the Strava nodes with the street intersections, the bicycle street network for the study area was used, as provided by the Austin Department of Transportation. The process extracted 2520 intersections, and Strava annual (2017) bicycle volume at various intersections ranged from 5 to 4005, meaning that some locations observed only 5 bicyclists in an entire year. However, the observations might have been influenced by two factors: (a) the actual volume might ha
	available for the same year. In order to overlay the Strava nodes with the street intersections, the bicycle street network for the study area was used, as provided by the Austin Department of Transportation. The process extracted 2520 intersections, and Strava annual (2017) bicycle volume at various intersections ranged from 5 to 4005, meaning that some locations observed only 5 bicyclists in an entire year. However, the observations might have been influenced by two factors: (a) the actual volume might ha
	Wang et al. 2016
	Wang et al. 2016

	). Thus, to mitigate possible bias in the model exhibiting the relationship between bike volume and various explanatory variables, a data filtering task was performed. To remove intersections with very small annual Strava bike volumes, only intersections experiencing at least an annual Strava bike volume of 10001 (i.e., around three bike activities per day) were selected. The final dataset contained 1494 intersections in the study area.  

	1 Cutoff values ranging from 500 to 2000 annual bike volume were also assessed but are not reported due to the brevity of the paper. Based on the model performance, the researchers selected the cutoff value of 1000 for final model building. 
	1 Cutoff values ranging from 500 to 2000 annual bike volume were also assessed but are not reported due to the brevity of the paper. Based on the model performance, the researchers selected the cutoff value of 1000 for final model building. 

	To examine the representativeness of the Strava data, the actual bicycle volume data was also estimated at the intersections in the study area using two types of bicycle count data: short count data (24-hour data at 43 intersections collected in 2017) and continuous count data. The short count data were obtained from the City of Austin Transportation Department, which collected the count data by a video recorder, at each intersection, on typical weekdays over a 5 month- period (April, May, June, August, and
	To examine the representativeness of the Strava data, the actual bicycle volume data was also estimated at the intersections in the study area using two types of bicycle count data: short count data (24-hour data at 43 intersections collected in 2017) and continuous count data. The short count data were obtained from the City of Austin Transportation Department, which collected the count data by a video recorder, at each intersection, on typical weekdays over a 5 month- period (April, May, June, August, and
	Eco-Counter 2019
	Eco-Counter 2019

	). The continuous count data were utilized to estimate the daily and monthly factors that can be used to scale the short count data to a representative value (
	Nordback et al. 2013
	Nordback et al. 2013

	). Following standard guidelines of factor adjustment process for representative volume estimation (
	Johnstone
	Johnstone

	 
	et al. 2017
	et al. 2017

	; 
	Nordback et al. 2013
	Nordback et al. 2013

	; Turner et al., 2018), annual average daily bicycle volumes were estimated for 43 intersections in the study area. 

	2.3. Explanatory variables 
	In order to gather data related to explanatory variables for the study, prior studies were reviewed in detail focusing on insights capturing the association between bicycle traffic and socioeconomic and land-use features (
	In order to gather data related to explanatory variables for the study, prior studies were reviewed in detail focusing on insights capturing the association between bicycle traffic and socioeconomic and land-use features (
	Chen et al. 2017
	Chen et al. 2017

	; 
	Dill 2009
	Dill 2009

	; 
	Ewing and Cervero 2010
	Ewing and Cervero 2010

	; 
	Hankey et al. 2017
	Hankey et al. 2017

	; 
	Hasani et al. 2019
	Hasani et al. 2019

	; 
	Strauss and Miranda-Moreno
	Strauss and Miranda-Moreno

	 
	2013
	2013

	; 
	Tabeshian and Kattan 2014
	Tabeshian and Kattan 2014

	). This study sought to build a rich set of explanatory variables using insights from the earlier studies as well as the data available for the study area. The gathered variables in this study can be broadly classified into five categories: demographics, socioeconomics, pedestrian- or bicycle-specific infrastructure, transit facilities, and land use (for more details on the explanatory variables, see 
	Munira and Sener 2017
	Munira and Sener 2017

	). Buffer-zone radii of 0.1 mile, 0.5 mile, and 1 mile were created; the sizes were derived from previous studies (
	Hasani
	Hasani

	 
	et al. 2019
	et al. 2019

	; 
	Tabeshian and Kattan 2014
	Tabeshian and Kattan 2014

	). 

	The demographic and socioeconomics variables included age, gender, education, race, household size and occupancy status, income, and commute mode and time of the surrounding population. The bicycle-specific infrastructure-related variables included different types of bicycle infrastructure based on the conditions and comfort level, which was developed by the 
	The demographic and socioeconomics variables included age, gender, education, race, household size and occupancy status, income, and commute mode and time of the surrounding population. The bicycle-specific infrastructure-related variables included different types of bicycle infrastructure based on the conditions and comfort level, which was developed by the 
	City of Austin (2017)
	City of Austin (2017)

	, bike signal, intersection density, and bike-sharing stations. Various transit-facility-related variables were gathered, including frequency of transit stops, transit route length, and distance from hub locations. Land-use variables, such as number of schools, offices, industries, open areas, mixed-use developments, water areas, and bicycle-accessible bridges, etc. were also gathered based on available data. 

	Note that although the Strava bike volume does not represent the actual trip generation, it is expected to be related to the bicyclist population living/working around the region since bicycle trips are mostly short trips (e.g., 
	Note that although the Strava bike volume does not represent the actual trip generation, it is expected to be related to the bicyclist population living/working around the region since bicycle trips are mostly short trips (e.g., 
	Dill 2009
	Dill 2009

	 noted that median bicycle trip length is below 3 miles). Therefore, the sociodemographic variables were added into the models by taking empirical evidence from previous studies and assuming that bike volume is influenced by the characteristics of the population living near the location. 

	Data were gathered from both publicly available sources and private communications with the City of Austin Transportation Department. Public data were gathered from the City of Austin data portal, ACS 2017 survey, City of Austin Planning and Development Review Department, Texas Education Agency, Austin Transportation Department Arterial Management Division, and Capital Metro data portal. Moreover, an updated (2019) bicycle infrastructure map was obtained from the Data and Technology Services of the City of 
	Since all of the raw datasets obtained from different sources were at different spatial scales, the datasets were cleaned and processed to bring them to homogenous spatial scales (buffer level). Over 140 variables of 30 distinct types were created for each of the buffer zones. Several new variables were created by aggregating the original variables when deemed meaningful and statistically necessary. For example, the variable “total population between the age of 18 to 34” was created by aggregating the popul
	3. Methodology 
	3.1. Comparison of Strava and actual volume data 
	The annual Strava volume data were compared with the actual annual average bicycle volume data at the same locations to explore the representativeness of the Strava data. The comparison was performed using three key statistics—average percent deviation (APD), average of the absolute percent difference (AAPD), and Pearson's correlation coefficient—following guidelines from the Transportation Research Board's Guidebook on Pedestrian and Bicycle Volume Data Collection (
	The annual Strava volume data were compared with the actual annual average bicycle volume data at the same locations to explore the representativeness of the Strava data. The comparison was performed using three key statistics—average percent deviation (APD), average of the absolute percent difference (AAPD), and Pearson's correlation coefficient—following guidelines from the Transportation Research Board's Guidebook on Pedestrian and Bicycle Volume Data Collection (
	Ryus
	Ryus

	 
	et al. 2014
	et al. 2014

	). The APD represents the overall divergence from the actual volume data. The AAPD is a measure of the source's consistency. Pearson's correlation coefficient is a measure of linear correlation between the actual bike volume and Strava cyclist volumes. 

	3.2. Model variable selection 
	The variable selection was completed through an extensive three-stage procedure. First, a simple OLS model was developed to analyze the relative strengths of relationships between each of the explanatory variables and the dependent variable (Strava bike volume). This included identification of the variables that had significant association—at a 90% confidence level—with bike volume. Second, Pearson's correlation coefficients were examined for each pair of explanatory variables to investigate the correlation
	Note that the process of variable selection may have also been performed by utilizing various state-of-the-art machine learning approaches, including Lasso or Random Forest. However, this study opted for the manual approach over those machine learning processes because they are often referred to as the black box approach with limited interpretability (Chen et al. 2017). The approach followed in this study promotes a profound understanding of the influence of individual variables and the dynamics of their re
	3.3. Geographically weighted Poisson regression modeling 
	To explore the local variations of the influence of socioeconomic and built environment features on the Strava bike activity at intersections, a GWPR model was developed for this study. The GWPR model can handle the discrete and dispersed count nature of the data while accounting for the spatial nonstationarity and spatial heterogeneity of parameter estimates. 
	The form of a GWPR model is as follows: 
	ln𝑦𝑖=𝛽0(𝑢𝑖,𝑣𝑖)+𝛽1(𝑢𝑖,𝑣𝑖)𝑥𝑖1+𝛽2(𝑢𝑖,𝑣𝑖)𝑥𝑖2 +…...+𝛽𝑘(𝑢𝑖,𝑣𝑖)𝑥𝑖𝑘 +𝜀𝑖  (1) 
	where 𝑦𝑖 is the dependent variable; i denotes intersections of the study area; 𝑥𝑖𝑘 denotes the independent variables of the model, where coefficients 𝛽𝑘(𝑢𝑖,𝑣𝑖) are varying conditionals on the location; (𝑢𝑖,𝑣𝑖) is the location of intersection i; and 𝜀𝑖 is the random error term.  
	The estimated coefficient, 𝛽 at location i, can be obtained using the following equation (Fotheringham et al. 2002): 
	𝛽𝑛(𝑢𝑖,𝑣𝑖)= (𝐗T 𝐖(𝑢𝑖,𝑣𝑖)𝑿 )−1𝑿𝑇𝐖(𝑢𝑖,𝑣𝑖)𝐘   (2) 
	where 𝐖(𝑢𝑖,𝑣𝑖) denotes an n by n spatial weight matrix that can be expressed as 𝐖(𝑖):  
	𝐖(𝑖) = [𝑤𝑖10    …00𝑤𝑖2…0…………0……𝑤𝑖𝑛] 
	where the diagonal element 𝑤𝑖𝑗(𝑗=1….𝑛) is the weight matrix given to intersection 𝑗 in the calibration of the model for intersection 𝑖, and off-diagonal elements are 0. 
	In this modeling framework, a regression equation is estimated for each intersection based on the observations in nearby intersections, which means the observations closer to intersection i have more of an influence on the parameter estimation of i than the intersections far from it. This effect gradually decreases as the distance between the two locations increases. To estimate the smoothed geographical variations in the parameters with a distance-based weighting scheme, GWPR employs a spatial kernel metho
	The kernel's bandwidth, cut off for the distance to assign weight, could either be fixed (based on distance) or adaptive (based on a specific number of neighbors). The GWPR modeling outcomes are sensitive to bandwidth selection (
	The kernel's bandwidth, cut off for the distance to assign weight, could either be fixed (based on distance) or adaptive (based on a specific number of neighbors). The GWPR modeling outcomes are sensitive to bandwidth selection (
	Yu and Peng 2019
	Yu and Peng 2019

	). A small bandwidth encompassing a small number of observations may result in unstable fits, while too large a bandwidth may introduce bias. Studies have indicated that adaptive kernels are suitable when observations are sparsely dis- tributed over space because some locations may only have a few neighbors if fixed methods are used (
	Chen et al. 2017
	Chen et al. 2017

	; 
	Feuillet et al.
	Feuillet et al.

	 
	2015
	2015

	). Given the irregular distribution of Strava bike activity across the study area, this study employed the adaptive kernel method coupled with a bi-square weighting scheme to ensure that each local regression encompassed enough regression points regardless of the surrounding density. 

	The bi-square weighting scheme can be specified as follows:  𝑤𝑖𝑗={[1−(𝑑𝑖𝑗/ℎ𝑖)2]2       𝑖𝑓𝑑𝑖𝑗<ℎ𝑖  0                                𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  
	where 𝑑𝑖𝑗 is the distance between two observations i and j, and ℎ𝑖 is the maximum distance to assign nonzero weights. Observations located beyond bandwidth ℎ𝑖 are assigned a weight of zero.  
	Using an adaptive bandwidth, the minimum number of neighbors to be included in calibrating the local models can be identified. The AICc (
	Using an adaptive bandwidth, the minimum number of neighbors to be included in calibrating the local models can be identified. The AICc (
	Akaike 1974
	Akaike 1974

	) is generally utilized to determine the optimal bandwidth, in which the model with the lowest AICc is identified as the best model (
	Fotheringham et al. 2002
	Fotheringham et al. 2002

	; 
	Nakaya et al. 2005
	Nakaya et al. 2005

	). In general, models are not deemed significantly different if the difference of AICc values is less than 4 (
	Charlton and Fotheringham 2009
	Charlton and Fotheringham 2009

	). 

	In addition, some of the explanatory variables selected for the model may not be subject to local dependency. In those cases, instead of a fully local or a fully global model, a semiparametric model combining the global and local effects of the variables is more appropriate. For this study, a geographical variability test was performed to examine the spatial variability of each parameter and to determine which variables vary over space. For the geographic variability check, different semiparametric models w
	relations between bike activity and the explanatory variables. 
	To perform the GWPR analysis, this study used GWR4, a Windows application for geographically weighted regression modeling developed by Nakaya (2012). Although evaluating a geographically weighted negative binomial regression model might have been beneficial for the study, the latest available software—GWR4.0—does not allow for the calibration of a geographically weighted regression model with a negative binomial structure. Thus, the model could not be developed for this research. However, since the local mo
	4. Results and discussion 
	4.1. Comparison results of Strava and actual volume data 
	Although Strava provides a large sample size with enhanced temporal and spatial resolution, sampling bias is a well-recognized concern across emerging datasets, including Strava (
	Although Strava provides a large sample size with enhanced temporal and spatial resolution, sampling bias is a well-recognized concern across emerging datasets, including Strava (
	Lee and Sener, 2020a,b
	Lee and Sener, 2020a,b

	). For example, Strava data tend to oversample male and fitness riders and undersample young, female, and novice bicyclists, as noted by other studies (
	Boss et al. 2018
	Boss et al. 2018

	; 
	Jestico et al. 2016
	Jestico et al. 2016

	). The results of this study confirmed the variations between Strava and actual volume data. 

	A comparison of the actual volume and Strava data for 43 inter- sections showed that the percentage deviation varied from −43% to −97%, which indicated that the divergence of Strava volume from the actual volume varied with space. The variations differed across geographic locations (
	A comparison of the actual volume and Strava data for 43 inter- sections showed that the percentage deviation varied from −43% to −97%, which indicated that the divergence of Strava volume from the actual volume varied with space. The variations differed across geographic locations (
	Fig. 1
	Fig. 1

	), probably due to a difference in demographic characteristics and trip purpose distribution in different areas. The APD was −89%, which was fairly high. The AAPD was 89%, which indicated that Strava volume was less than the actual volume in all locations, as expected. Moreover, Pearson's correlation coefficient was r = 0.63 (p < 0.0001), which indicated a strong linear association between the volume data from the two sources. The associations were stronger when compared to other recent studies. For instanc
	Turner
	Turner

	 
	et al. (2019) 
	et al. (2019) 

	reported a Pearson's of r = 0.59 and an AAPD of 92.49% when comparing Strava and actual volume data from eight counting locations in Austin. For a study in Miami-Dade County, Florida, 
	Hochmair et al. (2019)
	Hochmair et al. (2019)

	 compared Strava activity counts and video-based actual count data on 32 sites and reported a correlation of r = 0.5. 

	 
	 
	Figure
	Fig. 1. AAPD of Strava bicycle volume in 43 locations in Austin. 
	4.2. Description of explanatory variables and spatial distribution 
	The final model contained nine explanatory variables at varying buffer zones: population age 18 to 34 (1.0 mile), population with at least a bachelor's degree (1.0 mile), median income (1.0 mile), frequency of school (0.5 mile), length of helpful sidewalk (0.1 mile), trail length (paved and unpaved; 1.0 mile), frequency of office establishment (0.5 mile), frequency of transit stop (0.5 mile), and distance from transit hub. A collinearity inspection of the nine variables indicated that all variance inflation
	The age, education, and income variables were noted to have significant influences on bike activity in several other studies. It was also expected that the presence of public schools (primary and secondary regular, charter, and alternative schools) and office establishments would have an impact on bicyclists in an area. The transit hub refers to a site containing transit stations (such as bus and/or light rail) and other facilities, including a Park & Ride, a space dedicated for bikes, carshare, and more. I
	of both paved and unpaved trails, which is expected to promote bike activity.  
	Fig. 2
	Fig. 2
	Fig. 2

	 illustrates the spatial distribution of the six variables that showed notable variation across the study area. For discussion, this study mainly followed the neighborhood definition provided by 
	Hedman et al. (2017)
	Hedman et al. (2017)

	. The spatial distribution of demographic characteristics (
	Fig. 2
	Fig. 2

	a, b, and c) across the city exhibits notable variation. The high concentration of the young population around the city center can be attributed to the UT student population. Overall, the affluent populations are concentrated on the city's west side rather than on the east. A previous report (
	Hedman et al. 2017
	Hedman et al. 2017

	) also suggested that the less wealthy, more diverse communities are generally concentrated on the east side of the city. 

	 
	Figure
	Fig. 2. Spatial distribution of explanatory variables. 
	The intersections in the central region are surrounded by many office establishments (
	The intersections in the central region are surrounded by many office establishments (
	Fig. 2
	Fig. 2

	d). The concentration decreases as the distance from downtown increases. Moreover, intersections in the central, north, and southwest regions are served by hub facilities (
	Fig. 2
	Fig. 2

	e), while intersections in the southeast regions are located far from hub locations. Similarly, a majority of the intersections in the study area are served by multiple transit stops (bus and 

	rail), except some intersections on the northeast side. Moreover, the length of trail facilities (both paved and unpaved) is highest around the central area near Zilker Park (
	rail), except some intersections on the northeast side. Moreover, the length of trail facilities (both paved and unpaved) is highest around the central area near Zilker Park (
	Fig. 2
	Fig. 2

	f). A number of intersections in the northwest and southwest regions do not have any nearby trail facility. 

	4.3. GWPR model results 
	4.3.1. Model performance 
	The final model's performance was first compared with a global model, which is the same as the traditional Poisson model, in terms of R-square and AICc. As shown in 
	The final model's performance was first compared with a global model, which is the same as the traditional Poisson model, in terms of R-square and AICc. As shown in 
	Table 1
	, the final GWPR model has a significantly smaller AICc and a larger percent deviance explained (pseudo R-square) compared to the global model. The findings further emphasize the spatial variation in the relationships between the predictors and bike activity. 

	Table 1. Model performance comparison. 
	Model Type 
	Model Type 
	Model Type 
	Model Type 
	Model Type 

	AICc 
	AICc 

	Percent Deviance Explained 
	Percent Deviance Explained 



	Global Model 
	Global Model 
	Global Model 
	Global Model 

	47,925 
	47,925 

	0.15 
	0.15 


	GWPR Model 
	GWPR Model 
	GWPR Model 

	28,423 
	28,423 

	0.5 
	0.5 


	Note. Bandwidth size is 164. 
	Note. Bandwidth size is 164. 
	Note. Bandwidth size is 164. 




	 
	Fig. 3 
	Fig. 3 
	Fig. 3 

	presents the spatial variation of R-square obtained from the GWPR model. Spatial variations of the local R-squared estimates illustrate the difference in the combined statistical impact of the final model variables on bike activity across the neighborhoods in the Austin area, from very low (0.1) to high (0.66). The highest predictive power of the model was observed in the central north, southwest, and downtown regions. The predictive power was especially lower in the northeast region, which emphasizes the i

	 
	 
	 
	Figure
	Fig. 3. R-squared values derived from the final GWPR model. 
	4.3.2. Model estimates 
	The coefficient estimates from the GWPR model exhibited notable variation in terms of magnitude, direction, and significance. A summary of the direction and significance of the relationship of the variables is presented in 
	The coefficient estimates from the GWPR model exhibited notable variation in terms of magnitude, direction, and significance. A summary of the direction and significance of the relationship of the variables is presented in 
	Table 2
	Table 2

	. The table shows that each of the nine variables had both positive and negative influences on bike volume, depending on the locations of the intersections. Each of the variables had a varying proportion of positive and negative significant estimates. 

	 
	 
	 
	 
	 
	 
	 
	Table 2. Summary of the directions of relationships derived from the GWPR model. 
	Variable (buffer length) 
	Variable (buffer length) 
	Variable (buffer length) 
	Variable (buffer length) 
	Variable (buffer length) 

	Total Significance  (p < 0.1) 
	Total Significance  (p < 0.1) 

	Among Significant  (p < 0.1) 
	Among Significant  (p < 0.1) 



	TBody
	TR
	Positive 
	Positive 

	Negative 
	Negative 


	Population age 18 to 34 (in 1,000; 1.0 mile)  
	Population age 18 to 34 (in 1,000; 1.0 mile)  
	Population age 18 to 34 (in 1,000; 1.0 mile)  

	18% 
	18% 

	56% 
	56% 

	44% 
	44% 


	Population with bachelor or higher degree (in 1,000; 1.0 mile)  
	Population with bachelor or higher degree (in 1,000; 1.0 mile)  
	Population with bachelor or higher degree (in 1,000; 1.0 mile)  

	16% 
	16% 

	57% 
	57% 

	43% 
	43% 


	Median income (in 1,000; 1.0 mile)  
	Median income (in 1,000; 1.0 mile)  
	Median income (in 1,000; 1.0 mile)  

	14% 
	14% 

	50% 
	50% 

	50% 
	50% 


	Frequency of school  (in 100; 0.5 mile)  
	Frequency of school  (in 100; 0.5 mile)  
	Frequency of school  (in 100; 0.5 mile)  

	20% 
	20% 

	45% 
	45% 

	55% 
	55% 


	Frequency of office establishment  (in 100; 0.5 mile)  
	Frequency of office establishment  (in 100; 0.5 mile)  
	Frequency of office establishment  (in 100; 0.5 mile)  

	19% 
	19% 

	41% 
	41% 

	59% 
	59% 


	Distance from transit hub (in miles)  
	Distance from transit hub (in miles)  
	Distance from transit hub (in miles)  

	14% 
	14% 

	51% 
	51% 

	49% 
	49% 


	Frequency of transit stop  (in 100; 0.5 mile)  
	Frequency of transit stop  (in 100; 0.5 mile)  
	Frequency of transit stop  (in 100; 0.5 mile)  

	17% 
	17% 

	61% 
	61% 

	39% 
	39% 


	Length (mile) of helpful sidewalk  (0.1 mile)  
	Length (mile) of helpful sidewalk  (0.1 mile)  
	Length (mile) of helpful sidewalk  (0.1 mile)  

	19% 
	19% 

	43% 
	43% 

	57% 
	57% 


	Paved and unpaved trail length  (1.0 mile) 
	Paved and unpaved trail length  (1.0 mile) 
	Paved and unpaved trail length  (1.0 mile) 

	15% 
	15% 

	53% 
	53% 

	47% 
	47% 




	Note. A total of 1,494 intersections; dependent variable: Strava bike volume. 
	Fig. 4 
	Fig. 4 
	Fig. 4 

	illustrates the spatial distribution, strength, and direction of coefficient values describing the relation between the nine model variables and bike activity. Due to space considerations and to bolster the argument, only significant coefficients of the final model are discussed in the following sections. 

	 
	Figure
	Fig. 4. Spatial distribution of the final GWPR model coefficients (significant at p < 0.1). 
	 
	In terms of age, the young population (age 18 to 34) was associated with a greater bike activity at the nearby intersections. Similarly, the population with a higher degree had positive influences on bike volume at most intersections in the study area. These findings are consistent with previous studies indicating higher biking among young and educated populations (e.g., 
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	). Moreover, while most of the intersections demonstrated the positive influence of trail locations, results from some intersections, such as in the East Austin and Riverside neighborhoods, suggested that a trail facility is not a positive determinant of bike activity. A possible explanation for this result is the poor condition of the trails in that area (
	Buchele 2019
	Buchele 2019

	). A recent survey conducted by the 
	City of Austin (2018b)
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	 revealed local people's desire to improve the quality and connectivity of nonmotorized facilities in the noted area. 
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	). The overall positive im- pact of a trail and helpful sidewalk on the bike activity in this area suggests that balanced and mixed land use with continuous and connected nonmotorized facilities can encourage more bike activity among a population that reflects different demographics. On a similar note, the negative influence of some trail facilities along the east side (of Interstate 35) of the central region suggests that uncomfortable and poorly connected trail facilities may deter bicyclists even if thos
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	. Second, this study helps inform policy recommendations by illustrating how policies that encourage bicycle activity, including building or improving new infrastructures, should not be adopted uniformly throughout the city because the driving factors differ across neighborhoods. Instead, the characteristics and needs of the specific regions should be well understood and differences across regions should be recognized when making policy decisions. For example, people living in the downtown region may percei
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	) to encourage elementary and middle school students to bike to school. Furthermore, the study findings reveal that neighborhoods dominated by mixed-use development have more potential to increase bike mode share among populations of different demographics. This 
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	), this study utilizes cross-sectional data and hence the findings provide evidence of associations. Future research on multi-year panel data will be necessary to further build the body of evidence for causality (
	Xie and Levinson 2010
	Xie and Levinson 2010

	). Furthermore, neighborhoods with low model fit merit further investigation, particularly to ascertain if additional variables that were not available in the current study—for example, number of students at a university or college, frequency of transit service—can explain the variability of bike activity in those locations. Moreover, since Strava also provides data at enhanced temporal resolution, future GWPR models can be extended to account for the temporal variation of bike activity. Finally, the GWR mo
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	) since some relationships (between the dependent and explanatory variables) may operate at a larger or smaller scale (
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	). In addition, future research will be important to utilize diagnostic tools in order to investigate and account for collinearity and outliers if exists (
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	; 
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	). Different model specifications can also be examined to test the sensitivity of this analysis. 
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