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Studies have shown that street network centrality measures are capable of explaining a significant proportion of pedestrian
activity. These studies typically employ street centreline networks that differ significantly from the networks that pedestrians use to
traverse the built environment. Presently, centrality approaches are rarely applied to dedicated pedestrian network (DPNs). This
creates uncertainty regarding their ability to explain pedestrian activity when derived from DPNs. This study addresses that gap by
investigating the extent to which centrality metrics derived from DPNs can explain observed pedestrian densities, both alone and
when controlling for other built environment variables in metro station environments in Asia. In total, four DPNs were created
centred on metro stations in Bangkok, Manila, Osaka, and Taipei chosen to represent different urban typologies. Multivariate
results show that centrality metrics alone explain a mere 6-24% of observed pedestrian densities when calculated on DPNs. When
all factors are considered, the contribution of centrality remained consistent in most study sites but is somewhat reduced with
land-use variables and proximity to rail transit revealed as the strongest predictors of pedestrian density. Pedestrian design factors
were also frequently associated with pedestrian density. Finally, stronger associations between centrality and pedestrian densities
were observed in the denser, more complex pedestrian environments. These findings provide insight into the performance of

centrality measures applied to DPNs expanding pedestrian network research in this area.

1. Introduction

Pedestrians interact with the environment through a
complex network of exclusive and shared paths that com-
prise the pedestrian network. These networks tie together all
transportation modes and are fundamental to network-
based pedestrian studies [1]. As a result, their accessibility
and connectivity are paramount not only in supporting
walking but also in contributing to the overall efficiency of
public transportation systems. Despite this fact, street
centreline networks have instead been the default choice
when calculating accessibility and connectivity and ana-
lysing the relationship between the built environment and
walking [2].

Recent studies exploring the applicability of pedestrian
networks suggest that they better represent how we interact

with the built environment [1-5]. While street networks
have performed well as proxies for pedestrian networks in
most scenarios, studies conducting direct comparisons be-
tween accessibility and connectivity measures derived from
both street and pedestrian networks have yielded mixed
results. These studies argue that relying on street networks
leads to distortions of reality, particularly regarding distance
and route choice. For example, when utilising street net-
works, distance-based measures of accessibility are report-
edly underestimated by as much as 7% in Asian cities [2] as
well as destination accessibility by as much as 40% in some
American neighbourhoods [3]. This is not surprising con-
sidering that street networks fail to account for the finer-
grained paths available to pedestrians that increase route
options and directness. Additionally, non-distance-based
measures of connectivity, such as the link-node ratio, have
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revealed counterintuitive results when switching to pedes-
trian networks, suggesting that suburban areas are more
connected than traditionally gridded downtown areas [3].
These findings highlight the importance of network repre-
sentation and the selection of metrics in pedestrian studies.

Presently, the vast majority of research investigating the
suitability of pedestrian networks over street networks has
focused on conventional approaches to accessibility and
connectivity. These include applying common measures
such as intersection density, percentage of four-way inter-
sections, and the link-node ratio that have been shown to
correlate strongly with pedestrian activity [4-6]. However,
many of these measures have been criticised for providing a
coarse account of connectivity across a general area. Hence,
areas that score high in these measures fail to account for
actual network permeability, obstructions to movement, and
the spatial and structural pattern of street networks that
define urban areas [7, 8]. Centrality approaches address
these concerns and have been increasingly applied to expand
research into accessibility and connectivity [9]. These ap-
proaches consider spatial structure by quantifying the im-
portance of network elements in terms of how central they
are in relation to other network elements [10]. Studies have
shown that centrality measures derived from urban street
networks are capable of explaining a significant proportion
of pedestrian activity in a variety of different urban settings
with minimal data requirements [8, 11-17].

Clearly, there is some debate as to the performance of
accessibility and connectivity with pedestrian networks. This
paper builds on existing studies by applying centrality ap-
proaches to dedicated pedestrian networks (DPNs). DPNs
consist of all multilevel formal and informal pedestrian paths
that pedestrians have legal access to, including sidewalks,
pedestrian-only zones, shared streets, unmarked crossings,
and paths through open spaces [2]. While centrality mea-
sures have been applied to street networks, they have rarely
been applied to DPNs. This raises questions regarding the
ability of these measures to explain pedestrian activity when
using DPNs. Additionally, we argue that existing pedestrian-
oriented studies that utilise pedestrian networks have been
conducted in different urban contexts outside of Asia,
typically in North America and Australia, which have dis-
tinct urban morphologies and walking cultures. Therefore,
the objectives of this research are (1) to investigate the extent
to which common centrality metrics measured on DPNs can
explain segment-level pedestrian densities, both alone and
when controlling for other built environment variables, and
(2) expand pedestrian network research in Asia. To achieve
these aims, it is hoped that this research provides some
clarity as to the potential of applying centrality measures to
DPNs and encourages others to proceed further with re-
search in this area.

2. Literature Review

Previous studies have confirmed that built environments
which exhibit high population and employment densities,
land-use diversity, street connectivity, and destination and
transport accessibility are associated with increased levels of
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pedestrian activity [6, 18-24]. In essence, these features
encourage walking through improved connectivity and
accessibility. This is achieved through mixing land uses,
promoting smaller block sizes, and increasing intersection
and street densities, among other methods [24-26]. This has
the overall effect of increasing route options, reducing
distance, and bringing destinations within closer proximity
[27, 28]. Importantly, environmental factors also play an
important role in promoting pedestrian activity. These
factors address both objective and subjective pedestrian-
oriented design features and encourage pedestrian activity
by making walking not only more feasible but also more
appealing to users. Common examples found to promote
walking include the presence of pedestrian amenities,
sidewalk continuity and width, crossing opportunities, and
aesthetic design, including the attractiveness of the envi-
ronment and presence and configuration of green spaces
[29-35].

While a consensus has not been reached on the most
important determinates of walking, research has consistently
focused on street connectivity and by association accessi-
bility, suggesting it as one of the most significant factors
independent of other built environment features [9, 36-39].
Research has proliferated in this direction, though clear
conclusions have not always emerged. This has been at-
tributed to the coarse nature of average connectivity mea-
sures that have been applied in research and to the
collinearity between land-use mix and street network design
[8]. Centrality approaches address these issues through their
ability to predict the proportion of pedestrian activity that
can be attributed solely to the configuration of a street
network, termed “natural movement” [40]. Street network
configuration in turn is said to have an indirect effect on
movement by influencing land-use distribution and density,
which act as multipliers generating further movement
[40, 41]. While natural movement does not always quantify
the largest proportion of pedestrian movement, it is argued
to be the most consistent and pervasive type of movement
[8]. Studies conducted in various built environments bolster
this theory. The following sections will provide an overview
of centrality approaches and applications of centrality to
urban street networks in studies analysing pedestrian
activity.

2.1. Centrality Approaches. Centrality approaches have
appeared in the urban planning and design literature under
various terms, including accessibility, proximity, integra-
tion, connectivity, and cost [42]. Regardless of the term,
centrality approaches quantify the importance of network
elements in terms of how central they are. The concept of
centrality is multifaceted with different indices available
depending on what the researcher’s notion of “being cen-
tral”’is [10]. The two most common are betweenness, a
measure of the importance of an element in a network in
terms of how many shortest paths pass through it [43], and
closeness, a measure of how close an element is to all other
elements in a network calculated as the mean of the shortest
path lengths [44]. These measures are typically encountered
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as choice and integration in studies that apply Space Syntax
methods discussed below.

Two approaches have been applied in urban studies—
those based on graph theory and Space Syntax. These ap-
proaches differ primarily in how they represent network
geometry. Graph approaches employ a “primal” network
representation, where intersections are represented as nodes
and streets as edges. Space Syntax reverses this geometry,
placing streets at the centre of the analysis, creating a “dual”
network representation [42]. This has traditionally resulted
in different units being applied when measuring distance
between network elements. Primal representations are the
world standard for street network datasets utilised in
transportation modelling which measure accessibility in
terms of distance or cost [45]. In these applications, distance
is measured metrically. Conversely, dual approaches have
utilised various methods to represent street networks. The
most common characteristic of which are axial lines, a
generalisation model akin to lines of sight, and thus they are
a measure of visual connectivity [14]. Axial lines are used to
create axial maps where accessibility is measured in the
number of topological “steps” or connections, and network
elements are away from each other [9]. In recent years, Space
Syntax has expanded to segmental analysis of either axial
lines or GIS street networks, enabling the opportunity to
measure distance between segments topologically, metri-
cally, and angularly [11]. Angular-segmental approaches
have proven particularly effective at predicting pedestrian
movement [46, 47]. Despite these advancements, topological
approaches based on axial maps have remained the bedrock
of Space Syntax research.

Both approaches have their pros and cons. Space Syntax
offers analytical flexibility. However, numerous methods
exist for generating axial lines that can introduce subjectivity
into an analysis. Primal metric approaches that utilise
existing standardised datasets are more objective and aid
data processing. Porta et al. [42], for example, performed
centrality analyses on four 1-square mile samples of urban
street systems over primal and dual graphs and found that
primal approach supported more comprehensive, objective,
realistic results and a more feasible methodology for net-
work analyses.

2.2. Centrality in Pedestrian Movement Studies. Studies have
shown that street network centrality is capable of explaining
a significant proportion of pedestrian activity [11, 17]. This
research has largely been spearheaded by Space Syntax
methods that utilise axial maps to conduct topographical
analyses. The key metric in these studies is integration or
closeness centrality, which has proven to be a powerful
predictor of pedestrian activity. In short, these studies have
shown that streets that are more “integrated” (or accessible
within fewer direction changes) attract higher pedestrian
numbers. For example, fundamental studies in London have
found axial integration able to predict pedestrian activity in
the range of 55-75% [12, 15, 40, 48] with similar ranges also
reported in other European capitals [49]. Betweenness
centrality has also been shown to powerfully predict

pedestrian activity with Law and Traunmueller’s [17] results
indicating that betweenness accounted for more than 50% of
observed pedestrian movement in their London study sites.

Recent efforts by researchers drawing on the work of
Space Syntax have applied other configurational measures
derived from street centrelines, namely, metric reach, a
measure of the total street length accessible within a specified
radius of individual segments, and directional reach, a
parametric measure of the total street length accessible
within a certain number of direction changes defined by a
threshold angle [50]. Studies using these measures have
shown that the configuration of individual street elements
within an area is significantly associated with walking
[14, 28, 50]. In a study in Atlanta, USA, Ozbil and Peponis
[14] established strong correlations between metric reach-
nand directional reach and pedestrian movement densities
in 1x1 mile study areas. Their results showed that these
measures derived from street centrelines performed as well
as integration derived from axial maps.

Centrality approaches have increasingly been applied to
analyse relationships with pedestrian activity at the micro or
segment scale. A number of these studies have conducted
multivariate analyses controlling for key built environment
variables in a variety of different urban settings
[8, 11, 16, 28, 51-53]. Utilising pedestrian snapshot data,
Fang et al. [16] conducted multivariate analyses between
integration and several built environment characteristics,
including store density, the overflow ratio of store-front
space, density of building exits/entrances, building height,
and store distance form block entrances on pedestrian
densities within a mixed-use historic neighbourhood in
Shanghai. Their results indicated the power of network
structure in explaining observed pedestrian movement
densities within local small-scale neighbourhoods that are
more reminiscent of pedestrian paths. Among the four
statistically significant variables, integration and store
density were the largest predictors, explaining 35% and 27%
of observed pedestrian densities, respectively.

Though centrality is positively associated with increased
pedestrian activity, it is not always the most dominant factor.
Recent research by Ozbil et al. [8] further analysed the as-
sociation between street network centrality in conjunction
with land-use and street-level design variables such as side-
walk width and pedestrian flows in four Istanbul neigh-
bourhoods. Separate multivariate models were constructed to
better control for the effects of built environment variables,
and separate multivariate models were constructed. Their
results indicated that network connectivity, measured with
integration and directional reach, is a significant predictor of
pedestrian activity. However, across all study sites, the most
significant predictor was accessibility to different ground-
floor land uses that alone accounted for 38% of the variation
in pedestrian densities. Importantly, although integration was
not always significant, with the exception Kiigiikgekmece, the
introduction of centrality measures added 12-20% to the
predictive power of their models. Ozer and Kubat [53] re-
ported similar results between the number of commercial and
service land uses and integration and pedestrian activity in a
separate study conducted in Istanbul.



2.3. Literature Contribution. The literature is clear that
centrality measures derived from urban street networks are
capable of explaining a substantial proportion of pedestrian
activity. While these networks have performed well as a
proxy for pedestrian networks, they fail to account for all
paths available to pedestrians. To rectify this, some re-
searchers have introduced missing pedestrian data to these
networks [16, 17]. In these applications, however, a gener-
alised street network still takes precedence over dedicated
pedestrian infrastructure. Accordingly, researchers have
begun exploring the applicability of standalone pedestrian
networks. In studies that directly compare accessibility and
connectivity calculated on both pedestrian and street net-
works, substantial differences are reported with generally
higher values observed in pedestrian networks [1-5]. Ad-
ditionally, studies verifying the validity of pedestrian net-
works using pedestrian data are minimal. Several studies
have begun exploring the relationship between pedestrian
network connectivity and levels of physical activity with
mixed results [4, 5]. Yet, there are minimal cases of centrality
being applied to true pedestrian networks [10, 54]. This study
fills this gap by utilising DPNs to analyse the relationship
between centrality and segment-level pedestrian density.
Finally, we conducted this study in Asian cities where pe-
destrian network research conducted in English is less
developed.

3. Materials and Methods

The following section details study sites, data collection
procedures, and our network approach and defines study
variables for addressing our stated research objectives. This
study uses some methods described in the work of Pearce
et al. [2] and the methods’ description partly reproduces
their wording.

3.1. Study Sites. DPNs were constructed for four study sites
located in Bangkok, Manila, Osaka, and Taipei. These cities
were chosen to represent a variety of urban forms at different
levels of development determined by the UN Human De-
velopment Index (HDI) [55]. Each study site consists of a
400m Euclidean DPN centred on a major metro station,
corresponding to a 5-minute walking catchment.

The following stations were selected: Bangkok-
Sukhumvit, Manila-Carriedo, Osaka-Namba, and Taipei-
Songjiang Nanjing (Table 1 and Figure 1). These stations
represent retail-led urban centres and were selected due to
their high levels of ridership and pedestrian amenities.
Bangkok-Sukhumvit has the least dense pedestrian network,
characterised by long blocks and cul-de-sacs. It consists of a
mixture of sidewalks, shared paths, and pedestrian walkways
that provide limited crossing opportunities across major
thoroughfares. Manila-Carriedo constitutes a deformed grid
of varying block sizes. The area is dominated by a sprawling
market east of the station. Sidewalks are present throughout
the area but are usually of poor quality and are frequently
blocked, causing pedestrians to mix with traffic. Osaka-
Namba is the densest and most complex pedestrian
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environment, consisting of shorter blocks, public spaces,
pedestrian-only paths, and a large network of subsurface
paths. Major streets are lined with sidewalks, while narrow
streets are typically shared. Finally, Taipei-Songjiang
Nanjing represents a gridiron network of regular rectangular
blocks. Similar to Osaka, the pedestrian network is dense
and is characterised by sidewalks that line major streets and a
fine-grained network of narrow shared streets punctuated by
public spaces.

3.2. Network Dataset. OpenStreetMap (OSM) network data
were used to construct geographically accurate DPNs. DPNs
are primal networks that consist of all multilevel formal and
informal pedestrian facilities that pedestrians have legal
access to. Thus, they consist of but are not limited to
sidewalks, pedestrian-only zones, shared streets, unmarked
crossings, and paths through open spaces (Figure 2). Net-
work data were cross-referenced with aerial and satellite
imagery provided by national agencies or Google Earth
services to ensure the existence of each network link. Missing
pedestrian links identified during this process were manually
digitised in ArcGIS 10.7 according to the DPN principles
detailed by Pearce et al. [2]. These principles prescribe
modelling paths on all levels, indoor paths through large
shopping centres and stations, and perimeter and redundant
paths traversing large open spaces. Informal crossings are
modelled where all paths intersect at streets, unless streets
are wider than four lanes, or there are physical barriers or
signage prohibiting crossings. Finally, in the absence of
physical pedestrian infrastructure, single links are modelled
on shared streets, unless streets are wider than 8 m, in which
case a separate link is modelled on either side of the roadway.
These principles were employed to minimise errors when
digitising pedestrian paths to ensure accuracy. Further
verification took place during field visits conducted from
October to December 2019 to confirm the existence and
correctness of network links. Errors were further minimised
by quality assurance checks and running network connec-
tivity tools within ArcGIS. Finally, each network was used to
create a network dataset using the ArcGIS Network Analyst
10.7.0.

3.3. Pedestrian Dataset. Proportionate stratified random
sampling was utilised to select pedestrian segments for data
collection within each 400 m study site. This ensured that all
areas of a study site were observed but focused mainly on the
core of each area. Approximately 75-100 pedestrian seg-
ments were surveyed in each site. Pedestrian counts were
recorded during field surveys to each study site on weekdays
during two periods: Morning (7-9 am) and Midday (11
am-1 pm). Pedestrian counts were obtained using the
“snapshot” method, a technique that involves photo-
graphing the number of pedestrians on each segment at a
given moment [13, 16]. Photographs were taken approxi-
mately 10-15m apart with the same section of each segment
captured twice. The count for each section was then averaged
between the two photographs and this was continued until
the entire segment was covered. Finally, total pedestrian
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TaBLE 1: Pedestrian network characteristics.
. . Pedestrian network

Study site Network traits .

Length (m) Links Nodes
Bangkok-Sukhumvit Broken grid, cul-de-sacs, long blocks 11,257 189 117
Manila-Carriedo Deformed grid 18,948 464 255
Osaka-Namba Irregular grid 28,053 960 557
Taipei-Songjiang Nanjing Regular grid 21,236 674 409

Bangkok - Sukhumvit Manila - Carriedo

Osaka - Namba Manila - Songjiang Nanjing

FIGURE 1: Spatial distribution of observed pedestrian densities (400 m).

counts recorded on surveyed segments were relativised by
the segments length and multiplied by 100 to give a measure
of how many pedestrians were encountered per 100 m of
network [8]. This relativised pedestrian density serves as the
dependent variable in this study.

This study focuses on data from the midday period. After
analysing the pedestrian data, it was apparent that not only
was the midday period the peak for pedestrian activity, but
also it was more robust for analysis. Across all study sites, a
total of 5,823 pedestrians were recorded in the morning
compared to 8,820 during the midday period. However,
many segments observed during the morning period
recorded zero counts, resulting in too many outliers for our
analysis to be meaningful. This temporal pattern is repre-
sentative of urban sites that are dominated by retail land
uses, which is a focus of this study. In simple terms, our
selected stations are not primarily used by morning com-
muters and the areas become far busier during the day as
pedestrians’ frequent shops and restaurants. While it is
desirable to include as many time periods as possible, the
midday period is always included in similar pedestrian
studies [8, 9, 13, 17] and some researchers have conducted
analyses using their respective peak period data only [11].
Moreover, some studies [16] have specifically focused on this
period when investigating similar retail-led urban neigh-
bourhoods. Thus, we argue that the midday period is rep-
resentative based on the land-use patterns and observed
pedestrian activity and can be used as a reference for re-
searchers focusing on analysing pedestrian activity in similar
retail-led urban areas.

Table 2 shows that the highest number of observed
pedestrians was in Manila and Osaka. The median density
of moving pedestrians per 100 m is 31.39, 12.07, 9.01, and
8.65 for Manila, Taipei, Bangkok, and Osaka, respectively,
while their corresponding means are 44.36, 18.39, 14.29,

and 25.46. Spatial distributions of pedestrian densities vary
across all study sites (Figure 1). In Bangkok, pedestrian
densities are highest on pedestrian segments closest to
metro entrances located on major arterials, while in Manila
and Osaka, the highest densities were observed in pedes-
trianised retail areas along marketed streets in Manila and
along pedestrian arcades that run north-south in Osaka. In
Taipei, pedestrian densities are more evenly distributed due
to its gridded network, which provides a multiplicity of
route options.

3.4. Selection of Variables. This study employs segment-level
data in analysing the relationship between centrality and
pedestrian density. In total, nine independent variables were
selected: three addressing centrality, two land use, two
transportation proximity, and two pedestrian level design.

Data were obtained from OSM databases and verified
through field visits. Land-use data were derived from OSM
point of interest (POI) data that were imported into ArcGIS
10.7 and then classified into retail, commercial, institutional,
and residential land-use categories. Ground-floor propor-
tional land-use measures were employed due to the lack of
readily available parcel-level data for all study sites. These
measures are based on the number of frontages at the
segment level and have been shown to be significantly
correlated with pedestrian activity [8, 13, 14]. Centrality
measures were calculated locally up to a 400 m radius uti-
lising ArcGIS Network Analyst and Urban Network Analyst
(UNA), an open-source toolbox used to compute centrality
measures [56]. These measures were calculated on larger
800 m DPNss to minimise the “edge effect” which is common
in centrality analysis and results in analytical bias when
imposing artificial network boundaries [57]. Each variable is
explained in detail below.
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FIGURE 2: Study site dedicated pedestrian networks (400 m).

TaBLE 2: Pedestrian density descriptive statistics.

Study sites

Pedestrian densities per 100 m

Min Max Sum Med Mean

Bangkok-Sukhumvit 0.00 115.37 1,057.09 9.01 14.29
Manila-Carriedo 1.37 259.23 3,549.10 31.39 44.36
Osaka-Namba 0.00 225.26 2,596.63 8.65 25.46
Taipei-Songjiang Nanjing 1.25 108.82 1,617.06 12.07 18.39
All sites 14.29 44.36 8,819.88 18.39 23.08

(a) Betweenness Centrality. It measures the importance . 2 my [i]
of an element in a network in terms of how many BC(i) = (N-D(N-2) P (1)
jkeGHivd[jkl<r "k

shortest paths pass through it [43]. Betweenness is
interpreted as the probability that a person passes
through a certain location on a network given all

other possibilities. Normalised betweenness is de-
fined by

We have that BC(i)" is the normalised betweenness
of node i within search radius r; M [7] is the number
of network shortest paths between nodes j and k
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which pass through node i; and ny is the total
number of shortest paths between nodes j and k.

(b) Closeness Centrality. It measures how close an ele-
ment is to all other elements in a network calculated
as the mean of the shortest path lengths [44].
Closeness indicates the potential of a network lo-
cation to attract movement or, in this case, pedes-
trian activity. Normalised closeness is defined by

N-1

CC(i)" = —
Y jeGHindlij1<r [D> 1]

(2)

We have that CC(i)" is the normalised closeness of
node i within search radius r; and d[i, j] is the
shortest path distance between nodes i and j.

(c) Straightness Centrality. It measures how closely
shortest path distances between network elements
resemble their corresponding Euclidean or straight-
line distances [42]. Straightness is interpreted as a
measure of visual connectivity with higher values
implying more direct and visible routes to destina-
tions [9]. Normalised straightness is defined by

1 dIJEuCI

SC (l)r = ﬁ

(3)

jokeG i} dli,jl<r dii

We have that SC (i)" is the normalised straightness of
node i within search radius r; diF?“d is the Euclidean
distance between nodes i and j; and dij is the shortest
path distance between nodes i and j.

(d) Proportion of Retail. It measures the proportion of
ground-floor retail land uses to the proportion of
total land uses on each surveyed segment.

(e) Proportion of Residential. It measures the proportion
of ground-floor residential land uses to the pro-
portion of total land uses on each surveyed segment.

(f) Distance to Bus Stop. It is the network distance from
each surveyed segment to the nearest bus stop.

(g) Distance to Metro. It is the network distance from
each surveyed segment to the nearest metro station
entrance.

(h) Path Width. It is the mean width of each surveyed
pedestrian path segment.

(i) Path Exclusivity. Exclusive pedestrian paths include
sidewalks, arcades, pedestrian zones, walkways, and
public spaces. Paths are assigned a value of 1 if
exclusive or 0 if shared.

We anticipate that centrality variables will be able to
explain a sizeable portion of observed pedestrian densities
on DPNs when considered alone. However, when con-
trolling for built environmental variables, the explanatory
power of centrality is likely to decrease. Furthermore, results
will likely vary depending on the form of each study site’s
DPN. For example, in denser pedestrian environments,
closeness is likely to explain a greater proportion of observed
pedestrian densities. However, as denser environments

produce greater route choices, the explanatory power of
betweenness centrality is likely to decrease. Conversely, in
environments with lengthy pedestrian zones, betweenness is
expected to perform well.

4. Results

Multivariate models were developed to examine the rela-
tionship between centrality and segment-level pedestrian
density utilising DPNs. Three separate models were evalu-
ated for each study site to analyse the impact of centrality,
both alone and in combination with other built environment
variables. The three models are as follows: Centrality,
comprised solely of centrality metrics employed in this
study; Centrality + Land Use, factoring in ground-floor land
uses; and Urban Form, which introduces all remaining built
environment variables analysed in this study. This three-
model approach builds on similar approaches undertaken in
the literature [8, 14] and places the performance of centrality
at the centre of the analysis. Logarithmic transformations
were applied to transform the pedestrian density variable
into a normal distribution. All models meet key multivariate
regression assumptions, including independence of obser-
vations, linearity, and normality and exhibit no excessive
multicollinearity.

Table 3 summarises mean descriptive statistics for sur-
veyed segments in each study site. Mean betweenness is
considerably higher in Bangkok (752.60) owing to it having
fewer route options for pedestrians. Conversely, Osaka
which has a denser network has the lowest mean be-
tweenness value (326.30) resulting from the greater number
of paths available to pedestrians through its DPN. Mean
closeness is also highest in Bangkok (402.10), though the
differences are less pronounced across surveyed segments in
sites compared to betweenness. Similar averages are ob-
served in all areas for straightness. Additionally, centralities
are evenly dispersed around the mean in all study sites with
the exception of Bangkok, where betweenness exhibited
moderate positive skewness due to an outlier that was in-
cluded in the final analysis. Regarding land use, surveyed
segments with the highest and lowest proportion of retail
land uses were observed in Manila (0.80) and Taipei (0.52),
respectively. Surveyed segments with the highest propor-
tion of residential land uses were observed in Bangkok
(0.19), owing to the higher number of interior residential
cul-de-sac streets in the study site. Similar levels of resi-
dential land use were also observed in Taipei (0.16). Among
study sites, pedestrians have to walk furthest to a bus stop
in Manila (206 m) which operates a system of jeepneys
rather than regular buses. Respectively, Taipei had the best
bus accessibility (121.18 m). In Bangkok, pedestrians walk
on average as far as 281.72 m to reach a subway entrance,
while the corresponding figure in Osaka was as low as
100.46 m for surveyed segments due to the higher number
of entrances around the Osaka study site. In terms of path-
level attributes, mean path widths were highest in Taipei
(5.93 m) and Osaka (5.02 m). Finally, a similar number of
exclusive pedestrian paths were surveyed in all sites, with
Taipei (0.60) having the lowest proportion of surveyed
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TaBLE 3: Study site descriptive statistics (surveyed segments).
. Bangkok Manila Osaka Taipei All

Variable

Mean St dev Mean St dev Mean St dev Mean St dev Mean St dev
Centrality (400 m)
Betweenness” 752.60 434.30 405.93 154.91 326.30 115.85 356.51 140.43 444.25 285.64
Closeness™ " 402.10 33.28 381.77 19.81 377.33 9.89 379.88 14.40 384.35 22.29
Straightness 0.80 0.05 0.81 0.02 0.80 0.03 0.80 0.02 0.80 0.03
Land Use (ground-level)
Prop. retail 0.66 0.36 0.80 0.32 0.64 0.04 0.52 0.39 0.65 0.38
Prop. residential 0.19 0.32 0.03 0.08 0.04 0.12 0.16 0.25 0.10 0.22
Urban Form
Distance to bus 197.51 128.51 206.00 86.36 153.38 93.66 121.18 55.01 166.87 98.65
Distance to metro 281.72 128.51 269.30 124.38 100.46 67.65 215.29 112.36 208.97 140.99
Path width (m) 3.57 1.42 4.70 3.30 5.02 3.63 5.93 4.64 4.86 3.60
Prop. exclusive paths 0.76 0.43 0.74 0.44 0.77 0.41 0.60 0.49 0.72 0.45

. 4
*Betweenness centrality values expressed x10%. **

pedestrian paths, owing to the high number of shared
streets in the study site.

Multivariate regression results are reported in
Tables 4-7. Each table reports unstandardised regression
coefficients (f3), t-test scores () used to calculate statistical
significance, and standardised regression coefficients (Std f3)
for each independent variable.

Table 4 presents multivariate regression results for
Bangkok. Across all models, centrality appears poor at
explaining segment-level pedestrian density. Considered
alone, centrality metrics account for only 6% (p<0.10) of
observed pedestrian densities. Among significant variables,
only closeness is positively associated with pedestrian density.
When land-use variables are introduced, the model fit im-
proves significantly to explain up to 46% (p <0.01) of ob-
served pedestrian densities. In this model, pedestrian densities
are overwhelmingly explained by the proportion of residential
land uses, indicating that as paths become more residential in
nature, pedestrian activity declines. This is the only statisti-
cally significant variable, with a standardised coefficient of
-0.70. Factoring in remaining variables results in a marginal
increase of 4% in the explanatory power of the Urban Form
model (p < 0.01). None of the path-level design attributes were
found to be significantly associated with pedestrian move-
ment densities. In this model, pedestrian densities are largely
explained by metro distance and residential land uses that
have significant standardised coefficients of -0.38. The ex-
planatory power of these variables can be attributed to net-
work structure. As distance increases from the station, the
network becomes less connected and cul-de-sacs are common
deeper into the network. In these locations, residences ac-
cumulate and lower pedestrian volumes were observed.
Similarly, retail uses accumulate around the station where
several large shopping centres are located and decrease with
distance from the station. Interestingly, it is residential and
not retail land uses that are associated with pedestrian activity.
This is likely explained by their moderate collinearity and how
land use is strictly separated in the study site.

A more substantial relationship is revealed between
centrality and segment-level pedestrian density in Manila

Closeness centrality values expressed x10°.

(Table 5). In all models, at least two centrality metrics are
significant. Centrality alone explains 19% (p <0.01) of ob-
served pedestrian densities with betweenness and closeness
contributing equally to the model with significant stand-
ardised coeflicients of 0.45 and -0.45, respectively. The in-
clusion of land-use measures significantly improves model
fit. Centrality and land use together explain 46% (p < 0.01) of
the variation in pedestrian activity. Retail land uses are the
most important factor in the model, with a significant
standardised coefficient of 0.47. Entering the remaining
Urban Form variables results in a 15% increase in the ex-
planatory power of the model. In this model, 61% (p < 0.01)
of pedestrian densities are explained by a variety of variables
including all centrality and path-level design measures. The
most important factors are retail intensity, path width, and
betweenness, which have significant standardised coeffi-
cients of 0.38, 0.34, and 0.28, respectively. Looking at the
standardised values, the proportion of retail on each segment
is the biggest driver of pedestrian activity. As described
earlier, a large market stretches over a sizeable portion of the
site, accounting for the strong performance of retail in all
models. The good performance of centrality across models,
notably betweenness, is a factor of our network modelling
approach. Market streets that tend to be long were modelled
as a single line, reducing route options that would exist if
they were modelled with a path on either side of the street.
This similarly explains the negative association between
closeness and pedestrian density, as streets modelled with
sidewalks on either side are common to the west of the
station where fewer pedestrians were observed.

In Osaka, centrality had the strongest association with
segment-level pedestrian density when considered alone
(Table 6). Centrality measures were found to explain as
much as 24% (p <0.01) of the variation in pedestrian den-
sities, the best performance among all study sites. Inter-
estingly, straightness had the largest influence and is the only
significant contributor with a standardised coeflicient of
0.47. Introducing land-use measures produces a smaller
improvement in model fit than that seen in Bangkok and
Manila. Together with centrality, they explain 36% (p < 0.01)
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TaBLE 4: Bangkok-Sukhumvit: multivariate regression results.
. Centrality Centrality + LU Urban Form
Variable
B T Std B B t Std B B t Std B
Betweenness -14.83 -1.89 -29" -1.57 -25 -.03 5.96 .87 12
Closeness 2756.69 2.66 A1 1063.93 1.30 .16 -78.61 -.08 -.01
Straightness -.04 -.01 -.00 -3.68 -.89 -.08 1.91 .35 .04
Retail (prop.) -.16 -19 -.03 -.32 -.38 -.05
Residential (prop.) -4.86 -4.92 -70"*" -2.67 -2.09 -.38""
Distance to bus stop -.00 -.30 -.04
Distance to metro -.01 -2.21 -.38""
Path width .09 .55 .06
Path exclusivity .58 77 11
# observations: 74
R-squared .09 .50 .56
Adj. R-squared .06 46 .50
*p<0.10; **p<0.05; ***p<0.01.
TaBLE 5: Manila-Carriedo: multivariate regression results.
. Centrality Centrality + LU Urban Form
Variable
B t Std B t Std B B t Std B
Betweenness 30.76 3.86 457" 20.64 3.07 307" 19.22 2.90 28"
Closeness -2420.72 -3.93 - 45" -2005.19 -3.96 =377 -1024.18 -1.91 -19"
Straightness -5.78 -1.18 -12 -7.20 -1.80 -15" -9.03 2221 -19*"
Retail (prop.) 1.55 5.27 A7 1.25 4.60 387"
Residential (prop.) -2.21 -1.87 -17" -.46 -43 -.03
Distance to bus stop .00 .64 .05
Distance to metro -.00 -2.34 -217"
Path width 11 3.71 347"
Path exclusivity .56 2.98 23"
# observations: 80
R-squared 22 .50 .65
Adj. R-squared 19 46 .61
*p<0.10; *p<0.05 **"p <0.01.
TaBLE 6: Osaka-Namba: multivariate regression results.
. Centrality Centrality + LU Urban Form
Variable
B t Std 8 B t Std 8 B t Std
Betweenness 16.19 1.07 d1 12.07 .86 .08 5.56 .45 .04
Closeness -775.11 -.45 -.05 -176.85 -11 -.01 -320.21 -.24 -.02
Straightness 30.67 4.40 AT 25.52 3.92 3977 19.52 3.15 30"
Retail (prop.) 1.12 3.07 26"" 1.60 4.79 38"
Residential (prop.) -2.69 -2.34 -20"" .10 .09 o)
Distance to bus stop -.00 -2.15 -20""
Distance to metro -.00 -.65 -.06
Path width 17 5.06 377
Path exclusivity 79 243 19%"
# observations: 102
R-squared .26 .39 .58
Adj. R-squared 24 .36 .54

*p<0.10; **p<0.05 ***p<0.01.

of observed pedestrian densities. In this model, land-use
variables behave as expected with retail and residential land
uses being positively and negatively associated with pe-
destrian density, respectively. Notably, straightness remains
the strongest contributor, with a significant standardised

coefficient of 0.39. Factoring in remaining variables results in
a considerable improvement in the explanatory power of the
model. The Urban Form model explains 54% (p <0.01) of
observed pedestrian densities. Path-level attributes enter the
model as significant contributors of pedestrian activity. The
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TaBLE 7: Taipei-Songjiang Nanjing: multivariate regression results.
. Centrality Centrality + LU Urban Form

Variable

B t Std 8 B t Std B t Std
Betweenness 25.68 2.97 38" 14.63 1.83 217 11.63 1.67 17"
Closeness -600.92 -.79 -.09 48.70 .07 .01 -1127.21 -1.66 -17
Straightness 5.85 1.10 14 4.07 .86 .10 9.54 2.04 23%"
Retail (prop.) 78 3.24 31 78 3.50 31
Residential (prop.) -94 -2.48 -4 -15 -41 -.04
Distance to bus stop .00 -.26 -.02
Distance to metro -.00 -4.04 -377
Path width .06 3.37 277
Path exclusivity .20 1.11 .10
# observations: 88
R-squared 19 .38 .56
Adj. R-squared 16 .34 .51

“p<0.10; “*p<0.05 ***p<0.01.

most important factors are retail, path width, and
straightness with significant standardised coefficients of
0.38, 0.37, and 0.30, respectively. These results indicate that
pedestrians orient themselves in terms of retail, design at-
tributes, and visual connectivity. The Osaka site is highly
pedestrianised in nature. Ground-floor retail land uses are
consistent throughout, and the area is characterised by
numerous wide arcades and pedestrian zones that attract
large numbers of shoppers. Noteworthy is how Osaka is the
only site where metro distance has no significant influence
on pedestrian activity. Metro station entrances are dispersed
throughout the area, meaning that distances are fairly
uniform, nullifying the effectiveness of this variable.

Table 7 presents multivariate regression results for
Taipei. Focusing on centrality, we can see that centrality
alone can explain 16% (p<0.01) of observed pedestrian
densities. Among centrality variables, the only significant
correlate of pedestrian density is betweenness with a
standardised regression coefficient of 0.38. Land-use mea-
sures enter the model as significant variables and perform as
expected. Centrality and land use together explain 34%
(p<0.01) of the variation in pedestrian activity. In this
model, the strongest associations are between retail, resi-
dential, and betweenness with standardised regression co-
efficients of 0.31, -0.21, and 0.21, respectively. When all
variables are entered into the Urban Form model, the model
fit improves to explain up to 51% (p<0.01) of observed
pedestrian densities. The largest contributors to pedestrian
movement densities are metro distance, retail, and path
width with standardised coefficients of -0.37, 0.31, and 0.27,
respectively. Additionally, both straightness and between-
ness are significant when controlling for all Urban Form
variables with standardised coefficients of 0.23 and 0.17,
respectively. Among all sites, Taipei has the highest mean
path widths recorded due to large sidewalks fronting main
streets that are retail-heavy and close to metro station en-
trances. It is in these locations in addition to the several
pedestrian zones to the northeast of the site where pedestrian
densities are highest, explaining the strong associations
between these variables.

5. Discussion

The present study confirms that centrality measures derived
from DPNs are associated with increased pedestrian activity.
Results indicate that centrality alone can explain 6-24% of
segment-level pedestrian density in station environments in
Asian cities. Excluding Bangkok, this figure increases to
16-24%. These ranges are comparatively lower than those
cited in earlier Space Syntax studies that employ either axial
or segmental approaches to urban street networks
[12, 28, 40, 48]. Naturally, DPNs are far larger and complex
than street centreline networks. They consist of more links
and nodes, resulting in shorter distances between network
elements, which in turn impacts centrality. This further
varies with the complexity inherent in each urban network
form. Seemingly, centrality is more strongly associated with
pedestrian activity in denser networks. This is confirmed by
the weaker associations observed in Bangkok, which consists
of fewer network elements with greater distances between
them.

The influence of centrality is somewhat diminished when
we control for the built environment. Still, excluding
Bangkok, centrality remains a substantial contributor to
pedestrian activity. In line with similar street network
centrality studies, our Urban Form models suggest that the
primary factors in explaining pedestrian densities are the
proportion of ground-floor land uses, chiefly retail uses,
proximity to rail transit, and path width [8, 9, 14, 58, 59].
Notably, path exclusivity was only significant in Manila and
Osaka. This is likely due to the high number of shared streets
within Asian cities that result in pedestrians being somewhat
more used to walking within close proximity of traffic.

An important consideration is the performance of in-
dividual centrality measures. Looking at our results, different
metrics had stronger relationships in different sites. For
example, betweenness performed particularly well in Manila
and straightness in Osaka. Existing literature points to
closeness or integration as being the key metric in explaining
pedestrian activity on street networks. Generally, closeness
was weakly associated with pedestrian density; and when an
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association was found, as in Manila, it was negative. The
performance of centrality across our target cities is a factor of
two things: our network modelling approach and the spatial
variance of centralities within each study site. In DPNs that
consist of long pedestrian zones and shared paths modelled
as single lines, betweenness performs strongly. Conversely,
in dense DPNs with more paths modelled on either side of a
street increasing route options, the explanatory power of
betweenness decreases. Unexpectedly, in denser DPNs,
straightness performs best due to reduced straight-line
distances between nodes indicating that pedestrians in these
environments orient themselves strongly in terms of visual
connectivity. This is best exemplified by Osaka, where pe-
destrian activity is higher on segments that are more visually
connected with director routes to destinations. These seg-
ments were typically pedestrian arcades and shopping zones,
where pedestrian activity was notably higher. Naturally, the
spatial characteristics of variables vary within each study site,
as well as in comparison with each city. For example, seg-
ments with high betweenness values in Manila are con-
centrated to the east of the station and correspond strongly
to pedestrian market streets. Similarly, the visually con-
nected segments with high straightness values in Osaka were
located to the northeast of the station, running in a north-
south orientation. These locations where the highest pe-
destrian numbers were observed raise the question con-
cerning whether it is the centrality of the DPN that is
influencing the location and distribution of retail land uses
which ultimately promotes pedestrian activity. The spatial
variance of these variables over larger areas is an important
consideration noted in other studies [60]. However, due to
the relatively small size of the study sites presented in this
study, the importance of this is difficult to ascertain.

It is worth recalling that centrality is a multifaceted
concept with numerous indices available depending on how
the notion of “being central” is defined. Porta et al. [10]
proposed the use of Multiple Centrality Analysis based on
multiple indices to provide clarity in studies employing
centrality approaches. This study took a similar approach
with the inclusion of three common indices. Evidently,
turther research is needed to provide greater clarity to our
research findings.

6. Conclusions

This study builds on existing studies by applying centrality
approaches to DPNs. Our findings imply that centrality
measures are useful as a descriptive measure to explain
pedestrian movement variations when derived from DPNs
with minimal data requirement. This application is useful in
countries where other built environment data is less com-
plete or unavailable. Ultimately, the role that centrality plays
is secondary when other built environment factors are
considered. Results indicate that pedestrians orient them-
selves more strongly to retail attractors, proximity to rail
transit, and path width, rather than solely the spatial
structure of the DPN. Thus, practitioners pursuing pedes-
trian friendly environments should focus on promoting
retail and transit accessibility and wider pedestrian exclusive
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paths. Dense, well-connected networks should also be
pursued to encourage further accessibility and connectivity.
On this point, pedestrian network centrality can contribute
to planning more pedestrian-centric cities by further un-
derstanding how people move and interact with the pe-
destrian environment. This is important for greater
understanding of how cities should be designed to better
accommodate pedestrian movement patterns.

We identify several areas in which the present study
could be improved to allow more concrete conclusions to be
made. First, while OpenStreetMap (OSM) network data is
helpful in creating DPNS, it is still a time-consuming pro-
cess. As a result, our analytical focus was limited to 400 m.
Centrality metrics are typically applied to larger networks
than those used in our study, and our findings may be
limited by the extent of our networks. Larger DPNs should
be considered in future studies in different urban envi-
ronments to help provide clarity to the effectiveness of
centrality derived from DPNs. Finally, while the snapshot
method of recording pedestrians served its purpose, col-
lecting pedestrian data over longer time periods at different
times of day would likely provide more robust results.
Nevertheless, this research lays a solid foundation for further
investigation in this area with methods that can be applied to
other regions globally.
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