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Abstract

Walking is globally promoted as an urban transport mode that
reduces greenhouse gas emissions and increases physical activity.
While it is well-known that accessibility at neighbourhood and
urban levels impacts walking levels, studies on pedestrian travel
behaviour are typically based on area-based measures. Network-
based measures of street configuration, connectivity, urban
density, and land-use diversity have scarcely been applied.

This paper aims to find associations of network-based connectivity
and accessibility measures with walking frequencies. We used a
series of multivariable ordinal regressions adjusted for distance to
various destinations, building-type diversity, socio-demographic
variables, and car ownership. We operationalise connectivity as
reach - i.e., the number of streets reached through the network
within walkable distances through the network — and density and
diversity as weighted reach - i.e., the floor area, population, or
retail diversity reached within walkable distances through the
network. Street network configurations are described by
topological centrality (integration). Results show significant
positive associations of reach, attraction reach, and integration
with walking frequency, with the best model fits achieved by
accessible total floor area and reach within relatively high network
radii (1000 m and 9 axial steps), indicating that connectivity and
accessibility to a variety of attraction and functions, often beyond
administrative borders, encourage walking.
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1 Introduction

The health, cost, and environmental benefits of daily walking are well-documented (De Nazelle et
al., 2011; Gossling et al., 2019; Lee and Buchner, 2008). Due to these benefits, there is considerable
interest in encouraging more people to walk for urban transport and a scientific interest in the
relationship between urban form and walking (Saelens and Handy, 2008; Salvo et al., 2018; Smith
et al., 2017). The existing literature suggests a positive impact of building or population density,
land-use diversity, proximity to destinations, and network connectivity on walking (Smith et al.,
2017). These variables closely relate to “walkability” or “pedestrian accessibility,” umbrella terms
that quantify how urban form facilitates walking.

Research on walkability often uses aggregate area-based measures, such as the number of
intersections per census area. Although such measures are conceptually simple, they have
limitations in capturing important aspects of fine-grained pedestrian networks and show
inconsistent results depending on area size and geometry (Knight and Marshall, 2015). The
existence of various connectivity indices has led to further inconsistencies. This is problematic
because network connectivity plays a particularly important role in pedestrian mobility (Knight
and Marshall, 2015).

Other studies have shown that walking is associated with network-based accessibility measures
such as the number of streets reached within a certain distance through the network, so-called
“reach” (Peponis et al., 2008) or reach weighted by population, building, or attractions (e.g., Stahle
et al., 2010). While the former accounts primarily for network configurations and connectivity, the
latter measures pedestrian accessibility to functions provided by density or diversity. In contrast
to area-based measures, such network-based measures are not limited by predetermined
boundaries but by the scope of the analysis. Moreover, they account for network configurations
and capture the effect of missing connections on connectivity and accessibility.

Despite these advantages, network analysis has primarily been applied to studies on pedestrian
distributions and flows (Kang, 2018; Pearce et al., 2021), whereas research on other outcomes, such
as mode choice or walking frequencies, is limited. The definition of distances also varies across
studies, with authors a) applying metric distances, capturing physical effort, or b) angular and
topological distances, capturing the cognitive impedance of turns (Feng and Zhang, 2019).
However, little research has been conducted on the most appropriate distance metric for the
propensity to walk. Moreover, it remains to be explored whether weighting network measures
with land-use variables, such as population or retail, explains the propensity to walk more than
network configuration and connectivity alone.

Based on this background, this paper aims to answer the following research questions:

e Are network configurations and network reach significantly associated with the frequency
of walking?

e Are there significant differences between metric and topological network measures in
explaining walking frequencies?

e Does weighting reach by population, floor area, employees, retail diversity, and building
diversity improve the observed model fits for predicting walking frequencies (compared
to network reach)?

e Does the impact of network configuration, network reach, and weighted reach on walking
differ between high-density urban areas and primarily low-density residential areas?
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2 Background

2.1 Walkability and Pedestrian Accessibility

There is a multi-disciplinary interest in the relationship between urban form and walking. Urban
planning and policies can directly impact urban form, and the walking quality of an environment
directly impacts public health and mobility-related emissions. This interest has led to the
development of several “walkability” indexes. Although walkability lacks a clear definition, street
connectivity, density, and diversity are key variables (Shields et al., 2021). These variables have not
only shown positive associations with walking in several studies (e.g., Fonseca et al., 2022; Smith
et al., 2017), they are also difficult to change once a city has been built (Dovey and Pafka, 2020).
Walkability indices may also include factors related to street quality, attractiveness, comfort, slope,
and pollution (Fonseca et al.,, 2022), which cannot be changed or easily altered after city
development (Dovey and Pafka, 2020).

Common measures for capturing connectivity, density, and diversity are area-based. For instance,
street connectivity is often measured as block sizes, density of streets or intersections, or link-node
ratios per census area, or transport analysis zone (TAZ) (Ellis et al., 2016). However, some authors
have argued that such measures do not fully capture important aspects of pedestrian mobility.
First, network configurations and connections between individual street segments inside areas are
not accounted for (Knight and Marshall, 2015). Second, the definition of the area boundaries is
arbitrary, leading to the Modified Area Unit Problem (MAUP; Berghauser Pont and Haupt, 2021,
pp- 90-91) — i.e, varying outcomes in density and connectivity calculations based on the chosen
boundaries.

Another issue arises when framing walkability from the perspective of pedestrian accessibility or
the ease of reaching various relevant destinations, as pedestrians often move beyond formal area
units. To account for accessibility, authors have measured the proximity to amenities (Hall and
Ram, 2018), while others have developed measures derived from Jacob’s (1961) “pool of use,” such
as walkable catchment areas or “pedsheds” (Ellis et al., 2016; Schlossberg et al., 2006; Dovey and
Pafka, 2020). Catchment areas capture areas reachable from specific points, often combined with
the cumulative counting of opportunities or network length (e.g., Lahoorpoor and Levinson, 2020;
Sarkar et al., 2018). However, these studies did not focus on the configuration of fine-scale
pedestrian networks (Shields et al., 2021). For instance, a literature review by Fonseca et al. (2022)
on built environment attributes and their influence on walkability identified 132 relevant studies.
However, only two accessibility-based studies used road network distances instead of Euclidean
distances, and only one study applied a detailed pedestrian network. Road networks may include
non-pedestrian roads and lack important pedestrian paths and shortcuts (Ellis et al., 2016).

2.2 Network Configurations and Topology

Network configurations have primarily been studied outside the context of walkability, namely, in
network analysis and urban morphology. For instance, Peponis et al. (2008) introduced “reach” as
an alternative connectivity measure. Reach measures the number or length of street segments
reached within a distance threshold from any segment in the network. While reach can be
considered a measure of walkability (Ellis et al., 2016), Peponis et al. (2008) described it as a
measure of the potential for movement and density. Cooper and Chiaradia (2020) consider it a
measure of accessibility.

The concept of reach originates from spatial distances, as addressed in space syntax, a set of
theories about spatial configurations grounded in architecture. In basic space syntax, network
distances are measured topologically as steps between so-called “axial lines”, which are the fewest
and longest straight lines needed for modelling a city's street network (Hillier and Hanson, 1984).
Subsequent space syntax measures applied segment maps, allowing the calculation of distance as
cumulative angular changes on segmented axial maps or more widely available transport networks
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(Turner, 2007). Applying directional, that is, topological and angular, distances assumes that the
number of turns affects pedestrians’ spatial cognition and perceptions of length. Thus, directional
reach measures the cognitive effort to move around a city (Feng & Zhang, 2019; Legeby et al., 2017).
Cooper & Chiaradia (2020) and Feng & Zhang (2019) describe alternative formulations of reach.

Other authors have focused on how the centrality of streets generates pedestrian movement. In
urban sciences, “closeness centrality” describes how close a place or street is to everywhere else in
the city. The shortest path can be the least metric distance, least cumulative angular change, or
fewest topological steps (Hillier and lida, 2005). The different approaches to centrality share the
theory that some places are more important than others and that centrality plays an important role
in spatial cognition, route choice, economic activities, urban resilience, and urban vitality
(Chiaradia et al., 2012; Hillier, 1996; Porta et al., 2006).

Neither reach nor closeness centrality explicitly considers origins, destinations, or attractions.
Movements are assumed to be from “everywhere” in the city to everywhere else within certain
network distances (Hillier, 1996). This notion is supported by the observed correlations between
reach and closeness centrality with pedestrian flows (e.g., Sharmin and Kamruzzaman, 2018).
However, Cooper et al. (2021) pointed out that applying network accessibility assumes some
interrelations between accessibility, transport, land use, and density. For instance, reach has been
shown to correlate with population and employment densities (Chiaradia et al., 2014; Cooper, 2017;
Schon et al., 2024) and the distribution of retail front spaces (Scoppa and Peponis, 2015). Similarly,
streets with higher centrality tend to draw more economic activities and pedestrian flows (Hillier,
1996; Porta et al., 2006).

However, as Netto et al. (2012) and Stahle (2008) pointed out, such interrelations between
networks, accessibility, and land use are not a given. For example, retail or new residential areas
can be placed in areas with low network density. Thus, several authors have weighted reach by
buildings, population, building floor area, or retail (Sevtsuk and Mekonnen, 2012; Stahle et al.,
2010), describing network configurations and other urban form variables, such as density or
diversity, as a single accessibility variable. For instance, the number of residents within a walkable
distance through a pedestrian network is a measure of connectivity and accessibility, and of
population density, as perceived by pedestrians (Marcus et al., 2017). In urban morphology studies,
weighted reach is also referred to as “attraction reach”, “accessible density”, or “accessible
diversity” (e.g., Berghauser Pont and Marcus, 2015; Marcus et al., 2017).

Reach, weighted reach, and closeness centrality have been shown to correlate with pedestrian
distributions and flows (e.g., Bolin et al., 2021; Kang, 2018; Pearce et al., 2021). However, only a few
studies have investigated the associations between these variables and other outcomes. For
instance, a few studies have found positive associations between integration and walking mode
choice (e.g., Baran et al., 2008; Berhie and Hagq, 2017) and walking frequencies (e.g., Koohsari et al.,
2016, 2014). Reach has been applied to studies on walking to public transport stations (Ozbil and
Peponis, 2012) and schools (Ozbil et al., 2021), as well as on walking activity (Ellis et al., 2016), with
all three studies finding positive associations between reach and walking. However, we could find
no empirical study applying topological reach and no study relating metric or weighted reach to
walking frequencies.

Our study adds to the existing body of knowledge by examining the associations of network reach,
network configurations, and weighted reach with walking frequencies. We compare the impact of
the network measures with reach weighted by population, floor area, and diversity in two areas
with different urban densities, applying both metric and topological distances.
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3 Methods

3.1 Study Location

Trondheim is Norway’s third-largest city, with a population of 211,246 (Trondheim kommune,
2022). The city layout is shaped by a historical centre with an irregular network and narrow streets
from the medieval ages, combined with a more regular street network with broad, straight main
streets designed in 1681 by Johan Caspar de Cicignonin. The city expanded over time by merging
with neighbouring municipalities.

Trondheim’s modal share for walking in 2018 /19 was 27 %, which was 7% higher than the national
average (Grue et al., 2021). However, similar to many cities globally, Trondheim aims to increase
its share of walking and active mobility (Knapskog and Peters, 2021).

Figure 1 shows a) Trondheim’s municipal border, b) “tettsteder”, urban areas defined as a
continuously built-up area meeting thresholds for minimum population and a maximum distance
between houses (Statistics Norway, 2002) and c) Trondheim’s buildings coloured by floor area
density, measured as the total floor area (BRA - bruksareal) reached within 1000 m through the
network (see Section 3.5).

BRA reached within 1000 m

1500000
1000000
500000

0
[l Tettsted (urban area)

ZA Municipal border

Figure1.  Trondheim’s municipal border, tettsteder (urban areas) and floor area density, measured as
the total floor area (BRA) reached from buildings within a 1000 m network radius (map
source: “ArcGIS Data Appliance,” 2022a; Schwalb-Willmann, 2022a).

3.2 Data

We obtained data on walking frequencies from the Norwegian Travel Survey (RVU -
Reisevaneundersgkelse), a survey conducted since 1985. Our study is based on the 2018-2019
survey. The survey was designed to be representative of travel activities at the population level on
an average day. Data were collected through online forms and phone interviews. In Norway,
88,548 individuals aged 13 years or older responded to the survey. The shares of web and phone
responses were 55% and 45%, respectively (Statens Vegvesen, 2019). For Trondheim, the survey
comprised data from 3766 individuals. Sociodemographic variables were provided per individual,
while address locations were aggregated on small area units (i.e., grunnkrets level). A grunnkrets
- hereafter called GK - is a census unit used in Norway for regional statistics. In Trondheim, the
sizes range from 0.02 to 18 km2 and 3 to 2986 inhabitants (Trendelag i Tall, 2023).
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3.3 Network Model

The shortest routes and route distances were calculated using detailed axial and segment maps
covering the entire city of Trondheim (Manum and Nordstrom, 2013; Rokseth et al., 2019). Axial
maps were used for topological measures, and segment maps were used for metric measures.
These maps represent all streets, paths, and urban spaces that are accessible to pedestrians. We
inspected the networks for missing connections and network errors, and manually corrected errors
based on OSM, Google Earth, field visits, and maps and orthophotos provided by Norwegian
authorities (Kartverket, 2021).

Besides metric route distance along segments, we included the effect of turns along routes by
applying the topological measure "axial steps" as defined by Hillier and Hanson (1984). The axial
step is a binary measure: 0 for no turns and 1 for a turn of any angle. Axial steps were applied for
integration, reach, and accessible floor area (Section 3.5). Distances through the network were not
only used to calculate the shortest routes, but also to set the radii of the calculations to radii
corresponding to distances reasonable for walking. The radii applied in this study are as follows:

e Metric: 500 and 1000 m, corresponding to the distances people are typically willing to walk
(McCormack et al., 2008). To evaluate the impact of higher accessibility within radii that
exceed common single-trip walking distances, 2000 m was applied in addition for reach
and weighted reach (Section 3.5).

e Topological: Following previous research findings on topological distances and walking
(Hillier, 1996), we applied topological distances of 3, 6, and 9 "axial steps.”

Figure 2 shows a comparison between metric and topological distances, visualised as the network
distance from Trondheim's central square.

a) ) km b)

Metres Axial Steps
[] 1000 []3
I 2000 B s
I 3000 | K

Figure 2. Topologic and metric network radii visualised as a) axial lines coloured by axial steps and b)
segment lines coloured by metric distance from Trondheim’s central square.

3.4 Qutcome Variable

Our outcome variable was the self-reported walking frequency, obtained by the question, “How
often do you walk the whole way to daily destinations during this time of the year?” The answers
were:

Never | (2) Rarely | (3) 1-3x/month | (4) 1-2x/week | (5) 3-4x/week | (6) 5x+/week
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3.5 Predictor Variables

Reach

We operationalised network connectivity and network density around home locations as reach
(Peponis et al., 2008). Reach was calculated in PST (Stavroulaki et al., 2019) as the number of
segments or axial lines reached within a given distance from address points within a defined metric
or topological network distance through the network (Equation 1 with f(a) = 1).

Weighted Reach

We measured urban density as reach weighted by residents and floor area (Equation 1) — i.e., the
number of residents or amount of floor area reached through the network from address points
within a certain metric radius (Berghauser Pont et al., 2019). The source of population data is
GeoNorge, the Norwegian national online database for cartographic data, where data are
aggregated on 250 x 250 m cells (Geonorge, 2023). To disaggregate the data, the number of residents
and employees for each cell was evenly distributed over the dwellings and buildings with
workplaces in that cell, respectively. For the total floor area per building, we applied “bruksareal,”
or short “BRA” (Norwegian Building Authority, 2022), for each building, which was provided by
the Norwegian Kartverket (Mapping Authority). Here, we included all building types.

AR(0) = Xaer, f(a) * D(0,a) 1)

where A= a set of segments or axial lines within a set radius, f(a) = destination weight, D(o0,a) =
shortest metric or topological distance from an origin o to an attraction a. For (unweighted) reach,
f(a) =1.

Diversity

Accessible retail diversity accounts for the number of different shop types reached out of the total
number of shops reached. We applied a reciprocal Simpson index adapted from Bobkova et al.
(2017), where the maximum corresponds to eleven shop types reached within a given distance
(Equation 2). The shop types considered were electronics, pharmacies, sports, supermarkets,
convenience stores, tea and coffee, mobile phone providers, kitchenware, clothing, shoes, and
variety stores (source: Open Street Map - OSM (Boeing, 2021)).

1

2
( AR (shop type) )2 ( )
AR (all retail shops)

DI Vshops =

where “AR (shop type)” is the number of one shop type reached, and “AR (all retail shops)” is the
number of all shops reached.

Similarly, accessible building diversity was calculated as the variety of building types reached
within a certain radius (Equation 3). The eight building types were based on the classification by
Statistics Norway (“Statistics Norway,” 2020).
1
DIVbuildings = AR (building type) 2 (3)
(AR (all buildings ))

Closeness Centrality: Integration

Closeness centrality was measured as topological centrality or “space syntax integration”. The
integration of an axial line is calculated from the number of lines (N) reached within a set radius of
line steps (Figure 2), the mean number of steps to all lines (MD), and the relative asymmetry (RA)
(Equations 4 and 5). Note that N in (5) is identical to the topological reach.

RA = 2(MD-1) @)
N-2
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D
Int = a (5)

where D normalises integration for systems with different axial line counts (see Stavroulaki et al.,
2019, their Equation 3).

Proximity to Destinations

Proximity to destinations was measured as the shortest metric distance through the network from
dwellings at georeferenced address points. The following destinations were considered (source:
OSM, unless otherwise stated):

e Grocery shops

e Public transport stops

e Leisure areas, e.g., parks, sports facilities, playgrounds

e Local centres: Areas with retail, cafes, and other services/amenities, and often with schools
and kindergartens within short walking distances (FramtidsTrondheim, n.d.).

e Centre zones: “areas with at least four different types of commercial activities with city
centre functions” (GeoNorge, 2022).

e Campus buildings of the Norwegian University of Science and Technology (GeoNorge,
2021).

e Schools and kindergartens (GeoNorge, 2021).

Area-Based Measures

To compare the performance of “reach” and “weighted reach” with area-based measures of
connectivity and density, we further included the number of street segments and residents, as well
as the BRA of all buildings per GK area, in the analyses.

3.6 Linking Aggregated and Disaggregated Data

The data used in this study have different spatial units. Reach, attraction reach, and proximity to
destinations were calculated from all the address points in Trondheim with PST. Integration values
of axial lines were linked to address points via nearest-neighbour joints using GIS. However, the
only link between the address points, walking frequencies, and sociodemographic data was the
common GK number. Consequently, we used the GK mean values for each predictor variable.

3.7 Sample

For the statistical analyses, we limited the analyses to people aged between 18 and 72 years,
corresponding to the minimum age for car driving and upper retirement age in Norway, and to
people who reported a) making at least one daily trip per week and b) having no physical
limitations to move outdoors. Based on the resulting sample, we further limited the analyses to
GKs with at least three participants, resulting in 283 GKs and 2273 participants retained in the
analyses. Excluding GKs with fewer than three participants would have removed 42 GKs, so we
chose to retain them. The GK characteristics are listed in Table 1.

3.8 Splitting the Dataset

We split the GKs into two groups. We had two reasons for doing so. First, we assumed that the
predictor variables impact walking frequencies differently depending on urban density. Second,
the initial analyses showed that the statistical assumption of linearity between the predictor
variables and the logit of the outcome was frequently violated when all GKs were used. The GKs
included in the analyses covered 144 km?, differing substantially in area (0.02 to 13 km?), density,
and land use (Table 1). We chose a split based on a metric reach (network density) of 2000 m, based
on the fewest violations of linearity. The split was based on the median value (1453), resulting in
1136 participants in the high-density GKs and 1137 participants in the low-density GKs. Cooper
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(2018) used a similar criterion to define a city centre, but with the upper 30% of network links
within a 2000 m metric radius. The resulting two groups of GKs are shown in Figure 3 and are, in
the following, referred to as high-density GKs and low-density GKs (Figure 3).

Reach (2000 m)
High Density

4000

3100

2300

1500

Reach (2000 m)
Low Density

1400

1000

550

100

S it A Y RN
m— mm— i SRR

Division of GKs (“grunnkretser”) into two groups: a) high-density GKs, coloured red-yellow;
b) low-density GKs, coloured white-blue. Colours are based on GK mean values for reach
2000 m. The terrain is shown as shaded relief (DEM source: Kartverket, 2024).

Table 2 shows the share of frequencies reported by RVU participants. The share of people walking
frequently (5x+/week) was notably higher (43.5%) in the high-density GKs than in the low-density
GKs (22.3%). Correspondingly, the percentage of people walking less frequently was higher in the
low-density GKs. The mean walking frequency per GK is shown in Figure 4.

Table1l.  GK (grunnkrets) characteristics
High-density GKs Low-density GKs All GKs
Area range (kmz) 0.02-1.61 0.05-12.8 0.02-12.8
Area mean, median, SD 0.13,0.10, 0.15 0.87,0.26,1.90 0.51,0.17,1.41
Nr of participants Number of GKs Number of GKs Number of GKs
15-32 15 10 25
14 -10 30 36 66
9-6 37 50 87
5-4 32 31 63
3 26 16 42
Sum 140 143 283
Table2.  Walking frequencies
Walking frequency  High-density GKs Low-density GKs  All GKs
5-7 times/week 494 (43.5%) 253 (22.3%) 747 (32.9%)
3-4 times/week 196 (17.3%) 201 (17.7%) 397 (17.5%)
1-2 times week 219 (19.3%) 247 (21.7%) 466 (20.5%)
1-3 times/months 83 (7.3%) 121 (10.6%) 204 (9.0%)
Rarely 75 (6.6%) 146 (12.8 %) 221 (9.7%)
Never 69 (6.1%) 169 (14.9%) 238 (10.5%)
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5x+/w 3-4xiw 1-2x/w 1-3x/m rarely never

Figure 4.  Median walking frequencies per GK for the a) high-density GKs and b) the low-density GKs
(map source: GeoNorge, 2024). Boxes show histograms.

3.9  Statistical Analysis

Based on the categorical outcomes, we applied a series of ordinal regressions. We first assessed the
impact of reach, weighted reach, integration, and proximity to destinations on walking frequency
through bivariate analyses. The second analysis used multivariable models. To determine which
predictors yielded the best model fits, we applied a best-subset analysis under AIC optimisation
(Zhu et al., 2022). Due to correlations, we did not include reach, accessible BRA, accessible
residents, and integration into the same subset selection when their correlation was higher than r2
= 0.75. Instead, we used the variable with the highest bivariate AIC in the first round and then
tested subsets with other predictors. The variable yielding the subset with the best final fit was
used for the final models. The results of the best subset analyses are presented in Table A2 in the
Appendix.

Analyses were adjusted for age, gender, income, and season. Age was categorised as:
18-19 | 20-29 | 35-44 | 45-54 | 55-66 | 67-72.

Income was categorised into nine classes ranging from NOK 10,000 to over NOK 1,000,000 (ca. EUR
870 - 87,000) annually. Seasons were coded as: December - February = winter (1), March - May =
spring (2), June - August = summer (3), and September - November = autumn (2). Age, gender,
income, and car ownership were not removed from the models, irrespective of significance,
whereas season was only retained when increasing the model fit.

We tested the assumption of proportional lines with the Brant test (Brant, 1990) and linearity
between the predictor variables and the logit of the outcome variable using the Box-Tidwell test
(Royston, 2013). If the assumption of linearity was violated, variables were transformed. In the case
of a PLA violation, we applied a partial proportional odds model that frees the affected variables
from the PLA constraint. We provide Wald instead of Brant statistics whenever PLA constraints
are applied (Williams, 2006). Due to the low number of participants in the 42 GKs, we also
conducted sensitivity tests with a minimum of four participants per GK for a) the best subset
analyses and b) the multivariable models.
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4 Results

4.1 Unadjusted (Univariate) Ordinal Regression Analysis

Except for proximity to public transport, accessible building diversity, and segments per GK in the
low-density GKs, all predictor variables were positively associated with higher walking
frequencies at the p<0.001 level (Appendix Table 1). Reach BRA s9 (s9 = 9 axial steps) and reach
BRA 1000 m yielded the highest model fit in the high-density GKs, whereas reach BRA 1000 m
yielded the highest fit in the low-density GKs.

4.2  Multivariable Best-Subset Models

Appendix Table A2 shows the results of the subset selection. In both high- and low-density GKs,
the models were limited to fewer than three predictors plus control variables, as models with more
predictors were within AIC-AICmin < 2, where AICnmin was the lowest observed AIC (Burnham and
Anderson, 2004). The descriptive statistics for the variables used in the final multivariable models
are presented in Table 3.

Table 3.  Descriptive statistics for variables used in the multivariable models.

High-Density GKs (n = 1336)

Mean Median SD Range
Reach 2000 m 2651 2545 8181 1460 - 4376
Reach s9 772 741 178 146 - 1493
Reach BRA s9 2,773,667 2400561 1,687,857 159,264 - 5,839,278
Reach BRA 1000 m 673,694 556900 390,979 164,597- 1,625,640
Dist. Grocery 485 467 258 122 - 1349
Age 37.6* 33.0% 14.5* 18-72
Car Ownership Car owner Does not own car
675 (59%) 461 (41%)
Gender Female Male
510 (45%) 626 (55%)

Low-Density GKs (n =1337)

Mean Median SD Range
Reach 2000 m 909 965 362 62.2 - 1453
Reach s9 241 227 137 28 - 581
Reach BRA s9 515,734 452054 359,930 26,567 - 1,533,996
Reach BRA 1000 m 196,477 203629 94,758 6677 - 401,082
Dist. Grocery 903 712 903 234 - 7553
Age 43.0* 42.0* 14.8* 18-72
Car Ownership Car owner Does not own car
998 (88%) 139 (12%)
Gender Female Male
538 (47 %) 599 (53%)

SD = standard deviation. Dist. = distance to; Empl. = employees; s = axial steps.
* based on uncategorised ages

High-Density GKs

In the high-density GKs, the highly correlated (r2= 0.86) predictors reach BRA s9 and reach BRA
1000 m, in combination with proximity to grocery shops, yielded the best model fits. Model 1
indicates that for each additional 100,000 m? of floor area reached within 9 axial steps, the odds for
walking increase by a factor of 1.03 (= 3%). Reaching the maximum floor area (5,839,278 m?2) within
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9 axial steps instead of the mean (2,773,667 m?) increased the odds of walking more by a factor of
2.19 (= by 119%). When holding all other variables constant, the results can be expressed as
predicted probabilities (marginal effects). The predicted probabilities of walking at the minimum,
mean, and maximum values of reach BRA s9 were 28%, 43%, and 62%, respectively.

Model 2 indicates that for each additional 100,000 m? of floor area reached within 1000 m, the odds
ratios for walking more range from 1.10 to 1.18. For instance, reaching the maximum floor area
(1,625,640 m?2) within 1000 m instead of the mean (196,477 m?) increased the odds of walking 5x or
more per week or more (as opposed to less frequently) by a factor of 2.51 (= 151%). The predicted
increase in the probability of walking 5x or more per week for Reach BRA 1000 m is similar to
Model 1: 31% (min), 43% (mean), and 66% (maximum). A marginal effects plot for Model 2 is
shown in Figure 5a, with continuous values of reach BRA 1000 m plotted against different walking
frequencies. Reach BRA primarily affected frequent walking (“5x+/week”). The plot for Model 1
shows a similar pattern and is thus omitted.

Reach BRA s9 (Model 1) correlated strongly with reach s9, reach BRA s6, and reach s6 (r2 = 0.91,
0.88, and 0.88, respectively; see Appendix Figure A2 for a correlation table). Replacing reach BRA
s9 with reach BRA s6 or reach s9 yielded AICs of 3354 (+3) and 3357 (+6). Combining these variables
with reach 2000 m yielded AICs of 3350 (-1; reach BRA s6) and 3355 (+4; reach s9) (see Appendix
Table A3). While an increases in AIC of +4 over Model 1 is significant, models in the +AIC 4-7 range
should not be dismissed (Burnham, 2002).

Low-Density GKs

For the low-density GKs, the best model fit was achieved by reach BRA 1000 m, retail diversity
within 1000 m, and building diversity within 500 m. Model 1 indicates that for an additional 100,000
m? of floor reached within 1000 m, the odds of walking increase by 3.6%. Reaching the maximum
(401,082 m?) floor area within 1000 m instead of the mean (196,477 m?) increased the odds of
walking by a factor of 1.89 (=89%). A marginal effects plot for the low-density GKs Model 1 is
shown in Figure 5b, with continuous values of reach BRA 1000 m plotted against walking
frequencies. With increasing reach BRA 1000 m, the probability of walking “5x+/week” and “1-3x
month” increased, while the probability of other walking frequencies decreased. Expressed as
marginal effects, the predicted probability of walking more than “5x/week” is over twice as high
in a GK with maximum reach BRA (34%) than in a GK with minimum reach BRA (13%).

More walking was also associated with walkable access to retail and building diversity. Accessible
retail diversity showed a significant association only for walking “1-2/week” or more. Unlike in
the high-density GKs, reach correlates only moderately with reach BRA 1000 m (r2 < 0.65; Figure
A3). Thus, no segment- or axial line-weighted measure achieved a model fit close to reach BRA
1000 m; the closest model fit was achieved with reach s6, with an AIC of 3916 (+8).

Sensitivity Test

The sensitivity test yielded the same subsets. For the high-density GKs, the odds ratios in the
multivariable models showed a < 0.5% increase for weighted reach and < 1.5% decrease in
proximity to grocery shops. Models 1 and 2 had a larger AIC gap (4, as opposed to 1). In both
instances, the best subset favoured Model 1 over Model 2. For the low-density GKs, the odds ratios
increased for retail diversity (+13%) and building diversity (+7%).
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Table 4.  Multivariable Ordinal Models (best subset) for the outcome walking frequencies

High-Density GKs (n =1136) - Model 1

OR COI P Wald
Reach BRA s9 (2) 1.03 1.02;1.03 <0.001 0.06
Prox. Grocery (1) 1.07 1.01;1.13 0.013 0.22
Age 0.99 0.91; 1.08 0.83 0.56
Car Ownership 0.86 0.67;1.11 0.25 0.09
Gender (3) 1.14 0.91;1.41 0.25 0.61
Income PLAv PLAv <0.001-0.72  0.01

AIC: 3351; McFadden Pseudo R2=0.041; Max VIF =1.64

High-Density GKs (n =1136) - Model 2

OR COIl P Wald
Reach BRA 1000m (2) PLAv PLAv PLAv 0.02
3-4x/w | 5x+/w 1.12 1.03;1.22 0.012 n.a.
1-2x/w | 3-4x/w 1.16 1.08;1.24 <0.001 n.a.
1-3x/m | 1-2x/w 1.18 1.12;1.26 <0.001 n.a.
rarely | 1-3x/m 1.14 1.09;1.19 <0.001 na.
Never | rarely 1.10 1.06;1.15 <0.001 n.a.
Prox. Grocery (1) 1.06 1.00;1.11  0.062 0.18
Age 0.99 091;1.08 085 0.55
Car Ownership 0.87 068,113 030 0.12
Gender (3) 1.12 090;1.39 031 0.58
Income PLAv PLAv <0.001-0.52 02

AIC: 3352; McFadden Pseudo R2= 0.043; Max VIF = 1.84

Low-Density GK (n = 1137)

OR COI P Wald
Reach BRA 1000 m (2)  1.36 1.19;157  <0.001 0.15
Building Div. 500 m 1.79 1.03;3.10  0.039 0.51

(Retail Div. 1000 m)>1 ~ PLAv  PLAv. PLAv. 0.001
3-4x/w | 5x+/w 4.59 2.54; 8.28 <0.001 n.a.
1-2x/w | 3-4x/w 3.13 1.75; 5.60 <0.001 na.
1-3x/m | 1-2x/w 2.38 1.32;429  0.004 n.a.
rarely | 1-3x/m 1.56 0.83;2.91 0.17 na.
Never | rarely 1.27 0.61;2.62 0.53 n.a.
Age 1.11 102120 0011 0.24
Car Ownership 0.58 042,080  0.001 0.13
Gender (3) 115 093;143 020 0.12
Income 0.93 0.88;0.08  0.004 0.75

AIC: 3908; McFadden Pseudo R2 = 0.030; Max VIF = 1.66

Shown are odds ratios (OR), 95% confidence intervals (COI), significance levels (p), Akaike Information Criterion
(AIC), McFadden Pseudo-R?, results of the Wald proportional lines test, and maximum VIF. P-values in bold font
indicate significance at p < 0.05. BRA = bruksareal (floor area); Prox. = proximity to the closest; Div. = diversity;
PLAv = violation of parallel lines assumption; n.a. = not applicable. Exponents indicate transformations for linearity
with the logit of the outcome, and (1) to (3) the units or coding applied: (1) per 100 segments or metres | (2) per 105
m? | (3) male =0, female =1.
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Figure5.  Predicted probabilities walking frequencies for reach weighted by BRA 1000 m for the a) high-
density GKs and b) low-density GKs.

5 Discussion

This study investigated the impact of network configurations, network reach, and weighted reach
on walking frequency in Trondheim, Norway. We conducted multivariable ordinal regressions,
adjusted for proximity to various destinations, sociodemographic variables, and car ownership,
and derived final models using best subset analyses. Based on network densities, the research area
was divided into low- and high-density “grunnkretser” (GKs; census areas).

Our study is among the first to relate reach and weighted reach to walking frequency. In the
multivariable analyses, reach and reach weighted by floor area (bruksareal or “BRA”) showed
better model fits than integration and area-based measures of connectivity and density. This
finding is surprising, given the few studies on reach in the literature. However, several other
authors have shown a positive impact of reach on walking to transport stations (Ozbil and Peponis,
2012), walking activity (Ellis et al., 2016) and pedestrian distributions (Pearce et al., 2021; Peponis
et al., 2008). Nevertheless, our results revealed notable differences between the high- and low-
density GKs.

In the high-density GKs, where walking frequencies are significantly higher than in the low-
density GKs, reach weighted by floor area within 9 axial steps and 1000 m were the strongest
predictors yielding similar model fits. An equal model fit was achieved by combining reach
weighted by floor area within 6 axial steps and reach 2000 m.

Metric reach and weighted reach are closely related to composite walkability indices based on
connectivity, density, or pedsheds (Patka and Dovey, 2017; Frank et al., 2010), but we note high
radii (1000 and 2000 m) compared to previous walking studies (e.g., Smith et al., 2017; Villanueva
etal., 2012). In contrast, topological reach measured by axial steps is a fundamental departure from
traditional walkability metrics, capturing spatial accessibility by minimising turns through the
network. A higher topological reach is associated with higher integration (see Equation 4). Highly
integrated streets agglomerate buildings, commercial activities, and workplaces (Hillier, 1996), as
shown by the high correlation between reach and reach, weighted by floor area within 6 axial steps
(r2=0.93). Thus, topological reach captures streets with good spatial accessibility to jobs, retail, and
other economic activities that shape attractive urban walking environments.

Despite their conceptual differences, the different reach measures tend to be highly correlated, and
all capture aspects of network accessibility that matter for walking. While weighting reach by floor
area improved the model fits, reach without weighting by land use may serve as a proxy when
detailed floor area data are absent. While this confirms previous research that connectivity matters,
the relatively high radii (9 axial steps, 1000 - 2000 m) show that the connectivity of pedestrian
networks should not only be evaluated within neighbourhoods but also within the wider urban
network. Similar findings were reported by Lamiquiz and Lépez-Dominguez (2015), who found
integration with 5 axial steps to be a stronger predictor of the decision to walk than 3 steps. Overall,
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the results for the high-density GKs suggest that frequent walking is encouraged by well-connected
networks beyond census area boundaries and proximity to streets with high spatial accessibility.

In the low-density GKs, where walking frequencies are considerably lower than in high-density
GKs, the explicit consideration of accessibility to floor area, retail diversity, and building diversity
explains — in contrast to the high-density GKs — frequent walking better than only network
characteristics. The positive impact of retail diversity on walking can be related to one large
shopping mall concentrating most retail, with shops and other amenities providing a possible
walking destination. Building diversity near home also encourages walking, as just one additional
building type within 500 m increased the odds of walking significantly. In other words, living in a
residential area with low accessible floor area density, low retail diversity, and low building type
diversity discourages frequent walking, likely due to a lack of attractive destinations within
walkable distances.

The different results in the two GK groups relate to the findings by Berghauser Pont and Marcus
(2015), who found that the network itself explains pedestrian behaviour in historically grown city
centres better than in more newly planned neighbourhoods. While this study focused on
pedestrian flows, our results suggest that network configurations also explain walking frequencies
in the high-density GKs more than in the low-density GKs. This may be due to the correlations
between accessibility and land-use intensity in the denser, older parts of the city. Here, land use
patterns could adapt to accessibility advantages or disadvantages over time (Wegener and Fuerst,
2004), with network density proxying the density of attractive walking destinations.

From an urban planning perspective, the results suggest that neither building density nor network
density alone are sufficient to promote walking. Instead, it is the balance between network density
and land-use density (i.e., buildings, population, and functions) that matters. These correlations
are not confined to historic dense city centers. For instance, Schon et al. (2024) found very high
correlations between reach and reach weighted by floor area and population in two small towns in
Norway with high rates of active travel to school. The rates were significantly impacted by network
connectivity and density. While Schon et al.'s (2024) study and the current study are cross-sectional
and do not provide causal conclusions, they underline the importance of the network-land use
balance. Regression analyses between reach and reach weighted by floor area or population could
identify areas with high-density networks that should be prioritised for residential or commercial
development (Wang et al., 2019) or areas with insufficient network density relative to building and
function density.

Limitations

This study has some limitations. First, due to the available data, the analyses had to be based on
travel data aggregated on GKs. Travel data at the address point level would likely improve the
analyses, particularly regarding shorter network radii. Second, we also acknowledge that three
people per grunnkrets are few, but this number was a compromise between representativeness
and retaining an adequate number of GKs. Third, travel data were also self-reported and did not
distinguish between utilitarian and recreational walking, while it is known that the impact of urban
form differs between walking purposes (Saelens and Handy, 2008). Fourth, the study did not
account for residential self-selection, which can confound the association between urban form and
travel behaviour (Cao et al., 2009). Finally, given the available data, we could not account for trip
length, duration, and destination, or for factors such as slope, sidewalk conditions, and winter
maintenance, all of which have been shown to influence pedestrian travel (Fossum and Ryeng,
2022; Saelens and Handy, 2008; Vale et al., 2016).



EJTIR 25(1), 2025, pp.107-132 122
Schon, Heinen, Manum
The Associations of Street Network and Urban Form with Walking Frequencies

6 Conclusions

We conclude that the accessibility of pedestrian networks should be evaluated not only on small
scales within neighbourhoods or census areas but also within a wider urban network. Second,
living in a denser area supports more walking but not necessarily because of density per se, but
also because of land uses that have adapted to well-connected networks and good accessibility
over time, a notion supported by the high explanatory power of network reach. Reach is a measure
of connectivity, network density, and accessibility, but it is also a proxy for several factors that
make walking more attractive, such as alternative route options, a variety of shops and amenities
along the way, potentially better-maintained sidewalks, more options to avoid traffic, and overall
accessibility to a variety of destinations.

Network topology, as grasped by topological reach, is also important as more integrated streets
are favourable for commercial activity and workplaces. In contrast, low-density residential areas
discourage frequent walking because of a lack of amenities, services, and retail within walkable
distances. While such areas outside the centre cannot provide the dense networks and access to
jobs found in centre areas, future urban planning should ensure that areas outside the centre have
not only walkable access to retail and grocery but also a variety of building types and functions
combined with dense walking networks that provide easy access to functions and attractions.

Finally, the explanatory power of measures applying metric network distances (i.e., reach weighted
by floor area 1000 m) is encouraging, as they are easier to implement in practice than topological
measures. Nevertheless, network topology also matters because more integrated streets favour the
agglomeration of commercial activities and workplaces. To grasp important aspects of topology,
topological reach was shown to be as suitable as integration, with reach being easier to
communicate and implement in planning.
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Appendix A

Figure A1: Count of participants included in the analysis per GK (map sources: ArcGIS Data Appliance,
2022; GeoNorge, 2024; Schwalb-Willmann, 2022).
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Table Al. Univariate ordinal regression results

High-Density GK (n=1136) Low-Density GK (n=1137)
Reach (1) P Range OR COI AIC Brant Boxtid P Range OR COI AIC Brant Boxtid
3 Axial Steps # [1517) 113 1.10;1.17 3407 0.04 0.01  ** [0.8-49] 149 1.30;1.70 3975 0.04 0.12
500 m #k [64-45] 1.04 1.03;1.06 3434 0.02 0.04  ** [11-24] 1.07 1.03;1.10 3993 0.05 0.31
Reach (2)
6 Axial Steps #[0.6-7.3] 1.33 1.26;142 3385 0.03 093  ** [02-26] 1.91 157,234 3969 0.06 0.04
9 Axial Steps # [15-15] 115 111,119 3390 0.03 017  ** [03-58] 1.28 1.18;1.38 3969 0.06  0.09
1000 m # [37-13] 116 1.11;123 3425 0.01 0.64  ** [03-84] 1.25 1.16;1.35 3973 0.03  0.19
2000 m #k [1544] 1.06 1.04;1.07 3402 0.03 0.07  ** [0.6-15] 1.09 1.06;1.12 3977 0.05 0.4
Reach Residents (2)
500 m * [3548] 1.04 1.03;1.06 3423 0.0 015  ** [0.1-13] 113 1.09;1.17 3968 0.11  0.04
1000 m # o [21-126] 1.01 1.10;1.02 3424 0.01 055  ** [04-51] 1.03 1.02;1.04 3958 0.11  0.14
Reach Employees (2)
500 m # 0 [01-126] 1.02 1.01;1.02 3439 0.02 0.00  ** [0.0-7.3] 1.20 1.1;1.30 3990 0.05 0.00
1000 m #% [29-253] 1.01 191;1.01 3394 0.00 0.0  ** [0.0-1.8] 1.04 1.02;1.06 3987 0.05 0.00
Reach BRA (3)
3 Axial Steps #+ [01-12] 1.17 1.13;121 3397 0.05 0.00  ** [0.0-2.6] 2.05 1.61;2.60 3972 0.01 0.00
6 Axial Steps #+ [05-35] 1.05 1.04;1.06 3372 0.02 025  ** [02-7.6] 1.22 1.151.30 3968 0.04 0.00
9 Axial Steps #*  [16-58] 1.03 1.03;1.04 3369 0.03 017  ** [0.2-15] 1.10 1.07;1.13 3967 0.08 0.03
500 m #%[0.3-6.6] 147 1.33;1.62 3405 0.01 0.00  ** [0.0-1.0] 6.34 3.84;104 3956 0.05 0.02
1000 m o [1.6-16] 116 1.12;1.19 3371 0.00 0.03  ** [01-4.0] 1.59 1.42;1.79 3942 0.04 0.30
2000 m #% [10-47] 1.05 1.04;1.06 3380 0.02 097  ** [03-15] 1.10 1.07;1.14 3966 0.05 0.32
Reach Retail Diversity
1000 m w5 [00-71] 132 1.23;142 3412 0.03 006  ** [0.0-6.1] 1.35 1.23;148 3965 0.02  0.00
Reach Build. Diversity
500 m woe[10-31] 1.76 131,236 3458 0.14 0.00 ns. [1.0-22] 1.24 0.73;212 4008 0.00 0.31
1000 m oo [10-2.8] 215 157,294 3448 017 000 ns. [1.0-21] 093 053;1.61 4009 0.00 0.45
Integration
3 Axial Steps w4 [11-31] 279 218;357 3403 0.06 095  *** [0.8-2.0] 3.59 2.35;5470 3973 0.14 0.85
6 Axial Steps w%0.9-2.0] 637 4.16;9.74 3397 0.07 045  *** [07-14] 7.76 4.14;14.6 3970 014 0.71
9 Axial Steps #0815 1641 8.88;30.4 3390 0.04 011  ** [05-12] 143 6.51;31.4 3973 0.04 0.77
Area-based
Segments/GK (2) w0 [1519] 1.08 105113 3454 009 015 * [0.1-8.7] 1.09 1.02;1.17 4003 0.03  0.00
Residents/GK (2) #[31-227] 1.01 1.01;,1.01 3416 002 018  ** [43-37] 1.04 1.03;1.05 3975 0.29  0.04
BRA/GK (3) w5 [10-20] 112 1.09;1.05 3412 010 014  *=* [0.0-53] 130 1.19;141 3972 0.04 0.05
Proximity to (2)
Grocery Shop #k o [12-14] 120 115,125 3398 018 014  ** [23-76] 1.04 1.03;1.06 3978 0.05 0.00
Public Transport wk o [04-27] 122 1.11;135 3456 0.82 0.00  ** [1.3-12] 111 1.03;1.19 4002 0.18 0.02
Leisure Areas ok

[

[

[04.63] 1.37 1.25150 3427 028 012  ** [04-63] 1.07 1.03;1.11 3997 0.07 0.72

Ce{“erz,ones **%  10.0-34] 1.07 1.05;1.09 3425 0.75 0.00  *** [2.1-150] 1.01 1.01;1.02 3982 0.28  0.00

University **%  [12-15] 1.07 1.03;1.10 3460 056 0.07  *** [2.2-109] 1.02 1.01;1.02 3991 0.08 0.02
[

Schools and kinderg. w1198 121 1.13;130 3446 000 054  ** [1.937] 1.07 1.04;1.09 3977 0.00 0.53
Control Variables

Age ®  cat. 0.89 0.83;096 3463 0.06 0.3 ns. cat. 1.02 0.95;1.10 4009 0.12  0.06
Car Owners = [0-1] 056 045,069 3445 0.02 na.  ** [0-1] 050 0.36;0.68 3990 0.14 na.
Gender (4) ns. [01] 115 093;143 3471 045 na.  ** [01] 121 099,149 4005 013 na.
Income wE gt 091 0.87;095 3454 0.01 040  ** cat. 0.92 0.88;0.97 3998 0.73 0.03
Season ns. [1-3] 090 0.77;1.05 3471 0.60 na. ns. [1-3]  1.08 0.93;124 4007 0.00 na.

*** = p <0.001; ** = p <0.05; n.s. = not significant at p < 0.1; n.a. = not applicable; cat = categorised.

Shown are odds ratios (OR), 95% confidence intervals (COI), Akaike Information Criterion (AIC) and the results of Brant and
Boxtid tests. The lowest AIC values (best model fit) within +3 are marked in bold font; Range = [max - min]. Build. = building;
/GK = per grunnkrets area [km?]; kinderg. = kindergartens; (1) to (4) indicate the units or coding applied: (1) per 10 segments or
axial lines | (2) per 100 segments, axial lines, residents, or employees | (3) per 105 m?2 | (4) male = 0, female =1.
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Table A2. Results of best subset analyses (proportional odds ordinal regression, not tested for

linearity).

High Density GK

Model 1 Model 2

n=0 n=1 n=2 n=3 n=4 n=1 n=2 n=3 n=4
Reach BRA R9 . . . PLAv 1.03***  1.03***  1.03***
Reach BRA 1000 m . PLAv PLAv PLAv PLAv . . .
Prox. Grocery . . 1.05 1.06* 1.06* 1.07* 1.08** 1.07*¢
Reach 500 m . . 0.99 0.98
Reach 2000 m 1.01 1.02 .
Prox. Centre Zone . 1.01
Segments/GK . . . 1.00 . .
Age 1.00 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Car Ownership 0.62***  0.86 0.88 0.86 0.87 0.83 0.86 0.86 0.87
Gender 1.10 1.13 1.12 1.12 1.13 1.15 1.14 1.14 1.15
Income PLAv PLAv PLAv PLAv PLAv PLAv PLAv PLAv PLAv
AIC 3436 3353 3352 3351 3351 3353 3351 3351 3351
Low Density GK

n=0 n=1 n=2 n=3 n=4 n=5

Reach BRA 1000 m . PLAV***  137**  1.36*** PLAv PLAv
Retail Div. 100 m PLAv PLAv PLAv PLAv
Building Div. 500m 1.79* 2.12*% 2.04*
Prox. School/Kinderg. PLAv PLAv.
Prox. Uni . . . . . 0.99
Age 1.10* 1.10* 1.10* 1.11* 1.11* 1.11**
Car Ownership 0.50%**  0.58** 0.57**  0.57***  (0.58***  (0.57***
Gender 1.12 1.14 1.15 1.15 1.15 1.16
Income 0.92** 0.93** 0.93** 0.93** 0.93** 0.93**
AIC 3981 3923 3910 3908 3907 3906

** p> 0.05; **p > 0.01; *** p < 0.001. Bold font indicates the model used in the analyses.
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Table A3. High-density GKs, Models 3 and 4.

High-Density GK (n =1136)

Model 3 OR COI P Wald  Model 4 OR COI P Wald
Reach BRA s6 (2) 1.03 1.01;1.05 <0.001 0.48 Reach s9 (1) PLAv PLAv PLAv 0.002
Reach 2000 m (1) 1.02 1.00,1.04 0.017 0.07 3-4x/w | 5x+/w 091 0.80;1.03 014 n.a.
Prox. Grocery (1) 1.07 1.01;1.13 0.014 0.14 1-2x/w | 3-4x/w 1.06 0.87;1.03 022 na.
Age 099  091;1.08 087 055 1-3x/m | 1-2x/w 1.04 097,113 027 na
Car Ownership  0.86 0.67;1.11 025 0.5 rarely | 1-3x/m  1.07 1.01;143 0.008 n.a.
Gender (3) 113 091;141 026 064 Never | rarely ~ 1.09  1.02;1.16 0.006 n.a.
Income PLAv PLAv PLAv 0.01 Reach2000m (1)  PLAv PLAv PLAv 0.02

3-4x/w | 5x+/w  1.07 1.02;1.12 0011 na.
1-2x/w | 3-4x/w  1.07 1.03;1.11 0.000 g
13x/m | 1-2x/w 1.04  1.01;1.08 0010 55
rarely | 1-3x/m  1.02  099;1.05 014 na
Never | rarely 1.00 098;1.03 085 na.

Prox. Grocery (1) PLAv PLAv PLAvV (.24
Age 1.00  091;1.09 095 067
Car Ownership PLAv PLAv PLAV 001
Gender (3) 114 091,141 025 063
Income 095  090;1.00 0043 (07
AIC: 3350; McFadden Pseudo R2=0.041; AIC: 3355; McFadden Pseudo R2 = 0.044; Max.
Max VIF =2.24 VIF =3.43

Shown are odds ratios (OR), 95% confidence intervals (COI), significance levels (p), Akaike Information Criterion
(AIC), McFadden Pseudo-R?, result of the Wald proportional lines test, and maximum VIF. P-values in bold font
indicate significance at p < 0.05. Acc. = accessible; Prox. = proximity to the closest; PLAv = violation of parallel lines
assumption; n.a. = not applicable; (1) to (3) indicate the units or coding applied: (1) per 100 segments, axial lines,
meters, residents, or employees | (2) per 105 m2 | (3) male = 0, female =1.



