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Abstract. The ongoing shift from auto-oriented urban planning policies has led
to a growing interest in the creation and management of public spaces in cities.
Public spaces can act as an attraction for a city and have been proven useful for
urban revitalization. However, it is not uncommon for many of those spaces to stay
underutilized. The aim of this paper is to create a walkability utility index for every
road segment that, when correlated with the population density of each area, is
used to define the overall accessibility of public space on foot. This culminates into
a set of novel equipotential mapping samples applied to a set of urban segments of
Greek cities. The results of this paper lead to a different way of evaluating existing
city plans, offer a useful tool to authorities in implementing urban regeneration
works aimed at improving citizen well-being and, a keyway of evaluating new
public space development projects.
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1 Introduction

Nowadays, more than 50% of the global population is concentrated in urban areas [1—
4] and it is estimated that in the next 30 years, it will exceed 65% [4]. Following this
phenomenon, many transport challenges have arisen, such as traffic congestion and
greenhouse gas emissions [5—7]. For this reason, many international organisations (e.g.,
the UN, EU) have drawn attention to those problems and created a common agenda for
2030. More precisely, the UN [8] states at goal 11.2 that “by 2030, provide access to
safe, affordable, accessible, and sustainable transport systems for all...”. Thus, urban
planning is shifting from auto-oriented strategies to more sustainable solutions [6, 9,
10], such as walking [5].

The concept of walkability has emerged from various subjects, such as health, trans-
port, and urban planning, over the years [11]. Walking is often preferred as a substitute
for any means of transportation for short trips, and usually, it is combined with other
means of transport, especially public transport. Additionally, it is almost impossible to
complete any trip that does not include walking [10, 12] since it is the most inexpensive
mean for everyone [13]. Also, walking has been linked to climate change [7]. Therefore
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it is considered a core element of the sustainable cities [9, 14], as it is a well-known
sustainable conveyance [5] and many governmental policies globally are promoting and
encouraging walking since it has many health, environmental and social benefits [5-7,
10, 15].

Although many studies and theories have been developed around walkability from
different perspectives, only a few researchers have linked walkability with public open
spaces (POS). Hence, walkability is a current research topic with a research gap regard-
ing walking access to open spaces. Moreover, the EU promotes sustainable modes of
transport, like walking and cycling, and particular areas of the cities may require more
drastic measures than others to adapt to that. For all those reasons, the primary aim of this
paper is to correlate the population density of each area to define the overall walkability
of public spaces through a walkability utility index for every road segment. Moreover,
the paper’s research questions are 1) the indication of which areas of the cities are less
walkable, and 2) which POS are more walkable and what population density they cover.

2 Literature Review

The concept of accessibility has been examined over the decades, mainly through the
prism of transportation planning, urban planning, geography, and policymaking [16—18].
Given its importance to various research fields and its extensive use, too many concep-
tual approaches in the literature make the notion quite vague and incohesive [19]. For
instance, the term “accessibility” is often a substitute term for “mobility” and vice versa,
with no particular effort at distinguishing between them [20]. According to Gould [21],
accessibility is an essential notion through which development is measured, however, it
is inadequate. Also, he describes the notion as “slippery” [28] because everyone uses
that term until they face the difficulty of defining it and eventually attempt to measure
it. Besides, the word “accessibility” signifies the proximity between two points [22],
although addressing this idea of accessibility seems easy, it is quite difficult and chal-
lenging to implement it in practice [20]. However, accessibility usually refers “to the
effort, means, or modes with which a destination can be reached” [24] and provides the
necessary context between the associations of land uses and mobility.

Thus, the measures of accessibility vary but can be categorised into three groups. The
first one is location-based (or zonal-level) [ 18, 23] accessibility measures that can be used
from the viewpoint of the origin or the destination [23] and define the space dispersal
of activities [18]. For example, the location of a business may express the potential
number of its customers. That measure is mainly used by urban planners in Europe and is
subdivided into cumulative opportunity measures, and potential accessibility measures
[23]. Another measure that examines the economic viewpoint of accessibility is the
utility-based measures. The centre of those measures is to analyse the benefits people
gain from their level of access to specific land uses or activities [18, 23], and the most
famous measure is that of log sum, which descends from the multinomial logit model
[23]. Finally, the person-based measures explore accessibility at an individual level [23]
that study how accessible activities are for someone to join within a particular time [18].
For instance, the specific number of activities that a person can attend at a particular
time [23].
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As it has already been stated, the notion of accessibility is quite vague [19], and it
has been examined mainly through the prism of vehicles (e.g., public transport, cars)
since, for many years, automobile-oriented policies had been applied. Nevertheless, more
urban-friendly and environmentally-friendly alternatives have emerged, leading to the
theory of “walkable cities”. According to that theory, cities are designed accordingly to
enhance pedestrian movements [9], such as walking and cycling, which are core elements
of sustainable cities [9, 14]. Similarly to accessibility, there are many definitions for
walkability in the literature, especially in urban planning. In the urban agenda, walking is
generally described as a “short distance moving from one point to the other” [5]. Another
approach to walkability defines it as “the extent to which the built environment is friendly
to the presence of people walking, living, shopping, visiting, enjoying or spending time
in the area” [5]. Depending on the statement before, the proposed decided definition of
walkability in the literature has been all the “characteristics of the built environment and
land use that may or may not be conducive to residents in the area walking for either
leisure, exercise or recreation, to access services or to travel to work” [14, 24, 25]. In
general, the notion of making walkable communities is that people should become more
active, in terms of walking, in the urban environment that lives in [25] but also create
“diverse, resilient, sustainable, friendlier and greener” environments with healthier and
happier people [26].

This research aims to provide a method to evaluate the walkability of POS and as
extend the road network inside an urban area. Therefore, Patras’ POS will be examined
using a utility measure consisting of four components: population density, road network
(road type), pavement width and greenness along the road. That measure will highlight
the service walking area in addition to the most walkable POS of Patras.

3 Methodology

3.1 Study Area

Patras is the biggest city in Peloponnese and the third biggest city in Greece. The pop-
ulation of the urban area of Patras was more than 167,000 people in 2011, according to
ELSTAT. The study was conducted in the city centre of Patras and the areas around it,
which covers 3.89 km? and houses approximately 50,000 residents. Patras was selected
as an example of the methodology due to its high variance of combinations for the values
of coefficients used, combining many different conditions in a small area and having
enough POS distributed inside the urban fabric.

3.2 Data Collection and Preprocessing

Three components have been considered to measure the walkability of the POS of the
city centre of Patras. Knapskog [27] have listed almost every attribute that affects walk-
ability and has been examined in the literature (see Appendix). He summed up all the
relevant attributes to the content of walkability and grouped them into three categories
infrastructure and traffic, urbanity, and surroundings and activities. However, only three
of them will be used in this paper as they can easily be obtained and applied to other
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study areas as well. Therefore, the main hypothesis of the methodology is that three
key factors are increasing the usage of active means of transport and thus influencing
walkability to POS. Those factors are road type, pavement width, and greenness. The
methodological process conducted in Python and QGIS was articulated in three stages:
data collection and preparation, model selection and model calibration.

Initially, for the data collection, the locations of the most important POS were manu-
ally collected into a vector layer as points using satellite images. Next, the road network
geometries were extracted using the OpenStreetMap (OSM) API [28]. The road net-
work from OSM is already classified based on the road types, so only the information
regarding the pavement width was added to the network, which was allocated manually
with the help of high-quality satellite imagery and walking autopsies around the area
of study. Lastly, the component of greenness was extracted from a satellite image that
was downloaded. At the same time, the population density data that was retrieved from
ELSTAT is required to estimate the number of people that access on foot every POS

(Fig. 1).
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Fig. 1. Flow chart of the data needed and the pre-processing steps to calculate the walkability
index

Next, all data were manipulated to calculate the walkability index. First, the POS
were connected to the road network as, previously, public spaces were saved as a point
vector layer. Thus, those points were connected to selected parts of the network manually
and assigned a weight of O for the network analysis algorithm. When conducting the
network analysis for an open public space, the connectors of that space are added to the
graph and removed right after, to avoid being used in the analysis of other spaces since
they are only virtual connectors and not an actual part of the network. Afterwards, the
road network was cleaned using the GRASS GIS cleaning function to remove pseudo-
nodes and cut the network at all the intersections so it can correctly be converted into a
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graph. Then, Normalised Difference Vegetation Index (NDVI) which is the most applied
method used to calculate greenness was computed as a metric of attractiveness for the
road network. The data that was used was from Sentinel-2B for the tile T34SEH and
the data take sensing time was on 29/3/2022. Sentinel-2 was chosen for this calculation
because its products are in higher resolution (10m—20m-60m) and can compute more
accurate results regarding greenness along the road. The computation for greenness was
conducted according to the following function [29, 30].

NIR—RED _ 8—4
NIR + RED ~ 8+4

NDVI = (1)

The values of this index range from —1 to 1, and positive values represent greens,
whereas negative values represent clouds, water, and snow. In contrast, values close to 0
represent empty areas, rocks, and bare soil. Essentially, NDVI calculates the given state
of the plants’ health based on how the plant reflects the light at the frequency of NIR and
red. Afterwards, the NDVI raster image was clipped according to a 15m buffer along
with the road network. Finally, after all that, the network was split with a maximum
distance set to 25 m to increase the fidelity of the vector output. The roads were further
separated at their middle point so the middle node could be used as a representative node
for each road segment.

To calculate the number of people with good walking access to POS, the population
density had to be further divided on every block side. Considering a constant population
density amongst the area of each population block, the density factor of each block
can then be multiplied by the area of the block attributed to each point to calculate the
population of the point. It is noted that a point can receive populations from multiple
population blocks, which are summed together to calculate the final population of that
point. Equation (2) represents how population density was assigned to each side of the
blocks.

n
A=) Uj*P 2)
j=0

where:
A; is the amount of people to which node i is accessible.
P;j is the population connecting to node j.

3.3 Methods

The basic idea for the utility model derives from the negative exponential curve as a
measure of utility. The model was chosen after the visualisation of real-world data for
recreational walking showed great similarity to the form of the equation. According to
the model, the further a person travels, the more their perceived discomfort increases,
and the utility of the transport decreases. Thus, this discomfort increases depending on
the distance the person travels and the conditions of the path the person travels along.
The model does not consider the attractiveness of the destinations (i.e., POS) since its
goal is not to predict the number of people a POS attracts but rather to use the road
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network characteristics to locate parts of the study area that lack access to open public
spaces as well as to evaluate how many people it is accessible based on a comfort or
discomfort approach.

For the evaluation of the spots that are least accessible to open spaces, a network anal-
ysis was executed using the NetworkX Python library [37] to create the graph for the anal-
ysis. The network analysis is conducted using the NetworkX Dijkstra [31] implemented
algorithm, with the weight of each segment calculated using the following equation.

Vij = lij % (grn + pvm + rcl) 3)

where

V_ij is the discomfort a person feels if they were to travel from node i to node j.
1_ij 1is the shortest distance thought the network from node i to node j.

grn  is the greenness factor from node i to node j.

pvim is the pavement factor from node i to node j.

rcl  is the road type factor from node i to node j.

The utility index from a node i to node a is equal to the negative exponential of the
sum of the edge weights leading to the node a:

_luyvEa oy
Uy = e 1=+ Vi (4)
where:

Ui, is the utility of travel from node i to node a.
u  1is a constant which needs calibration from real data depending on the mode of
transfer.

A cut-off of a total weight equal to 3500 is passed into the Dijkstra function to reduce
the computational time. For higher values of discomfort, the utility practically equals O
and has no impact on the output. Therefore, the number of individuals to which public
space is accessible by active means can be calculated by the sum of the product of each
node’s utility to that space with the population connected to that node for their transports
(Eq. 3). The network nodes are used to create Voronoi polygons to cut the population
blocks and distribute the area of the blocks to the nodes around them.

3.4 Model Calibration

The data used for this model were not collected particularly for this study, from residents
of Patras, due to the COVID-19 pandemic. Instead, the selected model was fitted based
on real-world data from the 2017 National Household Travel Survey (NHTS) that was
conducted by the Federal Highway Administration of the U.S. Department of Trans-
portation [32]. The method takes inspiration from the similar fitting performed by Yang
with the 2009 NHTS data [33]. This study uses the day trip database from which the
entries that refer to walking for recreation are extracted.
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After removing the outliers (distances greater than 10 km and trips greater more than
3 h) 16.639 available trips were used as an input for the fitting. The utility function was
fitted based on the cumulative frequency of the walking trip distance. Thus, the fitting
metric used was the least-squares function and the final fitting value for the constant of
the utility equation was computed equal to 917.97 with an R? value of 0.99 (Fig. 2).
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Fig. 2. The fitted utility function and the real distance decay curve

With the visualization of the predicted values over the real data, it is evident that
the selected model produces a very accurate estimation of the utility of walkability. The
closeness of the two curves indicates that the negative exponential function’s selection
best describes the walkers’ behaviour.

There are a lot of previous studies that attempt to comprehend the factors that affect
walking. According to Knapskog [27], infrastructure and traffic, urbanity, surroundings,
and activities influence walking either positively or negatively. Infrastructure and traffic
refer to the safety of pavements for pedestrians, while urbanity indicates the level of
efficiency and how pleasant it is to walk, whereas surroundings and activities specify
other attributes like the category and the variety of destinations or activities in a specific
area. Keeping that in mind, the methodology focuses on the walkers’ perception of
comfort/discomfort based on the characteristics of the path they travel along. Although
there is insufficient data to accurately quantify the value of the factors used by the
discomfort equation for walking, in this study, three of the main attributes were suggested
by Knapskog [27]: greenness, pavement width and the road type. Those factors were
selected to measure attractiveness, safety, and comfort. However, there are no specific
references in the literature to what extent those factors influence walking. Therefore, due
to the lack of available data, to quantify those coefficients, the following assumptions
need to be made:

— Every coefficient is independent.
— The discomfort function can be shifted, by the coefficients, a maximum of + 30%
— The coefficient values follow linear equations.
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— Pavement width and road type affect all three main factors (attractiveness, safety, and
comfort), thus, we assume that they have a larger impact (£20%) on the discomfort
equation than greenness (£10%) which only affects attractiveness and comfort.

For the needs of this paper, the following equations are assumed for each coefficient:
grm; = min(max(0.90, 0.90 + NDVIj), 1.1 (®)]

where:

grn; is the greenness coefficient of edge j.
NDVI; is the NDVI of edge j

pvm; = maX(O.S + 0.1 % widthj), 1.2 (6)

where:

pvm;  is the pavement width coefficient of edge j.
width; is the width of the pavement of edge

rely = max(0.80 + typej), 1.2 (7

where:

rcl; is the road class coefficient of edge j.

type; is a number corresponding to the road type of edge j (0 for primary, 1 for
secondary, 2 for tertiary, 3 for local street and 4 for pedestrian streets).

4 Results

Figures 3 and 4 summarize the computed results. The outcome was produced by conduct-
ing the network analysis of every POS combining the results and keeping the maximum
utility value for every segment as a measurement of the utility index. To be more specific,
Fig. 4 represents the methodology flow that led to the computation of the final walka-
bility index. The process indicates the POS most accessible by walking to the nearby
population. Overall, regarding the network analysis, the results reveal that the study area
has a good (>0.6) spatial coverage of walkability to open public spaces. However, a
few regions can be identified where the accessibility is rated as mediocre (0.4—0.6). The
average accessibility on every spot of the road network is 0.72 (sufficiently good), with
a first-quarter value of 0.62.

The southern part of the map close to the network’s borders has the lowest accessi-
bility values. This is mainly caused because the network analysis does not consider the
continuous urban fabric of Patras, and the borders of the study area do not correlate with
the city’s borders.
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Fig. 3. Methodology flow to compute the accessibility index

Regarding the POS, Fig. 3 illustrates the number of people that can access the POS
of the study area. Those facilities are categorised into six groups, and from that map, it
is evident that only three spaces are accessible to more than 11000 people.

Finally, the most accessible POS in the study area base on population are shown in
Fig. 4. Four out of five POS can be reached on foot by more than 10000 people each,
while the fifth is accessible by more than 9800 people. Moreover, it was calculated that
POS are accessible to around 71% of the population (35273 of 49761 people) by walking
inside the study area. While the mean accessibility utility was estimated to be close to
73%. The population coverage is slightly less since the population density happens to
be higher in regions with low accessibility.

5 Discussion

This paper aimed to develop a walkability utility index to examine how accessible are
POS on foot and how many people can reach them. The methodology can be a valuable
tool for evaluating the problematic areas and the spaces that affect the most people.
Hence the method should also be suitable for planning and government practitioners as a
macroscopic evaluation of infrastructure conditions. Also, this technique can also be used
in measuring the accessibility of other places, for example, the walkability of schools and
public buildings and identify the road segments that are prioritised for redevelopments.
Another advantage of the methodology is that all the data used is accessible and very
common, while the required software is open-sourced. Also, no other similar methods
have developed in the literature that can be compared.
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Fig. 4. Top five public open spaces with the biggest population coverage

Although the stated benefits of the developed methodology above, there are quite a
few limitations that should be considered as suggested improvements for the future. This
paper, due to the limitation of available data, only considers a straightforward metric to
evaluate the attractiveness of each road segment. Thus, this method can only be used as a
macroscopic evaluation of the conditions, and further analysis should be done where it is
deemed necessary to conclude the possible actions for improvement of the infrastructure.

Furthermore, this paper only studies the accessibility from the prism of walkability.
However, this method can also be applied to other modes of transport by manipulating
the constant factor of the negative exponential curve to reflect the user behaviour of
different modes of transportation. Also, the factors of the discomfort function may need
to change depending on that mode’s particularities. Lastly, it must be noted that the graph
created for the network analysis of walkers is non-directional; however, when studying
other means of transport, the analysis might need to be conducted on a directional graph.

It is worth mentioning that this research did not consider the slope of the road
segments because of a lack of available data and because the studied area is mainly
flat, however, in future work, a slope factor should be included in the equation. Another
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suggestion for further research can be to modify the equation to combine the accessibility
of public places into a new index that can be utilised to compare the accessibility of
multiple urban areas.

Finally, the areas close to the network’s borders have the lowest accessibility values.
This is caused because the POS outside the study area cannot be included in the model
because otherwise, they will affect the outcome of the utility score. A buffer around it
should also be added and studied to get more accurate results in those areas. The outcome
close to the border areas should be ignored in cases where the urban fabric continues
beyond the border of the analysis. In cases where the urban fabric does stop at the border
(like in the western border, where the urban fabric meets the sea), the values around it
correctly represent the actual utility value.

6 Conclusion and Further Study

This paper has created a new walkability measure that ranks POS according to the road
network. The suggested methodology examines every road segment that, when correlated
with the population density of each area, is used to define the overall accessibility of
public spaces on foot. Apart from the ranked POS according to the population cover, the
methodology highlights the underutilised facilities, and the road network segments that
need redevelopment. Our focus was to develop an easily applied index with accessible
data and open-sourced software programs so it can be implemented in other cities.
The suggested index is a useful measure to evaluate locations in general. Additionally,
this method can be applied to other modes of transport by manipulating the constant
factor of the negative exponential curve to reflect the user behaviour of different modes
of transportation and the factors of the discomfort function depending on that mode’s
particularities.

Although the great potential of the index, some limitations may be considered for
further study. Firstly, further studies must be conducted to justify the constant factor
of the negative exponential curve to be accurate. Another aspect suggested for further
research is adapting the index to more attributes for walkability. Lastly, after examining
all the above, it would be beneficial to study whether the index can be reformed to
examine the accessibility of locations by other modes, such as bicycles.

Appendix

See Table 1.
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Table 1. Factors and attributes relevant for assessing walkability [27].

Factors Attributes Highly walkable [ Walkable l Somewhat walkable ] Not walkable
Infrastructure and Street or road character Streets Roads
traffic Pedestrian infrastructure Sidewalks No sidewalks

Crossings Defined crossings at same level Barriers and detours for pedestrians
Traffic volumes Low High
Speed levels Low High
Pollution and noise Low High
Traffic safety High Low
Universal design High accessibility Low accessibility

Public transport

Walking routes connected to public

Walking routes not connected to public

connectedness transport stops transport stops
Descriptive conclusion
Urbanity Density High Low
Proximity Short distances Long distances
Connectedness Connected to the city Its own structure
structure
Scale Pedestrian Vehicle-oriented
Ori ion of building; Buildings oriented along the Buildings receded from the street/road
street
Building head-to-head to the Parking in front of buildings
sidewalk
Block sizes Small blocks Long/large blocks
Permeability High Permeability Non-permeable
Pedestrian network Coherent pedestrian network, Infrastructure as barriers for pedestrians
short cuts
Urban structure Grid Cul de sacs
Parking lots Few Many, making barriers
Urban spaces and parks Many Few/none
Green Street trees, parks ete No greenery
Street fumiture Many Few
Descriptive conclusion
Surroundings and Destinati Multiple Few or no one
bl Activities Multiple Few or no one
People walking or staying | Many Few or no one
Facades Active Closed
Mix of functions | High " Tow
Vibrancy High Low
Maintenance High Low
Experienced safety Feels safe Feels non-safe
Wayfinding Easy Not easy

Descriptive conclusion
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