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Using hexagonal grids and network analysis for spatial
accessibility assessment in urban environments — a case
study of public amenities in Torun

Abstract

Spatial accessibility is one of fundamental problems of geography, and
transport geography in particular. It is one of the key factors affecting the
ability to use certain services by the residents of a given area. Therefore,
it is important to develop appropriate methods for the analysis of spatial
accessibility. This paper describes a methodology for analyzing spatial
accessibility in urban areas using a hexagonal grid combined with a
network analysis. The proposed methodology is applied to the city of Torun,
Poland. Spatial distribution of accessibility to selected public amenities is
analyzed and areas of high and low accessibility are identified. Finally, a
prototype of a novel web-based system is proposed to allow citizens and
city officials to perform custom analysis based on individual preferences.
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Introduction

Spatial accessibility is one of the fundamental problems of
geography, and transport geography in particular (Weber 2006). It
determines how easy it is to reach certain places (Burdziej 2016),
thus it is one of the key factors affecting the ability of the citizens
of a given area to use certain services (Kwan & Weber 2008). It
is argued that better accessibility reduces the time spent on
commuting (Osborne 2014), which in turn means lower costs of
living and improved quality of life and the environment (Doi et al.
2008; Lotfi & Koohsari 2009; Nelson 2008; Perkins et al. 2004; Somarriba
& Pena 2008). The importance of spatial accessibility has been
considered by many regional, national and international strategic
studies (Komornicki et al. 2008; Nelson 2008; Rosik 2012; Salonen 2014;
Spiekermann & Neubauer 2002; Vandenbulcke et al. 2009).

Daily commutes are increasing. It has been estimated
that in 2003, car drivers in Belgium wasted 13 million hours
due to congestion, which represented a cost of € 150 million
(Vandenbulcke et al. 2009). Another study from Poland (Pifczyk 2014)
estimated that the average daily commute between home and
work takes 77 minutes, which is equivalent to nearly 300 hours
per year. Moreover, the report from the UK’s Office for National
Statistics reveals that commuters are less satisfied and happy
when compared with those working from home and each extra
minute travelled by commuters makes them less satisfied and
more anxious (Osborne 2014). Longer commutes not only affect
citizens’ well-being, they also have a negative impact on traffic
congestion, the urban environment and the condition of roads.

In this paper, commuting is regarded as general mobility within
urban areas. However, it is worth noting that daily commutes and
other periodically recurring travels have the greatest impact on
urban traffic and the overall quality of life.
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There are many reasons for daily commuting, but some of
the most important are: work (Taylor 1999), school (Guzik 2003a;
Guzik 2003b; Tang et al. 2017), shopping (Farber et al. 2014; Larsen &
Gilliland 2008), healthcare (Balfour & Allen 2014; Fransen et al. 2015;
Guagliardo 2004; Kuhlthau 2011; Luo & Wang 2003; McGrail & Humphreys
2014a; Neutens 2015; Rosero-Bixby 2004; Stepniak 2013; Yiannakoulias
et al. 2013), and entertainment, sport and recreation (Beler 1997;
Billaudeau et al. 2011; Chiesura 2004; Comber et al. 2008). Interestingly
studies have also been carried out on the accessibility of the
public transport system, such as bus stops and metro stations
(Kraft 2016; Zhu & Liu 2004). The spatial accessibility to all these
locations (called in this paper ‘Points of Interest, ‘POIls’ or
‘Destinations’) impacts our daily travel times. When moving to
a new location (i.e. relocating), the accessibility to all desired
POls must be evaluated. This requires identifying specific POls
in the neighbourhood, measuring travel time from the potential
new location to these facilities and undertaking a complex multi-
criteria decision-making process. This is troublesome even
for one location, not to mention comparing several different
locations. However, as other studies show (Burdziej 2009), in some
cases even a slightly different location may have significantly
different accessibility, resulting in high impact on our daily lives.
Thus, there is a great need for decision support tools that can
help citizens assess potential locations. Although there might
be different motivations for relocation (Lopez & Greenlee 2016) and
many factors that influence decisions regarding where to buy
or rent a property, it is spatial accessibility to selected urban
services which often plays a key role.

Furthermore, for local decision makers and city planners, it
is important to evaluate the distribution of existing and planned
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Figure 1. Study area — city of Torun (source: own elaboration)

facilities (such as health centres and preschools) with respect
to the distribution of the population. These analyses should
help them ensure an equal level of spatial accessibility to
different amenities and services for all citizens, which eventually
contributes to the sustainable development of the city.

Measuring accessibility has a long history (Galton 1881; Penck
1887). However, the complexity of this topic has constantly raised
new challenges related to spatial scales, temporal dynamics and
accessibility measures (Hodge 1997). In fact, many recent scientific
studies have focused on developing new methods and measures
of accessibility (Bielecka & Filipczak 2010; Burdziej 2016; Fransen et al.
2015; McGrail & Humphreys 2014b; Wang et al. 2014; Weber 2006; Zhu, Liu,
& M. C. Yeow 2006).

This paper presents a methodology for analysing spatial
accessibility in an urban environment using network analysis and
a grid of hexagonal sampling fields. The proposed methodology
is applied to the city of Torun, located in central Poland (Fig. 1).
The city has an area of 115 square kilometres and approximately
200,000 inhabitants. The spatial distribution of accessibility was
analysed and areas of high and low accessibility were identified.
Finally, a prototype of a novel web-based system is proposed
to allow citizens, city planners and decision makers to perform
custom analyses based on custom parameters and individual
preferences.

Methods
Preparing sampling grid

The proposed methodology for the analysis of spatial
accessibility to public amenities in Torun is based on network
analysis used to find the shortest routes between a grid of Origins
distributed evenly within the city area and selected Destinations
representing different public amenities.

The analysis was conducted in a hexagonal grid of sampling
fields, which covers the whole city area. Each sampling field is a
hexagon with an area of approximately 2.6 hectares and a side
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length of 100 m. The whole grid consists of 4,693 sampling fields.
The centre of each hexagon is an Origin and a starting point for
calculating the shortest routes to all Points of Interests (Destinations).

The hexagonal sampling grid allows better distribution of
sampling points (centroids of each hexagon) with approximately
30% fewer grid cells compared to a similar grid of squares (Fig.
2). The hexagonal shape also ensures that the distance from the
centre to the edges is more equal than in the case of squares.
This type of grid has proved to be more suitable in various types
of research (Birch et al. 2007; Carr et al. 1992; Levine & Feinholz 2015). It
has also been used in the context of spatial accessibility analysis
(Cabrera-Barona et al. 2016; Zhu, Liu, & M. C Yeow 2006; Zhu, Liu, & M. C.
Yeow 2006; Zhu & Liu 2004).

Building a POI database
The next step was to define a list of categories of the public
amenities for which spatial accessibility would be analysed.
Public amenities fulfilling the following criteria were selected and
grouped into 16 distinct categories:
1. they play an important role in daily commuting for a large
number of citizens,
2. they are essential in terms of quality of life and fulfilling
some citizens’ key needs,
3. they are publicly available.

It was important to ensure that all objects within each
category provided a similar set of services and values for all
citizens. Based on this requirement, it was possible to include
preschools or primary schools (each unit provides comparable
services), whereas vocational schools had to be excluded from
the analysis, since they might provide a significantly different
profile of education. The same criterion allowed the inclusion of
Primary Health Care Centres (POZ), and enforced the exclusion
of hospitals and private medical practices, since dental services
cannot be treated equally to orthopeadic surgery clinics, etc.
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Figure 2. Comparison of the spatial efficiency of hexagonal (A) vs. square grids (B) (source: own elaboration)

The research was limited to amenities located within the
administrative boundaries. However, it would be interesting
to include the facilities located in suburban areas, which can
often provide services for peripheral urban areas as well.
Such as analysis might contribute to a better understanding of
the relationship between the city and its suburbs (Hotowiecka &
Szymanska 2008).

Forest areas and urban green spaces were modelled as
points spaced evenly along their boundaries at a distance of 100
m. Each such point was regarded as a destination point, as most
of the green areas in Torun are not fenced and can be accessed
from all sides.

Finally, a POI database comprising a total of 1,990 public
amenities was created. They were grouped into 16 categories:
preschools, elementary schools, middle schools, high schools,
clinics, sports fields and sports halls, swimming pools, tennis
courts, local shops and supermarkets, shopping centres, cinemas
and theatres, museums, churches, public transport stops, green
areas and the city centre (represented by a single point located
in the traditional city centre).

Building a road network model

Network analysis requires a detailed road network model that
can be used for automated routing. In the proposed methodology,
an open source dataset from the Open Street Map project was
used. Initially, the raw OSM data was downloaded using the
Overpass APl online service. The data was acquired in OSM XML
format, consisting of nodes, ways and relations (OpenStreetMap
Wiki | OSM XML 2015). These elements can be used to model
the whole road network, including turn restrictions, speed limits,
street direction, etc.

Next, the OSM data was transformed into a Network
Dataset using a free ArcGIS plugin called ArcGIS Editor for
OpenStreetMap (Zimmermann 2010). Further steps included data
validation and error correction. All the identified errors in the
OSM dataset, such as road segment disconnectivity, incorrect
road direction, and so on, had to be corrected manually in order
to ensure that spatial accessibility could be calculated for all
sampling fields. One of the major advantages of OSM data over
commercial data sources and services (such as Google Maps) is
that OSM data can easily be corrected by anyone. There is also
a vibrant online community of OSM volunteers who assess all the
changes and ensure that the database is error-free.

The validation of the road network model developed using
Network Analyst (ARCGIS) was conducted by comparing its
results with three other routing services: Google Maps (GMAPS),
Bing (BING) and Open Source Routing Machine (OSRM).
Twelve test routes were established and routing times, as well as
calculated route geometries, were compared (Fig. 3).

Calculating accessibility using Model Builder

For all the hexagon centroids (Origins), the shortest route
to each POI (Destination) was calculated using a Python-based
model developed in the ArcGIS Model Builder environment (Fig.
4). Additionally, the distances between the Origin and Destination
points and their closest network segments were measured and
added to each shortest route. This was especially important
for Origins, as some of them (e.g. those within the urban forest
areas) were located up to 860 m from the nearest public road.

The majority of routing services project Origin and Destination
coordinates onto their nearest road segments, and routing
algorithms are only applied to the road network. The distance
between initial locations and their nearest road segments is
usually not counted, although in some cases it may significantly
affect calculated travel times (Fig. 5).

In order to avoid the underestimation of travel times, the
shortest route was adjusted based on the distance from the Origin
and Destination to the nearest road segment. This distance was
converted to travel time assuming an average walking speed of 4
km/h. As a result, the final travel time consisted of:

1. travel time from the Origin to the nearest road network
segment,

2. ftransit time (calculated using ArcGIS Network Analyst,
based on Open Street Map data and assuming car driving
mode);

3. travel time from the Destination to the nearest road network
segment.

The accessibility was calculated as travel time (in minutes)
from each of the 4,693 Origins to all of the 1,990 Destinations.
This resulted in a total of 9,339,070 routes. For each, several
parameters were recorded: route distance, travel time, distances
from the Origin and Destination to the nearest road segment, total
travel time, IDs of Origins and Destinations, and the Destination
category.

Based on the network analysis, the nearest POls in each
category and their respective shortest travel times were recorded
and assigned to each hexagon. Maps and accessibility statistics
were developed for each POI category and the spatial variation
of accessibility was then analysed.

Service (or catchment) areas are fundamental concepts when
analysing spatial accessibility (Fransen et al. 2015; Jia 2016; McGrail &
Humphreys 2014b; Stepniak 2013; Wang et al. 2014). They define how far
each facility can effectively deliver its services (McGrail & Humphreys
2014b). In this paper, the exclusive service areas were delineated
by identifying the ID of the nearest POI from a selected category
(Fig. 9).
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Figure 3. Comparison of sample test routes calculated using various routing services (source: own elaboration)
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Figure 4. Accessibility analysis model (source: own elaboration)
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Figure 5. Distance from Origins to their nearest road segment (source: own elaboration)
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Figure 6. Prototype interface of the proposed web-based SDSS (source: own elaboration)

Web-based spatial decision support system

The final part of this study was to develop a prototype of a
web-based spatial decision support system (SDSS) that allows
users to perform analyses based on custom preferences. The
prototype was developed using modern HTML, JavaScript and
CSS technologies supported by the Leaflet JavaScript mapping
library. A number of additional libraries were also used, such as
leaflet-routing-machine.js (routing), jQuery (interface design),
dataTables.js, chroma.js, and turf.js (creating dynamic colour
ramps and classifiers).

The actual data was stored in a single geoJSON file containing
all the hexagons with their accessibility values. Minimum travel
times to all 16 POI categories were assigned to each hexagon,
along with the ID of each nearest amenity. Additionally, a second
geoJSON file stored the location of all POIs along with their
attributes (such as ID, name and category).

The proposed SDSS consists of two main panels: Settings
panel [1] and Map panel [2] (Fig. 6). The Settings Panel contains
three tabs: Overview notes [1.1], Accessibility Analysis tab [1.2]
and Settings tab [1.3]. The Overview tab contains information
on the methodology used for the spatial accessibility analysis.
The Accessibility tab [1.2] allows users to select different POI
categories and display an interactive map presenting spatial
accessibility (in minutes) to the nearest POI in the selected
category. Additionally, the locations of all the relevant POls are
displayed as point markers.

However, the main advantage of the system is its ability
to perform a multi-criteria analysis. Users can define their
own priorities (weightings from 0 to 10) for each category and
calculate the weighted average accessibility for the whole study
area. The map will be dynamically updated to show the spatial
variation of this new statistic. The user can browse the map,
compare different areas with regard to their spatial accessibility,
change the transparency to see the background map and click on
each hexagon to retrieve the exact travel times to all the selected
categories. Once the hexagon is clicked, the nearest POls from
all the selected categories will also be displayed.

The proposed SDSS supports users with some advanced
cartographic settings: user-defined colour scales, as well
as customizable class ranges for choropleth mapping. This
allows users to define their own thresholds for the acceptable
accessibility times to easily visualize the most suitable areas.

Results and Discussion

The primary results were the travel times (in minutes) to all
public amenities calculated for each hexagon. Further analysis
allowed the identification, for each hexagon, of the nearest public
amenity in each category — that is, the shortest time to the nearest
preschool, school, healthcare facility, and so on.

The results allow a detailed analysis of spatial accessibility
in the area of Torun. Areas with good accessibility to different
amenities, as well as areas with clearly weaker availability, were
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Table 1. Accessibility to public amenities in Torun by POI categories

Average minimum travel time (minutes)
Category POI count Whole city area Residential areas
Max Avg. Rank Max Avg. Rank

Green areas 1156 26.5 2.9 1 8.7 2.2 2
Public transport 493 28.3 4.5 2 11.2 1.6 1
Healthcare 35 29.6 7.1 3 16.0 3.6 6
Supermarkets 69 29.9 7.2 4 14.6 3.3 3
Sports fields 82 29.9 7.2 5 14.8 3.4 4
Preschools 36 32.1 7.4 6 16.4 3.5 5
Primary schools 24 33.1 7.5 7 14.5 3.8 7
Churches 22 29.8 7.9 8 14.9 3.9 8
Secondary schools 21 33.1 8.2 9 14.5 4.4 9
Swimming pools 12 36.0 9.7 10 16.5 5.6 10
Shopping centres 5 37.0 9.9 1" 18.9 6.5 12
High schools 12 37.2 10.0 12 19.8 6.1 1
Museums 12 36.3 10.4 13 20.7 6.6 13
Tennis courts 4 411 10.4 14 19.2 6.9 14
Cinemas and theatres 6 36.4 121 15 20.8 8.8 15
City centre 1 37.0 13.5 16 21.5 9.8 16

(source: own elaboration based on OpenStreetMap data)

identified. Maps of spatial accessibility to each POI category
were created and used to identify regions with lower accessibility.

It was identified that in the case of Torun, where nearly 30%
of the area is occupied by forests (Kunz et al. 2012), the average
accessibility values are greatly affected by these naturally less
accessible areas. For this reason, all aggregated accessibility
statistics (such as the average minimum accessibility to each
POI type) were calculated separately for residential areas only.
For example, the average minimum travel time to the nearest
preschool calculated for the whole city area was 7.4 minutes, and
only 3.5 minutes for residential areas.

The study shows that spatial accessibility to public amenities
in Torun is relatively high. The average travel time to all POls
was 8.5 minutes for the whole city area and only 5 minutes
for residential areas. The most accessible category in Torun is
the green areas, i.e. parks and forests located within the city
boundaries. The average accessibility for the whole city area is
2.9 and 2.2 minutes respectively, which is mainly caused by the
large forest areas located within the city boundaries (Tab. 1). In
residential areas the most accessible are public transport stops
(1.5 min), green areas (2.2 min), supermarkets (3.3 min), sports
facilities (3.4 min) and preschools (3.5 min).

The research also identified the most accessible area, which
is located approximately 2 km north of the traditional city centre
(the old town). Spatial accessibility to the city centre is significantly
lower in the eastern part of the city (on average 16 min).

It was recognised that there is a good opportunity for locating
a cultural and entertainment centre on the eastern edge of the
city centre, which could potentially serve all the eastern districts
that completely lack these kinds of amenities (Fig. 7).

An interesting correlation was observed with respect
to educational facilities: the number of facilities is inversely
proportional, while the tendency to concentrate near the city
centre is directly proportional, to the level of education. In
particular, high schools, which are located near the city centre,

have lower accessibility compared to other schools, although the
level is similar for all high schools. This means that there is high
competition between these schools for students from all over the
city, as none of the schools can attract students by offering them
significantly better accessibility.

The level of accessibility for each category results from
several factors — mainly the spatial accessibility of each individual
POI within this category, as well as the total number of POls
and their spatial distribution. One of the most spatially effective
categories is churches — with a relatively low number of facilities,
they achieve a high level of overall accessibility. This is because
they are evenly distributed and typically located in the centres of
residential areas (Fig. 8). This is an interesting example showing
that even a smaller number of facilities can lead to high overall
accessibility, provided that their spatial distribution is well planned
and corresponds to social demand.

The methodology based on a hexagonal grid developed
for this research proved to be an interesting approach for the
analysis of accessibility. It has several advantages over other
commonly used methods, such as raster-based cost-distance
analysis or isochrone methods.

The proposed methodology incorporates modern road
network data sources and routing algorithms, which can be
applied to custom hexagonal sampling grids. The size of the grid
can be adjusted based on the size of the study area and the
intended spatial resolution of the study.

The proposed methodology does not require interpolating
travel times, which is often the case in other accessibility
analyses — for example, using isochrones. Moreover, it allows
the inclusion of detailed road network constraints, such as turn
restrictions, road connectivity and direction, all of which influence
actual travel patterns and routes.

The outcome of the main accessibility analysis model
(Fig. 4) was an extensive database of 9,339,070 routes described
by route distance, total travel time and IDs of Origins and
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Figure 7. Spatial accessibility to cinemas and theatres (residential areas) (source: own elaboration)
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Figure 8. Spatial accessibility to churches (residential areas) (source: own elaboration)
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Destinations. This database allowed not only the identification
of the shortest travel time to the nearest POI for each hexagon,
but also the delineation of service areas and evaluation of the
number of different services available within a given time.

Ashort travel time to the nearest POI (e.g. preschool) is not the
only accessibility measure that contributes to the attractiveness
of a given area. Often, it is also the choice of different amenities
that might be even more important. For example, one location
may have a slightly shorter time to the nearest preschool than
another location. However, the first location might have only one
preschool within a given travel time (e.g. 10 minutes), while the
second location might offer a choice of several preschools within
just one extra minute. This variety gives parents higher chances
of finding a place for their children in preschool, and offers them
more choices (e.g. to select a preschool with a higher rating).
The proposed methodology allowed the easy calculation of the
number of specific POIs within a defined travel time (Fig. 10).

Similarly, the variety of unique POI categories available within
a given travel time can be retrieved directly from the calculated
accessibility values (Fig. 11). When three ‘central’ categories
were excluded from the analysis (i.e. city centre, cinemas and
theatres, and museums), another potential ‘city centre’ was
clearly identified in the eastern part of the city. This is the largest
residential area, consisting mainly of blocks of flats, and the
main source of commuters travelling on a daily basis to the city
centre for work. Provided that new office buildings (generating
workplaces) and some cultural facilities are located in this part of
the city, the daily traffic could be significantly reduced.

Conclusions

In conclusion, it is clear that accessibility analysis can play
an important role in better understanding and addressing some
of the most important challenges of modern cities, such as traffic

congestion, environmental quality and equal access to goods
and services.

The results of this research show that the proposed
methodology, based on a hexagonal sampling grid combined
with network analysis, can be successfully applied to the spatial
accessibility analysis of urban public amenities. The methodology
has shown several advantages over other methods. It can be
used to calculate various accessibility metrics simultaneously —
for example, the minimum travel time to selected POI categories,
the number of different POI categories, the number of facilities
available within a predefined time, and many others. It can also
be used to analyse service areas and assess the spatial efficiency
of public amenity distribution. It does not involve accessibility
interpolation and takes full advantage of using network-based
routing algorithms and road network datasets (such as Open
Street Map).

Moreover, the accessibility values calculated in a hexagonal
grid can be easily compared with other statistics, such as the
socio-demographic profile of the urban population, the quality
of the environment (e.g. air pollution or noise level), real estate
prices, and so on.

However, it is important that smart geospatial tools are
not reserved for city planners, but are made available to all
citizens, allowing them to take informed decisions. GIS tools can
significantly support spatial decisions taken by both citizens and
municipal authorities, contributing to optimized site location, thus
reducing transport needs and traffic congestion, improving the
quality of the environment and overall quality of life.

Therefore, it is particularly important not only to invent new
methods of measuring accessibility, but also to design new
ways of sharing them with the community for the benefit of all
stakeholders: citizens, local governments and businesses. The
prototype of the web-based spatial decision support system



proposed in this paper is just one example of this effort. Further
research will focus on designing a generic spatial accessibility
urban data model, allowing multi-disciplinary data assessment
and developing a publicly available web-based system, which
can be applied to the spatial accessibility analysis of any city.
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