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Preface 
 

An important part of the MSc Geomatics program at Delft University of Technology is the 

synthesis project. This is a group project that connects all aspects of the first year of 

Geomatics program. The span of the project is nine weeks and takes place at the end of the 

first year. As there were five possible selections for a project subject, this project aims to 

research the effect of the built environment on cyclist route choice. The novelty of this 

research is the establishment of models that describe openness and monotony of the built 

environment, two concepts that have never been related to cyclist travel behavior before.   
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1 
 Introduction 

 

With an increasing awareness of sustainability and climate change under the great majority 

of society worldwide, cycling is a means of transport of increasing relevance (Strauss et al., 

2015). Apart from the environmental issues, the shift towards soft mobility, i.e., pedestrian, 

bicycle transportation, can evidently have a benefit on health (Heinen et al., 2011; Unwin, 

1995). Governments and other organizations all over the globe are taking measures to 

promote the use of bicycles and electric bicycles (Strauss et al., 2015). The Netherlands is a 

leading country when it comes to the ownership and use of bicycles compared to the size of 

the population (Ministry of Transport, Public Works and Water Management, 2009). Since 

The Netherlands covers a relatively small area, with a high density of cities, towns and 

villages, bicycles and e-bicycles have been recognized as an appropriate means of inter-city 

transportation by governments on different scale levels within the country (Ministry of 

Transport, Public Works and Water Management, 2009). 

 

To strengthen this recognition, the Province of Noord-Brabant has established a policy to 

promote and increase the use of bicycles by, among other measures, the development of 

high speed bike lanes (Province of Noord-Brabant, 2009). These high speed bike lanes form 

a connection between the larger cities in Noord-Brabant and should enable fast traveling 

between these cities. In order for the high speed bike lanes to be a stimulant for bicycle use, 

the Province of Noord-Brabant wishes to ensure the potential use these lanes, by taking into 

account factors that affect the cyclist’ route choice.  

 

Over the years many studies have been performed on cyclists’ travel behaviour and the 

factors that influence the route choice, pointing out factors like the length of the route, the 

amount of motorized traffic, the waiting time and the stops (Dill & Gliebe, 2008). In other 

studies, factors related to road facility and infrastructure are found to be more important, like 

the accessibility, turn frequency or road intersections, connectivity and slope (Zhao, P. 2014; 

Handy, S. L., & Xing, Y. 2011; Cervero et al., 2009; Broach et al., 2012) . At the same time it 

is unclear if the form of the surrounding environment has an influence on bicycle route choice 

as there are studies with conflicting conclusions on the topic (Moudon et al., 2005; Handy, S. 

L., & Xing, Y. 2011). Despite the fact that studies give a broad sense on how the road facility 

and design affect the route choice of cyclists, the contradiction on the possible influence of 

the configuration of the built environment needs to be more explored.  

Prompted from that, this research aims to examine how the configuration of the built 

environment affect the cyclists’ route choice. Existing studies support that the perception of 

an environment while moving within it is affected by its geometrical properties (Benedikt 

1979; Batty 2001). Based on this aspect, the geometry of the built environment is 

approached by researching the openness of it. 
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The concept of openness of the built environment has been treated in previous studies 

stemming from various fields. The sky view factor is an approach, linked to the field of street 

climate design, that measures the effects of building geometry on sun radiation in urban 

canyon environments (Oke, 1981). In the field of architecture, Benedikt (1979) introduced the 

isovist model, which defines the extent of visible surfaces from a given point. Fisher-

Gewirtzman & Wagner (2003) analyse the spatial openness concept and introduce the 

spatial openness index (SOI). These different concepts are approaching the term openness 

each one from its own scope. However, the potential influence of openness on cyclist route 

choice behaviour has remained underexposed so far. 

 

Another aspect that will be examined in this research is that of monotony of the built 

environment, which is a feature that can be affected by the configuration of the environment. 

Road environment is considered monotonous when the environment remains unchanged or 

will change in a predictable pattern (Zhao & Rong, 2013). A correlation of the monotony of an 

environment and the movement within it is already evident in previous research (Thiffault & 

Bergeron, 2003; Zhao & Rong, 2013). However, its possible influence on cyclist route choice 

is not recognised yet.  

 

Identifying the influence of the configuration of the built environment on openness and 

monotony and in extent on cyclist travel choices will contribute to the investigation of 

suitability of high speed lanes in the province of Noord-Brabant, as well as to the 

implementation of strategic analysis of cycling facility improvement schemes in the whole 

province. In an attempt to disclose on how the high speed bike lanes can meet the user 

requirements, this research seeks to determine the effect of the openness and monotony of 

the built environment on cyclist route choice in the Province of Noord-Brabant, by answering 

the following research question:  

 

How do openness and monotony of the built environment affect cyclists’ route choice in the 

Province of Noord-Brabant? 

 

The focus of this research will be on the analysis of secondary data provided by the B-

riders,the Province of Noord-Brabant and the Ministry of Infrastructure and Water 

Management, and is a project of Noord-Brabant citizens that commute with bicycles.  The 

GPS-based data were generated by a group of commuters that travel by electric bicycles. 

Through literature study, a theoretical framework on openness and monotony of the built 

environment will be established on which the applied methodology will be based, a 

necessary step for the establishment of the parameters within the models. The final results 

will be obtained through a regression analysis, which allows for a prediction of the influence 

of openness and monotony of the built environment on cyclist travel behaviour.  

 

Section two of this paper provides a theoretical framework that forms the base of this 

research. Section three elaborates on the study area and gives insight on the data that has 

been used and the way they have been processed. The applied methodology is discussed in 

section four, where later the results are presented and discussed in section five. Finally, in 

section six conclusions are drawn and recommendations for further research are made in 

section 7.   
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2 
Theoretical framework 

 

This section provides a theoretical framework for this research, by examining previous 

studies in order to answer a set of subquestions. The subquestions cover diverging aspects 

that lead to an answer on the main research question. Therefore, the aim of this section is to 

clarify the relevance of this research, as well as to make an attempt on providing a 

hypothetical answer to the sub questions and main research question, based on existing 

literature. 

2.1 Importance of openness and monotony of the built 

environment 

 

Openness and monotony are identified as aspects of the built environment whose influence 

on cycling activity is still unexplored. Within this section, the relevance of researching the 

effect of openness and monotony, among other factors, will be discussed by answering the 

following subquestion: 

 

Why are openness and monotony of the built environment important for the province of 

Noord-Brabant, in particular with respect to fast bike lanes? 

 

Former studies have identified a set of characteristics that influence the use of bicycles and 

the choice of bicycle routes. Ipek et al. (2016) found that the travel time and motorized traffic 

volume are the most important factors in bicycle route choices. Other route attributes with a 

high impact include the number of stop signs, traffic lights, cross-streets, speed limits, and 

the existence of continuous bicycle facility on the route. Studies by Akar & Clifton (2009), 

Hopkinson & Wardman (1996), and Winters et al. (2011) concluded that the main factors 

influencing route selection are safety-related factors as for instance the proximity of the 

bicycle-lanes to other means of traffic, separation of bicycle lanes from vehicle roads, risk of 

injuries through collision with cars or how slippery is the route during the presence of rain or 

ice. Qing Shen et al. (2014) also relate traffic volume to safety, in the sense that a large 

number of cyclists or other vehicles may increase the possibilities of accidents. Zimmerman 

et al. (2016) state that traffic volume (this can be cyclists or other means of transport on 

shared roads) has a negative correlation with the choice of a certain bicycle route, which is 

supported by the findings in the other studies. Especially commuters are sensitive to traffic 

volume and the consistency of traffic (Broach et al., 2012), since they are usually driven by a 

tighter time schedule than non-commuters. Also, the amount of air pollution is a factor that 

has been recognized as a major influence on route selection.  
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Nonetheless, factors that are more closely related with the built environment also play an 

important role in cyclist route choice. These factors include safety-related variables such as 

the proximity to a traffic area, presence of bicycle-vehicles shared roads, lighting availability 

during the entire trip, quality pavement of the routes, bicycle facilities and motorcycle 

volumes among others. Traffic lights and cross-intersection, indirectly related with travel time, 

also seem to have an important value for commuters when deciding the preferred route. 

 

Directness and connectivity are also considered as a major influence parameter in the 

Netherlands. As investigated by Balci (2017), commuters in Utrecht prefer to ride along direct 

routes avoiding deviation of a road between the end and the start point of the travel. 

Additionally, the authors state that major roads (more connected roads) affect cyclists route 

choice preferences in a positive way, as well as they conclude that cyclists do not prefer 

motorized vehicles shared roads. 

 

As becomes clear from review of the existing literature, many factors that affect the 

attractiveness of routes for cyclists have been identified. However, both openness and 

monotony of the built environment in relation to cyclist route choice have not been covered 

yet. The aim of this research is to bridge the gap in existing literature, by providing the 

province of Noord-Brabant with predictions on the influence of openness and monotony on 

the experienced attractiveness of routes by cyclists.  

2.2 The built environment 

 

As this research partly focuses on the establishment of a definition of openness and 

monotony with respect to the built environment, it is in the first place necessary to define the 

built environment by itself. For the definition of the built environment, a distinction is made 

between urban and rural areas, as the characteristics of both types of areas differ 

significantly. Therefore, the following subquestion will be answered in this section: 

 

What is the built environment in urban and rural areas? 

 

The concept of the built environment refers to the design, construction, management and use 

of all the infrastructure that is man-made, as long as it has relationship to human activities 

over time. Generally, it encompasses places and spaces that are created by people and in a 

more abstract view to any physical adjustment of the natural environment through human 

activities (Lawrence, 1990). Regardless of the scale, all features that constitute the built 

environment covers elements or combinations of density, diversity and design, that are the 

three most significant dimensions of it (Cervero, 1997). 

 

The built environment also includes spaces that have no boundaries and are not enclosed 

such as the uncovered areas in public squares, parks or streets. Recently, the first definition 

is expanded by including also different factors that are significant elements of the term as 

walkability, bikeability, mental health, community gardens. 
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2.3 Openness of the built environment 

 

Throughout the literature about cyclist route choice, many factors have been reported that 

affect the decision of a cyclist to select one route over another. However, spatial openness 

has not yet been related to cyclist route choice in such a manner. As this research attempts 

to bridge that gap in existing literature, the following subquestion has been developed to 

define the concept of openness with respect to the built environment: 

 

How is openness of the built environment defined in existing literature? 

 

In a simplistic manner it is possible to say that openness implies the extent of open scene 

above and around a specific point, the sense of an open-free or close-narrow urban 

environment. The term of openness has been approached throughout the literature in various 

ways and research comes from different disciplines. It can be related to what Benedikt 

(1979) defines as isovist. In order to define the isovist, Benedikt considers all the surfaces 

that are included in a connected region bounded by a smooth convex boundary. In this 

region, he considers the spatial arrangement of the surfaces and any change in their position 

defines a new environment. “The isovist is the set of all visible points from a given vantage 

point in space and with respect to an environment”. The shape and size of the isovist 

depends on the selection of the vantage point, as its position defines the visible region of this 

point. As a next step, Benedikt defines the isovist fields which are all the isovists that belong 

to a given path. The isovist approach can be used both for 2D and 3D space. Benedict takes 

this approach a step further and considers straight lines from the vantage point that radiate 

towards the boundary of the surfaces inside the isovist environment. The length of these line 

segments is specified by the coordinates of the vantage point and the point on the boundary. 

Though, Benedikt does not define how far or close a surface should be in order to be inside 

his environment.  

 

In a different approach, stemming from the field of street climate design, Oke (1981) used the 

notion of sky view factor to study the effects of building geometry on sun radiation in urban 

canyon environments. The sky view factor is used to measure the amount of sky that is 

visible from a certain point in the middle of the canyon. In order to measure this factor Oke 

uses the ratio of the building height and the street width at a specific point. Based on that, 

Oke (1988) recognises two structures of urban geometries, the shelter (narrow streets and 

compact built environment) and dispersion (low building density and separation), where 

shelter covers from wind and cold while dispersion protects from pollutants and sunlight 

access.  

 

Later in their research, Fisher-Gewirtzman & Wagner (2003) analyse the spatial openness 

concept and introduce the spatial openness index (SOI) to measure the volume of open 

space potentially seen from a given point. To compute the SOI, Fisher-Gewirtzman & 

Wagner consider the world as a part of a 3D integer grid. The SOI inputs are: the open space 

S, as a subset of 3D space, a set of built volumes B={b1,...,bn} and a function that defines for 

every cube of the grid the openness value. The result is given by the number of grid points in 

the open space S that are visible to the center of the cube c. The visibility of a grid point is 

defined by a boolean function of 0 or 1 where one is the value if a grid point is visible from 

the cube c and 0 if it is not. It resembles with Benedikt’s isovist, but there is a possibility to 
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introduce correction factors, such as weights, through which the openness is expressed not 

only as a visual factor but also as a factor of qualitative attributes such as natural light, air 

and near or distant views.  

 

The visual environment is connected with the satisfaction of people with regard to their 

surroundings. This is supported by the findings of Hur et al. (2010) which among others 

support that the satisfaction of residents is associated with the perceived openness and the 

physical measures. The term of openness of the built environment has not been correlated 

with the effect it may imply on the route selection. Aiming to explore the effect of this factor to 

the commuters’ routes choice, the term is further analysed and some measures for applying 

openness in the study area are defined.  

 

The openness of a cyclist’s view is affected by the existence of surroundings of the built 

environment. Component of the built environment is everything that is man-made, like the 

buildings, the road and transportation networks and the infrastructures. Nevertheless, not all 

of these components of the built environment can affect the openness factor. Thus, for this 

research, the built environment was considered as “everything that is a more-than-2D object 

that is higher than the eye level and can interfere with the cyclists’ line of sight”. Components 

of our built environment could be buildings, bridges, large vehicles (i.e. buses, trucks). At this 

point it is important to note that even though trees are clearly objects that affect openness, 

they were considered as part of natural environment and not of the built environment. 

Accounting for the results of previous studies, openness of the built environment was defined 

as follows: the extent of open scene above and around a specific point. In the built 

environment an environment is considered as open when no obstacles of the built 

environment are interfering with the visual scene of a person, or the interference can 

considered to be low. 

2.4 Monotony in the built environment 

 

Like openness, monotony in the built environment is related to the visual experience of 

cyclists while cycling. Previous studies have covered monotonous road environments, and 

the effect on drivers’ fatigue (Thiffault & Bergeron, 2003; Zhao & Rong, 2013). Accounting for 

the findings within these studies, a definition of monotony in the built environment can be 

formed by answering the following subquestion: 

 

How is monotony in the built environment defined in existing literature? 

 

Thiffault & Bergeron (2003) approach monotony in general as a set of sensory stimuli for the 

human brain. They describe a situation as monotonous when the stimuli remain unchanged 

or change in a predictable way. With respect to the built environment, this could be 

understood as predictable changes in the elements that form the built environment, or no 

change at all. In a similar fashion, monotony of road environments is treated by Zhao & Rong 

(2013). According to their study, a road environment is considered as monotonous when the 

environment remains unchanged or will change in a predictable pattern.  
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Based on the studies by Thiffault & Bergeron (2003) and Zhao & Rong (2013), and taking 

into account the definition of the built environment, a definition of monotony in the built 

environment can be established. Since this research focuses on cyclists, and therefore 

encompasses a transportation problem, the emphasis is on how cyclists experience the built 

environment during their trip, and not on one particular location. Therefore, monotony in the 

built environment can be defined as the extent of visual variation in elements that form the 

built environment for a sequence of locations.  

2.5 Hypotheses 

 

By answering the subquestion, a theoretical background has been established in order to 

fulfil the main objective of this section: providing a hypothetical answer to the main research 

question. Although openness of the built environment has been researched in previous 

studies, a direct link to cyclist route choice is still missing. Therefore, the hypothesis on the 

effect of openness on cyclist route choice will be based on the perception of openness of 

surroundings by human beings in general. Based on previous researches, it is expected that 

more open roads will be more preferred by cyclists, confirming with the findings of Hur et al. 

(2010) on the satisfaction of residents in a certain area. However, forming a hypothetical 

conclusion on the magnitude of the effect of openness on route choice cannot be drawn 

based on existing studies.  

 

For the monotony of the built environment, findings in existing literature are more relatable to 

transportation problems in general. As previous studies state that monotonous road 

environments increase the fatigue of drivers while being on the road (Thiffault & Bergeron, 

2003; Zhao & Rong, 2013), it is assumed that more variation will have a higher preference 

among cyclists and that monotony is therefore can be a significant explanatory factor for the 

selection of a route.  

 

However, as can be derived from existing literature, the experience of satisfaction by both 

openness and monotony of the built environment depends on personal preferences of 

individuals. Therefore, the expectation is that it will be complex to develop strong predicting 

coefficients for both concepts.   
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3 
 Data description and preparation 

 

This section will introduce the study area and the further selection of the sample area. 

Additionally, the data that has been used to develop the desired models will be presented. 

Furthermore, the storage and pre-processing of the data will be discussed in this section, as 

well as the selection of the sample area.  

3.1 Study area  

Traditionally, The Netherlands has been a country where cycling is a main means of 

transportation. Over the years, a well-structured and elaborate infrastructure of bicycle lanes 

has been developed, and improvements are being made every day (Province of Noord-

Brabant, 2009). The province of Noord-Brabant has recognized cycling not only as a means 

of transport for short distances, but also for regular intercity transportation. In their policy on 

bicycle use, ‘fiets in de versnelling’ (Province of Noord-Brabant, 2009), the province of 

Noord-Brabant provides a vision and action program until 2020. This document is clearing in 

which ways the province wants stimulate bicycle use, to participate in the improvement of the 

accessibility, quality of life and health. The main actions are three topics: increase comfort 

and ease, seduce travellers to take the bicycle, and reinforce each. To achieve increase in 

comfort and ease for cyclists during intercity travel, the ambition for 2020 is to realise multiple 

high speed bike lanes and research other possibilities for a faster network. The idea behind 

the high speed bike lanes is to improve the connections between the larger cities in the 

province, and to make it more interesting for travellers to take the bicycle (Province of Noord-

Brabant), as displayed in Figure 3.1.  
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Figure 3.1. Fast bike lanes Noord-Brabant future vision 2030 (Noord-Brabant, 2017) 

 

 

The province of Noord-Brabant is located in the south of the Netherlands, and consists of 

sixty-six municipalities that form an area covered by built environment as well as rural areas. 

For the purpose of data manageability the decision has been made to focus on a smaller 

sample area, instead of applying the methodology on the entire province of Noord-Brabant. 

The sample area has been selected around Breda and Tilburg, two cities that are located in 

each others proximity, and their near surroundings. The selection of the area is based on the 

fact that the two municipalities are among the biggest of the province, meaning that they 

generate a considerable number of daily travels. Additionally, considering the fact that they 

are neighboring municipalities, this selection allows us to research both urban environment 

and the rural areas among and around the municipalities. 

3.2 Data 

The datasets used for this project are secondary data about cyclists’ routes and network 

infrastructure provided by B-riders and Fietsersbond. The main dataset about cyclists 

GPS_match was provided through a csv file with distinction between the different users 

(userid), and the routes (routeid) of the citizens of Noord Brabant for the year 2014. 

Additional dataset, GPS_points a point shapefile with raw data of multiple GPS tracking 

points (approximately 45.5 million points) representing the gps location of each cyclist every 

few seconds for the whole extent of the Netherlands.  

 

The data for the bicycle lane network consists of two shapefiles (links and fietsersbond) of 

linear geometry covering the whole extent of the Netherlands. In order to connect the users’ 

trips with the bicycle lanes two joins on the datasets were performed. First, the linear 

shapefile links representing lines from B-riders was connected with the fietsersbond using as 
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common keys the source and target point of the cyclist. This join had as purpose to keep the 

union of the geometries of the two shapefiles and ad the same time to collect all the 

information of the attributes in one dataset. Second join was performed on the output 

shapefile of the first join with the csv file GPS_match using as common attribute the distinct 

linknummer from both files. The shapefile with the GPS tracking points was joined with the 

rest of the files based on routeid, another unique parameter of the datasets (Figure 3.2). 

 

The datasets were clipped with the bounding box of the sample area resulting to 53.135 

routes of a total amount of 593 total users. The average number of routes per user in the 

sample area is 90 for a time period of one year. 

 

The calculations of the built environment parameters are based on spatial data acquired from 

the Dutch Kadaster. The shapefile used contains polygons of all the buildings with the 

required information of the heights. The Dutch Kadaster combined their buildings data with 

the data from the Dutch AHN. The AHN (Actueel Hoogtebestand Nederland) is the country 

wide lidar laser scan of the Netherlands. By merging them with the buildings polygons, all 

buildings contain height information such as median height, maximum height and minimum 

height. The result is the merged 3D buildings dataset, used in this research to derive the 

building height. 

 

Finally, a dataset containing the land use for each parcel within The Netherlands, provided 

by Dutch Statistics, has been used for the computation of values to express the monotony of 

the built environment.  

 

Based on these datasets, new data has been generated in order to perform the analysis: the 

shortest distance from the road segment1 to the buildings, the average height of each 

building and the number of different land uses in a specified area. These variables are used 

to develop the models about openness and monotony. 

 

 

                                                 
1 Road segment represents part of the geometry of a line on the road network and more specifically, 
refers to a part of a line that is bounded by two distinct endpoints. 
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Figure 3.2. Dataset connections 

 

3.3 Software Specification 

 

For the implementation of the project multiple tools were used for analysis, computation and 

visualization including QGIS, FME, Python, PostgreSQL and SPSS.  

 

More specifically, Python is an open source programming language, used to clean the raw 

data from outliers and to perform most of the calculations involved in the base route and 

openness model. For the coding requirements of this project the external libraries were 

installed in python. Pandas for data manipulation and analysis, shapefile and shapely for 

shapefile handling and math for mathematical operations. Additionally, the program was 

used as a tool for connection to the DBMS server by using the module Psycopg2. 

 

PostgreSQL is an open source object-relational database system. It was used as the 

database management system of the project, allowing data handling between several 

datasets and multiple non-spatial and spatial operations using the PostGIS extension. 

It was useful for generation of relational outputs like csv files, and spatial outputs that 

included geometry properties. Additionally, it served as the main tool for connections of 

datasets through different systems including: QGIS - PostgreSQL and PostgreSQL-  Python 

(Figure 3.3). 
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PGRouting is an open source library, that works as an extension of PostgreSQL to provide 

geospatial routing functionality. In conjunction with python, it was used for the route modeling 

of the network: shortest paths, crossings, path distances and travel times. 

 

QGIS is a geographic information system, open source tool, utilised for analysing and editing 

the datasets and was the only tool used for visualization. The capability of interconnecting 

PostgreSQL with QGIS, made all the procedures are less time-consuming while less storage 

was needed. 

 

Feature Manipulation Engine mostly known as FME is a platform for translation of spatial 

data between geometric and digital formats. FME was used complementary to GIS software 

to perform processes like the reprojection of the datasets and for some spatial relation of 

data for the base route model.  

 

SPSS is a software package operated for statistical analysis. The provided possibilities of the 

software were used in the final step of the project, to perform a statistical analysis on the 

output variables and to extract the final results. 

 

 
 

Figure 3.3. Connections between different storage and processing tools 

3.4 Data storage 

Since most of the dataset contains geometry information as GPS tracking points, or more 

complex structures as the linear networks of the roads, spatial operations need to be carried 

out for the data processing phase (the storage part in Figure 3.4). To deal with these 

operations, the data was stored in the open source database system PostgreSQL, using the 

spatial extension PostGIS in order to add support to geographic objects. 

  

The complexity of the storage process is mainly based on the big amount of data to be 

handled (14GB). Such databases require additional functionality to process spatial data 

types efficiently. Different strategies were applied in order to reduce cost of processing time 

and improve the computations performance: 

http://www.postgresql.org/
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- Standard indexing with data structure B-tree: the most common default access 

method in database systems for indexing standard types as numbers, strings and 

dates. This indexing strategy was implemented in order to speed up the searching by 

organizing the data into a search tree which can be quickly traversed to find a 

particular record. It created a hierarchical tree based on the values of the column 

being indexed (userid, routeid). 

  

- Spatial indexing with data structure R-tree: a common data structure widely 

implemented in various database systems including postgreSQL and Oracle spatial. 

Once the data was loaded into spatial tables, the R-tree spatial index allowed efficient 

access to the data avoiding sequential scan of every record in the database. As 

spatial indexes are unable to index the geometric features themselves, it indexes the 

bounding boxes of the features. This approach was implemented in all the datasets 

containing geometries, reducing the query processing time up to 60%, especially 

when determining relationship between geometries (i.e spatial function as 

ST_Intersects, ST_DWithin, ST_Contain). 

  

- Optimizing joining operations: a variety of joining operations could be performed 

within the database. However, one strategy for improving query performance was to 

to avoid as much as possible the use of large amount of information within the same 

query. One simple way to deal with this issue was to create materialized views 

(snapshot of a query saved into a table) avoiding long nested queries operations; as 

this view actually is a table, it was also possible to create indexes to speed up the 

searching operations. Additionally, another approach to reduce the number of 

processing elements was to generate logically equivalent expressions that returns 

same results at a less possible cost; for instance, performing queries using the 

indexed routeid instead of GPS tracking point (unique id), reduced the query 

processing time by more than 1000%. 

 

 

 

Figure 3.4. Schematic diagram for the data storage, pre-processing and processing phase. 
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3.5 Pre-processing of the data 

The preprocessing of the data was necessary in order to fit with each other, decrease the 

computation time, and be able to extract information out of them (the pre-processing part of 

Figure 3.4). Part of the provided datasets was processed and ready to use. Though, actions 

like clipping with the border of the study area, setting a common coordinate reference system 

or cleaning out unusable information have been performed.  

3.5.1 Determining a suitable Coordinate Reference system 

The different datasets were provided in two different coordinates systems: Amersfoort 

RD/New, EPSG 28992 and WGS84/ EPSG 4326. As multiple datasets have to be combined 

to obtain the desired information, the data should be stored in a common coordinate 

reference system (CRS) to enable spatial analysis. When defining the most suitable CRS, 

two main parameters were considered: 

- The scale and extent of the data and stakeholders’ needs: since the data concerns to 

the Province of Noord-Brabant, the official coordinate system of the Netherlands 

(Amersfoort RD/New, EPSG 28992) will be the most suitable for the project; however, 

depending on the client’s needs, others CRS could be used. 

- Running spatial analysis: as postGIS spatial operations were used for calculating 

distances, it was necessary to use WGS84, EPSG 4326. The spatial function 

st_length_spheroid, included within pgRouting, calculates the 2D length of a 

geometry on an ellipsoid, thus coordinates of the geometry should be in 

longitude/latitude. 

 

As these two considerations derived in discrepancies when trying to determine a common 

reference system, it was decided to use both, RD Amersfoort and WGS84.The first, mostly 

used for the analysis phase including the openness and monotony models, as well as for the 

output files. The second one, more suitable for the base route model, meaning that back and 

forth transformations should be performed. For reprojecting the input datasets, the 

Reprojector transformer from FME was used to change feature coordinates of input layers 

from the source to the target CRS. After performing all the spatial operations, all the output 

geometry layers were converted into Amersfoort RD New, EPSG 28992, using the same 

transformer. 
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4 
Methodology 

This section outlines the methodology that has been applied for modeling purposes within 

this research. Generally, the methodology consists of the development of four different 

models (Figure 4.1): a base route model, models for openness and monotony of the built 

environment and a statistical model that will provide the output on which conclusions can be 

drawn to answer the main research question.  

 

 
Figure 4.1. Schematic overview of the research steps. 

4.1 Base route model 

The processing of the data is represented by the base route model and it basically includes 

two main parts: The shortest path analysis of the bicycle lanes and the routes analysis for 

understanding the spatial pattern of cyclists based on the input GPS tracking data (in the 

processing part of Figure 3.4). 

4.1.1 Shortest-Path Analysis  

As part of the base route model, the shortest path model from origin to destinations was 

generated based on the A*algorithm. In overall terms, the development of the model included 

the following spatial and mathematical operations: 
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- Routing topology network: a graph based on edges and vertices was built from the 

bicycle road network. For any given edge in the road network, the ends of that edge 

were connected to a unique node which at the same time is connected to other edges 

of the network (Figure 4.2). This operation generates two main tables: an edge-table 

with source and target attributes with the ids of the vertices of the segments as well 

as the associated vertices table containing detailed information as potential gap 

problems and dead ends. 

. 

 

 
 

Figure 4.2. Topology network. 

 

- Topology checking: validation of the geodatabase topology was carried out using 

pgrouting functions and queries to detect, repair and eliminate errors generated 

during the routing operation as road segments without starting or ending nodes, not 

connected nodes, crossing edges, isolated roads and dead-ends (Figure 4.3).  
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Figure 4.3. Topological errors: dead-ends (left), and isolated edges (right). 

 

- Edge length computation: distances between vertices were calculated using PostGIS 

spatial analysis functions that consider the curvature of the earth by including the 

spheroid associated with the used CRS. Since the input coordinates of the function 

should be longitude/latitude, in this case the geometry was stored and operated in 

EPSG 4326, for which the WGS84 spheroid was included in the calculations. 

 

- Shortest path: After obtaining a cleaned topology network with the edges lengths, the 

path finding A* algorithm (with cost distances) from Pgrouting was used to find the 

shortest path from starting to ending vertices in the bicycle network (Figure 4.4, 

appendix F). A* was a better approach than Dijkstra algorithm as it doesn’t have to 

visit all the vertices in the network, thus avoiding unnecessary processing. 

Travels made by cyclists were obtained as routes between origin (source) and 

destination (target) locations derived from the datestamps of the measurements 

(appendix A). Using a python script to iterate per every route and invoke A* algorithm, 

the shortest path was calculated for every pair source – target, and list of road 

segments per paths were generated and later compared with the road segments of 

the observed routes. 

 

- Cross-roads: from the topology network, road intersections were found based on the 

number of edges connected with every vertex, thus if a vertex has more than three 

edges it was considered as a crossing point. Number of intersections were calculated 

per every shortest path and routeid, being later included as control variables for the 

statistical model. 
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Figure 4.4. A* shortest path example in the road network. 

4.1.2 Routes intensity and travel times 

 

In order to understand the cyclists’ preferences on the bicycle lane network, it was crucial to 

analyze the spatial patterns movements based on the GPS tracking data. First of all, the 

GPS dataset was matched with the bicycle roads network. By joining the routeid with the 

roads id’s linknummer, the number of travels made by cyclists over the bicycle lanes could be 

calculated. This query operation generated a GPS intensity table that contains the 

linknummer column and the frequency of travels for every road segment. The output map 

was visualized using a QGIS graduated styling by size and color; the thickness of the lines 

shows road trip frequency during one year (thicker: higher frequency) and the color lines 

categorize three main classes:  light green for low intensity (up to 300 trips), grey for medium 

intensity (301 to 1200 trips), and orange for high intensity (up to 4700 trips). The map clearly 

highlights the preferences of the user group on the bicycle road network in the sample area 

(Figure 4.5, appendix E). 
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Figure 4.5. Visualisation of Intensity of travels within a year.  A 

more detailed version of this map is to be found at appendix E. 

 

 

 

  

The theoretical travel times per road segments were calculated based on the average speed 

provided within the GPS measurements and the edge lengths generated from the routing 

topology network. This average travel time per link was the base for calculating the travel 

times per shortest paths and observed route (appendix A). 

4.2 Modeling openness of the built environment 

Openness is one of the two main subjects that are considered part of attractiveness within 

this research. Openness for the built environment is defined as: the extent of open scene 

above and around a specific point. In the built environment an environment is considered 

open when no obstacles of the built environment are interfering with the visual scene of a 

person, or the interference can considered to be low. 

 

The openness on a specific location is affected by the configuration of the buildings in the 

neighborhood of that location. More specifically, the openness of a point is affected by the 

distance of the building to that point, the height of the building and the width of the building. 

When talking about a cyclist, the openness of a location is translated into the visual field of 

the cyclist to that location. The distance of the buildings from a cyclist, affects the visual field, 

depending on how far or close a building is from this person. This distance is defined by the 

proximity of the buildings of the area to this road. The main idea is that the the environment 

is considered more open when the width of the street is larger and the building height is 

lower (Figure 4.6).   
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Figure 4.6. Lower openness value (left), higher openness value (right). 

 

Besides this qualitative description of openness, a quantitative measure needs to be 

established by answering the following research subquestion: 

 

How can the openness of the built environment be quantitatively measured using built 

environment data? 

4.2.1 Background   

 

Many elements of the built environment affect the value of openness of a specific point. In 

the scope of this research, in order to simplify the input variables, as obstacles of a cyclist’s 

view only the surrounding buildings are considered and the trees or other possible attributes 

of the built environment are excluded. In this context, for the openness calculation, the way 

that the variables of height and width of a building as well as its distance to a point affect the 

visual field of a person and in extension the value of openness must be defined.  

 

The higher the building and the shortest its distance from a point, the lower the openness 

value. For the definition of the maximum distance that a building should be in order to be 

considered inside a person’s visual field, anthropometric data are used (appendix B, Figure 

B1) for the vertical field of view. More specifically, the methodology applied uses the angle of 

15° starting from the horizontal line of sight, to the vertical direction. This is the angle of view 

of a person driving looking straight. The next step is to find how far a building must be in 

order to be visually evident using the 15° angle (appendix B, Figure B2). To specify this 

distance, the building heights of the area were considered as reference value. The building 

heights were classified into four classes and the right limit of each class was used as the 

reference building height. Using the tan15° the formula 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
𝐻

𝑡𝑎𝑛15°
 results in four 

distances that represent the size of the zones (Figure 4.7). The classes of building heights 

and the respective zones are shown in Table 4.1 and their visual representation in Figure 

4.8. The resulting distances form the zones of influence of a building to the cyclist according 

to its height. This approach indicates that the variables of distance and building height are 

interrelated in a way that if a building is included in a person’s sight view depends on the 

distance of the building to that person but also from the building height. 
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Figure 4.7. Distance corresponding to zone size 

 

 

 

 

 

 

Figure 4.8. Resulting zones. Left: zones are considered for every sample point. Middle: radius of each 

zone. Right: Maximum building height in zone.  

The definition of the zones indicates that buildings with height be visually evident, while objects in 

larger distance may be potentially noticeable or insignificant.  

 

 

Building height 
classes2 (m) 

Resulting 
zones (m) 

[-0.8-12.3] 45.52 

(12.3-18.4] 68.28 

(18.4-55.2] 205.59 

(55.2-125.25] 568 

Table 4.1. Building height classes and resulting zones 

 

                                                 
2 classification with Natural Breaks (Jenks): the variance within each class is minimal while the 
variance between classes is maximal (QGIS documentation) 
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The variable of building width is implicitly incorporated in the processing algorithm of 

openness by considering lines towards the buildings all around the cyclist, with interval angle 

of 10°. The algorithm considers only the visible face of a building from a specific point.  

 

4.2.2 Towards the quantification of openness 

 

The quantification of openness is based on combination of methods found on literature. From 

Benedikt’s (1979) isovists, the logic of finding all visible points from a given vantage point 

was borrowed. To enhance this, the zones defined in the previous section were used to 

introduce the human visual capability and to have a restriction on the buildings that should be 

considered as affecting the openness of a point. Additionally, the ratio of the building height 

to the street width was used for in the sky view factor but re-adjusted to fit to this research. 

The re-adjusted formula differentiates from the sky view factor in the part that instead of 

using the width street as distance, the actual distance of a building to a specific point was 

used. For the quantification of openness, the main procedures are: 

 

1. Sample points 

 

The measurement of openness is conducted on each point of a set of sample points 

distributed every 20 meters along the bicycle lane network of the study area (Figure 4.9). The 

distance of 20 meters interval is selected so that the area is covered sufficiently and at the 

same time the computation time is efficient. The total 113.688 points are created on every 

road segment, based on distinct linknummer of the bike lane network dataset.  

 
Figure 4.9. Left: Sample points on the road. Right: Building neighbours.  

2. Implementation process 

 

The implementation process for the computation of openness values involved three main 

python programs:  first one, for finding point neighbours to every sample point, the second for 

retrieving the point intersections towards the buildings, and the final one for applying the 

openness formula and calculating the openness values for every point on the road segment. 
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Figure 4.10. Implementation of the openness calculation. The figure is a caption from 

QGIS working space showing the sample points along the bicycle lane network. It 

demonstrates for one sample point, the resulting casted rays and intersection points as 

produced from the code in python. The openness value of the example point is only 

affected by the buildings within the three out of four total zones. The whole process is 

presented with step by step illustrations (Figure 4.11 until Figure 4.13) 

 

Building Neighbours 

For optimization purposes, as a first stage of the openness calculation,  buildings neighbours 

were found based on the nearest neighbours algorithm given a certain distance (fixed 

distance neighbourhood algorithm, appendix G). Two search criteria were used for 

performing this computation: first, based on the distance from the sample point to the 

building (250 m) and second, based on a further distance (600m) relative to the heights of 

the neighbours buildings ( > 50m height).  

 

Points intersections 

The methodology followed to calculate the point intersections was based on the sight-and-

light algorithm (NCase, 2018). To start the computation in python, the input sample points 

(point_id, linknummer) and the buildings polygons (building_id, heights,centroids) were 

retrieved from the DMBS server using SQL language (appendix H). Then the following steps 

are followed. 

  

- Sample points coordinates file was read and parsed into a list of tuples [(x0, y0),(x1, 

y1), (x2, y2), …, (xn-1, yn-1)]  with each tuple containing  one sample point’s x and y 

coordinates. Additionally to points coordinates, the point ID and the associated 

linknummer were also included as part of the information retrieved from the points. 

https://github.com/ncase/sight-and-light
https://github.com/ncase/sight-and-light
https://github.com/ncase/sight-and-light
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- Buildings polygons were parsed as list of lists, with each list containing a list of tuples 

with coordinates vertices of the polygons, height values (m) and the building IDs: 

 

[[(x0, y0), (x1, y1), (x2, y2), …, (xi-1,yi-1) ,h1,id1] , [(x0, y0), (x1, y1), (x2, y2), …, (xi-

1, yi-1), h2,id2], ……., [(x0, y0), (x1, y1), (x2, y2), …, (xi-1, yi-1),hn,idn] ] 

   

- In addition, the neighbours to each sample points were read and parsed from the 

building neighbours  python script as a list of points IDs with  their neighbours 

buildings IDs. 

  

The implementation starts by casting rays from the point towards the buildings within its 

vicinity (Figure 4.8, Figure 4.11). Since the the length of an arc depends on the radius of a 

circle and the central angle,  for an angle equal to 360 degrees (2π), the arc length is equal 

to circumference so that  it could be calculated as: 

 

𝐿 =  𝑟 ⋅ 𝛼 

 

Where: 

r  = radius   

𝛼 = angle 

 

That means that the arcle angle (angle coverage) between the lines will increase 

progressively as the distance increase. In order to have a reasonable balance between 

coverage and computational cost, 10° angle was chosen as a suitable value for getting 

accurate results, having in mind that the probability of incidence will be lower at higher 

distances, as in the case  of 100 m height buildings located 500 m away from the cyclist 

position.Thus, with a chosen angles of 10° and 360° of incidence,  a total of 36 rays were 

casted for every sample point on the road network. 

https://www.omnicalculator.com/conversion/length-converter
https://www.omnicalculator.com/math/circumference
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                                      Figure 4.11. Rays casted from one sampling point  

 

 

The implemented algorithm is based on operations with parametric equations, thus to find 

intersection between the ray and all the line segments, both rays and building segments 

were written as parametric form of the line (Wikipedia ,2018): 

 

   
 

Being the two coordinates x,y represented as functions of the same independent variable t. 

After setting the parametric equation for rays and line segments, the following equations 

were found:  

Ray X = r_px+r_dx*T1 

Ray Y = r_py+r_dy*T1 

  

Segment X = s_px+s_dx*T2 

Segment Y = s_py+s_dy*T2 
3 

        

 

 

 

                                                 
3  

https://github.com/ncase/sight-and-light
http://www.ahinson.com/algorithms_general/Sections/Geometry/ParametricLineIntersection.pdf
http://www.ahinson.com/algorithms_general/Sections/Geometry/ParametricLineIntersection.pdf
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The list of segments were created based on the following data structure:  

 

{a:{x:100,y:150} b:{x:200,y:150}}, 

{b:{x:200,y:150},c:{x:200,y:50}}, 

{c:{x:200,y:50},d:{x:100,y:50}}, 

{a:{x:100,y:50}, b:{x:100,y:150}}  

 

 

Every building is composed of an x number of segments; for the example above, 4 segments 

ab,bc,cd,da were constructed considering that the end point of every segment, is the starting  

point of next one. Besides that, the starting point and ending point of each polygon should be 

the same. 

 

Having  the two pairs of equations (rays + segments), they were converted to a linear system 

by setting the two X equations equal, as well as the two Y equations as follows:  

 

r_px+r_dx*T1 = s_px+s_dx*T2  

 

 r_py+r_dy*T1 = s_py+s_dy*T2 

 

Figure 4.12. Point intersections from building neighbours. 

 

The linear system of equations were then  arranged to solve the parameters T1 and T2. The 

values of those parameters, give the percent distance that the intersection is between the 

endpoints on each line. So that if the values are between 0 and 1, then the intersection point 

lies internal to the two line segments. Otherwise, if  the values are greater than 1 or less than 

0, the lines intersect but at some external point.  Additionally, intersections will be retrieved if 

and only if the rays and the lines segments are not parallel, otherwise there is no 

intersection. The rays meet the buildings in the vicinity of the point where only the first 

intersected building is considered (Figure 4.12). The rays meet a building more than once, 
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considering in this way also the horizontal dimension of it. The algorithm that detects point 

intersections is depicted in the pseudo code below.   

 

At last stage of the algorithm, intersected points were filtered  based on the buffer zones 

defined in section 4.2.1, so that the buildings that affect the value of openness are those 

buildings with heights within the height range of the corresponding zone (Table 4.1, Figure 

4.13).  

 

Figure 4.13. Buildings contributing to the openness value 

 

3. Openness on each sample point 

 

The openness is calculated on each intersection point where the height of the building that 

the ray hits and the distance from the sample point to the intersection point are considered. 

To get the most accurate result of the building height, the median value of each building was 

used. By taking the average, the errors would also be considered and this affects the 

trustability of the calculation. The openness on each intersection point is represented by the 

ratio of distance and height and is calculated with the formula: 
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𝐼𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑖𝑛𝑡 𝑂𝑝𝑒𝑛𝑛𝑒𝑠𝑠 =
𝐷 (𝑚)

𝐷(𝑚) +  𝐻 (𝑚)
 

 

where D is the distance of the building to the sampling point and H is the building height. 

In the denominator the distance is added so that the resulting value is between 0 and 1. 

Then the final openness value is calculated by the average of all the intersection points 

openness values by the formula (full algorithm to be found in appendix I) 

 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑃𝑜𝑖𝑛𝑡 𝑂𝑝𝑒𝑛𝑛𝑒𝑠𝑠 =  
∑ (

𝐷(𝑚)
𝐷(𝑚) + 𝐻(𝑚)

𝑛=36
𝑖=1 )

36
 

4.3 Modeling monotony of the built environment 

 

Besides accounting for openness of the built environment, this research attempts to evaluate 

the effect of monotony of the built environment on cyclist route choice. Based on findings in 

existing literature, the following definition of monotony of the built environment has been 

formed: the extent of visual variation in elements that form the built environment for a 

sequence of locations. For the purpose of creating a model that can spatially represent the 

monotony of the built environment, surrounding a certain road segment, a definition of the 

concept of monotony has to be established based on actual built environment data:  

 

How can monotony of the built environment be quantitatively measured using data of built 

environment? 

 

Unlike the openness of the built environment, monotony will not expressed in a single value. 

Initially, monotony will be modelled by the amount of land use changes around a particular 

road segment. The land use can be described as the intended use purpose of a particular 

piece of land, like residential, industrial or forest area. Data on the land use in the area of 

interest of this research has been retrieved from the dataset ‘Bodemgebruik 2012’, provided 

by Dutch Statistics. This dataset contains polygons with one land use assigned to it, and the 

spatial analysis to obtain the amount of land use changes around a road segment is fairly 

straightforward. As depicted in Figure 4.14, a buffer will be created around each road 

segment. For each polygon representing a land use, a spatial check is performed to assess 

whether a polygon overlaps, crosses, intersects or falls completely within this buffer. Through 

this approach, the number of land use polygons around each road segment can be 

computed. On top of that, it provides enough information to compute the amount of land use 

changes per unit of distance, as the length of each road segment is known.  
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Figure 4.14. Steps of calculating the amount of land use changes. 

 

However, as it has been found in previous studies, the predictability of the pattern of land use 

changes is an important factor within the concept of monotony (Thiffault & Bergeron, 2003; 

Zhao & Rong, 2013). Therefore, a value that describes the amount of distinct land uses 

surrounding a certain road segment is also used to express monotony. The process of 

obtaining this value is very similar to the process for obtaining the amount of land use 

changes. Within the buffer that has been created around a road segment, the amount of 

distinct land use polygons that overlap, cross, intersect or fall completely within this buffer is 

counted. Similarly to the computation land use changes per unit of distance, a value can be 

computed to express the amount of distinct land uses per unit of distance.  

 
Figure 4.15. Steps of calculating the amount of distinct building functions. 

 

For a more complete picture of the variation in road environment, a more detailed analysis 

will take into account the amount of distinct functions of the buildings that are closest to a 

road segment. The function of a building can be described as the intended use of a building, 

like residential, commercial or industrial. To obtain the desired values, a similar procedure is 

applied as for computing the amount of distinct land uses per unit of distance (figure 4.15). A 

buffer is created around every road segment, and for each building (retrieved from the 

‘Basisregistratie Adressen en Gebouwen’ dataset by the Dutch Kadaster) that intersects or 

falls within this buffer, the function is evaluated and the amount of distinct functions is 

counted. The size of this buffer has been set to 20 meters, as this ensures that only the first 

line of buildings is taken into account. If inside the buffer exist multiple buildings,that are 

placed behind each other, will be not included in the analysis, due to these buildings do not 

contribute to the experience of monotony of the surrounding environment as they are blocked 

by the buildings in front.  
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4.4 Statistical analysis 

4.4.1 Linear regression model 

 

With the main aim of this research being to predict the pure effect of openness and 

monotony of the built environment on route selection, a statistical analysis that accounts for 

these potential effects, controlled for the effect of other factors, has to be performed. An often 

applied analysis in previous research is the multivariate logistic regression analysis, which 

allows for the formation of a multivariate regression relation between a dependent variable 

and a number of independent variables (Pradhan, 2010). Multivariate logistic regression 

assigns each independent variable that is included in the model a coefficient that measures 

the variables’ independent contribution to variations in the dependent variable (Pradhan, 

2010). However, this analysis would only provide information on the odds of choosing a 

different route over the shortest path, for an increase or decrease of the independent 

variables. Therefore, the difference between the shortest path and the observed route is not 

being represented as a dichotomous choice between either the one or the other, but as a 

numerical difference to enable a linear regression analysis. A linear regression analysis 

allows for the prediction of the value of the dependent variable, based on the values of the 

independent variables, through a linear relation (Wikipedia, 2018b). As the computation of 

the shortest path is based on the distance between a start and end point of a route, the 

dependent variable is defined as the divergence in distance from the shortest path:  

 

𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 (%)  =  
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑟𝑜𝑢𝑡𝑒 −  𝑙𝑒𝑛𝑔𝑡ℎ 𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑝𝑎𝑡ℎ

𝑙𝑒𝑛𝑔𝑡ℎ 𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑝𝑎𝑡ℎ
⋅ 100 

 

Included in two distinct statistical models are values for openness, the amount of land use 

changes (per meter), the amount of distinct land uses (per meter), and the amount of distinct 

building functions are included, as well as values for the control variables for both the 

shortest path and the observed route. The first model takes the values for the independent 

variables that correspond to the shortest paths into account, while the second model includes 

the differences between the values of the observed route and values of the accompanying 

shortest path. This approach delivers comparative regression coefficients for the variables for 

openness and monotony of the built environment, which provides sufficient information to 

predict the effect of both concepts on the divergence from the shortest path. The predictions 

can be used as the base for the formation of conclusions on the effect of openness and 

monotony of the built environment on cyclist route choice, controlled for other independent 

variables.  

4.4.2 Control variables 

 

In order for the final statistical model to provide output that can be used for a valuable 

conclusion on the independent effect of openness and monotony of the built environment on 

cyclist route choice, other potential influencing factors should be included in the statistical 

model as control variables. The selection of the control variables is based on existing 

literature, as well as the availability of necessary data. Factors that have been recognized as 

influential on cyclist route choice in multiple previous studies have been selected as control 
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variables. The following factors have been included in the statistical model, with the values 

being representative for an entire (shortest or observed) route: travel time, the number of 

crossings, and the percentage of separated bicycle lanes. 

4.4.3 Paired-samples t-test 

 

Prior to the linear regression analysis, a comparison between the values for the independent 

variables for the observed routes and accompanying shortest paths has been made by 

means of paired-samples t-tests. These tests declare whether the differences between the 

observed routes and the shortest paths, for every independent variable, are statistically 

significant (Papinski & Scott, 2011). In this way, information is provided about the magnitude 

of the differences between shortest path and observed route, as well as the relevance of 

applying a linear regression analysis on the differences.  
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5 
 Results 

This section will treat the application of the statistical analysis and its output. First of all, the 

results of modeling the openness and monotony of the built environment will be discussed 

and visualized in section 5.1. The results of the different statistical analyses are covered in 

section 5.2, while the interpretation and value of the statistical analyses is discussed in 

section 5.3.   

5.1 Results of modeling Openness and Monotony 

 

Openness 

The openness model calculates the openness value for each sample point on the road 

network. As a next step, the average openness per road segment was calculated from the 

values of all the points on the segment. The result is shown in the Figure 5.1. As can be 

observed, the openness values are lower in the builted areas, with the lowest values in the 

center of Breda and Tilburg. Openness gradually raises when moving towards the rural 

streets and gets the higher value on the big highways.  

Figure 5.1. Visualisation of Average Openness Values for each road 

segment. A more detailed version of this map is to be found at appendix C 
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Monotony 

The model for monotony considers three variables: the number of land uses per meter for 

each road segment, the distinct (unique) land uses per meter for each road segment and the 

distinct (unique) building functions per meter of a road segment. The visualisation of the 

monotony result for each road segment (Figure 5.2) highlights that the within the built areas 

the variation is bigger, with 2 to 8 buildings per meter of line segment. The higher the 

divergence from the urban fabric, the lower the variation of the land uses and the building 

functions. 

 

 

Figure 5.2. Visualisation of Variation in different building functions per 

road segment. The values represent the number of buildings per 

meter or road segment. A more detailed version of this map is to be 

found at appendix D. 

5.2 Results of the statistical analysis 

 

Initially, a comparison between the observed routes and the accompanying shortest paths 

has been made based on the differences between the values of the independent variables 

for both types of route. The results of this comparison, obtained through paired-samples t-

tests, are displayed in table 5.1 with the mean difference between both types of route and the 

significance values.  

 

Variable Mean difference Significance 
Number of land use changes per meter [n/m] 0.002 0.000 
Number of distinct land uses per meter [n/m] -9.922*10^-4 0.000 
Number of distinct building functions per meter [n/m 0.002 0.000 
Openness [%] 2.893 0.000 
Travel time [seconds] 113.104  0.000 
Number of cross roads per route [n/route] 3.618 0.000 
Percentage of separate bicycle lanes [%] 0.39 0.000 

Table 5.1. Output of the paired-samples t-test for every independent variable. 

 

The results of the paired-samples t-tests show significant differences between the values of 

all independent variables between the observed routes and their accompanying shortest 

paths at a 0.05 significance level. On average, observed routes have less distinct building 

functions per meter, but have a slightly higher variation of road environment in terms of 
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distinct land uses and land use changes per meter. Similarly, observed routes can be 

considered more open than the corresponding shortest paths.  

 

Also, for the control variables, there are statistically significant differences. As expected, the 

observed routes are significantly longer than the shortest paths in terms of travel time. This 

may suggest that cyclists choose for a certain route based on other factors, since they are 

not optimized for travel time. Finally, the observed routes have on average 3.6 more 

crossings per route than the corresponding shortest paths, as well as a higher percentage of 

separate bicycle lanes. However, this is only a slight positive difference. The complete 

results of all paired-samples t-tests have been included in appendix L.  

 

Since from the paired-samples t-test can be concluded that there are significant differences 

between the observed routes and the shortest paths, a reasonable continuation is to predict 

the influence of the independent variables on the choice for a route other than the shortest 

path. As mentioned in section 4.4.1, a linear regression has been performed with the 

dependent variable being the divergence in distance from the shortest path by an observed 

route. In the first statistical model, the values of the independent variables for every observed 

route correspond to the values of the related shortest paths. The aim of this analysis is to 

predict the influence of the values for the shortest path on the magnitude of the divergence in 

distance. The results of the first regression analysis are included in Table 5.2. 

 

Variable B coefficient Significance 
Constant 118.836 0.000 
Number of land use changes per meter [n/m] 466.591 0.000 
Number of distinct land uses per meter [n/m] -102.843 0.384 
Number of distinct building functions per meter [n/m] 210.907 0.021 
Openness [%] -0.670 0.000 
Travel time [seconds] -0.016 0.000 
Number of cross roads per route [n/route] -0.763 0.000 
Percentage of separate bicycle lanes [%] -4.27 0.000 

Table 5.2. Output of the linear regression analysis with the values for the shortest paths as input. 

 

The result that stands out most is the insignificant predictive value of the number of distinct 

land uses per meter. Since this coefficient is insignificant, it is statistically not possible to 

assign a conclusion to the predictive value of the number of distinct land uses per meter. The 

statistical insignificance of this predictor can be explained by the correlation with the other 

predictors. As is shown in table 5.3, the variable describing the number of distinct land uses 

per meter correlates heavily with the variable describing the number of land use changes per 

meter. This resembles that the values for the number of distinct land uses per meter can be 

almost entirely explained by the values for the number of land use changes per meter. The 

full correlation matrix is included in appendix N. 

 

Variable Correlation 
Number of land use changes per meter [n/m] 0.975 
Number of distinct building functions per meter [n/m] 0.136 
Openness [%] -0.045 
Travel time [seconds] 0.124 
Number of cross roads per route [n/route] 0.226 
Percentage of separate bicycle lanes [%] 0.415 

Table 5.3. Correlation between the number of distinct land uses per meter and the other predictors. 
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However, the other two variables describing monotony do have significant predictive 

influence on the divergence from the shortest path. An increase of one distinct land use or 

distinct building function, would result in an increase of the divergence of 467% and 210% 

respectively. As these numbers seem extremely high, the statistics describing these 

variables (appendix K) show that the values for both variables are relatively small compared 

to the other variables, with mean values of 0.0753 land use changes per meter and 0.0198 

distinct building functions per meter. Where an increase in the two significant variables 

describing monotony have a positive influence on the magnitude of the divergence from the 

shortest path, it is found that openness has a negative predictive value. According to the 

model, an increase of the openness by 1% will result in a decrease of 0.670% in the 

divergence from the shortest path.  

 

For the second analysis, the differences in the values of the independent variables for the 

observed routes and corresponding shortest paths are taken is input. The output of the linear 

regression analysis, shown in table 5.4, takes a slightly different form than the output of the 

previous analysis. As it was the case for the analysis with the shortest path values as input, 

the coefficient of the number of distinct land uses per meter is found statistically insignificant. 

Again this is caused by high correlation with other predictors. However, the coefficients of the 

other two variables describing monotony are negative. This can be explained by the fact that 

the input values can be both positive and negative, as they are differences, which results in 

negative mean values for both variables (appendix M). The output of this analysis suggests 

that the number of distinct building functions per meter has a higher impact on the 

divergence from the shortest path than the number of land use changes per meter. This is in 

contrast with the results in table 5.2, where the impact of the number of land use changes 

per meter is higher than the impact of the number of distinct building functions per meter.  

 

Similar to the results in table 5.2, the predictive value of openness is found to be negative. In 

this case the coefficient of -3.102 resembles a decrease of 3.102% in the divergence from 

the shortest path when the difference in openness between the observed route and a 

shortest path increases by 1%. A final result that stands out is that the predictive value of the 

difference in number of cross roads per route is found insignificant, at a significance level of 

0.05.  

 

Variable B coefficient Significance 
Constant 23.648 0.000 
Number of land use changes per meter [n/m] -597.444 0.000 
Number of distinct land uses per meter [n/m] 194.140 0.236 
Number of distinct building functions per meter [n/m] -939.023 0.000 
Openness [%] -3.102 0.000 
Travel time [seconds] 0.156 0.000 
Number of cross roads per route [n/route] 0.149 0.050 
Percentage of separate bicycle lanes [%] 0.438 0.000 
Table 5.4. Output of the linear regression analysis with the differences between the observed routes 

and corresponding shortest paths as input. 
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5.3 Discussion on the statistical analysis 

 

From the two linear regression models that have been established it can be concluded that 

monotony, represented by the number of land use changes per meter and the number of 

distinct building functions per meter, and openness of the built environment have an 

influence on the amount of distance cyclists are willing to diverge from the shortest path. 

However, the question is how representative the established regression models are when it 

comes to their total predictive value of the divergence, in distance, from the shortest path by 

cyclists.  

 

The predictive value of the model is determined by the explained variance, which measures 

the proportion to which the regression model takes the dispersion of a dataset into account 

(Wikipedia, 2018b). It is described by the R Square statistic, where a higher value for the R 

Square means a higher predictive value of the regression model. Table 5.5 shows the R 

Square values for the regression model based on the values of the shortest path, and for the 

regression model based on the differences between observed route and shortest path, which 

are 5.8% and 3.6% respectively. This indicates that the established regression models 

explain 5.6% and 3.6% of the dispersion of the input data. 

  

 

 Input: shortest path Input: observed route - shortest 
path  

R Square 0.058 (0.000) 0.036 (0.000) 
Table 5.5. R Square values for the two regression models, with the corresponding significance value. 

 

The fact that the values for the explained variance are low for both regression models can be 

explained relatively easy. As has been discussed in section 2.1, many factors have been 

found in previous studies that influence cyclist route choice. These are factors with respect to 

the built environment, safety and cyclist characteristics. However, due to time limitations and 

limitations on available data, only seven predictors could be included in the final regression 

models and many potential influencing factors are not being accounted for. But, even without 

limitations in time and data availability, it would still be fairly impossible to take all potential 

influences on human decision into account as there is many factors that potentially influence 

human behaviour. Additionally, predicting the influence of certain characteristics on human 

decision making is a complex process in general, since humans do not always make rational 

choices. Therefore, it can be considered as reasonable that the explanatory strength of both 

regression models is relatively low.  

 

Interesting from the perspective of this research is the proportion of the effect of the 

independent variables describing openness and monotony on the R Square statistic for each 

of the regression models. By entering the independent variables stepwise into the regression 

model, statistics can be obtained on the change of the R Square value for every step (table 

5.6).  
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Variable R Square change: 
shortest 

R Square change: 
difference 

Number of land use changes per meter 
[n/m] 

0.4% 0.3% 

Number of distinct building functions per 
meter [n/m] 

0.0% 0.4% 

Openness [%] 0.3% 0.7% 
Travel time [seconds] 4.5% 2.0% 
Number of cross roads per route [n/route] 0.2% 0.2% 
Percentage of separate bicycle lanes [%] 0.4% 0.0% 

Table 5.6. R Square changes for the predictors in the two regression models 

 

The results in table 5.6 clarify that the travel time accounts for a large share of the explained 

variance of both regression models. Entering openness of the built environment to the model 

based on the values for the shortest path increases the explained variance by 0.3%, while 

the explained variance increases by 0.7% when entering openness in the model based on 

differences between observed routes and shortest paths. Entering the number of land use 

changes per meter increases the explained by 0.4% and 0.3% respectively, while the 

number of distinct building functions per meter does not result in extra explained variance for 

the model based on shortest path values and an increase of 0.3% for the model with 

differences between observed routes. The number of distinct land uses has been left out of 

the stepwise linear regression analysis because it is not found statistically significant. From 

these statistics it can be concluded that the predictors describing openness and monotony of 

the built environment have a relatively small influence on the predictive strength of the 

regression models.   
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6 
 Conclusions 

 
The main objective of this research has been to bridge a gap in existing literature on cyclist 

travel behaviour, by examining the effect of openness and monotony of the built environment 

on cyclist route choice. With the spatial focus of the research being on the province of Noord-

Brabant, this research seeks to answer the following research question by means of 

literature review, spatial modeling and statistical analysis: 

 

How do openness and monotony of the built environment affect cyclist’ route choice in the 

Province of Noord-Brabant? 

 

Initially, the main challenge of this research has been to define the concepts of openness 

and monotony of the built environment. Both concepts have been treated in existing 

literature, but the link to cyclist route choice has remained underexposed so far. Based on 

multiple definitions and methods used in previous studies, the openness of the built 

environment could be described as the extent of open scene above and around a specific 

point. In the built environment an environment is considered as open when no obstacles of 

the built environment are interfering with the visual scene of a person, or the interference can 

considered to be low. To obtain openness values on a certain point that comply with this 

definition, the height of surrounding buildings and the distance to those buildings are 

considered. By averaging the openness values over a sequence of locations, an openness 

value could be assigned to an entire route. 

 

In a similar fashion, the monotony of the built environment can be described as follows: the 

extent of visual variation in elements that form the built environment for a sequence of 

locations. Taking into account the findings from previous studies, this definition allows for 

multiple variables to describe monotony of the built environment. Visual variation can be 

described by the land uses in the built environment surrounding a route, as well as the by the 

buildings surrounding a route.  

 

By means of analysing GPS measurements of cyclists, a set of distinctive observed routes 

could be identified. However, due to data storage and processing limitations, the spatial 

scope of the research has been limited to a sample area in Noord-Brabant that includes the 

cities of Breda and Tilburg. This sample area is considered as representative for the entire 

province as it includes urban and rural areas, and inter-city connections between both urban 

areas.  

 

Based on applied methods and findings in previous studies, the assumption has been made 

that cyclists in the first place opt for the shortest path when selecting a route, measured in 

distance. For every distinct combination of starting and ending points in the observed routes, 
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a shortest path has been calculated. To examine whether the openness and monotony of the 

built environment affect the route choice by cyclists, the observed routes were compared with 

the shortest paths in terms of distance, with the difference being expressed as the percentual 

divergence from the shortest path. For every observed route and corresponding shortest 

path the values for the variables describing openness and monotony of the built environment 

were computed. Since many factors have been found to influence cyclist route choice, the 

values for multiple control variables have been calculated as well to obtain a more valuable 

effect of openness and monotony of the built environment. These variables are the travel 

time, the number of crossings, and the percentage of separated bicycle lanes. 

 

With the main objective of this research being to estimate the effect of openness and 

monotony of the built environment on divergence from the shortest path, it has been tested 

whether there are significant differences between the independent and control variables 

between the observed route model and the shortest path model. From these tests it can be 

concluded that for every variable that is included in the analysis, there are statistical 

differences between both models. In the first place, this suggests that people do diverge from 

the shortest path, and it assures that the observed routes are significantly different from the 

shortest paths in terms of the independent and control variables.  

 

By means of linear regression analyses, a conclusion could be drawn on how and how much 

the openness and monotony, described by the number of land use changes per meter, the 

number of distinct land uses per meter and the number of distinct building functions per 

meter, of the built environment affect the divergence from the shortest by cyclists in the 

sample area. The first regression model takes the values for the corresponding shortest path 

as input for every observed route. From the output of this analysis it can be concluded that 

the openness of the built environment has a negative influence on the divergence from the 

shortest path. This indicates that cyclists in the sample area experience more open routes as 

a negative factor and therefore prefer ‘less open’ roads. This does not comply with findings 

from previous research (Hur et al., 2010), where the experience of more openness on a 

certain location is considered as something positive. However, the results for the influence of 

the variables describing monotony do agree with findings from previous studies (Thiffault & 

Bergeron, 2003; Zhao & Rong, 2013): cyclists prefer more variation in the surrounding built 

environment. The second regression model takes as input the differences between the 

values of the observed routes and their corresponding shortest paths for every variable 

included in the model. Although the predictive coefficients take slightly different proportions, 

similar conclusions can be drawn on the effect of openness and monotony of the built 

environment.  

 

In general, the established regression models have a relatively small explanatory strength for 

the divergence from the shortest path. This can be explained by the fact that only a small 

amount of predicting variables has been included in the model, while previous studies have 

identified many potential influencing factors. The proportion of explanatory strength covered 

by the variables describing openness and monotony of the built environment is small, since 

the greater part is explained by the travel time. Also, for both regression models, the number 

of distinct land uses has been found to have a statistically insignificant influence on the 

divergence from the shortest path. 
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The results of the linear regression analyses show that openness of the built environment 

has a negative influence on the amount of distance people are willing to diverge from the 

shortest path. Therefore, it can be concluded that cyclists in the sample area prefer ‘less 

open’ routes, but the proportional influence of this factor can be considered small. On the 

contrary, cyclists in the sample area prefer more variation in the built environment (expressed 

in the number of land use changes and the number of distinct building functions). However, 

as is the case for the openness of the built environment, the proportional influence can be 

considered as low.  
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7 
Limitations & Recommendations 

 

This section covers the limitations and recommendations that arise from the implementation 

process. The main steps of the process include a review of the existing literature on the 

concepts of openness and monotony, and based on that, the creation of the base route 

model, the openness model and the monotony model. The resulting values from the models 

were considered per each route and were compared with other controlled variables with 

linear regression. The process of implementation and the results highlighted some limitations 

around the used approach and methods. Based on the limitations some recommendations 

are proposed. 

 

Base route model 

Limitation: All bicycle lanes are considered bidirectional 

Recommendation: Consideration of  the bicycle lane direction 

In the base route model, the shortest path between all distinct combinations of a 

starting point and an ending point is calculated. For the shortest path, all the 

segments of the bicycle lane network were considered without taking into account the 

direction of the bicycle lane. This was based on the idea that most of the main roads 

support the travelling in both directions. Nevertheless, taking into consideration the 

actual direction of a bicycle lane could indicate a different shortest path between two 

points. However, even considering the direction of the bicycle lanes, the statistical 

model (average openness per links and later per routes) and the openness model 

map would not be affected. 

 

Openness model 

Limitation: The openness model is applied only on the buildings 
Recommendation: Include more elements of the built environment 

The calculation of openness is implemented by considering only the surrounding 

buildings, excluding the vegetation and other possible artefacts. The assumption 

behind this approach is based on the intention to consider elements that have the 

same kind of impact. That means that vegetation could affect openness in a big 

extent, but it could have an opposite impact on a cyclist perception than buildings.    
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Limitation: The direction of route of a cyclist is not considered.  
Recommendation: Consideration of the real visible angle 

The current approach for openness considers all the buildings around a specific point 

within an angle of 360°. With this method also the buildings that are behind the cyclist 

contribute to the final openness of each sampling point. Ideally, the direction of the 

cyclist should be considered and only the buildings interfering with his visual field 

should affect the result of openness of the sampling point. This recommendation 

presupposes that also the direction of the bicycle lane is introduced in the model. 

 
Monotony model 

Limitation: Monotony is a factor of land use and building functions  
Recommendation: Include more aspects of the built environment 

Currently, the monotony of the built environment is a parameter of the variation of the 

land use and building function. Apart from these parameters, for the calculation of 

monotony more aspects could be considered, like the variation of the facades or the 

type of the buildings. 

 

Statistical analysis 

Limitation: Aggregation of values for openness and monotony per each route  
Recommendation: Consider the detail in the measured values 

The values of openness and monotony were calculated in detail on the road 

segments. More specifically, the openness was calculated on sample points along the 

bike lane network in an interval of 20 meters. The monotony value was extracted by 

the variation of the land use and land covers per meter of line segment. On the other 

hand, the statistical analysis was implemented on each route that consists of many 

road segments, requiring the aggregation of the calculated values to an average 

value. As a result the different values of openness and monotony along a route are 

not considered and the final outcome is generalised. 

 

Limitation: The purpose of travel is not considered for the analysis 
Recommendation: Distinction between mandatory and non mandatory routes 

In the current approach, the purpose of travel for each route is not taken into account. 

Though, purpose of travel is affecting the travel behaviour and a distinction between 

mandatory and non-mandatory travels could result in different correlation values. This 

approach will lead to more representative results as travels for commuting are usually 

not affected by factors like openness or monotony but are based on shortest distance 

and the minimum travel time. 

 

Limitation: Mostly control variables for the built environment were used 
Recommendation: Include extra control variables 

The current control variables are mostly parameters of the built environment 

infrastructure. Complementary, extra value could be added by using real data 

concerning the weather conditions, traffic volumes or facilities on the roads. Due to 

time and data limitations this fell out of the scope of this research.    
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Limitation: The ideal extent of openness is not identified  
Recommendation: Further research on the minimum/maximum accepted openness value. 

The statistical analysis provides information on whether openness influences the 
route choice or not. A next step could be to find the the minimum and maximum 
accepted openness values for a cyclist.  
 

Limitation: Differences of rural and urban areas are not considered  
Recommendation: Distinction of rural and urban areas for the analysis 

The basis of the statistical analysis is the difference of the shortest path and the 
chosen route from a starting to an ending point. In the rural areas the alternative 
routes are restricted as the road network is less dense and with smaller number of 
road intersections than in the urban areas. The restricted number of alternatives in the 
rural areas result in overlapping of shortest route and chosen route, reducing the 
differences in the measured values. These results may in extent counterbalance the 
measured differences of the measured the values in the urban areas. Thus, a 
distinction in the analysis could present a different image for the influence of 
openness and monotony on the route choice.  
 

Limitation: Results are not applied on other areas   
Recommendation: Result validation 

An application of the models and the statistical analysis in another sample area could 
lead to different result. The validation implies the application of the model on different 
sample data, which are not already used. 
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Appendix A - Tables base route model 

 

 
Table  A1. Source - target per                           Table A2. Example linknummer per shortest path_ids 

path_ids,routeids  
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Table A3. Travel times per linknummer.                        
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Appendix B - Vertical field of view 

For the vertical view, the natural line of sight is normally a 10° cone, below the the horizontal 

line (Figure A1). The impact of a structure of specific height reduces as the distance between 

the person and the structure increases (MTR Corporation Limited, 2017). This distance is 

also affected by the angle of view of a person. To choose the most suitable angle of vertical 

view, we used data from ergonomics on anthropometric data for the angle of view of a car 

driver, considering that a cyclist and a car driver will have the same visual field while driving. 

According to Cichański, Artur & Wirwicki, Mateusz (2018) this angle is 15° (Figure A2). 

 Figure B1. Vertical Field of view (MTR Corporation Limited,2017., pg1 Appendix )  

 
 

 Figure B2. Driver ergonomics (Cichański, Artur & Wirwicki, Mateusz. (2018), pg 2)  
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Appendix C - Openness map 

 
Map C1. Openness map 
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Appendix D - Monotony map 

 
Map D1. Monotony map  
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Appendix E - Intensity map 

 
 

Map E1. Intensity map  
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Appendix F - Algorithm to compute shortest path 

  
import psycopg2 

 

#connection with the database 

hostname = 'localhost' 

username = 'postgres' 

password = '1234' 

database = 'bikes' 

         

   #CALCULATING THE SHORTEST PATHS 

 

def doQuery( conn ) : 

 cur = conn.cursor() 

 cur2 = conn.cursor() 

 

 

 #downloading source and target  for every route 

 cur.execute( 

     "SELECT distinct routeid,linkstart, 

edge_start,source_start,target_start,linkend,edge_end,source_end,target_end FROM end_start_route limit 

54183") 

 nodes_list = [] 

 

 for element in cur.fetchall(): 

       nodes_list.append(((float(element[3]), float(element[7])), float(element[0]))) 

 

  file_shortest = open("shortest_final", "w") 

  file_shortest.write("{0},{1},{2},{3},{4}\n".format("path_id", "edge", "routeid", "source", 

"target")) 

 

 

 #shortest path functions from pgRouting 

 def ashortest2(n1, n2): 

 

      cur.execute( 

         "SELECT * FROM pgr_bdAstar('SELECT id, source, target, cost, reverse_cost, x1,y1,x2,y2 FROM 

road_topology',%s, %s); ",(int(n1), int(n2))) 

 

      shortest = [] 

 

      for element in cur.fetchall(): 

          file_shortest.writelines( 

             str(i) + ',' + str(element[3]) + ',' + str(routeid) + ',' + source + ',' + target + "\n") 

 lista1 = [] 

 lista2 = [] 

 

 #eliminating duplicates (same source-target) 

 for i in range(54183): 

     routeid = (nodes_list[i][1]) 

     source = str(nodes_list[i][0][0]) 

     target = str(nodes_list[i][0][1]) 

     duplicates1 = (nodes_list[i][0][0], nodes_list[i][0][1]) 

     duplicates2 = (nodes_list[i][0][1], nodes_list[i][0][0]) 

 

     if duplicates1 not in lista1: 

                if duplicates2 not in lista2: 

                ashortest2(nodes_list[i][0][0], nodes_list[i][0][1]) 

                lista2.append(duplicates2) 

                lista1.append(duplicates1) 

 

 

  

   #COMPARING NUMBER OF LINKS IN SHORTEST PATHS VS NUMBER OF LINKS IN EVERY ROUTE 

 def comparisons_route_shortest(): 

 

    #loading links per shortest path 

     cur.execute("SELECT path_id,edge,linknummer, source,target FROM short_link_edge") 

      

         map_path = {} 

     for element in cur.fetchall(): 

     if map_path.has_key(float(element[0])): 

                    

map_path[float(element[0])].append((float(element[2]),float(element[3]),float(element[4]))) 

   else: 

          links_shortest = [] 

             links_shortest.append( (float(element[2]),float(element[3]),float(element[4]))) 

             map_path[float(element[0])]=links_shortest 

 

    # loading links per routes 

      cur2.execute("SELECT path_id,routeid,linknummer,source_start,source_end FROM 

paths_routes_linknummer")  # 54183 

 

       map_route= {} 
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     for element in cur2.fetchall(): 

         if map_route.has_key(float(element[0])): 

            

 map_route[float(element[0])].append((float(element[1]),float(element[2]),float(element[3]),float(el

ement[4]))) 

                  else: 

             links_routes = [] 

                       

links_routes.append((float(element[1]),float(element[2]),float(element[3]),float(element[4]))) 

             map_route[float(element[0])]=links_routes 

 

     coincidences={} 

     file_shortest = open("frequency_paths", "w") 

     file_shortest.write("{0},{1},{2},{3},{4},{5}\n".format("path_id", "coincidences", "total_links", 

"percentage","source","target")) 

 

     for key, value in map_route.iteritems(): 

          lst_route = value 

          lst_path=[] 

          if map_path.has_key(key): 

              lst_path = map_path[key] 

         count=0 

          for item in lst_route: 

            for ln in lst_path: 

          if item[1] == ln[0]: 

              count=count+1 

                 

coincidences[key]=(count,len(map_route[key]),round(float(count)/len(map_route[key])*100,2),ln[1],ln[2]) 

 

 if map_path.has_key(key) and coincidences.has_key(key): 

               

 

file_shortest.write(str(int(key))+','+str(coincidences[key][0])+','+str(coincidences[key][1])+','+str(coinc

idences[key][2])+','+str(coincidences[key][3])+','+str(coincidences[key][4])+"\n") 

           

else: 

              file_shortest.write(str(int(key)) + ',' + str(0) + ',' + str(0) + ',' + 

str(0)+"\n") 

 

 

myConnection = psycopg2.connect( host=hostname, user=username, password=password, dbname=database ) 

doQuery( myConnection ) 

myConnection.close() 
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Appendix G - Algorithm to find neighbour points 
import psycopg2 

import math 

from shapely import wkb 

#reading road points from the database 

def points (min,max): 

 hostname = 'localhost' 

 username = 'postgres' 

 password = '1234' 

 database = 'geo1101' 

 conn = psycopg2.connect(host=hostname, user=username, password=password, dbname=database) 

 cur = conn.cursor() 

 cur.execute("select unique_id,geom,linknummer from links_fietser_points20 where unique_id >= %s and 

unique_id < %s;",(min, max)) 

 

 lista_points= [] 

 i = 0 

 l2 = [] 

 for element in cur.fetchall(): 

     element = (element[0],wkb.loads(element[1], hex=True),element[2]) 

     lista_points.append(element) 

 return lista_points 

#reading building centroids from the database 

def read_centroids (): 

 hostname = 'localhost' 

 username = 'postgres' 

 password = '1234' 

 database = 'geo1101' 

 conn = psycopg2.connect(host=hostname, user=username, password=password, dbname=database) 

 cur = conn.cursor() 

 cur.execute("select gml_id,geom,mediaan_ho from centroids_buildings;") 

 

 lista_centroids= [] 

 i = 0 

 l2 = [] 

 for element in cur.fetchall(): 

        element = (element[0],wkb.loads(element[1], hex=True),element[2]) 

     lista_centroids.append(element) 

 return lista_centroids 

#FDN ALGORITHM 

def FDN_algorithm(point,centroids): 

 

   neighbours={} 

   h_threshold= 55.2 

   for pt in point: 

       lst=[] 

       file_nm.write("%s," % pt[0]) 

       for cnt in centroids: 

           height_building= cnt[2] 

           distance = math.sqrt((pt[1].x - cnt[1].x) ** 2 + (pt[1].y - cnt[1].y) ** 2) 

           if distance <210 and height_building<h_threshold : 

               lst.append(cnt[0]) 

               file_nm.write("%s," % cnt[0]) 

           if distance < 600 and height_building > h_threshold: 

               file_nm.write("%s," % cnt[0]) 

       file_nm.write("\n") 

 

file_nm= open("point_neighbours.csv","w") 

def _test (): 

   min=0 

   max=113688 

   road_points_list = points(min,max) 

   centroids= read_centroids() 

   FDN_algorithm(road_points_list,centroids) 

 

if __name__ == "__main__": 

   _test ()  
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Appendix H -  Algorithm to find intersections with 

buildings (openness model) 
 

import shapefile as shp 

import psycopg2 

import math 

import copy 

from shapely import wkb 

from shapely.geometry import Point, LineString 

import shapely 

 

#POINTS INTERSECTIONS CALCULATIONS FOR THE OPENNESS MODEL 

 

#1 creating the classes: 

class Point: 

 def __init__(self,x,y): 

     self.x=x 

     self.y=y 

     self.near_buildings_id=[] 

     self.near_segments=[] 

     self.id=[] 

     self.link_nummer=-99 

 def __str__(self): 

     return "x:"+str(self.x)+" y:"+str(self.y) 

 def __repr__(self): 

     return "x:" + str(self.x) + " y:" + str(self.y) 

 

class Poin_param: 

 def __init__(self,x,y,t,id,h): 

     self.x=x 

     self.y=y 

     self.t=t 

     self.building_id = id 

     self.building_h = h 

 

class Ray: 

 def __init__(self,a,b): 

     self.a=a 

     self.b=b 

 def __str__(self): 

     return str(self.a)+" "+str(self.b) 

 def __repr__(self): 

     return "a: "+str(self.a)+",b: "+str(self.b) 

 

class Segment: 

 def __init__(self,a,b): 

     self.a=a 

     self.b=b 

     self.building_id="" 

     self.h ="" 

 

class Building: 

 def __init__(self,id,h): 

     self.id=id 

     self.height=h 

     self.segments=[] 

 

#2 creating building segments lists 

def buildings_by_id(building_list): 

 buildings_by_id = {} 

 for building in building_list: 

     building_id = building[-1] 

     building_h  = building[-2] 

     del building[-1] 

     del building[-1] 

 

      for item in building: 

          if building_id in buildings_by_id.keys(): 

              b_obj = buildings_by_id[building_id] 

                  b_obj.segments.append((item[0],item[1])) 

          else: 
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            segment_list = [] 

                  segment_list.append((item[0],item[1])) 

              building_obj = Building(building_id,building_h) 

              building_obj.segments = segment_list 

                  buildings_by_id[building_id] = building_obj 

 return buildings_by_id 

 

#3 Intersection function 

def get_intersection(ray,segment): 

 

 #RAY in parametric: Point + Delta*T1 

 r_px = ray.a.x 

 r_py = ray.a.y 

 r_dx = ray.b.x-ray.a.x 

 r_dy = ray.b.y-ray.a.y 

 

 #SEGMENT in parametric: Point + Delta*T2 

 s_px = segment.a.x 

 s_py = segment.a.y 

 s_dx = segment.b.x-segment.a.x 

 s_dy = segment.b.y-segment.a.y 

 

 #Checking if Ray and segments are parallel 

 r_mag = math.sqrt(r_dx*r_dx+r_dy*r_dy) 

 s_mag = math.sqrt(s_dx*s_dx+s_dy*s_dy) 

 

 tolerance =0.00001 

 if r_dx/r_mag==s_dx/(s_mag+ tolerance) and r_dy/r_mag==s_dy/(s_mag+ tolerance) : 

     # Unit vectors are the same. 

     return None 

 

 # Solving the systems of equations ans calcutating parameters T1 and T2 

    T2 = (r_dx*(s_py-r_py) + r_dy*(r_px-s_px))/((s_dx*r_dy - s_dy*r_dx)+ tolerance) 

 T1 = (s_px+s_dx*T2-r_px)/(r_dx+ tolerance) 

 

 # checking if there are point of intersections, by evaluating the parametric values. 

 if T1<0 : 

      return None 

     if (T2<0 or T2>1): 

      return None 

 

 # Return the point of intersection 

 return Poin_param(r_px+r_dx*T1, r_py+r_dy*T1,T1,segment.building_id,segment.h) 

 

#4 Reding the buildings polygons 

def read_building_sample(number): 

 data= shp.Reader("Building_in_sample.shp") #use the name of your shapefile 

 feat2=data.iterShapeRecords() 

 pol=[] 

 for i in range(number): #142314 range is the number of features you parse 

     rec=next(feat2) 

     geom=rec.shape.points 

     geom.insert(len(geom), rec.record[12])  # re.record[12] has the heights of the buildings 

     geom.insert(len(geom), rec.record[0]) #re.record[0] has the unique id of the building 

     # print pol 

     pol.append(geom) 

 return pol 

 

#5 reading sample points from the database 

def points (min,max): 

 hostname = 'localhost' 

 username = 'postgres' 

 password = '1234' 

 database = 'geo1101' 

 conn = psycopg2.connect(host=hostname, user=username, password=password, dbname=database) 

 cur = conn.cursor() 

 

 cur.execute("select unique_id,geom,linknummer from links_fietser_points20 where unique_id >= %s and 

unique_id < %s;",(min, max)) 

 

 lista_points= [] 

 i = 0 

 l2 = [] 

 for element in cur.fetchall(): 

      element = (element[0],wkb.loads(element[1], hex=True),element[2]) 

      lista_points.append(element) 
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 return lista_points 

 

#6 transform building polygons to segments 

def transform_to_segments(building,building_id): 

 raw_point_list = copy.copy(building.segments) 

 segment_list=[] 

 i=0 

 while i < len(raw_point_list): 

         point_a = Point(raw_point_list[i][0], raw_point_list[i][1]) 

         point_b = Point(raw_point_list[i+1][0], raw_point_list[i+1][1]) 

         segment = Segment(point_a, point_b) 

         segment.building_id = building_id 

         segment_list.append(segment) 

         segment.h = building.height 

         i = i + 1 

         if i == len(raw_point_list)-1: 

             point_a = Point(raw_point_list[i][0], raw_point_list[i][1]) 

             point_b = Point(raw_point_list[0][0], raw_point_list[0][1]) 

             segment = Segment(point_a, point_b) 

                segment.building_id=building_id 

             segment.h = building.height 

                segment_list.append(segment) 

             break 

 

 return segment_list 

 

def frange(start, end, step): 

 tmp = start 

 while(tmp < end): 

     yield tmp 

     tmp += step 

 

#remove end of lines 

def chomp(x): 

 if x.endswith("\r\n"): return x[:-2] 

 if x.endswith("\n") or x.endswith("\r"): return x[:-1] 

 return x 

 

#7 reading neighbours from buffering file 

def builgins_in_points_buffer(): 

 f = open('areas_smart.txt','r') 

 relation = {} 

 for line in f: 

      line = chomp(line) 

      line_array = line.split(",") 

      relation[line_array[0]]=line_array[1:len(line_array)] 

 return relation 

 

#8 creating buildings segments 

def create_segments_inside_buffer(road_points_list,buildings_by_id,builgins_in_points_buffer): 

 point_list = [] 

 for point in road_points_list: 

      p_id = point[0] 

      p = Point(point[1].x,point[1].y) 

      p.id=p_id 

      p.link_nummer = point[2] 

      if builgins_in_points_buffer.has_key(str(p_id)): 

              p.near_buildings_id=builgins_in_points_buffer[str(p_id)] 

           point_list.append(p) 

 

           for building_id in builgins_in_points_buffer[str(p_id)]: 

                    if buildings_by_id.has_key(str(building_id)): 

                           

p.near_segments.extend(transform_to_segments(buildings_by_id[building_

id],building_id)) 

 return point_list 

 

#9 opening  the files 

file_lines = open("testing_report", "w") 

file_openness = open("testing_report.csv","w") 

file_openness.write("{0},{1},{2},{3},{4},{5},{6},{7},{8}\n" 

                    

 .format("point_id","linknummer","point_x","point_y","building_id","intersection_x","intersection_y"

,"height","distance")) 

 

10 #calling the functions read_building_sample/ buildings_by_id 
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buildings = read_building_sample(2000) #49789 

buildings_by_id = buildings_by_id(buildings) 

 

#Adding conditions when querying to the database 

min=0 

max=500 

ii=1 

count = 0 

while min <= 113688:#number of road points 

 road_points_list = points(min,max) 

 min= min+500 

 max=max+500 

 

 #Intersection final algorithm 

 builgins_inside_buffer = builgins_in_points_buffer() 

 road_points_list_with_segments= = 

create_segments_inside_buffer(road_points_list,buildings_by_id,builgins_inside_buffer) 

 

 #Add buildings segments to each point 

 for point in road_points_list_with_segments: 

         for angle in frange(0, math.pi * 2, (math.pi * 2) / 36): 

             # Creating the Rays 

             dx = math.cos(angle) 

             dy = math.sin(angle) 

             point_a = Point(point.x, point.y) 

               point_b = Point(point.x + dx, point.y + dy) 

                 ray = Ray(point_a, point_b) 

             closestIntersect = None 

 

             if len(point.near_segments) == 0: 

                  line = str(point.id) + "," + str(point.link_nummer) + "," + str(point.x) 

+ "," + str(point.y)+ ','+','+','+','+','+','+"\n" 

                  file_openness.write(line) 

             for segment in point.near_segments: 

                       intersect = get_intersection(ray, segment) 

                 if intersect is None: 

                     continue 

             if not closestIntersect or intersect.t < closestIntersect.t: 

                     closestIntersect = intersect 

 

             if closestIntersect is not None: 

                  distance = math.sqrt((point.x - closestIntersect.x) ** 2 + (point.y - 

closestIntersect.y) ** 2) 

 

                 #Last buffering within resulting zones (buffering) 

                  if distance is not None: 

                     if distance > 0.9: 

                        h = closestIntersect.building_h 

                        h1 = 12.3 

                        h2 = 18.4 

                        h3 = 55.2 

                        h4 = 152.5 

                        b1 = 45.53 

                        b2 = 68.28 

                        b3 = 205.6 

                        b4 = 568.66 

                        write_flag = False 

                        if h < h1 and distance < b1: #range [-0.7  - 12.3) 

                             write_flag=True 

                        if h > h1 and h <= h2 and distance < b2: #range (12.3  - 18.4] 

                             write_flag=True 

                        if h > h2 and h <= h3 and distance < b3: #range (18.4 - 55.2] 

                             write_flag=True 

                        if h > h3 and distance < b4: #range [55.2 - 568.66) 

                             write_flag=True 

 

                         #writing the files 

                         if write_flag: 

                             # convert points to wkt 

                             intersect_point_geom = shapely.geometry.Point(closestIntersect.x, 

closestIntersect.y) 

                                  point_geom= shapely.geometry.Point(point.x, point.y) 

                                  count=count+1 

 

                                      #create linestring 
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                              lines_intersections_draw = LineString([point_geom, 

intersect_point_geom]).wkt 

                                     file_lines.writelines(lines_intersections_draw + "\n") 

 

                       

                             line = str(point.id) + "," + str(point.link_nummer) + "," + 

str(point.x) + "," + str(point.y) + "," + str(closestIntersect.building_id) + "," + 

str(closestIntersect.x) + "," + str(closestIntersect.y) + ","+str(closestIntersect.building_h)+","+ 

str(distance) + "\n" 

 

                             file_openness.write(line) 

 

              if closestIntersect is None: 

                  line = str(point.id) + "," + str(point.link_nummer) + "," + 

str(point.x) + "," + str(point.y) + ',' + ',' + ',' + ',' + ',' + ',' + "\n" 

                  file_openness.write(line) 

 

file_openness.close() 

  

  



 

  

 

 

 

76 

 

 

 

 

Appendix I - Algorithm to compute openness 

values 

 

 
import pandas as pd 

 

df=pd.read_csv('point_intersections_final.csv',error_bad_lines=False)   #read csv file as a dataframe (df) 

df['formula']= df.distance/(df.distance+df.height)   #add a column with the formula 

df['formula'].fillna(1, inplace=True)   #replace with 1 all the empty columns 

openness=df.groupby('point_id')['formula'].mean()  #average openness group by pointid 

df=df.set_index(['point_id']) 

df['openness']=openness 

df=df.reset_index() 

##print df 

df=df.drop_duplicates('point_id')  #distinct point id 

 

 

df.to_csv('openness_pandas.csv', sep='\t') 
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Appendix J - Results linear regression analysis: 

shortest path as input 

 

 

 
Table J1-J3. Output regression analysis shortest path, including the explained variance and correlation matrix 

  



 

  

 

 

 

78 

 

 

 

 

Appendix K - Descriptive statistics predictors: 

shortest path as input 

 
Table K1. Descriptive statistics of predictors with shortest path values as input 
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Appendix L - Results linear regression analysis: 

difference observed route - shortest path as input 

 

 
Table K1-K3. Output regression analysis difference, including the explained variance and correlation matrix 
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Appendix M - Descriptive statistics predictors: 

difference observed route - shortest path as input 

 
Table M1. Descriptive statistics of predictors with the differences between the observed route and shortest path 

as input  
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Appendix N - Results of the paired-samples t-tests 

Table L1. Output of the paired-samples t-tests for every predictor 

Table L2. Paired-samples statistics for every pair of predictors 


