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Summary

Over the last couple of decades, cycling has become increasingly popular in the Netherlands
and is still gaining popularitfhismakessense because cycling has many advantages. Cycling
has health benefits, environmental benefits, economic benefits @nd often also very
practical. Unfortunately, cycling also has disadvantages. The biggest disadvantage of cycling is
that it is relatvely dangerous compared tother means of transportMany more Dutch
cydistsget seriously injured oevenkilled thanone would expecbased on the share cycling

has in Dutch mobility.

Sincecyclingmainly has advantageshe Dutch government has beanvesting heavily in
bicyclefriendly infrastructure since the 1970s. These investments have contributed greatly to
making cycling more attractive, but not so much to makingimgctafer. This is a problem,
becausat is definitelyimportant that cyclingpecomes safeand new investments in bicyele
friendly infrastructure shouldontribute moreto this.

Due tothe fact thatin recent yearsa lot of research has been dometo the relationship
between infrastructure and the safety of cyclists, engineersvkrexactly howto design
infrastructure that is safe for cyclisttf is therefore unlikely that making infrastructure even
safer for cyclistss the most efficient solution to make cycling safegeneral Gettingcyclists
to make more use ahfrastructurethat is safe for cyclistseems to be a much more efficient
way to make cycling safer.

Ensuring that cyclists make more frequent udenfrastructurethat is safe for cyclists not
easy.The main reason for this is that there riglatively little of this infrastructure in the
Netherlands yet. Cyclists wanting to use new, comfortable and above all safe bicycle routes
often have to deviate far from th&astestroute and unfortunately this is something they do

not like to do.This means thiasmart solutions have to be found to motivate cyclists to choose

a safe route instead of &ast one. In order to provide these solutions it is imfsort to
understand which safetyelated infrastructural attributes motivate cyclists to deviate from

the fastestroute and to understand how these attributes tus.

This study is about gaininigsigh in the role that various safetselated infrastructural
attributes play in the route choicebehaviourof cyclists. The ultimate goal of this study is to
provide Dutchtransportation plannerswith information thatcanhelp them better understand

how route choice behaviour is related to bicycle safety, so that they can ensure that more
cyclistsare going to usenfrastructurethat is safe for cyclists

In order to determine the effect of safetglated infrastructural attributes on the route choice
behaviour of cyclists, this study uses the 'shortest route' technique. This is a technique in
which drivenroutes between certain origins and destinations a@mpared with shortest
routes between the same origins and destinations. The differences betweadritren routes

and the shortest routes form the finalatasetthat will be used to estimate both a multi



variable linear regression and a Tobit regressibne difference in distance between the
driven routes and the shortest routes is the dependent variable and all sedtied
infrastructural attributes are the independent variables.

The dataset that is created for this study consists of roughly twéspdihe first part is the
road network, including all requirednformation about the infrastructure. This information
mainly comes from government agencies suclih@sDutch Central Bureau of Statistitise
Dutch Ministry of Infrastructure and Water managementRifkswaterstagt and the
Municipality of Eindhoven. However, data from the Fietstelweek and from OpenStreagVap
also used. The second paftthe dataseis the route data. The route data used for this study
comesfrom the BRiders programme. From this programme, which aims to stimulate cycling,
145 bicycle routes have been selected that have kdrérenin the Eindhoven region between
January and May 2014\l data filesthat are used to build the dataset aleought together
using GIS software.

The results of this study are based on the estimation of a Tobit model with onlygtécant
variables, because this variafitted the datasetbest These results offer three important
insights.First of all, this stdy shows that there arenultiple safetyrelated infrastructural
attributes that play a role in the extent to which cyclists deviate from the shortest route. These
are: traffic intensity, road sides, entrances & exits, trees, and cyclists intensity. A highe
percentage of softer road sides, a higher number of entrances & exits and a higher amount of
trees along the route cause that cyclists are willing to deviate more than average from the
shortest route. A higher traffic intensity, a higher cycling intgnaitd a higher age cause that
cyclists are willing to deviate less than average from the shortest route. The main conclusion
that can be drawn regarding the importance of these attributes relative to each other is that
traffic intensity has a larger impaon the route choice behaviouof cycliststhan road sides

do. Secondly, in contrast to what literature suggested, the results of this study show that when
infrastructure related attributes positively affect route choice behaviour they do not
necessarily psitively affect cycling safety as well. This became clear, because this study
showed that encountering more entrances and exits (crossings) and higher cyclist intensities
are positively related with route choice, whereas recent literature clearly showadhigher

levels of these attributes are negatively related with cycling safety. Third and last, this study
shows that age also plays a significant role in the extent to which cyclists deviate from the
shortest route. By showing that older people are ledling to deviate from the shortest route

than younger people, this study underlines the heterogeneity of the population. The effect of
the studiedattributes on route choice behaviour differs per individual and this is important to
consider when designg bicycle infrastructure.

All'in all, this study shows that it is possible for transportation planners to improveyttiimg
safetyof a route while at the same time making it more attractive for cyclists. Lowering traffic
intensity and increasing ther@ount of soft road sides seem to be the easiest and most realistic
design optionsto make infrastructure both more attractive for cyclists as well as safer.
Planting more trees is an option to attract more cyclists to a route, but does not necessarily
makes cycling safer. Furthermore, transportation planners need to keep in mind that the
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equally affected by the safety improving measures that are taken by transportaaomers.

This makes that it is important to consider the composition ofibpulation when designing

safeand attractive cyclingnfrastructure. Lastly, this study has highlighted multiple factors

that should be included in travel models in order to méhkem reflect cycling behaviour more
accurately. Given the fact that there is no literature available about the effect of road sides on
route choice behaviour, chances are high that this attribute is not yet consideratl Ibgst

some travzel models. This akes the roadide attribute particularly interesting for
transportation planners.
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Dutch summary

Fietsen is de afgelopen jaren steeds populairder geworden in Nederland en de populariteit
neemt nog steeds toe. Dit is niet verwonderlijk, want fietsen heeft veel voordelen. Fietsen is
goed voor de gezondheid, het milieu, de economie en het is vaak odlphradisch. Helaas
heeft fietsen ook nadelen. Het grootste nadeel van fietsen is dat het relatief gevaarlijk is ten
opzichte van andere vervoermiddeldn.het verkeer rakeneel meer fietsers ernstig gewond

of komen zelfs om het levetdian verwacht zou mgen wordenop basis van het aandeel dat
fietsen heeft in de Nederlandse mobiliteit

Vanwege het feit dat fietsen overwegend voordelen heeft, wordt er door de Nederlandse
overheid al sinds de jaren 70 veel geinvesteerd in fietsvriendelijke infrastrudDere
investeringen hebben sterk bijgedragen aan het aantrekkelijker maken van fietsen, maar niet
zo sterk aan het veiliger maken van fietsen. Dit is een probleem, want het is wel degelijk
belangrijk dat fietsen veiliger wordt en nieuwe investeringenatsfiriendelijke infrastructuur
moeten hier ook meer aan gaan bijdragen.

Gezien het dit dat er de afgelopen jaremeel onderzoek is gedaan naar de relatie tussen
infrastructuur en de veiligheid van fietsers weten ingenieurs exact hoe egstrdictuur
moeten ontwerpen die veilig is voor fietserblet is dan ook onwaarschijnlijk dat het nog
veiliger maken van deze infrastructuur de meest efficiénte oplossing is om fietsgin
algemeenheidveiliger te maken. Er voor zorgen dat fietsers meer gebruik gaaken van
infrastructuurdie veilig is voor fietselgkt een veel efficiéntere manier om fietseneiliger te
maken.

Er voor zorgen dat fietsers vaker gebruik gaan maken van infrastrudiiveilig is voohen

is niet eenvoudig. De belangrijkste rexdehiervoor is dat emog relatief weinigvan deze
infrastructuur is in Nederland. Fietsers die gebruik willen maken van nieuwe, comfortabele en
vooral ook veilige fietsroutes moeten hiervoor vaak ver afwijken vasngdsteroute en laat

dit nu net iets 7n dat fietsers niet graag doen. Dit betekent dat er slimme oplossingen moeten
worden gevonden om fietsers te motiveren om voor een veilige route te kiezen in plaats van
eensnelleroute. Om deze oplossingen te kunnen bieden is het belangrijk om te bagrijp
welke aan veiligheid gerelateerde infrastructuredéributen fietsers motiveren om af te
wijken van desnelsteroute en om te begrijpen hoe deze attributen dit doen.

De functie van deze studie is het verkrijgen van inzicht in de rol die diverseedmyneid
gerelateerde infrastructurele attributen spelein het routekeuzegedragvan fietsers. Het
uiteindelijke doelvan deze studie is onNederlandsetransport plannersinformatie te
verstrekken die hen kahelpenom beter te begrijpen hoe routekeuzedrag gerelateerd is

aan fietsveiligheid, zodat zij er voor kunnen zorgen dat meer fietsers gebruik gaan maken van
infrastructuurdie voor hen veilig is

11



Om te achterhalen wat het effect van infrastructuur op het rdigazegedrag van fietsers

maaktdd S aiGdzZRAS 3IASoNHzZA 1l SFy RS Wi 2NI&GS NEPRdzi S¢
routes tussen bepaalde oorsprongen en bestemmingen worden vergeleken met kortste
routes tussen diezelfde oorsprongen en bestemmingen. De verschillen tussen de gereden
routes en de kortste routes vormete uiteindelijke dataetdie zal worden gebruikt om zowel

een multivariabele lineaire regressie als een Tobit regressie te schatten. Hierbij is het verschil

in afstand tussen de gereden routes en kortste routes de afhgké&elariabele en zijn alle

aan veiligheid gerelateerde infrastructurele attributen de onafhankelijke variabelen.

Het databestand dat gemaakt is voor dit onderzoek bestaat uit runiweg onderdelen. Het
eerste onderdeel is het routenetwerk met de bijllende informatie over de infrastructuur.

Deze informatie komt hoofdzakelijk van overheidsinstanties zoals het Centraal Bureau voor
de Statistiek,het Ministerie van Infrastructuur en Watersi (Rijkswaterstagt en de
Gemeente Eindhoven. Echter, er is addta van de Fietstelweek en van OpenStreetMap
gebruikt. Het tweede onderdeefan het databestands de routedata. De routedata die voor

dit onderzoek is gebruikt is afkomstig van heRBlers programma. Uit dit programma, dat als
doel heeft omfietsen testimuleren, zijn 145 fietsroutes geselecteerd die tussen januari en
mei 2014 zijn gereden in de regio Eindhoven. De verschillende databestanden zijn bij elkaar
gebracht met behulp van GIS software.

De resultaten van deze studie komen voort uit de schgttran een Tobit model met alleen

de significante variabelen, omdat deze het beste paste bij de gebruikte dataset. Deze
resultaten bieden drie belangrijke inzichten. Allereerst toont deze studie aan dat er meerdere
infrastructurele enaanveiligheid gerelaterde attributen zijn die een rol spelen in de mate
waarin fietsers afwijken van de kortste route. Dit zijn: verkeersintensiteit, bernmeren
uitritten, bomen en fietsersintensiteit. Een hoger percentage zachtere bermengeser
aantal in en uitritten en een groter aantal bomen langs de route zorgen ervoor dat fietsers
meer dan gemiddeld van de kortste route willen afwijken. Een hogere verkeersintensiteit, een
hogere fietsintensiteit en een hogere leeftijd zorgen ervoor dat fietsers minder dan geldidd
van de kortste routavillen afwijken De belangrijkste conclusie die getrokken kan worden met
betrekking tot het belang van deze attributen ten opzichte van elkaar is dat verkeersintensiteit
een grdere impact ophet routekeuzegedragan fietsers heeftlan bermen Ten tweede, de
resultaten van deze studienen aan dat wanneer infrastructuur gerelateerde attributen een
positieve invloed hebben op het routekeuzegedrag, zij niet noodzakelijk ook een positieve
invloed hebben op de fiswveiligheid. Dit werdluidelijk,omdat uit deze studie bleek dat het
tegenkomen van meer iren uitritten (kruisingen) en hogere fietsersintensiteiten positief
gerelateerd zijn aamle keuze voor een bepaalde routeerwijl recente literatuur duidelijk
aantoonde dat hogere nias van deze attributen negatief gerelateerd zijn aan
fietsveiligheid. Ten derde toont dit onderzoek aan dat leeftijd ook een belangrijke rol speelt
in de mate waarin fietsers afwijken van de kortste route. Door te laten zien dat ouderen
minder geneigd zij om van de kortsteroute af te wijken dan jongeren, onderstreept deze
studie de heterogeniteit van de bevolking. Het effect van de attributen op het
routekeuzegedrag van fietseverschilt per individu en dit is belangrijk omreee te nemen

bij het ontwerpen van fietsinfrastructuur.
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Al met al laat deze studie zien dat het voor transportplanners mogelijk is om de fietsveiligheid
van een route te verbeteren en deze route tegelijkertijd aantrekkelijker te maken voor
fietsers. Het verlagen van de verkeersintensiteit en het vergroten \&nahntal zachte
bermenlijken de gemakkelijkste en meest realistische ontwerpopties die de infrastructuur
zowel aantrekkelijker als veiliger makeoor fietsers Meer bomen planten is eemanierom

een route aantrekkelijker te makemmaar maakt fietsen Bt per se veiliger. Bovendien
moeten transportplanners er rekening mee houden dat de bevolking he¢enogs, waardoor

het routekeuzgedrag van fietsers niet altijd op dezelfde manier en in dezelfde mate wordt
beinvloedt door de veiligheidsbevorderende riragelen die door transportplanners worden
genomen. Dit maakt het belangrijk om bij het ontwerpen van nieufietsveilige
infrastructuur rekening te houden met de samenstelling van de bevolKiglot,deze studie

heeft meerdere factoren belicht die imroutekeuze modellen zouden moeten worden
opgenomen om deze fietsgedrag nauwkeuriger te laten weerspiegelen. Gezien het feit dat er
nog geen literatuurbeschikbaardie het effect van bermen op hetoutekeuzegedrag van
fietsersbespreektis de kans groot dadtit attribuut nog niet wordt meegenomen iop zijn

minst sommige routekeuze modelle®it maakt het attribuut bermen bijzonder interessant
voor transportplanners.

13



Abstract

Over the last couple of decades, cycling has become increasingly popular in the Netherlands
and is still gaining popularity. Due to the multitude of benefits that cycling has, such as health
and environmental benefitghe increasingopularity of cyclingis generally considered to be

very positive. However, cycling also has one major drawback, which is that the bicycle is a
relatively unsafe means of transport. Despite the fact that the Dutch govemimnvested a

lot of money inbicycle friendlyinfrastructure over the last couple of years, cycling safety
improved only slightly. In order to increase the positive effect of bicycle friendly infrastructure
on cycling safety, it is important that cyclists are going to use this infrastructure more often.
For ths purpose, btter understanding of how safety exactly affects the route choice
behaviour of cyclist is required. This study investigates how cyclists can be stimulated to
choose a safer route bgxamining the role that safetselated infrastructural atttbutes play

in the extent to which cyclists deviate from the shortest route. For this effort, the GPS data of
145 cycling tripsfrom the Eindhoven region is used to estimate a multivariable linear
regression and a Tobit regression. On average, cyclistatde840 meters from the shortest
possible route. A higher percentage of softer road sides, a higher number of entrances & exits
and a higher amount of trees along the route cause that cyclists are willing to deviate more
than average from the shortest roeit A higher traffic intensity, a higher cycling intensity and

a higher age cause that cyclists are willing to deviate less than average from the shortest route.
All'in all, this study shows that it is possible for transportation planners to improve thegyc
safety of a route while at the same time making it more attractive for cyclists. However,
ONF yaLR2NIOFGA2Y LIXIFTYYSNE ySSR (G2 1SSLI AYy YAYF
equally affected by the safety improving measures that they take.
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1. Introduction

1.1. Problem definition

Over the last couple of decades, cycling hasome increasingly popular the Netherlands
Where Dutch people cycled 14 billion kilometias2005, they cycled 15.5 billion kilometres
in 2017(CBS, 2017 iKiM, 2018).The fact that cycling is getting increasingly more popular
makessense, because cycling has mamgnefits Cycling is healthy, practical, good for the
environment and good fathe economy(ANWB, 2020)

Unfortunately,the bicycleis alsoa relatively unsafe means of transpoBomething that is
mainly caused by théact that cyclist are very vulnerabilifiReurings et al., 2012Lyclists
nowadays account for approximately otierd of the total number of road casualties and over
50% of all serious traffic injuries in the Netherlandsjlevcycling onlyaccounts for about a
guarter of Dutch daily mobility (CBS, 2018; Weijermars et al., 2016; KiM, 2018).

The fact that thesafety of cyclisthas developea lot less favouralglthan that of other road
users suggestthat cycling safety is relatively hard to improwhere the total number of
road fatalities decreased by approximately 50% over the last 20 years, the number g cycli
fatalities remained approximately the same (CBS, 20&8)en the fact thathe number of
bicycle kilometres travelled has increased by approximately 10% over the past 1agpdars
that the amount cyclists who got killed in traffic did not rigecanbe concluded thatycling

has become safer. However, the improvement is very sliggpecially when compared toe
improvement ofoverall traffic safety.

Due to the fact that cycling has so many advantages, the Dutch goverstaei@dto actively
stimulate the use of the bicycknce the 1970s, which led to increasing investments in bicycle
infrastructure (van Goeverden & Godefrooij, 2010fome recent examples of large
investmentsin the Dutch cycling infrastructurare a large bicycle bridge tdtrecht and
various secalled fast cycle routes that have been built throughout the couf@gmeente
Utrecht, 2020; Fietsersbond, 2020)heseinvestmentsin cycling infrastructurdnave clearly
made cycling more attractive by improviagcling comfort andycling conveniencéiowever,
sincecycling safety has improved only very little the last couple of decades, their effiect
cycling safetyppears to beelatively limited This isa problem, becausthere are still many
cyclists who get seriously hust even killed in traffic every year.

In recentyears many studies and reports have focussed onthe relationship between
infrastructureand cycling safetyfe.g. Schepers, 2008; Wijlhuizen & Aarts, 20A4)a result,
transportation planner&now exactlyhow to designinfrastructure that is safe for cyclisésd
generally do sdncreasing cycling safety by making new cycling infrastructure even safer does
therefore not seem to be a realistic optiorlt seems thatgetting cyclists to useew
infrastructure that is safe for cyclistsmore often has a lot more potential to significantly
increase cycling safety general
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Getting cyclists to useewly builtinfrastructurethat is safe for cyclisnhore often is relatively
difficult. The main ream for this is thahewly developednfrastructurethat issafe for cyclists
still formsa relativelysmall percentage of the total netwoik the Netherlandsand that, in
order to use it,cyclists generallyhave to deviate significantly from tirefastest route.
Something that cyclists do not like to do as theyd to minimise travel timg¢Stinson & Bhat,
2003; Yang & Mesbah 2013his means thagmart solutions have to be found that get cyclists
to move away from thdastestroute and choose a safer rti In order to provide these
solutions it is important to understandwhich safetyrelated infrastructural attributes
motivate cyclists to deviate from thastestroute and to understand how these attributes do
this. Only when this information is availk) it is possibléo get cyclists to use safer routes.

Despite the fact that a lot of reseegh has been done into cyclisgfety and that there is a lot
of information available on this topidhére is almost no information abolibw cyclingsafety
relates to theroute choicebehaviourof cyclists Various studies€.g. Broach et al., 2012;
Huisman & Hengeveld, 201dhow that cycling safetgffects theroute choicebehaviourof
cyclists,but no one yet studied howycling safetyexactly affecs the route choice behaviour
of cyclists.

Getting more insight into the role thatafetyrelated infrastructural attributes play in the
route choicebehaviourof cyclists will lead to better understanding of why cycling facilities are
used in the way they anased and will ultimately lead to better understandinghaiw cyclists

can be tempted to choose a safer routéhis is important becausa) the coming yearagain

a lot of money will be invested in cycling facilities in an attempt to realise the Dutch cycling
ambitions of making cycling more attractive (Rijksoverheid, 2018). It would be very helpful if
these investments contributed more to increasing cyclisgfety than the previous
investments did

1.2. Research question & objective

Current literature emphasizes the relevance of studying the influensafetyon the route
choicebehaviourof cyclistdBroach et al., 2012Rroach et al. (2012), who invégatedwhich

types of bicycle facilities are preferred by cyclists, found that the value cyclists gave to some
facility types could not be explained by the detailed facility variablieattthey were able to
measure. ey concluded that something more subthsperceivedsafety might explain the
results of their study and suggest that this should be studied in future rese@inehaim of

the currentstudy is to contribute to filling this research gap.

Over the past couple of decades, various methods haes lesed iroute choicebehaviour
studies All with their own pros and consvhich will be explained in the literature revie®@ne

of thesemethodsis to compare the characteristics of actually driven rouiesveen certain
origins and destinationsvith shortest routes between the same origins and destinations
(Winters et al., 2010Larsen & EGeneidy 201]). A sound technique since there is evidence
that travel timeis the most important route choice attributé&s{inson & Bhat, 2003nd that
distance is a good proxy for travel time (Rietveld et al., 1999).
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As already mentioned in the previous paragraghs tstudy is about gettingsight intothe

role that safetyrelatedinfrastructural attributeglay inthe routechoicebehaviou of cyclists.

C2NJ GKA& SYRSI@2dz2NE F2ff26Ay 3 (KSthedhdaiki2 NI S & (
research question for this studyfisrmulated as follows

oWhat role dosafetyrelated infrastructural attributesplay inthe extent to which
cyclistsdeviate from the shortest route?

In order to answer thenain research question, various sghestions are defined. These are:

1. What is route choice behaviour?

What is cycling safety?

3. Which infrastructure related attributes affeatycling safety and the route choice
behaviourof cyclistsand how do they do this?

4. How can the effect obafetyrelated infrastructural attributeson the route choice
behaviour of cyclistee measured?

no

The main objective of this study is to provide Dutch transportation planwétsinformation
that will help them todesign infrastructure that is not only salfeit also so attractive thaa
lot of cyclistsare going tause it The way in which this will be done is by providing insigtat
the way in whichvarioussafetyrelated infrastructural attributesare related to route choice
behaviourof cyclists The information will be presenteid a waythat isaccessibldor Dutch
transportation planners

1.3. Research design

Over the last couple of decades, a lot of research has deeae into cyclingn order to make
good use of the existing information arid make sure that this study will be a valuable
addition to existing literature,his studybegirs with an extensive literature reviewn this
literature review, the purpose afhich is to elaborate on the research domain aadlustrate
the current opinions in the scientific literature, an answéll be given on the firsthree sub-
guestion of this studyBy answering these questions, the literature revieyl providea lot

of relevantinformation about cycling safety arile route choice behaviouof cyclists

The methodologyof the current studyis determinedbased on thenformation presented in

the literature review anctan be seen as the answer to the fourtindlastsub-question of this
study. A decisive factor in determining the methodologythe choice tobase this study on
revealed preference data instead of stated preference data. Something that is not uncommon
in route choice behaviour (e.Bill & Gliebe2008; Broach et al., 2012; Hood et al., 20Thg

main reason for using revealed preference data is that this study aims to shed light on how
certain infrastructural attributes affect the route choice behaviour of cyclists. For such a
situation, it is nore accurate to look at which routes cyclists have actually chosen instead of
asking cyclists which routes they should have chosen given certain circumstances (stated
preference).Choosing for revealed preference data instead of stated preferencetdkis
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away the risk of respondents saying that they would make a certain choice, but in reality make
a different choice.

Following thechoice for revealed preference datthis study willbe based on GPS data of
routes that people atually cycled to get froman origin to a destinatiomnd compare the
attributes of these routesvith the attributes ofalternativeroutes between thossame origis

and destinatios. This operationalisation makes it possible to investigate how the
infrastructuralattributes that wee identified in the literature revievaffect theroute choice
behaviourof cyclistsand ultimately find out which of these attributes have the potential to
make cyclists choossafer routes.

The results of this study will be generated lisingtwo different regression based model
analysesFirst a standard linear regressiorsggecified However, due to the fact thdhe data
that will be used for this studig censored (this will be explained in detail in chapter 3), a more
suitable Tobit regression specifiedas well (Tobin, 1958).

Finally, after the results have been generaténd final conclusins willbe drawn ad the main
research question wilbe answered.These conclusions will forma design advice for
transportation plannerghat they can us to makeinfrastructureboth safe and attractivéor
cyclists and thereby improvgeneral cycling safety

1.4. Reading guide

This remainder of this study consists of four chapters and this paragraph briefly explains what
these chapters are abouChapter two presents theesults of theliterature review of this
study. This chapter addressesute choice behaviour, cycling safety amolw infrastructure,
traffic conditions and infrastructursurroundings are related tine route choice behaviouof
cyclistsandcycling safetyChapter three presents theetails of themethodology. This chapter
explains the conceptualisation of the research problem and elaborates on various theories,
methods and techniques that are relevant for answering the reseaguestions and
ultimately achieving the research objective. Chapter four presents the results of thisastddy
contains the descriptive and statistical analysis of the dataset. Chapter 5 presents the
conclusions and recommendations of this study. Thapter answers the research questipn
discusses the conclusions of this stugyovides recommendations for practie@d provides
recommendations for further research.
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2. Literature review

2.1. Introduction

This chapterpresentsthe literature review @ this study and consists of 7 paragraphsherl
purpose ofthis literature review igo elaborate on the research domaamdto illustrate the
current opinions in scientific literaturd’aragraph 2.2zooms in orroute choice behaviour.
This paragraph explains the principle of route choice behaviour, elaborateganous
approaches in route choice behaviour literatuaed highlights various important aspects of
route dhoice behavioursuch as itgleterminants Paragraph 2.3. zooms in agcling safety.
Thisparagraph explains the principle of cycling safety, elaboratesasious approaches in
cycling safety literatureand addresses the most important determinants ofcling safety.
Paragraph 2.4explainshow infrastructureis related tothe route choice behaviouof cyclists

and cycling safety More specifically, this paragraph describes how various infrastructural
attributes affectthe route choice behaviouof cyclists objective safety (safety in numbers)
and subjective safety (safeys perceived). Paragraph 2.5. and 2.6. follow the same structure
as paragraph 2.4., but address the traffic situation and infrastructure surroundings instead of
infrastructure respectivelyFinally, in pargraph 2.7, the conclusions of the literature résw

are presented.

Since thiditerature reviewdirectly dives into cycling safety, more general information about
cycling is provided in appendi& for anyone who would like a more comprehensive
introduction to the subject matter. This appendiiscusses cycling in the Netherlands and
provides information abouthe benefits of cycling, drawbacks of cycling and the Dutch cycling
ambitions.

2.2. Route choickehaviour

This paragraph zooms in on route choice behaviour and focuses specificalfyclats.In
doing so, this paragraptrovidesa clear picture of what route choice behaviour exactly is and
how the route choice behaviouof cyclistshas been studied in the past.

2.2.1. The principle of route choice behaviour

Route choice behaviour ihe overarching concept that stands for the decisioaking
process in which people consciously or unconscioeslgose a routebased on their
knowledgeof or opinion towards certain characteristics of the route netwoilhere are
several theories regardg route choice behaviour. However, the choice theory that is mostly
used in route choice modelling is the utility theory. The Saylor Academy (2020) explains on
their website that the utility theory is originally developed in economics and aims to explain
the observedyeneralbehaviour of individuals. A key element of this theory is that it assumes
that individuals always try to choose the alternative that will benefit them most (Louviere et
al, 2000). A principal that is referred to as utility maximisatMfithin route choice modelling
research, utility maximisation means that travellers choose the route of which they think that
it suits their preferences best, given its attributes. More detailed information about choice
behaviour and the utility theory igresented in appendiB.
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2.22. Approachesdn route choice behaviolsterature

Over the past couples of decades, many studies on route cHmtaviourhave been
conducted. Although in most cases the aim of these stu@iagch is mostly to figure oudtow
certain attributes relate to route choicgecision$is very similar, they are all slightly different
when they are looked at in more detail

The first important point on which studies differ is the target area. Many route choice
behaviourstudies wtNB Ol NNA SR 2dzi Ay GeLAOIE wOeofAy3
Rietveld et al., 1999; Claasen & Rienstra, 2017), but also in North America a lot of research has
been done on this topic (e.g. Winters et al. 2010; Buehler & Pucher, 2012).

The seond important point of difference is the type of data that is usedh&ve most route
choicebehaviourstudies used stated preference data (e.g. Stinson & Bhat, 2003; Larsen & El
Geneidy, 2011), there were also quitdeav that used revealed preference data.g. Dill &
Gliebe, 2008; Broach et al., 201®yhy stated preference is the most commonly used data
type in route choicédehaviourstudies has been clearly explained by Broach et al. (2012). They
explain that data collection is often easier, it is netassary to obtain detailed network data,
there is no need to generate realistic choice sets, model spatdit and estimation is
generally easier and it is possible to study fexstent options. Howevestated preference

in route choice behaviour stues also has some drawbackise most important of which is

that it is very difficult for respondents to empathise with the hypothetical situatioey are
presented withand give answers thahatch their actual behaviouT his problem playa much
smallerrole in revealed preferenceoute choice behavioustudies, as they use actual routes
andreal worldnetwork data.The most important shortcomings tiese stdies is that they
generally considelimited choice sets (Broach et al., 2012).

The thirdimportant point on which studies differ is the research technique that is used. Within
route choice studies different research techniques can be distinguished. A technique that is
often used in stated preferencgudies is discrete choice analysis (&tnson & Bhat, 2003
Sener et al. 2009Sudies that use this techniqugenerally present respondents with route
options from which they can choosEhe options are designed in such a way that respondents
have to trade off certain features, such as pagkievels and travel time. Finally, a discrete
choice model, such as tiMultinomial Logit Model (MNL.Js used to estimate theoefficients
connected tahe examined attributesA Technique that is used in revealed preference studies
is to compare drivemoutes with other logical alternatives, such as the shortest ro(geg.
Winter et al., 2010; Larsen &-6kneidy, 2011)Studies that use this technique often ask
responderts to recall their routes or are based @PS data. Smart algorithms are then used

to generate alternative routes. Finally, the routes are analysed by means of regression
analysis.

The last important point on which studies differtise specific focus of the researcBome
studies focus on trip characteristi¢such as commuting or Rire) others on traveller
characteristic{such as age and gendemd others on infrastructure characteristitsuch as
quality of the surface)There are also studies that focus on a combination of these attributes
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or that incorporate attributes that aanot be placed in the earlier mentioned groups such as
the weather.

Even though most route choitehaviourstudies are different (different target area, different
type of data, different research techniqueifferent focug the results show many
commonalities This will become clear paragraph 2.3, 2.4 and 2.5.

2.2 3. Determinants ofoute choice behaviour

Based oncurrent literature it becomes clear thatoute choice behaviour has three main
determinants.These are convenience, comfort amdfety. Convenience generally refers to
the ease of cycling, comfois mostly about thestate of physical and mental ease experienced
during cycling and safety is mainly about the risks of getting injutt@te cycling.

Gonvenienceis probably the most importandeterminant ofroute choice behaviouas itis
mainly determined bytravel time. Despite the fact that there are no studies that directly
mention convenience as an importagterminant ofroute choice behaviour, there areany
studies that have showed the great importance of travel time and thus indirectly the great
importance of convenienceFor example,Stinson & Bhat (2003)who used a stated
preference survey to investigatmmuter bicyclist route choicbehaviour found that travel
time is the most important route choice attributer bicycle commutersThese findings are
in line with earlier findings by Bovy & Bradley (198&)o conducteda comparable studyA
study conducted by Yang & Mesbah (2QBBoshows that tavel time is the most important
route choice attribute for regular cyclist§hey studied the route choice behaviour of cyclists
in general based on both stated and revealed preference data.

Based on current researchomfort seems to bean important route choicaleterminantas

well. Despite the fact thabnly a study by Stinson & Bhat (20@8kctly mentionghat comfort
plays a significant role ithe route choice behaviouof cyclists there are many studies that

do so indirectlyAn example ofa studythat indirectly mentions the relation between comfort
and route choice behavious the one conducted by Bovy & Bradley (1985). Their study shows
that various comfort related attributes, such as the quality of pla@ement have a signifiant
impact on route choice behaviouA more recentstudy bySener et al. (2009) sh@asimilar
results forparking, continuous bicycle facilities, lower roadway speed limits and the number
of traffic lights, stop signs and cross stre€fbese are also pects that can be related to
comfort. Interestingly research by Stinson & Bhat (20GRiggest that tle role that comfort
plays within route choice behaviour is age dependdihe results of their study suggests that
older people seem to be much more sdns to comfort aspects than younger people.

Safetyis the third important determinanthat affectsthe route choice behaviour of cyclists.

As already explained in the introduction, the bicycle is a relatively unsafe means of transport.
People are generally aware of this relative unsafety, which in some cases affects their route
choice decisions. This has been demonstrated in a large vafistydies that all look at route
choicebehaviourfrom a different perspective and focus aifferent parts of the worldOne

of the more recent studies that has showed that safety affélogsroute choicebehaviourof
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cyclistsis conducted in the Nethentels by Claasen & Rienstra (2017). They conducted a
written survey among cyclists in Utrecht (Netherlands) in order to assess the influence of the
various aspects, such as safety,tba route choicebehaviourof cyclistsand foundsafety to

be very importat. This finding is in line with earlier statements done in a Belgian study by
Huisman & Hengeveld (2014). They wrote a report on bicycle counts for the province of
Antwerpen and stated that traffic and transport factors, of which safety is one, detertaine

a large extent the route choiceecisionsof cyclists.Evidence for the relationship between
safety and route choice behaviour walkso found in Ireland and Denmath.these countries

the effect of safety on route choideehaviourwas shown in some stlies that specifically
focused on subjective (perceived) safety. In Ireland, an interesting study on the safety
perception of cyclists in Dublin conducted by Lawson et al. (2013), showed clearly that cyclists
prefer routesthat they perceiveas safe andrat cyclistsare willing to adapt their route choice
FOO2NRAy3Ited Ly (GKS aryYS @SINE AY 5SYyYINJZ
was carried out by Snizek et al. (2013). They also found that subjective safety has a significant
influence onthe route choicebehaviour of cyclists

Despite the fact that safety, comfort and convenierare three different determinants of
route choice behavioutthere appears to be a close link between them. Bitteibutes (e.qg.
infrastructural attributes) thatletermine safety, comfort and conveniencéen do not affect
one determinant, but to multipledeterminants A good example of an attribute that shows
the overlap betweerthe determinantsis quality of pavement as it can influence both comfort
and safety.

2.2.4.Travel time irroute choicebehavioutiterature

As already mentioned in the previogsction travel time is generally considered to be the
most important attribute in route choice behavioand its relationship withroute choice
behaviourof cyclistshas been studied many timeshis is relatively easy in stated preference
studies, because respondents can just be asked to value travel time against other attributes.
In revealed preference studies it is a lot harder to incorporatel time because this
information is generally not available and has to be collected example,by recruiting
respondents and equipping them with small computer devices Rilpand Gliebg2008).

An easiemway to incorporate travel time in revealed preferege studies is to assume a linear
relationship between travel time and distance and use distance as proxy for travel time. This
assumption is supported yietveld et al. (1999), who shdvigh correlations between travel

time and distance as well as a larerelationship betweerravel time and distancéor short
distance/low travel time routes. Despite the fact that their study focused on commuting by
car, it is highly likely that their findings also apply to cyclists as they move through traffic in a
simiar way (i.e. have to stop or slow every now and then, maintain different speeds, etc.). In
fact, their findings might even apply more strongly to cyclists as they generally travel shorter
distances and maintain a more constant speed.

A fundamental assumption imanyroute choice behaviour studies is that cyclists generally
try to minimize travel time and thus distanddowever, this does not mean that cyclists always
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choose the shortestoute. In fact, cyclists only rarely choose thieostest route and his is
proven in a fewstudies that compared chosen routes with shortest routes. For exarbille,
& Gliebe(2008)found that for dl trips under 16km, cyclist, on anage, divert 384 meters from
the shortest route. They explain that this represents approximately 1.5 minutes of travel.
Similar results were found byinters et al. (201Q)who noticedthat cyclists on average,
divert 360 meters from the shortest possibleute. These findingsuggest that chosen routes
have certain characteristics that make it worthwhile to cycle elfiirther and a little longer.
A suggestion thai in line with later findings by Segadilha & Sanches (2&idlyan Overdijk
(2016). Segdilha & Sanches (201#)und that attributes such as traffic intensity and quality
of pavement outweigh trip lengtland van Overdijk (2016jound that the type of bicycle
facility, pavement quality andresence oflopes outweigh travel time.

Despite thefact that the directness of the trip generally seems to be outweighed by other
attributes such as pavement quality, this is not necessarily case for everyhmtiyasiwith
comfort aspects, the value that people add to the directness of thestrgms tdbe influenced
by age This has been demonstrated Bgrnhoft & Carstensen (2008yho suggest that older
people generally add higher value tommizing the distance they cydlean younger people.

2.3. Cycling safety
This paragraph zooms in ayclingsafetyand providesa clear picture of whatycling safety
exactly is and howycling safetyas been studied in the past.

2.3.1.The principle of cycling safety

Cycling safety is a term thamostlyrelates to theobjectivesafety level of bicycle use iraffic

andcan beused to describeghe safety riskfor cyclistsin certain area®r on certain types of
infrastructure(ITF,2018h 6 2SO0 A @S al FSieé Aa WNBFHfQ alfSae
in terms of cycling related accidents per milliohabitants (Heinen et al., 2010) or by counting

the amount of cycling fatalities per billion kilometres cycled (ITF, 2@18yhlevel of cycling

safety generallyneans that there is a lowhance of getting involved in grtype ofaccident

while cycling and a lovevel of cycling safetgneans that this chance is higHowever, i is

important to note that indications of cycling safety are often too optimistic as minorfadal

accidents often go unreported (Vanparijs et al., 2015).

Despit the fact that the term cycling safety mostly relates to objective safety, subjective

safety is also part of cycling safety (Heinen et al., 2010). Subjective safety relates to the way

AY 6KAOK AYRAGARdzZ fa LISNOSA DS ofitheBtStédssafetyl Yy R A
SELINASYOS 2F dzaSNE 2N 20KSNJ NBaLRyRSyiGaég o
different types of safety, objective and subjective safety do not necessarily have to differ from

each other, they can also correspond with eacheast(Heinen et al., 2010 fact, research

conducted by Smnsen & Mosslemi (2009) & Manton et al. (3)khows that there often

appears to be a close relationship between objective and subjective safety.
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Sois it objective orsubjective safety that imfiences the behaviour of cyclists? An answer to

this question can be found in a study of Park@007),6 K2 adl G4Sa GKIFaGyYy a2K
objective risk, is relatively high for cycling compared with other modes, the perceived risk,

that is the risk thats assumed to exist by existing and webklmode users, is the important

criterion in terms of behav 2 dzNJ f W& 2)LIAiy i& Brfirméd by Heinen et al. (2010),

gK2 adrdasS GKFIdG aOeOf AadaQ LINBTSNEByQssialyNE ol
2010,Pg 65).So, where objective safety is decisive for how safe cycling really is, it is subjective
safety thataffectsthe behaviour ofcyclists. This means that when investigating the route

choice behaviour of cyclists, subjective safety the determining factor. However, since
subjective safetys hard to measure and it seems like there often is a relationship between
objective and subjective safety, it can be very useful to investigate objective safety as well.

2.3.2. Approachesn cycling safetjiterature

In recent years, a lot of research has been done into cycling sateyiterature on this topic
is very diverse, butan beroughly divided into two groupéiterature that focuses on objective
safety and literature that focuseon subjective safety.

The literature that focuses on objective safety generally uses revealed preference data, such
as accident dataA goodexample of such literature is tHRWOMWeport on Monitoring Bicycle
Safety written by Wijlhuizen & Aarts (201%Yijlhuizen & Aarts (2014) usextcident data to
identify indicatorsfor cycling safetyAnother good example is a stu@ypout the effects of
roundabouts on cycling safety conducted by Daniels et al320Wis study used various types

of data, such asraffic intensity data andraffic accident data, in order to determine the
impact of roundabouts on the safety of cyclists.

In addition to reports and studiesjarious methods have been developed to assess the
objective safety of bicycle infrastructuréfhe best known and most extensive model is
CycleRAPA Dutch method to assess the safety of bicycle infrastructmspired by the
European branch of iRAP: EuroRA®ijlhuizen et al., 2016)CycleRAP is a method to
proactively map the safety of cyclingfriastructure, without having to use accident data.
Instead, experts that are connected to CycleRAP map the safety of cycling infrastructure based
on the characteristics of the infrastructur€ycleRAP has been developed for all bicycle paths,
bicycle lans and roads used by cyclists, both inside and outside the-lquikrea(ANWB,
2018b. According to the ANWB (2018&ycleRAP is both a method and a certification system

to systematically estimate how the shape and layout of a road protect road useety &af
determined by the risk of an accident and the severity of the outcome. This is expressed in a
"Road Protection Score" (RPS). The RPS is a traffic safety indicator for road design, in which
the protection is expressed on a fap®int scale.

The liteature that focuses on subjective safety is mostly based on stated preferenegysur
Most of these studies ussurveysn whichquestions are asked abobi/pothetical situatios
that arepresented in image For example, a studgboutthe comfort and sadty perception
of cyclists conducted by Jain et al. (20H9)wever, there are also statedgference studies
that use vides in order to evaluate cycling safetlyor examplea studyabout the risk
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perception of cyclists conducted by Lehtonen et al. (30T6&ey presented their respondents
with various videos of traffic situations about which they asked questions.

When it comes t@assessing subjective cycling safety, varimeshods have been developed

in recent decades. Thaostrelevant one is the Bicycle Compatibility Index (B&&igording to

the FHWA (1998), he BCI is practical instrument that can be used by traffic engineers and
other practitioners to determine the level of bicycle compatibility of infrastructure by
predicting the perceptions of cyclists for that sgecinfrastructure. Tie Bicycle Compatibility
Index was developed for all kinds of infrastructure and includes all variables (e.g. lane width)
GKIG OeldftAraita dGeLAOlNffe doiiSfragingture. Ihe B@ &oddlKS & o
can be used for the operational evaluation of existing infrastructure, redesign of existing
infrastructure, design of new infrastructure and to assess J@rgye bicycle transportation
plans.TheBCl was developed based pearspectives of cyclisthat were obtained by having
them assess and rate infrastructure shown on video with respect to how comfortable they
would be cycling there. Subsequently, the reliability of the results obtained from the cyclists
was validated in ailot study(FHWA, 1998

2.3.3. Determinants oftycling safety

According to recent literaturghere are many things that affectycling safety. However, the
most important determinants seem to be the infrastructure itself, the traffic situatitve
direct surroundings of the infrastructurand personal safety measures for cyclis{®.g.
helmets) Since this study focusses on attributeat, to a greater or lesser extent, can be
related to infrastructure it is decided to focus on the first three detgants.

When it comes to the infrastructure itselfurent literature shows a very clear relationship
between infrastructure anayclingsafety. According toSchepers & Klein Wolt (201 2ver

50% of thesinglebicycle crashes are related itafrastructure.Also when it comes to crossing
accidents theras arelationshipwith infrastructure. According to Wijlhuizen & Aarts (2014),
the amount ofintersectionsand roundaboutscyclists come across is gfeat influence on

their objective safety Regarding subjective safety, the relationshiptween safety and
infrastructure is clear as welManton et al. 2013) found thatthe presence of roundabouts,
width of the road lane, presence of a car parking lane, number of junctions passed through,
width of the cycling lane and maximum gradient of the r@didhave a significant impact on

the safety perception of cyclists.

Recent literature shows that theaffic situationis also an important determinant of cycling
safety Twoaspectf the trafficsituation thathave often been shown to affect objective and
subjective cycling safegre the amount of traffic and the speed of otheaffic. For example,

by Schepers et al. (2017), who state that an important measure to incagsetivecycling
safety is to separate traffic. They explain that shifting away motor vehicles from where cycling
levels are high hpk to increase objective safety, because it redubesamount and speed of
other traffic. When it comes to subjective safety, the amount officadnd speed of othe
traffic are important as wellManton et al. (208) found that the speed of traffic and the
number of cars passirtyy are highly important in influencing the subjective safety of cyclists.
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A lastdeterminant of which recent literate has shown that iaffectscycling safetys the
surrounding of the bicycle path/roadAn aspect of the infrastructure surroundings that has
been related to botlobjective and subjectiveycling safety is the presence of trees. Research
by Schoon & Blolgel (2000)and VeiligheidNL (2016) shotst the presence of treesan be
related to objective cycling safetand dudies byKrabbenborg et al. (2015nd van der
Waerden(2018) show a relationship between the presence of trees and subjective cycling
safety.Another aspect of the infrastructure surroundings that several studies have shown to
affect both objective and subjective cycling safety is land use. For examplet @h¢2009)
found thatthe extent to which land use is mixed&ated to both the objective and subjective
safety of cyclists.

The following three paragraphs each zoom in on oh¢he three determinants discussed
above and explain how these determamts are related tahe route choice behaviouof
cyclistsand cycling safety

2 4. Infrastructure route choice behaviour and cycling safety

As already mentioned in the previous paragrgpinere appears to bea strong relatioship

between infrastructurethe route choicebehaviourof cyclistsand cycling safetyHowever,

infrastructure is not always one and the satheng and can take various formsfrastructure

consists of variouattributes (e.g.road surfaceand roadsideg that all havetheir own specific
properties (e.groad surface is asphalt and rag@de is grass)lheseattributes all have their
own relation with the route choice behaviourof cyclists objective cycling safety and
subjective cycling safetgnd this paragraph discusses those relationsiore detail Although

for someattributes the information was rather limited, thiparagraphis still able to provide
a thorough overview.

Theattributesthat are included in this section are selected o thasis of an extensive body
of existing literature Attributes that, according to existing literature, affect objective cycling
safety are incorporated in this paragraptegardless of whether existing literature also
provides evidence faa relationshipgoetween these attributes and subjectiegcling safetyr
the route choice behaviouof cyclists For this reasonfor each attribute, first its relationship
with objectivecyclingsafety is discussed, then its relationship with subjeativdingsafety (f
possible) and then the relationship withe route choice behaviouof cyclists(if possible).
Theattributesare now being discussed one by one

1. Quality of the pavement

Safetyc Objective

According taHendriks (2018)vho conducted a study on the causes of cycling accidés,
pavement qualitysthe most important infrastructuratauseof cycling accident$ieexplains

that accidentsare mostlycaused by tree roots, holes andeven pavementSchepers (2008),
who specifically investigatesinglebicycle crashesgpund that quality of pavement also plays

a major role in singkbicycle accidents. He explains that a lack of roughness of the surface
seems to be the most important cause of singleycle crashes, but &t bumps and pits are
important causes as well.
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Safetyc Subjective

Arecent study by Lawson et al. (2013) shows that quality of the paveh@edlarge influence

on the subjective safety of cyclists. In their study, 81% of the respondents indicatesl [that
pavement quality has major negative impact on their safety perception. These results are
similar to the findings of studies elsewhere (Doherty et al., 2000).

Route choicédehaviour

Research by Stinson & Bhat (2003) suggests dbatity of pavemat is a very important
determinant inthe route choice behaviour of cyclist® their study, that specifically focussed
on commuter cycliststhey found thatcyclists prefer eversurfaces oveunevensurfaces.
Comparableesult were found by SegadilhaZanches (2014), whemnducted a similar study
However, hey not only found that quality of pavement plays a major ialéhe route choice
behaviourof commuter cyclistsbutthat type of pavement does so as well.

2. Cycling facility

Studies aboutycling safety distinguish between various types of cycling facjtieish can

be roughly divided into two groups. The first group contains cycling facilities that separate
cyclists from other traffic and includes omeay and tweway bicycle paths. Theecond group
contains cycling facilities that do not separate cyclists from other traffic and includes bicycle
lanes and mixed traffic situations. These different types of bicycle facilities all have different
effects oncycling safety.

Safetyc Objectie

Research by Thomas & DeRobe(B813) shows that cycling facilities that separate cyclists
from other traffic significantly reduce the risk of bicyamtor vehicle crashes compared to
cycling facilities that do nadeparate cyclists from other traffidheir studyalso showed that
one-way bicycle paths are generally safer than iway bicycle pathsHowever,two-way
bicycle pathare stillsignificantlysafer than roads without facilities (Lusk et al. 2011).

Safetyc Subjective

In recent yeara numbe of studies hasnvestigatedthe effect of the type of cycling facility

on the subjective daty of cyclistsAccording to Manton et al. (2@8Land Parkin et al. (2007),
separated cycling infrastructure increases subjective cycling safgtyficantly However,
Lawson et al. (2013) found that this is only the case for inexperienced cyclists and that regular,
confident and experieced cyclists prefer to cycle on tihead. When it comes to the effect of
on-road cycldanes on the subjective safety of cyttisParkin et al. (2007) found thatebke
contribute onlyvery little to the moderation of subjective risk compared to situations with no
facility. Though research by Dollisson et al. (2013) shows that most cyclists do feel safer on a
designated orroad hicycle lane.

Route choicdehaviour

According to Stinson & Bhat (2008)e type of cycling facility is dmportant determinant in

the route choice behaviour of cyclisiBheir study shows that cyclists prefer bicycle lanes and
bicycle paths over routes without designated cycling faciliB¥sach et al. (2010 into a
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bit more detail and explain that cyclists prefer separated cycle paths the most. In addition,
they found that bicycle lanes are only preferred when quiet neginrhood roadsare no
option. Larsen & EGeneidy (2011alsofound that the type of cycling facility affedise route
choicebehaviourof cyclists and explain thgreater separation from vehicleéffic generally
positively affects trip distance. However, their results also show that this effect only seems to
apply to recreational cyclists and not to regular and frequent cyclists.

3. Parking

Safetyc Objective

Accidentsbetween cyclists and parkedr parking carscan be roughly divided into three
categories: Accidents in which cyclists crash into a parkedacaidents between cyclists and
cars that are parkingnd accidents in which cyclists crash into a car door that is opened in
their path (Sckpers, 2008).

When it comes to accidents in which cyclists crash into an opening car door, Johnson et al.
(2013) explain that these are more frequent every ydanthermore, theyexplain that his

GeL)S 2F I OOARSYy(dzZ It az tdsemdgsyhjuliedwitia@loyicamed¥R 2 2 NB
and that it seemsthat infrastructure plays a significant role in these kind of accidents
Measures like physically separating cyclists from car traffic or making sure that there is enough
space for cyclists to sffe@ | @2 AR 2LISYyAy 3 OIF NI R22NAE I NB f A
(Schepers, 2008; Johnson et al.,, 20Bggardingaccidents in which cyclists crash into a

parked car, Schepers (2008) explains that the absence of a parking lane or parking spaces
contributes to collisions between cyclists and parked vehjdesausehen the cars are not

parked in a straight linevhich causes thathere is no straight line for cyclistéccidents

between cyclists and cars that are parkiagpea to be relatively rarg(lsakssonHellman,

2012). No infrastructural cause for this type of accident has been identified in recent
literature.

Safetyc Subjective

According to Manton et al. (2@), parkingalso effects subjective cycling safety. They explain
that parking alongoadsnegatively impactghe subjective safety of cyclists. Thigisine with
earlier findings fromJain et al. (2010) and Parkin et al. (2007), wbticed that when the
amount of cars that are parked along the road is lower, the level of subjecties sahigher.

Route choicdehaviour

Existing research suggests that parking plays a significant role in the route choice behaviour
of cyclists. For example, Stinson & Bhat (2003) found ¢lalistsgenerallytend to avoid

routes on which parking isgpmitted. They suggest that this might be caused by the negative
safety effects of parking anéxplain thatparked cars can limit sight at intersections and
cyclists who cycle past parked cars risk getting dodgedilar results were found by Sener et
al.(2009), who go into a bit more detail aatsoexplain that cyclists prefer routes with angled
parking over routes with parallel parking.
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Furthermore, Stinson & Bha{2003) found that parking does not affect everyone's route
choice behaviour equallyor people who live in urban/sulirban areas and younger people
parking is less of a concer8ener et al. (2009) also found different effects for males and
females.

4. Street lights

Safetyc Objective

The effect of street lighting onbjectivecycling safety has hardly been investigated. However,
one study did. Acording to Kim et a{2007), street lights appear to have a substantial positive
effect on the safety of cyclists at night.

Route choicédehaviour

According to Segadilha & Sanche81@), the presence of street lights plays a major role in
the route choice behaviour of cyclistEhey explain thatyclists generally prefer roes$ that
are illuminated.

5. Obstacles
Safetyc Objective
Obstacles on the road play a significant role in accidents with cyclists (Schepers, 2008;
Hendriks, 2018)These objects are mostholes, but also obstacles that indicate a narrowing
of the road are the cause of a significant number of accidektsordirg to Schepers (2008)
most of these accidents happen, because cyclists did not see the obstacles or saw them too
late. He explains that @ssible reasons for this are that:
1 The colours of the obstacle do not sufficiently contrast with the background or are
insufficiently illuminated in darkness;
1 Introductory markings are missing;
1 There is not enough space between or next to the obstacles.

According to Hendrik (2018), another possible reasomyclists crashing into obstaclisghat
other cyclists obstrct the view of the obstacle.

6. Curbsandedges

Safetyc Objective

Qurbs and other edges amn importantcause of cycling accidents (Schepers, 2008; Hendriks,
2018).A study by Hendriks (2018) shows tlcatbs and other edges play a role in about 14%

of the accidents that happen with cyclists in the Netherlarkdsthermore, Hendriks (2018)
explains that important reasons why these accidents happen are that curbs and edges are
often poorly visibleandthat cyclists misjudge thaeightof curbs and edgesVhen it comes

to single bicycle crashesurbs and edges play a role in about 13% of the accidentise
NetherlandgSchepers, 2008).
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7. Roadside

Safetyc Objective

One of the few studies that describgee effect of road sides on cycling safetgistudy from
Schepers (2008) on singbcycle crashes in the Netherlands. In his study, Schepers (2008)
found thatapproximately 7% of all singkgcycle accidents in the Netherlands are accidents
in which pegle end up on the roadsidéie explains thathe main reasons why people that
end up in the roadside get an accident are height difference between the road and the
roadside, the absence of specific type of roadside that alloweplesto cycle on and obsthes

in the roadside.

8. Road width

Safetyc Objective

According to Wijlhuizen & Aarts (2014hetwidth of the roads an important infrastructural
factor affecting both singkbicycle crashes and crashes with other road uséngy explain

that road widthinfluences the chancehtt cyclists end up in the roadle, collide with an
obstacle or collide with another cycliSchepers (2008) explains that when the effective width
of the path or lane is reduced, cyclists cycle closer to the curb which incréesebkance of

a collision with the curb. According to Hendriks (2018), reduction of the effective width of the
cycle path or lane also makes that dodging and overtaking is more dangerous.

Safetyc Subjective

Recent literatureshows that road wdth alsoaffects subjective cycling safetylanton et al.
(2013) who conducted a study on perceptions of cycling safety il found that when
the width of the road increases, the subjective safety of cyclists generally does as well.

Route choicédehaviour

Research byener et al. (2009who investigatel a few very specific road situatigrghows

that road wdth has only a minor impact onhe route choice behaviour of cyclists
Interestingly, Segadilha & Sanches (2014) found the effect of road widtheaoute choice
behaviourof cycliststo be rather largeA possibleexplanation forthe discrepancy between
these resultould be that Sener et al. (2009) only looked at very specific situations, whereas
Segadilha & Sanches (2014) just asked cyclists dheintgeneral preferences in a survey.
Unfortunately, both studies were not able to draw conclusions about the direction of the
effect.

9. Intersections

Thereare many different types of intersections the Netherlands. They differ from each
other on the basis of their desigmamount of lanes, separation of traffic, etafd how they
regulate traffic (priority, traffic lights, etc.) This attributedoes not relate to one type of
intersection in parttular,but relates tomultiple aspect®f intersections.

Safetyc Objective
Over the past 10 years, variogtudiesand reportshave investigatedr incorporatedthe
effectof intersectionson the safety of cyclistRespite the fact thamost of thesestudieshave
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a different focus, they all @w the same conclusion: Intersectioplsly a major role in cycling
safety.

One thing thathas been studied quite a las how intersections that regulate traffic in a
different way relate to cycling safeti{roeze et al. (2010) found thptiority intersections are

the most dangerous for cyclistillowed by signalised intersections and intersectianhout

priority. Crossing side roads seems to have a large influence on cycling safety as well. Due to
the fact that cyclists pass side road very often, on a network level, crossing side roads appears
to be evenmore dangerous than crossing priority intersections (Kroeze et al., 20h8%e
findings contrast with findings from Schepers & Voorham (2010). Ttuely suggests that it

is notthe way in which intersections regulate traffiout the design andhe location in the
network that areimportant.

Seed reducing measures seem to have a positive effect on crossing accidésrtsections

with a speed inhiitor for traffic coming from a sideoad have fewer cyclist crashes than
intersections without a speed inhibitqSchepers & Voorham, 2010; Reurings et al., 2012)
Raising intersections on a platealso seems tgositivelyaffect cycling safetySchepers &
Voorham, 2010; Schepers et al., 20H)wever at intersectionswvith cycle path®nly, placing

the intersectionson a plateau seems to result in more accidents with cyclists (Schepers &
Voorham (2010).

When it comes tahe width of the roadthat has to be crossedesearch by Schepers &
Voorham (2010) suggests that cycling safety is not related to the width of the road that has to
be crossed.

Safetyc Subjective

Recen literature shows that intersectionaffect subjective cycling safetyfor example,a
study conducted by Ng et al. (201sHowsthat priority intersectionsnegativelyinfluencethe
subjective safety of cyclistslowever,intersectionswhere cyclists have to give wagem to
impact subjectivesafety less than intersectionghere cyclists shouldet priority.

When it comes to intersectiongith signalsthe relationship withcycling safety is also evident
A study bydain et al. (201Ghows thatintersectionswith signals have a large negative impact
on the subjective saty of cyclists.

Route choicdehaviour

According toStinson & Bhat (2003) intersectioptay a significant role ithe route choice
behaviourof cyclists The results of their study show that the fewarge intersections route
contains, the more likely it is that this route is chos@yclist in urban and suburban areas and
youngercyclistsseem to bdess adverse to major intersectians

When it comes to the effect of stop signs and traffic lightstmnroute choicebehaviour of
cyclists Sinson & Bhat (2003jound that these only play eelatively small role. This is an
interesting finding, because they also found that traele does play a large role. Thasuld
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indicate that people do not see avoidistpp signsand traffic lightsas a way to reduce travel
time. AlsoDill & Gliebe (2008and Segadilha & Sanches (20fiai)nd that the effect of stop
signs and traffic lights atfe route choice behaviouof cyclistasrelatively small compared to
other attributes

10.Roundabouts

Safetyc Objective

Roundabouts generally have a positive effect on safety (Daniels et al., 2008). However, the
specific way in which roundabouts are desigmedatively impactsycling safetyDaniels and

Wets, 2005)Accordingto Daniels et al. (2008), a lot moaecidents with cyclists happen on
roundabouts than can be expected based on the way in weyckistsoccur in overall traffic.
However, the negative effects of roundabouts on cycling safety seem to be much larger for
roundabouts that are located inside the builp area as compared to the ones located outside
the built-up area (Daniels et al., 2008).

Safetyc Subjective

There are not a lot of studies that address the effect of roundabouts on subjective cycling
safety. However,a relatively recent study conducted by Jain et al. (208Qygestghat the
presence of roundabosgtnegatively impacts the safety perception of a significant number of
cyclists. Whether or not roundabouts have cycling facilities does not seemniake a
difference for the effect they have dhe subjective safetpf cyclists (Parkin et al., 2007).

Route choicédehaviour

The specific effect of roundabouts dhe route choice behaviouof cyclistshas not been
studied a lot. However, acording to Segadilha & Sanches (2014), roundabouts play a
significant role inthe route choice behaviourof cyclists This makes sense because
roundabouts arealso some sort of intersection and intersectigrlay a significant role ithe
route choice behaviouof cyclists(Stinson & Bhat, 2003).

Unfortunately, there are no studies that have elaborated on what the exact effect of
roundabouts orthe route choice behaviouof cyclistss yet However, since roundabouts are
some sort of intersectiorand a lower amounbf intersections increases the chance that a
route is chosenit is likely thata lower amount of roundabouts will also increase the chance
that a route is chosen.

11.Road narkings

Safetyc Objective

Studies that investigated the effect of road markingsobiective cycling safety can be roughly
divided into two groups: studies that focus on line and signal markings and studies that focus
on colouring entire road surfaces.

When it comes tahe objective safety benefits ofine and signal markinfpr cyclists the
results ofrecentstudies are positive. According to Schepers & Brinker (2011) and Fabriek et
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al. (2012)/ine and signamarkingshelp increase the safety of cyclists by keeping them on
track andby helpingthem to avoid obstacles.

The results of studiesn the safety benefits afolouring entire road surfacese mixed. When

it comes to coloured @fing crossingsesearch byrhomas & DeRoberti@013 suggests that

they only appear to improve cycling safetyhié colour isonly applied toone side of a four
sided intersection. They explain that this is likely caused by the fact that the coloured parts
lose the property of being clearly distinguishable if applied to multiple sides of an intersection.
With regard to coloured bikeahes Kroeze et al. (2010) found thidsere are sigificantly more
accidents withcyclists at intersections where the main roads a red bicycle laneThey
furthermore found that also priority roads with separate bicycle pathat have good
markings (blocks, not worn out) and a red colour at side roads are significantly more unsafe
for cyclists.This finding is in line with Reurings et al. (201#)o found that the number of
accidents with crossing cyclists is smaller at side roadseme colour or marking has been
applied.

Safetyc Subjective

According to Fabriek et al. (2012), road markings generally increasaitijectivesafety of

vulnerable cyclists (visually impaired and older cyclists). The results of their study show that
cyOf AadaQ FSStAy3aa 2F alFSie FINB g2NBRS Ay aa
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can be enhanced by applying high contrast road markings.

Routechoicebehaviour

Winters et al. (2010pundthat the presence of road markings is a factor that affects the route
choice behaviour of cyclist$heir studyshowsthat cyclists are willing to deviate from the
shortest route in order to cycle on a road wittore markings.

An overview of the information presented in this paragraph will be given in paragraph 2.7.

25. The traffic situation, route choice behaviour and cycling safety

This paragraph describ&®w the traffic situation affecs cycling safety anthe route choice
behaviour of cyclistsSimilar to infrastructure, the traffic situation consists of various
attributes that all have their own relation wittobjective cycling safetysubjective cycling
safety andhe route choicebehavour of cyclists These are now being discussed one by one.

1. Traffic intensity
This factor relates tthe intensitylevels of motorised traffic.

Safetyc Objective

According to recentiterature, the amount of traffic on a particular sectioniafrastructure
has a largénfluence on theobjective safety of cyclistsn that same section of infrastructure
According toWijlhuizen & Aarts (2014jhe amount of trafficaffectsthe amount of cycling
accidents and casualtieBrectly. Schepers et a(2017) go into a bit more detail and explain
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that the amount of trafficaffects cycling safety, because the number of motor vehicles
encountered by cyclistgreatyR S G SNY Ay Sa GKSANI SELIZ&adzZNB (2 NJI
are important because it has ba found, at different levels such as intersections, road
sections and jurisdictions, that the amount of bicycle and motor vehicldidraffect the

likelihood of bicyclamotor vehicleO NJ- & BaSolisen, 2003 arilvik, 2009 in Schepers et al.,

2017, Pg266).

Safetyc Subjective

That the amount of traffic affectsubjective cycling safety has been shown in various studies.
An example of such a study is that of Manton et al. @0Theirstudy showed that when

more cars pass a cyclist, perceived cycBafety is lowerA finding that is in line with earlier
research by Chirstmas et al. (2010), who found that when the traffic volume increases, the
amount of stress that cyclists experience increases as well. Also Stone and Gosling (2008)
found that the gerceived safety of cyclists decreases as traffic volumes increase.

Route choicédehaviour

Current research shows that there is definitely a link between traffic intensitytlaadoute
choicebehaviour of cyclistsAccording tdstinson and Bhat (2003 yclists prefer more quiet
residential streets over arterial roads. They found that cyclists on average are willing to endure
10% extra travel timé they cancycle on residential roads instead of arterial roadd suggest

that this might be caused by ¢hfact that arterial roads are generally leisand therefore
more unsafeAlso Sener et al. (2009) found evidence for the link between traffic intensity and
the route chdce behaviouof cyclists Their findings suggesiat traffic intensity is one of th
most important attibutes inthe route choice behaviour of cyclistsed that cyclists generally

try to avoid high traffiantensities Similar results were fouhby Winters et al. (2010yvho
noticed that chosen routes have more traffic calming featutean shortest routes This
indicates that cyclists prefer routesith lower traffic intensities and that they are willing to
travel a bit further for quieter roads.

2. Modal split
This attribute relates to the mixture of transport modes.

Safety ¢ Objective

Themodal split (in particular the ratio between cyclists and motor vehidégctsobjective
cycling safetyn a similar way as the traffic intensity do&chepers et al. (201&xplainthat

the modal splitrelates tothe amount of motor vehicles that cyclists come across and thereby
affectsobjective cycling safetyThey suggest thatlarger proportionof motor vehicles leads

to higher risks for cyclists.

Another reason why the modal split affects the objective sabé cyclists is that more cyclists
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motorist is less likely to collide with a person walking and bicycling when there are more
LIS2LX S g1 f1Ay3 2NDOB PP ROY)f Thiy Aeans thaymoOrd oydli§ means

safer cycling.
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Route choicédehaviour

Theeffect of the modal split othe route choice behaviour of cyclists has not been studied
specifically. However, there av@riousindications thatsuggest thathe modal split does play

a role One important indication is thatyclists tend to choose routes with segregated cycling
facilities (explained in paragraph 2.3.Yhis meanghat cyclists prefer routes with lower
amounts of motorised traffi@and relatively highamounts ofcyclists However, there is also
evidence that cyclists dislike busycle paths (Krabbenborg et,a2015. Another indication
that the modal split is an important attribute is provided 8ggadilha & Sanches (2014ho
interviewedcyclists in Bralandfound thatthe amount of trucks and busses encountered are
the mostimportant attributes inthe route choicebehaviour of cyclistdespite the fact that
their study does not shed any light on how these attributes exactly affectoute choice
behaviourof cyclists their study does seem to indicate thtite effect of motor vehicles on
the route choice behaviouof cyclistds also determined by the type of motor vehicles.

3. Seed differences
Thisattribute relates to the size othe speed differences between cyclists and other road
users

Safetyc Objective

Wijlhuizen & Aarts (2014) explain theppeeddifferences between cyclists and motor vehicles
play an important role in the severity afycling accidents. Cyclists are veryneuable and

large speed differences between cyclists and motor vehicles can therefore easily lead to
serious injuries Another indication thatlower speed differences lead to more safety for
cyclists is the fact that spee@ducing measures and separatitrgffic flows have a positive
effect on cycling safety (Schepers et al., 2017).

Safetyc Subjective

According to Manton et al. (20)l3and Vandebona & Kiyota (2001he level of speed
differences also affects subjective cycling saf@&gth studies seento suggest that higher
speed differences generally result in lower leadl subjective cycling safetidlowever a more
recent studyabout cycling safety conductenh Zeeland (Netherland¥)y Lankhuijzen, et al.
(2016) showed something really ddrent. Threir study showed thatar traffic that passes
cyclists very fasin most cases does not negatively affect the safety perception of cyd@ists.
possible explanation for theseontrasting results are dierences in cycling experience
between the sample popations.

Route choicdehaviour

Research by Sener et al. (2009) shows thatlevel of speed differences has a significant
effect onthe route choice behaviounf cyclists They found that cyclists generally prefer roads
with lower speed limits, but that this effect is stronger for inexperienced cyclists than for
experienced cyclisSener et al. (2009) suggest that a possible céusthis difference is that
experienced gclists are more comfortable riding with vehicles travelling at higher speeds and
see the health benefits from riding at higher spedadswever, even experienced cyclists avoid
roads with a high speed limits as these are substantially more dangerousaads with low
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or moderate speed limitsA later studyby Segadilha & Sanches (20tdpfirmsthat traffic
speed isanimportant attribute in the route choice behaviour of cyclists.

An overview of the information presented in this paragraph will be gimgraragraph 2.7.

2 6. Infrastructure surroundingsoute choicebehaviourand cycling safety

This paragraph describémw the infrastructure surroundings affesttycling safety anthe
route choice behaviour of cyclistsThe infrastructure surroundings consist of various
attributes that all have their own relation with objective cycling safety, subjective cycling
safety and route choicbehaviour These are now being discussed one by one.

1. Land use

Safetyc Objective

Theexistence of a relationship between land use and the objective safety of cyclists has been
suggested in literature from different countries. Foraexple in the Netherlands. Butch

report on land use planning and safer transportation network plannstagesthat land use
planning can have an important influence generaltraffic safety (Hummel, 2001). Tteen

years later, a statement with a similar meaning is done by Schepers et al. ,(20b43tated
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between land use and objective cycling safety has beemngiras well. In a study abotlte

effect of land use and networkffects on the frequencyrad severity of bicyclenotor vehicle

crashes in the Copenhagen region, it was found that land ussesaceted with the number

of bicyclemotor vehiclecrashes (Kaplan & Prato, 2016ho et al. (2009) founevidence for

the relatonship between land use and objectiggclingsafetyin the USIn their study about

the role of the built environment in explaining relationships between perceived and actual
pedestrian and bicyclist safetthey found that mixed land use is positively related with the
objective safety otyclists

Safetyc Subjective

Acording to Cho et al. (2009pnd useinfluences subjective cycling safety. They explain that
mixed land use decreases the perception st risk and thereby has a positive effect on
subjective cycling safety. However, Gétschi et al. (20489 evaluated cycling infrastructure,
did not find a relationship between land @isind subjective cycling safety.

Route choicdehaviour

The effect ¢ land wse onthe route choice behaviouof cyclistas only studied byinters et
al. (2010)who did not find any proof thathis attribute affectsthe route choice behaviouof
cyclists
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2. Urban density

Safetyc Objective

The existence o relationship betweerurbandensity and objective cycling safety has only
recently been demonstrated by Cho et al. (2009), who found #éhhigherurban density is
positively related wittbicyclemotor vehiclecrashes.

Safetyc Subjective

According to @o et al. (2009), urban density affects subjective cycling safetyrédudts of
their study, which is based on a North American survey, sugthedta higher urban density
negatively influencesubjective cycling safety.

Route choicédehaviour

One of he few studies that investigateché effect of urban density othe route choice
behaviourof cyclistss one conductedoy Winters et al. (2010Winters et al. (2010) did not
find any proof that urban density affects the route choice behaviour of cyclists

3. Trees

Safetyc Objective

The existence of a relationship between trees and cycling safety has been proven in multiple
accident data based studiedbut appears to bevery weak Schoon & Blokpoe(2000)
conducted a study on the frequency and causes of single bicycle crashes in the Netherlands.
Theyfound that of all 1617 singlbicycle crashes they examined, 201 (12%) were collisions
with an object. Of this 201 collisions, 12 collisions (6%) were oo8isvith a tree.

Almost two decades later, in 2016, another study on cycling accidents was conducted in the
Netherlands by VeiligheidNL (2018his study did not only loo&t singlebicycle crashes, but
looked at all types of cycling crash&giligheidNL (2016) found that off all cycling accidents
less than 1% is a collision with a tree or bush.

Safetyc Subjective

Recent literature shows that the presence of trees can have both positive and negative effects
on the subjective safety of cydls According to van der Waerden (2018), trees and bushes
right next to the road or cycle path have a negative effect on subjective cycling safety.
However, the presence of trees in genesaems tacontribute positively to subjective cycling
safety(Krablenborg et al., 2015)

Route choicdehaviour

Research by Segadilha & Sanches (2014) shows that the presence diaseasmoderate
effect onthe route choicebehaviourof cyclistsKrabbenborg et al. (2018)ent into a bit more
detail and found that the presence of trees along the route positively relates to that route
being chosenlnterestingly, Winters et al. (201Qwho studied¥ 3 NB S i geSediaf did not
find a relationbetween greenness and theute choice behaviouof cyclists
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2.7. Conclusion

Over the past couple of decades a lot of research has been donbatiticycling safetyand
the route choice behaviour of cyclist§he studies devoted to this subject are very diverse
cover almost all spects of these topiandoffer great insightsHowever on some points they
fall short. One of these points is the relationship betwebe route choice behaviouof
cyclistsand cycling safetyAs already mentioned in the introduction,amy studies suggst
that safetyaffectsthe route doice behaviouof cyclists, but none of these studiegplains
how safety exactly affects the route choice behaviour of cycli$tss literature review
provides a solid basis fditling in this research gap by bringing information on cyclingtyaf
together with information about theoute choice behaviouof cyclists In doing so, the focus
was on infrastructure related attributes.

The literature review provided answers to the fithiree sub-question of this study. These
answers argresentedbelow.

1. What is route choice behaviour?

Route choice behaviour is the overarching concept that stands for the decrs&ing
process in which people consciously or unconsciously make routeeshbased on their
knowledge oropinion towards certain characteristics of the route network. The theory that is
mostly usedn studies on route choice behaviour is the utility theory. A theory that assumes
that individuals always try to choose the alterivat that will benefit them most.

At the highest level of abstraction,oute choice behaviour is determined by trip
characteristics, traveller characteristics and road characteridtiteen it specifically comes to
the road characteristics, the main detemmants are convenience, comfort and safeéduerall,

it seems that travel time is the most importaattribute of route choice behaviour.

2. What is cycling safety?

Cycling safety is a term thatostlyrelates to the objective safety level of bicycle use in traffic
and can be used to describe the safety risk for cycli3kgective safety isactual safetyand

can, for example, be measured in terms of cycling related accidents per million inhabitants or
by counting the amount of cycling fataliieper billion kilometres cycled higher level of
cycling safety generally means that the chancegaifing an accident are loweHowever,
subjective safety can also be part of cycling saf€ybjective safst relates to the way in
which individuals perceive safety, andrsstly measured based on stated experierigespite

being different types of safety, there often appears to be a close relationship between
objective and subjective safetWhere objective afety is decisive for how safe cycling really

is, it is subjective safety that affects the behaviour of (potential) cyclists.

There are many things that have an influence orctlicg safety. However, the main
determinants seem to be the infrastructure itghe traffic situation, the direct surroundings
of the infrastructure and personal safety measures for cyclists (e.g. helmets).
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3. Which infrastructure related attributes affect cycling safety &nelroute choice
behaviourof cyclistsaand how do they dthis?

The answers to these two questions are presented intthe tables below. The first table
(Tablel) shows whether an attribute is related trycling safetythe route choicebehaviour

of cyclistsor both. In doing so, a distinction is made between objective safety and subjective
safety. The second table (TabB) present how the infrastructure relatedattributes affect
cycling safetyandthe route choicebehaviourof cyclistsby explaining under what coitébns
these attributes have a positive effect on cycling safety #route choicebehaviourof
cyclists(i.e. the attractiveness of a routeJhe two most important conclusions that can be
drawn based on these tables atleat most of theattributes tha affect cyclingsafety also
affectthe route choicebehaviourof cyclistsand thatwhen they dathe direction of the effect

is often similar.

Table 1 Attribute relations with cycling safety and route choice behaviour

Attribute Attribute Obijectivesafety Subjective Safety | Route choice
Group behaviour
1 | Quality of + + +
pavement
2 | Cyclingacility + + +
3 | Parking + + +
4 | Street lights + - +
Infrastructure —2—-oootacies * : :
6 | Curbs and edgey + - -
7 | Roadside + - -
8 | Road width + + +
9 | Intersections + + +
10 | Roundabouts + + +
11 | Road markings | + + +
12 | Traffic intensity | + + +
Traffic 13 | Modal split + - +
conditions 14 | Seed + + +
differences
15 | Land use + + -
Infrastructure "
surroundings 16 | Urban density | + + -
17 | Trees + + +

Note: + means that there is evidence for a relatibip, - means no evidence is found
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Table 2 Attribute effectson cycling safety and route choice behaviour

Attribute Attribute Positive effect on cycling safety Positive effect on routechoice
group when behaviourwhen (i.e. the
attractiveness of a route)
1 | Quality of the The surface is smoother and | The surface is smoother and
pavement less damaged less damaged
2 | Cycling facility | The level of traffic segregation | The levelof traffic segregation
is higher is higher
3 | Parking Theamount of parking is lower| Theamount of parking is lower
4 | Street lights The road is better lit The road is better lit
5 | Obstacles There are less obstacles Effect unknown
6 | Curbs and edge{ There areless curbs and edges| Effect unknown
Infrastructure | 7 | Roadide The roadide is softer and with | Effect unknown
fewer objects
8 | Road width The road is wider The road is wider
9 | Intersections The amount of intersectionss | The amount of intersections
lower lower
10 | Roundabouts The amount of roundabouts is | The amount of roundabouts is
lower lower
11 | Road markings | The amount of road markings iy The amount of road markings i
higher higher
12 | Traffic intensity | The traffic intensity is lower The traffic intensity is lower
Traffic 13 | Modal split The share of cyclists is higher | The share of cyclists is higher
conditions 14 | Speed The speed differences betweern The speed differences betweer
differences road users are lower road users are lower
15 | Land use When land use is more diverseg Effect unknown
Infrastructure - —
surroundings 16 | Urban density | When urban density iower Effect unknown
17 | Trees Effect unclear More trees along the route
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3. Methodology

3.1. Introduction

This chapter explains the conceptualisation of the research problem and elaborates on various
theories, methods and techniques that are relevantdaswering the research questi@md
ultimately achieving the research objectiaragraph 3.2xplains how the research problem

is conceptualised. This is done on both a high and a low level of abstrdedoagraph 3.3.
elaborates on the specification and operationalisation of the research problem. A key element
of this study.Paragraph 3.4discusses statistical modellindgirst some information is
presented about statistical modelling in general as well as how it is used within route choice
behaviour studies. Subsequently, two statistical models that are interesting for this study are
presentedafter whichit is decidedwhich of these models fits this study beBaragraph 3.5.
zooms in on the data collectiohis paragraph explains how the road network, route and
attribute data are collectedParagraph 3.6presents theoperationalisationof the included
attributes. This paragraph elaborates on tgeneral operationalisation approactescribes

in detail howthe attributes are operationalisednd provides information abouthe excluded
attributes. Lastly, in paragraph 3,The process otreating the final dataset is described in

five steps. This paragraph explains how thes data files areprepared,how the prepared

data files are combined into one large datadatw the large dataset isleanedof irrelevant

data, how the large dataset isnrichedwhich missing datand how the large dataseis used

to generatethe final dataset that will be used for further analysis.

3.2. Conceptualisation of the research problem
For the purpose of clarity, the research problem is first conceptualised bigh level of
abstraction and then on a low level of abstraction.

3.2.1.High level of abstraction

The literature review providehiree importantinsights that contribute to placing the research
problem in the bigger picture anthereby help to understand the context of the research
problem. The first insight is thatrip characteristics, traveller characteristics and road
characteristicaffect theroute choicebehaviourof cyclists at théighest level of abstraction
The second insight is thatoad characteristicsconsist of convenience related road
characteristics, comfort related road characteristics and safety related road characteristics.
The third and last insight is thatbad characteristics that relate to safetyonsist of
infrastructure attributes, traffic situation attributes and infrastructure surroundings
attributes. A visual representation of these findings and thereby a conceptualisation of the
research problem on a high level of abstractioprissentedin figurel.
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Figure 1 Corteptualisation of the research probleriligh level of abstraction

Another important insight that contributes to understanding the research problem on a high
level of abstraction is that travel time is often found to e tmost important determinant in

the route choice behaviour of cyclisfBhis finding suggest that other attributes thafay a

role inthe route choice behaviounf cyclists such as road characteristics related to safety, are
most strongly dominated by travel time. This makes traveétthie most relevant attribw to
compare the safetyelated infrastructural attributes with.

3.2.2.Low level of abstraction

When it comes to understanding the research problem on aeldevel of abstractionthe
most important insighgained from the literature reviews that there areat leastseventeen
infrastructure related attributes thamight affect cycling safetySee conclusions literature
review, paragraph 2.7. This insightdetermines the conceptualisation of the research
problem on a lover level of abstraction and forsthe basis for the continuation of this study.
A conceptualisation of the research problem on a low levabstraction ipresentedin figure
2.

44



Infrastructure attributes

Quality of pavement

Traffic conditions attributes

i |Type of cycling facility : E

Traffic intensity '

' Parking ]
Modal split '

: Street lights -
1 Speed differences i

' Road width Road characteristics

' related to safety Infrastructure surroundings
attributes

' Obstacles """"'"'"""""":

; Land use E

Curbs and edges

Urban density

Road side

' Crossings

Roundabouts

. Road markings

Figure2: Conceptualisation of the research problebow leel of abstraction

3.3. Specifying armperationalising the research problem

In order to solve the research problem, it is fisgtecifiedand operationalisd. This means
that the informationthat is neededto solve the research probleis preciselydefined after
whicha technique is chosen to obtain this information.

3.3.1.Specifying the research problem

At this point in time, we know that the route choice decisions of cyclists are affected by many
different attributes. The literature review revesd that travel time is one of the most
important attributes, if not the most important attribute in influencing these decisions.
However, the literature revievalso showed that safetyeems to have a significant influence

on the route choice decisions ofdists. In fagtseventeerinfrastructural attributeshave been
identified as beingelevantfactors thatmight affectthe safety androute choicebehaviourof
cyclists.

Despite the extensive literature review is not always cleawhetherthe attributesthat are
identified positively or negatively affe¢he route choice behaviouof cyclistyi.e. the choice
for a particular route)ln addition, current literaturedoes not shednuchlight on the extent
to which these attributes affedhe route choicebehaviourof cyclistsin orderto answer the
research questiorand ultimately reach the research objective, there is a need to clarify the
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direction and size of the effesthat these attributes have othe route choicebehaviourof
cyclists

3.3.2.0paationalising the research problem
The operationalisation of the research problem is based on various assumptions that follow
from findings in the literature review.

As already mentioned, travel time is generally considered tthbenost important attrbute

in route choice decision makinghereforeit is assumed that travel time is the most important
attribute that affects the route choice behaviour of cyclists addition, it is assumed that
people always want to minimize their travel time and thatemtthey do not, some attributes

of the route they choose outweigh travel time (this assumption is in line with the utility
theory). Lastly, as a first attempt to operationalise travel time, a linear relationship between
travel time and distance is assumed.

Based on the theoretical framework that is created by the three assumptions mentioned
above, it is decided to answer the research question by comparings#ietyrelated
infrastructural attributes of actually driven routes with those of corresponding shortest
routes. This operationakdion is visualised in figure Bsing an example route between origin

A and destination B

~—> Chosen route: 1.3 Km through rural areas and passing 2 intersections

_____________ oN L *‘
L[] ar

L—)Sh(}rtest route: 1 Km through residential areas and passing 1 intersection

Figure 3 Operationalisation of the research problem

As part of this operationalisation, the strategy chosen to answer the research question is to
conducta regression analysis and use the difference in distance between theechosite

and the shortest routeas the dependent variable and ahfetyrelated infrastructural
attributes as the independent variables (predictors). This makes it possible to determine the
size and direction of the effects that the individwsafety-related infrastructuralattributes

have ondifference indistance and thus allows us get insight into the role that these
attributes playin the route choice behaviour of cyclists.
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The operationalisation of the research problem is translated to practice as follows:

1. First route sets will be created. Each rouset contains a routehat someone
actually cycled in order to get from A to B as well as the shortest route between
that same A and B.

2. Second, for all routes thealues of all relevant attributesill be calculated. These
are difference indistance and alsafety-related infrastructuralattributes that are
identified in the literature review.

3. Third, all attribute values of the shortest route will be subtracted from the late
values of the chosen route to identify the differences between the two considered
routes. Thiswill be done for each individual route set and the results of these
subtractions together will form the final dataset.

4. Fourth and last, regression analysis is conducted on the final datagbt
difference in distance asthe dependent variable and allsakty-related
infrastructuralattributes asthe independent variables.

34. Statistical modelling
In order to analyse the dataset correctly, it is important to use the right statistical model.

3.4.1.Statistical modelling in general

A Statistical modas anon-deterministic mathematical model that consssof multiple

statistical assumptions regarding the generation of data (Cox, 200@&)aim of a statistical

model is to approach reality as closely as possibtarder to, for examplemake predictions.

However, statistical models almost never completely reflect réal@é dny dnddel is an
approximation to reality. A theory is an abstract set of ideas that links together concepts. A
Y2RSt Aa | F2NXI{ NBAMNBIIPGTH.GAZ2Y 2F I (§KS2NE

3.42. Statistical models that are based on a continutegendentvariable

There are many differenstatistical models used in studies on route choice behaviour.
Examples of such models are linear regressimdelsand multinomial logistic regression
models Which modekhould be usedlepends on the type of data that &vailableand the
researchquestion that needs to be answerdHield, 2009)

The models that are commonly used in route choice behaviour studies can be roughly divided
into two groups. Thérst group contains all models that acennected to aliscretenature of

the dependentvariable. Something that is also known as discrete choice modelling. The
second group contains all models that a@nected to a continuous nature of the dependent
variable. As ateady explained in paragraph 3.ere is one continuouslependent variable

that will be investigatedn this study which makes the regression based models the most
suitable for the analysed herefore, this paragraph only zooms in on reléwvandels that fall

into this category.

Two models that aregbased on their characteristicBighly interesting for this study are the
standardlinear regression and the Tobit regression.
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(Multivariable) Linear regression

Alinear regression is a relatively basic type of predictive analysis that aims to either examine
whether a set of independent (predictor) variables can predict a dependent variable well or
to find out which independent variables are significant predictafrthe dependent variable

and in what way they impact the dependent varialiteeld, 2009)

Functioning of the model

The most basic form of kar regression is the univarialenear regression. As the name
already suggests, this type of linear regression studies the effect of only one independent
variable (predictor) on the geendent variable. The univariatmear regression describes the
dependent variable with a straighink and can belefined as shown in equation. In this
equation, y represents the score of the dependent variabke,represents a constant
(intercept), b represents the regression coefficient (slop&)represents the score of the
independent variable and represents an error term that describes the difference between
the observed value and the predicted value (Young, 2018).

0w O 0w - Eq. 1

When there is one dependent variable and multiple independent variables, a multivariable
linear regressio is required. This variant of the linear regression describes the dependent
variable as a linear function of multiple independent variables and calefieed as shown in
equation 2 In this equationy represents the dependent variable, represent thepartial
regression coefficientsy, represent the independent variableand - represents the error
term (Young, 2018).

O Hre Hdre EdHzo - Eq. 2

When it comes to the independent variables that should be includéde multivariable linear
regression, there are roughly two options. One option is to include all potentially relevant
independent variables. This option might seem the best way of doing it, because it allows for
a better fit, but it has two major drawlwks. The first drawback is the likely lack of
observations. A rule of thumb is that the number of observations should be at least 20 times
greater than the number of included independent variables. The second drawback is the risk
of over adjustment. When any irrelevant independent variables are included, some will have
an effect purely by chance. This means that the better model fit that is the result of adding
more independent variables is mainly caused by random effects that negatively impact the
applicability of the model outside the used dataset. The other, better, option is to include only
the independent variables that explain a large portion of the variance. Choosing this option
makes the regression model more robust and explain the dependent varalbt better
(Schneider et al., 2010).

Something that one should always be awarerefardless of which of the above mentioned
options is chosen, is multicollinearity. Something that occurs when multiple independent
variables are correlated. When thegree of correlation is high enough, it can cause problems
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with the model fit and interpretation of the results (Allen, 1997). Although there is no
threshold value for when a correlation is too high, various studies and websites seem to
indicate that one Bould be aware of multicollinearity when correlations are higher than 0.3
(on a scale from 0 to 1) and that correlations are likely to be problematic when they get above
0.5.

Interpretation of the model output
The usefulness of the linear regression thtalepends on the correct interpretation of the
regression output. The relevant output of the model should be interpreted as follows:

1 TheRsquared(coefficient of determination)reflects the explained variance and thus
how well the model performg§goodness of fit) Since it is easy tmake the Rsquared
artificially high by adding more independent variables. It is better practice tahese
adjusted Rsquared (corrected coefficient of determination)which reflects the
explained variance after correctirfigr the number of explanatory variables (Schneider
et al., 2010).

1 The FTest (FRatio) indicates whether a linear regression modeith various
independent variablefts the data better tharanintercept only modelThe regression
model fits the data better thathe intercept only modelvhen the PValue for the F
Test is lower than the significance leviélgld, 2009. TheP-Value (short for probability
value)is used to find out whether a relationship also exitthe larger population. This
is done by comparing it to some level of acceptance (significance level). More
specifically, the R/alue represents the probability that the null hypothesis is rejected
when it is actually true. When-¥alues are lower, the edénce against the null
hypothesis is greater. Usually the significance level is 0.05. This means that there is a
5% chance thamo relationship exists when there is actuadlyelationship. However,
stricter significance levels of 0.01 and less strictiBgance levels of 0.1 are also not
uncommon (Hensher et al., 2015).

1 The Unstandardized Brepresents the regression coefficient. For the dependent
variable, this coefficient represents the constaRtr the independent variableshis
coefficient represerg the chage in the dependent variable per unit of change in the
independent variable. Note that it is important to consider the units of measurement
from proper interpretation (Schneider et al., 201TheStandardized Bepresents the
same thing as the nstandardized B. However, the standardizedvdues are all
measured in standard deviation units which makes them diremiyparable (Field,
2009.

Drawbacks of the model

As mentioned before, the type of data that is used and the question that needs to be answered
determine which model issuitable Given the way in which the research problem is
operationalised, the linear regression at first seems a sensible approach. eigwden you

look a bit further, it potentially has one major drawback. This drawback stems from the fact
that the linear regression is based on the Ordinary Least Squared (OLS) estimation. A
technique that optimises the regression estimates by minimisiegsum of squared errors
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(Young, 2018). As with most statistical anesy$OLS has underlying assumptions. When these
assumptions are satisfied, the model produces the best estimates possible. However, when
one or more of these assumptions are not satéidfithe best estimates are not guaranteed
anymore (Young, 2018). Unfortunately, as a result of the operationalisation of the research
problem, not all of these assumptions are met.

The most important violation of the OLS assumptions is the fact that the dependent variable
used in thisstudy is always larger than 0 (\@h data has this property it is also referred to as
censored data). The reason for this is that the@sen routesimply cannot be shorter than the
shortest route. As a consequence of this lower bound, the linearity assumption is violated
whichmight resultin a structural bias of the predicted values (Young, 2018).

Another violation of the OLS assumptions is caused bydtktribution of the residuals. The
modelling errors are not normally distributed, but limited from below as well. Something that
will likely cause that the modelling errors do not all have the same variance. This means that
the data is likely to be heteskedastic, while one of the assumptions of OLS is that the data is
homoscedastic (Young, 2018).

Because of the fact that the dependent variable has a lower bound, it might seem more logical
to use a nodinear regression instead of a linear regressidowever, the fact that the data

is heteroskedastic is likely to cause that a #ioear regression is not suitable as well (Lim et
al., 2012). In addition, using a ndinear regression would mean that the interpretation of the
estimates would be much leggtuitive.

The best modelling option for this study might be founddagressiormodels that are able to
work with censored data more appropriately. A good example of such a model is a Tobit
regression.

Tobit regression

A Tobit model is a type of regigen model that is able to take a dependent variable with a
constrained range into account. The model is first proposed by Tobin in Wd53developed

the model in an effort to estimate relationships for limited dependent variables (Tobin, 1958).
Just aswith the linear regression, the aim of the model is to examine whether a set of
independent variables can predict a dependent variable well or to find out which independent
variables are significant predictors of the dependent variable and in what wayrtipact the
dependent variable. However, contrary to a regular linear regression model, a Tobit model is
specifically designed to work with censored data.

The Tobit model knows many variations that can be made by changing where and when the
censoring oaars. According to Amemiya (1984), variations of the Tobit model can be divided
into 5 categories based on the classification of de@endent variableFor this study, only the

most basic version of the Tobit model will be considered.
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Functioning of thenodel

The core concept of the basic Tobit model (and all Tobit models) is that it makes uses of an
unobserved latent variable in order to simulate a continuing linearity between the dependent
variable and independent variables after the point of censariBy using the data points
generated by the latent variable instead of the data points that are located on the line of
censoring, the model is able produce better estimafésung, 2018)

According to Young (2018)é basic Tobit model can be written fadlows:

~ ~ ~ ~

G o -ho phiBRs Eq. 3
g 8 Eq. 4

In equation 3, which is very similar to equationu® represents the dependent variablé
represents the regression coefficient (slope), represents the score of the independent
variable and represents the error term. Equation 4 shows tHabiis larger thart, w takes
on that value. Ifo is smaller tharc or equal toc, w takes on the value df.

Interpretation of the model output

Just as with the linear regression, the usefulness of the Tobit regression totally depends on
the correct interpretation of the regression output. The relevant output of the model should
be interpreted as follows:

1 The ANOVA based fit measurand the DECOMP based fit measurare both
transformations of theLog Likelihood functiorand reflect the goodnss of fit of the
model. Due to the fact that a Tobit regression is not based on the OLS principle,
calculating the R(as with the linear regression) is not possitier this reasonthe
ANOVA based fit and the DECOMP based fit meamarelesigned tanimic the R
roughly and can be used instead. The main difference between the two measures is
that the ANOVA based fit measure only works with the variance of the predicted
conditional mean and the variance of the dependent variable, whereas the DECOMP
based measure also takes the residual vadatinto account (Greene, 198pa

1 Thecoefficientis the equivalent of the Unstandardized Coefficient B that we know
from the regular linear regression. Similarly, tib. Zis the equivalehof the RValue
(Greere, 19861).

3.4.4.Statistical model chosen for this study

For this study, it is chosen to work with both a linear regression as well as a Tobit regression.
The reason for this is that although a Tobit model theoretically fits the dataset better, it is no
certain whether it will actually produce better estimates than a regular linear regression. As
explained by Young (2018), not meeting the OLS assumptions does not necessarily negatively
impact the estimates of the linear regression which suggests thabssibly estimates the
dependent variable just as good as a Tobit regression. This is a good opportunity to see
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whether a Tobit regression produces better results for our dataset than a regular multivariable
linear regression would.

One consequence ohoosing to estimate both a linear regressiand a Tobit model is that
their goodness of fit hato be compared at some point. Howevenealto the fact that the
linear regression and the Tobit regression use different measures to reflect the goodness of
fit, it is difficult to compare these models on this pobyt using the standard model output
only. Thisdifficulty can be overcomby using alternative methods to determine the model fit
that can be applied to both modeis the same wayOne of these alterative methods is to
calculate theRoot Mean Square Error (RMSEhisis the sample standard deviation of the
errors and can be interpreted athe average absolute size of deviations of individdialm

0KS &l YLX S NBINEBa&aA 2 ynofthdr gitérdativé methodyffccampareitivey = t 3
goodness of fit of a linear regression and a Tobit regression is by calculatirgete
Prediction Error. This measuréndicates how much the predicted values on average deviate
from the observedvaluesand is epressed as a percentage of the average of observed values.

3.5. Data collection

The data is collectethased on the methodological decisiodss a result, liis studyrequires
data on three topics: He road network, cycle routes and infrastructural attribs. This
paragraph presents the most relevant information about the data colleciiorthree
paragraphs that each elaborate on one of the three aforementioned data topics

3.5.1.Road network

The road network that is used for this study is the nationad database (In Dutch: Nationaal
wegenbestand) developed by RijkswaterstdRijkswaterstaat, 2020)This network is the

most detailed, accurate free available representation of the Dutch road network. The network
includesalmost all roads that exist and displays them accurately with lines that connect
seamlessly. The roads consist of many individual line segments (links) that all have their unique
ID number and some other relevant information such as their length and the nanmfeof t
street they representSeries of contiguous line segments can be used to represent cycling
routes.

3.5.2.Cycle outes
Thecycleroute data that is used for this study comes from th&kiflers projeci{B-Riders,
20200 ! LINRP2SOU (KKl SH) & SyAldi Sg®  DiMd Bty  a S

of Infrastructure & Environment and the Province of Noo#8rabant for the purpose of
improving the accessibility of cities in Brabant. The project started in 2013 and ended in 2018.
The BRiders projectsvas specifically set up for companies and aimed to stimulate bicycle use
among employees by rewarding them for cycling kilometres. The more an employee cycled,
the greater the reward. A second purpose of the project was to collect data for analysis and
supporting policy decisions. Therefore, the project did not just collect route data, but also
sociodemographic data such as age and gender.
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Employees who participated in theMders project had to download a smartphone app that
was able to track theiroutes by using GPS. In addition, the employees had to meet some
requirements. They had to be at least 18 years of age, their commuting distance had to be at
least 4 km and they must have used the car for at least half of their commuting trips over the
lag three months.

The data from the Biders project contains detailed information about where and when the
participants travelled. However, it is not directly useable for this study, because the data is
nothing more than a bunch of GPS traces. Fortunatiblg, Urban Planning group of the
Eindhoven University of Technology developed software that is able to transform the GPS
traces into activitytravel diaries (Feng & Timmermans, 2018). TheifOdof f SR  W¢ NI
Lyy20F02ND a27Fds61 NS spaitatibnariode with 2vhidi B tidistmade S (G K S
combing GPS data with accelerometer data. The software prettiatsa bicycle is used as

means of transport with 97% accuracy.

The data file that is used for this study is generated by the Trace Annotatarasefbased on
B-Riders data of the months January till May and contains the travel data of cyclists only. The
data file is an Excel file that contains detailed information about where and when the
participants travelled. The Excel sheets contains the €®@8linates of the starting point,
intermediate points and end point of all their routes and indicates for each GPS measurement,
down to the second, when it was taken.

3.5.3.Independentattributes

The data that is collected about thedependentattributes comes from multiple sources. In
search for the right data, special attention has been paid to the use of the most reliable
sources only. The result of which is that modtastructuraldata comes from governmental
institution such as the municipalitgf Eindhoven, Rijkswaterstaa@nd the Dutch Central
Bureau of Statistics. However, not @frastructuraldata could be provided by these highly
reliable governmental institutions. Therefore, a limited amounindfastructuraldata comes
from other soures such aghe Bicycle Week (Fietstelweek) and OpenStreetM2gspite the

fact that these sources are no governmental institutions, their data is considered to be
sufficiently reliable for the purpose of this studsurthermore, he BRiders project is used to
provide data that relates to the moment the trips were made and by who they were nfade.
brief description about the sources for the attribute data well as information abowthich

data source is used for which attributegszen in table 3As one might notice, the attributes
about which data is collected do not exactly match the attributes that were identified in the
literature review.This will be explained in the next paragraph.
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Table 3 Data sources of the indepesnt attributes

Source

Description

Attributes

Gemeente Eindhoven

(Gemeente Eindhoven, 2020]

Municipality of EindhovenThey have a data
portal through which all kinds of information
about the municipality of Eindhoven is availablé

Entrances & Exits,
Trees, Speed Bumps,
Pavement quality,
Facility type Parking,
Road sides, Speed

differences
CBS TheDutch Central Bureau of Statistissa Land useUrban
(CBS, 2020). governmental organisation that collects data | density
about the Dutch society.
Rijkswaterstaat Rijkswaterstaat is the executive arm of the Speed differences,

(Rijkswaterstaat, 2020)

Ministry of Infrastructure and Environment and
responsible for most of the Dutch infrastructure

Fietstelweek
(Fietstelweek, 2020)

Large Dutch cycling study that has been carrieq
out by volunteers in 2016 and 2017 with the air
of collecting data on cycling behaviour.

Modal split, Average
cycling speed

OpenStreetMap
(Open@eetMap, 2020)

OpenStreetMap is a project that aims to collect
freely available and editable geographic data in
order to create maps and other services.

Traffic intensity

B-Riders project
(B-Riders, 2020)

A project set up by the ministry of infrastructure
& environment and the Province of Noerd
Brabant for the purpose of improving the

Gender, Age, Daylight,
Peak, Weekend,
Month

accessibility of cities in Brabant.

3.6. Attribute operationalisation

The infrastructural attributes that are identified in the literature review are operationalised
based on the data that is collected@his means théor allinfrastructuralattributesisdecided
how they will be measuretased orthe available data

3.6.1.General approach

The literature review made cleavhat the ideal operationalisation for each of the identified
attributes would be. Howevehased on the available datdnis ideal operationalisatiors not
alwayspossible. In some cases the data is natpéete enough and in other cases tHata is

not available at all. Since generating the missing data is too time consuming, it is decided to
work around the missing data. In doing so, the strategy is to keep as many attributes on board
as possible. Sincbéreareonly two attributes thatcanbe operationalised in the theoretically
ideal way, this requirga lot of creativity and inventiveness.

Despite good efforts, vasnot possible to keep all attributes on board. Sometimewats
simply not possibléo work around the missing data. Of the 18 attributbat wereidentified

in the literature review, 12Zould be operationalised and are therefore includedhe further
course ofthisstudyd ¢ g2 F GONROGdzGISa 6 W{ LISSR )dhdt¥vedd Q
not directly identified in the literature review buseem tohave a relation witlcyclingsafety
are alsaoperationalised and includeaks wellassix attributes that relate to the moment of the
trip and by who the trip is madd& his bringshe total ofincludedattributes to 20.

YR
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3.6.2.Included attributes
The attributes that are included in this study can be roughly divided into two categories:
Continuous attributes and categorical attributes.

The continuous attributes are used inusitions where it does not make sense to distinguish
levels. These attributes count or measure things on a continuous scale. For example, the
number of trees along a route. Given the fact that all routes have a different length, the
cumulative value that isxpressed by this attribute is, if necessargnwerted to a value per

100 or 1000 metresf route.

The categorical attributes are used when it does make sense to distinguish between different
levels.However, it is decided to bring all multilevel attributgswn to only two levels. In this
process, the levels that are most similar to each other are merged into one level. An example

2F F OFGS3aA2NAOIt | G (GNIWNRdaldsi SAza Ykt S N SAE/ST b ¢a gk N
are created. In order to be &b to compare routes based on these thavel attributes, the
valuesofthelevelsSELINBEE8a SR & | LISNODSyidl 38 2F (GKS NRc

FYR yp: Ad ay2 LINJAYIEOD

In total, this study includes 6 continuous and 14 categorical atte® An overview of the how
the attributes that are included in this study are operationalised is presented in Fable
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Table 4 Attribute operationalisation overview

Warmer month

April, May

Nr. | Attribute Level Measured as Measured in
1 Distance Continuous Total length othe route Km
2 Entrances Continuous All entrances and exits that are | Total number for the
n and exits designed for vehicles whole route
95" 3 Modal split Continuous Average cyclist intensity Average number per
2 1000 metresof route
8 [4 | Trees Continuous All trees within 10 metres Average numbeper
a measured from the road centre | 100 metres of route
S line
% 5 Speed bumps Continuous Only speed bumps. No raised | Total number for the
8 crossings whole route
6 Average Continuous Average cycling speed for the | Kilometres per hour
cycling speed total route
7 Pavement Low quality Elements and unpaved Percentage of total
quality High quality Asphalt and concrete route
8 Type of Cyclists not Traffic lanes and bicycle lanes | Percentage of total
facility segregated route
Cyclists segregate( Bicycle paths
9 Parking Parking Perpendicular oparallel parking | Percentage of total
No parking No parking route
10 | Road side Hard road side Concrete, stone andsphalt Percentage of total
Soft road side Grass and other vegetation. route
11 | Traffic Quiet roads Residential and other typically | Percentage of total
intensity quiet roads route
Busy roads Primary, secondary and tertiary
roads
12 | Seed Slow traffic Speed limit till 30 km/h Percentage of total
" differences Fast traffic Speed limit above 30 km/h route
% 13 | Land use Non-Builtup Recreational areas, parks, fores{ Percentage of total
2 etc. route
& Built-up Residential, industrial, etc.
f_g 14 | Urban Low urban More than 1500 addresses per | Percentage of total
5 density km? route
153 High urban Less than 1500 addresses per’k
8 15 | Gender Man Man Absolute number
Woman Woman
16 | Age Younger < 48years of age Absolute number
Older > 47years of age
17 | Daylight Daylight Trip starts after sunrise/before | Absolute number
sunset
No daylight Trips starts before sunrise/after
sunset
18 | Peak During peak Trip starts between 7.68.00 AM | Absolute number
or 4.306.30 PM
Off-peak Tripstarts outside 7.08.00 AM
and 4.306.30 PM
19 | Weekend Weekday Monday till Friday Absolute number
Weekend Saturday and Sunday
20 | Month Cold month Jaruary, Felvuary, March. Absolute number
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3.6.3.Excludedttributes

Multiple attributes are excluded from this study for various reasdrhe most important

reason why attributes are excluded is that there is simply not enough data available to
operationalise them in way that makes sense. This applies to thefath dzi S& Whoadl Of S
2T GKS NRhdRPw2 tzRF VOSDRIYyIaQd ¢KSNBE KIFa OSNIIFAY
the lack of data but this did not pay off. As mentioned before, generating this datd ano

option due to the short time frame ahis study. Another reason why some attributes are

SEOf dzZRSR A& G(KIFG GKS& IINB y2i NBftSOFyd T2N i
fAIKGAQ YR Ww2dzyRI62dziaQd ¢KS ALISOAFTAO NBI a
and g/cle pathsin the study areahas street lights. For this reason there is no point in
distinguishing between roads with and roads without street lights. The attribute
Ww2dzy RFo2dziaQ A& SEOf dzZRSR 06 S0l dmd$ arda OSaNB | NB
places where roads intersect less than 1% is a roundabout. This is simply not éadaggh
meaningful in this study.

3.7. Creating the final dataset

The literature review made clear what data is requifedthis study andie choices made in

the methodology chapter determine what the dataset ideally looks like. Unfortunately, such

a dataset is not directly available, but has to be compiled by combining a large variety of data
files of various shapes and sizes. A comprehensive protegsich the outcomas of great
importance for the quality of this studyhis paragraph explains how tfieal datasetthat will

be used for further analysis createdby successively discussing the five steps that make up
this process.

The software that are used in he process of building the dasat are QGIS
(https://www.qgis.org/)and TransCAlhttps://www.caliper.com/) QGIS israopen source
Geographical Information System amthnsCAD ig Geographical Information Systehat is
specifically designed for transportah professionals.Detailed information about this
software can be found othe websites of the developers

3.7.1.Data preparation

The first step in the process ofeatingthe final dataset is data preparation. This is the process
of preparing all indirdual data files in such a way that they can be used for buildingvbeall
datasetthat is required for this studyAs already explained in the paragraph about data
collection, the dataseis built with data about the road network, data about cycle resitand
data about infrastructural attributes. Since these data files are all set up differently and
contain information on dferent topics, they all requira different preparation.

Road network

The road network that is used for this study is moréess ready to use and does not require

a lot of adjustments. However, there are a few important things that need to be taken care
of. First of allthe data fileisreducedin such a wayhat it only @ntains data of the target area
EindhovenWhat the reslilt of this action looks like is shown in figufe Secondly, excess
attribute data is removed.
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Figure 4: The road network of the Eindhoven re@iijkswaterstaat, 2020)

Route data

The BRiders route datdadapted by the Trace Annotator todhat is used for this studig an

Excel file thatonsists of several thousands of routes that are all representestbgs oiGPS
coordinates These routes are not all usable for this study which means that a selection needs
to be made. Selecting usahieutes is a process that consists of two main actions: Selecting
the routes that are for the most part located in Eindhoven and selecting routes that are unique
and reliable.

The action that is conducted firg to select the routes that are for the ntggart located in
Eindhoven. Thiselection process done visuallyFirst, TransCA»s usedo convert the Excel
GPS coordinates to strings of GPS paanis project these GPS stringm the road network
Then, routes that are for a large part or even fully located outsidesthdyarea are removed
from the dataset. Figure $hows all February routes in the Eindhoven area. It is clearly visible
that some routesieed to be removed from the dataset.
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Figue 5:February routes in the Eindhoven af@jkswaterstaat, 2020;-BRiders, 2020)

58



Thesecond step is to select routes that are unique and reliable. This is done based on the
following selection criteria:

1 Routes must follow infrastructure on which cyclirsyallowed

1 Routes cannot have a large detqur

1 Routes driven by the same respondent need to differ considerably from each.other

What the result of this selection process looks like foe person is shown ingure 6.

Figure 6 All (2) routes obne persor(Rijkswaterstaat, 2020;-BRiders, 2020)

Attribute data

Preparing thelarge amount ofattribute data files and getting them ready for use involves
many actionsHowever, the most important actions atbat the coordinate systems of all
attribute data filesare lined upwith the coordinate system of the road netwoakdthat data
that does not relate to the target arear is obviously irrelevant for other reasons is removed.

3.7.2. Dataaggregation

When the individual data fileare roughly filtered of irrelevant data and are tuned to each
other, they are brought together This process is also referred to as datgregationand
forms the second step in thprocess of creating the final dataséthe dataaggregation
consists of rougly two actions that are carried out sequentialfyirst, attribute data is added
to the road network. Themgycleroute data is added to the road network.

Adding attribute data to the road network

The attribute data is spread over seven different typéggeographical data files. Sonoé¢

these data files contain information in points (e.g. trees), others in lines (e.g. speed
differences) or polygons (e.g. land use). Transferring the data that is in these data files to the
road network requires the use ohany different datgprocessing techniques, such as creating
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buffers, calculate intersections and even run tailor made python scripts. All these actions are
carried out in QGIS.

Despite the fact that adding attribute data to the road network is done withast care, it is

not possible to give all road sections the most optimal attribute valUdm differences
betweensomeof the data files that contain the attribute data and the road network are too
large to get a 100% accurate data transfer by using GIS software only. However, it was possible
to get over 90% accuracy. After transferring all attribute data to the road otywisual and
manual checks are conducted to correct suboptimal attribute values and get closer to 100%
accuracy. These checks are conducted by comparingattidbute valuesthat are now
connected to theroad networkwith the attribute values of the oginal data files they came

from. In cases where there was still uncertainty about the correctness of certain attribute
values, Google Maps (Google Maps, 2020) is used to verify these values.

Addingcycleroute data to the road network

As explained earlrethe cycleroute data is basically nothing more than strings of GPS points
with some information about the respondent and time information that makes it possible to
determine when and in which direction the route is cycled. In order to add the roatiztd

the road network the strngs of GPS pointre translated intoactual routes that follow the

links of the road network. This is done by comparing the strings of GPS points with the road
networkin TransCALF.irst, the locations of the GPS points itat®n to the road network are
used to determine which links are used for a particular trip and to draw the driven route.
Second, the startand endpoints of these routes are used to determiaed drawthe
corresponding shortest routeslhe result of thesections is to have pairs of driven and
shortest routes that are selections of interconnected road sections in the road network. This
is the basisthat is required for determininghe attribute values of awhole route and
ultimately to compare driven routeto shortest routesAn example of how a set of GPS points

is translated into a driven and shortest route is presented in figure
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Figure 7 Translating GPS pointgo routes (Rijkswatérstaat, 2020:Mders, 2020)
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When it comes to the accuracy dfi$ process, one has to realise that GPS is not 100%
accurate. There is always a slight deviation from reality which, in extreme cases, can reach
several tens of metres. For this study, this does not cause any big problems. The distance
between two roadssgenerallyso large thathere is no doubt about which road was chosen.

3.7.3.Data cleaning

Whenall data filesare broughttogether, the big dataset is cleaned of the last irrelevant data.
This is the third step in thprocess of creating the finalataset The first action in the data
cleaning process is the removal of irrelevant lifikge original road network consists of almost
12000 links. However, only 3924 links are used to draw the routes. The roughly 8000 links that
are not used are removeflom the network to make it better workabl&he second action is

the removal of strange attribute valueBortunately, there is only one attribute that has such
values. This is the attribute that represents average cycling speed. According to the dega, th
are some links where people cycle extremely slow (<5 km/h) or extremely fast (>30 km/h).
Because of the fact that these speeds are highly unusual for cyclists@bdsed on only one
measurement, the chance that these values are incorrect is vehy ftgerefore, it is decided

to remove all values that are below 5 km/h or above 30 km/h.

3.7.4.Data enrichment

When creating the datset for this study, the goal was to get a complete (100% filled in)
dataset purely by combiningeveralsmaller data file. This way, it will be easy sgale up or
reproduce the study for a different area. However, this turned out to be impossible and now
that all irrelevant datadhas been removed from the datat, it is easy to see which data is still
missing. Consideringpé fact that having this data would be of great added value for this study
and that the amount of missing data is relatively small, it is decided to fill the empty fields.
This process of enriching the dataset with missing datéhe fourth step in thegrocess of
creating the final datasednd consistsof two mainactions that are carried out sequentially.

Adding links and nodes to the road network

The first action is adding links and nodes to the road netviloak are missing, because they
are noofficial road or intersection for car traffiSince gclist do make use dhese links and
nodes not havingthem in the road network means that some of the actual driven routes can
only bereplicatedwith a large detour. This is a problem, because thosild make many of
these routes too inaccurate to be used for this study. Therefapproximately60 links and

20 nodesare added to the road networlAn example of a missing likpresented in figure 8
and an example of a misgimode is presented indure 9
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Figure 8 Example of a missing link (Google Maps, 220) Figure 9 Example of a missing node (Gogle Mas, 2020)
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Filling empty fields

The second actiors to fillthe empty fieldsThere are multiple reasons why there are empty
fields in the data file. However, the most important reason is that various data files are
connected to the road system based on geographical similarities. Despite the fact thiat this
the best option, this desnot work for all the links. Sometimes the geographical similarities
between the data filesre veryvague which causes that the GIS softwareannotmake the
right connection. Filling in the empty fieldsdene by manually assessing all links that have
missing values. Most of the timéisis possible to assess a group of links at once, but some
links need to be assessed individually.

Assessing the links with missing attribute values is initially done by comparing these links with
the data files that arethe source othe missing attribute values. When the missing attribute
value is found, it is added to the road network. Unfortuelgt not all missing values cée

found by using this techniqué&Vhen this is not possiblehe missing attribute valueare
determined by using Google Maps and Google Street View (Google Maps, 2020).

There isone attribute of which the missing data cannot be added by using the techniques
described above. Thistise average cycling speeadtribute. This datag for some linksimply

not available and this data cannot be derived from Google Maps or Google StreeflView
strategythat is choserto fill these empty fieldss by calculating average cycling speed per
pavement typeResearch shows that cyclists cycle on averadggllkm/H on smooth surfaces

and 17.26 Km/H on rough surfacésr this reasonit is decided to give all links that have an
empty field for average cycling speed and a rough surface an average cycling/ajuesmf

17.26 KM/H and all links that have an empty field for average cycling speed and a smooth
surface an average cycling spaadueof 17.51 Kn'H.

3.7.5.Datasefgeneration

When theempty fields are filled, thdinal datasetthat will be used for furthemanalysisis
generated This last step ithe process of creating the final datasebnsistsof two main
actions. The first action is to calculate the attribute valoéshe routes as a whol€eThis is
done based on the length and other attributes valueshaf individual links out of which the
various routes consist.

The second action is calculating the attribute differences between the driven routes and
shortest routes. This is done by subtracting the attribute values of the shortest routes from
their caresponding driven routesThe result of this lasactionand thereby the whole data

set generation process is a dataset that contanfermation about the differences between
driven routes and corresponding shortest routes. The dataset contains infamaliout the
difference in length between these routes, but also about the attribute differences between
these routes.
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4. Results

4.1. Introduction

The results of this study consist of roughly two pahtst are both presented in an individual
paragraph. Paragraph 4.2. contains the results of the descriptive analysis, the purpose of
which is to describe several basic features of the satahat is used in this study. This
paragraph first presents the descriptive statistics of the respondehts those of the trips
(journey) and lastly those of the route@he infrastructureused for the tri). Paragraph 4.3.
contains the results of the statistical analysis. In order to present the results as clearly and
comprehensible as possible, first regsem models that include all attributes are discussed.
Most of the time, thesdull models do not give the best result and need to be improved. This
might be because their estimation process is negatively influenced by high correlations
between independentvariables. Theull models often provide a rough idea of how the
regression performs and provide insights into how a regression model can be improved. These
full models can be considered as the starting point and foundation of the regression analyses.
Seond, regression models that only include the significant attributes are discussed. These are
the adaptedmodels that, after various model improvements, produce the most meaningful
and accurate output possible and thus, more or less, mark the end poiriteofelgression
analyses. Last, the best performiagaptedregression model(s) will be discussed in detalil.
The results of this model are determinative for answering the research question and reaching
the researclobjective

4.2. Descriptive analysis

As ateady mentioned in the previous chapter, theRidders data that was available for this
study overed the months January till& and containednainly travel data of cyclist3he B
Riders datacontained a few thousand trips made by a few hundred resporsldtdwever,
these trips were not all usable. After carefully selecting only the unique and reliableli#ps,
unique tripsthat all have their statand endpoint in and around the city of Eindhovemd
are made by 48 unique respondemnsmained These raites have beernincorporated in the
final dataset andare investigated irthis study.

4.2.1. Descriptive statistics of the respondents

This part presents the descriptive statistics of the 48 unique respondents and has, besides
providing insight into thesample data, another important purpose. This purpose is to
determine the extent to which the sample is representative for the Dutch population.
Something that is done by comparing the samptgulation with the Dutch population.

Because of the fact that thfinal Rl G 4 S4d O2y il Aya RIFIGF 2y W3Sy
attributes are used for the comparison. The results of theseparison areresented in table

4 and 5
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Table 5 Gender distribution sample population in relation to overall population

Gendea Sample population Overall population in 2019 (CBS, 2020)
Male 24 50.0% 8581086 49.7%
Female 24 50.0% 8701077 50.3%
Total 48 100% 17282163 100%

Table6: Age distribution sample population in relation to overall population

Age Sample population Overall population in 2019 (CBS, 2020
<35 3 6.3% 7070532 40.9%
3544 11 22.9% 2056681 11.9%
4554 20 41.7% 2512575 14.5%
> 55 14 29.2% 5642375 32.6%
Total 48 100% 17282163 100%

Table5 shows that when it comes to gender, the sample population is representative for the
Dutch population. Howevetable 6 shows thatwhen it comes to age distribution, the sample
population is not repesentative at allThe reason for this discrepancy ighkto be the nature

of the BRiders program in combination with the requirements one has meet to join the
program. For example, take the simple fact that participants have to work in order to
participate. This means that they are generally at least iiir ttieenties. Knowing that people
younger than 25 make up for almost 30% of the total population (CBS, 2020), this explains for
a large part the underrepresentation of the <35 category. In addition, the overall population
includes all types of people, whillee Briders projectprobablyattracts the more sporty types.

Based on the descriptive statistics presented above, it can be concluded that the sample
population shows similarities with the Dutch population based on the attributes age and
gender. Despé the fact that some age categories in the sample population are
underrepresented compared to the Dutch population, they are all present. Therefore, based
on the sample population, the dataset is considered to be useful for further analysis.

4.2.2. Desdptive statistics of the trips

Because of the fact that the-Biders datahat isused for this study only included 48 unique
respondents it is decidetb make the dataset larger by incorporating riple trips per
respondent wherpossible. The result of mch is that nowespondens are responsible for

one to six tripsThis brings the totatumberof trips that are included in the dataset to 145.
This part presents the descriptive statistics of the trips in six tables. The first two (tdidés

7 and § are similar to the ones showed in the previous part. However, this time it is not the
sample population that is compared to the overall population, but the trip selection. As one
can see, the results of this comparison are quite similar to the previoparison. The only
noteworthy difference is that this time females are slightly underrepresented compared to
the Dutchpopulation. Thdast four tables (table 9, 10, 11 and Ekpw the distribution of the
months in which the trips have taken place, the day on which the trips have taken place, the
part of the day on which the trips have taken place and the daylight conditions under which
the trips have taken place respectively.
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Table7: Gender distribution trip selection in relation to overall population

Gender Trip selection Overall population in 2019 (CBS, 2020)
Male 74 51.0% 8581086 49.7%
Female 71 49.0% 8701077 50.3%
Total 145 100% 17282163 100%

Table8: Agedistribution trip selection in relation to overall population

Age Trip selection Overall population in 2019 (CBS, 2020

<35 6 4.1% 7070532 40.9%

3545 37 25.5% 2056681 11.9%

4555 60 41.4% 2512575 14.5%

> 55 42 29.0% 5642375 32.6%

Total 145 100% 17282163 100%
Table 9Trip frequencieg Month of the year

Month of the year Absolute Percentage

January 23 15.9%

February 15 10.3%

March 28 19.3%

April 14 9.7%

May 65 44.8%

Total 145 100%

Table 10 Trip frequenciesPart of the week

Part ofthe week Absolute Percentage
Weekday 129 89.0%
Weekend 16 11.0%
Total 145 100%

Table 1: Trip frequencieg Part of the day

Part of the day Absolute Percentage
Peak* 67 46.2%
Off peak 78 53.8%
Total 145 100%

*Peak is considered to be betwe&m00-9.00 AM and 4.3%.30 PM

Table 2: Trip frequencieg Amount of daylight

Amount of daylight Absolute Percentage
Daylight* 130 89.7%
No daylight 15 10.3%
Total 145 100%

*Daylight trips are all trips that start after sunrise and before sunset

Based on the descriptive statistics presented above, it can be concluded that also the trip
selection shows similarities with the Dutch population based on the attributes age and gender.
Again, some categories are underrepresented, but they are all preserdaddition, these
descriptivestatistics show that the trip selection is diverse on multiple aspects. It includes trips
made during cold and warm months, on weekends and on week dayisgpeakhoursand
off-peakhoursand with and without daylight. Althougbhancesare high that the numbers
presented in the tables above will not match those of the Dutch population, many different
kinds of trips are present. Therefore, based on the trip selection, the dataset is cortside
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be useful for further analysis. Though, the discrepancies between the trip selection and the
Dutch population are something to consider when drawing the conclusions.

4.2.3. Descriptive statistics of the routes

The fact that the datasehat isused for this study includes 145 trips means that it includes a
total of 290 routes. These are the 145 routes that the 48 respondents actually ¢smbedn
origin to a destinatiorand the 145 corresponding shortest routestween those same origins
and cestinations This part presents the descriptive statistics of all 290 routes in bites.
The first table (table 13)resents the minimum and maxim attribute values for alltes. The
second table(table 14) presents the mean attribute value and corresuling standard
deviation for all routes.

Table B: Minimum and maximum attribute values for all routes

Driven routes Shortest routes
Attribute Minimum Maximum Minimum Maximum
Distanceg(Km) 116 7.23 112 6.98
BuiltUp (%) 32.84 100.00 1908 10000
HighUrban(%) 0.00 10000 0.00 10000
SlowTraffiq%) 65.79 100.00 51.06 10000
QuietRoad4%) 1904 100.M 3255 10000
SoftRoadSidé) 0.00 7113 0.00 87.74
NoParking%) 12.29 100.00 14.78 10000
Segregated%) 1131 10000 1462 10000
HQPavement(%) 2949 10000 8.91 10000
Exits(Abs) 0.00 21900 0.00 17900
Trees Perl00N 219 1771 1.35 2115
SpeedBumps (Abs) | 0.00 48.00 0.00 4500
CyclistintensitfAbs) | 6.76 10931 1.24 119.73
Av.CycSpeedAbs) | 1521 20.86 1503 2259

Table B: Mean attribute value and corresponding standard deviation for all routes

Driven routes Shortest routes

Attribute Mean Std. Dev Mean Std. Dev
Distancg(Km) 3.87 151 3.57 1.38
BuiltUp (%) 82.45 16.25 82.98 16.50
HighUrban(%) 78.82 23.25 79.79 22.45
SlowTraffiq%) 93.44 8.76 92.93 10.32
QuietRoad4%) 77.35 16.86 77.19 18.17
SoftRoadSidé%6) 13.99 15.71 10.76 14.58
NoParking%) 65.20 16.21 67.48 16.11
Segregated%) 68.85 19.01 65.38 20.98
HQPavemeni%) 75.32 15.55 71.92 17.53
Exits(Abs) 67.77 46.66 59.54 40.69
Trees Per100N 9.82 2.98 9.55 3.16
SpeedBumps (Abs) | 9.38 9.02 9.83 8.21
CyclistintensityfAbs) | 41.20 21.18 39.06 22.73
Av.CycSpeedAbs) | 17.93 1.05 17.80 1.17

The descriptive statistics presented above show thagattibutes are present in both the
group with driven routes and the group with shortest routesd thatthere areconsiderable
differences between the chosen routes and the shortest rouBesause of the fact that there
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are considerable differences betwedhe chosen routes and the shortest routéscan be
concluded that comparing these two groups has the potential to yield interesting results. Just
as with the sample population and the trip selection, the dataset is also considered to be
useful for furber analysis based on the route characteristics.

4 3. Statistical analysis

In order to generatappropriate insights for this study, a statistical analysis is carried out. As
explained in the previous chapter, the aim of this analysis is to determing tiveaeffect of
various safetyrelated infrastructural attributeson the difference in distance between the
chosen and shortest routes is.

4.3.1. Fulregression models

Mostly regression analysis starts with a model that includes all awailablependent
variables. Table 15hows the estimation results of the full linear and the Tobit regression
model. The detailed output of these regression models is presented in app@ndix

Table b: Estimation results dhe fulllinear and Tobitegression

Linear regression Tobit regression
Model Coefficient Sig. Coefficient Sig.
1 |(Constant) 274%* 011 267 .009
P_BuiltUp -.001 771 -.000 .759
P_HighUrban -.004 .216 -.003 .219
P_SlowTraffic .004 .367 .004 .319
P_QuietRoads .006* .076 .005* .073
P_SoftRoadSide .003* .092 .003* .065
P_NoParking -.003 .230 -.002 .186
P_Segregated -.001 .765 -.000 .819
P_H@avement .000 877 .000 .866
Exits_Abs .002** .043 .001** .025
Trees_Per100M .024** .017 .024** .010
SpeedBumps_Abs .002 .594 .002 .627
Cyclist_Intensity - 005+ .002 -. 005+ .001
AverageCyclistSpeed -.007 .766 -.005 .798
Gender -.059 244 -.064 192
Age -.084 .106 -.093* .063
Month -0.005 .920 -.015 .738
Daylight .006 .942 .013 .861
Peak .043 .398 .055 274
Weekend .079 .322 .081 .302
Sigma .268*** .000
Log Likelihood - -23.01
Mean prediction error 20.28% 20.42%
RMSE 0,2529701 0,252256

Note: *** ** * A Significance a99%,95%, 90% interval

As can be seen from the table above, the two models that include all independent variables
produce a relatively similar output. Both the coefficient values (size and direction) as well as
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the significance values are more or less the same.gboelness ofit that is represented by
the mean prediction erroand theroot mean square errois also highly comparable.

Despite the fact that the output of the linear regression is very similar to the output of the
Tobit regression, there is one importadifference. The significance values of the Tobit
regression are slightly better than those of the linear regression. As a result, in the Tobit
NEINBaaAzys> al3S¢ Aa |faz2 arayaAFTaolyd FyR
of the 95% iterval.

The difference described above suggest that, when applied to our dataset, the Tobit model
slightly outperforms the linear regression model. A result that is in line with the theory
presented in paragraph 8. and therefore is expected. Howevergtie are the full regression
models. It is too early to conclude that the Tobit model not only theoretically fits the dataset
better (due to the censored nature of the data), but also practically. The main reason for this
are the high (above B) correlatilms between soméndependent variables in the full models.
These correlations might negatively impact the estimation process of the full models, which
negatively impacts their suitability fonawering our research questioDetailed information
about attribute correlations of the full models can be found in apperlix

In order to ensure that the regression models have the best model fit possible, adaption of
the full regression models is required. The results of these adapted models are presented in
the next part of this paragraph.

4.3.2. Adapted regression models

The endpoint othe regression analysis is an adapted model that is stripped of independent
variables that are either insignificant or cause high correlations with other independent
variables.Table 16shows the estnation results of the adaptetinear and Tobit regression
model. The output of these regression dwls is presented in appendx

Table B: Estimation results of the adapted linear and Tobit regression

Linear regression Tobitregression
Model Coefficient Sig. Coefficient Sig.
1 |(Constant) 344 xxx .000 .340*** .000
P_QuietRoads .004x+* .008 .004*** .007
P_SoftRoadSide .003* .061 .003* .056
Exits_Abs .002*** .002 .002*** .001
Trees_Per100M .024** .013 .023** .013
Cyclist_Intensity -.006*** .000 -.005*** .000
Age -.090* .065 -.100** .043
Sigma 276 .000
Log Likelihood - -27.54
Mean prediction error 21.17% 21.04%
RMSE 0,263187 0,260388

Note: *** ** * A Significance at, 98,95%, 90%nterval
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Just like the fultegression models, the adapteegression models produce a relatively similar
output. Again, both the coefficient values (size and direction) as well as the significance values
are more or less the sam&he only notablaifference is that lhe significance values of the

Tobit model are slightly bettethan those of the linear moded KA OK NXB adzZ Ga Ay
significant within the 95% interval instead of the 90% interdddothe goodness of fit of the

models is highly comparable. However, also on this point the Tobit model seems to
outperform the linear model slightly abé mean prediction error and the root mean square

error suggest that the adapted Tobit modikthe dataslightly better.

When it comedo comparng the model fit of the adapted models withatof the fullmodels,
the goodness of fimeasurementseem toindicate thatthe adapted models perforralightly
worse than the fullmodels. However,based on the Likelihood Ratio Test presented in
equation 5,this decrease is insignificatiensher et al., 2015)

DY ¢cO0€MET Qi 0 B NANBOL QI 01 HOBQ&®  Equation 5.

The Likelihood Ratiest uses the difference in Lagkelihood between the futhodel andthe
adapted modehnd relates this to thelegree of restrictiondecrease in predictojsFilling in

this formula for the Toltimodels results in a value of06 . According to thel@-squared table,

the criticalvalue for a decrease of 13 attributé3b percen) is22.36. Since D6iswaysmaller

than 2236 it can be concluded that thenodel fit of the adapted model does not differ
significantly from the model fit of the full moddlinfortunately, he linear regressiomodels

do not have a Log Likelihooglue. However, sindiear regression modebsre so similar to

the Tobit modet, it is assumed that the decrease in goodness of fit for the linear models is
insignificant as well.

Overall, the regression output suggests that the adapted modaf®pe slightly better than

the full models andhat the adapted Tobit model performs slightly better than the adapted
linear model. Howevetthe differences are just too small to be meaningful. Since the Tobit
regression seems to perform slightly better and thetically fits the dataset better, the
adapted Tobit regression is used to interpret the coefficients.

4.3.3. Interpretation of the coefficientsaslaptedTobit model)
Theadapted¢ 2 0 A Y2RSf O2yairaida 2F 1 airadyhFyposgd |

Distance (Constant)

The®onstant distancéhas a coefficient value of 0.340 which means that cyclists deviate on
average 340 meters from the shortest route. This findingresty muchin line with earlier
research by Winters et al. (2010) and Dill & Gliebe (20@8 found that cyclists deviate on
average 360 and 384 meters from the shortest route respectively. Therefore, an outcome of
this magnitude was more or less expected.

A possble explanation for the relatively small difference between these findings could be the
average trip lengths used in the different studies. The average trip length of the chosen routes
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that are used in this study is 3.&Mm, whereas Winters et al. (201&)d Dil & Gliebe (2008)
used trips with an average distance B3 Km and 6.9Km on average respectively. It is
logical that at longer distances the average deviation from the shortest route is larger than at
shorter distances just because it is moré#idult to determine the shortest route. In addition,

a longer route generally means that there are more alternatives that may be more attractive
than the shortest route.

Traffic intensity (P_QuietRoads)

¢ K Sercéhtabe of quiet road3epresents trafft intensity and thipredictor has a coefficient
value of 0.004 which means that for every additional percent of quiet roads cyclists deviate 4
meters more than average from the shortest route. The direction of this effect is in line with
earlier researchby Stinson and Bhat (2003), Sener et al. (2009) and Winters et al. (2010), who
all found that cyclists prefer roads with lower traffic intensities. The positive sign for this
attribute was therefore expected. However, the magnitude of the effect foundis study
seems not to be in line with recent literature as it appears to be rather small. All the studies
mentioned above found that traffic intensity has a major impact on route choice decisions and
Stinson and Bhat (2003) even found that cyclists allengito endure approximately 10% extra
travel time in order to cycle on quieter roads. A possible explanatiothéiact thatthe effect
magnitudeis smaller than expected is that the study area mainly caasisquiets roads. On
average, the shortesbutes consist for about 77% of quiet roads. Increasing this percentage
even more might not outweigh the distance increase that comes withatvever it must be
noted that the different nature of the studies and differences in the way in which the
attributes are operationalised make that comparing magnitude levels is very difficult.

Road sides (P_SoftRoadSides)

¢ K Percdhtage of soft road sid@sredictor has a coefficient value of 0.003 which means that
for every additional percent of soft road sides cyclists deviate 3 meters more than average
from the shortest route. The effect of road sides on deviation from the shortest route or on
route chote decision making in general has not been studied before, making it impossible to
compare this finding with those of earlier investigaticarsd making ithard to have founded
expectationsaboutthe effect of this attribute However, this does not mean ththere were

no expectations at all.

Theliterature review showed that road sides affect cycling safety and $hédty affects the
route choice behaviour of cyclists. Therefore, it is expected that the relatively safe soft road
sides have a positive efft on the extent to which cyclists deviate from the shortest route.
The positive sign for thiattribute shown in the model output indicatelat this expectation

is in line with the model output.

When it comes to the size of the effect there were expectations. Howevelbased on the
fact that the effect magnitude of P_SoftRoadSides is slightly smaller than that of
P_QuietRoadghe size of the effect seems to make sense. The reason for this is that the
numberof quiet roads in the study area is & lagher than thenumberof roads with soft road
sides. This makes it easier for cyclists to choose an alternative route that is still pretty direct,
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but with more quiet roads than it is to choose a pretty direct route with more soft road sides.
The fact hat people add distance to their route in order to cycle on the relatively scarce roads
with soft road sides underlines the significance of this attribute.

Entrances and exits (Exits_Abs)

The #dbsolue amount of entrances and exiisas a coefficient vak of 0.002 which means
that for every additional entrance or exit along the route cyclists deviate 2 meters more than
average from the shortest route. Just as with P_SoftRoadSidesspibaficeffect of this
attribute on deviation from the shortest router on route choice decision making in general
has not been studied before. Howevehet effect ofintersections in generabn the route
choice behaviour of cyclisteas been studied before, which led to an expectatidiout the
effectdirectionof thisattribute.

Theexpectation for this attributevasthat the coefficient valuavould havea minus signThe
mainreason for this expectation is th#te literature review revealed that a route generally

more likely to be chosen when the amount of inteciens is lowerln addition based on
research from Stinson & Bhat (2003), it was expectedtti@shortest routes generally consist

of more smaller (residential) streets with more exits and entrances as compared to the driven
routes that were expectedat consist more of segregated cycling facilities than run parallel to
larger arterials.

¢KS FFHOG GKIFIG WOYdNIyOSa FyR SEAGAQ |GG NRO dzi
the expectation. A possible explanation for this is tthegt shortest rates are on average 340

meters shorter than the chosen routeshich means that the distance over which entrances

and exits can be encountered is significantly smahlera result, icould be that the lower

entrance and exit density on chosen routedlightly outweighed by the fact that the shortest

routes are on average 340 short@his theory would also explain the relatively small effect
magnitudeof this attribute

Trees (Trees_Per100M)

¢ K&motint2 ¥ G NBSa LISNJ mas acodffisiénialbeiof @2BvhidhEnkarL2hat

for every additional tree per 100 meters of route cyclists devi&e2ters more than average
from the shortest route. The direction of this effect is in line with earlier research by
Krabbenborget al. (2015), who found that the presence of trees along a route positively
relates to that route being chosen. Whether the size of the effect is in line with earlier research
is more difficult tosay. Segadilha & Sanches (20fbtind that the effect oftrees along the
route is moderate, but due to the different nature of our studies, it is impossible to compare
the results.

Cyclist intensity (Cyclint)

¢ K verdge amountoD e Of A 4G a Sy O 2hde/alcé&KideR valug eof0b5 whibkA LIQ
means tha for every additional cyclist that isn averageesncounteredon the route, cyclists
deviate 5 meters less than average from the shortest rolités result indicates thatyclists
prefer routes with lower cyclists inteities, which is unexpected becauseisting research
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provides many indications that cyclists prefer higher cycling intensifies.most important
indicator is provided byarsen & EGeneidy (2011andBroach et al. (2012), who found that
cyclists have a strong preference for segregateclicy facilitiesResearch by Larsen & El
Geneidy (2011) even shows that cyclists are willing to deviate from the shortest route if they
can achievegreater separation from vehicle trafficThis general preference for segregated
cycling facilities causefdt cyclists intensities on cycle paths are higher than on roads that
are an alternative for these cycle paths. Thereforaji@ct consequence of the fact that
cyclists prefer routewvith segregated cycling facilitiesthat theyindirectlyalso prefer outes

with relatively high cyclishtensities.

A possible explanation for the unexpected result is that not all cyclists prefer separated cycling
facilitiesand that this study focussed on cyclists that do piafer separated cycling facilities
Research by Larsen &&éneidy (2011) seems to suggest that only recreational cyclists prefer
segregated cycling facilities and thus higher cycling intensitesgd®ch by Krabbenborg et al.
(2015)evenshowsthat some cyclistgmainly highly educatedend to avoid busy cycle paths

Age

TheWl 38 2F GKS NBaLRYRSY(Q LINBHCK Qendshdatfolded |
people (4863 years) deviate 100 meters less than average from the shortest route and that
younger people deviate 100 meters neothan average from the shortest route. This is an
expected result because recent literature has shown that older people generally add higher
value to minimizing travel distance than younger people. This makes sense because older
people are gendally lesshealthythan younger people and might want to limit the physical
effort they put into the trip. Another possible explanation for this result could be that older
people just have slightly better knowledge of the transportation network which enables them
to better determine the most direct path.

O
N

Insignificant attributes

As explained earlier in this chapter, some attributbattareincorporated in this studyre

found to be insignificant. In this study, this means that no evideséeundfor a relationship

between these attributes and the dependent variabldifference in distance2 For the
FOONROdzISEa WeellS 2F FILOATAGRQRTYLBBSiySgH Qa L
thisisreally unexpected as the literature review pides strong evidence for their role ithe

route choice behaviouof cyclists For the attributes Land use, Urban density, Speed bumps,
Average cycling speed, Gender, &end, Month, Peak and Dayliglterature provides no

evidencefor their role in route choice decision making. However, based on logical reasoning,

the insignificance of some of these attributes is also rather unexpected.

What the insignificance of thesattributes could have possibtyaused will be explained in the
general discussiom the next chapter.
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5. Conclusion

5.1. Introduction

The conclusion of this study consists of three ptréd are presented in their own paragraph.
Paragraph 5.2. presents the general conclusion of this sililtg.general conclusion provides
an answerto the research question and fulfils the research objectiwe presenting
recommendations for practice that can be used by transportation planreasagraph 5.3.
presents the general discussiohthis study This section discusses the validity of theuttss
as well as possible limitatiortd this study Finally, in paragraph &, recommendations for
future research are presented.

5.2 General conclusiaand recommendations for practice

In recent yearsyarious studiehiaveshowed that cycling safeig related to theroute choice
behaviour of cyclists. However, no one yet studied how what this relationship exactly is about
This studycontributes to fillingthis research gap binvestigatinghow cycling safety affects

the route choice behaviour of ciysts.

The objective of this study was to provide the Duticginsportation plannersvith information
that will help them to better understand hotwhe route choice behaviouof cyclistss related
to cycling safety so that they can get more cyclistsseinfrastructurethat is safe for cyclists
The plan was to do this by providing insight into how varisafety-related infrastructural
attributes are related tothe route choice behaviouof cyclists This led to the formulation of
the following researclguestion:

G2 KIFG NPt -flat@d2infrasttudtusall aitributes play in the extent to which
Oeofralta RSOAIGS FTNRY (GKS aK2NISad NEdziSK

By having compared 145 routtsat are cycled in the Eindhoven regitintheir corresponding
shortest routesand havingestimated thecoefficients of a Tobit regression modd#iis study
presents the answer to this questioithe answer is giveoy providing various insights into
how safetyrelated attributes relate to the extent to which cyclists deviate from therstsi
route and thereby influence the route choice behaviour of cycliStdsequently, based on
these insights, anoverarching conclusion is drawthat is alsoan advice for Dutch
transportation planners andncludesmultiple recommendations.

First ofall, this study shows that there are multiple safeglated infrastructuralattributes

that play a role in the extent to which cyclists deviate from the shortest route. These are:
traffic intensity, road sides, entrances & exits, trees, and cyclistssitte higher percentage

of softer road sides, a higher number of entrances & exits and a higher amount of trees along
the route cause that cyclistre willing todeviate more than average from the shortest route.

A higher traffic intensity, a higher dygy intensity and a higher age cause that cycksts
willing todeviate less than average from the shortest roukbe mainconclusiorthat can be
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drawn regarding the importance of these attributes relative to each other is that traffic
intensity has darger impact orthe route choice behaviouof cyclistshan road sideslo.

Secondly, in contrast to what literature suggested, the results of thdyssthow that when
infrastructuralattributes positively affecthe route choice behaviouof cycliststhey do not
necessarily positively affect cycling safety as well. This became bk@ause this study
showed that encountering more entrances and exits (crossings) and higher cyclist intensities
are posiively related with the choice for a particular royterhereas recent literature clearly
showed that higher levels of these attributes are negatively related with cycling safety.

Third and last, this study shows that age also plays a significant role in the extent to which
cyclists deviate from the shortest route. By showing that older people arewdksg to
deviate from the shortest routéhan younger people, this study undiexs the heterogeneity

of the population. The effect of the attributes on route choice behaviour differs per individual
and this is important to consider when designing bicycle infrastructure.

All'in all, this study shows that it is possifile transportation plannerdo improve the cycling
safety of a routevhile at the same time making the routeore attractive for cyclists. Lowering
traffic intensity and increasing the amount of soft road sides seem to be the easiest and most
realistic design optionshat make infrastructure both more attractive for cyclists as well as
safer. Planting more trees is an option to attract more cyclists to a route, but does not
necessarily makes cycling safer. Furthermtnansportation plannersieed to keep in mind

that tK S L2 LJdzf I GA2Yy A& KSGSNRISYyS2dzax 6KAOK OF
behaviour is equally affected by the safety improving meastireg take This makes that it

is importantthat transportation plannergsonsider the composition of the populatiomhen
designing safand attractivebicycle infrastructure. Lastly, this study has highlighted multiple
factors that should be included in travel models in order to make them reflect cycling
behaviour more accuratelgiven the fact that there is no literate available about the effect

of road sides on route choice behaviour, chances are high that this attribute is not yet
considered byat leastsome travel models. This makes the road side attribute particularly
interesting for transportation planners.

5.3 General discussion

Despite the fact that the results of this study show many similarities with existing research,

they do not completely line up. There are two main differences that stand out. First of all,
some attributes of which current research suggthat they affecthe route choice behaviour
ofcyclisto We¢ 8 LIS 2MSFRORARUENBYy @A Wv dzh fwerérot 2 LI
found to be of significant influenda this study. Secondignd more importantly, the wayni

which some attibutes affectthe route choicebehaviour of cyclisdoes not match he
expectations created by existing literature. For two attribuesP9 y 4 NI y OS&a ' y R S
W/ & Of A a Uposhiveé éffecfsawkré ®udad were negative effects were expected and vice
versa. There are several reasons thagimexplain the differences between the results of this

study and those of existing literature.
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A first possible cause of the discrepancies is the nature of the population sample that is used
in this study. The sapte drawn from the BRiders project consisted of aduttsat are mostly
between30 and 60 years @fge that all have gob, are likely to be sporty and aexperienced
cyclists.As exsting literature already pointed outf icould be possible that thesgenerally
experienced, cyclists add great value to direct routes and are therefore less influenced by
other attributes such as the level of segregation. In addition, certain attributes may have an
opposite effect on the route choice behaviour of this sfiegjroup than they have on the
route choice behaviour of the average, less experienced, cyclist. For example, it could be
possible thatwhere inexperienced cyclists like to cycle in places with high cycling intensities
because it feels safer, experienceytlists prefer to cycle in quiet places so that they can cycle
faster.

A second reason is the relatively limited study area of this study. Since this study only focussed
on the Eindhoven region, it only included one large city and not a lot of rural areas. Possibly,
the unique way in which the infrastructure in the Eindhovegion is developed explains why

for some attributes no significant relationship was found. For example, it could be possible
that no significant relationship was found for the level of segregation, because Eindhoven has
a lot of nice quiet roads that ar@imost just as good as a separated cycle path.

A third reason that might explain unexpected results of this study is the level of detail of the
data files that are used and the way in which they are brought together. For most attributes,
the datawasvery detailed. However, there were also attributes for whikkh data was not so
detailed In addition, due to the differences in the natuoéthe data files used, it was not
always possible to combine them with 100% accuracy. Despite extensive naambLasual
checks, it is possible that some road sections heotehe most optimakhttribute values. The

lack of detail in combination with a certain percentagenot optimal attribute values could
have played a role in findinghexpected results.

A fourth reason could be the way in which the attributes are operationalised. As explained
before, it was decided to operationalise the attributes by ugnegly availabledata only. The

result of this decision was that some attributes could not be exactly operaliged in the way

of which existing research suggested that would be ideal. For example, quality of surface was
operationalised based on the type of material instead of the actual quality as suggested by
existing research.

A fifth and last reason that atd explain the differences between the results of this study and
those of existing literatures the sample size. As explained before, this study only used 145
unique trips made by 48 unique respondents. Although this sample is large enough to conduct
a proper study, a larger samplemight have resulted infewer discrepancies between the
results of this study and existing literature
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5.4 Recommendatiorfer future research
On the basis of the discussion points presented in the previous paragraphrghelivious
recommendations for fture research on this topic would be to:

1 use a sample that represents the Dutyclingpopulation better;

1 use a larger study area that is more diverse;

1 use data files that are more detailed and achieve higheguracy wen combining

them;
1 use a larger sample that includes more respondents and more trips.

Furthermore, future research on this topic is recommended to incorpdrdaegsectionanore
extensively. This study only lookedabssingentrances and exits, buhere are a lot more
types of intersections in the Netherlands thdiffer from each other on the basis of their
design (amount of lanes, separation of traffic, etc.) and how they regulate traffic (priority,
traffic lights, etc.). Since existing literatureuggested that these different typesf
intersections all have a different effect on the route choice behaviour and safety of cyclists, it
would be very interesting to study these types of intersections as well.

A last recommendation is that future resmeh incorporates travel time as such, instead of

using distance as a proxy. Despite the fact that existing literature shows a linear relationship
between travel time and distance,ight be moreaccurate to study travel timdirectly.
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