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Le cyclisme est généralement considéré comme le mode de transport teupheseuxcar les

collisions avec des veéhicules sont plus susceptibles de provoquer des blessures grawesla

mort TXH OHV DXWUHV XVDJHUV GH O DCduiptatémiHdg sesndmbrdus W L R Q
avantages environnementaux et sociaux, les villes encouragent le cyclisme en tant que mode de
transport abordable et développent leur infrastructure cyclable. Alors que les villes visent a
augmenterd part modle du vélg lesstatistques de sécurité alarmantes ont forcé les chercheurs

et planificateurs des transports ainsi que les responsables municipaux et les décideurs a investir
GDQV OD FRQFHSWLRQ OD PLVH HQ °XYUH HW OYDPpOLRUDY
cyclistes en toute sécurité. L'amélioration du réseau cyclable pour acaqgiadrhodale du vélo

et la sécurité repose sur des informations quantitatives détaildesindicateurs de performance.
/ITXQH GHV GLPHQVLRQV GH ieEst@Dontinvite. Gaxcobtipitél @uxésea O D E O
fournit un ensemble de routes possibles qui sont connectées et accessibles a tous les utilisateurs de
la route. Toutefois, les réseaux cyclables sont généraleajuriés auéseau routier existantg

qui créedes endrits aveades changements damstaractéristiques du réseau cyclagieoutier

Ces changements sont des interruptions du réseau cyclable qui causent les discontinuités. Malgré
les nombreuses mesursar linfrastructure,la circulationet I'environnemet étudiées dans la
littérature du cyclisme, la définition et I'adoption systématiques des discontinuités des réseaux

cyclables ont été négligées.

Dans cette dissertation, quatre lacunes ont été identifiéesadétérature sute comportement et

la séarrité des cyclistes ainsi quaur la performance des réseaux cyclables: la définition et
présentation des indicateurs de discontinuité des réseaux cyclablefets des discontinuités
d'éclairage routier sua sécurité des cyclistes de nuiflalysedu comportemenrdt de la sécurité

des cyclistesa des sitesavec dediscontinités du réseau cyclable. Pour combler la premiere

lacune, différentes catégories de mesures de discontinuité sont proposée® éttdéfi ORUV T XL O
1) des changements intriéguesdans le réseau cyclable (fiu deseau cyelble changement de

type df D P p Q D JoyidRabl€) shangement de la largeus denénagementyclables, changement

de I'emplacement d®© D P p Q Dcyeldbld @Wlaroute, changement de I'état de la chaussée,
changement de I'éclairage routier, changement pgieniedela route, fermeturelétourdes réseaux

cyclables en raison d&avauy, 2) des changements des caractéristiquegédeau routier
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(changement de class changement du nombre de voiesyrefoury et de la circulation
(changement ddeébit de la circulation, changement de la vitedsela circulatioh et 3) autres
changementgentrées de garagarréts de bus, stationnement autorisé sur la route). De plus, une
méthodologie automatisée est proposéiepgut étre appliquée a n'importe quelle zamecdes

données de réseau cyclable géoréférencées pour identifier et quantifier les discontinuités
infrastructurelles le long du réseau cyclable. La méthodologie est appliquée a une étude de cas de
quatre viles nordaméricaines, afin de comparer leurs niveaux de discontinuité de maniere
uniforme et systématique. Ledlles étudiéessont classées en formt de deux indicateurs de
discontinuité du réseau cyclablee da pire a la meilleure, a savoir PortlandVancouver,

Washington D.C. et Montréal.

Pour combler la deuxiéme lacune de recherche, une méthodologie est proposée pour effectuer un
audit nocturneale I'éclairage routier en collectant des mesdeekiminositésur les routes et aux
carrefoursafin d'idertifier les emplacements avec un éclairage discontinu. Les études antérieures
utilisant des mesures d'éckgereposientsurdes méthodes incohérestetcompliquéegour la

collecte de données. La méthodologie proposée dans cette thése fournit unelogithodiforme

qui peut étre appliquée a n'importe quel site pour collecter des donnéesatjénlagturne. La
méthodologie est appliquée a Momdrét une analyse statistique des données historiqgues des
accidents moné& que les emplacements avec degeaux d'éclaageplus élevés augmentent le

risque d'accident cycliste grave la nuit.

La troisiéme lacune de recherche abordée dans la theseagtéatu comportement des cyclistes

a des endroits ou il existe une discontinuité du réseau cyclable.dptaatdla méthodologie
proposée, deux paires de sjtes site avediscontinuité etin sitede contrélesont sélectionnées

j ORQWUpPDO pfidinQuiz @i ¢dthporEment des cyclistes nécessite de grandes quantités
GH GRQQpHV PLFURMireRI&d tTajettoires FIfHUsaers de la route a une échelle
temporelle fine. A cette fin, des techniques de vision par ordinateur et des méthodes de
regroupement de trajectoires sont appliquées aux données vidéo. Ainsi, un outil d'analyse vidéo
automatisé & adopté pour extraire les trajectoires des usagers de la rguaaties trajectoires
cyclistes similaires pour compares lmouvemerg des cylistes traversanek discontinuité du

réseau cyclable compa&a®a leursauxsites de contrélerespectifs La méthodefournit des

informations microscopiques précieuses sur les mouvements des cyclistes qui peuvent étre



Vi

appliguées a n'importe quste pou évaluer le comportement des cyclistes. Les résultats de cette
étude indiquent une plus grande variatiod dQRPEUH GH P Dgyhes¥ed He¥ citligte® H
aux endroits du réseau cyclatdeec discontinuitgpar rapportaux sites de contréle. Enfin, les
implications sur la sécurité degclistes aux sites aveliscontinuité sont étudiées en utilisant des
mesues substitig de la sécuriteMISdS en adoptant une méthode probabilist#elS pour
prédire legositionsfutures des usgers de la route. Les deux paires de sites de discontinuité et de
contr6le de Montréal soeincoreanalysées dans une étude de Basplus les temps de collision
sont calculés pour les interactions cychi@ KLFXOH HW UpVXPpV SDU PDQ°XY
LGHQWLILHU OHV PDQ°XYU Eités sh@gischritinlité$] CetteldduvelXdppdehp
basée sur les mouvements n'a pgutiliséedans la littérature pour lI'analyse de la sécurité des
PDQ°XYUHV Eatte@pprdddgdinit un outil utle pour identifier les mouvements exacts
importants poufa sécurité des cyclistes. Les résultats montrent qusitees avedaiscantinuités
présentent un plus grand nombre de mouvement dangereux des cyclistes camps#es de
contrble.Au site avecdiscontinuité ou I'emplacement ¢k piste cyclablehange d'un coté de la
route & un autreles cyclistes qui commencent et finissettans Bménagementyclable aux
extrémités opposéek carrefour ont les temps a la collision les plus bas

En résumé, cette these comble les lacunes de la littérature en définissant et proposant des
indicateurs de discontinuité du réseau cyclable évatuant leurs effets sur la performance du
réseau cyclable, le comportementa sécurit@es cyclistes. Les séltats de toutes les études de

cette these confirment I'importance d'inclure des indicateurs de discontinuité dans la planification
et I'évalation des réseaux cwtlles L'absence de ces indicateurs dans les étapes actuelles de
planification et d'évaluain fournit une image partielle de la qualité d'un réseau et de I'expérience
cycliste et laisse lemgencesle transport incapables de biegiter les effets des discontinuités sur

les cyclistes. Les informations obtenues grace aux études sur le congmbrégrta sécurité des
cyclistes aideront les planificateurs et les responsables municipaux a prendre des décisions plus
eclaireeset aamélioer la conception des points diéscontinuitédans s réseaux cyclables afin

d'éliminer les mouvementiangereux et d'accommoder tous les cyclistes en sécurité.
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Cycling is widely considered to be the riskiest mode of transport since cahgitinvehicles are

more likely to result in serious injuries or even dedln other road users excepdpstrians

Given its many environmental and social benefits, cities are encouraging cycling as an affordable
mode of transport and are expandingir cycling infrastructureWhile cities are aiming to increase
cycling mode share, thealarming safety stetics have compelledransportation researchers and
planners as well as city officials and decision makers to invest resources in designing,
implementng and improving the cycling network safelyaccommodate cyclistémproving the
cycling network to mcreasecycling mode share and safetglies on detailed quantitative
information on performance indicato®ne of the dimensions of cycling network Bsés is its
continuity. Network continuity provides a set of possible routes that@enectedand acessible

to all road userddowever, cyclinghetworks are usually implemented on the already existing road
network, which results in locationwhere there are changes in roaand cycling network
characteristics. Thesehangesare interruptions in the cyadg network also referred to as
discontinuities.Despite the rany infrastructural, traffic and environmentaleasures studied in

cyclingliterature thesystematic definition of cycling network discontinuities haen overlooked.

In this dissertation, four research gaps have been identified in cyclist behaviour and safety literature
as well as cycling network performance studies: the definition andnpagiea of cycling network
discontinuity indicatorsthe effects of road lightig discontinuities on nighttime cyclist safettye

cyclist behaviouand safetyanalysis at discontinuity locations in the cycling network. To address
the first gap, differentategorie®f discontinuity measures are proposed and definbdre there

arel) intrinsicchanges in the cycling networkn@ of cycling facility change in cycling facility

type, change in cycling facility width change in cycling facility location onoad change in
pavement conditianchange in road lightingchange in road gragl dosure/rerouting of cycling

facility due to construction or maintenafc2) changes to thead network (oange in road class
change in number of road lané@stersectionsand traffic characteristicsifange in traffic volume

change in traffic speb, and3) otherchangegdriveways bus stopsparking allowed on rogd
Moreover, an automated methodology is proposed that can be applied to any area using its
georeferencedycling network datao identify and quantify infrastructural discontinuitideray

the cycling network. The methodology is applied to a case study of four North American cities, to

compare their discontinuity levels in a uniform and systematic way. Has amder study are
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ranked based on two cycling network discontinuity indicatfoom worst to best as: Portland,

Vancouver, Washington D.C., aiMbntréal

To close the second research gap, a methodology is proposed to perform a nighttime road lighting
audit collecting illuminance measurements at an intersection or link levelrofidecations with
discontinuous lighting. Past studies using illuminance measuremadieis oninconsistent and
cumbersome methods for collecting data. The proposed metigydal this dissertation provides

a uniform methodology that can be appliecty area to collect nighttime illuminance data. The
methodology is applied to case study locationMontréaland a statistical analysis of historical
accident data showed tHatations with higher illuminance levedse associated with ancrease

in the chance of a severe cyclist accident at nighttime.

The third research gap addressed in the dissertation is the analysis of cyclist behaviour at locations
where there is a cyidlg network discontinuity. Adopting the proposed methodology, two pairs of
disoontinuity and control sites are selectedviantréal The indepth analysis of cyclist behaviour
requires large amounts of microscopic data, i.e. road user trajectories atenfporal scale. To

this end, computer vision techniques and trajectory dumgjenethodsareapplied to video data
Hence, an automated video analysis tool is adopted to extract road user trajectodiestand
similar cyclist trajectories to compatbe movemerstof cyclists traveling through the cycling
network discontinuity compared to a control site. The methodology identifies valuable microscopic
information on cyclist movements that can be applied to any location to evaluate cyclist behaviour.
Results from ths study indicated a higher variation in number of cyclist maneuver and speeds at
locations of cycling network discontinuity compared to their control site. Finally, the safety
implications of discontinuity locations on cyclists is studiechgssurrogateneasures of safety
(SMoS) adopting a probabilistic method (PSMoS) of predicting fygasgtionsof road users. The

two pairs of discontinuity and control sites frdvtontréal are further analysed in a case study.
Time-to-collision (TTC) is computed for cytist-vehicle interactions and summarised per cyclist
maneuver to identify the specific risky maneuver cyclists make at discontinuity locatloss.

novel movemenbased PSMoS approach has not been adopted in literature for the safety analysis
of all cyclist maneuvers. The approach is a useful tool to identify the exact movements that
influence the safety of cyclists. Results show that the discontinuity locations have a higher number
of unsafe cyclist motion patterns compared to their conted.ét thediscontinuity site where the

physically separated cycling facility location changes from one side of the road to acythstis
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who originate and end in the cycling facility on the opposite ends of the interdesti®the lowest
TTC.

In Summary, thisdissertation closes the gaps in literature by defining and proposing cycling
network discontinuity indicators and evaluating their effects on cycling network performance,
cyclist behaviour, and safety. Results of all the studies in this t@issarconfirm the importance

of including discontinuity indicators in the planning and evaluation of cyclist neswdhe lack

of these indicators in curreptanning ancevaluationstagegrovides a partial image of the quality

of a cycling network andycling expelence and leaves transportation departments unahiéyo
address the effect of discontinuities on cyclistse information obtained from the cyclist behavior
and safety studies will help planners and city officials make better informesibaedoy impoving

the infrastructural design of the cycling network discontinuity locations to eliminate unsafe

movements and safely accommodate all cyclists.
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CHAPTER 1 ,1752'8&7,21

1.1 Overview

The strive to achieve sustainable transport mobiligs leadesearchers;ity officials, planners
and policy makerso investin research, developmerasd publicity campaign® promote non
motorized transport modes. Asresult, cycling has gained populgriand attention due to its
environmental, sociakeconomicand personal benefits which include redudciionthe emissiors

of pollutants andgreenhous@ass reducedtraffic congestionimproved healthreliability and
affordablity (Boyle, 2005; Sallis, Frank, Saelens, & Kraft, 2004; Sener, Eluru, & BB89) An
impedimento these dbrts and benefits, is the alarming rate of road traffic injuries which is ranked
as thenumber one cause of death among individuals aged 15 to 29 (Wartd Health
Organization, 2015)n 2013 the World Health Organizaticgstimateda total of 50 million traffie
related injuriesand 1.25 million road traffic fatalities49 % of which were vulnerable road user
deathgWorld Health Organization, 2019 2016,Canadan road accidents accounted for 1,898
fatalities and 160,315 injuries, whet@.6 % and 2.5 %f fatalities were pedestriaiasd cyclists

respectively(Transport Canada, 2017)

This lack of safety has been identified as one of the reasons for low cycling mode share in many
regions (Dill & Gliebe, 2008) In North America, despite the extensive implementation and
expansion of cycling networksjog shortdistancetrips are taken with private caf®. Pucher &
Renne2003) Cycling as a mode of transport ranges ftht% of all trips in the United States,

over 30 % inthe Netherlands and Denmauvidile Canadahasone of the lowest cycling rates of
ony2% (XURSHDQ &\FOLVWVY )HG RBDaMé&rR2Q08; Statistics @ahadaH U
2016)

Low cycling mode share and low safety levels for cychstgemotivatel researchers tovedigate
and EHWWHU XQGHUVW D Qdafefy dr®ihteriié¢tiov Wit &cHeryrbari Xasers. Cyclist
behaviourand safetycan be studied d@he macroscopic or microscopic levels as showFiguire
1-1. Cyclist behaviour vargwidely at the macroscopic level, in particularemts of mode and
route choice (se@Casello & Usyukov, 2014; Sener et al., 20G8)cycling volume (seg). Pucher

& Buehler, 2006). The macrdevel safety studies focus on a city or angpically based on the

total number of accidents. The microscopic level corredpda the operational and tactical levels,
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which encompass the road user maneuvers and choice of location on the r¢gd,(Begel, et
al., 2018; Twaddle, 2017; van Haperen et al., 20M8jcroscopic safety has been studied at an
intersection or link level, using accident data, unsafentsy and behavioural observations
(Gerstenberger, 2015; Wanvik, 2009a)

Behavioural Studies Safety Stdies
I I
v v
Macroscopic level Microscopic level
(Mode and Route Choice Studie (Intersection and Link Level)
Stated Preference Revealed Historical Surrogate measure
Surveys Preference Surveyy| Accident Data of Safety
| |
\ 4 A
Descriptive Statistical
Analysis Analysis
— —
Factors influencing mode and route choi Factors influencing safety

Figurel-1 Methods of road user behaviour and safety analysis

Cyclists behaviour and safety has also been obddnvehange in differentonditions such as
seasonsin summer compared to wint@kosal & MirandaMoreno, 2014)weather conditions
(Ahmed, Rose, & Jakob, 2013; Helbich, Bécker, & Dijst, 20hhttime compared to daytime
(Yan, Ma, Huang, AbdeAty, & Wu, 2011) and riding through a cycling facility compared to
riding on shared roadd. A. Pucher, 2000Mode ad raute choice studies investigate factors that
influencethese choicesand safety assessments evaluate the causes leadaccidents. This
information is then used by city officialsesearchers anglanners to design, implement and
improve cycling mnfragructure that aims to attract road users to switch to active modes of transport

andsafely accommodate cyclists.

1.1.1 Cyclist Behaviour Studies

Behavioural studies have relied on stated and revealed preference survey data such as local and

national transpi suveys(Santos, McGuckin, Nakamoto, Gray, & Liss, 2011; M. Stinson & Bhat,
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2003) onsite or video observational dg@openhagenize Design Co., 201a0d positional data
such asGlobal Navigation Satellite SysterfftGNSS) collected from cyclis{®hakar & Srinivasan,
2014; Hood, Sall, & Charlton, 2011Analysis methods include th#escriptivepresentation of
results or the use of statistical models to investigate the unobserved effect of exogenous variables
on cyclist behavioyrusually expressed in terms of discrete choibgsysingMultinomial Logit,
Nested Logit, and Mixed Multiomial logi models(Bovy, Uges, & Hoogendoorhanser, 2003;
Casello & Usyukov, 2014; Sener et al., 200@acroscopic analysis at theone and route choice
levels using stated and revealed preference suheys identifiedooor objectve and pereived
safety of cyclists as a reason fbelow cycling mode shar@ill & Gliebe, 2008; Ehrgott, Wang,
Raith, & van Houtte, 2012; Garrard, Rose, & Lo, 20G8) well aghe lack of cycling facilities
along their rout¢Dill & Gliebe, 2008; Mitra, Ziemba, & Hess, 201 Btatistical analysisf cyclist
route choice has also indicdte preferencdor routes with a cycling facilityHood et al., 2011;
SobhaniAlizadeh Aliabadi, & Farooq, 201&s well adow traffic volumes, lowetraffic speed,
minimal parking, andewerstop signgSener et al., 2009These studies help identify factors that

affect behaviour and perception, that either encourage cycling or cause consemdaycliss.

1.1.2 Cyclist Safety Studies

Historical accidentlata are widely used for safety studies and are obtaim@doolice and hospital
reports or insurance companid3escriptive and statistical anaégsofaccident frequency or injury
severity are onducted toidentify and understand cause$ accidents tobetter propose and
implementcountermeasuresStatistical frameworks for accident frequency and injury severity
adopt negative binomial, ordered logit, Bayesian logistic regression, etc. Sfldlm&te accident
injury severityhaveevaluated the effect afeather conditions, road lighting, time of day, vehicle
speedage and gend€Kim, Kim, Ulfarsson, & Porrello, 2007; Rodgers, 1998gsults show that
higher vehicle speeds, midddgied and oldemale cyclistsandnighttimeaccidentshad a higher

likelihoodof resultingin fatal accidents.

Although historical accident data providaneans to study safetyaiting for accidents to happen

to diagnose saty is reactive and hardly ethicdlo perform a safety assessment, many accidents

at the same, and different locations must be collected to investigate the factors and causes of
accidents. The problem with this reactive approacthataccidents are fewn numbes, and there

are usually not enough accidents at the same location toaevals safety. Studies commonly
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compile the number of accidents that occur in the span of five to ten years, which is problematic
since infrastructural, traffic and envimmental changes could have occurred during the study
period. Another shortcoming afsing accident data is that there is major underreporting of
accidents and a lack of detail on the process of the acdisap & Langley, 2001; Amoros,
Martin, & Laumon, D06). The eportingof cyclistaccidens isevenmore prone ttiasandvaries

aaoss countrieslepending on thgpe ofaccident type of vehiclanvolved, andevel of severity
(Shinar et al., 2018)

The shortcomings related to accident data, as well asedstive nature have lead to the
introduction ofmore proactive approacheghere traffids observedo identifycritical interactions
(traffic conflicts)between road users in order to predict the aistt severityf accidentsin 1977,
Amundsenand Hydén definedsome of theseXQVDIH VLWXDWLRQV DV WUDIILF FF
more road users apprdaeach other in time and space for such an extent that there is a risk of
FROOLVLRQ LI WKHLU PRY HRmuUQJsew &UHydeD, 19y 7 KM@ B3e DQraticG -
conflicts has gained attention with countries develoghadfic conflict techniques (TCT) to
guantify safety using surrogate measures of safety (SMoS) witlasting for accidents to happen
(e.g.(Hyden, 1987; Kraay & van der Horst, 1985; Sayed & Zein, )9%)dies have adopted the

use of SMoS indicators such as tiboecollision (TTC), postencroachment time (AE, gaptime

(GT), deceleratiottio-safety time (DST), etdo evaluate vehicle, cyclist and pedestrian sdfety
MirandaMoreno, & Saunier, 2018smail, Sayed, Saunier, & Lim, 2010; Laureshyn, Goede,
Saunier, & Fyhri, 2017; Zangenehpour, Strauss, Mirdfideeno, & Saunier, 2016)

Traditional TCTs rely on the manual observation of traffic conflicts and an estimation of their
severity based on appximate road user speed, evasive action and temporal nearness to accident
(Hyden, 1987)To eliminate the long hours of on site observation, video recordings of the study

site are manually observed for traffic conflict detection. Howeuse, issues with manual
observation includéhe cost of training observerthereliability and consistenc R WKH REVHUYH
judgementtheinterpretation and estimation bias and errors espeeiddn observindpong hours

of video data(Sayed, Bravn, & Navin, 1994) More recent approaches have combined image
processing witldata mining and compeit vision techniques to automatically and more reliably

detect road users amibtain road usetrajectores, speed and interaction informatitmom video

data Thesetools provide detailedand more accuratd® LFURVFRSLF LQIRUPDWLRQ R

behaviourand safetyandsignificantly reducethe issueselated tananual detection methods.



1.1.3 Research Gaps

A review of literature orcyclist route choice, accident and SMesfidies reveale@ gap in
systematically defining and identifying cycling network disaomties and investigating
microscopic cyclist behaviour and safety at these locations. The effeofsastructure such as

the presence of cycling facilities, the types of cycling facilities, the number and width of lanes, the
presence of road lightingfe road class, the speed limits, etc. have been studied in the literature.
However, locations wherthere are interruptionand change# the infrastructurewhere the
infrastructure is not continuousuch as a change in road type, change in roadnggbt change

LQ F\FOLQJ IDFLOLW\ W\SHVY DORQJ D F\dr@dckeiEdovewhiRaXed H KDY H
These locations, referred to as discontinuities, have seen little consideration in either macroscopic
or microscopic cyclist behaviour agsdfety studies. Ae only studiesn somdorm of discontinuity

had a limited definition of the vati#es and only a descriptive scofiarsotti & Kilgore, 2001,

Krizek & Roland 2005; Sener et al., 2009)

1.1.4 What are Discontinuities

An ideal cycling network entailsraling experience withowtnyaddedstresssafety concerreffort

and mental workload, and allows for easy and timely access to destinations. It has been dstablishe
WKDW OHYHO RI F\FOLVWYV VWUHVYV DQG FRPafRésVdnYdhgl HYV DF
infrastructural factorgHunt & Abraham, 2007; M. A. Stinson & Bhat, 200%)or examfe, an
LQYHVWLIJDWLRQ RI F\FOLVWTV SHUFHLYHG VDIHW\ DPRQJ GL
of comfort levels associated with different facility tggg@éensen, Rosenkilde, & Jensen, 200T%)s

variation in perceived safetysso@ted with each facility typés an indicationthat at locations

where cyclingfacility types change, cyclists will undergo a change in comfort and safety
perception Since cyclists prefer to ride on a continuous cycling facii®gner et al., 2009)
interruptions such as frequentartges in cycling facility types, high levels of traffic volume and

speed chang¢g DQG LQWHUUXSWLRQV LQ WKH LQIUDVWUXFWXUH DC
mental workload, changes in stress and safety |édddar & Clifton, 2009; Blanc & Figliozzi,

2016; Vanstenkiste, Zeuwts, Cardon, Philippaerts, & Lenoir, 201Phese changes and
iNHUUXSWLRQV DORQJ D disdeQihnties IDiscdmivike OrbntdcEUD 4D rodd (Bhks

or intersections where the different infrastructure tygaslide’, such a wherea physically

separated cycling facilitjurns intoa designatedoadway or a local road changes to a collector
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road type with higher traffic speeds and volyroe where roads have uneven lighting levels at
nighttime The transition betweetlifferent cycling and roadhfrastructuesfollows little logic in

design andnayrestut in differentroad user behavioand safety levels

From a road lighting discontinuity perspective, nighttime safety studies have used indicators such
as the presence or @nse of road lighting, or performed a befafeer road lighting installation

study (Bruneau & Morin, 2005; J. D. Blaugh, Donnell, & Rea, 2013; Donnell et al., 2010;
Wanvik, 2009a; Yannis, Mitzalis, Kondyli, & Mitzalis, 2012However, studies have not
considered the effects of road ligig variations on safety. The study of discontinuous lighting
requires the cadiction and evaluation of actual illuminance measurement to study its effects on

nighttime safety.

Studies that have considered some form of cycling network discontinuitiaglene study

evaluating cyclist preferences which identifidiscontinuouscycling facilities (presence of a
F\FOLQJ IDFLOLW\ RQ OHVV WKDQ RI1 WK Haffc\flola¥y WV UR
inconvenient(Sener et al., 2009A cycling network evaluation study stated tha comfort of

riding ondedicatedcycling facilitiesmay notcompensate for the uncomfortable and ksgfess

points of discontinuity along thé& \ F O kdutd/(Wekuria, Furth, & Nixon, 2012)Although the

effects of discontinuities on peiwved safety are the focus of the mentioned studies, the
microscopic behaviour and objective safety of cyclists at these locations have not been evaluated.

To conduct such microscopic studies at discontinuities, detailed trajectory, speed and road user
interaction data is required and can be obtained from automdt=mdata analysis methods.

The limited investigation of these fields time literature and practicas well aghe alarming rate

of road fatality and injurandthe low cycling mode shaaae he motivational factors behind this
dissertation The impact 6two major types of infrastructural discontinuities are studied in this
dissertation: road lighting discontinuities and cycling facility discontinuities. Tietkodologies
are proposedto perform a nighttime road lighting audit, an automated tool to ndéy
discontinuities in cycling netwosk and a movemetiitased approach to surrogate safety analysis
Behavioural and safety studiese conducted by applying the proposed methodolotpesase
studies in Montréal and other North American citidhe folowing section highlights the

objectives of this dissertation.



1.1.5 Important Definitions

1.1.5.1 Cycling Facility Types

A cycling network is defined as the areas designed specifically for cyclists to hiege include

different cycling facility types that are categad into four groups:

1. Physically separate cycling faciitthese are cycling facilities that are physically separated
from road traffic by a raised median or bollards, and the only intenawatith other road
users occurs at intersections, at locatiieere the separation disappears to allow for
vehicles to access driveways, and where pedestrians cross the facility to access bus stops or

cross the street. An example is showfrigurel-2 a.

2. Bike lane the painted stripe lines on the road, without any physical separation, indicate the
location where cyclists may ride. Interactions with other road users is at intersections,
locations where vehicles amdisses cross their path to access parking spaces stdps,
and at an adjacent bus stop where passengers getting on or off the bus cross the bike lane.

An example is shown iRigurel-2 b.

3. Designatedoadway road paintings indicating where cyclists share the road with vehicles
with no separation and in constant interaction with road users. An example is shown in

Figurel-2c.

4. Off-road facility: facilities in areas surcas parks that have no interaction with motor

vehicles. An example is shown iRigurel-2 d.



Figure1-2 Cycling facility types Google Maps: Montréal)

1.1.5.2 Cycling Network Discontinuities

7TKH LQWHUUXSWLRQV DORQJ D FdshtmiityivedduiRes Wiscdrfhh@tyE H T X C
PHDVXUHV FDQ EH XVHG WR HYDOXDWH DQ DUHDYV F\FOLQJ
choice and behaviour can be considenegtlation to the number and type of discontinuities along

D F\FOLVW YVt kakely dlldlies&chh @léovbe performed at locations with cycling network
discontinuities to evaluate the effect of different discontinuities on safety.

Table1-1 presents the categories of cycling network discontinuity types. Discontinuities are then
guantified by normalizing the number of discontinuities depending on the study level. For a study
at the level of an area (cycling network continwatya city or region)the normalization factor can
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EH WKH OHQJWK RI WKH F\FOLQJ QHWZRUN LQ WKH DUHD RU
URXWH IRU H[DPSOH IRU D URXWH FKRLFH VWXG\ WKH QRUP

Table1-1 Discontinuity categories and measures (before normalization)

Category Types of discontinuities

End of cycling facility
Change in cycling facility type
Change in cyclindacility width

g‘;ﬁﬂig 0 Change in cycling facility location on road
Network Change in road lighting

Change in pavement condition
Change in road grade
Closure/rerouting of cycling facility due to construction or maintenance
Change in road class
Trafficand Chang in number of road lanes

Road Change in traffic volume
Network Change in traffic speed
Intersections
Driveways
Other Bus stops

Parking allowed on road

1.2 Research Objectives

The general objective dhis dissertatiornis to propose and systematically definecliyg network
discontinuities and evaluate cyclisehaviour and safetgt discontinuities. The four specific
objectives are the following:

Objective 1 Propose and defingycling network discontinuitieand poposea methodology to
identify and quantifghemin any aeausing geospatial data

Objective 2 Perform a nighttime safetyanalysisto evaluate the effects of road lighting
discontnuitieson vulnerable road usefs VD IH W\

Objective 3 Perform microscopic cyclist behaviour analysis at points of infrastructural
discontinuity in the cyclingnetwork using video data

Objective 4 Propose and apply movemedrdsed safety analysis of cyclist at infrastructural
discatinuitiesin the cycling networkising video data and SMoS
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1.3 Contributions

The objective of this dissertation is to close the gap in cycling nktpenformance evaluations,
cyclist behaviour and cyclist safety literature considering discontinuity locafidwsfirst step is

to propose and define cycling network discontinuities and then perform-ieViekcycling safety
using road lighting discoimuities (measured by illuminance uniformity), and perform a

behavioural and safety analysis at infrastrudtdiscontinuities along cycling facilities.

1. The first contribution includes theonceptual definition of discontinuity measures, the
definition d indicators to measure discontinuities and fmeposed and automated
methodology to identify discontinuities any cycling networkusing geospatialata. This
methodology can be adopted by city planners and researchers to identify locations where
cyclists are faced with interruptions in the cycling network. The methodology is applied to
four North Americancities (Montréal Vancouver, Washington D.C., and Portlamol
evaluate andompare cycling networgerformancaising their discontinuity indicatars

2. The second contributionis a proposedmethodologyfor nighttime illuminance data
collectionat an intersectio and link level that can be adopted by any areaidentify
discontinuities irroad lightingfor maintenancand safety analysjgurposes. The tlected
data can then be used @valuate whether road lighting meets the city standards, and to

perform a nigttime safety study using accidaf#taor SMoS

3. Thethird contributionis the application ahe proposed road lighting audit methodology to
evduate nighttime vulnerable road user safatyMontréal urban intersections and road
links. This study is the first to collect nighttime illuminance levaisn intersection and

link levelto evaluate mjhttime safety of cyclists and pedestrians.

4. The fouth contribution is the cyclist behaviour study at discontinuities compared to control
sites.Video data collected at two discontinuity and two control sites showed that cyclists
undertake a number of meuvers with varied speeds at discontinuity locaticorspared
to control siteshighlighting the importance of including network discontiryibhdicators

in road and cycling network performance rankings.

5. The final contribution of this dissertationasnovel movemenbasedsafetyevaluation of

cyclist at dscontinuities, where safetypdicatorsare summarized peryclist movement
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(motion pattern) to beomparedacross movements and across discontinuity and control
locations Like contribution four, he outomes of this study emphasihe importance of
recanizing discontinuities as hotspots that must be included in network performance
evaluationand safety studies his approach also identifi¢ise specific riskymovemens

that can be used to desigettercountermeasure.

1.4 Thesis Structure

The following eidnt Chapters present the research developments to carry out the objectives of this
dissertation. Chapter two is a review of the relevant research efforts focusthgcontinuities
affecting cyclist behawur and safety. Chapter three covers the generedodelogy to complete

each objective. Chapter four is the first artieleich defines discontinuity measures gmdposs

a methodology to identify discontinuities imycycling networkusing its geospatl data. The
methodology isautomatedand madeavaiable in an opersource repositoryNabavi Niaki,
Bourdeau, Saunier, & Miranddoreno, 2018)This study has beesubmitted to the peer reviewed
journal of Transportation part Aand recognized in &ontréal research project report for the
Canadian Association of Physicians for the Envirentn(CAPE): Analysis of missing links in
ORQWUpPDOYV F\(Nadbgeit &B¢NEIZRI1TN

Chapter five is the second article which proposed the methodology to collect illuminance data at a
link level to perform nighttime safety evaluatiof vulnerable road users using historical accident
data. This article was presentd at the 2016peer reviewed conferencannual meeting of the
Transportation Research Board and published in the 2016 Transportation Research Record journal

of the Transpdation Research Board volume 2555

The third article presented in Chapter six préséime microscopic behaviour study of cyclists at
discontinuities using speed and maneuver analysis. article was published ithe 2018 peer

reviewed journal off ransations on Transport Scienceslume 9, issue.l

Chapter seven, and the fourth artiokethis dissertation, presents the proposed manéwaged
surrogate safety analysis method. The method is applied to evaluate cyclist safety at discontinuities
and contrbsites. This articlés submitted to the peer reviewed confere®& annualmeeing of

the Transportation Research Board, and pgkerreviewedjournal of Accident Analysis and

Prevention.
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Chapter eight is a discussion of the contributions of thiedetson and its research findings. The

dissertation is concluded in Chapter ninguding the study limitations and recommendations.

Appendix A elaborates on the case study site selection and parameter values used for analysis in
chapters four, six and sevefippendix B presents the methodology to collect nighttime road
lighting levelsat an intersection level. The safety analysis ifopeed using vehicle accident data.

This article waspresented at the 201geer reviewed conferenc3Y annual meeting of the
Transportation Research Board and published in the 2014 TransportatiorcR&s=zord journal

of the Transportation Researchod&d volume 2458 Appendix C covers thereliminary
methodology extended irChapter four and focuses on comparing the cycling network
discontinuity of three Montreal boroughs. The papes presented ahé 2016 peer reviewed
conference95" Annual Meeting of the Transportation Research Board, Washington D.C., 2016



CHAPTER2  /,7(5%$785( 5(9,(:

The man goal of this dissertation is to enhance the understanding of cyclist behaviour and safety
when there are interruptis and changes along the cycling network and to classify these
interruptions as cycling network discontinuities. The review of relevearature highlights the

areas where these topics have been covered and from what perspective, and the reselaath gaps t
exist in this field. Thescattered and partial use of cycling network discontinuities in cycling route
choice, cycling safety and cyolj network performance studies has motivated the efforts to
systematically define and propose a methodology to igehise locations in any area (presented

in Chapterfour). In addition to thdack of a conceptual framework for identifying discontinuity
indicators, there is a lack of microscopic behavioural and safety studies of cyclists at locations of

cycling netwok discontinuities.

A limited number of studies have used different definitions of cycling network discontinuities in
the context otyclist behaviour(e.g.(Amini, Twaddle, & Leonhardt, 2016; CopenhagenbDesign

Co., 2017), route choicée.g.(Dill & Gliebe, 2008; Maghini, Carrasco, Schussler, & Axhausen,
2010), comfort (e.g.(Blanc & Figliozzi, 2016), perceivedsafety(e.g. (Foster, Dill, & Clifton,
2015), and actual safetfe.g. (Prati, Pietrantoni, & Fraboni, 2017; Zangenehpour et al., 2016)
However, the focus of these studies was not on the location® leme are changes in road,
traffic, or cycling network characteristics, but rather the effects of the differetitara traffic
characteristic such asad clasghighway, arterial, collector and locatyaffic speedobserved
speed or posted speed limit categorised into different lewe#fic volume(range of high to low
traffic volume) parking on roadallowed or not allowed)nighttime road lighting (presence of
absence of lighting)pavement conditiorfrangefrom condition quality or pavement typegnd
presence and type of cycling faciligghysically separated, bike lane, designated roadway or off
road fadities) (Buehler & Dill, 2016; Dill & Gliebe, 2008; Hdlzel, Hochtl, & Senner, 2012; Hunt
& Abraham, 2007; Kang & Fricker, 2013; Kaplan, Vavatsoulas, & Prato, 2014; Menghini et al.,
2010)

These studies have established that cyclists routegsHmtiaviour and safety are affected by the
changes of characteristics in each categongréfore theconclusion can be drawn that if there is

D YDULDELOLW\ RI WKHVH PHDVXUH Di@keMdhdviotr)Bagehyand VvV U R X
comfort. For example, studies have shown that riding on a high speed road reduces comfort and
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safety, therefore e DWLRQV DORQJ WKH F\FOLVWV URXWH ZKHUH D W
speed road will result in a change from comfortable and safe, $sfsirand risky{Akar & Clifton,

2009; Buehler & Dill, 2016; Caulfield, Brick, & McCarthy, 2012; Habib, Mann, Mahmoud, &

Weiss, 2014; Meghan Winters, Davidson, Kao, & Teschke, 2@4igther example is the effect

RI SDUNLQJ RQ F\FOLVWY{V SHUFHSWLRQ RI anedHWNarkidK HUH F1
DOORZHG RQ WKH URDG ZLOO UHVXOW LQ D FKIMStiHsanQ WKH F
& Bhat, 2003; Wilkinson, Clarke, Epperson, & Knoblauch, 1994je results of these studies

indicate that at these locations of change, cyclists experience stress and increased mental effort and
will behave differentlygiven their comfort and experience lev@thint & Abraham, 2007; Krizek

& Roland, 2005; Vansteenkistéa., 2014)

The following subsections focus on different cyclist study aspects (cyclist preferehcafaty)

with specific infrastructural and traffic indicators that have been found to affect cyclists, that can
be characterised as discontinuity icattiors when there is a change from one variable category to
another. Furthermore, relevant literaturecyaling network evaluations are covered in the final

subsection representing common performance indicators including connectivity and continuity.
2.1 Cyclist Preference Studies

2.1.1 Overview of Findings

In general, the analysis of cyclist behaviour around the dverhowed similarities between
LQIUDVWUXFWXUDO SUHIHUHQFHV )RU H[DPSOH PDQ\ F\FOL
indicated a preference for

x roads with cycling facilitiegDill & Gliebe, 2008; Kang & Fricker, 2013; Menghini et al.,
2010; Mitra et al., 2017; Mstinson & Bhat, 2003)

X roads with fewer lanes, lower traffic volume and sp@dataham, McMillany, Brownlee,
& Hunt, 2002; Akar & Clifton, 2009; Antonakos, 1994; Caulfield, 2014; Chataway,
Kaplan, Nielsen, & Prato, 2014; Dill & Voros, 2007; Foster et al., 2015; Bdisa
Vattikuti, & Brannick, 1997; J. Pucher & Buehler, 2008; Sener et al., 2009; Sorton &
Walsh., 1994; Wkinson et al., 1994; Meghan Winters et al., 2Qhd

X roads without osstreet parkindSener et al., 2009; M. Stinson & Bhat, 2003; Wilkinson
et al., 1994)
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Among roads with a cying facility, cyclists have demonstrated a preference for:

x physically separate and eafbad cycling facility types over bike lanes and designated
roadwayqAkar & Clifton, 2009 Antonakos, 1994; Aultmahiall & Adams, 1998; Broach
& Dill, 2016; Broach, Dill, & Gliebe, 2012; Buehler & Dill, 2016; Foster et al., 2015;
Gossling, 2013; Haye, Fyhri, & Bjgrnskau, 2015; Kang & Fricker, 2013; B. Landis et al.,
1997; Wardman, Tight, & Pag 2007; WendeYos, Droomers, Kremers, Brug, & Van
Lenthe, 207; Meghan Winters & Teschke, 201@nd

X wider bike lanes with greater separatfoom traffic (Z. Li, Wang, Liu, & Ragland, 2012;
Monsere, McNeil, & Dill, 2012)

Other attributes affecting cyclistsavel route preferendaclude

X

travel time and road gradie(@roach, Gliele, & Dill, 2011; M. A. Stinson & Bhat, 2005)
x road class typ@Bai, Liu, Chan, & Li, 2017; Broach et al., 2011, Dill & Gliebe, 2008; Kang
& Fricker, 2013; M. A. Stinson & Bhat, 2005)
x path length, and turning vehicle volurfigroach et al., 2011)
X intersection densit{B W Landis et al., 2003)
x traffic signals and stop sign@yres & Kensington, 2015; Boudart,il, Koonce, &
Okimoto, 2015)and
X pavement condition%tO $QGUIALN . XEHpPpHN +|O]JHO HW DO
Bhat, 20).

Although the preference for some of these infrastructural and traffic indicators have been
HVWDEOLVKHG DV Kreildén) 1978; MitK Hardiff, & Wott, 1978)he locationsof
changes from one type to another have exlicitly beencharacteried ascycling netwak

discontinuities andhave not beespecificallystudied.

2.1.2 Specific Findings on Possible Discontinuity Measures

A stated preference survey conducted in Edmonton, Canada, on a sample of 1,128 cyclist
observations indicated that cyclists with less expeeeacd lower comfort levels are more
sensitive to traveling on mixeaffic routes and prefer riding on bike lanand physically
separated cycling facilities, and thegnsitivity to tripdurationvaries substantiallper cycling

facility type (Hunt & Abraham, 2007) A statistical analysis (binary logit model) of stated
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preference survey data from 3,145 individuals who ardlynesperienced cyclists (91 % of data)
indicated a preference for routes with a cycling facility (especially bike lane and physically
separate cycling facility), routes with low volume traffic, no <treet parking, smooth pavement
and continuous cyclintacility (cycling facility along entire route with no interruption, although

the types of interruption are not defingdlJ. Stinson & Bhat, 2003)Moreover, a descriptive
analysis ofL62 observations from GPS collected data in Portland by Dill and Gliebe indicated that
both frequent (cycling nre than 5 days a month) and infrequent cyclists (cycling less than 4 days
a month), rank their top three route choice preferences as routesrimize distance, avoid high
traffic roads, and have a bike lafRill & Gliebe, 2008) In this study, cyclists are generally
observed to ride on roads with cycling facilities compared to no facility, and among ylabsts c
traveling on the road with no facility, a higher preference was observed for local streets with low
traffic volumes(Dill & Gliebe, 2008) Blanc et al. studied the data obtained from a smartphone
application colleting route and perception information and concluded that separate cycling
facilities increase cyclist comfortnd arterial road type as well as high volume vehicular traffic
especially heavy vehicles decreases the comfort and safety perception of {gtdec &
Figliozzi, 2016) A survey conducted by Foster et al., also found that physically separatling
facilities are generally more comfortabt®mpared tmther types obn street cycling facilities
(Foster eal., 2015) $OWKRXJK WKH F\FOLVWVY VHQVLWLYLW\ WR GLII

characteristics is recognised, discontinuity indicators have been overlooked in these studies.
2.2 Cyclist Safety Studies

2.2.1 Overview of Findings

Cycling safety stdies have identified a set of infrastructural, traffic and other variables that affect
cyclist sakty using historical accident or SMoS data. Based on literature, the network
infrastructural and traffic variables that improve cyclist safety include:

x presege of dedicated cycling facility (physically separated cycling facility, bike lane, and
off road facility type) (Kaplan et al., 2014; Lusk et al., 2011; Lusk, Morency, Miranda
Moreno, Willett, & Dennerlein, 2013; Reynolds, Harris, Teschke, Cripton, & Winters,
2009; Teschke etl., 2012; Thomas & De Robertis, 2013; Wan, Kamga, & Liu, 2018;
Zangenehpour et al., 2016)
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X bicycle boxes at intersectiorfBill, Monsere, & McNeil, 2012; Loskorn, Mills, Brady,
Duthie, & Machemehl, 2013; Zangenehpour, MiraiMiareno, & Saurer, 2013)

x low traffic volume and sped@uch & Jensen, 2017; Glauz & Migletz, 1980; Kapéaml.,
2014; Lovelace, Roberts, & Kellar, 2016; Prati et al.,, 2017; Sayed, 1998; Shirani,
Doustmohaamadi, Haleem, & Anderson, 2018; Stipancic, Zangenehpour, Miranda
Moreno, Saunier, & Granié, 2016)

x fewer road lanefGlauz & Migletz, 1980; Lovelace et al., 2016)

X ITHZHU LQWHUYVHFW LRWEO20RABihyEREFG- Siddiiiy fbtieAty, &
Choi, 2012; Wei & Lovegrove, 2013)

X presence of road lighting at nighttiniBeyer & Ker, 2010; J. D. Bullough et al., 2013;
Donnell et al., 2010; Wanvik, 2009@nd

X increasecaycling facility width (A. Richard A van der Horst, De Goede, De Haiiijssen,

& Methorst, 2014)

2.2.2 Specific Findings on Possible Discontinuity Measures

2.2.2.1 Accident AnalysisMethods and Findings

Historical accident data has been used for safety analysis adopting different analysis methods. Basic
methods include descriptive anatysf the accident data, summarizing accidents based on type,
road user involvement, time of dapjury severity level, weather conditions etc. Furthermore,
plotting the geeeferenced accidents on the road network can highlight locations with high
accident frequency. Anmprovement to this approach is the adoption of the Bayesian multiple
testing praedure to dentify hotspot locations using accident data and traffic vol(vieanda

Moreno, Labbe, & Fu, 2007)

Statistical analysis of accident data has adopted a rangeatstisal models. For analysis of
accident frequency, statistical count modglsh as Poisson neggsion, and Negative Binomial

modelshave been adoptg®. Chen, 2015; Dong, ClarkeaM, Khattak, & Huang, 2014; Lord &

Mannering, 201Q)while for analysis of accident injury seugridiscrete frameworks such as the
Ordered Logit, Ordered Probit, arighyesian logistic regression mosldiave been employed

(Clifton, Burnier, & Akar, 2009; Kaplan et al., 2014; Wang, Abdg}, Wang, & Yu, 2018)
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A study of accidentseverity on Danish roads using statistiaaklysis indicated an increased
probability of a severand fatal cyclisaccidens onhigh speed road$Q 60 km/h) and multilane

roads, and a lower probability of fatality along cycling facili(i€aplan et al., 2014 )Additionally,

a study of accident data showed that in the U.S., cycling risk is higher on the road compared to a
physicaly separated cycling facilitflLusk et al., 2013)A similar study in Canada found separate
cycling facilities to have a lower risk @fjury compared to other facility types éwon the road
(Teschke et al., 2012Analysis of historical accident data in Italy iddietl road type, traffic speed

and presencef heavy vehicles to be the main contributing factors to cyclist accidents and injury
severity(Prati et al, 2017) A study in the U.K. on accident data found similar results where cyclist
injury severity increased on high speed and higlume roadgLovelace et al., 2016 A Seattle

based study by Chen, using statistanadlysis to evaluate the effects of baitivironment variables

on accident data found bike lanes on arterial roads to be less safe than those on local and collector
road classef. Chen, 2015)

Studies have found a higher accidesk at nightime (associated to thack of clear visibility

(Beyer & Ker, 2010; J. DBullough et al., 2013; Donnell et al., 20M¥anvik, 2009b) andon
weekendgDozza, 2017) Nighttime safety studies have investigated the effects of presence or
absence of road lighting on accident frequency and injury severity, where it was concluded that
low levels of lightingare as effective as no lighting in redugimighttime accident@Beyer & Ker,

2010; J. D. Bullough et al., 2013; J. Bullough, Rea, & Zhou, 2009; Donnell et al., 2010; Wanvik,
2009b; Zhou & Hsu, 2009)The effets of varied lighting levels at nighttimas measured by
uniformity, is proven to cause road user disability glare resulting in unsafe road user encounters
(D. DiLaura, Houser, Misick, & Steffy, 2000; McLean, 2012As in other study fields, safety

evaluations have not included discontinuity locations in their studies.

The majority of the road safety literature studies the number of accidents (accident frequency), or
the injury seerity at the level of the intersection @ad link over the span of several years (see
(Allen-Munley, Daniel, & Dhar, 2004; Kaplan et al., 2014; Zhao & Chen, J0H&)wever, in
addition to the previously mentioned shortcomings of accident data, the infrastructural, tcaffic an
environmental variables used in thealysis of the accident data usually changes over such a long
period: changes in traffic volume over the years, Jasel developments, and changes in the
geometry of intersections and road links. These changes aaflyugunored when analysing

accident dta and may have an effect on the number of accidents that occur at these locations.
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2.2.2.2 SMoS Analysis Methods and Findings

Traffic conflicts refer to interactiabetween two bnmore road users approaut) each other in

time and space to such an extent thate is a possibility of collision if their movements remain
unchanged(Hyden, 1987) SMoS are indicators used to describe the safety and severity of
interactionsOne of the most common SMoS s titeecollision (TTC). TTC is defined as the time

it takes for two road users to collide if themlovementgemainunchangedTTC is a continuous
function of time for as long as the road users are on a collision course. For road users on a collision
course, TTC can be representeddiyure2-1 where the minimum TC (TTGqin) is oftenusedto

indicate the severity of the conflict. Thé values below 1.5 s have been commonly useldtime

dangerous conflicts.

TTC (s)
O RPN WARUOO
|

Figure2-1 TTC curve

Methodgo obtain SMo&re proactive methadhat do not rly on accident data but rather identify
situations where road user interactions could result in an accfdentwhich SMoS are derived

These interactions occur more frequently than accidents and ameocdyirepresented as the level

before accidents ia safety pyramid as shownhigure2-2, where the severity or seriousness of a
FRQIOLFW LV LWV RXYW BHYN\ROAMIR S0Ddfidd Bjdrnskau, &dureshyn,

2017) Looking atFigure2-2, the base of the pyramid is normal undisturbed traffic, moving up,
there are safe interactions where road users on a collision course perform slight adjustments to
speed or steering. Sligbonflicts are saf interactions where there is an observable change in speed

or steering to maintain a safe distance between road users. Serious conflicts require major speed
and steering referred to as an evasive action to avoid colliding with ancddexrger. In the ent

that the evasive action is unsuccessful, the interaction results in an accident.
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7
R
AR
AR
AR

Figure2-2 Safety pyramid (adapted frohlyden, 1987)

The mainadvantage of SMoS the quick data collection from direct observation of traffiaffic

conflict techniques (TCTprovide operational definitions of conflictandindicators to measure

their severity i.e. proximity to a collision. There are differentTBCsuch as the Swedish TCT

(Hyden, 1987)theDutch Objective Conflict Technique for Opg¢ion and ResearddOCTOR)

(A. R. A. van der Horst & Kraay, 1986and the Canadian TC(Brown, 1994) Each of these

methods reéson slight differences in the definitions of conff. For example, the Swedish TCT

relies on three basic concepts: presence of a collision camsesé of a road user trajectoribat

if unchanged, will lead tan accident), presence of an evasive action to avoid the accident, and that
interactions hee a range of safety levels leading up to an accident. This method computes the
severity of an interaction based on the speed ofdhd user making the evasive action, and an
estimation of the TTC at the moment of the evasive action. This instantanEGus dalled time

to-accident (TA)(Amundsen & Hyden, 1977)The DOCTOR method defines a conflict as an
interaction where at least one road user needs to take an evasive action to avoid an accident, and
TTC or PET can be computéiraay, Horst, & Oppe2013; A. R. A. van der Horst & Kraay,

1986) 7KH &DQDGLDQ 7&7 FODVVLILHYV FRQIOLFW \éwheiveULW\ EL
DFWLRQ™ 7% YDOXHV EHORZ V EHWZHHQ DQG V PRU
of risk of collision (ROC)slight, moderate and serious RQByown, 1994)

Methods for SMoS calculations range from observational conflict identification and severity
estimdions to precise microscopic trajectory extraction and computation from video data.

Extracting SMoS such as TTC requires the speatifon of a motion prediction method to identify
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when road users are on a collision course, i.e. if a collision would accliWKHLU PRYHPHQWYV
XQFKDQJHG® 7KLV UHOLHV WUDGLWLRQDOO\ RQ WKH DVVXPS
the fuure states of interacting road usddewever, the assumption thatad usersvill continue
straight does not accuratelypresent reaWorld behaviorwhereusers perform slight steeringr
direction changesr major maneuver changes such as turriiugthermore, this traffic conflict
definition is inapplicable in situations where the road user does not have the option to continue
alonga straight pathfor example on a turning road or at antersection. Among the different
methods, the probabilistic sogate measures of safety (PSBJaelies on future state prediction
of road users based on a probabilistic method from observed road user trajectories specific to a site
(Gomaa Mohamed & Saunier, 2013; Saunier, Sayed, & Ismail, 2068)PSMoS method is used
for surrogate safety analysis in this dissertaisnt is more realistic and morehust A basic
demonstration othis method is presented Figure 2-3, where the traditional method predicts
future motion from which a collision course is identified and TTC is computed, bas#tko
assumption that speed and movement remain unchanged, which is unreasonable in this situation at
the T-intersection [Figure2-3). The PSMoS methodrigure2-3 b.) predicts the future state of road
users based on the observed movements and the probability of the road user belonging to each
motion pattern, from which cof#lion points, their probability of occurrence and TTCs are
calculatedBased on this method, the TTC of two road users can be calculated atRagime
ALy H 668

Ales Lo

where U and W arethe interacting road users,js the number of predicted collision poin&6 ¢

66 W&l L

is the predicted time to reach collision poigt.e. time to collision for collision poinEand Lgis
the probability of the road users colliding at collisjpoint Ebased on the probabilities to follow

the motion patterns that lead to collision polat
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66 % Ls
66 %Ls

Figure2-3 a. Traditional motion prediction method assuming constant speed and dirbction

probabilistic motion predictiormethod using observed motion patterns

The use of conflicts for safety diagnosis is usually done by counting the number of severe conflicts,

or SMoS statistics such as meamedianor minimumTTC. To statistically analyse safety ngi

SMoS, in addition to econometric frameworks adopted for accident analysis such as the Negative
Binomial model (EI-Basyouny & Sayed, ®.3) and Analysis of Variance methods (Mikko

Rasanen, Koivisto, & Summala, 1999MoS analysis methods include the extreme value theory
(Songchitruksa & Tarko, 2006; Tarko, 20Q,12nd causal mode(&. A. Davis, Hourdos, Xiong, &
Chatterjee, 2011)n the former method, risk estimation is based on the number of severe SMoS at

a locaton, and the latter approacalculates the probability of expected number of accidents based

RQ WKH VXP RI WKH FRQIOLFWVY SURGNIERaW¢WAL.HOILIBI UHVXOW
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In general, there is a very limited nber of studies focusing on dist safety using SMoS
evaluating the effects of traffic and infrastructural variables related to discontinuities. Among past
studies, Glauz and Migletz investigated traffic conflicts at 24 intersections in Kansas cityglookin
at sites with the same claateristics: results showed that intersections with higher traffic volumes
and number of road lanes resulted in a higher conflict frequ@leyz & Migletz, 1980)Video
observations evaluating cyclist safety using the number of conflicts at Danish signalized
intersections found that cysts entering the intersection at higher speeds have a higher risk of
being involved in a conflictBuch & Jensen, 2017Another video analysis study 23 Canadian
intersections categorising PET values into severity levels found that cyclists riding on a physically
separated cycling facility on the right of traffic to be safer compared to riding on a physically
separated cying facility on the left oftraffic or the road with motor vehiclégangenehpour et al.,
2016)

The shift from accident data to SMoS elimirsateany of the problems associated with accident
data. Studies based on SMoS can range from several hours of observation to a couple of months,
eliminating the need to accunai® accident data over seVeyaars. These studies have also used

the total number of surrogate safety events per locatfonRichard A van der Horst et al., 2014;
Zangenehpour et al., 2013)he limitation of this approach is that the specific unsafe maneuvers
cannot be identified, and so, the safety countermeasures implemented may not bepasiagso

they could be forhte safety problems of the location. Another approach is to evaluate the safety at

a more microscopic level of specific movements, such as the safety of through cyclist interactions
with right or left turning cars, which wouldake a stronger link betweelet specific movements

and their safety. The following section summarises moveivasad safety studies in the literature.

2.2.3 Movement-Based Safety Studies

Instead of accumulating the total number of accidentewereconflicts ger location, safety and

risk levels can be summarized in different ways such as the number of safety events that meet a
specific criterion, distribution of indicators, or per movement. The maneuvers can be observed and
categorised into a set of general rments. For example, righttung movements can be grouped

as sharp right turng={gure2-4 a.), wide right turnsKigure2-4 c.), or inbetween sharp and wide
turning maneuversHgure 2-4 b.). Left tuning maneuvers can beagped as cyclists making a

vehicular left turn [Figure2-4 d.), cyclists crossing the road on both sides with different strategies
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(Figure2-4 d. and e.). Past studies focusimgspecific maneuvers have omgnsideredne set of
movementsuch as througleyclists and right turning vehicles without distinguishing between

differentthrough or turning maneuvers.

[ ]

I

Figure2-4 Right andeft turning movements

2.2.3.1 Movement-Based Behaviour Analysis

Copenhagenize Design performed severatita and video data observations to record cyclist
PDQHXYHUV LQ GLIITHUHQW DUHDY DV WKHLU 3GHVLUH OLQH"
eachloFDWLRQ 7KH\ FRQFOXGHG WKDud W Khdervad- and thgvcydlingG HV L U |
facility should be adjusted to accommodate the preferred mand@arenhagenize Design Co.,

2017) Another behavioural stly observing video data collected at intersections catsgbthe

left turning cyclist maneuvers into vehicular left turn, pedestrian left turn using near crosswalk and
pedestrian left turn using far crossw@kmini et al., 2016) Twaddle also recorded movement
variations among cyidts at intersections using the same open source sofiss@dan this work to

extract road user trajectories automatically from video data, to develop cyclist models to be
incorporated into traffic micrgimulation(Twaddk, 2017)

2.2.3.2 Movement-Based Accident Analysis

A statisticalanalysis of accident data looking at certain maneuvers identified conflicts involving
left turning cyclists and straight moving road users to have the highest risk of severe injury
compared to cydts traveling straight and colliding with a stationarpdauser(Kaplan et al.,

2014) Other studies have identified the througbvement cyclists travelling on the righand
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side of a vhicle to have a higher risk of accident with right turning cars compared to those
travelling on the left side and interacting with {&ftning vehiclegHerslind & Jargensen, 2003;

M. Rasanen & Summala, 1998; Summalkasdhen, Rasanen, & Sievanen, 19Ba6¢h and Jensen
performed abeforeafter safetystudy of staggered stop lines at signalisetersections using
accident data of righturning vehicles with oglists and found an increase of 32 % in accident
frequency(Buch & Jensen, 2017)

2.2.3.3 Movement-Based Analysis based on SMoS

A study investigated perpendiaul conflict scenarios (through moving vehicle with through
moving cyclist from right or left direction) using video recorded from inside the vehicle, and found
the riskiest encounters to be with cyclists who were not visible when entering the road or
intersection (emerging from behind a building or another veh({®latsui, Oikawa, Takahashg,
Hitosugi, 2015) Another study focused on through cyclists with right and left turning vehicles
using SMoS from video data observation, and found that through cyclists riding on yellow light a
a signalized intersection, and cyclists with higher speeds had a highee cfid®ing involved in

a conflict with turning vehicle@Buch & Jensen, 2¥). A study of through cyclists and right turning
vehicles in the same diréah indicated that separate cycling facilities located on the-hghd

side of traffic (in the direction of traffic) are safer than those located on thbaledt side
(Zangenehpour et al., 2016\ study ofright turning cas through achannelized lane evaluated
safety interactions witthrough cycliss and identied a higher conflict frequency where vehicles
had the right of way and cyclists travelled from their right to left to continue st(aeymtHaperen

et al., 2018)Madsen andlahrmanninvestigated right and left turning vehicular movements with
through cyclists and found right turning maneuvers to have arighecompared to left turning,
specifically at locations where the cyclingildy disappeared before the intersection and cyclists
shared the road with right turning traffidadsen & Lahrmann, 2017)These studies have
summarized safety indicators for generalized maneeegsall right turning movements with all
through movements); however, this doesprovide a comparison among different maneuvers and

the indepth understanding of riskier maneuvers for each movement.
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2.3 Cycling Network Performance

Many cycling network performaue indicators and frameworks have been proposed in the literature
(Barsotti & Kilgore,2001; Boisjoly & Elgeneidy, 2016; W. J. Davis, 1987; Harkey, 1998; B.
Landis etal., 1997; Lowry, Furth, & Haddehoh, 2016; Mekuria et al., 2012; J. Pucher & Buehler,
2006; Sorton & Walsh., 1994; Transportation Research Board, 2016; Meghan Winters, Braue
Setton, & Teschke, 2013Yhese indicators have been studied at differeveel$ with different
measuring techniquegetnone of the frameworks adopting these measures incorporate a complete
and comprehensive set of indicators representing the mifcaste, environment, traffic, and
cycling network, which may result in biasedtcomes for each meth@Rarks et al., 2013; Vale,
Saraiva, & Pereira, 201L.6Among these indicatorthe connectivity of a cycling facility has been
most commonly defined as intersection density andi-éed (cul de saf density (Dill, 2004;
Houde, Apparicio, & Séguin, 2018; Huang & Hawley, 2009; Osama & Sayed,,200i#9 not
systematically defining or including discontinuities.

Studies that have a adopted distinuity indicators to asses the network performance, include the
state ofNew Hampshire proposing a guide to assess walkability and bikeability utilizing several
indicators such as poor lighting, high vehicle speeds as well as the discontinuity ndicato
SF\FOLQJ IDFLOLW\ HQGV DEUXSW HQGDRE VRRXGOI®HUO LM VRKIR
method was not applied to a case study to evaluate the cycling network based on these variables
(Coates, 2014 similarly, Furth proposed factors such aeetwidth, cycling facility width, speed

limit, bike lane blockage (double pak car on facility, bus stops on facility, vehicle maneuvering

into parking space, people getting into or out of cars), and parking along street to rank the levels of
stress otyclists(Furth, Mekuria, & Nixon, 2016)however, the methodology was not applied to
evaluate the effects of these variables on cyclists. The Lincoln county performedratyais on

the cycling facilityto evaluate the maintenanegthe cycling infrastructure and found areas with
missing signage, and missing cycling roufiemcoln County, 2015)but did not investigate the

effects of these missing links on cyclist behaviour oretyafin an attempt to categee
discontinuities, Krizek and Ronald focused on facility ends and change in feoghbityon on road

but did not further investigate cyclist behaviour or safety at these locdKozek & Roland,

2005) Although the mentioned studies adopted one or two discontinuity indicators, thegovere

systematically definedrastudied.
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2.3.1 Main Cycling Network Performance Indicators

The most commonly used methods to evaluate cycling network performantee@eycle
Compatibility Index (BCl)(Harkey, 1998)Bicycle Stress Level(BSL) (Sotton & Walsh., 1994)
Level of Traffic Stress(LTS) (Mekuria et al.,, 2012)Bicycle Level of Service(BLOS)
(Transportation Research Board, 201Bike Score (BS]Meghan Winters et al., 2018Bicycle
Environmental Quality Inelx (BEQI) (San Francisco Department of Public Health, 20at(d

Bicycle Safety Index Ratin@BSIR) (W. J. Davis, 1987)The most used variables among these

methods are:

+ Traffic speed: average or 8percentile of the motorized traffic spot spéelarkey, 1998;
Mekuria et al., 2012; San Fraaco Department of Publidealth, 2014; Sorton & Walsh.,
1994; Transportation Research Board, 2016)

+ Speed limit: posted speed lin{V. J. Davis, 1987Mekuria et al., 2012; San Francisco
Department of Public Health, 2014)

+ Traffic volume: measured as the average annual daily traffic (AART)J. Davis, 1987;
Harkey, 1998; Sorton & Walsh., 1994; Transportation Researend32016)

+ Number d road lanegW. J. Davis, 1987; Mekuria et al., 2012; San Francisco Department
of Public Health, 2014; Transportation Research Board, 2016)

+ Road lane width: vdth of the lane adjacent to cycling facility or shoul{\ft. J. Davis,
1987; Harkey, 1998; Mekuria et al., 2012; Sorton & Walsh., 1994)

+ Parking along the roa@W. J. Davis, 1987; Harkey, 1998; San Francisco Department of
Public Health, 2014; Transportation Research Board, 2016)

+ Parking turnover and occupancy r@#®. J. Davis, 1987; Harkey, 1998; Mekuria et al.,
2012)

+ Pavement conditiofW. J. Davis, 1987; SaFrancisco Department Bublic Health, 2014;
Transportation Research Board, 2016)

* Presence of cycling facilitfHarkey, 1998)

+ Cycling facility type(Mekuria et al. 2012; Meghan Winterg al., 2013) and

*+ Cycling facility width (Harkey, 1998; Mekuria et al., 2012; San Francisco Department of

Public Health, 2014; Transportati®esearch Board, 2016)
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Some of the mentioned frameworks were compiled and compaee@uidebook for Measuring
Network ConnectivityDill et al., 2018) andranked basedn the level of effort for obtaining and
computing the indicators. The guidebook concluthett although each of thttameworks have

their strengths andveaknesses, in order to avoid a distorted pictké D F\FOLQJ QHWZR
performancemore sophisticad connectivity measures must peposed(Dill et al., 2018)
Similarly, Parks et al. applied three of the performance frameworks on a-béfretudy of
bicycle facilty installations, andconcluded thateach method has its skhaymings and the
development of aationally accepted bicycle evaluation toediuires more research and evaluation

in orderto addresghedifferent bicycle facility and cyclist characteristigarks et al., 2013PDur
definition and demonstration of dirog network discontinuity indicators and their effects on cyclist
behaviour and safety is an effort to address the shortcomings and limitations in the mentioned
frameworks and to complement théonprovide a comprehensive evaluation of a cycling network.

2.3.2 Common Connectivity and Continuity Indicators

The most common indicators defined in literature as connectivity and continuity measures are listed
below which are related to the cycling netwdhiere, nodes refer to the intersections and dead

ends, and ling refer to the road segments connecting the nodes):

+ Link-to-node ratio: number of links to number of nod€hin, Van Niel, GilesCorti, &
Knuiman, 2008; Dill, 2004; Schoner & Levinson, 2014; Semler et al., 2016; Tal & Handy,
2012; Tresidder, 2005)

I+

Degree of connectivity: ratio of the existing number of likselation to the theoretical
maximum number of link€S. Chen, Claramunt, & Ray, 2014; Derrible & Kennedy, 2010;
Tresidder, 2005)

I+

Connected nodes ratio: number of intersections divided by number of (i2itle2004;
Semler et al., 2016; Tresidder, 2005)

I+

Intersection density: number of intersections per area of stutfy (Rill, 2004; Osama &
Sayed, 2016; Schoner & Levinson, 2014)

Network density: ratio of the cycling network length (km) to thelg area (krf) (Osama
& Sayed, 2016)

I+

I+

Degree of coverage: ratio of number of links with a cycling facility to number of road links
(Osama & Sayed, 2016; Yigitcanlar & Dur, 2010)
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+ Complexty: number of bike links per nod®sama & Sayed, 2016)
The following variables which amelated toWKH F\FOLVW{V WULS

+ Detour from shortest path: relative difference between the travelled route length and
shortest path lengtfBoisjoly & El-geneidy, D16)
+ Presence of cycling facility along routgoisjoly & El-geneidy, 2018)

I+

Continuous facility: presence of cycling facility for up to 75 % of the rMteA. Stinson
& Bhat, 2005) and

Most of these indicators can be categorised as coverage, densititeantdess of tripneasures

such as thdength of theroad network over the study area, the number of links with a cycling
facility to the number of road links, or the detour from shortest pata. complementary indicator

to coverage, density and directness, connectivity needs to includatdisity indicatorssince the
longest or densest cycling network may have low connectivity. For example, a long or dense
cycling network may have missing links or frequent changes in facility type and other change of
cycling facility characteristics, whel a short cyctig facility of the same type may have low
coverage or density but high connectivity.

None of the mentioned cycling network performance methods have used discontinuity indicators
in their evaluation or have used indicators such as networdthleor coveraggo measure

connectivity that do not consider discontinuities.

In conclusion, three research gaps have been highlighted in this section: the lack of cycling network
discontinuity definition and representation, the limited number of cycletgark discontuity

indicators in cyclist behaviour and safety studies as well as cycling network performance
evaluations. Despite the number of studies on different infrastructural and traffic characteristics,
the specific discontinuity locations havetm®en studieddow does cyclist behaviour or safety

change when the cycling facility ends arelshemust merge with traffic? Do cyclists avoid these
GLVFRQWLQXLW\ ORFDWLRQV" +RZ GRHV D F\FOLVWYV VSHHG
implications of thesdigh-stress locations? The following chapters close the research gaps by
proposing and defining discontinuity indicators and performing detailed behavioural and safety

studies of cyclists at cycling network discontinuities
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CHAPTER3  0(7+2'2/2*< 29(59,(:

The generamethodology of this dissertation follows the steps presentEdyure3-1. The steps
highlight the proces$o complete each objective. The required datasets are obtained for each
objective such as the average annual daily traffic (AADT), thergiswenced road and cycling
networkdatg and historical accident data. Thexhstep is proposing methodologies tomplete

each objective that can be disseminated and applied everywhere. The three methodologies include
nighttime road lighting audit, cycling network discontinuity characterization, and maneased
behaviour andgrogate safety analysis. The proposeethodologies are then applied to case
studies by identifying data collection sites for analysis. After data collection, the data analysis
includes calculating road lighting discontinuities using illuminance unifgrneixtracting road

user trajectories &m video data and poeptocessing the results. The final behaviour and safety
step rely on the statistical analysis of accident data and factors affecting nighttime safety at
locations with a range of illuminance léseand, at locations with discontinies along the cycling
facility, the analysis of the cyclist motion patterns with their associated speeds and accelerations

as well as SMoS.

3.1 Obtain required datasets

The first step is obtaining the required datasetiuiding obtaining accident data, AADDimes
for all road users, and the gesferenced road and cycling netwat&ta

The accident data was obtained frdfontréal police reports from 2001 until the end of 2010
which includes the date and time of theident, latitude and longitude coordinates of the accident
location, type of accident: vehieleshicle (including bus and heavy vehicles), vehpdelestrian,

and velicle-cyclist accidents, and injury severity at four levels: propdeamage only, minor
injury, major injury, and fatal accident. The vehicle, pedestrian and cyclist AADT flows are
obtained from the McGill University manual intersection data inventorgiaf cbllection between
2008 and 20009.
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Figure3-1 Methodology overview
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The geereferenced road and cycling network geospatial data are obtained from open data portals.
The georeferenced cycling network dditat four cities are obtaineddontréal (City of Montréal,

2015) Vancouve(City of Vancouver, 2015 Washington D.C(District of Columbia Government,

2015) and PortlandCity of Portland, 2015)These datasetsaveinformation on road class dn
cycling facility types.

3.2 Initial Dataset Processing

After obtaining the required datasets, the second step is to prepare the datasets. The cycling
networks of the four cities are processed by summarizing facilities into the four main categories
consideredn this work: physically separad cycling facility, bike lane, designated roadway and
off-road. Since each city has a different definition and category of facility types, a google street

view search of all the facility types was performed to label thiétfas consistently.

Accident dita is filtered for nighttime accidents. To summarize the number of accidents per
intersection and road link, all nighttime accidents involving vulnerable road users were plotted
along withMontréalfV . URDG QH W Zf&rlahurid @&&h Doalt Kdnterlinedaintersection

counted the number of accidents per road link or intersection.

3.3 Discontinuities Characterization Method

Discontinuity indicators are defined and categorised as intrinsic to the cycling network, related to
the adjacent road and traffic, anther. Defined as interruptions in the cycling network that affect
F\FOLVWYV EHKDYLRXU FRPIRUW DQG VDIHW\ WKH IROORZLQ

intrinsic to the cycling facility:

+ End of cycling faciliy (includes both ends of the facility)
+ Change in cycling facility type

I+

Change in cycling facility width

I+

Change in cycling facility location on road

I+

Change inoad lighting

I+

Closure/rerouting of cycling facility due to construction or maintenance

Proposed dcontinuity measures related to traffic and road network:
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I+

Change in road class

I+

Change in number of road lanes

I+

Change in traffic volume

I+

Change in traffic speed

I+

Pavement condition
+ Road grade
* Intersections
Proposed discontinuity measures categorised as. other
+ Driveways
+ Bus stops

+ Parking allowed on road

Depending on the level of study, the sum of each discontinuity measure is divided by a normalizing
factor. If the evaluation is at the macroscopic level the normalizing factor can be the cycling
networklength.If the analysis is at the microscopic level, for example of individual cycling trips

LQ D URXWH FKRLFH VWXG\ WKH QRUPDOL]JLQJ IDFWRU FD
discontinuity level may be represented by the sum of its indicators:

#NAO@ EO?KJPHEARKER U EO?KJPEI@EPXPKNO

This value may be used to compare different areas, where lower discontinuity values indicates a

more connected cycling network.

3.3.1 Methodology to Identify Infrastructural Discontinuities

The methodology to identify infrastructural and traffic discontinuities along a cycling facility relies

RQ D VSDWLDO DQDO\WVW WRRO gdorgfertembad and siycling oe@vokV W K H
datg traffic information,road lighting levels and other infrastructural information. The steps
include mergindacility types as one line into a single facility line and using a spatial joint to merge

road information(number of road lanes, road speed limit, lane width, &id¢he cycling facility

layer. Drawing abuffer around the end a#ach facility if there are no other end points or cycling
facilities within the buffer, this location is considered the end of a cycling fadilihere is another

facility, it is considerd a changén cycling facility type If the information o the bicycle facility
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location in association with the road netwankd facility lane widthis available,each facility
segment is assigned an intersection or road ID and a query is defined ttheosegments on a
unique road or at an intersection that changestions owidths A similar process is done if the

information related to road class, traffic volume and speed are available

3.3.2 Automated Method to Identify Infrastructural Discontinuities

The methodology defined above is automated to identify a subset of the discontinuity measures in
any area. The automation is done throgghtialite an open source spatially enabled extension of
SQLite. The set of scripts to perform the analysis includersging each cycling facility type as

one line, dissolving the merged geometries, identifying the end of the cycling facilities (as points
and buffers), and performing a spatial intersection between the end of cycling facilities of different
types. The twaliscontinuity measures extracted using the automated method are the end of cycling

facility and the change in cycling facility type.
3.4 Data Collection and Processing

3.4.1 Road Lighting Audit and Data Processing

There are a limited number of studies measurihgnihance levels which use different and
cumbersome data collection methods that are not sufficiently ac¢Asstiem, Bjgrnskau, Fosser,

& Sagberg, 1999; Gonzaldzelez, 2011;Jacket & Frith, 2013) Although the effects of the
presence or absence of road lighting have been investigated, the actual amount of ambient light and
the amount of road lighting differs in different areas, road class types, land use types (commercial,
residetial, etc.), and depends on the type of light from light paedi(im vapor lightfluorescent

light, LED light, etc.). For these reasons, illuminance levels measured in luxiatetisgtyof light

as perceived by the human eyest be collectetb evaliate the effects of actual road lighting and

its variation on safetfM. S. NabawiNiaki, Saunier, Miranddoreno, Amador, & Bruneau, 2014)

As part of the first objective, a methodology to perform a road lighting audit, collecting illuminance
measures at the intersection and link level is propdsigghttime accident hotspot locations are
plotted for illuminance data collection on road links (Chapter four), and an empirical Bayes
estimator is used to identify intersection hotspots given the number of accidents and traffic flow at

the intersection lesl (Appendix B). Manual data collection steps include holding the illuminance
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sensor while walking across the four legs of the intersection (Appdédidior installing the
illuminance sensor on a bike and riding through the selected road links (ChapteFéouvo-

way streets, cyclists go through each direction of the road to collect illuminance levels on both
sides. Illluminance measures are recorded every one second and the location of each measurement

is logged by a GPS sensor.

For each link and inteestion, the average illuminance is calculated, as well as the lighting
uniformity as the discontinuity indicator. Uniformity is calculated by dividing the link or
intersection average illuminance by its minimum value. Other statistics that can be wseagddoec
lighting levels across links or intersections include the minimum and maximum illuminance

measures and standard deviation.

The average illuminance and uniformity values of links and intersections are then used to check
whether road lighting is acodingto VWDQGDUGY RU QRW $Q DUHDTV URDG
obtained depending on which standards are used in the design of thitargaalfV URDG GHVLJ
and maintenance is done at different levels depending on the roa(Belassau & Morin, 2005)

Road lightirg of hichways and major arterials jsovided by Québe&ransport Ministrywhich

uses the Lighting Handbook by the llluminating Engineering SodietyL. DiLaura, Steffy,

Mistrick, & Houser, 200Q)and collector and local road lighting is provided by local municipalities

which use the TAC road lighting standatiécLean, 2012)Lighting levels are checked based on

road user activity levels and road class type for intersections and road links.

3.4.2 Video Data Collection at Disontinuities

Oncethe infrastructural and road lighting discontinuities are identified, sites are selected for video
data collection and further analysis. In Montréal, two discontinuity and two control sites are
selected(details of site selection methodeapresated in Appendix A) At the intersection of
Maisonneuve boulevard west and-8tatherine street, a cycling facility is located on the south side

of Maisonneuve boulevard, east of the intersection, which changes to the north of Maisonneuve on
the west of the intersection indicating a discontinuity of change in cycling facility location on road
(Figure 3-3). In addition to the change in side, this location has a change in number of lanes and
direction where the orkane oneway road Maisonneuve changes to a-teuee bidirectional road

west of the intersection. The control site located one block édke discontinuity location is
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selected: the intersection of Maisonneuve boulevard west and Prince Albert street has a cycling

facility running on the south side of MaisonneukF&(re3-4).

The second discontinuity is a changecycling facility type as well as change in number of lanes
at Coffee street and Elmhurst avenke&(re 3-5), where the physically separate cycling facility
changes to a designated roadway at thetdrsection, and the ofveay onelane Coffee street
changes to a twitane bidirectional lane on Elmhurst avenue. The control site, located one block
east of tle discontinuity intersection, is Coffee street and VWBestidway streetHigure 3-6),
another Tintersection with a physically separate cycling facility on Coffes e south leg of

WestBroadway, and both roads are dage and onavay streets.

At each intersection, a GoPro camera is attached to a tealgltgtable pole secured to a light pole
(Figure3-2). The camera angle is positioned to capture a good view of the intersection. Video data
was collected at these locations on weekdays in October 2015 from 7:00am for around seven hours

in mainly sunny and overcast conditions.

Figure3-2 Camera setup for video recording
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Maisonneuve Blvd. .. .

e

Maisonneuve <= "% (Q)
(@) )

Ste-Catherine

Figure3-3 Change in cycling facility siscontinuity Maisonneuvésoulevardand Ste

Catherinestreet (Google Maps)
Note:the aerihview of the intersection does not show the newly built physically separated cycling facility on the
southwest corner of Maisonneuve
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Figure3-4 Continuous facility: Maisonneuvaoulevardand Prince Albdrstreet (Google Maps)
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cilitgliscontinuity Coffeestreetand Elmhursavenue (Google
Maps)
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T T L

Caoffee St.

Figure3-6 Continuous cyclig facility on all legs: Coffestreetand West Broadwastreet
(Google Maps)
Note: the aerial view of the intersectibnCoffee and West Bemlwayhas thephysicallyseparated cycling facility
blocked by trees
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3.4.3 Video Data Processing

Advancements in image @essing have allowed for the detection and tracking of road users in

video recordings. The featubmsed tracker from the open source préjec3WUDIILF LQWHOO
(Jackson, Miranddoreno, StAubin, & Saunier, 2013)s used to extract trajectories and other
WRROV IURP 3WUDIILF LQWHOOLJHQFH” IRU GDWD SURFHVVLQ

3.4.3.1 Camera Calibration

The first step before processing videoadest to reduce the video distortion (fiske effect). As
shown inFigure 3-7 a., distortion increases further away from the center of the image where the
geometry, shape and scale of objects are unrealistic. athal dens digirtion coeffigent is
computed using standard pattern images and adjusted by trial and=eguoe 8-7 b.). Since not

all areas in the frame need to be tracked and the distantibe corners affect tracking, a mask is
applied to the corrected imag€i@ure3-8), to mark the areas that do not need to be processed for

road user detection drracking.
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Figure3-8 Mask to delineate the areas for detection and tracking (the area in black is not

processed)

Thethreedimensional objects captured in a tdionensional image spadea video fame need to
be transferred to realorld coordinates. Thmapping process tmavertpixels inthe image plane
to world coordinatesgelies ona homography matrixt his is done through a selection of common
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points from the video frame and the aerial imaféhe site as shown iRigure 3-9, taking into

account the scale of pixels per meter in the aerial view image.

Figure3-9 Points selected to convert image to world space

This is done so that the objects can be tracked in real woddlinates. The transformation is
shown inFigure3-10.
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Figure3-10a. Three cyclist trajectories tracked overlaid over the video framdb. converted to

world coordinaes overlaid over the aerial view image

3.4.3.2 Road User Detection, Tracking and Classification

The Traffic Intelligence project includes a featinased detection and tracking algorithm. Features
aresmall patclesof pixels with a strongradientsuch & cornes (e.g. pedestrian and cyclist heads

or hands, vehicle license plates or side mirrors, bike pedals or wHegls)e3-11b.). Features
associated witleach object are then grouped together using proximity and common motion over

as many frames as possibfegure3-11b.)
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Figure3-11a. Tracked features over a cyclisind bgrouped cyclist features

Tracking and grouping features are done through the adjustment of several parameterghsuch as
minimum feature quality, displacemertb test minimum feature motion, minimum displacement

to keep featuresmaximum feature acceleratiosegmentation and connection distarte@ each
location, depending on the height and angle of the video camera, lighting conditions and other road
user dynamics, the tracking parameters should be adjusted tovengracking. Problems
associated with tracking and grouping include esaggmentation (where one road user is tracked

as two or more road users), oxggouping (where two or more road usare grouped together as

one), windy and sunny conditions (whehe tamera shakes or road user shadows are tracked as

objects).

After trajectory extraction, objects are classified into three classes: cars, pedestrian, and cyclists
(Zangenehpour, Mirandsloreno, & Saunier, 2015)Classification is based omaining the

classifier using a set of images for cars, pedesamnacyclists. In addition to image training, speed
distribution parameters are also used to classify the three categories of road users based on their
average speeds at the study locatiorsdidssified road users can finally be corrected manually.

3.5 Behavioural and Safety analysis at discontinuities

Once all trajectories are extracted and classified, similar trajectories are clustered. This method
identifies the common motion patterns ofralhd users. The custom clustering algorithm relies on

a distanceneasure, the longest common subsequence (LCSS), where points are matched using the
Manhattan distance and a threshold: the number of similar points between the two trajectories are
computed ad normalized by the minimum length of the two trajecto(®sunier, 2006)If a
trajectory is not assigned to a motion pattern, a new motion pattern is c(dataids of the
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parameter selection for the Manhattikstance and similarity are presented in AppendiéAgure
3-12 a. shows road user trajectories and the resulting clusters or motion patterns, each represented

by an actual trajectory or prototype fingure3-12 b.

Figure3-12 a. Cyclist trajectoriesand b.cyclist motion patterns (origins markedred circle)

Aside from distinguishing between distinct maneuvers at a location, motion patterns can be used
to improve surrogate safety indicator calculations. @©nwtion patterns are learnt from the
observed ugdrajectories, they can be used to predict the future positions of road users and compute
more realistic and robust SMoS, especially compared to the most common method of motion
prediction at constant spgeand direction. This analysis method is incorpentain the Traffic
Intelligence project and is used to extract TTC measures from interactions between cyclists and

vehicles at the selected case study locations.

The motion patterns are used to summarizatbvement of a group of similar trajectories & w

as their speeds. The mean speed of each trajectory and thaind BY' percentile speeds as well

as their standard deviations are summarized per motion pattern to represent the set of speeds
associted to road users belonging to that motion patteameuver. The same can be done with
safety information. The average and most severe SMoS are summarized per motionTjegtern.
safety and speed information summarized per motion pattern help in identifsky maneuvers

that road users undertake, impirg the understanding of the factassociated with cyclist

behavior and safety at the microscopic level.
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Abstract

The evaluation ofthe performancef a cycling network relies on a set of indicatawith the goal

of better planning future networks or improving existing onHEsere are several evaluation
methodseachwith its set of indcators,none ofwhich providesa completeictureof the cycling
network performancd-or example, st studies have relied ontyithe coverage as an indicator

for network performancevhile others focused on accessibilityhe lack of a uniform evaluain
systemwhich includes all relevant performance indicators may result in biased rankings.
Reviewing existing evaluation methodsit further appears that connectivity or discontinuity
indicators have not been systematically identified and are missingrieomy evéuation methods.
Discontinuities can be either intrinsic to the cycling facilities and the cycling network, such as
changes in the type of facility or end of facilities, or related to changes in the cycling network

environment, in particular thesually agacent road network and motorized traffic.

This paper formalizes the concept of discontinuities in the cycling network and the various causes
of discontinuities, proposes a set of indicators to measure cycling network connectivity and the
methodobgy to calculate them, including automated methods for geospatial data with the code
available under an open source licence. The automated method is applied to the comparison of the
cycling network connectivity of four North American cities: Moiirand \ancouver in Canada,
Portland, and Washington D.C. in the Unit&tdtes

Keywords cycling network, performance evaluation, discontinuity, connectivity, geospatial data



49

4.1 Introduction

Transportation researchers, planners, engineers patidy makers haveproposed network
performance indicators to help better plan and design cycling networks or improve existing ones.
The performance of cycling networks may refer to various characteristics and therefore be
evaluated through different mett®and criteria. Té most common measures are related to the
coverage and density of the cycling network, for example in terms of the length of each type of
cycling facility, and proportion of the road network with cycling facilities. However, a very long

or dense cycling eork may also not be well connected, for example if the cycling network is
frequently interrupted or the characteristics change frequently. Few methods have evaluated how
well-connected cycling networks are, and precisely characteribed various kinds fo

discontinuities that may affect cyclist comfort, safety and efficiency

There are different types of discontinuities, which can be either intrinsic to the cycling facilities
and the cycling network, or related to changes in the gycletwork environma, in particular

the usually adjacent road network and motorized traffic. The types of discontinuities, listed in
Table4-2, can be put in threeategories related to the different causes, intrinsic, road network or

other, and an be measured through different indicators.

Stated and revealed preference studies have indicated that cyclists are sensitive to the presence and
types of cycling facility traffic volume, and number of intersectio(ill & Gliebe, 2008;

Menghini et al., 2010; Meghan Winters et al., 20Hinhce these factors are shoto influence

the cycling experience, then it is expected that cyclists will be sensitive to changes in these factors,
such as an increase in traffic volume and changas ne cycling facility type to another.
Discontinuitiesalong the road networkawe beenshown to have an effect ariver behaviour

when transfaing from one type ofoad clas$o anothe(Xie & Levinson 2007) A small number

of studies on cycling network discontinuities have demonstrated they have an effect on cyclist
behaviour(Barsotti & Kilgore, 2001; Krizek & Roland, 2005; Naba\iaki, Saunier, & Miranda

Moreno, 2018; Sener et al., 200®)jscontinuity indi@tors are independent from usual cycling
network coverage and density measures and therefore complementary to evaluate a cycling
QHWZRUNTYTV SHUIRUPDQFH 2YHUORRNLQJ GLVFRQWLQXLW\
network that wil have lower rideship than it could have dontinuous
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This paper formalizes the concept of discontinuities in the cycling network and the various causes
of discontinuities, proposes a set of indicators to measure cycling network connectivity and the
methodology to calcwdte them, including automated methods for geospatial data. The automated
method is applied to the comparison of the cycling network connectivity of four cities. The
contributions of this study include the systematic review of existintpade and indicatsrto
characterize cycling facilities, the description and automation of the methodology to compute
discontinuity indicators (making the code available under an open source libafai Niaki et

al., 2018), and its application tthe cycling networkof four different citiesacross North America

using in particular density maps of the discontinuity indicatdhe selected toés areMontréal

and Vancouver in Canada, Portland, and Washington D.C. in the United States.

The next section provides a background and methodology with a description of the case study
cities. The methodology section highlights thepstto identify disontinuity measures in each city.

The findings are summarized in the discussion of results section.

4.2 Background

The evaluation of cycling network performance has received attention in recent years, with the
development of a range of pemisance indicatorshiat have an effect on cyclists as found from
surveys and route choice studies (for exaniigdbrkey, 1998; Jensen, 2007; Snizek, Sick Nielsen,

& Skov-Petersen, 2023

A questionnae-based studyith 4700 respondents by Snizek identified factors that have an
impact on cyclingwhereresults showed that high traffic volume, the number of intersections
along the route, and road class result in a negative cyclpeyiexcgSnizek et al., 2013Dther
variables commonly used for cycling network performance measures are: traffic volume, traffic
speed, traft turning volumepresence of cycling facility, cycling facility widtltycling safety,

road class type, number of road lanes, presence of parking, percentage of heavy vehicles, pavement
surface condition, road grade, number of intersections, averagle lelogth, directnes and
comfortable access to certain destinati@esotti & Kilgore, 2001; Boisjoly & Ebeneidy, 2016;
Harkey, 1998; B. Landis et al., 1997; Lowry et al., 2016; Mekuria et al., J0P2cher & Buder,

2006; San Francisco Department of Public Health, 2014; Sorton & Walsh., 1994; Transportation
Research Board, 2016; Meghan Winters, Teschke, Brauer, & Fuller,.2016)
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Frameworks for assessing cycling network suitability have begpoped as early d987 and

have been evolving over the yeaffie following frameworks do not share the same indicators
and use different rankings of the indicataheBicycle Compatibility Index (BCljHarkey, 1998)
Bicycle Stress Levie(BSL) (Sorton & Walé., 1994) Level of Traffic StresgLTS) (Mekuria et

al., 2012) Bicycle Level of ServicdBLOS) (Transportation Research Board, 2Q18ike Score

(BS) (Meghan Winters et al., 2@) Bicycle Environmental Quality Index (BEQ{Han Francisco
Department of Public Health, 2014ndBicycle Safety Index Ratin(BSIR) (W. J. Davis1987)
Eachframework uses a different combination of traffic and infrastructure attributes (roadway and
network) shown inTable 4-1. One can see that the variables most used in the mentioned
frameworks are traffic speed, numladérroad lanes, traffic volume, speed limit, road lane width,

parking along road, pavement condition and cycling facility width.

More recently, the FHWA published the guidebook for measuring multimodal network
connectivity where a number of the mentionedreectivity measures were used: proportion and
length of cycling facility along roadway, proportion of road with cycling fagilggoportion of

roads with low levebf-stress (based on the LTS), intersection density, connected link ratio, block
length, rad network density, and accessibility to certain locations (measured by presence of low
stress cycling facility between origin éudestination)Dill et al., 2018) Some ofthe mentioned
frameworks were compared and ranked based on the level of effort for obtaining and computing
indicators. Their fidings concluded that all of the studied frameworks have strengths and
weaknesses, and in order to avoid a distorted pictures saphisticated connectivity measures
must be used, and planners must be on the lookout for emerging connectivity analysis metho
and measureg®ill et al., 2018) KangeWw DO TV XV tHarkeWw\W 898)na &tatistical model

to evaluate its effectsoncyclfV SUHIHUHQFH UHYHDOHG WKDW D KLJKHL
ranked by the BCI method), would not increase the liketihobcycling along omoad cycling
facilities (separate cycling facility or bike lane), but would increase thmatf facilityuse(Kang

& Fricker, 2013) Parks et al. applied theeperformance frameworks on a betfafeer study of
bicycle facility installations: the BEQI, the BLOS, and the Danish Roaecirate BLOSParks

et al.,, 2013) They concluded that each method has shortcomings and the development of a

nationally accepteticycle evaluation tool requires more research and



52

Table4-1 List of variables used in the main cycling network performance evaluation methods

Variables BLOS BSIR BEQI LTS BCI BS BSL

Traffic

Traffic speed X X X X X

Turning speed X

Speed limit X X X

Traffic volume X X

Heavy vehicle volume X

Rightturn volume

X | X [ X | X

Parking (turnover and occupancy) X

Motorized
Infra

Number of road lanes X X X

Road lane width X

X [ X | X [X

Length of right turn lane

Parking along roadsil X X X X

Parking lane width X

Cycling Infrastructure

Presence of cycling facility X

Cycling facility type X X

Cycling facility length X

Cycling facility width X

Bicycle parking

Bike lane markings

Bike lane signs

Connectivity of bicycle lane

Dashed bike lane on intersection

Left turn bicycle lane

XXX | X [X|X|[X X

Marked area before bicycle traffic

Bike lane blockage X

General Infrastructure

Type of signalization

Right turn lane

Left turn lane

X [ X [ X | X

No turn on red signal

Presence of shoulder X X

Shoulder width

x
x

Paved shoulder

x

Pavement condition X X X

Presence of curb X

Curb radus X X

Intersection angle X

Driveway X

Restricted sight distance X

Presence of street lighting

X [ X [ X | X

Traffic calming features

Raised median X

Grade

x
x

Other

Land use X X X

x

Intersection desity X

Trees X
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evaluation in ordeto addresshedifferent bicycle facility and cyclist characteristi¢arks et al.,
2013) A similar conclusion was drawn from a study by Vale et al. where an extensive literature
review on active tram®rt accessibility methods demonstrasahceptual and computational
limitations as well as inconsistencies accessibility connectivityand network performance

concepts and ternf¥ale et al., 2016)

'LVFRQWLQXLW\ PHDVXUHVY DUH RIWHQ RYHUORRNHG RU PF
indicators such as therlgth of cycling facilities, the density of cycling facilities, ahd distance

from shortest path. Such indicators measuneerage, density and the directness of trips through

the network, not discontinuities, since the longest or densest cycling ketway have low
connectivity, e.g. if there are missing links or freqt changes in the type and other characteristics

of cycling facilities, while a short cycling facility of the same type in a ring will have low coverage

or density, and high connectivitlyor example, Boisjoly and Ebeneidy made use of cyclist route

datb FROOHFWHG IURP RQOLQH VXUYH\V WR DVVHVV WKH F\F
(coverage) indicators: the detourlocycle route diversion to the shortest p@thlculated as

relative difference between the travelled route length and shpetslength)the presence of a

bicycle facility along observegaths androutedirectness as the ratio betwee network and
EuclideandistanceqBoisjoly & El-geneidy, 2016)A study bySemler applied the LTS method

(Mekuria et al., 2012WR FDWHJRUL]H :DVKLQJWRQ ' & TV FRQQHFWLY
blocks of origindestinationgSemler et al., 2018A recent guidebook for developing pedestrian

and bicycle performance measures defines a connectivity index basgdiag networkdensity,

connected node ratio (ratio of the number of intersections to the number of intersections and dead
ends), link to node ratio (ratio of number of road links to the number of intersections and dead
ends), and intersection densif@emler et al.,, 2016)These studies demonstrate the lack of
congstency in the inttators used to measure the performance of a cycling network and the need

to separately measure connectivity (through discontinuity indicators) and coverage/density.

In addition to cycling network performance evaluations, discontinudicators can be esl in

URXWH FKRLFH VWXGLHVY WR HYDOXDWH WKH HIIHFWV RI WKH
some measures have been considered, e.g. related to the density of inter6&ckionsr &

Levinson, 2014pr the end of cycling facilities to scosalepath suitability(Barsotti & Kilgore,

2001) this literature review shows that no framework for the characterization of a cycling network

connectivity through discontinyitindicators has éen proposedsiven the lack of quartttive
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and objective discontinuity indicators, itrieasonablehat little research has directly dealt with

discontinuities in the cycling network and their impact on cyclists.
4.3 Methodology

4.3.1 Defining Discontinuity Indic ators

&\FOLVWVY SUHIHUHQFH IRU ULGLQJ RQ D FRQWLQXRXV SDW
(Seneretal.,,2009) 7KH LQWHUUXSWLRQV DORQJ D F\FOLVWYV URXWH
measures or indicators. Examples of these discontinuities inchadeyes in the cjing facility

type and their ends, road class type, location of cycling facility on the road (e.g. the side), large
changes in traffic speed and voluniable 4-2 presents a comprehensive categorization of the

types of discontinuities in a cycling network and examples of indicators in each category. Some

kind of normalization is necessary to compare different areas of different size or with netfvorks
different length and type, depending on the level of the study. The indicat@iEbla 4-2 are

presented before normalization and they will generally be divided by a normalization factor:

x at the level of an area (for example a city@gion), the normalization factor can be the
IHQIJWK RI WKH F\FOLQJ QHWZRUN LQ WKH DUHD RU WKH I
x at the level of a cyclist route (for example for a route choice study), the normalization factor

can be the route length.

For example, these d@rent normalizations will yield for the endd$ oycling facilities the

following formulations for a given area and a given cyclist route:

JQI>ANBAJ @K U?HB3CEHERRAOG
?U?HEAEBS KKNGIOEPF N A =

&EO?'3@P

JQI>AKNBAJ @KB?U?HB3ICEBABKNKQPA
N KQIRAJIT P

QEO0?'IBG

Furthermore, there can be variations of the indicators in each category, depending on the way to
count or weigh the clmges. For example, one could choose to count differently the changes from
one type of cycling facility to another, since going from a separated cycle path to a cycle lane is

not the same as going to a designated roadway where cydistthavededicatedspace.
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Table4-2 Types of disontinuities and examples of indicators (before normalization)

(* indicates that a threshold must be defined to characterize the considered changes)

Category Types of discontnuities Indicators (before normalization)
End of gcling facility Number of cycling facility ends
Change in cycling facility type Number of changes of the type of cycling facil
Change in cycling facility Number of locations where cycling facility widi
width changes*
Change in cycling facility number of changes of the cycling facility side

Intrinsic  location on road road

to Locations where pavement conditions change

Cycling Change in pavement conditiol from good quality to bad

Network . S Number of locations where illuminance
Change in road lighting .
changes
Number of locations where there is a change
road grade*

Changen road grade

Closure/rerouting of cycling
facility due to construction or
maintenance

Number of areas where the cycling facility is
closed or rerouted

Changen roa class Number of locations where road class change
Change in number of road Number of locations where there is a change
Traffic _lanes number of road lanes*
and Chanae in traffic volume Number of locations where traffic volume
Road g changes*

Number of locations where traffic speed
changes*
Number of intersections along cycling facility ¢

Network  change intraffic sped

Intersections F\FOLVWYV SDWK

. Number of driveways along cycling facility or
Driveways F\FOLVW{V URXWH
Bus stops Number of bus stops along ciaj facility or

Other F\FOLVWTTV SDWK
Length of road where parking is allowadd
Parking allowed on road cars carcross the cycling facilityo enter

parking space

Many indicators related to the number of changes of continuous characteristics in the cycling
facility or adjacent road traffic require a threshold as indicat@alohe4-2, but other formulations
based on these variables are possible, such as the sum of the absolute changes. For the changes in

traffic volume, an indicator could be:

At danciradoriss db e s eminae o F Moo asedaaciae vl
U?HEAEBS KN\ GIIDBPEN A =
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If one wishes to compare all the discontinuities at the level of an area, the indicators could be
summed, although care should be takerthe lomogeneity of the result. This work will focus on

the comparison of different areas such as cities. The methodology to obtain discontinuity indicators
IURP DQ DUHDYV F\FOLQJ QHWZRUN LV GHVFULEHG LQ WKH IR

4.3.2 Data preparation

The first stepm quantifying the cycling network discontinuity in an area is obtaining georeferenced
URDG DQG F\FOLQJ QHWZRUN GDWDVHWY XVXDOO\DYDLODEO
cycling network dataset includes information on the cycfecility type, then the methodology

can be applied to identify the ends and changes in cycling facility type discontinuities. If other
information is also available such as the side of street the cycling facility is located on and the
cycling facility lane width, RU WKH DUHDYV URDG QHWZRUN ZLWK URDG W

traffic volume and bus stop locations, other discontinuity indicators can be extracted as well.

To unify the definition of cycling facility types, four cycling facility typase propsed: physically
separated bike facility (interactions with other road users can occur only at intersections and bus
stops where boarding and alighting pedestrians cross the separated facility), painted bike lanes
(interaction with other road useoccur atntersections, when vehicles cross the facility to access
driveway or parking space, and when buses cross the facility at their stops), shared road with
designated marking (cyclists have no dedicated space on the road and interaction witadther
userscan occur everywhere), and wtiad cycling facility where there is no shared space and
interaction with vehicles. In this study shared roads with designated marking are not considered a

cycling facility type since cyclists must share the rodth wtherusers as in any other road.
4.3.3 Identifying Discontinuities

4.3.3.1 Manual Method to Identify Discontinuities

After preparing the datasets, the spatial analysis steps to identify the discontinuities and compute
the indicators along the cycling network usiaggeograpic analysis tool (e.g. ArcGIS) are
presentedn Figure4-1. The buffer sizes used may have to be adjusted on a case by case basis.
The first step addresses cases wlte cycling facility representation is not join@edersections

or cycling facilities are given a different class category at intersections.
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Merge facility types as one line

¥ Draw a 5m buffer around each road intersection, identitgrsections with two dangling cycling
facility ends in a buffer, agg the intersection ID to the two ends and join ends with the same

¥ Merge continuous cycling facilities into a single facility line and merge road information to the
cycling facility layer using a spatial join

Change in cycling facility type

¥ Draw a 5m buffer around the endpoints of the unique cycling facilities
T If another facility end, or facility type is present in thenSouffer, this end point is considered a
change irfacility type

End of cycling facility

t Draw a 2m buffer at the end of each ciyd facility
T If there are no other end points, or cycling facilities in the buffer, this is considered an end

Change in cycling facility location on road*

¥ Each end igssigned an intersection or road ID
T If there is a change in location on road at arrégetion or road link, it is considered a discontinu

Change in cycling facility width*

T Each cycling facility segment is assigned an intersection or road ID
T If a segnent changes width on the same road or intersection, it is considered a discontinuity

Change in road class, traffic volume, and traffic speed*

T Ifthere is a change in road class, change in traffic volume, and change in traffic speed along
cycling facility, this is considered a discontinuity

Number of intersections along cycling facity*

t Draw a 40m buffer around the road centerline to perform a spatial join with the cycling netwo
that the information of each bike facility segmergrges with the road network information

¥ Count the number of intersections that are located aanygling facility through a spatial join
between the buffer and the road intersections

Figure4-1 Discontinuity identification methodology using a geographic analysis tool

(* indicates steps that can be performed only if the required information is available)

4.3.3.2 Automated Computation of Indicators

The method is autonted to accelerate and simplify the computation of discontinuity indicators

and made available under an open source license to allow other researchers and users to replicate
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and reuse this method on ther datasets (Nabavi Niaki et al., 2018)

(https://githdn.com/nsaunier/cyclindiscontinuities). This automatiofs done througlspatialite

an open source spatially enabled extension of SQLite, a relational database management system.
The methodology scripts include the following treatments: 1) merging tiegyacility as one

line for each facility type (sepagg bike lane, and cffoad), 2) dissolving the merged geometries

to identify the discontinuities, 3) creating the ends of cycling facilities (points and buffers), and 4)
performing a spatial intersgon between the ends of cycling facilities of differgmtes. Only the

ends of cycling facilities and the changes of facility types are automated in the provided scripts

First, batch scripts are made to import ¢fe@referencedata. The SQL scripts toe executed in

spatialite need to be written with sligftRGLILFDWLRQV IRU GLIIHUHQW FLWLHV
projection value from their spatial reference system iden{@&iD), with examples provided for

each city. At the end of the scrighe output files are exported that include point locatioh

facility ends and change in facility typeBo quantify the discontinuities, the number of each
GLVFRQWLQXLW\ W\SH LV GLYLGHG E\ WKH WRWDO OHQJWK R
between different areas.

4.3.4 Results Analysis and Visualizabn

The output of the method is tiyeoreferenced datd discontinuity locations which can be plotted

for visualization. The raw map of discontinuity locations on the cycling facility and road maps
provides an image of target locations for improvement.démparison purposes, a density map

of the discontinuities is more suitable. In this study, a kernel density with a radius of 1500 m was
applied, and a mask showing a buffer around the cyclingtfasiused to highlight the density

only where there ia cycling facility.

4.4 Case Study in Four Areas

To evaluate discontinuity levels using our proposed methodology, cities with publicly available
spatial datasets including information on bicycle infiadure such as facility type (separate bike
path, bike &nes, shared road etc.) were seledtwhtréal and Vancouver, in Canada, as well as
Portland and Washington D.C. in the United Std@y of Montréal, 2015; City of Portiad,

2015; City of Vancouver, 2015; District of Columbia Government, 20b5his study, since not


https://github.com/nsaunier/cycling-discontinuities/
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all information was available URP WKH FLW\TV JHR U H orlyuhe@ofdwiag @bl W Z R U N

discontinuities were extracted: ends of cycling facilédgd change of cycling facility type.

These cities were previously subject to a bikeability or cycling network performance evaluation.

For example, the Copenhagenize Index (CI) evaluated cycling rleppesformance in major

worldwide cities and ranked thept 20 most bicycle friendly cities in the world based on a set of

thirteen categories, rankimgontréalas the 2t most bicycle friendly cityCopenhagerie Design

Co., 2015) A cycling network performance &¥O XDWLRQ RI &DQDGDYfV ILYH ODUJF
Vancouver has the highest number of cyclings as well as the highest cycling mode share to

work (6.1 %) followed byMontréal (3.9 %) (Statistics Canada, 20163lthough no U.S. cities

VKRZ XS RQ DQ\ PDMRU UDQNLQJV RI WKH ZRUOGC 4P RVW F\
Portland are ranked among the top cycling friendly cities in the U.S., where 6.5 % and 4.3 % of
commuters cycle to work in Portland and Washington D.C. respecf{iVieyLeague of American

Bicyclists, 2015; U.S. Census Bureau, 20T8)ese rankings are neither comparable nor complete

asthey use different evaluation indicators and methods.

4.4.1 Dataset Standardization

The obtained datasets gneepared uniformly for comparability and consistency in data analysis.
Each city has different class definitions for their road and cycling facilities. example,
Vancouver has the following cycling facility classes: separated lanes, painted lanésu@d s
lanes, while Portland classified their cycling facility as: bike boulevard, bike buffer, bike lane, bike
shared, bike track, shoulder wide, andhga Hence, the facility classes for the four cities are
grouped into four categories using Google Stxéew: physically separated bike facility, painted
bike lanes, shared road with designated marking for bikes, amdaaffcycling facilities. For our
study, shared roadways with road marking for bikes are not considered as a cycling facility type.

4.4.2 City Descriptions

The following sections provide a more detailed description of each city as well as their road and
cycling network characteristics as sumrmad in Table 4-3. The cycling network coverage is

defined as theatio ofthe cycling facility length tatheroad length
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Table4-3 Description of the road and cycling networktloé selected cities

Road and Bicycle Netwrk Characteristics

Montrea Vancouver Portland Washingto

Measure type

I nD.C.
> Surface (kn) 432 115 376 177
‘e Population densityin 2016
g’ (residents per ké) 3946 5491 1701 3848
2 Road density(km perknr) 13.6 7.1 11.3 10.6
O
Cycling network density (km per krf) 1.2 0.9 15 0.7
'CE, Road network length (km) 5861 815 4254 1875
2
2 Bicycle facility network length (km) 503 103 567 118
P
§ E Cycling network coverage 8.5% 12.6% 13.3% 6.3%
(8]
'_OE (% Proportion of Separated bike pat 64.0% 54.0% 0.7% 8.0%
g eachtypeofbike g0 iane 20.0%  46.0%  442%  92.0%
T facility in the
e oycling network  off-road bike path ~ 16.0% 0.0% 55.1% 0.0%

4.4.3 Montréal

The island oMontréalin Quebec, Caada has population of 17 million (Statistics Canada, 2016)

and an ar@of 432km?. It is the most populated and has the largest area compared to the other
cities Montréalalso has the highest road network density as showigure4-2.a. Montréalis
considered to be one of the best cycling cities in the wW¥ijdyakumar & Burda, 2015)n 2014
Montréalhad a total length of 503 km of cycling facilig@ity of Montréal, 2015)64 % of which

is separated bike paths, 20 % painted bike lanes and 16fdadficlassMontréalhas a cycling
network coverage of 8.5 % over its road network length. @@wed to the other three cities,
Montréalhas the highest share of separate cycling facility. Yet, gaps in the cycling facilities and
points where cycling facility types change are observed thaghe city.

4.4.4 Vancouver

Vancouver, with a population of ughly 632,000(Statistics Canada, 2016has the highest
population densy among the four cities, which is related to its smallest surface of 115Tkm
city has the lowest road network density with only 7.1 km road length per square kilometer of the

city $ surfacefigure4-2.b). However, it hasie second highest cycling network coverage among
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the cities of 126 9 DQFRXYHU(T(V NP RI F\FOLQ % $&phried® tyld HV LQ
tracks and 46 % painted bike lanes, and no reporteadf cycling facilitiegCity of Vancouver,

2015) Despite the lower population compared twonto andViontréal Vancouver has the highest
number of daily cycling tripsvhich may be associatedite high safety levels, with less than one

crash involving a cyclist for every 100,000 cycling tr{jpgjayakumar & Burda, 2015)

4.45 Portland

Portland has a population of about 640,000ited States Census Bureau, 20416J has the lowest
population densjtamong the four cities. The city has the second highest surface area 0f2376 km
and second highest road density which caoldserved in the compact layout of the road network
in Figure 4-2.c. The city$ cycling network coverage is the highest, being 13.3 % of its road
network length in 201§City of Portland, 2015)Portland also has the longest cycling network of
567 km, although segated cycle tracks@only 0.7 % of the total cycling network length. This

is in part compensated by the share ofrofid bike paths making up 55.1 % of the cycling network,
which is the highest among the four cities.

4.4.6 Washington D.C.

:DVKLQJW R&idnvof 3drdghly 68100 (United States Census Bureau, 20d8)ks in our
selection as the third city for its population density, road network densitynegavork length and
cycling network length. It has the lowest cycling network coverage. As appateiguire4-2.d,
the cycling network is composed almost exclulsivé painted lanes (9%0) in 2015, with only 8

% as separate cycle traqi@istrict of Columbia Government, 2015)
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4.4.7 Cycling Facility Type Distributions

Figure4-3 shows thesummary of the distribution of each cycling facility type in each city. Two
of the cities, Vancouver and Wasgton, have no available record of -offad cycling facilities.
Portland has almost no separate cycling facility, only 4 km of the total 567 ¢éyolimg network.
Washington also has a low separate cycling facility class share of only 9 km out of 18 km
cycling facility, 109 km of which is dedicated to painted larMsentréalhas a fair distribution

among the different facility types.

100%
80%
60%

40% I I I
20%
0% . [ | - - - [ | [
Montreal Vancouver Portland Washington D.C.
m Separated bike path mBike lane = Off road bike class m Cycling network coverage

Figure4-3 Cycling facility class distribution and cycling network coverage for each city

4.5 Results and Discussion

Table 4-4 presents the normalized discontinuity measures for the cycling facility endadbr
W\SH DQG WKH FKDQJH LQ F\FOLQJ IDFLOLW\ IRU HipueK FLW\ D
4-4 shows the density of the cycling facility ends, &ngure4-5 shows the density of chaeg)in

cycling facility type in the fouriges.

Table4-4 Discontinuity indicators of the four cities

Bicycle Network Discontinuity Indicators for Four Cities

Measure type Bicycle Facility Class Monltrea Vancouver Portland Wﬁsg |ggto
- End of bike Separated bike path 0.48 1.07 0.01 0.04
£ ¢ facility Bike lane 0.28 0.50 0.57 151
= ; (per km cycle Off-road bike class 0.09 - 1.97 -
§ © length) All end points 0.85 1.57 255 1.55
_cog = Change in bike facility type 0.35 0.40 047 0.19

(per km cycle length)
Total discontinuity (per km cycle length) 1.20 1.97 3.02 1.74
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Based on results of the discontity indicators presented ifiable4-4, Portland ranks as the city

with the most discontinuities of both types per kilometer of cycling network, which can also be
observed irFigure4-4.c andFigure4-5.c, while Montréalhas thdeast disontinuities. Focusing

on ends of cycling facilities for each cycling facility type, Vancouver has the most separate cycling
facility ends, which means there are separate cycling facilities scattered throughout the city that are
not connected teach otheor other facilities. Washington has the highest value for bike lane ends
which is expected since almost the entire cycling network is made up of painted bike lanes (92.0
%). Among the two cities that have atfad cycling facilities, Portland bahe higlest offroad

ends discontinuity level. In generdontréalhas the least discontinuities. The change in cycling
facility type discontinuity indicators are close except for Washington which is considerably lower,

again because most of its cyclingtwork s of the same type.

Discontinuities inMontréalare distributed throughout the city as showkigure4-4.a andrigure

4-5.a, while Portlan@ discontinuities are mostly concentrated in the downtown &rgaré4-4.c
andFigure 4-5.c). Vancouver, shown iRigure 4-4.b andFigure4-5.b, has several hotspots for
discontinuity locations throughout the city with the highest concentration in the downtown area.
The distribution of discontinuities in Washingtondsncentratedn an area in and around its

downtown covering a large portion of the cifiqure4-4.d andFigure4-5.d).

Summarizing the results allows ranking the four cities from the worst (most discontinuoitiles) t
best (least discontinuities): Portland, Vancouver, WashingtoManttéal Discontinuities appear
throughou the four studied cities highlighting the importance of further evaluating the effects of

these interruptions in the cycling network on cstchehaviour and safety.

A studyfound that connecting the gaps in fBestoncycling network, which would resultn a
facility length increasdy afactorof 2.5, thefraction of homework pairs that will be connected

by the network increases by a factdrl3 (Furth & Noursalehi, 2015Figure4-4 andFigure4-5
highlight hotspot locations for improvements in the four cities. For example, kisarithe darkest

red in Figure 4-4 highlight areas where several cycling facility ends neah edler could be
connected with the implementation of only a few metd# cycling facility. An example is shown

in Figure 4-6 where an area of Vancouver with a high concentration of cycling facility ends is
chosen, and the endse onnected in ArcGIS by adding 6.5 km of cycling facilities. This



improvement results in better connectivity where the discontinuity indicator for the facility ends

decreased from 2.7 to 0.3.
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Figure4-6 Improving the connectivity of the cycling network by connecting the cycling facility

ends



4.6 Conclusion

In the literature, the current methods for evaluating cycling network performance are incomplete

and sometimegconsistent. The performance of a cyclmgtwork is typically measured by its
OHQIJWK DQG FRYHUDJH +RZHYHU WKH F\FOLQJ QHWZRUN¢YV |
RI GLVFRQWLQXLW\ DUH HVVHQWLDO |1DF W GivenLigirtdivebtO X D W L |
effect on cyclist bedwiour, discontinuities must be identified and eliminatedmprove cycling

facilities andto promotecycling. As most cycling network performance studies and criteria do not
include discontinuities, this work @poses a conceptual framework for discamties and a
methodology to identify discontinuity locations and calculate discontinuity indicators. This is
demonstrated in a case study on four cities and can be replicated in any city with some basic data
available.For easy extraction of the discontityuindicators, an automated methodology is made
available in an open source repositqfyabavi Niaki et al., 2018)The appktation of this
methodology also helps cities identify locations that can be improved by simple connections of the

cycling facility where there are several facility ends concentrated in an area.

A key strengttof this methods the minimal data requiremisrsince nanyareasalready have the
requiredroad and cycling network geospatiatawhich includesthe cycling facility type, location
on the road, road class, and other network geometric information (numlagres, lane width,
etc.). The results shoa high density of discontinuities in the cycling networks of the four
compared cities. The cycling network rankimglicatesPortlandhasthe most discontinuities,

followed by Vancouver, Washington and finaNjontréalwith the least discontinuities.

Limitations of our study include the limited number of discontinuity indicators that were extracted
automatically due to the limited information available from the available cycling network data.
Future work include the evaluation of microscopic road usezhéwviour and safety at
discontinuities, building upon initial work showing that cyclists behave differently at discontinuity
locations compared to control sites through automated movement and speed analysidefoom v
data(NabaviNiaki et al., 2018)Cyclist GPS data can be used to study the effects of discontinuities
RQ F\FOLVWYV REVHUdHKaice fXMsHak KSR dischintimuides aariable that
PD\ DIITHFW DQ LQGLYLGXDOYV FKRLFH WR F\FOH
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In the previous chapter, cycling netwatiscontinuities are proposed and a methodology to identify
the infrastructural discontinuity indicators is propos€éde defined angbroposed discontinuity
indicators bridge the gap in the literature where cycling network connectivity measures used to
evaliate network performance have not systematically considered all sources of discontinuities.
The automated methodology is applieddor cities:Montréaland Vancouver in Canada, Portland

and Washington D.C. in the U.S. The methodology evaluated cyclimgrkeconnectivity at a
macroscopic level, identifying locations in the cycling network where discontinuities exists. This
approachs useful to municipalities and planners to identify locations where improvements can be
made in the existing cycling netwgras well as in the planning stage of a cycling network, to avoid

discontinuities in the network and make better informed decisionise development.

In the following chapter, a methodology to collect road lighting measures to identify locations with
discontinuous and stdtandard lighting is proposed and applied to a case study for analysis of
nighttime cyclists and pedestrian ggfel hestudyrelies on the collectioaf road illuminance data
onroad links duringnighttime in downtown Montréal using dfuminance sensor mounted on a

bike and calculating the average and uniformity of-leael illuminance.
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The initial attemptt this methodology resulted in a journal pgpesentedn AppendixB, where
the road lighting audit is at an intersection level and safety analysis is only basddabavehicle
and vehiclepedestriaraccidents. The folowing article is tlmproved methodology that collects

illuminance data at road link and intersection levels for vulnerable road user accident analysis.


https://doi.org/10.3141/2555-12

Abstract

Although vehicle, bicycle and pesteian flows are generally considerably lower during nighttime,

this time acconts for a higher number of accidents than expected given lower exposure compared

to daytime. A highly influential factor is the lack of clear visibility at nighttiBeveralstudies

have showedthe negative effects ahe lack of clear visibility omicyde and pedestrian accident
frequency and injury severigt nighttime Studies that have evaluated this issue have considered

only the presence of lighThe presence of lighsinot sufficient teevaluateURDG XVHUVY VDI
different amounts of lightingan have different effects andriver $ vision such as discomfort

glare, and disability glare, or the available lighaty not provide adequate contrast for object

detection.

Only a limited number of past studies in this figldtually measurethe amountof nighttime
illuminance.Our studyrelies on the collectiof road illuminance datan road links during

nighttime in downtown Montréal using an illuminance sensor mounted etectric scooter

The pedestrian and bicyclaccident frequencyvere analysed separatelysing thenegative
binomial model Results from this study shouwnexpectedlythat an increase in road lighting is
associated with more bicycle and pedestriandgeits which may be explained by the decision to
add or increase the amountligihting where accidents occurhe presence d bike facility and
arterial road were associated withdecreasén bicycle accident occurrenceor pedestrianshée
number oflanes per linkand the pedestrian flow weessociatedvith an increase in nigtime
accident frequency, while theehicle flow isassociated with a decreasingmber ofaccidens.
The study calls for more investigation of the precise relationship besaéety and the amount of
light provided by road lighting.

Keywords Road lighting, illuminance, cyclist and pedestrian safety, accident frequency, nighttime

safety



5.1 Introduction

Cycling is widely considered to be the riskiest mode of transportétioland, 1995)Pedestrians
andcyclists are vulnerable road users since their collision with vehicemnare likely to result in
serious injuries or even death. Thanadian Council of Motor Transport Administrators (CCMTA)
stated in itsSRoad Safety Vision report that in one yeardgsrian fatalities and serious injuries
covered 54.7 % and 47.2 % of fdtal and serious injury accidents respecti€gnadian Council

of Motor TransportAdministrators, 2010)In the U.S., pedestrian and cyclist fatalittesounted
respectively for 136 and 2.1% of the total number of fatalities in 20{MIHTSA & National
Household Traffic Survey of America, 2013}ydists are considered to be among the most
vulnerable road users accordioghe reports where they account for the largest proportion of near
missegqDaley, Rissel, & Lloyd, 2007)with a much higher probability of an accident resulting in
injury comparedo drivers of motor vehicle@Vatson & Cameron, 2006)

The intensity and importance of vulnerable roadrwaccidents is even more alarming at nighttime
where road users exper@na lower vision capacity. Cycling at night has been reported to be two

to five times more likely to result in an accident compared to cycling during théTdask &
Reurings, 2013)A German study showed that even though only 10 % of bicycle trips were during
nighttime, about 20 % of bicyelaccidents happened at this tifiéalter, Cavegn, Allenbach, &
Scaramuzza, 2005Similarly, The Ontario Pedestrian Death Review reported that 60 % of
pedestrians were killed at night or during dight conditions when they were not seen by drivers,
which is quite high gien the lower pedestrian and vehicle volumes at nightimewers, 2010)
Therefore, a safe accommodation of vulnerable road users has become a priority, especially at

nighttime.

Road lighting is generally assumedhbe an effective counter measure for nighttime collisions.
Nighttime illuminance levels are directly related to visibility. Several studies imaleatedthata

G ULY HU v VreBdE quizkly\ahdWaRely in a risky situation is impeded in a lower tdition

(Elvik, 1995) As reasoned by Kim et al., reduced visibility at nighttime increases the perception
time of both bicyclist and driver araffects their evasive actidiKim et al., 2007) This is likely

to result inimpact at higher speeds and thus more severe outqdae®t al., 2011)Rasédnen and
Summala claim that only 11 % of car drivers who hit a cyclist on a crossroad had actually seen the
cyclist (M. Rasédnen & Summala, 1998)his number must be even lower during niighe since



cyclist and pedestrian detection is more difficult due to the lack of clear visibility. Cyclists and
pedestrians often assume that drivers can see them clearly at night, based on their own ability to
see the oncoming vehicles' headlartfpederal Highway Administration, 2002)owever, drivers

often do not see cyclists and pedestrians at night until they are within the stopping sight distance
(Federal Hitpway Administration, 2002)

Lighting aims to increase the visibility of drivers, pedestrians and cyclists at nighttime, thereby
providing pedestrians and cyclists with a safer environment, i.e. decreasing the number and the
severity of collisions, by nkang them more visible to vehicles. A study conducted by the Royal
Society for the Prevention of Accidents in the UK concluded that the number of pedestrian
accidents and their severity were reduced with the presence of road li(RGBEFA, 2009)
However, despite the installation of road lighting on roadways, the numbers of accidents are still
much higher during nighttime. A more thorough investigation of this problem is therefore needed.

In order to improve visibility at nighttime, road lighting standards specify an average road
illuminance level. The Illluminating Engineering Society (IES) road lighting handbook provides
specification standards for road lighting for intersections baseadtersecing road classes and
nighttime pedestrian activity levels. These standards do not take into account bicycle activity and

there is little research on the need for lighting standards to do so.

The increase in the number and severity of accidentsvimg wulnerable road users at night
compared to day time despite lower pedestrian and cyclist activity has prompted researchers to
investigate the reasons for this phenomenon. While earlier studies all confirmed the positive effect
of the presence of anl lighthg on road safety, nighttime safety is still an issue compared to
daytime, which raises the question of the appropriate amount of lighting required to provide

adequate visibility for all road users and specifically for cyclists and pedestrians.

This papefocuses on vulnerable road user accident frequency at nighttime on road links using the

actual road lighting levels collected by an illuminance sensor. It aims to evaluate the effects of

different lighting levels and lighting uniformity, of thiws of wehicles, bicycles and pedestrians

as well as built environment variables such as road class, number of lanes, presence of traffic light,

etc., on the frequency of accidents involving pedestrians and bicycles.

The remainder of the papers is arrah@s folbws: the second section provides background and

study motivation, and the third section presents the methodology, data collection, and analysis



procedure. Empirical results are offered in the fourth section, and the fifth section concludes the

paper.

5.2 Earlier Studies

Earlier studies examined the factors that affect safety oinmatiorized road users. For instance,
Clifton et al. explored the impact of the road environment on the severity of pedegtish
accidentgClifton et al., 2009)A study conducted by Dai et also investigated the effeai§built
environment on pedestrian crasfieai, Taquechel, Steward, & Strasser, 200)ly a few studies
have looked into the factors affecting nighttime cyclist and pedestrian safety. Advdrawies
been identified to be a major cause of these accidents at nigli@Graen, Agent, Barrett, &
Pigman, 2003)

Due to the importance of nighttime road safety and e tumbe of nighttime accidents despite

lower traffic volumes compared to day time, several researchers have conducted studies
investigating the causes of this situati@dmas & Laugis, 2007; Jackett & Frith, 201&oad

lighting is a counter measure for the lack of clear visibility, and it is believed to help road users
obtain emmugh visual information to move more safely at nightt{iallmark, Hawkins, & Smadi,

2008) Many past studies confirmed the negative effects of the lack of clear visibility on bicycle
and pedestrian accident frequency and injury sigvéost of these studies focused on nighttime
vehicle accidents, while some focused on pedestrian and cyclist nighttime safety. Most past studies
which looked at the relationship between road lighting and traffic accidents relied only on the

informationof pres@ce or absence of road lighti(id. Rea, Bullough, & Zhou, 2010)

There have been several studies on bedfter light installation, severaligdies corparing roads

with and without lighting, and only recently some studies have focused on the actual illuminance
levels of roads. Most befowmter studies in this field have provided evidence that after installing
road lighting in an area where prewsly noroad lighting existed, the safety of the area increased
substantially. A Norwegian study covering 125 main road sections showed that the number of
accidents with injuries and fatal accidents decreased respectively by 34 %% raftdBinstallig

lighting (Wanvik, 2009d) Investigating the Minnesota and North Carolina accident rate change
after installing road lighting showed &4 decrease in the number of crasfidarwood et al.,

2007) Othe studies also concluded that at nighttime, comparing lit areas with unlit areas, better



lighting conditions were shown to reduce the injury severity of crgglieset al., 2007; Rodgers,
1995; Yan et al., 2011¥tudiesconcluded that accidents occurring at areas with no street lighting
were more likely to be fatéBil, Bilov4, & Muller, 2010; Kim et al., 2007; Klop & Khattak, 1999)

The presence or absence of light is a good indicator but it is not suffifeefiQVXUH URDG XV
safety. This is because different amounts of lighting can have different effects on drivers such as
discomfort glare, and disability glare, or it may nat\ypde adequate contrast for object detection

(M. S. NabawNiaki et al., 2014)When comparing no lighting with low lighting, it could be argued

that poor lightings as effective as, or even worse than, no lighting ddaBullough, Rea, et al.,

2009) Road lighting specifications are used around the world to provide the minimum amount of
lighting for clear visibility and safety for nighttime transportation activities. Fewlissuhave

measured actual lighting levels and its association to road safety. While it seems clear that adding
road lighting reduces the nighttime accident rate, less is knbeut aariations in illuminance

levels (Wanvik, 2009b) Recently, studies are startingdemonstrate the importance of actual

illuminance levels and lighting unifornyit

Only a few studies conducted field measurements of lighting conditions on théAraas &
Laugis, 2007; Bryan, 2008; Goodman et al., 2007S. NabawNiaki et al., 2014; M. Rea et al.,
2010; Zhou, Pirinccioglu, &su, 2009)Among different measures, the easiest and most common
way is to measure actual road illuminari@»odman et al., 2007; M. Rea et al., 20Hou &

Hsu collected illuminace data along a corridor in Florida, and found that nighttime pedestrian
crashfrequency at highly lit segments is much lower than those with a low lighting(Evel &

Hsu, 2009) Apart from illuminance, othergsformance measures of lighting also have a potential
impact on road safety. mproject conducted in Oakland, California, Bryan used different measures
of lighting performance of LED street luminaires and high pressure sodium luminaires including
the illuminance, uniformity (average illuminance/minimum illuminance), and correlzdtx

temperatur€Bryan, 2008)

5.3 Methodology

In order to evaluatthe effect of road lighting on the number of bicycle and pedestrian accidents,
several datasets should be obtained. These datasets and the detailed data preparationrgteps that a

necessary to perform this study are the following:



1. Identification of requird data:

Georeferenced accident data for cyclists and pedestrians for several years;

I+

I+

Road lighting data;

I+

Cyclist, pedestrian and vehicle flows;

The road network with attribudesuch as road class;

I+

Other road and environmental features such as presetreesftraffic light.

I+

2. Data preparation: filter all nighttime accidents and identify areas with high cyclist and
pedestrian nighttime accidents using Geographic Informatiore®@y&sIS) software (e.g.
ArcGIS);

3. Sample selection: select a subset of the tamggea of interest for illuminance data

collection, where there is a high concentration of bicycle and pedestrian accidents;

4. llluminance data collection for the selected ared#lect illuminance data at nighttime using

the illuminance sensor on the roagwa

5. Data analysis: evaluate the effects of the average link illuminance and uniformity on the

frequency of bicycle and pedestrian accidents using the negative binomial model.

5.3.1 Identification of Required Data and Data Preparation

The first dataset needed WKH FLW\TV JHRVSDWLDO ILOH WKDW FRQWDL(
their associated road class, name, the number of lanes, the location of signalizedsagdatasl

intersections, the location of trees, and the cycling network.

A critical setof required data is the gaeferenced bicycle and pedestrian accident data, which

must include the latitude and longitude coordinates of the accident location. Among ahgs;cid

the ones that occurred after the evening twilight and before the mawiligint were filtered as
QLIKWWLPH DFFLGHQWYVY 2QFH WKH DFFLGHQWY DUH SORWW
software, the accidents that fall on each link will bgoasated to that link using a 5 meter buffer

around the link. These link bufewill have a 5 meter overlap at each intersection, including the
intersection, which means an accident that is located at an intersection will be associated to each

link coverng that intersection. Since the direction of movement of the bicycle or véhiolged



in a collision is unknown, an accident that occurs at an intersection will be associated with all the
adjoining links to include all the possibly relevant lighting relegeristics of that link that might
have caused the accident.

The nighttime heycle, pedestrian and vehicle flows can be collected using manual counts,
pneumatic tubes, specific (e.g. pedestrian) counting sensors, etc. These variables are generally the
primary factor for the number of accidents and must be contriaitetd study oher factors such

as road lighting. Flow data is generally available at an intersection level: forlzalsekl analysis,

the flows for each intersection movement will be summed to obtain thkelrekflows. Other road

and environmental fdures maybe oW DLQHG IURP WKH FLW\fV RSHQ GDWD S

5.3.2 Select the Data Collection Area

The data collection area is selected based on the area which has the highest pedestrian and cyclist
DFFLGHQW FRQFHQWUDWLRQ 30 RWa¥ide)s] aidpdlyind We\lexheE L F\F O I
density function produces a heatmap that makes it visually easy to select an area for data collection
and analysis purposes. An area that covers a range of high to low accident concentration and is well
connected in a eador or grid retwork for an easier data collection process is chosen.

5.3.3 llluminance Data Collection

An illuminance meter is used to collect illuminance data similarly to some recent $Gldesnan

et al., 2007; M. S. NabaWiaki et al., 2014; M. Rea et al., 201Qpnsidering the fact that cyclists
usually ride on the right hand side of the road, and that pedestrians are on the sidewalks, the data
collection process for thigaper was donesing the illuminance sensors mounted on a bicycle to

be able to collect the amount of lighting that is perceived by the cyclist, pedestrian and vehicles
while riding on the right lane of the road close to the sidewalk. Some sensititdyviese
performeal given different weather conditions, height of data collection sensor to check the effects

of these factors on the resulting data.

For two way roads, the data collector should ride in both directions to collect data from both sides.
For example, as usedhithis study, the SpectroSense2+ (SKL 925) logging meter can be used for
illuminance data collection. The SKL 925 logger records the illuminance level in units of Lux every

second along with the date, time, and the location with coordinaieg the loggé) 1V Fig6re



5-1 a. shows the SKL 925 data logger and sensor Fagute 5-1 b. and c. show the sensor and

GPS mounted on a scooter.

(a) (b) (©)

Figure5-1 a. Data logger ansensorheld by thedatacollector, b. and cilluminance sensor and

GPS mounted on electric scooter
5.3.4 Data Analysis

5.3.4.1 Aggregating theData at theLink Level

Once the point illuminance data is collected, the measuremente gdotted along with the road
QHWZRUN RI LQWHUH&WmiTakde ocarllig NglaulaBxd byUaBsbciating the point
illuminance measurements of each link within a buffer distance from the link. This is done so that
all point illuminance measuremsrihat fall a distance away from the link are included in the link
buffer. The buffer distance depends on how well the point illuminance GPS locations are aligned
with the road network. After the average illuminance is calculated, the link uniformitg islu
calculated by dividing the average link illuminance by the mimn illuminance measurement in

the link, in order to measure how well the link is evenly lit.

Once the number of pedestrian and bicycle accideptsbtainedthe road user flows and thead
and environment characteristics are attached to each linkhts=n statistical model, here the

negative binomial model, can be estimated.

5.3.4.2 Model Structure

The Negative Binomial distribution assumes a Bernoulli trial where there are two possible

outcomes (0 or 1)Negative binomial regression is implemented usingimam likelihood



estimation. Negative binomial regression is a type of generalized linear model in which the
dependent variablé is a count of the number of times an event occurs. THeaprlity function

is:
. S

= 50 . N
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where 1 > 0s the mean of D Q G .islthe heterogeneity parameter. The traditional negative

binomial regression model utility fution is:
ZeL UEUTE UT,E®E U Ty

where the independent variableg fl;é dl) DUH JLYHQ DQG WKH ERatélLFLHQW )
to be estimated.
The loglikelihood function is:
Ze VAL L I IYWZUE Y:Ty®U; F I u-JE—Bkas E=/0 0E ZAl L{JE—ipF ZAYESs; F ZAI—ipp
Ve
The values of. and that maximizeO Q / .will be estimated as the output of the modéle

modelis estimated using the statistical software STATA.
5.4 Montréal Case study

5.4.1 Data Collection and Preparation

7KH JHRVSDWLDO GDWD IRU WKH ,vODQG RI ORQWUpPDO LV RE
with the geospatial files for the cycling facility metrk, the locations of trees and signalized

intersections.

The geereferenced accident data was obtdifrem Montréal police reports from 2001 to the end

of 2010 with the assumption that road lighting did not change significantly throughout this time.
This dataset includes the latitude and longitude coordinates of the accident location. Throughout
the 10 ears of day and night accident data, 15 % of all bicycle accidents, and 27 % of all pedestrian
accidents occurred during nighttime.



The bicycle, pedesan and vehicle average annual daily traffic (AADT) flows were obtained from
the McGill intersection da inventory. Due to the unavailability of nighttime traffic flows, AADT
flows were used in the analysis. Since the vehicle, pedestrian and bicycleddlawvwas
intersectionbased, individual intersection flow movements were used to calculate the fleachin

link. The allocation of traffic flow from intersection to link was done using SPSS and ArcGIS.

The nighttime bicycle and pedestrian accidents wkred over a map of the Island of Montréal.

The accident spatial distribution concentration was Visehusing the kernel density analysis tool

in ArcGIS. The heatmap is shownkigure5-2 where the blue area shows lower accident frequency
and the red area displays the highest accident frequencies. It clearly highlights the high density of

accidents in the downtown Montréal area in red.

Based orFigure5-2, aset of links were selected for illuminance data collection as shown in black
on the map inFigure 5-3. A sample of 1422 road links were selected throughout Morfréal
downtown core where a range of high to low pedestrian agdlbiaccident frequencies have been

observed.
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Figure5-2 Map of the Island of Montréal with a heat map of the nighttime bicycle and pedestrian accident frequency
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Figure5-3 Selected road network for illuminance data collection in downtown Montréal




llluminance data was collected on weekdays during the months of June and July 2014 from 10 PM
XQWLO $0 7KH GDWD LV WK Hiigtvio®R: R dufféi-bfal 5 isvokavil &réune L W\ T V
each link to include all collected point illuminance data as showiigare 5-4| The average
illuminance and illuminance unlRUPLW\ RI WKH OLQN DUH WKHQ FDOFXOD

link illuminance uniformity provides some sense of illuminance variability per link.

Figure5-4 Buffer around road links to include a@lbint illuminance measurements related to each
link

Finally, the descriptive statistics of all the variables, dependent and independent, considered in this

analysis at the link level are presented able5-1




Table5-1 Descriptive statistics of all the variables for the 1422 links

Standard

Category Variable Mean Deviai Min Max
eviation
lluminance Average link illuminancélux) 24.4 11.9 2.17 103.9
Link uniformity 3.28 3.53 1 34.6
" . . .
% Il?lnukmber of bicycle accidents il 0.17 0.78 0 8
£ Accidents Number of pedestrian acciden
<
i in link 0.31 1.19 0 11
S Flow Pedestrian flow in link 88.9 141.1 0 1842
g (AADT, volume Bicycle flow in link 5.55 10.6 0 103
Z  per hour) Vehicle flow in link 296.4 214.4 0 1203
EU'IF Number of lanes in link 2.07 1.05 1 4
nvironment
Yes No
3 Highway 11 (1 %) 1411 (99 %)
o .
® < Arterial 199 (14 %) 1223 (86 %)
5 & Road class
S £ Collecbor 504 (35 %) 918 (65 %)
g2 Local 700 (49 %) 722 (51 %)
53 Presence of a bicycle facility
= . 0 0
%’E Eﬁﬁronment (lane or path) on link 289 (20 %) 1133 (80 %)
) Presence of trees dink 436 (31 %) 986 (69 %)

5.4.2 Empirical Results

5421 (YDOXDWLRQ RI &LWeveE ,OO0XPLQDQFH

&RQVLGHULQJ WKH &LW\TfV URDG OLJKWLQJ VWDQGDUGV REWI

(IES) handbook, each intersection must have an average maintained illuminance level based on

pedestrian activity (counts). PresentegFigure 5-5| assuming medium pedestrian activity, the

links that had an average maintained illuminance below the standard are marked in red and the
links with standard and abowtandard lighting are presented in blue. Based on the results from
these links, 48 % of the links where data was collected hadtandard lighting. One can for

example notice that the major arterial, rue Sherbrooke, is overwhelmingly below standards.



Figure5-5 Substandrd lighting shown in red and standard lighting shown in blue representing

the nonuniform lighting of links

5.4.2.2 Regression Model

Table 5-2

and

Table 5-3

present the estimated parameters of the negativemiégh models

respectively for the number of cyclist and pedastnighttime accidents. The tables present the

variable coefficients,-zalue, pvalue, and the 95 % confidence interval as estimated by STATA

for the variables that are significant at the?®%onfidence level.

For bicycleaccidentfrequency estimationlluminance, built environment in each link, road class

and vehicle and bicycle AADT were considered as exogenous variables in the model estimation.

Among these variables, average link illuaante, the presence of bike facility and the arterial road

classhad a significant positive association with the nighttime bicycle accident freqliEalck

5-2). The causal effect is unclear, as lighting may have been addedtaths with more accidents




in an attempt to improve safety: more road lighting would not cause more accidents, the causal link
would be the other way around (for opposite results(Kea et al., 2007; Ya et al., 2011)
Another explanation would be that drivers drive more cautiously on links with less lighting and get

therefore involved in fewer accidents as a consequence.

Road variables that came out significant include presence of bike facilityedimkhand arterial

road class. As presented in[ffable 5-2| the presence of a bike facility is associated with a decrease

in the frequency of bicycle accidents during nighttime in Montréal. This is reasonable since
separated bike paths provide a space for cyclists where they are more protected from motorized
vehicles; also, drivers may pay more attention to cyclists when there is a bike facility on the road.
Among road attributes, the arterial road class is associated with significantly lower nighttime
bicycle accidents compared to other road classes (awlldotal, and highway). This can be
explained since cyclists use arterial roads less and as a result there are fewer accidents. The same
pattern has been observed in other studies agMasiivood et al., 207).

Among all variables considered in the estimation process, it is surprising that bicycle and vehicle
flows were not significant, which may be caused by the use of AADT flows instead of nighttime
flows. It should be noted that not only is nighttimeyaie accident very low, but also the vehicle

and bicycle flow are also much less compared to daytime (there are few nighttime bicycle accidents
in the sample: only 6 % of bicycle accidents occurred at night, while 16 % of all accidents occurred

at night).

Table 5-2 Estimated coefficients for the nighttime bicycle accident frequency model

Nighttime Bicycle Accident Frequency Coefficient  z-value p-value [95% Conf. Interval]
llluminance Average linkilluminance  0.02 2.12 0.03 0.00 0.03
Built Presence of bike facility  -1.15 -2.92 0.00 -1.92 -0.38
Environment A terial -1.97 275 001  -3.37 -0.57
Constants -2.89 -12.03  0.00 -3.36 -2.42

The same model is estimated on nighttime pedestrian accident frequencgn$iglering
illuminance, environment variables (excluding the presence of bike facility), as well as vehicle and

pedestrian AADT on the link. The results of the model for nighttieteptrian accident frequency

presented ifrable 5-3| show that among the variables that were considered, the average link




illuminance, the number of lanes per linkehicle and pedestrian flows have significant

associations with the number of nighttime pedestrian accigieaibée 5-3|illustrates that average

link illuminance is agin associated with a higher number of nighttime pedestrian accidents. This
can be explained by the same hypotheses suggested for bicycle accidents (for similar results see
(M. S. NabawiNiaki et al., 2014) It should be noted that illuminance uniformity was not a

significant variable in either model.

Among the built environment variables, the number of Ipeedink is associated with an increase

in nighttime pedestrian accident frequency in the link. A higher number of lanes is related to higher
speeds, higher complexity and range of maneuvers (oiglames, rightand leftturn lanes) and
volumes to somextent, which can therefore cause more accidents. Crossing more lanes is also a
more difficult task for pedestrians, and length of the crossing is equivalentérpgbsurdime to

vehicles.

The ODVW DWWULEXWH WKDW KDV mghttiE pedestawdcEidentHdteHs W R Q
vehicle and pedestrian flow through the link. Based on the negative binomial results, the increase

of vehicle flow is associated with a decrease in the nurobeighttime pedestrian accidents.
However, higher pedesain flows have the opposite effect. This could be explained by the fact that

when there is a high vehicle volume on the link, pedestrians are more cautious while crossing the
road. However, more pedtrians on a segment increase their exposure to collenothe number

of collisions accordingly.

Table5-3 Estimated coefficients for the nighttime pedestrian accident frequency model

Nighttime Pedestrian Accident Frequency Coefficient  z-value p-value [95% Conf. Interval]

llluminance Average link illuminance  0.02 2.96 0.00 0.01 0.03
Built ;
Envi Number of lanes per link  0.16 1.78 0.08 -0.02 0.34
nvironment
Vehicle flow -0.35 -4.89 0.00 -0.49 -0.21
Flow (AADT)
Pedestrian flow 0.28 3.96 0.00 0.14 0.42

Constants -242 -5.84 0.00 -3.24 -1.61




5.5 Conclusion

The importance of studying elements contributing to the increase in nighttime vulnerable road user
accident frequency is evident in past literature. Worldwide statistics shows that the number of
nighttime accidents ikigher than should be expected givewér nighttime traffic activity than

during daytimeg(Twisk & Reurings, 2013; Walter et al., 2008)n effective countemeasure for
nighttime accidents is road lighting. This raszh area is seeing a paradigm shdbfrinvestigating
nighttime road safety using only the presence of light to using actual nighttime ambient light

measurement from illuminance sensors.

This paper presented a methodology to collect illuminance datathad potential contributing
factors b investigate the influence of road lighting on the number of accidents involving vulnerable
URDG XVHUV 7KLV PHWKRG zZzDV DSSOLHG WR D VDPSOH RI

The study yielded some unesgied results, for example that an e&ase in road lighting is
associated with more bicycle and pedestrian accidents. This can be due to the fact that when there
is less light and less visibility, drivers drive more slowly and cautiously, resulting ér lseident

rates, or that road lightinis added to sites with a higher than average number of accidents as a
counter measure. The same pattern has also been observed in Montréal vehicle and pedestrian
accident frequency at nighttime in previous reseéké¢hS. NabawNiaki et al., 2014) It puts

however into question the effect of road lighting on safety: more research is needed to better
understand what type ofjliting may truly improve safety. The results highlight the importance of
incorporating actual nighttime illuminance measureta@long with other safety attributes to study
nighttime accident frequency: future work should focus on a more microscopic ianaflys

iluminance data.

A few other exogenous variables had a significant association with the number of pedestrian or
bicyde accidents: presence of bicycle facility, arterial road type, number of lanes per link and
vehicle and pedestrian flows. Few reaoendations can be made based on these results, except

maybe for the already known association of bike facilities with iseaafety.

Our study is not without limitations. First, the various data were not collected for the same period,
especially the ecident data, the flows and the illuminance data. Another issue is the small number
of reported nighttime accidents as wedl the lack of nighttime vehicle, pedestrian and bicycle



flows in Montréal. This low number led to select 10 years of accidenfatatae analysis, which

relies on the assumption that road lighting and illuminance levels did not change throughout this
perod. The assumption that nighttime flows are uniformly proportional to AADT estimated from
daytime counts is probably not true dntlre research should collect flows specifically at night to

better understand safety at this time of day.

Given the relatiely low nighttime accident frequency and vulnerable road user activity, alternative
methods for safety analysis that rely on direleservations would be very appropriate. Research
using sensors that can record road user behavior at night such as tanaas is under way to
complement the present study. A topic related to this study is the effect of lights (on bicycles and
helmes) and of reflective clothes worn by cyclists and pedestrians to make them more visible. In
particular, the combined effechaosafety of road lighting and increased vulnerable road user
visibility through lights and reflective gear has not been jointlgistly whether using accident

data or through direct observation.
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The previous chapter evaluates the effects of road lightidgtsdiscontinuityon vunerable road

user safety by collecting nighttime illuminance data on road lifik& vulnerable road user
accident frequencyvas analyzed using th@egative binomiaimodel. Results shoed that an
increase in road lighting is associated with more bicyold @edestrian accidentluminance
uniformity used to measure lighting discontinuity did not have a significant effect on vulnerable
road user accident frequency. Qttested variables indicated that the presence of a bicycle facility
and the arterialaad class were associated with improved cyclist safety, while cyclist safety
decreased with the number of road lanes per link, pedestrian safety improved with higtler veh

flows and decreased with higher pedestrian flows.

The results form Chapter foureansed to select two discontinuity locationsfantréalfor further

detailed analysisThe following chapter adopts a microscopic analysis of cyclist behaviour at the
selected locations with cycling network discontinuities and focuses on cyclist moveamehts
speeds compared to control sites. The analysis relies on an automated video analysis tool to extract
road user trajectories and cluster similar cyclist movementbgerve the general maneuvers and

speeds of cyclists at discontinuity and controlssite
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Abstract

The primary purpose of any transportation network is to provide connectivitg&etine origin

and travel destination. However, given the vehicle oriented structure mfatienetwork in many
countries, there are connectivity issues in the cycling network, which has been implemented later.
Discontinuities are physical interruptions the cycling network where cyclists are faced with
unexpected situations such as the end oycling facility or the change from one facility type to
another that are perceived as inconvenient and less safe. The microscopic behaviour of cyclists and
the risks they face at these points of discontinuity has not been extensively investigdted in t
literature. This study aims to evaluate the challenges faced by cyclists at discontinuities by
observing cyclist behaviour at these locations and comparing theontrol sites using automated
video analysis techniques. Our methodology allows theaidreof valuable microscopic data for
evaluation of cyclist behaviour at any locatidihe methodology is applied to a case study of four
sites inMontréal Canada.

Using a set of discontinuity measures proposed in a previous work and applezhtieal§

cycling network, video data was collected from a pulunted camera at locations with
discontinuity and control sites. After extracting road user trajectories the video data, a
WUDMHFWRU\ FOXVWHULQJ DOJRULWKP {ehy amdSteeOvatib@ WR |IL
maneuver strategies adopted by cyclists. Speeds and acceleration statistics are extracted and
compared between different motion patterns agttvéen discontinuity and control sites. Results

show that cyclists undertake a larger numdfemaneuvers at points of discontinuity compared to

their control sites, and that both cyclist accelerations and speeds exhibit larger variations at

discontinuities compared to larger and more stable speeds at control sites.

Keywords Cyclist behaviour,discontinuity, motion pattern learning, video analysis, speed

analysis, trajectory clustering



6.1 Introduction

Given its many environmental and social benefits, cities are encouraging cycling as an affordable
mode of transportation and are investing in exjiiag bicycle infrastructure. However, especially

in North America, there is only a fraction of individuals avbycle either to commute or for
recreational purposedNHTSA & National Household Traffic Survey of America, 2013; U.S.
Department of Transportation, 200Ip increasethecyo LQJ PRGH VKDUH F\FOLVWV]
recognized and considered for further development of the road and cycling network. The preference
of cyclists for dedicated cycling infrastructure like bike lanes, physically separated bike paths or
bike boxes hasden clearly established in recent research, as well as their positive impact on safety
(Lusk et al., 2013; Zangenehpour et al., 20B2cordingly, cities around the world are building
more cycling infrastrcture, increasing the length of the cycling network every year. This leads to
easily quantifiable targets amshnouncements by city officials, e.g. &M of new cycle lanes or

paths inMontréalfor 20162017.

Despite the growing development of cyclingwetks, issues remain at specific locations creating
discontinuities or interruptions in cycling trips. Roadtwmk connectivity is a given for
automobiles, however, lack of connectivity is a critical factor in potential and actual bicycle use
(Mekuria et al., 2012)Countries where private vehicles are the dominant mode of transportation
lack a traffic system that is resporssito the needs of cyclists. Implementing a cycling network on
the existing vehicl®riented road networks leads to discontinuities in the cyclatgork. These
discontinuities include the sudden end of cycling facilities, or unexpected change fronclowe cy
facility type to another, which should be target points for improvement. While discontinuities are
considered in practice, for example whienilding new facilities or improving existing ones
(CROW Fietsberaad, n.d9nly recently has a methodology to identify and quantify discontinuity
measures been proposed apglied in a case study Montréal(M. S. NabaviNiaki, Saunier, &
MirandaMoreno, 2016)

Given the lack of quarftable and objective measures of discontinuity, it is not surprising that little
research has directly dealt with discontinuities in the cycletgork and their impact on cyclists.

The indepth analysis of cyclist behaviour requires large amounts obsaicpic data, i.e. road

user trajectories at a fine temporal scale. To that end, computer vision techniques and trajectory
clustering methods haveeen applied to video data for a number of road user behaviour and safety



studies(Laureshyn et al., 2017; Mohamed & Saunier, 2015; Saunier & Sayed, 206 study
makes use of video data to compare cyclist behaviour betwies with and without a
discontinuity by automatically extracting road user trajectories from video datgaprbiposed
methodology aims to identify and characterize the possible cyclist movements through trajectory

clustering. The methodology is applieda case study of four sitesMontréal Canada.

The next section provides a background of studies inastgycyclist behaviour and their analysis
methods. The proposed methodology is then described, followed by the descriptive analysis and
discussio of results. The paper is summarised in the conclusion where limitations of this study and

future works are esented.
6.2 Background

6.2.1 Factors Affecting Cyclist Behaviour

Comfortable cycling requires smooth movement with the lowest possible energyHidinel et

al., 2012) Unless individuals can cycle to their destinations within a reasonable time and on a safe
bike route without ay stress or added effort, most of them will use a different mode of travel.
Therefore, for a cycling network to attract more users, its fundafreributes should include
low-stress connectivitfMekuria et al., 2012)To accommodate all cyclists with different camtf

and experience levels, planners and policy makers must have an accurate understanding of the
needs of all cyclists. Past studies have invastatentifying different cyclist behaviour in different
situations. For example, studies have shown thaistychake an effort to avoid stressful and less

safe situations by choosing to add time and distance to their travel by choosing to travehgn cycl
facilities (Aultman-Hall, Hall, & Baetz, 1997; Megan Winters, Teschkea@r Setton, & Brauer,

2010) A study forecasted that the implementation of a physically separate cycling facility would
increase the number ofclists by 55 Y4{Wardmaret al., 2007)However, to attract more cyclists,

the comfort of riding on cycling facilities may not compatesfor the uncomfortable and high

stress points of discontinuity along the ro{Ntekuria et al., 2012)For more experienced cyclists,

these discontinuitiesiay be much less alarmif@Villis, Manaugh, & EtGeneidy, 2013)butfor

more concerned individuals, discontinuities are at best uncomfortable and may be an actual barrier
to cycle(M. S. NabawNiaki et al., 2016; Xie & Levinson, 2007A recent Dutch stly corfirmed

that increased physical effort, which is likely to occur at discontinuities, affects the mental



workload of cyclists(BoeleVos, Commandeur, & Twisk, 2017}t has been established that

vehicle drivers in complex traffic situations reduce their speed in order to compensate for the
increase in mental worklogtlansdown, BroolCarter, & Kersloot, 2004and it can be assumed

that cyclists behave the same way. Although planners understand this problem, there is a lack of
guantifiable measures of connectivity to identify and improve discontinuities inetiv@ik An
LQLWLDWLYH E\ WKH "XWFK &\FOLVWVY $VVRFLDWLRQ DQG WK
identified barriers such as motorways, through roads, railway tracks and waterways as interruptions
along a cycling facility(Brochure DutcK &\FOLVWVY $V V.RSem® WwdpBs@d and
implemented solutions to the inconveniences these interruptions pose include the construction of
bicycle tunnels under major intersections with high speed and high volume vehiclg GRIG&V
Fietsberaad, n.d.Beveral researchers have developed methods for qualitatively classifying road
segments based on the level of stress they impose on cyclistB(se¢ al., D15; Blanc &

Figliozzi, 2016; Harkey, 1998; Bruce W Landis, 1994; Sorton & Walsh., J9B¥wever, no

study has considered discontinuities as an indicator in the evaluation of cycling network
SHUIRUPDQFH QRU WKH PLFURYVF RiSU & distobt@tiesV LR Q RI F\FOLV

6.2.2 Analysis Methods

The challenges of studying cyclist behaviour are a result of their dynamic characteristics, including
their movements, speed, acceleration and deceleration profiles, and their physical characteristics,
including sze, fiexibility and capability(Twaddle, Schendzielorz, & Fakler, 2019ne of the

main challenges of analyzing cyclist behaviour is the lack of reliable data in sufficient quantities.
Studying cyclist behaviour requires microscopic level extended and reliable argjetza.
However, despite the growing interest in cycling behaviour, few studies rely on microscopic data
(trajectories) at specific sites.

Stated and revealed preference surveys as well as observational data have been widely used to study
cyclist behaviou(Dill & G liebe, 2008; Hunt & Abraham, 2007; Kang & Fricker, 2013; Yang &
Mesbah, 2013)More recently GPS and video data aeing used to gather more in depth
information such as location, speed, trajectory and safety me@ButesXiong, Li, Liu, & Zhang,

2015; Ma & Luo, 2016; Mereu, 2015; Zaki, Sayed, & Cheung, 2013; Zangenehpour et al., 2016)
Most of these studgeextracted location and speed measurements manually from GPS or video

data. However, manual data analysis is time consuming, not eeuyaée and prone to error. To



overcome these problems, computer vision techniques have been used to extract ptietesedspa
temporal road user measurements in a more resource efficient nisnmait et al., 2010; B. T.

Morris & Trivedi, 2008; Zaki et al., 2013; Zangenehpourakt 2016) Challenges with this
approach are caused by lighting variations, shadows, and groups of road users moving close to each
other or occluding each other, which is more frequent if the camera angle (B.ldwMorris &

Trivedi, 2008)

Once road user trajectories are obtained, they must be cldssifee different categories, in
particular cyclists. Methods range from simple statistics on the size of the roathuseges, to
methods combining different sources of information such as speed, appearance and location
(Zangenehpour et al., 2015)

The next step is to interpret the cyclist trajectories. A common technique to explore and interpret
complex datags is clustering, i.e. the segmentation of the dataset into more homogeneous subsets.
Several methods have been propo$ed the particularly challenging problem of trajectory
clustering or motion pattern learning as it is also calgdTl. Morris & Trivedi, 2008) Because
trajectories are mukdimensional data structures of varying lengths, common distance or similarity
measures like the Euclidean distance cannot be usedylifeor that purpose, similarity measures
used for sequences like DNA and handwriting have been adapted to spettbries: the most
flexible and accurate may be the longest common subsequence ([BS8prris & Trivedi,

2009) Another challenge of clustering trajectories is the representation of each (lustien
pattern): contrary to methods likenkeans applied to fixetkngth vectors, trajectories cannot be
easily averaged. An original model and ¢duigg algorithm based on the LCSS were proposed in
(Saunier, Sayedk Lim, 2007) and refined ifMohamed & Saunier, 201%here each cluster is
represented by an actuedjectory and trajectories are assigned to the motion pattern cluster based
on their highest similarityMotion pattern learning was initially developed and applied to motion
prediction to compute surrogate measures of safety like time to col{igiohamed & Saunier,

2015; Saunier et al., 20Q7)

6.3 Methodology

The methodology to study cyclist behaviour at discontinuities consists of five main steps, which
are represented in the overview in Figute. 6



6.4 Site Selection

To identify sites with discontinuities in Montreal, Canada, the methodology preser{idd S.
NabaviNiaki et al., 2016)vas applied (Figuré-1, stepl). Discontinuity sites were selected based

on type. To select control sites, locations along the same road near the discontinuity sites were
selectd with similar vehicle and bike flows. The locations of the four sites (two with a discontinuity

and two ontrol sites without a discontinuifyare shown in the second step of Figuwk 6

6.5 Video Data Collection and Processing

A GoProcamera was usetd re®rd video at the four locationgn weekdays in October 2015
Recording lasted on average seven hourgjrggearound 7:00 AM. Theameras were mounted on
tall polessupported by amxisting light pole to provide sthility. The camera was placed in a
posiion and at an angl® capturea good view of the area where cyclists would travel. Data was

collected intemperatures between 16 °C and 20 °C and in mainly sunny and overcast conditions.

In the video recordingshreedimensional objects are captured itwa-dimensional image space
where the image spaatistances and angles are distorteat. analysis purposes dbtaintheroad
usertrajectories in realorld coordinates rather tham pixels, the distortion of the video image
caused by the camera teis corrected, antie mapping process to convedordinates irthe image

plane to world coordinateglies ona homography matrix.

Data preparation includes four ssteps (Figure 4, step 4): road user feature detection, feature
tracking, similar featre grouping based on common motion constraints, W@l user
classification into three road user types (vehicle, cyclist and pedestrian). These steps are performed
using a featurdased tracker and a classification tool from the epeRXUFH SURMHFW 37
, QW H O (qUadkdap leHy 2013) Tracking parameters are tuned through trial and error in this

study to reduce ovesegmentation where one road user is tracked as several objects, and over

grouping where many road users grouped into one object.



Figure6-1 Overview of the main methodology steps



The classifier from(Zangenehpour etl.a 2015)is used with the updated speed distribution

parameters based on site observations. The results of this step are classified road user trajectories.

6.5.1 Cyclist Behaviour Analysis

The final step in the methodology (step 5) relies on the cluster raodetlustering algorithm
developed in previous woilMohamed & Sanier, 2015; Saunier & Sayed, 200&gach cluster is
represented by an actual road user trajectory (the longest). The clustering algorithm is a variation
on the principle of KMeansthat trades the number of clusters for a minimum similarity between

a mdion pattern cluster and the trajectories assigned to it. The similarity depends on the LCSS,
using the Manhattan distance and a threshold to define similar individual positionsnand o
normalizing the similarity (the number of similar points) by the mummlength of the two
trajectories (the reader is referred $aunier et al., 2007pr the details). When a trajectory is not
similar enough to current clusters, iecomes the prototype of a new cluster. The algorithm
therefore has twparameters, the maximum distance for the Manhattan distance and the minimum
similarity to assign trajectories to clusters: in this study, they are santartl 0.6 respectively.

To generate higher quality clusters, each road user is representeddomgést feature trajectory
instead of the average feature trajectory, which can be very noisy. The result of the algorithm is a
set of clusters or motion patterns, where each motitterpas represented by a real (prototype)
trajectory and all the roadsar trajectories are assigned to a motion pattern (the one with the most
similar prototype).

Only the cyclist trajectories potentially affected by the discontinuity are consideteslanalysis.
These are the trajectories with the same origin and déstinas the trajectories that would have
used the cycling facility if it was continuous, e.g. in the control site. The analysis relies on the
motion patterns that contain the cyctistjectories with the identified origidestination.

To characterize thdynamics of cyclist maneuvers, several statistics are extracted from each cyclist
speed and acceleration time series (acceleration is computed using the S@alakyilter with
polynomial order 1 and window length 9): the mediari" 8Bntile, 1%' centile, and the standard

deviation. Each motion pattern is then characterized by the mean of each speed statistic.



6.6 Experimental Results for Cyclist Behaviour

6.6.1 Site Description

The locaions of the selected sites are shown in the second steguie 61. Four sites were

selected, two with discontinuities and two control sites. Selected sites wese four leg

intersections with bdirectional physically separated cycle trafkable6-1(presents the sites with

information such as description of discontinuity and traffic control devices for vehicles and bikes.
Two different discontinuity types were selected: change of facility side from om@fsibestreet

to the other side, and change in facility type from separate cycle track to shared robalaly (

6-1).

The motion patterns are presentei&iigureG—Z andFigure6-3| Each figure shows the direction of

the road with a grey arrow and the direction of the cycling facility with thin white arrows. As
observed in the figures, the actual trajectory locationy f& slightly shifted because of
perspetive when projecting the image coordinates to the ground plane on the aerial images. The
point at the beginning of each trajectory represents the starting point of the trajectory, i.e. the first
detected position. Enhcolour gradient is representative loé proportion of the number of cyclists

in the cluster to the total number of cyclists going through the intersection for the same origin
destination, from yellow for a low proportion to red for high proportionsyofigts (with orange

in between). The maber of cyclists per motion pattern as well as their proportion for the same

origin-destination are presented in tabe® and6-3.



Table6-1 Site description

Discontinuity

Location

Discontinuity Site Desciption

Control
Location

Control Site Description

Coffee & EImhurst (Figure 6-2/a)

Discontinuity: facility type change

T-intersectio

Bi-directional separate cycle track on Coff
St changing to a shared roadway at EImht

Ave

Origin-destination of movements affected

disconthuity: left turn NE to SE

Stop sign for cyclists on Coffee St

Uncontrolled for vehicles

Coffee is a onavay street allowing
northwest movements for vehicles

Elmhurst is a tweway street

Coffee & West Broadway(Figure 6-2|b)

Control site

T-intersection

Bi-directional separate cycle tracl
on Coffee St and southeast leg of
West Broadway St

Comparable origitdestination: left
turn NE to SE

Stop sign on Coffee St

Coffee is a oa-way street
allowing northwest movements fc
vehicles

West Broadway is a ongay street

Maisonneuve & Ste-Catherine (Figure 6-3|a)

Discontinuity: facility side change

Bi-directional separate cycle track located
on the south side of Maisonneuve Blvd, e:
of Ste-Catherine St changing to the north

side of Maisonneuve Blvd, west 8fe-

Catherine St

Origin-destination of movements affected
discontinuity: straight movements towards

NE or SW

Maisonneuve is a onw/ay street allowing
southwest movements east of STatherine
St changing to a kdirectional street west ol

Ste-Catherine St

Signalized intersectiomcludes aH
pedestriaphase

Maisonneuve & Prince Albert (Figure 6-3|b)

Control site

Bi-directional separate cycle tracl
located on the south side of
MaisonneuveBlvd

Comparable origitdestination:
straight movements towards NE «
SW

Maisonneuve is a ongay street
allowing southwesmovements

All-way stop controlled
intersection




6.6.2 Change in Cycling Facility Type

6.6.2.1 Motion Patterns

The discontinuity at Coffee St and Elmhurst Ave is the change from a separate cycle track on

Coffee to a designated roadway on the south leg of EImhurst Avecafagtility on the north leg

of ElImhurst Ave|Eigure6-2{a). At this Fintersection, not only do left turning cyclists at the end

of the separate cycle track turn into a shared lane with vehicles, they have no option but to cross a
two-lane road to continue their journey (unless they turn left into tkesvsit which is prohibited

for cyclists to rideon). As expected, cyclists performed distinctively different movements at the

discontinuity site, split into three motion pattenisg(re 6-2|a). The results show that at this

discantinuity, 64 % of the lefturning cyclists travel to the far side of the road (motion pattern 2 in

Figure6-2{a) to distance themselves from vehicles on the road. Furthermore, 28 % of cyclists turn

immediately into the sidewalimotion pattern 3 ifFigure 6-2[a), which isprohibited in Canada

(the trajectory seems to correspond to cyclists on the road, while looking through the videos shows

that in fact they were traveling on the sidewalk). The lastd éfclists make a vehicular left turn

maneuver and merge with trafficaveling on the road (motion pattern 1kigure 6-2|a). The

control site at Coffee and West Broadway St has the same cycle track running on Coffee St, and

anothercycle track on the southeast leg of West Broadway St as well as a bike lane on the northeast

leg of the intersectiofF{gure6-2|b) (the cycling facility on WedBroadway is not visible due to

the aerial view trees blotilg the view, however the location of the facility is manually added).
Also, West Broadway is a ormeay road, eliminating the stress of crossing two lanes with vehicles
coming from both directions lich is the case at the discontinuity. These factors mditeithe

problem from the discontinuity and allow cyclists to turn directly into the cycle track without being

disturbed by vehicular traffic from the opposite direction (motion patterfFigure6-2|b).

Regarding the other cyclist movement, the right turn from SE to NE (cyclists traveling northwest
on Elmhurst and turning right into Coffee and cyclists oast¥A\Broadway St traveling southwest
and turning right into Coffee), no difference wasrfdwith only one motion pattern at both sites
(motion pattern 4 i@a and motion pattern 2[Figure6-2|b). In particular, the right turn

at the discontinuity site is simpler since the cyeti®vement does not conflict with anyhreular

movement).



6.6.2.2 Speed and Acceleration

At the discontinuity site, the trajectories belonging to each motion pattern have lower median

speeds compared to the control sital{le6-2). Cydists crossing the kdirectional road at the end

of the separate cycling facility into the shared roadway decelerate and have lower speeds, which is
associated with more maneuvers, e.g. braking, and which may be to feel safex.dfiret hand,

motion pdtern 3 has similar mean speed to the control site since cyclists are turning left onto the
sidewalk avoiding any interaction with vehicles, while having the largésspéed centile and
decelerating more strongly since they améeang a space sharedtlwpedestrians (which is not
allowed in Canada). Comparing the mean of speed standard deviations shows that there is more
variability in the speeds of cyclists within each motion pattern at the discontinuity especially when
sharingspace with vehicles cqmared to the control site. Acceleration analysis statistics are also
presented i@ For the left turn, the speed and acceleration variations are mostly higher at

the discontinuity location (Coffee and EImhurst).



Table6-2 Speed and acceleration statistics at tiseatitinuity and catrol sites

(the most extreme values between the discontinuity and control sites are highlighted in bold).

Description Speed statistics Acceleration statistics
S Motion Number of Mean of Meanof Meanof Mean Mean of Mean of Meanof Mean
3 Locat cyclistsin  median 85th 15th of St. median 85th 15th of St.
g Location pattern i d il il D lerati il il D
< number motion speeds centile centile ev. acceleration centile centile ev.
a pattern (m/s) (m/s) (m/s) (m/s) (m/s?) (m/s?) (m/s?) (m/s?)
Coffee &
West
Broadway 1 62 (100 %) 15.6 17.2 14.2 1.7 0.01 0.20 -0.14 0.24
£ (control site)
2
E) Coffee & 1 5 (7.7 %) 14.4 18.2 10.2 3.6 -0.06 0.09 -0.22 0.17
Elmhurst
_ o 2 42 (64.6 %) 13.6 18.5 9.5 4.1 -0.05 0.41 -0.51 0.46
(discontinuity
site) 3 18 (27.7%) 15.6 18.8 12.9 2.8 -0.07 0.36 -0.36 040
Coffee &
West
Broadway 2 3 (100 %) 16.5 18.3 14.6 2.2 0.01 0.27 -0.22 0.33
c
S (control site)
=
2 Coffee &
 Eimhurst
4 3 (100 %) 9.8 11.4 8.6 1.7 0.00 0.24 -0.21 0.32

(discontinuity
site)




Figure6-2 Cyclist motion patterns (represented by their prototype trajectories) for the change in

cycling facility type discontinuity



6.6.3 Change in Facility Side

6.6.3.1 Motion patterns

In this category, the discontinuity site is MaisonneBhad west and Saint€atherine St Wwere

the separate cycle track located on the southeast side of Maisonneuve Blvd is moved to the north

side of the road on the west side of the intersecfogu(e 6-3|a). The aerial image of ¢h

intersection is not up to date and does not show the recently implemented cycle track on the west

leg of Maisonneuve Blvd as manually indicated with white arrows.

As observed from the clustering results, cyclists travelingheast have made four disttive

movements to cross the intersection: motion patterns 1 t|figlime6-3 a. Three movements are

initiated from inside and one frowutside the cycle track: 53 % of cyclists cross the west side

crosswalk, then steer right to enter the cycle track, corresponding to motion patt@figare]

6-3|a, 16% of cyclists cross the east side crosswalk and turn left into the facility, corresponding to

motion pattern 2 ifFigure 6-3|a, 6% of cyclists travektraight on Maisonneuve Blvd towards

oncoming traffic on the left side tfe road and steer right to enter the cycle track further down the

road, corresponding to motion pattern Brigure6-3{a, and the final 25 % of cyclists travel from

the right side of the road and not from the cycling factlitype able to continue straight into the

cycling facility, corresponding to motion pattefinFigure6-3ja. On the other hand, in the control

intersection, all cyclists travel northeast through the intersection using thet@ake(motion

pattern 1 ifFigure6-3|b).

Movements in the opposite direction follow a similar distribution; cyclists traveling southwest
made four different maneuvers to cross the intersection at the discontinuity.fG3/&sbs travel

from outside of the facility on the northeast sidewalk (which is prohibited in Canada) straight into

the facility, corresponding to motion pattern HRigure 6-3fa. Among cyclists traveling from

outside of the facity, 9 % merge with traffic to cross the intersection and enter the cycle track,

corresponding to motion pattern gkigure6-3ja. Initiating from inside the cycle track, 19 % of

cyclists travel diagonally into the cycling fatylion the opposite side, corresponding to motion

pattern 7 ipFigure6-3la. The final 10 % of cyclists immediately turn right to cross the northeast

crosswalk and then turn left to cross the northwest crosswalk and enter tee trayg,

corresponding to motion fgarn 8 inFigure6-3ja. At the control site, all cyclists travel northeast




on Maisonneuve Blvd through the intersection using the facility, corresponding to rpattem

2in

Figure6-3|b.

6.6.3.2 Speed and Acceleration

As presented |fiable 6-3

compared to the discontinuity site Maisonneuve Blvd and-Gtherine St. Whe there is

cyclists travelling in the control site generally have higher median speeds

variation between motion patterns, cyclists in the discontinuity site also show avagh&on in

speed and acceleration (measured by higher meanofefiiles of speed and acceleration and

lower 18" centiles of speed and accelerationjnpared to the control site. Acceleration statistics

in

Table 6-3

show that cyclists perform harsher accelerations or decelerations at the discontinuity

as they face more complex tasks and have to undertake more complex maneuvers.



Table 6-3 Speed and accelerationtstcs at the discontinuity and control sites

(the most extreme values are highlighted in bold)

Description Speed statistics Acceleration statistics
< Motion Number of Mean of Meanof Mean Mean Mean of Mean of Mean of Mean
£ Location pattern cyclistsin  median 85th of 15th  of St. median 85th 15th of St.
¢ number motion speeds centile  centile  Dev. acceleration centile centile  Dev.
c pattern (m/s) (m/s) (m/s) (m/s) (m/s?) (m/s?) (m/s?)  (m/s?)
Maisonneuve
ilgé'r't‘ce 1 493 (100 %)  22.0 24.8 19.8 2.6 -0.01 0.22 023 0.29
" (control site)
% 1 268 (53.2%) 18.9 22.5 14.7 5.0 0.03 0.23 -0.20 0.41
e
% (';"?S'tsg””e”"e 2 81(16.1%) 20.4 25.3 17.5 3.9 0.02 0.47 019  0.39
e CL
Catherine
(discontinuity) 3 28 (5.6 %) 21.7 25.8 19.1 4.9 0.00 0.26 -0.23 0.44
4 127 (25.2%) 20.2 24.3 16.9 4.0 0.04 0.26 -0.15 0.31
Maisonneuve
ilge”r't‘ce 2 149 (100 %) 21.6 24.5 19.0 2.8 0.01 0.21 020 0.6
(control site)
<
% 5 101 (62.7%) 21.4 25.9 16.6 4.3 0.06 0.26 -0.12 0.26
;C‘E Maisonneuve
2 & Ste- 6 14 (8.7 %) 21.0 23.3 17.3 3.0 0.01 0.20 -0.13 0.26
g :
F Catherine
i . 7 30 (18.6 %) 194 24.4 14.7 4.6 0.07 0.39 -0.15 0.29
(discontinuity)
8 16 (9.9 %) 14.9 185 10.4 3.9 0.04 0.20 -0.09 0.21




Figure6-3 Cydist motion patterns (represented by their prototype trajectories) for the change in

cycling facility side discontinuity



6.7 Discussion

For the change in cycling facility type (Coffee SElmhurst Ave, and Coffee StWest Broadway

St), comparing the lefturns at the discontinuity and control locations shows that for the three

movements through the discontinuity, one movement was observed in the confFodaitest2(a

motion patterns 1, 2 and 3 vergegure 6-2|b motion pattern 1). This shows that cyclists react

differently and with more varied strategies at the discontinuity. The same observation is made at
the discontinuity site wit change in cying facility side (Maisonneuve Blvdtwest and Sainte
Catherine St, and Maisonneuve Bh#Prince Albert Ave). While there is one movement for
cyclists traveling either northeast or southwest at the control site, four different movements we

observed athe discontinuityfFigure 6-3|b, motion patterns 1 and 2 vergtigure 6-3[a, motion

patterns 1 through 8. The discontinuity also forces cyclists out of the cycle track before they

approach the intersection (motion patterns 4 an¢gFgure6-3{a) so they can travel straight to the

other side of the intersection to enter the cycling facility. At discontinuities, cyclists may not know
how to proceed and may contemplate different movements from which they choose depending on
thar comfort levels, skills and experience. This result supports past findings where cyclists with

different comfort and experience levels behave differdiMigreu, 2015)

Another behaviour is observed where cyclists choose to travel outside of the cycle track and

actually ride on the sidewalk (motion pattern BFigure 6-2a, and motion pattern 5 |Rigure

6-3|a.), which is prohibited in Canada. Since the cycling fadsitgesigned to provide the most

comfort, the fact that cyclists choose to ignore the law and ride on sidewalks at points of
discRQWLQXLW\ FRXOG EH DQ LQGLFDWLRQ RI WKH F\FOLVWVY

However, one needs to investigate otfaamtors than the discontinuities that may influence and
explain the observed differences in cyclist movements. Although thgacson of behaviour with

a control site is common practice, factors other than the presence of the discontinuity may result in
the distinct maneuvers at these locations. The investigation of these factors requires data from more

locations and other meanganalysis.

Speed and acceleration statistics were extracted from all trajectories and summarized for each
motion pattern. Like movement variations, cyclists also had larger variations in speed, acceleration
and deceleration at discontinuities comparethto controlsites which had more stable speeds,
which may be related to the behaviour of cyclists with different experience (deisu, 2015)



Aside from the variation, the highest acceleration and decelerations at each of the four locations
were observed at discontinuities. These variations support the fact that discontinuities are locations

whetre cyclists a& unsure of the path they should take to safely continue their journey.

It also suggests that other road users are also affected by discontinuities. Vehicles and pedestrians
face unexpected maneuvers and speeds from cyclists at these sitescydiistswith different
speeds are coming from different sides with different movements, compared to sites without

discontinuities where cyclist speeds and maneuvers are more stable and predictable.

6.8 Conclusion

Although many studies have considered isydbehaviourin different situations and conditions,
there have been no in depth microscopic evaluation of the effects of discontinuities on cyclist
behaviour. This paper makes use of video data and computer vision techniques to obtain cyclist

trajectories at points bdiscontinuity and trajectory clustering to study cyclist behaviour.

The use of cyclist trajectory clustering provided valuable information on the microscopic

movements of cyclists. This approach allowed us to distinguish several motiongpasteidying

two types of discontinuities in the cycling networkMiontréal Coffee St and Elmhurst §igure

6-2|a), and Maisonneuve Blvd and Saittatherine StRigure6-3|a), showed that cyclisthose

between a larger set of movements compared to one single movement at their control sites. Higher
variations in speed, acceleration ateteleration are observed at discontinuity locations which
indicates that cyclists with different comfort levetuest their speeds and movements to go through

a discontinuity. Overall, the trajectory clustering method allowed us to observe sets ofentsvem

DQG VXPPDUL]H HDFK FOXVWHUTfV FRPSRQHQWYV IRU FRPSDUL

for similar andysis or for other purposes.

The results from this study confirm the importance of including discontinuity indicators in the
planning and euaation of cyclist network performances given the effect it has on cyclist
behaviour. The lack of these indicatorsurrent evaluation criteria provides a partial image of the
quality of a cycling network and cycling experience and leaves transpordajpantments unable

to address the effect of discontinuities on cyclists.

The challenges related to video data asialyclude video recordings in windy conditions resulting
in shaking in the video, and shadows of road users that are tracked as actusersa®ther



challenges such as ovgrouping and ovesegmentation can be alleviated by optimizing tracking
paraneters. Classification errors are also observed and can be decreased by retraining and

optimizing the classifier for the conditions encoundesiethe sites under study.

In addition, future work will focus on analyzing more sites to draw stronger conwusiyclist
behaviour will be analysed more comprehensively using more indicators and the safety of cyclists
will be assessed using surrogateasures of safety. To confirm our findings on observed behaviour
DQG JDLQ EHWWHU L Q VL JHng/mbtyatidrs,khirel loEatio@slsodd/ie stu@di€dH U
with different methods such as surveying cyclists to obtain information on their perceiwdort

at locations with discontinuities.
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The previous chaptepresented thecyclist behaviour at two cycling network discontinuity
locations and control sites Montréalas a case study. The automated video analysis tool extracted
road user trajeoties and clustered similar trajectories to obtain cyclist motion patterns atuthe f
sites. Results showed that at both locations with a discontinuity: change in cycling facility type
and change in cycling facility location on road, cyclists made arlawgaber of movements with
varied speeds than at the control site. While the pusvahapter confirms that cycling network
discontinuities are related with different cyclist behaviours, the safety implication of cycling
network discontinuities is the foswf the next chapter. In the following chapter, the probabilistic
surrogate measerof safety (PSMoS) approach is employed to extract TTCs of ecyelstle
interactions for the same case studies presented in the previous chapter. The TTCs are then
aggregated per motion pattern to identify the risky cyclist maneuvers at discontindityoatrol

sites. The microscopic maneusdmsed PSMoS is a novel approach that has not been adopted in
literature for cyclists. The approach is a useful tool to identdéyettact movements that influence

the safety of cyclists. This information will hgipanners and city officials make better informed
decisions by improving the infrastructural design of discontinuity locations to improve the safety

of cyclist movements.
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Abstract

The cycling safety research littwee has proposed methods to analydety and case studies to

better understand the factors that lead to cyclist crashes. Surrogate measures of safety (SMoS) are
being used as a proactive approach to identify severe interactions that do not resadicidemt

and interpreting them for aafety diagnosis. While most cyclist studies adopting SMoS have
evaluated interactions by counting the total number of severe events per location, only a few have
focused on the interactions between general directiom®wement e.g. through cyclists amght

turning vehicles. However, road users perform maneuvers that are more varied at a high
spatiotemporal resolution such as a range of sharp to wide turning movements. These maneuvers
(motion patterns) have not beewnsidered in past studies as a bsianalysis to identify, among

a range of possible motion patterns in each direction of travel, which ones ararsafehich are

more likely to result in a crash.

In this study, cyclist motion patterns are obtairfeam two locations of cycling network
discontinuity and two control sites in Montréal. A probabilistic SMoS method is adopted to obtain
cyclistvehicle interactions and compute their tioecollision (TTC). The KruskalWallis and
KolmogoroviSmirnovtestsare used to compare the TTC distribatbetween motion patterns in

each site and between sites with and without a discontinuity. Results show that interactions are
more severe and less safe at both locations with a cycling network discontinuity antlists

following different movementblave statistically different levels of safety.

Keywordscycling network discontinuity, cyclist motion patterns, probabilistic surrogate measures
of safety, movemenrbased safety



7.1 Introduction

While there was &.7 %increase in cycling mode share in the past five yiwa@anadaonly 1.4

% of Canadians cyclStatistics Canada, 201@)espite their low mode share, cyclist accidents
result in 2.2 % and 4.6 % of all road fatality and injuries respectiMegnsport Canada, 2017)

The increasing number of cyclists and their alarming safety statistics have compelled transportation
researchers and planners as well as city officials and decision makers to invest resources in
designng, implementing and improving the cycling network to accommodate cyclists while
improving their safety, relying on information obtained from cycling studies. These studies focus
on infrastructural, traffic and environmental factors that contribute tsaf#y of cyclists by
examining historical accident data (e.(Gill, Sakrani, Cheng, & Zhou, 2017; Hubner,
Schunenam, Schilling, & Radusch, 201y and surrogate measures of safety (SMoS) (&go,

Sayed, Zaki, & Liu, 2016; Madsen & Lahrmann, 2017; Zangenehpour et al.,) 20i@&)gh
descriptive and stistical analyses. Cycling safety studies dating back to the 1970s used accident
data and observational traffic confligtmundsen & Hyden, 1977; Noordzij, 1978h recent

years, improvements in sensor technologies, computer vision and data mining techaiges

opened new doors to the faster and more accatatenatedinalysis of traffic and safety data.

SMoS are used as proactive and more ethical safety indicators that are based on events without a
collision occuring more frequently than accidents. Tiamlad SMoS are based on the observation

of traffic conflicts, defined as situatieim which two or more road users approach each other to an
extent that a collision is imminent if their movenmgergmain unchange(Amundsen & Hyden,

1977) This definition has usually been interpreted by evaluating whether road users are on
collision course if they continue with constant speed and dire@@Bomaa Mohamed & Saunier,

2013) However, this simple motion prediction method does not accurately representrieal
situations where drivers perform slight steering or major maneuver changes such as turning
Furthermore, this is inapplicable in situations where road users do not have the option to continue
on a straight path, for example at-@nfersection. To capture more naturalistic driving behaviours

and better estimate safety, probabilistic surrogatasues of safety (PSMoS) rely on clustering
URDG XVHU WUDMHFWRULHY LQWR PRWLRQ SDWWHUQV WR S

more realistic and robust measu{B8aunier & Sayed, 2@&).



The safety of a site is usually analyzed globally, for example counting the number of severe traffic
conflicts. Some studies may consider the locations of the events and the movements of the road
users involved, with a coarse categorization basetti@origins and destinations, e.g. northbound

right turn, left turn and through movement. However, the road user movements are more varied at
a high spatigemporal resolution, e.g. thirty times per secdral. example, right turning cyclist
movements gavary between sharp and wide right turns, whaé kurning cyclist movements

includevehicular left turs, and crossing the road on the far or near side vﬁgsre%l ). This

more detailed level of analysis will help better understand the different safety levels of specific

movements and lead to more appropriate coumeasures.

In this paper, a movemebaised PSMoS approach is proposed to evaluate the safdtR@d G XVHUV
trajectories, to help researchers and decision makers lnedterstandhe relationship of behaviour

and infrastructure with safetyo the best of our knowledge, road user safetynbabeen analyzed

based on clusters of trajectories repreésg variousmovementsand strategies per origin
destination at a sitlevel. The findingscan identify whether wide turns result in riskier interactions
compared to sharp turns. This is doneclugtering road user trajectories into motion patterns and
applyingthePSMoStechniqueo evaluate the severity of interactions related to the range of motion

patterns traveling in each direction.



Figure7-1 Some possible right and left turning movements

The safey of each movement (cluster) can then be compared. This approach is applied to two
cycling network discontinuity locations and two control sites in Montréal where cyclists have been
observed to fllow several distinct motion patterr{dlabaviNiaki et al., 2018) For the safety
analysis, the considered SMoS are based on the time to co(iBIi&), aggregated for each
interaction by the 15 centile (TTCis). The KruskakWallis and Kolmogorow#Smirnov tests are

employed to compare the distribution of TiE@er motion pattern and among sites.

A summary of related past literature is presented in the following setherwhole data workflow
and the mowveentbased PSMoS method are then described in the Methodology section.
Descriptive analysis and test results are presented and discussee, ganokethis concluded in the

final section.

7.2 Review of SMoS Assessment Methods

Reviewing the literature shows thapclist SMoS studies have used four general data collection
methods: selfeported conflicts, manual observation of traffic conflicts, saubmated

interaction detection, and automated analysis from video data. Additionally, two approaches are



employedto analyse the results: interaction analysis, and aggregated movement interaction

analysis.

The first class of conflict identification methodsdonflictsself-reportings Aldred and Goodman
studied over a thousand se#fported conflicts and found thagatists with less than two years of
experience have much higher conflict frequencies compared to cyclists with more experience
(Aldred & Goodman, 2018Kimilar results wre found by Poulos et al. where a study of over 3400
selfreported conflicts indicated a higher frequency infbcts for less experienced cyclists and
cyclists who rode as a mode of transport compared to leisure andPpdis et al., 2017)

The second category of data collection method relies on trained observers to record #reofiumb
traffic conflicts and assign a severity to the event based on estimated speed and proximity from
field observations or video recordingsgnual video analysis). Glauz and Migletz adapted the field
observation method to record the traffic conflict astbime at intersections and found that left
turning conflicts with through vehicles are more frequent atlame roads, and at roads with hegh
speed limit§Glauz & Migletz, 198). A study of manual video analysis at signalised intersections
counted the number of observed conflictent road user reacted with an avoidance manoeuvre,
and applying statistical analysis concluded that cyclists travelling through the yellow ahdse
high speed cyclists have a higher chance of being in a conflict with turning veldes &
Jensen, 2017Another video observation study of @b cycling facilities identified conflicts and
their severity based on the Dutch Objective Conflict TechniqueOperation and Research
(DOCTOR) techniqu€A. Richard A va der Horst et al., 2014)Their results indicated that

narrower cycling facilities resulted in more sericosflicts compared to wider facilities.

The third data collection method is the sematomated analysis of video data. A study evaluating
the sasonal safety in numbers effect utilized a santbomated video analysis technique and
extracted the number obnflicts based on the Swedish traffic conflict technique (TEhri et

al., 2017) Their resultsconcluded that cyclists experience a short term safety in numbers effect
further into the cycling season andvkr occasions of being overlooked by cars resulting in
conflicts (Fyhri et al., 2017)In anotherstudy, Madsen antdahrmanninvestigated the safety of
different cycling facility layouts at intersections ussgniautomated video analysis tools and two
traffic conflict indicators and found that recessed separated cycling facilities at interseaions ar
safer having the highest TTC compared to the other laybadsen & Lahrmann, 2017)



Finally, automated methods of extracting conflictsrirvideo data have been developed and used
more recently in the literature. Stipancic et al. extracted SMoS from video data and evaluate cyclist
safety at intersectior(S$tipancic et al., 2016Yhey found that female cyclists are more likely to be
involved in dangerous interactions comparethtde cyclist{Stipancic et al., 2016)

Analysing the generated conflict indicators to evaluate safety has been done by analysing either all
interactons or based on their general direction of movement. The majority of the mentioned studies
above have analysed @nteractions, summarising the SMoS indicators per interaction. On the
other hand, studiesonsidering the cyclishovemens focused on intekdions involving a single
general direction of movement such as through cyclists interacting with right artdrieftg
vehicles. Madsen anbahrmanninvestigated right and left turning vehicular movements with
through cyclists and found right turning neauvers to have a higher risk compared to left turning,
specifically at locations where the cycling facility eddeefore the intersection and locations where
cyclists shared the road with right turning traffMadsen & Lahrmann, 2017\ SMoS study by
Zangenehpour et al., adoptedauated video analysis to evaluate safety of through cyclists and
turning vehicles focusing on the location oé ttycling facility on the roa{Zangenehpour et al.,
2016) Their results showed that physically separated cycling facilities on the right side of the road
are safer than on the left side of the roadheabsence o€ycling facility (Zangenehpour et al.,
2016) Guo et al. examined the safety of locatlmsed left turn lanewith an automated video
analysis tool and found thantersections with outside leftirn lanes (on the right side of the road
compared to the conventional kdirn lanes located on thefleside of the road) had a higher
frequency and severity of traffic conflicts comparedh® absence ajutside leftturn lane(Guo

et d., 2016) Buch et al. compared accident data to conflicts obtained from manual video
observations and found similaesults between right turning vehicles and through cyclists at
signalised intersections where cyclists riding through yellow, and tg/chigh higher speeds
increased the chance of a conflict between turning vehicles and through ¢Bulidts& Jensen,
2017)

While the safety of int@ctions has been studied for specific movements at a coarse level, the
review of relevant literature did not yield astyidies evaluatingnd comparinghe safety of cyclist

movements



7.3 Methodology

Figure 7-2| summarises the general methodology steps which are discussed in detail in the

subsections. It should be noted that the cycling facilitiesughout the paper are categorised and
defined as: physically separategtiing facility (raised median between cyclists and vehicles on

the road), bike lane (painted stripe between the cyclist lane and vehicles on the road), designated
roadway (paintedhared space on the road with vehicles), and no facility (no infrastroctoiteer

control devices for cyclists).
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Figure7-2 Methodology overview

7.3.1 Site Selection and Video Data Collection

The first and second step to perform the microscopic movebaseid PSMoS methodology is the
case study site selection and video data collection. Cyclingonletslilscontinuity locations are
identified in Montréal using the methodology presentgd/inNabaviNiaki, BourdeayMiranda
Moreno, & Saunier, 2018Ywo pairs of discontinuity and control sites that are near each other and
have the same cycling facility running thréupem are chosen. The first discontinuity is a change
in cycling facility location on road. At thintersection of Maisonneuve boulevard west and Ste.

Catherine street, the physically separated cycling facility running on the south side of Maisonneuve,

changes to the north side, west of the intersection, as sholsgune 7-3a. Besides, at the
discontinuity intersectioTFﬂgure 7-3a.), Maisonneuve changes from a one lavedreast of the




intersection to a kilirectional road west of Ste. Catherine. The control site for this discontinuity,

is located one block east of the discontinuity intersection, where there is no interruption in the

location of cycling facility on the e |a:igure7-33.).

Note: the aerial view of the intersection does not show the newly builtgaltlysseparated cycling facility on the
southwest corner of Maisonmee, but the location is indicated with the yellow arrows.
Figure7-3 Aerial view of the a. Maisonneuve and Ste. Catherine discontinaityba

Maisonneuve and Prince Albert control site

The second discomtility is a change in cycling facility type and change in number of road lanes at
the intersection of Coffee street and Elmhurst avelﬁligu(e 7-44.). At thislocation, cyclists

traveling from the physically separated cycling facility must turn into a shared roadway on the

south leg of Elmhurst while crossing two lanes otlibectional traffic. Cyclists traveling on
Elmhurst have the shared space lane markioga designated roadway cycling facility, which

disappears north of the intersection. The control site is the intersection of Coffee street and West

Broadway streefHigure 7-4p.), which is one block east of the discontinuity intersection. At this

location, there is a physically separated cycling facility on the southeast side of the intersection a
bike lane on the northwest leg of West Broadway for cyclists trayshutieast and designated

roadway for cyclists traveling northwest, and both streets araapaunidirectional roads.



Note: the aerial view of the intersection b. Coffee and West Broadway has the physically separated cycling facility
blocked by treeshe yellow arrows indicate the location where the facility exists
Figure7-4 Aerial view of the a. Coffee and Elmhurst discontinuity, and b. Coffee and West

Broadway control site

Video data was collectechoveekdays in October 2015 from 7:00 AM for roughly seven hours,
using a GoPro camera ind&l on a heightidjustable pole placed next to and secured to a light
pole. Video data preparation includes the correction of the camera lens distortion, and a
homayraphy matrix is used to convert pixels in the image plane to world coordinates to tihck roa

user trajectories from the twdimensional video frame in rewlorld coordinates.

7.3.2 Video Data Preparation and Analysis

The next step, shown |Rigure7-2| is video data processing. A featdrased tracker and a road
user classification tool from the ope RXUFH SURMHFW 3 7(Uabksonfet alRQWI3 OOLIHQ

are used to obtain road user trajectories and their typep@adestrian, bike. For this study, two

hours of video data is selected for each site for detailed analysis. For the Maisonneuve and Ste.
Catherine as well as Maisonneuve and Prinbe/locations, the selected time is from 8 AM unitil

10 AM. At the otherwo sites however (Coffee and Elmhurst, and Coffee and West Broadway),
the early hours of the morning coincided with glare, large shadows cast by road users and some

shaking in the @mera due to wind. For this reason, the-twoorr analysis period for thesees had



to be chosen based on a time where these limitations were reduced, for Coffee and EImhurst the
hours between 10 AM and 12 PM are selected, and for the control site @udf®éest Broadway
the analysis period is between 12 PM and 2 PM. Althohighdifference in analysis time frame is

not desirable, the quality of the tracking results was of more importance to the scope of this study.

For the analysis duration, trackingrameters are adjusted for each site by trial and error to
optimize trajectoy extraction. Furthermore, the road user trajectories for each video are observed
and oversegmented objects that are tracked as two or more objects are identified and only one
trgectory is kept for each road user. Classifiers are updated based orpapm®éters of road

users for each site, then the video is manually checked for misclassified road users and corrected.
The final prepared dataset at each site is a set of tragc{one for each road user) with their true

road user class.

A clusteringalgorithm developed in previous wofilMohamed & Saunier, 2015; Saunier & Sayed,
2006) is adopted to combine similar trajectories based on the longest common subsequence
similarity (LCSS), using the Manhattan distance and a threshold to definarsimdividual
positions between two trajectories, normalized by the minimum length of theaotories. In

this custom algorithm, if a trajectory is not similar enough to a current cluster, it becomes a new
cluster. The parameters used for clustermghis study are a maximum distance of 2 m for the
Manhattan distance and 0.6 for the minimsimilarity. Each cluster, referred to as motion pattern,

is represented by an actual road user trajectory.

For analysis purposes, only the motion patterns witblists, potentially affected by the
discontinuity along their path, are considered in tredyeis. These are the cyclist motion patterns
with origins and destinations, that would have used the cycling facility if it was continuous. These
motion patternsaffected by the discontinuity are referred to as the motion patterns under study
throughout e rest of the paper. The comparison of cyclist behaviour at discontinuity and control

sites relies on the set of motion patterns associated with each direatiaverient under study.

7.3.3 SMoS Computation

The last step (seEigure 7-2) of the methodology computes PSMoS. All interactions with a

collision course are identified and their TTC is computed based on the PSMoS method. Using a

prediction horizon of 5, all TTCsare therefore smaller thans5They are summarized for each



interaction using the 15centile TTC (TTGs) (similar to(StAubin, Saunier, & Mirandaorenq

2015). Two statistical tests are employed to confirm the differences in safety levels across motion
patterns and sites. Within each site, there are usually three or more motion patterns, and
corresponding TTE distributions, to compare: the n@araméric KruskatWallis (KW) test is
adopted, the null hypothesis being that the medians of all groups are equaldiBiibutions are

also compared between each discontinuity site with its qumneng control using the

KolmogoroviSmirnov (KS) twesampletest.
7.4 Case Study

7.4.1 Descriptive Analysis Change in Cycling Facility Location on Road

7.4.1.1 Movement Analysis

At the discontinuity location, Maisonneuve and Ste. Catherine, a total of 2342 road users are
detected in two hours, 369 of which are cyclists. During same time at the control site
Maisonneuve and Prince Albert, out of the 848 detected road users, 343 are cyclists which is

roughly the same as the discontinuity location. Looking at the Maiseenand Ste. Catherine

discontinuity intersectiofHigure7-58.), there are 38 cyclist motion patterns under study, while at

the control sitgKigure7-5p.) there are three motion patterns under study, showing a much higher

variation in cyclist motion patterns at the discontinuityakoan.

Looking more specifically at the motigratterns under study, it is observed that cyclists travelling
in both directions can be divided into four groups: those originating from inside the physically
separated cycling facility and ending in the ayglifacility, those originating from inside the
cycling facility but ending on the road or sidewalk, those originating from outside the cycling
facility and ending inside the cycling facility, and those originating and ending outside the cycling

facility.



Figure7-5 Cyclist motion patterns under studytlaga. site with discontinuity, and b. the control

site (origins marked with a red circle)

Cyclists travelinghortheasoriginating from outside the cydlg facility and ending in theycling

facility displayed four distinct maneuve(Bigure 7-5a.), and those originating from inside the

cycling facility and ending in the cycling facility display&@ distinct maneuvers. In thernsa
direction of travel, cyclists at the control site all followed the same movement traveling from inside
the cycling facility and ending inside the facil@a.). In the opposite direction, cyclists
traveling southwestat the discontinuity chose among 19 distinct maneuvers. An almost equal

number of motion patterns originated from inside the facility and ended inside thity {d€i

motion patterns) and from outside the facility ending inside the facility (9 motiterpsit At the
control site, there are two motion patterns in the southwest direction one travelling inside the
cycling facility and one outsid@a.). At the discontinuity site, very few cyclists made a
maneuver belonging to motion pattern number 5 (7 % of all cyclist trajectories) and 6 (7 % of all

cyclist trajecbries) showing that cyclists prefer not to ride on the road with vehicles. Sngtyi
at the control site, despite the existence of a continuous physically separated cycling facility on

Maisonneuve, 23 % of the cyclists traveling southwest chose nsetthe cycling facility.

7.4.1.2 Safety Analysis

At the discontinuity location, out dfi¢ total of 92 interactions with a collision course (and therefore

a TTGs), 65 belong to a cyclist motion pattern under sti@ympared to a total of 72 interactions



with a collision course at the control site with 69 interactions belonging to a cyolisimpattern

under study (sg&able 7-1). Among the cyclist motion patterns under study, 8 motion patterns

include cyclists in interactions with a collision course at the discontinuity location, belonging to

six motion patterngaveling northeagFjgure7-6a. motion patterns 1 through 6), and two traveling

southwest|Figure 7-6a. motion patterns 7 and 8). At thentwl site, all motion patterns under

study are associated ticyclists in interactions with a collision courfedure 7-6p. motion

patterns 1 through 3).

Comparimg the two directions of travel, cyclists travelingrtheastat both intersections have a
higher number of interactions coamed to the opposite direction in the motion patterns under study
(60 and 51 interactions at the discontinuity and control siteecéisply). The median TT{( are
generally lower at the discontinuity intersection. Looking at the discontinuity motionrsaite

this direction, the lowest median T4Correspond to cyclist motion patterns 3 (§)@&nd 4 (1.8)

Figure 7-6a. andTable 7-1) representing cyclists travelling from inside the cycling facility and

ending in the cycling facility, which constitutes 63 % of the cyclists in this direction. Motion pattern
number 4 corrgmnds to cyclig making a diagonal maneuver originating from and ending in the
cycling facility, and motion pattern number 3 corresponds to a maneuver closer to the pedestrian

crosswalk. This shows that cyclists using the cycling facility in this dinredtoiginating ad

ending in the cycling facilityFigure 7-6a. motion patterns 3 and 4) are involved in more

interactions that are more dangerous compared to Wselo not originate in the cycling facility

Figure7-6a. motion patterns 5 and 6).




Figure 7-6 Cyclist motion p#erns under study with cyclistehicle interactions with a collision

course at the a. discontinuity location, and b. control site (origins marked with a red circle)

Cyclists travelingsouthwestand involved ininteractions with a TT¢ value have two distinct

motion patterns at both discontinuity and control sites. At the discontinuity sie 08@yclists in

this direction|Figure 7-6a. motionpattern number 7) avoided an irregular maneuver to reach the

physically separated cycling facility on the other side of the intersection. Unexpectedly, cyclists
traveling in this direction in the control site, corresponding to motion pattermber 2 an8 in

Figure7-6b., have more interactions (18 interactions compared to 5) that are less safe than at the

discontinuity locationTable7-1).

Figure 7-7|shows he boxplot of all TTGs recorded for each motion pattern. There is a clear

varidion in the TTGsvalues among the motion patterns. The results of the KW test for differences
in TTCis medians among motion patterns within each site are the following: bsth are
significant at the 0.1 levelH = 12.4, pvalue = 0.09 for Maisonneuvand Ste Catherine
(discontinuity), andH = 8.3, pvalue = 0.01 for Maisonneuve and Prince Albert (control). In each
site, there are significant differences in median FEF@ the different movements, demonstrating
that cyclists choosing different strategito cross the intersection and the discontinuity in particular,

are exposed to different levels of risk of collision.



Table7-1 Summary oimotion patterns withinteractions

Motion Number of
Direction Location attern cyclists Number of Median
of travel r?umber (% cyclists in interactions TTC1s
travel direction)
Control 1 234 (100 %) 51 3.1
1 15 (9 %) 9 1.9
Cyclists 2 24 (14 %) 17 3.3
Traveling Discontinuit 3 52 (31 %) 17 1.6
NE y 4 53 (32 %) 10 1.7
5 11 (7 %) 4 24
6 12 (7 %) 3 '
. 2 61 (77 %) 11 1.8
%y;\'/';tlf’] . Control 3 18 (23 %) 7 1.8
. o 7 24 (89 %) 3
SW Discontinuity 8 3 (11 %) 5 2.6

Note: TTGs samples for motion patterns with less than 5 interactions traveling in the same direction are pooled

Note: TTGs samples for motion patterns with less than 5 interactions traveling in the same direction are pooled

Figure7-7 Boxplot of TTC15 per motion patterns under study at the a. discontinuity, and b.

control site



7.4.2 Descriptive Analysis Changes in Cycling Facility Type

7.4.2.1 Movement Analysis

The second discontinuity location Coffee and Elmhurst has 1204 ssaid detected during the

two hours, 26 of which are cyclists. At the control site Coffee and West Broadway,tbet4y 1
detected road users 34 are cyclists. The clustering algorithm applied to these locations resulted in
11 distinct cyclist motion pattes at the discontinuity location showr@a., and seven at

the control site shown [ﬁigure7-83. Similar to the previous sites, the number of motion patterns

at this discontinitly location s higher than at the control site. Since all cyclist movements at these

locations are affected by the discontinuity, all cyclist motion patterns are considered as motion

patterns under study as shown and numbef&tyure7-8

Figure7-8 Cyclist motion patterns under study at theite withdiscontinuity location, and b.
control site (origingnarked with a red circle)

Motion patterns at these locations can be categorisedigttoturning, left turning and straight
movements, where right or left turning cyclists are affected by the discontinuity either by a change
from a physically separated/aing facility to a shared roadway, or crossing two lanes of bi
directional traffic fom a oneway road. In theight-turning movements, both discontinuity and
control sites have one cyclist motion patt@a., motion pattern number 10; giRdjure

7-8p., motion pattern number 7). For tedt turningmovement, therera four distinct maneuvers

at the discontinuity location for cyclists originating from inside the physicallgraggd facility



and ending in the designated roadwiig(re7-8a., motion patterns 1 through 4) where cyclists in

motion patterns 1, 2, and 3, crossed the two lanes of traffic, but cyclists in motion pattern number
4 turned intahe road with oncoming traffic and avoided crossing théifgictional traffic.At the

control site there is one motion pattern corresponding to the same movement and origin destination

Figure7-8p. motion pattern number 2), ete the cyclists did not have to cross any lanes to enter

the designated area. The other left turning movements at the location with discontinuity did not

originate from a facility and cyclists travelled into the physicatiyasated cycling facilityRigure

7-8a. motion patterns 5 and 7), with no observed corresponding movement at the control site.

Straight moving cyclists travelingorthwestmade two distinct maneuvers at the discontinuity
Iocation|Figure7-8a. motion patterns &d 11), both traveling from the designated roadway to no
facility. Motion pattern number 11 is closer to the sidewalk compared to number 9 traveling closer

to vehicles on the road, while they both perform a swerving maneuver at the intersectionce distan
themselves from vehicles where there is no designated road lakiagnat the control site, three
distinct cyclist motion patterns are observed two of which originate from inside the physically
separated cycling facility and end in the designatedwayWJ. motion patterns 3 and

4), and one which originates from outside the facility traveling on the [Feigdré 7-8p. motion

patten number 5). In the opposite direction at the discon§nlotation, cyclists traveling
southeasbelonged to two motion patterrEi@ure?—Sa. motion patterns 6 ar8), both of which
are traveling on no facility and enter the designated roadway after the intersection. An unusual

motion pattern which corresponds to only one cyclist movement is motion pattern number 8 at the
discontinuity where the cyclists is travejinn the wrong direction on the road. For the same
direction, cyclists at the control site belong to one motion pattaueling from inside the bike

lane to the physically separated cycling facility.

7.4.2.2 Safety Analysis

There is a total of 38yclist-vehicle interactions with a collision course (and therefore aid TC

value) at the site with a discontinuity, assigned to theamngdatterns under study ($€able7-2).

At the control site, 15 cyclistehicle interactions with a collision course are associated with the
motion patterns under study. The lower number of interactions at the control sdéeaiue to
the fact that vehicle flow volume was lower compared to the discontinuity site. Keeping this in

mind, the median TT{ of motion patterns given the small sample size.



Considering the movement directions, cycligtming left from inside the pysically separated

cycling facility at the discontinuity site have much lower median Q.5 s) compared to its

control site (3.1 s)Table7-2), This can be duetthe cyclists crossing the-directional road and

merging with traffic on the designated roadway (motion pattern number 2) aadd the cyclist
travelling the wrong way (motion pattern number 4). The control site has higeéheaafore less
dangeros, median TT&; (3.1 s) for the three interactions in motion patterns 1 and 2righe
turning movement at both sites had only one motion pattern: motion pattern number 10 at the
discontinuity site with five cyclists and four eractions (median TT&of 3 s), and motion pattern
number 7 at the discontinuity site with only one cyclist and one interaction. Through cyclists
travelingnorthwesiat the discontinuity location made two maneuvers compared to three maneuvers

at the conwl site. The motion patias in this direction have a lower median Ti§(@.2 s and 1.5

s) at the discontinuity site (motion patterns number 9 and|Elgure7-8a.). In the last direction,

cyclists traveling southeastwith two distinct motion patterns and five interactions at the

discontinuity location recorded the lowest median 7sI{G.8 s for motion patterns 6 andT&ble

7-2), compared to a median TT4bf 2.7 s at the control site.

Table7-2 Summary oimotion patterns withinteractions

L Motion Number of cyclists .
Direction of Location pattern (% cyclists in travel _Numbe_r of  Median
travel e interactions TTCys

number direction)

1 3 (25 %) 2

Cortrol > 9 (75 %) 1 3.1
Left turn 1 1 (20 %) 1

- o

from facility Discontinuity é i gg (;2 ; 2 0.5

4 1 (20 %) 1
Right turn Control 7 1 (100 %) 1 -

into facility  Discontinuity 10 5 (100 %) 4 3.0
3 7 (58 %) 3

Travelin Control 4 3 (25 %) - 3.0
northwegt S 2 (17.%) L

Discontinuit 9 3 (50 %) 8 1.2

y 11 3 (50 %) 10 1.5

Traveling Control 6 9 (100 %) 7 2.7
: o 6 4 (80 %) 4

southeast Discontinuity 3 1 (20 %) 1 0.8
Left turn . - 5 1 (20 %) 1

into facility ~ D'Scontinuity 7 4 (80 %) 7 1.0

Note: median of TTg of motion patterns with less than 5 interactions traveling in the same direction are combined



As shown iEigure?-Q almost all of the motion patterns at the discontinuity location have one or

all quartles below 1.5, except for number 10 corresponding to cyclists turning right from the road
to the cyclng facility, compared to two motion patterns at the control site (motion patterns number
5 and 7) indicating more severe interactions at the discotytiste. The KW test for the TTG
distributions among motion patterns at the discontinuity site CaifieleEImhurst shows that at
least one motion pattern TT&nedian is significantly different from the otheks£ 10.5, pvalue

= 0.06),confirmingthatsome maneuvers at this site are significantly more dangerous than others.
The test results for the coatrsite Coffee and West Broadway is not significght= 0.8, pvalue

= 0.7), owing probably to the small sample sizes

Figure7-9 Boxplot of TTC15 per motion patterns under study at the a. discontianityb.
control site

7.4.3 Comparison of All Sites

Comparing the distribution of TTieamong all sitegHigure 7-10) shows that botintersections

with a discontinuity (Maisonneuve and Ste. Catherine, and Coffee and Elmhurst) have a lower
TTCis compared to their respective control sites (Maisonneuve ancePklbert, and Coffee and
West Broadway). The discontinuity locations have rtAdiCis quartiles shifted towards lower

TTCusvalues compared to the control sites. In fact, the cumulative distribution functions shown in

Figure 7-11jandFigure 7-12|show that the whol&TCs distributions are shifted towards lower

values at the s with a discontinuity, indicating lower cyclist safety at these. sites KS test



confirms the difference to be stategtily significant at the Coffee intersections (coefficient = 0.4,

p-value = 0.05), but not at the Maisonneuve intersections (cagftici 0.2, pvalue = 0.2).

Figure7-10 Boxplot of TTC15 of interactionaffected by the discontinuity per location

Figure7-11 Cumulativedistribution function of TTC15 of cyclistgehicle interactions under

study



Figure7-12 Cumulative distribution function of TTC15 of cyclistehicle interactions under

study

7.5 Conclusion

This studyproposes a maneuvbased surrogate safety analysis method and investigates the safety
of cyclist maneuvers at locations with cycling facility distinuities, compared to control sites.
Four intersections are selected in Montréal, where the discontiimtieide a change in cycling
facility location on the road and a change in cycling facility type, with the control sites located one
block east otheir respective discontinuity sites. Video data is collected and two hours are selected
based on video quty (reduced shaking, glare, and large shadows) for each location. An automated
video analysis tool is applied to extract road user trajectorggs@mbine similar trajectories as
motion patterns. SMoS are adopted to obtain the unsafe interactionshesints, furthermore,

the number of interactions and the mean fsl@e summarized per corresponding motion pattern.
The comparison of cyclist batiiour and safety among the locations even from the limited two
hour sample size indicates that discontingitys have more varied motion patterns and more
unsafe interactions. At the discontinuity location where the cycling facility location changes fro
one side of the road to the other, the cyclists traveling northeast inside the facility have the lowest
recordedT TCysvalues, lower than the same direction at the controlAitde second discontinuity



location with a change in cycling facility typie,is observed that left turning cyclists as well as
cyclists traveling southeast have the lowest med@iB@:s values. Among these, there aselists
traveling in the wrong direction and cyclists crossing two lanes of traffic to ride in the center of the
road with motorized vehicles. At the control site, all motion patterns have a higher mé&dan

comparedd the discontinuity site, although this is from a smaller sample size.

The KW test indicated that for both discontinuity sites and one of theotaites (Maisonneuve

and Prince Albert), there are significant differences among the mg@@ys values othe motion
patterns within each site. This indicates that the movelesed surrogate safety method can
pinpoint specific maneuvers that are lssge compared to other maneuvers. Furthermore, the
TTCys distributions are clearly shifted toward lower vaa the discontinuity sites, compared to
their respective control sites. The KS test confirms that the difference is statistically significant at
the pair with a change in facility typ€his work demonstratahatthe different cyclist maneuvers
havedifferent levels of safety, and thegclists at the observed discontinuity locatitwase more
severenteractions with motorized traffid.imitations of this study include the short duration of
study (two hours per location). Although behavioural valitgtis easily observed, and statistical
conclusions could be drawn, a longer duration of study would support stronger conclusions and
may include othr unsafe motion patterns associated with the discontinuity or control locations. In
addition to the disattinuity, other differences within each pair of sites such as road geometry and
traffic volumes may explain some of the observed differences in lmehaand safety. Other
control and discontinuity locations should be investigated where there are sindlastizer
discontinuities than the ones studied here. Improvements to video data collection, including glare,

shadows and shaking of the video camera.

The movemenbased safety analysis method can be applied to any area to identify geometric and
infrastruc¢ural influences on cyclist behaviour and safety. Other SMoS, such asn@osachment

time (PET), may be used. With these results, more informasiales on improving the design of

a location can be drawn. Identifying and designing coumtssures toarget the most unsafe

maneuvers will significantly improve the safety of a location.
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CHAPTER 8 ',6&866,21

8.1 Overview

The present chapter discusses the methodology applications and focuses on the outcomes of each
objective and how thecan be used by researchers, city planners and poa&grs to improve the

comfort, ease and safety of cycling.

The objectives of this dissertation aim to close gaps in the literature by defining cycling network
discontinuity indicators and studying théi HITHFWV RQ F\FOLVWT{V EHKIYLRXU LC
indicators proposed and defined in the dissertation are selected based on a review of factors known
WR LQIOXHQFH F\FOLVWYV EHKDYLRXU DQG VDIHW\ BEEXW WKDYV
using a cycling facility is identified to be safeompared to cycling on the road: as a result, the
locations where there is a change from presence of cycling facility to no facility on the road are
considered discontinuities. A total of 16 types gtlmg network discontinuity indicators are

proposed ath defined, categorised into: 1) infrastructural discontinuities intrinsic to the cycling
network (ed of cycling facility change in cycling facility typechange in cycling facility width

change in gcling facility location on roadchange in pavement ndition, change in road lighting

change in road gragelosure/rerouting of cycling facility due to construction or maintengr)e

road and traffic discontinuitiesifange in road classhange in omber of road laneitersections

change in traffic elume change in traffic spegdand 3) other characteristicsrifggways bus

stops parking allowed on rogdThese indicators have not been used in the growing field of cycling

network performance ansafety evaluations.

The identification of discontinty locations can help planners and city officials to better prioritize
locations for improvements that will increase safety and cycling mode share. For this reason, two
methodologies are proposed ttentify discontinuity indicators and evaluate the aauty of 1),

road and cycling infrastructure and 2) nighttime road lighting levels. The methodologies can be
applied to identify cycling network discontinuities at different levels: for an area likatae city

or districts within the city or for indidual trips. For the safety analysis at discontinuity locations,

two types of data were employed: historical accident data and surrogate safety measures extracted

from video data.



8.2 Cycling Network Discortinuities

The methodology to identify cycling networksdontinuities is proposeith Chapter four of this
dissertationThe proposed methodology is automated to proaideveltool for studies to extract

and include discontinuity measures in their analyshich can be adopted by urban planners and

city officials to identify discontinuity hotspot locations for further improvement as well as in the
planning stage of a cycling network to eliminate discontinuity locations. The proposed approach is
appliedat two levels, 1) within the citythreeMontréalborougts (AppendixC); and 2) among
regions:four North American area&Chapter four)to compare and rank tliescontinuityof the

cycling networks The borough level analysis Montréalextracted seven disntinuity indicators

based on the available data: esfdcycling facility, change in cycling facility type, number of
intersections along cycling network, change in number of road lanes, change in road class, change
in traffic volume and bus stop locatmrThe citylevel analysis among four North Americaties
extractedwo discontinuity indicator®ased on the available data from open data posdat$ of

cycling facility and change in cycling facility type. Although 16 discontinuity indicators are
proposed in Tabled4-2, due to the lack of available infoation, only the two mentioned
discontinuity indicatorsan beautomaically extracted. This highlights one of the gaps in this field,
where despite thsignificant attention and high importance placedcyclingby planners, city

officials and researcherthe availability of dataelated to this fields limited. One of the basic

forms of data is the ge@ferenced cycling network that includes information on the number and
direction of facility laneswidth of cycling facility, definitions and consisteassignments of

cycling facility types, the location of cycling facility on the road: yet some areas lack even basic
information such as cycling facility type and their direction of travel. For exartimegity of
Amsterdam, known as one of the most cydinULHQGO\ FLWLHV SURYLGHV RSH
cycling network; however, the cycling facility types are defined based on functional class
(commuter facility type and leisure facility type) otegorised as origidestination class, all of

which cannclude shared road segments, shared space with pedestrian, physically separate sections
and bike lanes. Other information that is not easily accessible is road characteristics such as the
number of &nes, the lane width, the road class, the location®stops, the parking locations, and

the type of signalization. Traffic volume which includes cyclist and pedestrian flows are even more
difficult to access. Road related information is usually easiénd given the years of experience

in autobased dat registry (from insurance and automotive companies), and cities with a more



significant interest in promoting walking and cycling may have more robust and detailed data that
can be accessed. Howevtre varying level of quality and detail of open acodgst limits the
opportunity to perform studies and evaluations for analysis and comparison purposes. This
limitation emphasizes the importance of recording and sharing high quality data by different
governmental levels and transportation agencies. Thematénl method proposed in this
dissertation is made available under an open source license so that cycling network discontinuity

indicators can easily be extracted with available (fd#dbavi Niaki et al., 2018)

One of the discontinuity indicators proposed in Chapter founasge in road lightingThe lack

of nighttime rod lighting audit methodologies motivated the development of easily applicable road
illuminance data collection procedures in this dissertation for maintenance and safety analysis
purposes. The initial intersectidrased data cattion method (presentedAppendixB) relies on

walking across four legs of an intersection starting around 15 meters before the intersection and
ending roughly 15 meters after the intersection. Since the GPS sensor is not accurate at the small
intersedion scale, especially in dee areas with higtise buildings, the start time at each crossing

is recorded to identify the exact set of illuminance measurements for each intersection leg. This
methodology was applied to 158 intersectiondlontréalfor sdety analysis. The methodudy

was then improved to eliminate the time it took to walk across intersections and record starting
times at the beginning of each leg crossing. This improved methodology collects illuminance data
at road link and intersectioby attaching the illuminamcsensor to a bike or scooter to travel along
roads. This method allows for safety analysis at both intersection and road link levels, with faster
data collection and processing times. The collected illuminance data can be matmper road

link or intersection by aggregating the illuminance measures within a buffer around the intersection
or road link. The road lighting discontinuity indicator is calculated as the illuminance uniformity
(ratio of average illuminance to minimuittuminance). The averagduminance and uniformity

per location can be checked against road lighting standards to identify locations where road lighting
is below standards. Montréal out of the 1442 downtown road links where illuminance data was
collected, 48 % of links and 5% of the 158 intersections had sslandard lighting based on a
medium pedestrian activity level (selected based on the assumed nighttime urban area pedestrian

volume).



8.3 Cyclist Behaviour and Safety at Discontinuities

In chapter éur, once the discontinuitpdicators are proposed, macroscopic evaluation of cycling
network performance is performed using discontinuity indicators. To evaluate the effects of road
lighting discontinuity on vulnerable road user safety, the averagdllinknance and uniformity

are used along wittMontréalfV DFFLGHQW GDWD 7KH VWDWLVWLFDO DC(
Binomial model to correlate the frequencies of cyclist and pedestrian accidents separately with the
following variables: illuminance vaiables (average illuminangceuniformity), accident data
(number of cyclist accidegithnumber of pedestrian accidgitraffic flow (vehicle, pedestrian, and
bicycle volume), built environment (number of road lanes, presence of cycling facility, presence
of tree)androad class (&erial, collector, local)The results indicated a higher risk of nighttime

bike and pedestrian accidents at locations with higher illuminance levels, which is in contrast with
past findingsBryan, 2008; Rodgers, 1995; Zhou & Hsu, 20080, the presence of a cycling
facility and the arterial road tgphave a negative association with accident frequency. It should be
noted that the road lighting standards used/ontréal do not specify an average maintained
illuminance for cycling activity at intersectiofiscLean, 2012) Our results indicate that when
proposing lighting standards, cyclist volumes should also be taken into consideratidition to
pedestrian and mot vehicle traffic volumes since effects of lighting can be different for the

different road user types.

Furthermore, the proposed discontinuity methodology (Chapter four) is applied to the Island of
Montréal WR LGHQWLI\ WKH FLW\heétwo® dis@mMMultyXdeations/td evakuateO L Q J
the microscopic effects of infrastructural discontinuity @adors on cyclist behaviour and safety.
Among these locations, two discontinuity sites are seldotefdirther analysis: 1) an intersection

with a clange in cycling facility type as well as change in number of road lanes and direction, and
2) an interse@n with change in cycling facility location on the road and a change in the number
of road lanes and direction. For comparison purposes, two ceiég®without any discontinuities

are selected in close proximity to the discontinuity locations, and thaveame cycling facility
running through them. Video data is collected for the four sites on weekdays. The automated video
and trajectory analysigol (Traffic IntelligencgJackson et al., 20135 used to extract road user
trajectories and a clustering algorithm is adopted to cluster similar movements as motion patterns

to identify the various cyclist maneuvers at the aligimuity and control sites. Also, cyclist speeds



and accelerations are calculated and aggregated pemnpatitern. The results are a set of cyclist
motion patterns with the number of cyclists and median speed and acceleration of the cyclists
associatetb each motion pattern. This allows to identify the cyclist maneuvers, which can be used
to change or adgt the cycling network to safely accommodate the favoured movements. An
interestingbehaviour is observedt the discontinuity locationahere cycliss choose to travel
outside of thephysically separated cycling facilitgnd insteadride on the sidewalk kich is
prohibited in Canada. Sineecycling facility isimplementedo provide the most comfort, the fact

that cyclists choose to ignore the law aitt® on sidewalks at points of discontinuity could be an
LQGLFDWLRQ highviekaHofFstriesauhddifiiculf choices at discontinuitiesn addition,

the cyclist behaviour study indicates that locations with discontinuities contain a corlgiderab
higher range of cyclist maneuvers and speeds compared to locations where there is no discontinuity.
At thelocation with achange in cycling facility typegyclists performed three distinletft turning
maneuversompared tamne movement observed the control site At the site with a change in
cycling facility location, cyclists performed four motion patterns traveling in each direction
compared to one motion pattern at the control site. Previous studies have identified the variations
in cyclist speedsind cyclistsapproaching from different directions to be difficult to handle for
driversandmay be less saf@Gerstenberger, 2015; Herslund & Jgrgensen, 2008)se results
denote the importance of including discontinuity indicators in designing or improving a cycling

network, in grformance evaluations as well as behavioural and safety studies.

The cyclist motion patterns are used to predict the future positions of road users to compute more
robust SMoS. A unique microscopic movembated surrogate safety analysighmod is propsed

in Chapter seven of the dissertation, to evaluate the safety associated with each motion pattern. The
safety of different movements can then be compared, at the same and at different locations.
Historical accident data is only able at hestapturehe safety of general maneuvers such as-right

or left-turn or throughmovement as recorded by the police or ambulance paramedic. Video
analysis methods have also focused on interactions between these general movements. However,
movements areiffierent, moe microscopic: for example, turning movements can be categorised
into sharp turns or wide turns each with different speed variations. Using the PSMoS method and
the motion patterns, the TTC time series are computed for each interaction. tpbe aduhe

method is a set of cyclist motion patterns with the number of cyclists and'tlverdfie TTC value

(TTCys) of each interaction. Descriptive analysis of the results shows that at both locations with a



cycling network discontinuity there ishagher variallity in cyclist motion patternl TCys values
compared to their control site. At the discontinuity location with a change in cycling facility type,

it is observed that left turning cyclists as well as through cyclists traveling southeasteniavesst

medan TTCys values. Among these, there anglists traveling in the wrong direction, as well as
cyclists crossing two lanes of traffic to ride in the center of the road with motorized vehicles. At
the control site of the mentioned discontinu@l motionpatterns have a higher medidimCis
compared to the discontinuity site indicating safer interactidinthe discontinuity location where

the cycling facility location changes from one side of the road to the other, the cyclists originating
ard ending in e physically separated cycling facility by performing a diagonal movement across
the intersections, and those cyclists belonging to the motion pattern crossing the pedestrian
crosswalks have the lowest recordéldCis values, considerably lowéhan the sae direction at

the control siteA KruskalWallis test is adopted to evaluate whether there are motion patterns that
have significant differences in théliT Cys distributions at each site. The results indicated that at
both discontinuity locdons, thereare motion patterns that have significant differenceBTi@s

values compared to other motion patterns. RbenogoroviSmirnovtest results also indicate that
cycling network discontinuities are associated with shifts to lowerdV&lues, vhich is rela¢d

to less cyclist safety, and there are maneuvers at these locations that increase the risk of a severe

conflict.

The next chapter summarizes and concludes the dissertation and covers the limitations and

recommendations



CHAPTER 9 &21&/86,2%$1"' 5(&200(1'$7,216

9.1 Overview

Despite effors by transportation agencies, cities and other levels of governphaming a cycling
network within the existing road infrastructure has resulted in discontinuities along the cycling
facility. Increasing covexge to bmg accessibility means there will be locations where cyclists have
to travel next to high speed traffic, on roads with less preferential cycling facilities such as bike
lanes where there is parking allowed, and locations where road lightingmspiemened or well
maintained. Although the presence of cycling facilities is preferred compared to riding on the road
with motorized vehicles, the transition between cycling facility types especially when cyclists are
forced to cross a road to contintiding on the facility results in a less safe and comfortable
situation. Similarly, when riding on a cycling facility, changes in road lighting levels may have an
effect on safety and security. That said, the effects of discontinuities as interruptibsis ¢ye

along a cycling facility is a topic that has been overlooked in literature.

The focus of this dissertation is to propose and define cycling network discontinuity measures and
demonstrate the safety and behavioural characteristics of cyclists fated wh changes along

their route. To this end, cycling network discontinuity categories and indicators are proposed, and
a methodology is provided to identify discontinuity locations along any cycling network (Chapter
four). The methodology is appli to fourNorth American cities to rank their cycling network
performance based on discontinuity indicators (Chapter four). Furthermore, a set of discontinuity
locations were selected Montréalfor further investigation. Nighttime road illuminance levels
were colected to identify changes in road lighting levels, find locations where road lighting
maintenance may have been overlooked by identifyingstafdard illuminance levels, and
examine tle safety of vulnerable road users using road accident data (Chap)eiMbreover,
infrastructural discontinuities were identifiedNfontréalwhere two discontinuity and two control
locations were selected for video data collection. Cyclist motionrpadied speed analysis was
performed and compared between discontiranmty control sites (Chapter six). A movembased
surrogate safety analysis method is proposed and applied to evaluate the safety of movements
within discontinuity sites and compareddontrol sites (Chapter seven). The following sections



summarize the lgectives and contributions of the dissertation, findings, study limitations and

direction for future research.

9.2 Objectives and Contributions

The dissertation objectives aim to close gap in the literature by defining cycling network
discontinuity indictors and evaluating their relationship with cyclist behaviour and sdfety.

objectives are defined to structure the dissertation.

The first objective is to define cycling network cbstinuity indicators and to propose an
automatd methodology tadenify and quantify cycling network discontinuities in any aréhis
objective is mirrored in three contributions summarized in the dissertation (Chapter four). The first
contribution of his objective is the systematic definition of cycling network discmritty
categories and indicators. The second contribution is the innovative automated methodology to
identify discontinuities in any location: within a city (at the municipality levekced in Appendix

C), or at the regional level (Chapter fourhi§ mehodology can be adopted by city planners and
researchers to identify locations where cyclists are faced with interruptions in the cycling network
and to implement countermeasur&se thrd contribution is the application of the proposed
methodology to fou North American regions to evaluate and compare cycling network
performance using some of the proposed discontinuity indicators.

The second objective is tegorma safetyanalysisof nighttimevulnerable road ussconsidering

road lightingdiscontinuites. This objective leads to two contributions which are demonstrated in
Chapter four and Append® in the dissertatioriThefirst contribution of this objective includes

new methodobgy to perform a manual data collection afghttime illuminance datat an
intersectionAppendixB) andlink level (Chapter five)hatcan be adopted by any area to collect
nighttimelighting levelsandidentify discontinuities irroad lightingfor mainenanceand safety
analysigourposesThe second contribution is the@igation of the methodology tdontréalurban
signalized intersections (Append® and road links (Chapter four) ¢ollectroad illuminancelata

to identify substandard lighting leus and evaluate nighttime vulnerable road user safety.

The third objetive relies on performing a microscopic analysisyaflist behaviour at discontinuity
locationsin the cycling network using video dat@hapter six). The contribution includes video
data collection and analysis at two discontinuity sites showing var@mmpattern strategies and



speeds compared to control sites (Chapter six). The different speeds and movements at
discontinuities denote the importance of including discontinuity inolisain safety and
behavioural studies, as well as in cycling netwoekformance evaluations to highlight locations

that require improvement.

The fourth and final objective is a novel movembased approach to surrogate safety analysis of
cyclists at cyting network discontinuities using video data and computer visionnigebs
(Chapter seven). Motion patterns are used to improve the prediction of SMoS. Furthermore, the
safety results are aggregated per motion pattern, which has not been done irepastushés.

This method identifies which motion patterns are safdrvamch pose a higher rigk road users.
More specifically, the first contribution is the innovatimeovementbasedsurrogate safety
evaluationmethod where safetyndicatorsare summarized penotion pattern t@ompae safety
across movements and betwediscontinuity and control location§Similar to the previous
objective, theoutcomes of this study emphasthe importance ofecognizing discontinuities as
potential hotspa locationsthat must be included in network performance and safety studies
Ancther contribution of this method is the identification of the microscopic movements that
increase the chance of being involved in a severe conflict, which will help reseaaciers

transportation planners to better desigovemenispecific safetycountermeasure.

9.3 Research Findings

The methodology is applied to compare the cycling network performance of four North American
cities:Montréal Vancouver, Portland and Washington D léased on two discontinuity indicators,

change in cycling facility type and @nof cycling facilities. Results show a high level of
GLVFRQWLQXLW\ LQ WKH F\FOLQJ QHWZRUNV RI WKH IRXU F
highest (worst) discontirity level to lowest (best) are Portland (3.05), Vancouver (2.0),
Washington (1.8) andMontréal(1.3).

Chapter five results are drawn from illuminance data of 1422 road lidksniréal In this chapter,
lighting discontinuity is measured by illuminancaiformity. The average illuminance and
uniformity levels are calculated per roltk as lighting indicators. These variables indicated that
48 % of the studied links had sstandard illuminance levels. Furthermore, the statistical analysis
of nighttime winerable road user accidents indicateat an increase in road lighting is esisited



with a higher risk of cyclisand pedestrianighttimeaccidentswhich is contrary to past findings

(Bryan, 2008; Rodgers, 1995; Zhou & Hsu, 2008)is may be because darker areas with less
visibility propel driversto drive more cautiously and slowly, resulting in lower accident rates. It
alsosuggests that over the ten years of the studied accident data, road lighting has been installed as
a counter measure at locations with a high number of accid@stantinuos lighting (calculated

as illuminance uniformity: the ratio of average intergecor link illuminance to its minimum point
illuminance measurement), did not have a signifieasociation witmighttime vulnerable road

user accidenOther variables shawto have a significant association with the number of pedestrian

or bicycle acimlents are the presence of a bicycle facility (increase safety), the arterial road class
(increase safety), the number of lanes per link (decreases safety), the vehicledieas@s safety)

and pedestrian flows (decreases safety).

The use of cyclist tjactory clustering in Chapter six provided valuable information on the
microscopic movements of cyclists. This approach allowed us to distinguish several cyclist motion
patterrs. Cyclist behaviour analysis at discontinuity and control sites indicatedtttieg change

in cycling facility type discontinuity location in Montréal, cyclists performed three distinct left
turning maneuvers compared to one left turning maneuver aotfteol site. Similarly, at the
discontinuity site with a cycling facility chge in location on road, cyclists performed four distinct
northeastound and four distinct southwdsbund maneuvers compared to one motion pattern in
each direction at the cool site. Furthermore, higher variations in road user speed, acceleration
and ceceleration are observed at discontinuity locations compared to more stable speeds at control
sites. The results indicate that cyclists adjust their maneuver strategy and aspibede
discontinuity locations depending on their experience or comfortsdevben faced with these

interruptions.

In Chapter seven, safety is evaluated at the same discontinuity and control sites as in Chapter six.
After obtaining the motion patternthhe PSMoS method is used to compute the TTC time series
and its 18 percentilg(TTCss) for all cyclistvehicle interactions. The TTi€results are aggregated

per motion pattern. Results show that at both locations with a cycling network discontingty the

is a higher TT@s variability among cyclist motion patternBhe unsafe maneers are identified,

and he KW test is adopted to evaluate whether there are motion patterns that have significant
differences in TT@s distributions compared to other motipatterns at a site. The results indicate

that at both discontinuity locationd)ere are motion patterns that havsignificant difference



amongtheir TTCys valuescompared to other motion patterns. The KS test confirms that the
difference inTTCgs distributionsis statistically significant between each pair of discontinuity and
contol locations. This work clearly demonstrates that different cyclist maneuverdiferent

levels of safety, and that discontinuities in the cycling netvmaaly result in more severe cyclist
interactions with motorized vehicleét the discontinuity loation where the cycling facility
location changes from one side of the road to therpthe cyclists traveling northeast originating
from inside the cycling facility, traveling diagonally across the intersection, and those using the
pedestrian crosswalks end in the physically separated cycling facility on the opposite side of the
road have the lowest recorddd Cis values, considerably lower than the same ortgatination

at the control siteAt the second discontinuity location with a change iniogcfacility type, it is
observed that cyclists traveling in the wrong directionehidne lowest recordetiTCis values as

well as the left turning cyclists crossing two lanes of traffic to ride in the center of the road with
other vehicles all of which arconsiderably lower than corresponding motion patterns at the control
site. In sumnary, findings from this chapter indicate thtte observedcycling network

discontinuities have a negative association with cyclist safety.

9.4 Research Limitations and Recommedations

This dissertation is not without limitations. In this section, the linoitet of each chapter are

presented, and the recommendations are discussed.

Limitations related to Chapter four is the restricted number of cities studied which is dee to th
difficulty of finding cities with available cycling network data that includedisiint facility type
information, resulting in the few indicators identified and compared between the cities. Among the
16 proposed discontinuity indicators, only the agtion of end of cycling facilities and change in
cycling facility type were autometl and made available in tio@ensource repositoryNabavi

Niaki et al., 2018)

The study carried out in Chapter five made of various datasets which were not collected during
the same time period. Inconsistencies in the firames for accident data (between 2001 and
2010), the traffic flow$2008 and 2009) and the illuminance data collection (2013) may not be able
to captue the whole relationships of each variable with the other. Moreover, an issue with using
AADT as traffic volumes is that nighttime traffic volumes are significantly loivan the AADT



which might overestimate the effects of nighttime flows on safetyerGithe low frequency of
nighttime road accidents, to acquire a sufficient number of data points, ten years of accident data
was used for the analysis. This is problemaitices over the span of ten years road lighting and
illuminance levels may have champdue to new road lighting implementations. To eliminate these
problems, it is recommended to collect road user traffic flows specifically at night to better estimate
its efects on nighttime safety, and proactive safety approaches can be used to etheingte of

several years of accident data. This can be done by collecting nighttime video data using thermal
cameras and calculating SMoS indicat@ts, MirandaMoreno, & Saunier, 2016)

The challenges related to videatd analysis in Chapters six and seven include video recordings in
windy conditions resulting in shaking in the video, sunny conditions resulting in shadows that
might be tracked as actual road users. Other challenges such agraweng and over
segmemdtion can be alleviated by optimizing tracking parameters for eachCl#ssification

errors are also observed and can be decreased by retraining and optimizing the classifier for the
conditions encountered at the sites under study. Recommendationieinbkcking the angle of

the camera to obtain a top view of the area ustigly that would capture the road user trajectories
from a few meters before to a few meters after the location of interest. The camera should be
secured to a pole in such a wayttiwndy conditions do not shake the camera, or preferably video
data shold not be collected during windy conditions. Other weather conditions that are not
preferable are rainy and sunny conditions where road users cast a shadow that might be tracked as
road users. To eliminate these problems however, thermal cameras as¥ agigth that do not

capture shadows or rain and can record data throughout the night.

9.5 Direction of Future Work

Future work related to the research in this dissertation incluéesxe video data collection and
processing at more discontinuity locatsoand control sites. This can be done at different scales,
within a city and between citie evaluate cyclist behaviour and safety across locations with the
same discontinuity tyg The different discontinuity measures can be further studied to ydttif
discontinuity type that has thmost severe interactions. Adopting the movermeased safety
method to discontinuity location can provide a comprehensive dataset, and advadeésican

be employed to statistically evaluate the safety of road usgompatterns.



Additionally, the methodology to identify cycling network discontinuities can be applied by
obtaining better quality cycling and road network datasets where ad@ndinuity indicators can

EH HHWUDFWHG WR \ixdeminuiyllével B @abrasebpid Mvel of analysis can also

be performed using cyclist route information to investigate the effects of discontinuities on cyclist
route choice. GNSS data frargclists can be used to identify how cyclists behave througheut
cycling network with different discontinuities. Finally, cyclist perceptions can be studied at
locations of cycling network discontinuities. Stated preference surveys can be conducted to
complement the revealed preference data from cyclist routeeclstuclies to capture the latent

class variable and its correlation with the various discontinuity locations.
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APPENDIX A £SITE SELECTION AND PARAMETER VALUES

The following section elaborates ¢me the practical details of selecting case study locations and
parameter values for data prodagsand analysis. The case study location selection is related to
Chapter six and seven while the parameter selection for data processing and analysistes relat
Chapters four, six and seven. The recommendations for the selection of these locations and
parameters are discussed for future studies.

Infrastructural Discontinuity and Control Site Selection

The methodology presented in chapter four is usedetect the infrastructural discontinuity
ORFDWLRQV DORQJ ORQWUHDOTTV FsEXdn® SevorH W Méntsddl, theV X GL H
georeferenced cycling data allowed for the identification of two discontinuity types: end of cycling
facility and change cycling facility type. Throughout the city, there were 428 locations of cycling
facility ends andL76 locations where the cycling facility type changes. From these, a total of six
discontinuity locations were randomly chosen. The municipalities/bosoughere the
discontinuity sites were located were contacted for video data collection permitioutofithe

five boroughs granted permission for video data collection at four discontinuity locations for
around eight hours. For each of the four discuity sites, a control site was selected. To select
control sites, intersections immediately one klfsom the discontinuity site were selected to allow
for similar bike and vehicle flow going through the cycling facility. Another factor that was
consideed was the similarity of the intersection geometry and built environment. From the four
discontinuityand four control sites, two sets of locations had very few cyclist flow volume on the
data collection day to allow for a conclusive behaviour and safetlysis and were consequently

not analyzed in further deteail.

A recommendation for site selectiorr fature studies is to identify as many discontinuity types in

the cycling network as possible, and consider more discontinuity locations for dataarolfeites

with higher cyclist and vehicle volumes should be prioritized for data collection. Thelcsités

should be selected if the geometry and built environment of the intersections along the same cycling
facility are similar to the discontinuitytes and the cycling facility is continuous in the direction

of travel affected by the discontinuity.



Parameter Value Selection for Data Processing and Analysis

The selection of parameters to perform some of the data processing and analysis werelt®ne for
specific case studies based on manual sensitivity analysis. The buffer sizes used in chapter four
ZHUH VHOHFWHG EDVHG RQ ORQWUHDOYfYYV JHRUHIHUHQFHG |
PHWKRGRORJ\ WR DQRWKHU DUHD W KchihgFietWadrk \shalildl ol H I H U H (
considered when selecting buffer sizes. For example, a city with a veryrdadseetwork would

require smaller buffer sizes compared to a rural area with a less densely distributed road network.

For the clustering of cyclist trageories into motion patterns, the algorithm uses two parameters:

the distance threshold for positiomdarity, and maximum similarity for a trajectory to belong to

a cluster. The parameter values used in chapter six and sevenwéoe the Manhattanistance

and 0.6 for the minimum similarity. A sensitivity analysis was performed to select the penamet

that result in the number of motion patterns with the most cyclists ranging from 1 to 3 m for the
distance threshold and 0.4 to 0.7 for the minimumilarity. For future studies, the parameters can

be adjusted depending on the data collection locadiwth the number of different observed
maneuvers. To increase the total number of motion patterns, the distance can be reduced, or the the
similarity valueincreased. When selecting the parameters, it is important to collect and process
enough data to guareee a minimum number of cyclists per motion pattern and be able to draw

conclusion from the analysis.
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Abstract

The review of recent research effortsrgad lighting and safety siws an inconsistency in the
methods to measure ambient road lighting. The importance of road lighting on improving night
time safety is evident; however, the lack of actual illuminance field measurements results in a gap
in the knowledge of whether instaleroad lighting provides adequate illuminance for clear
visibility at night time or not. Previous studies considered the presence or absence of road lighting
on safety without measuring actual illuminance of the road. Thig gémpe to propose a uniform
methodology to perform a simple road lighting audit and safety screening that can be applied to

any area.

To perform the proposed audit, a photometric sensor, data logger and information on the city
lighting standards, gereferenced accident data and frafflow data are needed. To collect field
measurements, the data collectors cross each side of the intersection with the sensors starting and
ending 15 m before and after the intersection. Information on land use, roadtgden of light

poles, locdabn of trees and weather conditions is collected. Based on the collected data, average
illuminance of each approach of an intersection as well as the average illuminance of the whole
intersection and the uniformity ratio of theersection was calculate@ihese results are then used

to compare to the city lighting standard to check if the installed road lighting is performing
adequately. If iluminance values of an intersection were bellow the standard specifications, the

intersections were ranked as ssthndard.

This methodology was then applied to a case study in Monfpaéhecwhere 59 % of the selected
sample intersections had sstandard lighting. Statistical analysis showed that the number of
night-time accidents waaffected by traffic flow (othe ratio of minor to major flows) and the fact

that the intersection average intersection illuminance did not meet the standard. For average
illuminance, contributing factors were clear sky, hour of the night of the datectwof, and
presence of lighpoles and commercial lights.



Introduction

The purpose of road lighting is to provide visibility, security and safety for all road users during
the night(Beyer & Ker, 2010; Bruneau & Morin, 2005; J. D. Bullough et 2013; J. Bullough,

Zhang Skinner, & Rea, 2009; Ekrias, Eloholma, & Halonen, 2008jce light poles are installed
according to specification standards, they are assumed to provide adequate illumination to road
users at night. However, lighting eqoipnt might not be well mairiteed and there are hardly any
follow-ups on the performance of lighting and its effect on safety. With time and resources
constraints, there are usually few field measurements done by municipalities to check if lighting
meets e specification standardshi$ is problematic because with the rapid change in traffic flow
and land use, the amount of illumination needed for visibility also chageBiLaura et al.,

2000) Safety issues at night where lighting standards are not checked can be related to illumination
deficienciegBeyer & Ker, 2010; Bruneau & Morin, 2005; J. D. Bullough et al., 2013; J. Bullough,
Zhang, et al., 2009Y herefore, it is important to inspiethe adequacy of road lighty performance

on a regular schedu(®ussault, 2005)

A study done by the University of London reports that only a quarter of all travel done by cars are
between the hours of 7pm and 8am, yet this period accaum®%o of fatal and seriousjuries

(Ward, Shepherd, Robertson, & Thomas, 200%)other European sty confirms that even
thoughonly 25% of the vehiclemiles traveled is during the night, nearly @0of fatalities occur

in those hours, making night time fatality rate three times higher than the daytinidassen &
Lutkevich, 2002) This indicates that night time travelling is done a greater risk but some important
night time issues, not directly linked to lighting, such as drunk driving and speeding, along with
infrequent police controls, €9 contributes to overall risk. This brings up the importance of
investigating night time accidents factors, the most important being lack of clear vigibdigr

& Ker, 2010; Bruneau & Morin, 2005; J. D. Bullough et al., 2013; J. Bullough, Zhang, et al., 2009)
Even though some studies lookedhe effects of road lightghon accidents and safggeyer &

Ker, 2010; J. D. Bullough et al., 2013; Donnell et al., 2010; Rohwer, 2@NPR, 2009; Transport
Quebe, 2013; Wanvik, 2009c; Yannis et al., 201&)limited number of studies did actual field
measurements. These studies use different ways of measuring illuminance most of which are
cumbersome and often not sufficiently accer@d. DiLaura et al., 2000)The methodology

presented in this paper aims to propose a uniform practice to be applied to any area.



Studies considerg road lighting and safety mostly measured only the presence and absence of
light, or relied on beforafter studies for road lightnimplementation§Assum et al., 1999; Beyer

& Ker, 2010; Donnell et al., 2010; Goodman et al., 2007; Griffith, 1994; Isebrands, Hallmark, &
Hans, 2004; Wank, 2009c; Yannis et al., 2012Although the presence or absence of lighting is

a key factor, the amount of lightipgovided could be inappropriate (too low or too high), resulting

in nonadequate visibility and glare. More recent studies evaluataiilance levels and meeting
standards in relation with safet@ne of the papers that considered illuminance measursment
studied a sample of street lighting installations in urban areas using illuminance (Jeetett &

Frith, 2013) The authors concluded that average road illuminance has a significant effect on road
safety, andhe effect propensity is higher at locations with more severe levels of injury. Another
studyaimed to find the relationship betweerash injury severity at night time and average road
lighting illuminance(GonzalezVelez, 2011) Using illuminance measurements, they concluded
that providing a certain amount of lighg in urban areas decreases the probability of crashes with

injuries during night time.

This raises the question of thiek between land use (residential, commercial, etc.), road lighting,
and safety. If there is a link, what is the causal relatiortstyween these factors? The assumption

is that road lighting level is governed by land use development and therefoyassedted to the

built environment and land use. For example, illuminance coming from other source than lighting

poles is much highen commercial areas.

This paper highlights the importance of conducting field audits on road lighting by introducing a
simple method to systematically measure road lighting and evaluate its performance, and also by
proposing a screening approach for iifgmg locations for lighting improvements. The
methodology of auditing road lighting presented in this paper can liecdhppany area to check

if road lighting meets the requirements. A significant contribution with respect to past studies is to
carry out actual field measurements of road lighting for analysis at urban andrizab
intersections. The amount of ambiepntd light is measured using a photometric light sensor.
Another goal of this paper is to study the relationship between lighting,y safet other
characteristics of the built environment in urban andwsblan areas. The methodology presented

in this pape focuses on lighting at signalised and fsignalised intersections in urban and-sub

urban areas as intersections are critical pomes road network where vehicles, pedestrians and



cyclists share the same space. In Canada, more than 30 % of faalitié8 % of serious injuries

occur at intersectiondransport Canada, 2011)

7KH SURSRVHG URDG OLJKWLQJ DXGLW PHWHRte&seQe3toLY DSS
check if the cities road lighting specifications are met. A statistical analysis is also doneeto relat

the number of night time accidents to average illuminance and built environment characteristics.

The remainder of the paper is orgaed as follows; the background section provides a brief review
of earlier research in context. Followed by that is tteppsed road lighting audit methodology.
Further it is followed by the application of the methodology to a case study of urban anthanb

signalized intersections in Montréal. Finally the paper is concluded and future work is discussed.
Background

Road Lighting

The issue that people face after sunset is darkness and the lack of clear visibility. With the
development of cities, the ideof illuminating human walkways during night time emerged. The
main reason for illumination during night was to prowdgbility, increase the sense of security

and safety and to allow activities to take place in the later hours of the e(@radgury, Cameron,
Castell,& Jones, 2007)Street lighting later on became a major factor in pedestrian safety and
crime reduction during the nigliBradbury et al., 2007)With the rapid increase in population,
vehicle ownership and sizef a@ities, municipalities proposed lighting standard specifications
aiming to create an environment with consistent lighting and adegisbility for the safety of

all road users. Yet there are no guarantees that the installed road lighting is persorfiicrently

at all times, and therefore road lighting audits must be done to check if road lighting has an impact

on safety or not.

In order to deal with light measurements, it is important to get familiar with units and technical
terms. llluminance isigible light as seen by the human eye and is measured in units of lux. The
lux is carefully defined to weigh each wavelength by thamasity function to reflect how light is
perceived by human eyéGreen et al., 2003Average iluminance is the brightness of the road as
seen by a driver. Uniformity ratio is a measure of how evenly lit the road surface iscalcdlsted

by dividing average illuminance by the minimum illuminance of the road segment.



Road Lighting Specifications

By its nature, a standard defines adeqaatkacceptablpractices. Different countries, cities and
municipalities follow differentighting specification standardBussault, 208; Wanvik, 2009c)
Different standards require different pole heights, different distance between poles, diffepsnt lam
and levels of lighting. The major North American lighting specification guide is the llluminating
Engineering Society of North Amea (IESNA) Lighting HandbookD. DiLaura et al., 2000)The
transportation association of Canada (TAC) also has a guide for the design of roadway lighting
which provides lighting standards used by Canadian provincial transportation agencies
37TUDQVSRUWDWLRQ $VVRFLDWLRQ RI &DQDGD 7%& ~ Q G

Most of the road lighting standards only present the averaggtained illuminance levels based

on intersection typef. DiLaura et al., 2000)Some standards include a minimutariinance

value for different types of intersectionroadsr UDQVSRUWDWLRQ $VVRFLDWLRQ R
and sore give a maximum uniformity ratio value above which lighting will tesu disability

glare.

Road Safety

In cities where the national/provincial and municipal road lighting are dealt with separately, road
lighting throughout the city will not be consisteand many roads will be undir (Bruneau &

Morin, 2005) A major point of interestni a transportation network is therefore at intersections
(Canada, 2007 Different municipalities may use different lighting standards, which may also be
different from national/prancial lighting standards. This results in intersections where oeetst

is lit according to provincial standards and the other street according to municipal standards. There
are some evidence that if one street has a high average illuminance aneithastubstantially

lower light, a driver turning from the welit road to the undelit street will take a few seconds for
his/hereyes to adjust to the darker road and also, if the driver is turning from theliinoled into

the weltlit road, he/ske will be blinded by light for the first few secon@& Bullough, Rea, et al.,

2009 Lighting Research Center & Systems, 2011; MS Rea, Bullough, & Fay,.ZD@8)glare
recovery time ranges from 1 to 7 seconds depending on the age and optical health of the driver
(Schieber,1994) 'LVDELOLW\ JODUH RFFXUV ZKHQ WKH LQWURGXFWL
ability to resolve spatial detaiSchieber, 1994)The IES proposes maximum illuminance values

and uniformity ratio to avoid the disability glare and the temporary rexhsin visibility when



the eye is adapting from alternately lookingaegas of widely different illuminancé€B. DiLaura

et al., 2000)A study conducted by BaBox, 1970)ound that the nuiver of night time accidents
decreased as light levels increased up to an illuminance threshold, and then increased for higher
light levels, which is hypothesized to be related to theachpf glare in locations with substantial

lighting variation.

Severastudies have looked at road lighting and safety. These studies focused on the absence or
presence of road lighting. For example, a study showed that the presence of road lighgjhg at ni
not only reduces the risk of accidents, but also their seviRtGPA, 2009) Another study
conducted in the Netherlands showed that an improvement in the lighting from very bad to good
in anurban area reduced accidents with injuries by approximately @chreuder, 1985, 1989)

A study done in Minnesota looked at the effects of lighting on accident frequency for different
intersedon types, where the results showed that the presence of road lightinggrsections
contributes to 12 % lower nighd-day accident ratio with respect to an unlit intersecti@n®.
Bullough et al., 2013)Another stidy considering road lighting and safety concluded that the effect
of road lighting on injury accidents during darkness i8#8n Dutch motorway@Vanvik, 2009c)

The same results were found in a study investigating the effechohbigconditions on frequency

and severity of road accidents at urlaawl rural roads in Greece. This research concluded that the
presence of night time road lighting has an effect on improving traffic safety and reducing accident

severity(Yannis et al., 2012)

Road Lighting Audit Methodology

This section presents the stepstep methodology toystematically perform a lighting audit at
signalised andonsignalised intersections. This practice can be applied to any area if the required

data and equipment are available. The main steps of data preparation and analysis are:
1. Data sources: obtainingé city lighting standards, accident data, and trafb fl

2. Data cleaning process: filtering accident data for accidents occurring at night time, and

selecting intersections with night time accidents occurring in their vicinity.

3. Sample selection: idenyiihg intersection hotspots based on traffic flow anditin@aber of

night time accidents.



4. Data collection in the intersection sample: collecting illuminance and built environment

characteristics in the selected sample intersections.
5. Field data analysis: cqmaring average illuminance with standards and safety.

Thefollowing subsections will describe these steps in more details.

Data Sources

The first step is to find which lighting specification standards the city or municipality follows for

installing road lghting. This information can be obtained from the ciapngportation department.

The primary type of data for this research is-geferenced accident data, usually obtained from
hospital records, police reports or ambulance intervention reports. Acdatarshould be obtained

for a minimum of one year. Thather critical information that is needed is traffic flow through
intersections; specifically, the annual average daily traffic (AADT) of the major and minor
intersecting streets. The accident aadfit flow datasets will be used to select sample inttises

for further analysis.

The next step is to clean the obtained accident and flow data according to the needs of this project.
If neither of these datasets is available, the intersection sdonmlata collection will be selected
randomly.

Data Clearing Process

First, the accident data must be filtered to include only accidents that occur at night time. Sunset
and sunrise times do not fully represent dark conditions since the sky is not congaekefor

some time after sunset and before sunriseerAdtively, twilight times are used. Based on the
Mariam:HEVWHU GLFWLRQDU\ WZLOLJKW LV WKH 3OLJKW IURP \
between sunset and full night produced by diffusidrsunlight through the atmosphere and its

G XV W’ theswef@ifion, night time is considered as the time when evening twilight ends until

the time when morning twilight starts. If twilight times are not available, a tmnyte interval

after sunseand before sunrise can be used.

The second step is téopall the night time accidents in a geographic mapping and analysis software
such as ArcGIS. Accidents occurring in art5adius from an intersection are associated with it
using a circular buffeand a spatial joint. The I buffer from the center dhe intersection was



chosen as the effective area to analyse the night time light measures. It is a result of a sensitivity
analysis for four different buffer radiuses, 5, 10, 15 anth2@inally, te intersections with flow

data and night time accidergsnstitute the candidate set from which a sample is selected for field
data collection.

Sample Selection

There are two methods to select a sample for data collection, either randomly or by using
intersection accident and flow data. If these datasetsoaigevailable, or there is a time constraint

to perform a light audit where no accident and flow data can be collected, sample intersections for
the lighting audit can be selected randomly throughweitity. This random selection must cover
different disticts within the city and must have variability in the type of roads crossing at the

intersection, e.g. arteri@bllector, arterialocal, etc.

The other method is to use the cleaned data frorpréhgous step to select intersections for data
collection The sample intersections are selected by identifying hotspots based on the number of

accidents and the flow through the intersection.

The accident risk level at intersections is estimated usiagempirical Bayes (EB) approach
(MirandaMoreno et al., 2007)or the stastical analysis, we start by assuming that for each site
i, the number of accidents over a period of timgfollows a Poisson distributions, wher@s the

mean accident frequency and follows a Gamma distributi@n, ;yagl 2 KE O Gl and

aul)=11= @& A According to this popular Poisson/Gamma model, the conditional
O

probability p( a} U) is also Gamma distributed with shape (U,E 1) and scale parametbr=

(1+-). From thisthe popular EB estimator is givey the posterior mean of:
O

Cali L g S —or gl agli L isF SgWE S [1]
Sob ——, (2]
asL U (507 (e [3]

Where:

F1i +flow in the major approach at intersection i



F2i #flow in the minor approach at intersection i

U #regression coefficients obtained from the data

ag tsafety performance funcin depending on sigpecific factors
1 zdispersion parameter

Using the number of accidents for each intersection as well as the flow in the major and minor
approaches, a negative binomial regression model is run usingsticsthinalysis program such

as Stata. From there, the regression coefficients and the dispersion parameter are used in the
formula to obtain the safety performance function and EB. Then, the potential improvement factor,

called risk thereafter, is calctdal as follows:
2 4L " $gF Y55

where *$3 ;s average number of night time accidents in the reference population. Based on the Pl

results, arbitrary thresholds are used to indicate-hglfy mediumrisk, low-risk and Pl values

below zero candconsidereds safe intersections.
Data Collection Procedure on Sample Intersections

Equipment Used for Data Collection

Skye Instruments Ltd36 N\H , Q VW U X fhah@faétures lightGneasurement sensors and data
logges. For thigroject, the SpectroSense2+ (SKL 925) logging meter was used. The SKL 925 has
the option of recording measurement position via a GPS receiver. The sensors (SKP 218)
manufactured by the same company are two one channel sensors. The sensophbtoaioe
detector responsive to wavelengths from 280 to 1100 nm which includes the visible light

wavelengths. The sensors measure illuminance levels in units @fikilo

For data collection purposes, these sensors should be attached to a staélantzawdly hat one

sensor is facing up and the other is facing down. The sensor facing up is collecting data from the
sources of the light representing the ambient light perceived by the eyes. The sensor facing down
indicates how bright the road surfase measuringhe road surface reflectance: this sensor is not
used in the present study as no requirement for lighting is based on it. The following is the list of
what is needed for the data collection:



x Data logger
X Photometric sensors
x Data collection sheg with penor pencil

X Construction vest

Sample Data Collection Process

Since the data collection process happens during the night, and some intersections may be located
in unsafe areas, there should be at least two people collecting data. The twilaglibrtieach
evening should be checked and data collection should start after the evening twilight ends. Safety

vests should be worn in order to be clearly visible to drivers.

Before starting, the logger must be checked for battery level and memory spacéghit
measurement interval is selected to be 1 s. The SKL 925 logger records the date, time, illuminance
level from both sensors, and GPS coordinates. One of the problems with analysing the data from
the logger is that in urban areas, the GPS doesivetagcurateeadings because of the urban
canyon effect, especially when the distance traveled is only from one side of the street to the other.
In order to overcome this problem, before starting to cross the street with the logger, the time and
locationof crossings recorded. In this way, when retrieving the data, the illuminance measurement

from each crossing has a unique start time and intersection name.

At signalised intersections, since the data collector starts at a distance away from theiamersect

roughly15 m as shown JRigure B.1| and data logging should happen at relatively constant speed,

there should be enough time to cross the intersection. To avoid stopping behind red lights when
logging data, the data collectstarts Igging just when the traffic signal in their direction turns
green so that there is enough time to reach the intersection and cross with a constant speed while
the light is still green. For nesignalised intersections, the same procedure is felfiowithou

waiting for the traffic lights.

Using the mentioned sensors and logger, several tests were performed for sensitivity analysis.
Initially, data was collected at a single intersection in different weather conditions to check for
illuminance variabity according to different weather conditions (clear sky, mainly clear, overcast,
after rain, snow on the ground). Results showed no correlation between the two factors, meaning

that the variation of light measurements were not dependent on the w&atheecod test was



performed using a pole with the sensors attached to it. Data was collected with different pole heights
ranging from 80 cm to 260 cm. The results did not show much variability with regards to height.
Therefore, for the data collectiorhet data ollector can collect data holding the sensors at any
convenient height. For each night of the data collection, the temperature, sky condition and moon

phase are recorded for further analysis.

While the illuminance data is being collected, theoagganyingdata collector fills in a data

collection sheefRigure B.1). The data collection sheet aims to gather information on the type of

intersection, location ofight poles, locations of trees which may block light, location of
commecial light (defined as the light coming from stores, restaurants and other roadside

buildings), built environment characteristics and any other notes about the intersection.

Field Data Analysis

At the end of each data collection, the illuminance measuresnfeom the sensor should be
downloaded from the logger using the SpectroSense2+ software. The average illuminance values
for each approach of the intersection are calculated ubgig ¢orresponding start times. The

average illuminance of the four appahes is taken as the average illuminance of the intersection.

Then, the uniformity ratio of the approaches is calculgifettle B.1andFigure B.3|in the case

study section represent the average illlanice calculated for each approach of an intersection and

the raw measurements from the sensors respectively.



Figure B.1 Data collection sheet



Montréal Case study

Study Area

The case study for applying the mentioned madhagy is in the Island of Montréal, Québec,
Canada. The Island of Montréal has two different types of lighting specifications provided by the
Ministére des Transports du Québec, and lighting provided by ihogaicipalities(Bruneau &

Morin, 2005) The former uses IES staards and the latter uses TAC standards for road lighting.
Given the two different standards, the problem of inconsistent lighting arises throughout the city,

especially at intersectiorfBruneau & Morin, 2005)

Data Source, Sarmple Selection and Data Collection

Accident datdor this project was obtained from Montréal police reports from 2001 to the end of
2010. This data included the vehislehicle and pedestriarehicle accidents, their location in
latitude and longitude coarthtes. Bicycle accident data is not used is #tudy because night

time bicycle accidents are une@ported and the flow of bicycles during night time is very low.

The intersection geometry and traffic flows were acquired from data collected manuétlg b
McGill university transportation engineeg group in 2008009. These Manual counts were done
during 8 hours and used to determine AADT for vehicles. Counts were taken during the two peak
periods (3 hours each) and 2 hours duringiti@nperiod. Expansion factors considering weekly,
monthly andhe 24 hours of the day were used to extrapolate counts. Here it is assumed that flow
intensity during the day is proportional to the night period; therefore AADT is still used as a
measure of traffic actiwtduring night time. This intersection invengdncludes the intersection

ID, names of intersecting streets, latitude and longitude coordinates of the intersection point, the

AADT flow for each approach and the road type (national, arterial, collectbtpeal).

These two datasets, accident andrsgetion flow, were used to select a sample of intersections
with a wide range of accident frequency and land use variability, which are discussed in the

following sections.



Accident Data Cleaning

From theMontréal accident data, twilight times were diser each day of the year to filter through

the 10 years of accident data and select only accidents that occurred during night time. Based on
this approach, 12,433 accidents occurred at night time, whichigtscior approximately 1% of

the total vehia-vehicle and pedestriarehicle accidents recorded in Montréal throughout the 10
years. Accidents that occurred within a 15 m radius of an intersection were then selected using
ArcGIS.

Selecting Intersectiorsample

Using the EB approach, intersectionshwight time accidents were ranked based on their accident
risk level and a random sample of intersections were selected for data collection. Based on the

potential improvement values, risk thresholds wefandd as follows:
x PI1>7 as Higkrisk
X 2 < PI<7 as Mediursrisk
X 0<PI<2as Lowisk
X Pl <0 as Nerisk

Factors considered for selecting the intersection sample were the number of night time accidents
per intersection and AADT flow for major and minor apgches. A total of 85 intersections were

randanly selected within all the accident risk categories, from high to low accident risk, including

intersections without any accident, as showfFigure B.2| These intersections were selected

throughout the city covering the downto and suburban areas. Different types of roads with
different land use were selected in different districts. Of the selected intersections, 26 %

intersections were highsk, 33 % were mediumsk, 28 % were lowrisk and 13 % were no risk

intersections ashown inFigure B.2




Figure B.2 Map of selected intersections with risk variation

Data Collection on Sample Intersections

Data was collected for the selected intersections in June and July 204 8hé end of the evening
twilight before the morning twilight. For each night of the data collection, the temperature, weather
and moon phase was recorded from Environment Caftadaronment Canada, n.dJhe data

wascollected using the procedure described in the previous section.

Sample Descriptive Analysis and Model

This section covers the analysis of the illuminance of the intersection sample and of the night time

accidents, and the effects of exogenous variablésemn.

From the lighting point of view, some indicators such as the average illuminance of eacklapproa
the total average illuminance for the whole intersection, the uniformity arstantard uniformity
measures were compiled. The uniformity ratiodach intersection is calculated using the average
intersection illuminance over the minimum averademinance of the four approaches of the

intersection. The average illuminance value and uniformity ratio of each intersection are compared

with the lightng standardgTable B.1|illustrates the average illuminance measured for each

approach of one of the intersection samples; Wkidgire B.3|presents the point measurements




collected by the sensor foné same intersection. In other words, this figure illustrates the amount

of illuminance of each point in each direction. Comparing the informatj@datie B.1landFigure

B. 3|shows that east side of timtersection is brighter at night than the west side.

Table B.1 Average lluminance of Each Approach in a Sample Intersection

Street Average

ID Date Street name Approach  Direction llluminance
name

(lux)

1246 08JuF2013  Louvan E(Local) €29 Norih EtoWw 17.5
(Arterial)

1246 08JuF2013  Louvain E(Local) -39 \yest NtoS 8.5
(Arterial)

1246 08JuF2013  Lowvain E(Local) 29 south  wioE 14.0
(Arterial)

1246 08Jub2013  Louvain E(Local) ~c3di® East StoN 18.8
(Arterial)

For this intersection, the average intersection illuminance is 14.7 lux and the uniformity ratio is 1.7.
Comparing these values with the artet@aal intersection lighting standards, where the average
illuminance must be above 19 lux and unifogmiatio should be below 3, indicates that this

intersection is not lit according to standard, but the uniformity ratio meets the standards.

Figure B.3 Map of the collected illuminance measurements of a samielesection



Accordingly, the average illuminance and the uniformity ratio of the 85 selected sample
intersections are compiled based on the collected point illuminance measurements of each
intersection. The analysis of average illuminance indicates thahe@ 60% of the intersections

are below road lighting standards. This can be studied for each intersection aloitsgjlextl of

risk.|Figure B.4Error! Reference source not found.shows the distribution of intersemts with

standard and nestandard lighting over their level of risk. The distributions are very similar and
show an absence of a visible link between safety and whether an intersection meets the illuminance

standard or not.

Figure B.4 Risk distributions among intersections with standard anesteomdard lighting

Figure B.5|shows a sample of four types of road intersections depending on the types of roads. In

these diagrams, the points below thedetted line are those that do not meetihespecification
standards for road lighting. The four plots comprise 49 intersections among the 85 samples
intersections. It seems again that, even if the sample is stratified by road types at the imtersectio
there does not seem to be a strong redatigp between the average illuminance and safety as

measured by PI, or between substandard lighting and risk levels



(@) (b)

(© (d)

Figure B.5 Average intersection illuminance as a function of(R)arterial tarterial 4 %9, (b) arterial +collector(18 %, (c) arterial

+national(14 %, and(d) collector national(12 %). 42 % of the intersections are not representeldse plots



Model Results

To analyse the effect oiight time accident and average illuminance on each other and other built

environment indicators, the following set of binary and numerical variables was used:
x Night accidents: raw number of night time accidents, and Pl value

x llluminance: average intersém illuminance, maximum and minimum average
illuminance of the four approaches of each intersectionstarmard illuminance indicator,

and uniformity ratio
x Traffic: ratio of minor to major flow
X Temperature
X Weather: clear sky, mainly clear sky, few clsudoudy sky
X Moon: more or less than half full
X Hour of night: 9pml0pm, 10pmllpm, 11prml2am, 12arlam

X Built environment: number of approaches with commercial light present, number of

approaches with trees, number of approaches with light pole present

x Land use: number of sides with commercial land use, residential land use, industrial land

use, parks parking lots, and gas stations
X Road type: national, arterial, collector, local

The effects of each of these variables were measured on night accidentraimdnibe. To model
night accident, a negative binomial regression is used since accident is a count variable. For the
illuminance model, a linear regression model is used since illuminance is a continuous variable.

Different combinations of these variablgsreadded to obtain the best fitted model.

The results for significant indicators affecting night time accident are presefifetleB.2{ In

general, variables &t have an effect on night time accidents based on the variabig®mee

above are traffic and illuminance. The coefficients presentgfaiie B.2[show that traft

increases the chance of night time accidents. Since the ratio of minor to major flow is used, the
number of night time accidentll increase when minor flow increases and gets close to the major

flow. Intersections with subtandard illuminance alsoarease the chance of night time accidents.



Based on the coefficient values, traffic has a more significant effect on night tinderdacc

compared to the illuminance indicator.

Table B.2 Effects of Exogenous Variables on Accid&isk and Average Illuminance

Night accidents Coefficient  z-value p-value  [95% Conf. Interval]
Traffic ratio minor to major flow 0.91 3.23 0.00 0.36 1.46
llluminance substandard illuminance 0.26 -1.60 0.11 -0.58 0.06
Constants 1.60 10.10 0.00 1.29 1.91
Average illuminance Coefficient  z-value p-value  [95% Conf. Interval]
Weather clear sky -4.28 -2.60 0.01 -7.56 -1.00
Hour of night  time 12amlam 7.96 2.75 0.01 2.21 13.72

number of approaches

X e 0.91 2.28 0.03 0.12 1.69
. with commercial light
Built
Environment number of approaches
MD PP 166 3.86 0.00 0.80 2.52
with light pole
Constants 11.82 5.15 0.00 7.25 16.39

Model results for indiators affecting illuminance are presentegiTable B.2[ The significant

variables were weather, hour of night, and built environment. The effect of the weather indicator
was negative meaning that clear sky reduces averageettiersilluminanceThis may be due to

the fact that the presence of clouds captures and reflects the light from the environment, whereas
clear skies do not have that effect. The hour of night indicator has a positive effect on illuminance.
Based on the muel results, theveerage intersection illuminance is increased after midnight. The
reason for this effect is not known. The built environment variables that came out significant are
the number of approaches with commercial light and number of approa¢hdmylati poles. Tis

is reasonable since the average intersection illuminance would increase if there are more

commercial lights and light poles present at the intersection.



Conclusion

This paper proposed a methodology for the audit of road lightingsaiety. Themethodology

applied to the Island of Montréal showed that from the sample of 85 intersectidbsh&® sub

standard lighting. Statistical results showed thatstahdard average intersection illuminance
increases the chance of night time deaits, and mimum to maximum traffic flow ratio also
increases night time accidents. It also showed that average illuminance increases with the presence
of light poles and commercial light, and after midnight. Average illuminance is decreased when
the skyis clear. This study points at a relationship between road lighting and safety and highlights
the need for more data collection and analysis.

A limitation of this project is considering 10 years of crash data. This was used due to the low
number of crasloccurrencest the number of studied intersections. The assumption is that road

lighting changes throughout these years was little.

Future work in this field can be done to improve and expand the findings in this paper, such as
increasing the sample sizedeconsidering more variables. Further work can also make use of the
road surface reflectance which is collected from a sensor facing down indicating how bright the
road surface is. Further work will also include traffic flow counts during night timesishsteising

the AADT for night time traffic flow.
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Abstract

Many studies have investigated ttaaise othelow mode share for active modes of transportation,
walking and cyclingin North America Since the primary purpose of any transportation network

is to provide connectivity between the origind travel destination, studies has@nsideredhe
discontinuities in the cycling facilitysaa major reason for lower cycling mosleares Network
connectivity decreases travel distances and provides a set of possible routes that are easily
accessible fioall road users. On the other hand, discontimruttdgrespond tgoints in the network

were the cycling network is not connected and a cyalesy have taeconsideihis/herrouteand

will be more exposed to motorized traffic

This papeproposea methodology to identify and quantify discontinuity witli cycling network

using geospatial data ana geographic information systerhis study identified two types of
indicators, A) internal cycling network discontinuity indicators: the numberndf ef bike
facilities thechanges in bike facility typeyd B) discontinuity indicators with respect to the road
network:the number of intersections on bike fag#s, the variations inthenumber of lanes, road

type, vehicle flowalong bike facilitiesand the number of bus stops on bike facilitiese dataset

and stegby-step process of quantifying these discontinuity measures are presented and applied to
three boroughs ithe island oMontréalfor comparison.

Keywords Discontinuity, connectivitycycling network, safety



Introduction

Bicycles are used faifferent activity purposes and contribute to the benefit of the society in many
ways. There is an increasing number of people who choose to cycle as a mode of everyday
transportation, for recreanal and leisure purposes, as a sport and means fortayhifaistyle.
Considering its environmental and social benefits, many North American cities are investing in
bicycle infrastructure, bicycle sharing programs and large campaigns to promote agckmg
affordable alternative mode of transportation. Nthadess, while compact urban areas promote
active transportation, they must also provide quality and safety levels that meet the highest

standards.

According to the 2011 Canadian National Houselldvey, there were 201,800 commuters who
cycled to work, acounting for 1.3 % of all commute(BIHTSA & National Household Traffic
Survey of America, 2013According to the American 2001 Nationwide Household Travel Survey
(NHTS), only about 1 % of trips in the U.S. are on bicyagen though the majority of trips lend
themselves to walking and cycling since short distance trips (less than five miles) account for over
60 % of all personal trips and 40 % of all trips wegssl than two milefU.S. Department of
Transportation, 2001Many studies have identified as one of the reasons for thisyidimg mode

share to be the real and perceived lack oétgadlue in particular to the quality of the cycling
network, or lack theredDill & Gliebe, 2008; Ehrgott et al., 2012; Garrard et al., 2008; Mekuria

et al., 2012)Based on studies conducted in three different U.S. cities, 12 to 17 % of active cyclists
ranked the ldc of dedicated facilities as the top reason for not cyc{Dij & Gliebe, 2008)
Another study in Portland, U.S. provided evidence that safe bicycle facilities encourage 20 % more
adults to ride to worKDill & Gliebe, 2008) Given the lack ofacilities, network connectedness

and perception of lack of safety, it is important to improve the cycling network facilities and

infrastructure in order to increase the cycling mode shariti@s.

Among those who do cycle, many do not take the shqutghktto their destination. In Canada, a

study reported that 75 % of cycling trips were within 10 % of the shortest path and 90 % were
within 25 % of the shortest pafiMegan Winters et al., 2010Yhis observation has also been
UHSRUWHG LQ DQRWKHU VWXG\ ZKHUH WKH F\FOLVWTfV URXYV
coverand bicycleactuated signal@ultmanHall et al., 1997)Commuters in Portland are willing

to add 16 % to the shortest travel distance in order to ride on a bike path, and titléwtoa



low-stress route (local streets, separated cyclekd)aBroach et al., 2011)Another study
conducted in Portland, reported that 52 % of bicycle miles were traveledeetsswith bicycle
infrastructure such as striped bike lanepasated bike paths, or cycle tracks. Another 28 % of
bicycle miles were traveled on minor, low traffic volume, residential streets without bike
infrastructure, leaving roughly 20 % of the tefled bicycle miles on roads with high traffic
volumes and noeparate cycling facilityDill & Gliebe, 2008) It has been proven that cyclists will
choose longer routes if there is a path with bicycle facilities, laffscfrand less elevatiofDill,

2004; Dill & Gliebe, 2008)

In order to increase cycling, cities often implement bicycle safety measures such as the addition of
signage, road markings for bikenes and the construction of bike paths. Unfortunately, ayclin
networks are often developed in an ad hoc and piecemeal way, where engineers and planners look
initially for opportunities to add infrastructure, without considering the big picture of amagd
network. As studies have shown, cyclists do not equally all roads and paths. Traveling
comfortably on a cycling network does not only depend on the quality and features of the links, but
also on how the links are conneci{®letveld, 1997) The primary purpose @ny transportation
network is to provide connectivity between the destinations that people want t¢Déa&d04).

A key component for a good transportaticgtwiork design is to provide a high level of street
connectivity Past studies have shown that grid networks are superior to networks with long blocks
and dead ends where the resulting increase in travel distances discourages walking and cycling
(Dill, 2004). Network connectivity not onlgecreases travel distances, but also provides a set of
possible routes that are comfortable and easily accessible to all road users. When cyclists travel on

a road network that consists offdifent types of cycling facilities, there are points where tzee

to transfer from one facility to another, including the absence of dedicated facility-@sire C.

Throughout the network, these changes create discontinuities that are perceived as inconvenient
and are less safXie & Levinson, 2007)Despite the contributions of the mentioned studies, no
study has investigated the discontinuity of loyg networks systematically and proposed

guantitative measures of discontinuity.



Figure C. 1 End of cycle track where cyclists wishing to continue through the intersection must
move to the right hand side of the lane vaéits moving in the opposite direction (Google

images, Montréal: Maisonneuve and St. Catherine)

This research aims tmlentify, measure and quantify the level of discontinuity in the cycling
network. The methodology proposed in this study will allow measprd WKH F\FOLQJ QHWZR
of discontinuity in any area, as well as provide a basis for comparison betweeentliffgeling

networks in different cities or boroughs. One end goal of the paper is to help engineers and planners
measure the network camtity quantitatively and locate discontinuities in order to improve the
network by removing the discontinuities.

The following section provides the methodology of how to measure discontinuity, how to
normalize discontinuity variables and how to quantif@dHWZRUNYV GLVFRQWLQXLW\
by that is a case study to measure the discontinuity of the cycling netwahkee different

Montréal boroughs. Finally, the conclusion and future work are presented.

Background

A transportation network is desceih as a set of nodes indicating spatial locations and a set of links
representing connections between nodes, thatdev@etric, topographic and elevation attributes

(Xie & Levinson, 2007)In Canada, cyclists can use all roads and patiesexcycling is permitted.



Given the low number of people who ride a bike regularly due to the of lack cycling facilities and

safe routes to ride, some researchers have proposed another definition to describe the cycling
QHWZRUN ZKLFK LYVWXHG3SBWKR/I WWDWHGR QRW H[FHHG SHF
VW UMeakitia etal.,2012) 6HYHUDO IDFWRUV LQIOXHQFH WKH F\FOLVW
While cyclists try to minimise their travel distance, they are also ready to take longer rougs if th

can ride on cycling facilities. Along the way, there may be different levels of safety and comfort

that could be unsuitable for cyclists.

Discontinuities are points in the network where the cycling network is not connected, most
obviously interruptionsn the cycling network and especially in the dedicated cycling facilities.
Examples are where bike lanes or paths end or areuted to another street, but also when
characteristics of the cycling facilities change more or less drastically, such asatpath width,

the type of pavement, the slope, a bridge to cross a physical barrier (a river or a highway), or
lighting at night time. Navigating these discontinuities is at best uncomfortable for regular trips and

can be disconcerting when encountei@cthe first time and cyclists must reconsider their route.

The importance of good cycling facilities is highlighted by the different cyclist profiles found in
the literature, for example in Portland, Oregon, where Geller introduces four different fypes o
cyclists(Geller, 2009) 3 QR ZD\ QR KRZ" 3SLQWHUHVWHG EXW FRQFHUQ!
DQG 3 VWURQJ DQG IHDUOHVV"™ 7KH PRVW FRQILGHQW ZLOO EF

facilities, while it becomes a crucial factor for the larggsup of interested but concerned users.

A well-designed, continuous and safe cycling network will provide comfortable access to
encourage cycling for all users. However, the planning, design and implementation of a connected
network demands a thoroughdain depth understanding of the network and traifie individuals

make while choosing a route for cycling: road gradient versus route length, traffic volume on route
versus traffic speeds, bicycle lanes versus bike paths, type of intersections omtdiffetes,
presence of parkingMenghini et al., 2010)

,Q RQH VWXG\ LQ RUGHU WR TXDQWLI\ F\FOLVWVY OHYHO RI \
and recorded information such as¥@exposure, posted speed limit, percentage of heavy vehicles,
adjoining land use, width of asitle through lane, and pavement conditions in order to standardise
F\FOLVW V SHUFHSWLRQ RI D QHWZRU N {KtizBK-=SFRbEBWI,2606;H OHY H
B. Landis et al., 1997) 6HYHUDO VWXGLHYV KDYH FRQILUPHG D F\FOLVYV



substantially influenced by their safety percepti¢kar & Clifton, 2009; Dill & Carr, 2003;
Ehrgott et al., 2012; Hopkinson & Wardman, 199@ppkinson and Wardman even found that
safety is more highly valued than timemany casegHopkinson & Wardman, 1996A study
conducted by Dill and Gilebe reported that cyclists ranked their route choice preferasembsip
minimizing distance, avoiding streets with high traffic volumes and choosing streets with bicycle
lane(Dill & Gliebe, 2008) Another study ranked the top preferred route as one that has a bicycle
path for the ente trip distance separate from traffideghan Winters edl., 2011) These studies
confirm that safety and lowtress conditions are important factors for cyclists that can be traded

for longer travel times.

Although bike lanes and cycle tracks have been identified as the preferred facility for cycling, they
can also generate themselves different levels of comfort and stress when considering the speed of
traffic adjacent to the cycling facilities, the presence eéteet parking, and intersections. Bike

lanes in particular leave cyclists exposed to mototizadtic and more so on roads with high speeds

or turbulent traffic, next to estreet parking with no adequate clearance and at intersections where

cyclists are forced to merge with motor traffMekuria et al., 2012)

The identification and quantification of thesesabntinuities will provide decision makers with
more detailed information regarding the cycling netw@kmetimes a better bicycle network
coverage does not mean cyclists will be travelling smoothly andoctahly if constantly going
through discontinuies. The complete quality and performance of a cycling network should
therefore consider both coverage and the quality of its coverage, including the amount of

discontinuities in the network.

Methodology

Seweral variables or indicators are proposed in plaiger to measure the discontinuity of a cycling
network.A geospatial data analysis tool was used to obtain these discontinuity indicators following
the steps outlined belowApplying the proposed methodgp to different areas allows for
comparison of ta cycling network discontinuity levels between these areas, e.g. different cities or

boroughs within a city.



Identifying Discontinuities

The first step to identify the level of discontinuity of a cyclingtwork is to identify all the
discontinuity faocbrs on the network. Information from past studies and a short survey from
individuals with a variation of cycling experiences were compiled to generate a list of variables
related to network discontinuity ah had the possibility of being computed througgospatial

analysis.

Discontinuity measures are divided in two main categories: A) internal bike facility discontinuities
and B) bike facility discontinuities in association with the road network. In teedroup the

identified indicators are:
1. the nuniber of end of bicycle facilities,
2. the number of changes of the type of bicycle facilities, and
3. the number of changes of the side of the road of bicycle facilities.

The second group of measurements indutte discontinuity measures in the bicycle nekwo
considering the impact of the road network, in cases of changes in the characteristics of the road
network that may affect the comfort and safety, perceived or real, of cyclists, especially on bike

lanesor designated roadways:

1. the number of road intsections on bike facilities (i.e. roads intersecting bike

facilities),
2. the number of changes in the number of lanes in a road along bike facilities,
3. the number of changes in the type (functional class)ad along bike facilities,
4. the variation in mairized traffic volume on roads along bike facilities, and
5. the number of bus stops on a road with bike facilities.

Some of these indicators are expected to be correlated, for example, the variations in the road
characteristics (number of lanes, road clss motorized traffic volume). Bus stops are included
since pedestrians must cross the bike path to get on dreofffus and otherwise buses will cross

nonsegregated bike facilities to stop by the curb.

Several other variables were also identified Wwhd@d not present the possibility for computation

and quantification using available city databases. These incladeeXample, temporary



discontinuities within the cycling network where there isaeting due to construction on the road,
parking permissin on roads which would cut off the cycling facility similar to buses as well as

vehicle turning movements and pavarhquality.

Quantifying Discontinuity Measures

All of the variables mentioned above can be quantified in a geographic analysis toohgidaiet
UHTXLUHG WR SHUIRUP WKH DQDO\VLY 7KH HVVHQWLDO GDW|
netwak with information such as location of intersections, road class, number of lanes, bus stops

and motorized traffic volume (typically avem@nnual daily traffic) on road links. The other
GDWDVHW UHTXLUHG LV WKH FLW\fork whidh VhEllRI¥e the endpentéD IRU
of the cycling facility, cycling facility type, and the side of the road where cycling facilities are
locaed. The availability of such data provides the basis for performing the discontinuity analysis.

It should be notethat not all cities will have all the mentioned information in their databases, or

that it may be organized in different ways, and theretmm@puting these measures requires
assumptions and further consideration and assessment. For instance, mostk#iexvaiable

some intersectiofevel road user volume or count data, which must be aggregated to obtain

volumes on each linklable C.1|provides the main steps toantify the identified discontinuity

indicators, with additional comments and recommendations based on their application to the case

study (for example for buffer sizes).

Normalizing the Discontinuity Indicators

In order to normalize the aboweentioned disontinuity indicators with respect to the size of a
cycling network, each measure will be divided by the length of the cycling network in the study
area. This will enable the comparison of discontinnityasures of bike networks of different

lengths or cograge across different areas, for example cities or boroughs in a city.



Table C.1 Quantifying discontinuity indicators

Indicator Definition  How to Quantify Comments
X Merging different segments to compile a
1) Different bike facility segments that have the same road n: unique bike facility type enables us to crea
and facility type (bike lane, bike path, etc.) are merged the real end points of the specific bike
3XQVSOLW"™ WR PDNH D XQLTXH EL facility of a given type instead of hagn
2) The merged bike facility is then cognted from line into two multiple start and end pomat the beginning
End of Bike Number of points: the two ends of the facility and end of each road link.
Facilit bike facility 3) A 2 m buffer is drawn around each end point In order to count the end points, a sensitivii
y end points 4) Points that have a bicycle facility going through its buffer, analysis was performed for radiuses of 1 tc
having an end of another facility type present, are not 10 m around the facility ends, with no
considered as end points. significant result change from 2 m radius tc
5) Couwnting the rest of the pointgqvide the number and 10 mradius, and 2n was thereforselected
location of the bike facility ends For an illustration of this indicator, see
[Figure C.3la
1) As mentioned in the first step above, the naclignction was L .
performed in order to obtain unique end points for eaké bi Serjsmwty analysis was performed. for
S radiuses of 1 to 1 around the facility end
. Number of facility in the same road ! . o
Change in L . points, with no significant result change fro
) i changes of 2) A5 mradius is drawn around each end point of the feature . .
Bike Facility : h ) L 5 m radius to 10n radus, and 5n was
bike facility and scanned for any other end points or cycling links
Type - - AR therefore selected
type 3) In this buffer area, if the type of sazad facility is different For an illustration of this indicator. see
from the source facility, it is counted as anle in bike - ’
facility class b
D e e i X The st sep can b avoidtte rame f
Number of . g d fo per patal) - the roadassigned to each bike facility is
. the bike network, so that the information of each bike facili ; : . .
. times the ; . . already available in the bike facility data
Change in bicvcle segment merges with the road network information data The reason why the buffer is defined ag@0
Bike Facility fac)i/Iit 2) Assuming we have the information of the hileyfacility is to make sureythat all bike facilities alon
Side chan yes location in associatiowith the road network (e.g. south or the road link are associated to it 9
side ofgroad north side of the road), we can define a query to count anc F Iustrati f thisndicat
select the bicycle facility segments in a unique road, with _Ff)r an ICUB? ration ot thisndicator, see
different road side attributes iqure . Sic
Number of 1) To find the number of intersections in the bike map, the4C
Number of intersections road buffer @ the bike network should be generated For an illustration of this indicator, see
. . 3) The number of intersections in the cycling network can be - '
Intersections fggilki)tlilt(ees calculated using a spatial joint between the buffer and the Figure C. 3|d

road intersections




TableC. 1 Quantifying discontinuity indicators continued

Measure Definition How to Quantify Comments
X The reason for using spatial joint
. . for the bicycle network and
1) Er?er\r?g?eCh road, the difference in number of road lanes are calculated for eact intersectiorgeoreferenced data to
Changein  2) By perfaming a spatial joint between the road network with the added cover all Fhe possmle road lane
Change . o : ) changes in different bicycle
in number of information in step 1, to the bike network links, a query can select and count facilities
Number road lanes bicycle facilities within the same roads that have a variation of number of lan Separated cvele tracks aofi-road
of Lanes along bike  3) To include thechanges of lamnumber at intersections where a cycling facility at?ms ma n)cl)t be conered in this
facilities goes from one leg of the intersection to another, a spatial joint betweenrthe 4 gnal sis s)gnce thev are not affecte
road buffer with the intersectiageoreferenced data performed which provides b tﬁ/e variation in):'lumber of lanes
us with the rest of the adl lane changem the bicycle facility y : . o )
For an illustration of this indicator,
segFigure C. 3le
1) Stepnumber 2 for the previous measure is performed and a query is made tc Separated cycle tracks and off res
Change in P . previ . P . query paths may not be considered in th
Change and select the bicycle facility routes with changes in road class segments o
) road type . : ; : S analysis since they are not affecte
in road ; 2) Toinclude banges in road type at intersections, a spatial joint between the 4 Lo
along bike . : : L by the variation in road type
type 2 road buffer with theritersectiorgeoreferenced dathat has a change in bike . . A
facilities facility is performed For an illustration of this indicator,
sed¢Figure C. 3lf
1) To define the variation of volume in each unique road, the difference betwee
volume between each successsegment is calculated in one unique road,
Changein 2) The next step is to classify the ged road into different volume variations bas: Separated cycle tracks and-ofiad
Change motorized on the standard deviation of the whole study area: changes in volume are paths may not be considered in th
in traffic volume considered large if more than 2 or less than 1.5 atandeviations around the analysis since they are not affecte
volume on roads along mean by the variation in motorized traffic
bike facilities 3) A spatial joint between the 4@ road buffers wh the added volume variations volume
and the bicycle facility is performed and a query is made to count and select
bicycle facility routes with large changes in volume is defined
Number Number of 1) To identify whether a bugap is present or not on the road where a bike facilit
of Bus bus stops on located, thelO m road buffer on the road network is generated
Stops the road along 2) The number of bus stops in the cycling network can be calculated using a sp

bike facilities

joint between the road buffer with the location oflstiops




Case Study

In this section, we apply the identified discontinuity indicators to a real case using ArcGIS. The
LVODQG RI ORQWUpDO LV VHOHFWHG IRU WKH FDVH VWXG\
bicycle facilities such as separataatle tracks, bicyclednes and designated pathways. The cycling
IDFLOLW\ QHWZRUN GDWD ZDV REWDLQHG IURP WKH FLW\YV I
April 23, 2014(City of Montréal, 2015)The borough data such as population (ugtlateOctober

14, 2013),DQG VXUIDFH DUHD ZHUH DOVR REWD©O@pbGMouted?, WKH FL
2015) |Figure C. 2[present the map of the road and cycling netwoek type of facility for

Montréal. The RWDO OHQJWK RI WKH ,vODQG RI ORQWUpPDOYfV URDG
of the cycling facilities in the city is 649 km.

Montréal has 34 boroughs, from which we selected three different boroughs b#seid different

cycling network coveragkevels. The coverage of each borough is calculated as the ratio of the
cycling network length over the road network length. The mean value and standard deviation of
the cycling network coverage by borough are rethpaly 0.11 and 0.08. A borough with cyud)
network coverage below the mean value (0.11) is considered bad, while good coverage is
considered for boroughs with cycling network coverage above the mean plus one standard
deviation (0.19), and medium cyclinmgetwork coverage in considered in betweahthe end,
among the three cycling coverage classes, we randomly selected one borough from each group for
our analysis: Steonard (SL) (bad cycling network coverage), Mertiechelagaviaisonneuve
(MHM) (medium cycling network coverage), and Platddont-Royal (PMR) (good cycling
network coverage). Examples of their discontinuity indicators are iIIustrW ard

the three boroughs with their cycling facility network are presentédjure C. 4




Figure C. 2 Montréal cycling facilities



Figure C. 3 lllustration of different bicycle network discontinuity measures



Figure C. 4 Location of Montréal sample boroughs



Sample Descriptive Analysis

As mentioned above, we focused study on three boroughs in Montréal with the different levels

of bicycle facility coverage to analyse and compare discontinuity measures.
The Montréal cycling facility is divided into four different classes:

1. designated cycling roadway, with only sharedd markings on the road to guide
cyclists through appropriate roads in the network,

2. bike lanes, where one or two painted lanes sepayalists from traffic,

3. separated cycle tracks, where cyclists are physically separated via a median on the
road and

4. off-road bike paths, which includes bike paths on sidewalks and in parks.

From the statistics presented/Table C.2| it can be seen that PMR has the highest share of

separated cycle tracks and the lowest share of designaiddays, while SL has a high share of
off-road bike paths. Regarding the cpdinetwork coverage, consistently with the borough
selection criterion, the highest coverage belongs to the PMR borough (19.1 %) and the least
coverage was for the SL borough (4. Another parameter that can be considered as a bicycle
network coverage gasure is the number of signalised intersections with bicycle facility over the
total number of signalised intersections in each borough. Comparing this measure among the three
sanple boroughs shows that 38 % of signalised intersections in the PMR bdraxmla bicycle

facility while this value is 35 % and 10 % for the MHM and SL boroughs respectively. From the
coverage point of view, PMR has the best cycling network, followedlby/ and SL. The
complementarity of the discontinuity indicators to evalulagectycling network quality can now be

analysed.

Quantifying discontinuity

The top section ¢Table C.2|presents all descriptive information regardihghorough, road and

cycling networks, and the bottom of the table presents the discontinuity indicators. The first bicycle

discontinuity indicator is the number of ends of bike facilities. As shojWialoe C.2| the highest

levd of discontinuity for this variable is seen in the PMR borough (0.29), while the SL borough
has the least discontinuity for that indicator (0.12). This is because, although SL is the borough
with WKH OHDVW ELF\FOH QHWZRUN mR&workliszdiposadikot.oneERib R X J K



oop with only one end poinfF{gure C. 4). Looking at this measure in y type of bike
I ith onl d point{ C. 4). Looki hi in d b f bik

facility, one can see that the network ends in PMR are mostly for designated cycling roadways that

extend the network further, but also correspond to its ends.

Regarding the second indicator, the largest number of changes of figqué/ occurs in the SL
borough (1.64) while the smallest number of changes occurs in the MHM borough (0.82). In
addition tothe length of each type of facility, this indicator helps characterize how connected each
type of facility is. Although the offoadbike paths make up most of the cycling network in SL and
MHM, most changes are from designated roads to other types. Meepsdtern is observed for

the MHM borough. For the PMR borough, the most common type of bike facility is the bike lane,
which is abo the most disconnected since the highest change of facility type is from bike lanes to

the other types.

The third indicabr depends on the information of the side of road of bike facilities, which was
available for only one facility in the available datnd is therefore not presented. The highest level

of discontinuity caused by the fourth indicator, the number of intéossabn bike facilities, is for

the PMR borough (0.45) and the lowest level of discontinuity is for the MHM borough (0.22). This
is related to the fact that the PMR borough is denser with a higher road density and therefore a

higher density of intersectisrcompared to the other boroughs.

The variation in number of road lanes along bike facilities is the highest for the PMR borough
(0.84) and the lowest for the SL borough (0.23). This is not surprising as PMR has the highest
cycling coverage in the densesad network which increases the probability of having changes in
the number of lanes along its roads. Changes in road classdsaatheahighest for the PMR
borough (0.23) compared to the other two boroughs, which is expected for similar reasons. This
measure is the smallest for the SL borough (0.12) which is consistent with a mostly residential area
without many different types abad as opposed to the mixed land use in the PMR borough with

residential, commercial and recreational areas.

The sixth meagre is the variation in motorized traffic volume along bicycle facilities. As presented
in|Table C.2| the highest variation is for the SL borough (0.94) and the smallest in MHM (0.74).
The SL borough, being a residential areas hidle traffic through most of its residential areas,

causing a hilg differential with the volume in the links that are feeding residential roads.



The last measure of bicycle network discontinuity in the Montréal sample is the presence of bus
stops on he road with bicycle facilities. Since the data for the number ofsbyss was not
available, the presence of bus stops on links was used for measuring this discontinuity indicator. It
shows less variability than other indicators. The PMR has the hidisesintinuity level (0.26)
compared to SL which has the lowest (0.1R)is is again related to fact that PMR is the densest
borough, with many bus routes, compared to the residential area of SL where there are fewer bus

routes.

Overall, one can see emgiaily the sensitivity of the indicators in different areas: theyt@amore
detailed picture than what can be simply derived from measures of coverage. Although PMR has
the best cycling network in terms of coverage, it often ranks high in measuresaftidisity
because of its dense road network and varied land usdasbuiecause of a relatively large number

of change in types of bike facility and too many end points of its network that do not connect to

other dedicated facilities.



Table C.2 Coverage and discontinuity indicators of thglong networks for three Montréal

boroughs (the worst performer for comparable indicators is highlighted in bold)

Montréal Sample Borough's Bicycle Coverag®leasures

Measure Value

Measure type Bicycle Facility Class StLeonard M-H-M BMR
<5 Borough surfacgknt) 14 25 8
?g Borough population densityesidents per ki) 5408 5259 12549
g & Borough road densitfkm per krf) 0.0136 0.0136 0.0202
Borough cycling facility énsity 0.0006 0.0018 0.0038
Road network lengtftkm) 190.6 339.6 161.6
% Bicycle facility network lengtlfkm) 8.5 46.2 30.9
E Cycling network coverage 45 % 13.6 % 19.1%
@ Proportion of each zzsdl\?vr;?/ted eyelng 31.1% 23.2% 22.1%
S ypeof bike facility  pike lane 8.5 % 30 % 45.1 %
2 'r?ef[cveoﬁl(dmg Separated cycle track 20.4 % 7.9% 21.7 %
2 Off road bike class 40 % 32.8 % 10.5 %
g _ Highway 5 % 4 % -
< Proportion of each — pperig| 3% 9 % 11 %
g peofroadinthe o ior 20 % 22 % 25 %
3 road network
IS Local 72 % 65 % 64 %
o Percentage of signalised intersections with 10 % 35 0% 38 %

bicycle facility
Montréal Sample Borough's Bicycle NetworkDiscontinuity Indicators

;>‘, Designated cycling i 011 0.23
= roadway

(5 .

L End ofbike facility ~ DIKe lane - 0.04 -
__95’ (per km cycle length) Separated cycle track - - 0.03
QED/ Off road bikeclass 0.12 0.13 0.03
> All end points 0.12 0.28 0.29
S, Change in bike

£ facility type (per km  All changes 1.64 0.82 1.13
O  cycle length)
P Number of intersections(per 100 km cycle 023 0.22 0.45
S < length)
o2 Variation in number of langper km cycle 0.23 0.74 0.84
Z*% length)

%}% Variation in road clasger km cycle length) 0.12 0.19 0.23
§ £ Variation in volume (per km cycle length) 0.94 0.74 0.81

Presence of bus stofper km cycle length) 0.12 0.22 0.26




Conclusion

As mentioned in the introduction, most cyclists prefer traveling on dedicated bike facilities. The
quality of a cycling natork is typically measured by the length and coverage of its road network,

but also its connectedness, or lack theredd,itmpoints of discontinuity. It is important to address

these discontinuity factors in order to improve the cycling facilities amactease the number of

cyclists in the city. The purpose of this paper is to evaluate the discontinuity level ofregcycli
network by identifying discontinuity factors such as changes in bike lane side on road, the ends of

the cycling network, transitian between bike facilities, and quantify them for comparison
purposesThe proposed indicators can help decision makergifgie¢he discontinuities in a study
DUHDTV F\FOLQJ QHWZRUN WR WDUJHW LPSURYHPHQWYV WR C

The proposed methodologgrt be used to evaluate the discontinuity levels of any cycling network
given the required datasets. As a case study, ihoe&réal boroughs were selected and the method
applied to calculate several indicators for each boro@gmparing the bicycle disctinuity
measures for the three substantially different boroughs is a good way to validate the proposed
method and evaluatés validity, i.e. whether it can represent well the different types of

discontinuity observed in the field.

In summary, the propodaliscontinuity indicators paint a more contrasted picture than offered by
the more usual measures of coverage, netwargittheand quality of the facilities. Although the
PMR borough has the best network in term of coverage and proportion of bike d#ushés the
highest discontinuity levels for all but two indicators.pirformedespecially poorly for the
indicators n category B that are related to the road network. This is easily explained by the dense
and connected nature of the road networkhat borough and by the mixed land use. At the other
end, the borough with the smallest coverage, SL, ranks surprisinjlfoweany indicators, in
particular thanks to its design as one main loop, except for the number of change in bike facility

type andvariations in motorized traffic volume.

Comparing the different discontinuity measures of the three boroughs thatifierentibicycle

facility coverages shows that the boroughs with better bicycle network coverage are not necessarily
the boroughs witlthe fewer discontinuities. This illustrates the fact even areas with good cycling
network coverage can be improved by ntiiying and removing discontinuities. Other



complementary indicators such as discontinuity must also be considered to estimate the

performance of a cycling network.

However, not all types of discontinuities can be as easily removed or improved. Discontinuities
measured by category A indicators are intrinsic to the cycling network and can be more easily
addressed than the discontinuitresasured by category B indicegoAddressing the former can

be done for example by connecting the ends of the network to the closest bike facility or upgrading
short stretches of bike facilities of a different type. Addressing the latter requires téy modi
characteristics of the roa@tworks such as the number of lanes or to reroute traffic to avoid traffic

volume variations.

Among the limitations of this study, several come from the unavailability of some data required to
estimate several indicatorscsuas the location of all bicyelfacilities (side on road), the bicycle

and vehicle turning restrictions, the location ofgtreet parking that require crossing bicycle
facilities, the location of bus stops, ef€he sensitivity of all indicators to sathoices has not
been completglinvestigated, for example whether or not to include designated roadways in the
calculations and how to take into accountroi@d bike paths. The indicator for the number of ends

of the cycling network can also be improugdtaking into account the typef roads at each end,

e.g. if all are high traffic volume arterials or local residential streets.

For further studies, we aim to automate the method to calculate all the proposed discontinuity
indicators so that the metthology can be easily applied thfferent areas and cities. Once the
automated process is completed, it will be applied to compare several cities with a variety of cycling
friendly networks, such as Copenhagen in Denmark, in order to examine the sgruHitihie
proposed indicatorg:inally, this work is a preliminary step to identify points of discontinuity in

the cycling network that will be investigated through direct Wdased observation and analysis

of cyclist behaviour and safety using in par&isurrogate measures of safety
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