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Abstract

Currert methodologiedfor traffic risk evauation, under greventive or reactive approggiresent
biases regarding the information used, either because it is incompletexis@mt or because of
subjective assessments of the a d berawor Tsaffic risk isdefined as the relationship beten
undesirableevents (crashes, injuries and/or fatalities) and exppstiitea probabilistic approach
Typical exposure indicators are vehicle kilometers traveled and annual average daily traffic, which
are aggregate arattivity-based indicators, saentbasedexposue is requiredor a consistent risk
assessmenilo overcome such biases, this research is based on traffic conflisteyragategor
crashes, ansurrogatesafetymeasures, as well as an evbasedkxpasuredefinition of encounters.
The researcidentifiedthese events, on video, using théfalyst road user tracking todly means

of the Swedish Traffic Conflict Technique, as well as the VISSIM and SSAM computational
simulation tools, for the assessrhefithe severityf conflicts, &posure and risk, with a preventive
approach. The study was carried atthree signalized intersections of Bes Rapid Transit system

in Bogota due to the number gfassengersits increasingmassificationin the world and the
interacton between raod users. As a result,validateda preventive risk indicator based on the
relationship between conflicts and encountiersa certainperiod. Subsequently formulatedand
validateda composite conflict severity index, igh involves the gatiotemporal pximity between
two road userstheinitial deceleratiorrateto avoid thecollision, and the change in speed in the
event of a hypothetical inelastmllision. Finally, | built and validatedraffic microsimulation
modebk usingVISSIM and SSAMin whichthe number and severity of thieleo-observectonflicts
were simulated with high precisioln conclusion,the risk indicator manages to capture the
performance of road safety, microscopicafyrthermore, the compositewerity index is practical
to differentiate the severity of conflicts betwedifferent road userscomplementing existing
conflict techniqguesThe validated microsimulation models allgwoposingcalibrated values of

VISSIM paameters thatotoriouslyimprove trafficand road safetgimuation.

Keywords: encounters; traffic conflicts; surrogate safety measures, VISSIM; SSAM; exposure.
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Resumen

Lasmetodologiapara laevaluaiondel riesgo vial, bajo un enfoqpeeventivo o reactivgresentan
segos referentes a la informacidisada ya sea por incompleta, inexistente o por valoraciones
subjetivas del comportamiento de los usuarios viales. El riesgo vial se define como la relacién
probabilisticaentre los even®indeseables y la exposicién. Loslicadores tipicos de exposicion
son kilbmetrosvehiculo recorridos y transito promedio diario anual, que son indicadores agregados
de actividad, por lo que seequiereuna exposiciénpor eventos para una evaluaciéon de riesgo
consistenteParasuperar tale sesgos, esta investigacidsaconflictos de trafico, como sustitutos
de los choques, asi como de una definicién de expositaitianteencuentros. La investigacion
comprende la identifacion de estos eventos, en video, por medio de la herramigralykt, la
TécnicaSueca deConflictos deTréfico, asi como de las hemientas VISSIM y SSAM, para la
valoracion de la severidad de los danbs, la exposicion y el riesgo, con enfoqueventivo. El
estudio se realiz6 en tres intersecciones semaforidetlasstema d8uses ddransitoRapido, de
Bogota, debido al nUmero gasajerossu masificacion en el mungda interaccidrentreusuarios.
Como resultado, se validé un indicador yantivo de riesgo basado en la relacién
conflictogencuentros, en uperiodo dado. Seguidamente, sdidéa un indice compuesto de
severidad ddos conflictas, que involucra la proximidad espaciotempagatre dos usuaripda
desaceleracion ejercida panatar la colisibny el cambio de velocidad ante un choque inelastico
hipotético. Finalmente, se validen modelos de microsimulacién en los que se simulo, con alta
precision, el numero y severidad de los conflictos observados. Se concluye que el ingiciesgo
captura el desempefio de la seguridad microsadpicge Ademas, el indice de severidaxs
practico para diferenciar la severidad de conflictos efitintosusuarios vialescomplementando

las técnicas de conflictos existentees modelos de microsimulacién permiten proponer valores

calibrados de parametros WESSIM que mejoran la simulacidetransitoy seguridad

Palabras clave encuentros; conflictos de trafico; méals sustitutas, VISSIM; SSAM; exposicion.
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1.Int r ad wom

This chapter comprises thkeoretical and practical backgrouadd motivation of the research,
problem statement, research quastnd hypthesespbjectivesmethodologyscope contribution
to the state of the knowledge dirditations, and content and structure of the document.

1.1 Background and motivation

In accordance to th&/HO (2018) road traffic crashes represent the eighth leading cause of death
globally, claiming more than 1.35 million lives each year and caysto 50 million injuriesTraffic
injuries are thdirst cause of deatbf people agd 529. The data show that lovand middleincome
countries suffer the greatest numbers of road traffic injuries and fatalitiese numbers are
astonishing, but the fact is that are all preventable.

Based oninstituto Nacional de Medicina Legal y Ciencias Forenses (2018}olombia during
2018, the forensic system registere878 fatal victimsdue totransport accidents and ,387
injuries. The number of deaths in 2018 increasedpaned to D17 (2%) and has a stationary
behavior, since 2015, close t®60 deaths per year. This is a setback for the country given that, in
the Decad®f Action forRoad Safety 2012020, accident fatalities increased by 19¥he
vulnerable road usergedestrias, biclist and motorcyclists are the most affected, representing
more than 80% of the victims over the total number of c&sggre 11 shows the behavior of traffic
accident fatalities in Colombia and the rate of fatalities pej0D0Grhabitants,since 209 to 2018.
Figure 12 shows the behavior of traffic accident injuries in Colombia and the rate of injuries per
100,000 inhabitants, since 2009 to 2018. As observed, fatalities have an incteadieigcy while

injuries have decreased
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Figure 1-1:  Traffic accident fatalitiesn Colombia
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Figure 1-2:  Traffic accident injuries in Colombia
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While the natioml panorama is discouraging Bogota the tendency is differein. accordance to
Secretaria Distrital de Movilidad (2018jigure 13 showsthe behawr of the rate of fatalities per
100000 inhabitants, since 2009 to 2018 Colombia and in BogotéAs observed, the rate of
Colombia almost doubles the rate of Bogo@t presented a reduction during the last three years.
The different stragies adoptd by the city administratiosupport such reductioteadership from

the mayor's office for the iagration of different entities and the management of resources, with an

impact on users, investment in city infrastructure in more than 80 IBR®fcorridas, more than



Introduction 3

300 km of bikeways, more than,0600 knt of pedestrian infrastructure, improvemensiafewalks,
regulation and enforcement bélmet and seatbelt use, penalties for driving under the influence of
alcohol, training and formation ah exclusve police force for traffic regulation, and improvement
of the public transport systelfilidalgo, 2004 VergelTovar, Hidalgo and Brgy2018 Verma,
Valderrama and Pard@a015. Despitethe decrese mentioned, Bogoté stilave a worrying number

of accidentsin absolute numbersvith 561 fatalities, on average, during 2014 to 2018, ar®6%58
injured in 2018 Secretaria Distrital de Movilidad, 28). Figure 14 shows th@articipatian by road

user of the injured in the city, with a high number of vulnerable users and passengers.

Figure 1-3:  Traffic accident injuries in Colombiand Bogota
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Figure 1-4: Road users injured in traffic accidents in Bogota
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The spatial analysis of accidents allows observing the concentration of events ito doderss the
investigationon hotspotsFigure 15 shows the density of traffic fatalities in Bogota during 2013 to
2017.As observed, the fatalities are concentrated in the southern half of the city, where private
vehicle ownership is less than in thethern half. The events al@cated on th arterial roads where
the demand of the different users is greater, compared to the secondarfFignadst6 shows the
density of trafficinjuriesin Bogota during 2013 to 2017. As in fatalities, events are cdrated in

the arterial rads, but extend a little further northis on these arterial corridors that the city's BRT
system operates o@urrently, the system has 112.9 km of trunk raadsperation, 11 trunknes

in operation, 134 stations, 9 portalsd 9depots In addition the system has at its servicetd@ycle
parkingwith 3,578 parking spacg3ransMilenio S.A., 2020)Regarding to demand of the system,
during April 2019, 5332567 boardings were registerath aveage, on a typical day of the same
month, 2398766 passengers ente the systenfTransMilenio S.A., 2019)The acciders study
provides an idea of the size of the problem and its logatiowever, further investigation is

necessary to determine causation.

The characteristicef drivers in Bogota haseen assessed through different approadidssche
(2011)investigatedor traffic faults evaluatedoy means of the Drivin@ehaviorQuesionnaire.
The sample sizeras487 drivers, 309 men (68%) and 178 women (3®%); in the sample design
the authorconsidered featuresich as age and driving experientle questionnaire compris@@
guestionsand thescaleof the answersvere 1 = never?2 = low frequency and 3 kigh frequency.
The questions with the highessultswere: Ignore thespeed limit 193 (+ Q73), overtake on the
right. 187 (x Q69), get closerto a vehicle in forpresing its speed increask55 (+ 0.68), slowly
hover the ehicle at an intersectido force the gaf.96 (+0.70), use the wrong lane até entrance
to an intersection or roundabdu60 (+0.60),take the wrong exit at a roundabout due to not reading
traffic signs1.54 (+0.62), underestimate the speed of atlhvehicles when passingeim 1.55 (
0.62), andnot obey a yield sign and thereddbe about to collid&.39 (£0.57).1 considered thahe

answers of the driversairrefutableevidence othe fieldobserved operation

In the samavay, Oviedo Trespalacios and Scefarker(2017)usedthe Behaviorof Young Novice
Driver Scale (BYNDS) to 392 young drivesamplewith ages betweeh6i 24 years,with a585%
cumulative variance byelfreportedrisky driving behaviorand driving over the speed limit
Additionally, the study disclosesevidenceof risky driving exposureUsecheet al., (2019)
administeredhe Deffentacher's Driving Anger Scale (DAB) to 492orofessionadrivers ofurban

bus and taxiah disclosing the anger due to unlawful drivibgother driversand limited progress,
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so public service drivers exprabgir anger throughggressive driving action8viedo Trespalacios

and ScotParke (2018)andTorresSandoval (217)conducted researcimgender differences when
driving in a risky manner and identification of dangerous driving conducts of public bus drivers.
Both studiesshowfindingsthat allowdeterminingheaggressivéocal driver profile

GbmezOrtiz et al (2018) used a selfeport questionnairef 524 BRT driversfor estimaing
accident risk rates and mental health of the drivers basedyohosscial factors at workThey
found that working conditions as lack of social support and perceived risk could expéain
contribution ofdrivers in accidents. Besidethe authorsstated that mental health problems are
associated job stress, littleameration between colleagg, few job incentives and major confusion
with signs when drivingUseche, Ortiz and Cendalé017)studied the association between work
conditions related to stresf BRT drivers, in Bogaét and risky driving conduct; and if fatigue is an
associated factorThey used the Driver Behavior Questionnaire (DBQ), the Effé&teward
Imbalance and Job Content Questionnaires, the Subjective Fatigue subscale of the Checklist
Individual Strength (CISand the Need for Recovery after Work Scale (NBY)using Structural
Equation Models SEM), the researchers found thhe risky conducts of thBRT drivers are
correlated to job stress, effaricentives disparity and social atance at work, and thédtigue is
actually a related factor. Data from previous research is avaitahlseche, Cendales and Goémez
(2017) Useche et al2017)perfamed a compason of job stress, exhaustion, health indicators and
experiencd traffic accidents between two samples of BRT driveamd public bus driversin
Colombia. Theydesigned andised aquestionary in 361 drivers with a meage 0f41.46 years,
finding thatdriving-related stress and exhaustion significantly elevated among bus drivers, and
BRT drivers presented better results regarding weldted stress, exhaustion and accidents than
bus driversThese investigations lead to unstand the problem, in a ther way, from the human

factor.

The BRT system of Bogota has been studied through road safety audits and inspections. These types
of studies allow collecting evidence on infrastructure deficiencies and their relationship mvah hu
behavior and risk faots (Secretaria Distrital de Movilidad, 201%)udutaet al, (2014)reported

both favorable and unfavorable aspects of the system. While they state that the use of pedestrian
bridgeson a BRT at the Autopista Norte expressway corridor is a good example of the pedestrian
treatment, also evidenced pedestrians jaywalkingsacthe bus lanes at the Caracas Avenue
corridor, where road users are regulated by traffic lights. In the same dezrsghe pedestrian area

of the central medians at Caracas Avenue are occupied to their capacity, causing risky pedestrian
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crossing. Itis common to observe pedestrians running across the bus lanes attempting to enter the
station without paying the tickefhe study highlights the treatment in the reduction of conflict points
between vehicles, by allowing only one left turn and the otasrssolved with loops. Authors
evidenced passenger jumping guardrails and forcing the screen doors open. Connduaieers be
corridors through overpasses and underpasses stand out given increased capacity and reduced
potential conflictsCISA Ingenieria LTDA (2005fkonducted a road safety audit and inspection at

the interchange of Avenue 80 Street and Caracas Avenue. ThegBrallowed determining urban

and geometric aspects to be improved, thanks to a detailed analysis of the designsrand the
verification in the field. In addition, the auditors identified risky behaviors of cyclists and

pedestrians.

Figure 1-5:  Traffic fatalities densityn Bogota
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The above information allows characterizing the BRT of Bogota as a system that has generated a
great positive change in the dynamics of roaétgah the @y and in the reduction of the number

of accidents. Several studies and research have addressed the assessment of the road safety of the
system from different perspectives, reactive and preventive. However, quantitative preventive
behavioral asessmenteading to everbased behavioral knowledge have not been performed yet,

in the system. That is, assessments that allow generating eviosed microscale traffic risk

assessment methods for BRT systems.
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Figure 1-6:  Traffic injuriesdensityin Bogota
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1.2 Problem statement

Under the previous context, the following reségscoblem arises:

The identification and evaluation wéffic risk traditionally requires the occurrencecodishesunder

a reactive approach. In an alternative and preventive way, the perception of risk by experts has also
been used, practicethat b&omes subjective lbause said perception is different for each person

and contextThesubjectivity may be transferable to management, in terms of the exclusion of factors

not easily identifiable in an observational study.

1.3 Research aiestion and hypothesis

The literature redw allows identifying specific trends in the study of road safety in a preventive
way; as well as the need to extend these studies to applications in transport systems that have not yet
been fully explored in terms of traffic dynamicgdhe interaction btweerroad userssuch as BRT
systemsin this context, the main research question is
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How to preemptively addreske evaluation of th&affic risk, in thecaseof BRT systems, so that
its magnitude leads to a correct interpretatibthe operation ofroad userstheir interaction with

thesurroundingandtheinfrastructure?
In this way, the following hypotheses are raised:

A The operational and infrastructurkaracteristics of BRT systems generate and/or dlaffic
risk situations and their typology and frequency provide the representativeness necessary to
carry out a risk study based on the occurrendeafffc conflictsand evenbased exposure

A Conflicts andtheir surrogatemeasures (predictor variables) are related to rafetysof BRT
systems andhroughthem it is possible to formulate a riskdicator and a severity indeRat
characterie road incidents in BRT systems.

A Multivariate statistical techniques reveal the association, which is not perceived in the associated
marginal distributions, between variables related to exposure, severity, consequences and risk
factors, as well as theirggiificance within a new proposed severity index.

A The microsimulation of traffic conflicts and the analysis of vehicle trajectoriesomputer
means lead to a correct determination of the surrogate safety measures in the study of conflicts
occurred in compnents of the BRT infrastructure.

To answer the research question and verify the hypotht#sedpllowing section presentbe

resarchobjectives.

1.4 Research objectives

1.4.1 General objective

To formulate a methodology that allowbharacterizing, quantifying and simulating road risk at
components of the BRT transport system infrastructure, based on traffic conflicts and variables

related teexposure, severity, consequences and risk factors.

1.4.2 Specific objectives

A To quantify surrogatesafety measures of traffic conflicts and other intervening variables

associated with exposure, severity, consequences and risk factors, at BRT infrastructure
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components in Bogotd, through video analysis, to form databases that allow formulating a
conflict severity index, during a given study period.

A To determine the linear combination that best explainsuiaéyzedvariables, whose response
variable is the propesl severity index, obtained from the processing of the databases by means
of composite indexes analysis, and then build the confidence interval of the index-by non
parametric bootstrapping.

A To validate theridex obtained by statistical tests and by itsati@n between three replicas of
the analyzed BRT infrastructure component, in order to verify its sensitivity and potential for
classifying traffic conflicts according to their severity.

A To simulate the ctical operation hour of the BRT infrastructurengponents studied, using
VISSIM and SSAM, to identify the parameters tacbasideredn themicrosimulation of traffic

conflicts and obtain models that represent the operation observed in video.

1.5 Methodology

The methodology comprised the followistagesand the correspondingaterials and methods:

Stage 1 Selection of the study sites according to an accidents study, using QGIS 3.12 tool, which
identified the hotspots of the BRT infrastructure in Bogotdingu2007 to 2017. The database
belongs to thefficial information of the District Secretary of Mobility, available onlineSMUR

(2019) The hotpots were three signalized intersections at the Caracas Aventie a8taiid 19

Streets, in the city centeAt the signalized intersections mentioned, ttedffic operation was
recorded during 12 continuous hours, using two fixed cameras per intersection, on business days, for

a total of approximately 72 hours of video recordings.

Stage 2 Proposal of a prewgive risk indicator, based on the relationslap serious traffic
conflicts/exposure, in which conflicts are surrogates for crashes and the exposure is based on event
based exposure definition of encountérountedtheencounters manually from the videThen,|

identified potential conflicts manuglfrom the encounters. Finally,analyzed potential conflicts

using the semiautomatic toolAnalyst (T-Analyst, 2018)to obtain Timeto-Accident (TA) and
Conflicting Speed (CS) to clafs conflicts severity according to the Swedi$haffic Conflict
Techniquel mapped le risk to characterize the risky operation at the different entrances of each
intersection. Separately, conflicts show the most corgliohe places, where the proxignito

collisions is higher. On the other handpegure assessed through encounters allows identifying
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unaccepted behavior related to disobedience to traffic lights. The indicator represents the likelihood
of being involved in a traffic conflict when expogiif the traffic law is violated.

Stage 3 Prgposal of a traffic conflict severity index based on surrogate safety measures for each
intersection. Using FAAnalyst,| obtained Timeo-collision minimum (TTGin), PostEncroachment

Time (PET), Initial Deceleration Rate (DR), conflict angle, and Conilictbpeeds at TT. |
adopted the following criteria fassuming @ad user masses. For articulated vehicles of the BRT
system,| adoptedtheir mass according teehicle type and passenger occupation, based on a local
study on the determination of axleiglet of articulated buses of TransMiler{idniversidad de Los
Andes, 2004) | used peeds, masses and conflict anfge calculaing DeltaV. | developedthe
composite weighted severity index using Tk PET, DR and DeltaVl compared lie severity
indexes of the three intersections by means of several statisticaptastsetric a neparametric
(mean, median, standard deviation, variance, homoscedastittsibwtion, etc.), finding no
significant differences between them. This allowed the formulation of a single severity index using
the conflict data from the thedntersections at the same tirhased a 80% random subsample of

the dataset for the indebevelopment and the remaining 20% for validation. A decision tree allowed
validating the index consistency and finding its critical values to categorize iemgbverity levels

(low, medium and high)l categorizedhe index using critical TT&n values established in the
literature review.l calculated lhe index value for the validation subset (20%) using the linear
composite model obtained with the trainingpset (80%)I validated he classificatiorpotentialof

the severity index by means of neunatworks with very good resultsdeterminedhe confidence

interval of the index by neparametric bootstrap.

Stage 4 Finally, thepurposewas to simulate, in an accurate way, the vidbserved conflicts, with

the aim of identifying the parameteesbe considered in the microsimulation using VISSIM software
(PTV AG, 2012)and the SSAM Surrogate Safety Assessment Model. ThASs a postprocessor

tool of trajectory files that allows identifying traffic conflicts based on surrogate safety measures
(Gettmanet al, 2008) For the abovel, selectedthe hour of greatest number of conflicts at each

intersection as simulan periods.

Stage 5 The information necessary to generate the simulation models Waeadl geometry
obtained from satellite imagesi][foad users volumes obtained using the Deodata Machine Learning

tool (Transport Systems SAS, 2018)ii] free flow speed distributions and operating speeds

distributions per vehicle type, -Anaystrhivsighahptansipgwadedsbg 0 opt i on



Introduction 11

the District MobilitySecretary, and/] driver behavior parameters suggested by the District Mobility
Secretary. OncEkbuilt the models, their validation consistedwo stagesi] calibration of VISSIM
parameters at conflict areas for validation through the statisticapaison of observed and
simulated volumes, andi] calibration of the VISSIM complianceate parameter for validation
through number of trafficonflicts and severity based @ix surrogate safety measures and the
conflicts anglel comparedhe distribtions ofsuchobserved and simulateik surrogate measures
and the conflict angldy means of several statistical tests, parametric apacametric (mean,
median, standard deviation, variance, distribution, etc.), finding no significant differencestbetwe
surrogates related to proximity between road users and conflict angle, budifeneaces between

variables related to deceleration and speed

Stage 5 Oncevalidatedthe previous stages, | presented the synthesis of the methodology and how

to use it step by step

1.6 Scope

Based onthe methodological criteriauggestedy Herndndez Sampieri, Fernane@allado and
Baptista Lucio (2006)this research has a correlational and inferential scsipeethat! proposed
and validatedh preventive risk index, a composite index tfaffic conflict severity and, from the
video-observed information, validatedmicrosimulation modelseeking for a rough simulation of

what wasvideo-observed.

1.7 Contribution to the state of knowledge and limitations

This research contributes to a bettaderstanding of the behavior of road users, particularly in BRT
systems. Although this study is limited to the BRT system in Bogot4, its results can be seen as a
reflection of the operain of the BRT systems in other cities or countries. To date, #ratlire

review identified the performance of qualitative behavioral studies in BRT systems, based on road
safety audits and inspectiohtowever, quantitative behavioral studies basettadfic conflicts and
surrogate safetyneasures have not yet beemitiféed in this type of system. The research validates

a preventive everttased risk indicator based on the serious conflicts/encounters relation. Extending
the road safety assessmentetqposure based on elementary events, such as encougers.
mentiored before, traditional risk indicators use actiniysed exposure, which can underestimate

or overestimate risk assessments, as well as the effectiveness of counternmeashezmorethe

research validates a composite severity index for serious conflicts identified by means of the Swedish
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Traffic Conflict TechniqueThis index involves the proximity to possible collision, the deceleration
rate exerted to avoid the collsi, the masseof the road users in conflict, their speeds and angle of
conflict, with the aim of integrating the advantages of four surrogate measures in the quantification
of severity(TTCmin, PET, DR and DeltaV)lhis index allows differentiating theserity of corilicts
between different road usessnce th& massesspeedand conflict angle are involved, which is not
achieved when using thgurrogate safetyneasures in a univariate wayhe index is valid at
signalized intersections with the presewnt BRT systms. Finally, the research proposes procedures
and recommendations for the simulation of serious conflicts at these signalized intersections, using
VISSIM and SSAM The main finding of the models is the proposal of calibrated values of VISSIM
parameters,sawell as local thresholds, based on evidence, of the surrogate measures for SSAM.
These parameters and thresholds allow modelers to improve their simulations, the objective of which
can be only traffimssessmentsut also road safetyn all stages of tb researchl, useddifferent
statistical methods to validate the outcontesrthermore, delved into the use of multivariate

methods for the analysis of surrogate road safety measures

This research fhthe following limitations.| collectedthe informaion during the daytime, from

06:00 to 18:00 hours, due to the security of the cameras, so the night operation was not evaluated
The investigation was limited to three signalized intersections with #@sepce of BRT systems, in

which the highest numberf accidents occurred from 2007 to 201tablished his delimitation

due to the time it takes to process the videos, manually identify the encounters and potential conflicts
and process the latter inAnalyst, as well as the time it takes for modeling/iSSIM, calibration

and validation of the models both from the point of view of traffic and road safety, when processing
traffic conflicts in SSAM.Speed processing in-Analyst requires manual tracingf road user
trajectories. Given the results of tiéferent research phases, | considered that the three intersections
presented conclusive results to satisfactorily achieve the objeclifiesrisk indicator and the
severity index correspond to 12 cantbus hours of study of the operation of each ipetgign,
approximately, under typical conditions. | delimited the simulation of conflidgtseetbourof highest

number of videembserved conflicts at each intersection, given the level of detail of the in
information, as well as the detail in the VISSpdrameter sensitivity analyzes for calibration and

validation purposes.

I have presented the partial results in different national, regional and global events. These results
have also been publishedpapersand a section of a boo&urrently, Professoliliana Lyons and

| are working ortwo paper®on road safety in BRT systemmehiswork motivated a research project
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on road safety at preferential bus lardesjeloped by undergraduate and graduate students linked to
the Research Group on Logistics forsginable Transport and SafetyTranslogyt ad the
Infrastructure and Mobility Research Seedb&MUN, under the coordination of Professor Liliana
Lyons the technical training was on my own. We also did an international course in 2017 on
"Advanced meibds for road safety research” in which we taugne of its modules that dealt with
"microsimulation applied to the study of traffic conflicts: theory and practitiels research has
obtained two awardst academic eventBetailed information on acadenycoduction is at thend

of the conclusionsThe doctoral journey included a gixonth research stay at Lund University
(Sweden), under the supervision of Andras Varhelyi. PhD and Aliaksei Laureshyn. PhD, who had a
very strong influence on my training amlde scope of this thesis.attended the Earl Career
Researcher Course, during theé"36ternational Cooperation on Theories and Concepts in Traffic
Safety- ICTCT workshop at the Palacky University in Olomouc, Czech Republic. This course
included a triming in the study of traffic conflict&inally, | attended two meetings of the TRB
Subcommittee on SurrogaafetyMeasures, 2016 and 2017. After that, | have permanent access to

updated versions of SSAM, as well as recent publications on the matter

1.8 Content of the thesis

This document isrganized in seven chapters as follows. Chapter 1 is the introduction of the research
and it comprises the background and motivation, problem statemses#tarch question and
hypothesis, research objectives, methodgl@gope,contribution to the statef knowledge and
limitations,and the current section on the content of the th€bispter 2 is the theoretical framework

and literature review, which covers the relevant topics related to the research, such astpad saf
fundamentals,surrogate eventsof road safety assessment, surrogate safety measures, traffic
conflicts techniques, the computational tools for traffics conflicts assessment on video and their
simulation used in this research, previous research orsedety assessment for BRT infrasture,
previous research on surrogate safety measures in Colombia, applications of multivariate analysis
based on surrogate safety measures, and methods for formulating composite Cluipesr 3
covers the proposed entbased traffic risk assessmentignalized intersection of BRT systems,

in accordance with the first specific objective whaiims to form databases of surrogate safety
measures with various purposes. One of these purposes is to validate a preiséniindicator

based on the relatioseriousconflicts/encountetsincluded in this same Chapter. The Swedish
Traffic Conflict Technique (STCT) is the technique used for selecting serious conflicts in this

research. Chapter 4 comprises the formulationvafidation of a composite traffic aflict severity
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index based on the linear combination of four surrogate safety measures,(TPET, DR and

DeltaV) for serious conflicts identified by means of the STCT, according to the second specific
objective.This Chapter includes the valitlan of the severity index stablished in the third specific
objective. Chapter 5refers to the traffic conflicts simulation at signalized intersection of BRT
systems, including the detailed basic information necessarpmstiacting the simulation models,

by using VISSIM and SSAM, the calibration of VISSIM parameters for improving the conflicts
simulation and the validation of the models based on the statistical comparison between video
observed and simulated number offtiots and their surrogate safety measuassvell as by traffic
volumes of road userfn accordance with the fourth specific objecti@hapter 6 summarizes the
proposed methodology for evepdised traffic risk assessment at BRT infrastructure, spabjfit
signalized intersections, based on the outcomes of the previous chapters, in accordance with the
general objective. Chapter 7 states the conclusions and further research resulting from this research.
Finally, the document presents the appendicdsraerencesFigure 17 shows the content of the

thesis.Figures without source were part of the thesis
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Figure 1-7:  Content of the thesis
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2.Theoretical fitemawarlk ard

Road safety has been associated with the epidemiology in order to classify studieseanch
according to their implementation in time. In accordance toVithO (2015) epidemiological
investigations examine the distribution atite determinants of states or events (particularly
diseases) related taalth and the application of these studies to the control of diseases and other
health problems. There are various methods of conducting epidemiological investigtit@ns:
surveillance and descriptive studies can be used to analyze distribution, atidarsaydies allow
analyzing the determining factorShe epidemiological overview opens the way to the concepts,
methods, techniques and tools that are employable in road safety. This chapter includes the literature

reviewonthe abovanformation that vas used in this research.

2.1 The road safety problem and its dimensions

Rumar (1999proposed agractical approach to address and understand the road safety problem by
defining the problem (1) as the volume of a box (seai€ig-1). The three dimensions that male

the box are a function of exposure, accident risk, and injury risk (see Eq2adion

0 0- - (2.1)

Where:

I: Number of peole injured or victims.

E: EXxposure.

(A/E): Probability of accident (accident risk). The riuen of accidents/exposure or number of
injured/exposure. Also known as the degree of danger or severity.

(I/A):  Probability of being injured or lacerated in anideat (risk of injury or consequence). The

number of injured/number of accidents or #mouwnt of victims/number of injured.
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Figure 2-1:  The road safety problem (human injury) illustrated as the velofha box

T AccidentRisk (A/E)

Exposure(E)

/ Injury Risk (I/A)
Source:Rumar(1999)

This approach allows designing and planning policies and esgng countermeasures that seek to
reduce the size of the box. The challenge is to accurately measure the dimensions and do it without
waiting for accidents to oac. The need for evettasel risk assessments has been emphasized for
decadegRisk and Shaoul, 1982)

This research is based on a quantitative risk assessment in search of classifyingmistee f
frequency of theseverity outcomes and the exposukethis point it is importantd differentiate
between nominal security and substansiafety Hauer (1997)states that nominal safety is an
absolute statement abailte safety of a locatiobased only on its adherence to a set of design
standards and rekd criteria, whilesubstantive safety is théstorical and longerm objective safety

of a location based on crash data. Given type of events involved in tlaiscteaad the study period,

it is not correct to use one of these two typesabéty this research is a surrogate evéased safety
assesmentin the same sense, objective safety is the real risk value of traffic accidents or injuries,
while subjectivesafety is the feeling or perception of saf@ijichael and Mosslemi, 200930 his

research has an objective focus.

2.2 Typology of road safety studies

Based on the above,ig valid to rely on the concept of accidentothat is the study of traffic
accidents, that are considered an epidemic due to their spatial and temporatidisifad for their
consequences that can be fagthulzeet al. (2006) state that the accidentology establistiest

traffic accidentscan be explained bgeveralsources of failuresfahe systemat the perception,
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decision or implementing level§he failures can be managby several research approaches,
detectingisksor conflicts,transmittinginformation toroad usersmaking the right decisionssing
traffic devices Sometimest is necessary to address more than one level. Likesisee projects
address more than emevel of a given applicatioat the longitudinal or intersection level, or both

Epidemiology recognizes three types of studies based onMara (2003)explains tle following
observational researckuslies: [i] cohort studies, that can be prospective or retrospective, [if] case
control studies, and [iii] crossectionalktudies that can be used to determineyalence defined as
the proportion of individuals in agpulation who have the conditionaaspecific point in timéPorta,
2014) incidence defined as the number of new cases of thasti$orta, 2014)catsality defined

as something that brings with it an effect or a rdtuaza, 2006)or prognosis defined as anticipated

knowledgeof an event.

2.3 Analytical frameworks to address roadsafety

Traffic accidents are a public Heéwa problem that must beealt with based onan analytical
framework that allows dealing withe different situations, from a comprehensive approach. From
this reaon,Mohanet al (2008)presented atudy for the WHO, in which they referenced three
possible frameworks: [the public healt approacha generic framework with application in various
fields of public health[ii] theHaddon Matrix(Haddon, 1980) an aid for resource allocation
analysis, strategy identification and plannibg,the time dimension (before, during and after the
crash) and the factors dimensions (humans, vehicles and environaedt]ii] the systemic
approach{Tiwari et al, 2005) that seeks to identify and remedy the main sources of error or roadway
deficiencies that contribute to collisions that cause death or serious injury, as well as mitigate the
severity and consequencestrduma.The insights of Haddon hawenriched his approach. The
peculiarity of this approach is that it not only considersbsc factors but also the role played by
the different organizations and actors in the matter of prevefs#genFigure 2). In this research, |
searched to worlinder the systemic approach in order to contemplate as aspegts as possible

of theoperdion of theBRT systemin search of a comprehensive evaluation.
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Figure 2-2:  The systemic approach to adds road safety
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2.4 Categorization of road safety researclaccording to the
purpose

To classify the models and theories used in road safetprding to their purposércher (2004)
refers to a report by th@rganizatbn for Economic Capperation and Developmef®@ECD, 1997)

whichidentifiesfour main categries of research

A Descriptive modelsire based on two main sourcesirdbrmation: accidem/victim data and

exposure data. Usually, the exposure units used are inhabitants, registered vehicles, vehicle

mileage, kilometers traveled by road users, veloplerating time, travel times of road users,
number of trips and traffic situationBhese mdels have the limitation regarding the incomplete
information andhat exposure data is not specifically collected for safety analysis purposes.
A Predictive/analyical modelsthat describe an experimental situation and the mathematical
relationshipbetweenthe response variable and explanatory variables (faciiigse models
estimate the effects of specific road safety countermeasures and specific road Hedigyss.
could be related to weather, socioeconomics, transport and infrastructures thetto data
collection, randomness and intervention countermeas@@sently, advanced multivariate
probabilistic models based on cressctional studies can evalaéte spatiecemporal variation
(Kaygisiz et al, 2015) Accident hotspots are determined involving pedestrians, finding the

pattern of accidents changes over time dumaay factors, such as land use, road design, etc.
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Econometric models arneseful in this typeof studies.Professional judgment is required to
ensure that the model is posed correctly and that relevant questions are being answered.

A Risk modelsthat take ebottomup approach to road safety situations, as opposed to the top
down approach of the ecometric models described above. Typically, these models focus on
individual risk related to driver behavior and to identify and quantify risk factors that egplain
predict the road user behavias well as evaluating the reduction rigk effects throgh
countermeasures. The risk assessment can be and@tieatet al., 2007)or quantitativglShah
et al, 2018)and is not always a rational mass and often involves complex decisinaking
tasks, where the adsjtive risk may be compmtised due to subjective assessment.

A Accident consequence modiigwo levelsthe individualor microscopid'Yasminet al,, 2014)
and the opetional level of the traffic systemmr macroscopidClaros, Sun and Edara, 2018)
The main objective of these models is to reduce the consequences of accidents, improving
aspects suclas the road environment, vehiclagfety, emergency services or, alternatively,

promoting the use of safety equipment or infltiag driver behavior.

This research corresponds to a risk study whose novelty lies in the use of events: traffic conflicts as
acharacteristic event of the roaafety outcomes and encounters as an event that allows quantifying
exposure, with a preventiapproach. These events are explained in later sections.

2.5 Time-based classification of road safety studies

Based on thabove concepts$ proposedh temporal clasfcation of road safety studie®lating the
epidemiological classification with the stagek engineering projectdn the same waymain
statistical methodologies for the treatment of information are mentiomedvell as for the

determinatiorof risk. Table2-1 showsthis information, whichs analyzed laterindividually.

Accident studiesra based on the occurrence and recording of accidents to assess the road safety of
different components of the infrastture. Traditionally, they retrospectivaudying the effect of
different factors on safety and, prospectively, for the formulation uflip policies and the
prioritization of investments. Within these studies, the analysis of hotspot, or accident ragiocent
sections, is a useful tool for thevestigation of road sections where the frequency of collisions
merits particular attentiomven when comparing the road safety of similar sections, it is possible to
verify the effectiveness of a countermeastitat aims at reducing the number of acctden

According toGross (2013)there is a growing interest in the use of epidemiological methods in road
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safety analyzes. The epidemiological field commonly uses-@a#rol and cohort methods for
identifying risk factors and quantifying the risk or prolhi&pof disease, given cexin characteristics

and factors related to the individual. Currently, several accidents studies use different statistical and
numericalapproaches, as big dafisla et al, 2019) Bayesian netwés (Febreset al, 2019) logit

modds to assess the incidence of several parameters on a discrete ofiieomeeland AlEideh,

2020) prokit models(Aidoo et al., 2019) multivariate method$Schlogl, 2020)and spatial analysis

as the spatial lag model used hjzarazo and Valencia (2018 analyze the impact of lande,
socioeconomic factorsand transportation modes on vehigedestrian crashes in Medellin,

Colombia. Each approach has advantages over others, accordingnatube of the variables

involved.
Table 2-1: Time-basedlassification of road safety studies
Study type Accident studies Naturalistic driving Surrogate events
Time-based Retrospective or . .
e - Retrospective Base line
classification prospective
Accidentology Casecontrol studies Cohort studies Crosssectional studies
Design Design
Engineering stage Operdion Construction Construction
Operation Operation
Accident reconstruction Driving Smulator Risk perception
Instrumentedr or
Study hicl p fi
Hotspots Study vehiclesor Traffic conflict
Video analysis techriques
Prediction models from Eye movemets Road safety inspections
S and ;
historical data and audits
Sensors
Statistics: Poisson or S Microsimulation and
X ) - Statistics:
negative binomial . . Surrogate Safety
Methodology R Poisson or negative
distribution binomial distribution Assessment Model
(SSAM)
Bayesian statistics . -
Bayesian statistics Statistics:

Logit and Probit Multivariate analysis

Logit and Probit

The naturabtic driving studies areprospective and correspond to cohort studies within the
epidemiologeal classification. Naturalistic driving refers to the study of the behavior of drivers, and
of road users in general, under natural conditions oirdyior circuation. The variables or measures
that describe the behavior are obtained by means of sorajlaehicles and instrumented routes and
the recording of the user's body movements, emphasizing eye movenmeni€Gcar naturalistic
focused

study and fidingsisaemar kabl e resear ch

-gashdata ovi di r
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necessary for undggtanding causes of crashes, supporting the development and refinement of crash
avoidance countermeasures, and estimating the potential of thesemeastees toeduce crashes

and their (Neatestalg2005)Thealatadset includes nearlp@0,000 vehicle miles
traveled, 4300 hours of data, 241 drivers, 13 months of data collection for each vehicle, and data
from five video channels and vehicle kinematitse 108Car Naturalistic Driving Study Phase-1l
Results of the 10@ar Field Experiment2006) Naturalistic studies can be focused on theilgi
behavior(Babulalet al, 2019) visibility conditions at the infrastructure based on the driver's eye
glance behavio(Bhagavathula, Williams and Gibbons, no dase)d currently several research
projects focus on autonomous vehicles and their interaction witheotload users and the
infrastructurg Kim et al, 202Q Revellet al, 2020)

Road safety audits and inspections focusidentifying problems in the road and transport
infrastructure and facilitating the definitioof recommendations that eliminate or mitigate the
accident risks identified in each of the stages of a pr@@satretaria Distrital de Movilidad, 2019)
To determine the risk, the frequency of historical accidents is used, according seveeity that

is related to théindings of infrastructure and human betayvWhen there is no prior information
on accidents, it is recommended to use a differeabteCurrently, there are detailed road safety
audits tools to manage it and implemer{fAitistroads, 20198\ ustroads, 2019tF-ederal Highway
Administration, 2006)

This research proposes that the resulting methodology be used as a complement to road safety audits,
with a preventive approacitihis research focuses on the use of traffic conflictsaanevenrnbased
exposure definition of ewmanters. The following seans comprise the literature review regarding

the events mentioned.

2.6 Surrogate eventdor road safety assessment

The preventive vision has led to the search for road events usefutagases for accidents, being
the traffic canflict the most accepted sogate at present. A traffic conflict is an observable situation
in which two or more road users approach each other in space and time to such an extent that there

is a risk of collisim if their movements remain unchand@lders and Brijs, 2018)

Although traffic conflicts have proven useful for safety assessment, a definition of exposure is

necessary to estimate thek (Hauer, 1982)The search for events that can provide an incrglgsin
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accurate assessment of the exposui@gsed byElvik, Erke and Christensgf2009) and Elvik

(2015) These events are known as elementary units of exposure, as ojgpaggregate variables

listed in the introduction. An elementary unit of exposure refers to any event that generates an
opportunity for an accident to occyElvik, Erke and Christensen, 2009Vhen assessing the
exposure at intersectis, it is reasonable to use encountersingef as simultaneous arrivals, at
points where conflicts between road users may didelk, 2015) Therebre, Johnsson and
Laureshyn(2019)argue sevet considerations to take into account in the conceptualization of the

encounter as an exposure unit.

2.7 Surrogate safety meaures- SSM

The SSM are variables o indioed derived from a traffic conflict and that characterize it according
to its risk,severity or consequencéhere are several SMS, however, this section defines the ones
used in this research; a detailed revadyout on the topicanbefoundin Johnsson, Laureshyn and

De Ceunynck (2018Figure 23 shows vehicular trajectories in a traffic conflict and six surrogate

measures:

A Time to Collision (TTC): time irseconds required for two vehicles to atdliif speeds and
directions not change. It is a measure continuous with time; gh#é calculation may be
performed at any instant within the sequence time frame. TTC mini{fii@mi») is the critical
value usd to judgethe conflict risk(Hayward,1972)

A Postencroachment Time (PET): time in seconds between the first road user leavicoytiet
zona and the second one arriving afliaureshyn, De Ceunynckt al, 2017)

A Initial Deceleration Rate (DR): quantifies the magnitude of the deceleration action of a driver
the moment he or she begins an evasiakihg maneuver, in nigJohnsson, Laureshyand
De Ceunynck, 2018)

A Maximum deceleration rate (MaxD): maximum deceleration of the through vehicle, 3in m/s
(Gettmaret al, 2008)

A Maximum speed (MaxS): maximum of conflicting speeds of two vehicles involved in a conflict
event, in m/{Gettman and Head, 2003)

A Difference in vehicle geeds (DeltaS): absolute value of difference in conflicting speeds of two

conflicting vehicles, in m/éGettman and Head, 2003)
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Figure 2-3: Possible conflicts at intersections
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DeltaV (qw) is asurrogataneasureused in this researchf the seerity of an assumedhypothetical
inelasticcollision between two road use(S&ettmanet al, 2008) It is defined as the change in
velocity between preollision and postollision trajectories of a vehicl&Shelby, 2011)DeltaV is
calculated at TT@n, based on the current speeds and conflict angle, as shown in Figure 2
Equation2.2 and Equatior2.3 defines the daulation of DeltaVfor each road user involved in the

conflict. The relevant DeltaV is the highest vatigained.

Yo ——20 0 cU QA (2.2)

Yo —— 020 U cOU QA 2.3)

Where m and m are the masses of the road users 1 andd) w their speeds aha theconflict
approach angle.

The nearneswo-collision is usually measured by TTC and PE&ureshynet al. (2017) state that
the use of TTC alanis not sufficient to detect all potentially dangerous situations in tkadtiause
events that do not present a colliscmursecan change rapidlyn this way, PET makes it possible
to determine the proximity to the dsibn in the final part of theconflict (potential risk)
complementing the information provided by TT{i@minent risk).This thesis assumes that TTC is
based on constant speés does not always happen, but it makes it easier to calculate TTC.
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Figure 2-4:  Variables involved in the calculation of DeltaV
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2.8 Traffic Conflicts Techniques- TCTs

The TCTsarise from research conducted at the Detroit General Motors Laboratory in the late 1960s
to identify vehiclerelated safety problen{Perkins and Harris, 1968)rcher(2001)stateshat the

TCTs are perhaps the most developed indirect measure of road safety. The techniques themselves
are based on the ability to record the occurrence of conflicts directly in reabfiierng a quick

and representative way to estimate the frequef@cadents and their consequences. The main
criticisms of indirect methods refer to problems of reliability and validity and whether the accident
risk is being measured in a satisfactargy. Traffic conflicts are those events where it is possible

for anaccident to occur but where the collision does not occur because one or the other of the parties
involved takes evasive action; they are also calptbstcrashes onear misseBorbes (1957¢ited

by Lightburn (1984) The initial model proposed byerkins and Harris (196&omprises two
categories of conflicts [i] the evasive action carried guildriver facing an imminent accident
situation, and [ii] the violatio of thetraffic law based on a highway code. Furthermore, this study
was the first to establish the typology of conflicts, although it did not classify them by severity;

including theconflict for violation of the redraffic light (seeFigure2-4).

Thefirst study that addressed the problem of severity was carried darpbell and Ellis King
(1970) The typology of conflicts was the same as thd&exkins y Harris (1967)he classification
of conflicts by severity was generated from consideration of the reason for a braking action. Conflicts
in whichthe action seemed to be due to purely preventive or comfort action were of low severity

and the rest as important severity.
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Figure 2-5: Possible conflicts at intersections
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The Development dfhe TCTs has sought to reduce or eliminate subjectivity wheruailmg the
severity of a conflictAccording toJohnsson, Laureshyn and De Ceuny(2#18) the existing
conflict techniques are: Swedighlydén, 1987) Canadian(Brown et al., 1984)Dutch (Zheng,
Ismail and Meng, 2014 American(Parlker and Zegeer, 1989British (Baguley, 1984Kapariaset

al., 2010) French(Muhlrad and Dupre, 1984)German (Erke, 1984) Austrian (Risser and
Schiitzenhofer, 1984 Belgian (Mortelmans et al., 1986)Finnish (Kulmala, 1984)and Czech

( Kol 8r k o.e&h tecBnijuehgs parameters that allow determining the severity of a conflict,
sometimes usingurrogate safety measures. This research uses tbdisBWCT and surrogate
measures from otheechniqueghat could be obtained by simulation using VISSIM and SSAM

applied to BRT infrastructure.

2.9 The Swedish Traffic Conflict Technique

Hydén(1987)establishedte main milestone for the formulation of the current TGHslén (1987)
andSvensson (1992)eveloped and validatekda Swedish Traffic Conflict Technique (STCat)the

Lund Institute of Technology, Swenlebased on interaction between road users, which can be
described by a number of fundamental events, as shown in Figuréh2se events occur with
different probability and different degree of seriousness. The basic hypothesis of the titeatry is
there are fundamental events, defined as serious condlias,interruptions in the interactiorhese

serious conflicts canafine he accident potential; this means that there exists a relationship between
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the number of serious conflicts and accidefte premises of this theory point to the classification
of conflicts according to their severity, as well as the definitiothefthreshold between slight

conflicts and serious conflicts.

Figure 2-6: Safety pyramid

Fatalities 4

Accidents
Serious events

Serious conflicts

Nearmisses 5 Slight conflicts

Potential Slight events

° conflicts

v Undisturbed passages

Abstract proportion of
event occurrence

Source:Adapted fromHydén (1987)

A traffic conflict is atraffic event in which two road users are in a collision trajectory. Hence, the
crash will be imminent unless either of the two users performs an evasive action. The road user who
performs the first evasivection is called a relevant road user. Two surrogatesarea define the

severity of a conflict:

A Time-to-Accident (TA): time remaining to the predicted collision when the relevant road user
starts the evasive action;

A Conflicting Speed (CS): the speed of tlelevant road user at that moment.

Figure 2-7 presents the diagram used to distinguish between serious arsknmauns conflicts.
Conflicts with severity level above 24 are considered serious. A detailed oepoet STCT can be
found inLaureshyn and Varhely2018)

Hydén initially identifiedin the field that thecritical value of TA is close to 1.5 s. Thiidtification
occurred in events in which expert drivers came into conflict with pedestrians. These drivers waited
until the "last moment" to start slowing down, even though they had previously perceiveibéepos

conflict. This "last moment" correspondéal a TA = 1.5 s in most of thevents This TA is
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considered valid in urban areas to separate serious conflict® [T# s) fromslight conflicts, in
congruence with the safety pyramidowever, Hydéndentified that TA depends on speed, so he
initially established the severity levels arbitrarilgach 0.5 s, using inclined straight lines.
Subsequently, the lines became curved by incorporating the friction coefficient between the tire and
the pavementFinally, Hydén and Svenson reconstructed several collisions, which occurred in
Sweden, obtaining TA and CS for these collisions. Then they determined the correlation of TA and
CS ofthecaollisionsagainstTA and CS of traffic conflicts, finding good colationsup to severity

level 24, establishing said level as the level that sepasiigbsconflicts from serious conflicts.

Since the first proposal of the STECHydén, 1976)the technique has been taken into account in
several studies. Thimternational Calibration Study of Traffic Conflict Techniquégdsmussen,
1984)included the STCTas well as several of the techniques presedntétke previous section, in

order to unify concepts and criteria given the number of TCTs that emerged at that time.

Figure 2-7.  Conflict severity diagram of the STCT
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Different researches compardetSTCTagainst other methodgheng, Ismail and Meng (2014)
state thathere are three issues related to spatiotemporal proxivaggd traffic conflict analysis: [i]
there are searal traffic conflicts surrogate measures but there is no agreement on which ones to use,

[ii] almost allsurrogatemeasures are limited to crash risktimation regardless of the possible
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consequences of a subsequent ¢rashthe STCT is aaxception given that the Tirte-Accident
is related to crash severitgnd [iii] somemeasures assunmenstant speed and trajectpand/or
constant acceleration or deceleratiate, suggesting using probabilistic measures.

Laureshynet al, (2017)performed crossomparison betwee®TCT,the Dutch conflict technique
(DOCTOR) and the Canadian probabilistic surrogasasures of safety technique (PSMS), for the
diagnosis of road safety for cyclists at intersectiondslo, Norway. As a result, all three methods
yielded results consistent tiviaccident records. The first two methods produced similar results on
conflicts and their severity, but the third method produced a safer evall&itialy, they stated
that the three technigues require improvement in analysis involving vulnerabldruferglers and
Brijs (2018) Varhelyi et al. (2018define reliability and validity of traffic conflicts techniques.
Reliability is that the conflict technique arskverity countingmust assurance that observed
differences in conflict amounts can be endorsed to differences in safety rather than torotrer hu
or environmental factorgeliability has improved with the use of computer systevadidity of
conflict techniques is theirbdlity to assess road safety with the same validity that is done using
accidents. Most of the techniques do not have vatidagtudies, except the STCT and the Dutch
technique.

The STCT has been applied in several places and traffic conditions, shehpasi¢strian safety at
signalized intersections Btockholm Sweder(Garder, 1989 safety at intersection in Cochabamba,
Bolivia (Almqgvist and Hyden, 1994pi cycl i st s6 saf ety at(Sakslmmugndabou
et al, 2010) severity benchmark values selection for pedestrian safety treatmedakland,
California(Ismail, Sayed and Saunier, 20143fety evaluation at a signalized intersmtinHasselt,
Belgium(Suwarto and Basiik2016) safety ofbicyclists at different types of intersecigin Oslo,
Norway (Fyhri et al, 2017), safety at different types of irdstructures in Owerri, Nigeri@zondu,
Jamson andlai, 2018) a review of TCTs for potential use in developing counti&shel Mahmud
et al, 2018) safety at preferential lanésr public transport in Bogot4, Colomb@tero Nifioet al,
2019) andsafety at roundabouts in Bogota, Colombia, and their subsequent sim(Bati@rCruz,
Laureshyn and Lyons, 2020)

2.10Semiautomatic tool T-Analyst

The semiautomated software -Analyst (T-Analyst, 2018)is developed at Lund University,

Sweda. This tool allows the extraction of road user positions frame by frame, calculate their speeds,
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accelerations and a number of surrogate indicators of safety such atofdokision and Post
Encroachment TiméJohnsson, Laureshyn and Noren, 20B)sides, JAnalyst can register the
time of the road user passing through age®ned gate or a number of gates that can be further used
for measuring the travelntie or speed distributions at a spedification. The task of the operator is

to fit a 3dimensional wirdrame model of the road user on its position in the image, which is then
automatically projected to the ground plane using Tsai calibration nfibskel, 1987) Figure2-8

presents a screenshot of the software.

Different researches usedAhalyst successfullyPolderset al, 2015 Bjgrnskauet al, 2016
Laureshyn, De Ceunynclet al, 2017 Madsen and Lahrmann, 2Q1Fyhri et al, 2017; De
Ceunyncket al, 2017 Laureshyn, Goedeat al, 2017 Varhelyi et al, 2018 van Hapereret al,
2018 Olszewskeiet al, 2019 Kamaluddin, 2019Hgye and Laureshyn, 201Bulla-Cruz, Laureshyn
and Lyons, 2020Kazemzadelet al, 2020)

Figure 2-8: A screenshot of ‘Rnalyst tool during BRT analysis
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T-Analystis thesupporting tool for classifying conflicts according to ®€CT in this research
Furthermore, TAnalyst allowed obtaining the distribution sbnme surrogatesafetyof measuresas
TTCmin and PETand allowed collecting the speed data necessamifopngmulation purposes
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2.11Computational simulation of traffic conflicts

Computational imulation of traffic conflicts is booming. It is particularly ugkfor evaluating the

safety of infrastructures during the design phdges research useglSSIM and the Surrogate
Safety Assessment model (SSAM) tools to simulate traffic, as well dentify conflicts and get

their surrogate measures. The microsatioh package VISSIM is a software that allows modelling
different road configurations for diverse types of road users under control mechanisms such as traffic
lights, stop signs, among otsgPTV AG, 2012) From VISSIM it is possible to export trajectory

files (.trj) that contain the routes and speed changes thatexgendence during the simulation. The
SSAM is a postprocessor sefire of trajectory files that allows estimating traffic conflicts based on
userto-user proximity measurdssettmanet al, 2008) next section explains the characteristics of

the SSAM.

The literature review identified severakearchocused on the validation of the outcomes obtained

by means of VISSIM and the SSAM. As a part of the development &3Ad, Gettman andHead

(2003) presented a complete review on the microsimulation tools that allow simulating traffic
conflicts, highlghting the advantages of VISSIM regarding the simulation of actuated signals,
parameterized turning speed, reaction to yellow, vehicetesact with pedestrians, friendly merging,
modelling of multilane merging behavior, modelling of turn signaling, vsigind destinations at

the intersection corners, data extraction, and origins and destinations at the intersection corners.
However, thee authors stated, based on their review, that any particular model showed superiority

fiwhen consi dereinntgs arlelq uoifr etdh ef oerl emodel | i ng surro

Gettmanet al. (2008) performed a fieldvalidated study based on 83 signalized intersections,
simulated in VISSIM and assessed with SSAM. Tpesformed several validation tests to compare
simulated conflicts with real crash records. The research included divignanalysis to
complement the field validation, so th#te authors selectdile representative intersectiofsr
testingthe SSAM with different tools such as VISSIM, AIMSUN, PARAMICS and TEXAS. Each
model was onéour length,andthe authors obtaedthe performance parameters after five runs
each with different random seeds. In SSAM, THoeCollision (TTGnin), proposed v Hayward
(1972) and PostEncroachment Time (PET), proposed Ajen and Shin (1978)values of 15
seconds and 5.0 seconds were used, respectiMatyauthors comparetde number of simulated
conflicts againstthe number ofeal crashes at those intersections through various statistical tests.

The relationship between conflicts and crashes showd=a0.41, which is within the expected
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results according to the method used. The researchers conducted several modelling assumptions
related to intersection geometry, signal control, detectors, speed profiles, vehicle type characteristics,
traffic composiion, and priority rules; however, their results are not defini®ettmaret al.(2008)

finally recommended the collecting of appropriate «weafld vehicle trajectory data sets and to

improve the driver behavior modelling in simulations.

Cunto and Saccomanno (20@8gsented a predure for microsimulation models calibration based
on safety performance at signalized intersections, focused eenm@aonflicts, and the Wiedemann

99 driver behavior model. The authors stated thabrparating observational data from other
sources d improve the transferability of the results of the calibration (i.e. freeway sections, stop

controlled intersections and roundabouts) is a potential extension to their research.

Fanet al. (2013)developed a procedure for using VISSIM and SSAM for safety assessment at
freeway merge areashe authors use@iTC as safety performance measure at 7 interchanges, and
the Wiedemann 9¢nodel sinceit is recommended for interurban traffic. Theocedure allowed
improving the VISSIM models and adjusting the threshold values in SSAM. As result, the mean
absolute percentageror (MAPE) validatd that the proposed procedure improves the lmnf
simulation, obtaining reasonable consistency. Thieassitrecommended that future studies might

focus on other traffic facilities and multiple performance measures.

Huanget d. (2013) presented a twetage procedure to calibrate VISSIM model based on safety
performance at 10 signalized intersectidrtee authors calibrated ti&@ C threshold used in SSAM
to produce a nmimum MAPE. They used the Wiedemann 74 model since @édsmmended for

urban traffic.

Essa and Sayed (2015studied the relationship between figtkasured conflicts and simulated
conflicts at an urban signalized intersection in Surrey, British Columbia, Canasidmated video

based computer vision teclyoes allowed obtaining theekicle trajectories and cdiats
identification. TTC washemeasure to filter out conflicts and then used for the comparison between
observed conflicts and simulated conflicts. Besides, the authors used the Wiedemann 99 driver
behaviormodel,and the study is concerned to only read conflicts. AE€ssa and Sayed (2015a)
mentioned, other conflict types, other safety measures, and other road facilities may be discussed in
further studies, making it clear that more work isdegeto confirm that simulated conflicts provide

safety neasures beyond what can be expected from exposure.
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Bulla-Cruz, Laureshyn and Lyons (202f)nducted a research focused on improving the simulation
of conflicts of a roundabout, located in Bogot4, and they extended the assessmerintaléties

of exposure, based on a definition of encountéfsidentified theencounters manually anfiipm
these encounterthe identifiedpotential conflicts, which were finally evaluated with the aid of the
T-Analyst tool, described later. The studyipd included the three hours of greatest vehicle demand
on a Thursday and the three hours of greatest wetl@nand on a Saturda@ncequantifiedthe
conflicts andthe encounterswe selected the rush hour to simulate it in VISSIMsing the
Wiedemann Z model for urban areag/e presentda detailed description of the parameters entered
in the model, being thdimensionless safety distance factor of VISSIM conflicts areas the only
unknown parameterWe calibrated this factor in order to simulate a nundfeconflicts similar to

the number of vide@bserved conflicts. By default, the safety distance factabiarid they reduced

it to 0.5, obtaining 26 observed conflicts against 24 simuldédpresentd different parametric
and norparametric statistdt tests comparing TT&n and PET distributions observed and
simulated, finding natatistically significant differencéAdditionally, we used VISSIM travetime
linesfor identifying the encounters @he roundabout entrances, managing to simulate enemin
with good precision, which is a novel approach in safety simulation sindevitsaio extend the
assessment towards a risk approach.

Likewise, | identified three application areas in the research of traffic conflicts simulasiowgy

VISSIM and SSAM The first application covers thessessmentsf different hypothetical road
scenaios, for which there is no field information on conflicts. In this case, once the simulation model

is validated, a threshold is proposed to filter out severe conflictd bassairrogate safety measures

as TTC(Shahdah, Saccomanno and Persaud,;Ra4bman and AbdeAty, 2018 Khondaker and

Kattan, 2015Habtemichael and De Picado Santos, 20RE)T or boti{Stevanovic, Stevanovic and
Kergaye, 2013Habtemichael and Sars02014) Therefore, the scenario comparison focuses on the
number of conflicts and their seitg. The second application area refers to investigations in which
the number of conflicts is predicted from the AAQTafisoet al, 2018) or the historic crash data
(Habtemichael and Santos, 2Q0Bhaleemet al, 2014) The severity of conflicts is established by
defining the interval of Timeo-Collision that is intaded to evaluate, and the simulation model
seeks to replicate the number and type of conflicts predicted. The third area includes the evaluation
of observed conflicts by means of expert analysts and sadexputer tools, that provide reliable
measurementfesurrogate safety measures, to obtain a detailed safety assessment that then is used
as a target in the simulation of traffic confli¢@Guoet al, 2019 Gdlelli et al, 2019 Claroset al,

2017 Otero Nio et al, 2019 Bulla-Cruz, Laureshyn and Lyons, 202@) the same senskeld-
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traffic parameters, road geometry aoehaviorparameters, required for the simulation models,
should also be obtained as accurately as posdtdamudet al, 2018) On the other hand, it is
necessary a proper calibration when using simulation packages as VISSIM and théESSAlsind
Sayed, 2015b)

Bulla-Cruz, Lyons and Darghan (2020gveloped a mixedpplication by usiny/ISSIM simulation
models to assess and compare the safety outcomesehedw existing twdane roundabout and a
proposed turb@oundaboutThey counted conflicts on video but did not assess their sevEnity.
used the SSAM to proce¥/ISSIM trajectory files and get simulated conflicts and theirogate
measuresA statigical approach based on amgpletelinkage clustering analysis of surrogate

measuresllowedcomparing the safety findings.

2.12Surrogate Safety Assessment ModelSSAM

The Federal Highway Administration (FHWA) developed the Surrogate Safety Assessment Model
SSAM (Gettman et al. 2008 Pu and Joshi, 2008)This tool could be used combining
microsimulation and automated confli@nalysis and allowsstudying the frequency and
characteristics of traffic conflicts between road users, to evaluate thg wsdtfeout waiting for

collisions to occur.

This model can be used from microsimulation models created in VISIMSUM?2, Paramics

and TEXAS. To evaluate an infrastructure, it must first be modeled in one of the mentioned

1 Software developed by PTV Group for traffic simulation, both the comparison of openatingifferent
types of intersections and the analydigngplementing priority measures for public transport or the impact of
a different trafic light plan. In a sigle model it allows to represent all users of public roads and study their
interactionscars, cargo transport and any type of public transperitrail or conventional.

2 Traffic simulation software developed by TS&nsport 8nulation Systems that allows simulating all kinds

of elements, from a bus lane to the entire urban road netlatands out for the exceptional speed of its
simulatons aml for the combination olemand modeling and static and dynamic traffic allocatigth
mesoscopic, microscopic and hybrid microscapesoscopic simulations in the same application.

3 Quadstoe Paramics is microscopic traffic and pedestrian sinulatofware used for efficienand
economical transportation infrastructure plannind dasign, enabling operational assessment of current and
future traffic conditions, detailed reporting and higgfinition presentations.

4 The TEXAS model, developedytthe University of Texas, fothe study of traffic at intersections, can be
used in ealuating the operational effects of various traffic demands, types of traffic control, and / or geometric
configurations of individual intersections. It can be appliecevaliating existing or propmed intersection
designs and to assess the effects ohgha in geometry, driver and vehicle, flow conditions, intersection
control, lane control, and traffic light pia.
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programs and then simulatedtiwthe desired traffic conditions (usually simulating several iterations
with different random seed values). Each simulation records the resalt®iresponding trajectory
file (.trj). Then SSAM is used as a pgsbcessor to analyze the TRJ foup as in the sequence

in Figure2-9.

Figure 2-9: A screenshot of FAnalyst tool duringBRT analysis
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2.13Road safety in Bus Rapid Transit BRT - systems

This section seeks to present a review of the techniquesnudediroad safety assessment of BRT
systems, in order to identify if traffic conflicts have been used previously.

Vecino-Ortiz and Hyder(2015) conducted a literature review on the on the road safety effects of
BRT systems. They found four research papers related to road safety changes once implemented
BRT systems|i] Bocarejoet al. (2012)did a before/after study, in Bogota, Colombia, using the
local accidentdatabase to identify changes in the safety performance, between 1998 and 2008,
through analysis of Geographic Information Systems (SIG), finding reductions in the number of
accidentsluring the study period but not being possible to attribute them BRMAeas well as new
accident hotspots around stations of the system, on roads that do not have traffigi]ighi$ et

al. (2013)performed a twdevel research in the BRT system of Melbourne, Australia, between 2003
and 2007. The first level consisted in using an empirical Bayes bafior@fter analysis method to
explore the trends in accident changes iraggregate approach, fimy a general reduction of 14

% with a significance levgh < 0.1. The second level consisted in using a disaggregate approach
exploring the frequency of accidents based on their typolegyhermore, they used a road safety

auditto investigate the impaof changes of road configuration on safétyding risk reduction but

some concerns related to road user so i nteract.i
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pedestrian walking distances due to the bus lanes widthsleBdhiey suggested thiatis lanes work

as barrier reducing crashes as well as the elimination of bus stops on the sides offilie Bhatlta

et al.(2012)useddatafrom nine BRT systems, including Bogota, to understand the impact of BRT
systems design features on safety performance. The methods inctadbdrequency modeling
throughcomparisonof meanstestsand a Negetive Binomial Mode] road safety inspections and
interviews withmobility agency staff and safety expeffnally, they reported relevant reductions

in accidents that can not only be attributed to the BRT system because, simultaneously, policies and
educational campaigns we developediv] At last Duduta, Lindau and Adriade-Steil (2013)used

an empirical Bayes model for estimating the safety effects of BRT systems in Guadalajara, Mexico
They created a safety performance funcaod found a 56% reduction on a BRT corridor with a
threeyearstudy eriod. As in previousesearchthe decrease in accidents cannot be attributed to the

BRT system given the limitations of the model.

The review olVecino-Ortiz and Hyder (2015llowed identifying several study types, related to the
historical frequency of crashes, with a spatimporal and GIS approachlegative Bhomial
approach,safety performance functions and crash modification factors, road safety audits, safety
inspections and interviews. Moreover, they claimed for the péedbre research to build up the
evidenceon the effect on safefyerformaces due to BRsystens. This suggests that microscopic
studies are necessary to collect more accurate evideddbat the BRT system of Bogota has been

a relevant system to carry out such investigations.

Several researches on the aseident counts of BRBystemscan be fand in Tse, Hung and
Sumalee (20143plying an odsratio approach to compare the safet outcomes of two consecutive
yearsin Hong Kong Gémez and Bocarejo (2016%ed Poisson and Negative Binomial models to
test 35 variables related to traffic flows, infrastructure, services, environs, and socioeca@atomics
stations of he BRT system of BogotavergelTovar et al. (2018 used aspatial hotspot analysis
combined with a generalized orderedjt mode| finding a strongeffect of new infrastructure on

the probability reduction diraffic deceasetengthwisethe BRTroadsof Bogota They also used
interviews with key stakeholdets collect qualitative evidence to support such reductgantos
Reyes, Avalo®Bravo and Padill®érez (2017)performed a descriptive analgsif BRT traffic
accidents irMéxico City, characterizing the accidents by type, year, malay, and infrastructure

section stating that future work will include significance tests.
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Roal safety audits and inspections studied can be fouiliguta et al. (2014)or several cities
CISA Ingenieria LTDA (2005)n Bogotd Indian Institute of Technology Bombay (2014)Pune,
India; Munoz and Pagebeekins (2016 Santiago, ChileandBhojane and Jain (2016) Pimpri
Chinchwad, Indialntervies and questionaries to BRT drivers, BRT users and traffic agstefies

in Bogot4,can be found isémezOrtiz et al. (2018) Useche, Ortiz an@endaleg2017) Useche,
Cendales and Gom¢2017) andUsecheet al.(2017) which lead to understand the BRT operation

from the human factor.

Some resarches mention traffic conflictgithout developing a formal study of conflicts, such as
Patankar, Kumarral Tiwari (2007) Sharma, Swami and Swami (201R)stitute for Transportation
and Development Policy (2014ndChen et al. (2015)Likewise VTATransit (2007) TheNational
Academies of Sciences, Engineering, and Medicine (2@Rjutaetal. (2014) andlslamet al.
(2018) mention seeral possible conflics types to takmto account when desinging BRT
infrastructureor traffic signal phasingCampisi, Tesoriere and Canale (20é8)ducted aimulation
study on the levelfeservice andgurrogate safetgnalsysis changes when linking a turboandabout
with a BRT line using VISSIM/SSAM and TTGn and PET as surrogate indicators. They
implemented six scenariosodifying directional vehicle flows and their composition and evaluating
the simulated safety outcomes.

Regarding this researchdetailed review of the liteture did not return studiesraesearch othe

evaluation and characterization of traffic confliat8RT systembased on observed events

2.14Previous research on surrogate safety measures in
Colombia

The literature review allowed identifying that thedstwf traffic conflicts is incipient in Colombia.

Otero Nifocet al.(2019)performed aletailed study of traffic conflicts, using t8dCT on video, at
preferetial bus lanes in Bogota. $8d on the videeobserved informationye validated a VISSIM

traffic microsimulation model. Using the SSAM toele validated the model according to the
comparison between the number of observed andilgied conflicts. Under the validated
environmentwe developed three different scenarios of countermeasures to reduce the number of
video-observed conflicts, finding that the safest one corresponded to the expected operation in the
regulations for prefergial lanes, in Bogota, currently not followed by maostrs. We affirm that

the methodological approach used has a limitation regarding that they identifieebbsbroed
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conflicts by the STCT, wich uses Conflicting Speed (CS) and Time to Accident &nd)the
surrogate measures obtained from SSAM were . €ET, DR, among others. Given that SSAM
is not able to measure TA, the conflicts validation consited in comparingeitsved TA against
TTChmin calculated by SSAM.

Bulla-Cruz and Lyong2020) preserted a state of the art in the evaluation of road safety through
traffic conflicts and an application to a roundabout in Bogété.described a compilation of the
different conflict techniques and defined six of the surrogate measures that can be aistained
SSAM. The evaluation of the roundabout covered the following stip@stnual counting of traffic
conflicts, on video, without measuring severity, [ii] idation of a traffic model in VISSIM, using
vehicle volumes and speeds, as well as the dhbgbavior parameters suggested by the Bogota
Mobility Secretary, [iii] identification of simulated traffic conflicts using SSAM. Initially, the
conflicts were detenined setting TTGin at 1.5 s, [iv]calibration of conflicts identified by SSAM
when compardthem to videeobserved conflicts. This was done by applying the calibration method
proposed byHuang et al. (2013)hich searches for the TTn that generates the lowest Absolute
Error of the Mean (AEM) when comparing field conflicts with simulated conflicts. However, in the
evaludion of the roundabout, the authors used the Relative Error (RE) since only a comparison was
done, andv] we performed ainivariate analysis of the surrogate measures obtained to evaluate the
road safety of the intersection, finding evidence of aggresdsiviag behavior.

Bulla-Cruz, Lyons ad Darghan (202Q)erformed a comparative safety assessment between a two
lane existing onventional roundabout and a proposed basic twobodabout, for the same
intersection, based on the information collecte@bla-Cruz and Lyon$2020) Oncewe validated

a VISSIM model of theoundabot by volumes and speedge modeled théurboroundabout under

the validated environment. Using SSAMg obtained six surrogate safety measuras Hoth
intersectionsWe used a completinkage clustering analysis of surrogate measures for the safety

conmpaison, finding that the turbooundabout offers safer conditions.

As section 2.11 showBulla-Cruz, Laureshyn and Lyons (202@rformed a research that improved
theconfl i ct so6 s-lanalndabautpanie extended the assessment to the simulation
of exposure, based on enctars, using travel time lines in VISSIM. They used\ifalyst, VISSIM
(Wiedemann 74 model) and SSAM and obtained very close reguts comparing the number of
observed and simulated conflicts. Alsse found not statistically significant differences when

comparing the mean, median, standard deviation and distributions of observed and simulaied TTC
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and observed and simulated PBVe stated that they reached such results thanks to the calibration
of the VISSIM safety distance factor at conflicieeas one detailed speed profiles and gap
acceptance parameters have been entered the model. Another relevant aspesiisgbdtthe

driver behavior parameters (Wiedemann 74 model) suggested by the District Mobility Secretariat of
Bogotéa. This approach is nduecause it allows extending the safety simulation to a risk preventive

assessment.

Two recent researches, in Bogota, addressed the road safety assessment by means of a relationship
between potentially conflicting events and accidé@tnzalez, Florez and Rdduez, 2019Fl6rez

and Rodriguez, 2020The researchsrstablished a definition of potencially conflict event as a set

of maneuvers that they consider dangerous and that coud be precursors of traffic accidents. The
maneuvergio not involve verifying the existence of a collision course, as well as evaluagng t
severity of the maneuver. They used linear regression models beetween potencially conflict events
and accidents in several corridors of Bogoté finding, for exampl,coirrelations for maneuvers

such as motorcycle zigzagging and accidents with irgurie

2.15Applications of multivariate analysis based on surrogate
safety measures

Tarko et al. (2009%tat thata surrogate safety measure must nt@et requirementsin analogy

with the medical sciences, Wwork as anappropriatesurrogatefii t i s corr el ated wi t
meaningful outcome,andi f ul |y captur es tlhtis®nfefacsarrbgate f t h e
measurdort r ansportati on keddsedngn olpservalgeonsceash evant gt is i
physically related in a predictable and reliable way to crashedharel exists a practical method

for converting the nowrash events to a corresponding crash frequency and/or seerity

Chang, Saunier and Laureshyn (20ag}ert that, in ideal conditions,surrogate safety measure
must fulfill the following characteristicadditional to those exposed in the previous paphgta

be observable frequently in traffio reduce data collection time and aliog a fast safety
assessmento be objective and reliabhland there must be some degree of correlation between the
most severe situations described by the surrogate neegslithe number of accidents, to allow the
study of the process of accidents without them occurfdaged on the above characteristics,

different indices and indicators have been proposed that use multivariate methods in order to
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integrate two or more pameters or surrogate measures and improve the interpretation of the
dimension to be evaluated, for example, severitysk.

Torres, Torres and Pardil{@010)performed a risk index #treeT-intersections in Santiago, Chile,
based onTTCwin, PET, Approaching Speed (AS), Breaking Distance (BD) and a new surrogate
measure Time to Evasion (TE). Theynthesized these variables in a single risk indsing
principal components analysis and classification tréae comparison of the index ofettthree
intersections allowed verifying that the dynamics of the conflicts is similar, for which they proposed
a unigue characteristic index forimtersectionsn suburban area&quation 2.3)They conclude

that a better risk estimate coul be achieved if using the masses of road users.

0 ™ MO T &Y T p@Y T TWYS TE TWO"Y (2.3)

Ismail, Sayed and Saunier (2QHeclare that there are different indicators with which it is intended
to establish the severity of a traffic conflict, either spatially or temporally. Thepietation of
severity using these indicators may overlap or be independdmrefore, they pwpose
methodologies to integrate the indicatdesr this, the authors used two groups of indicators: the
first covers indicators for which a collision trajectasynecessary and, the second one, indicators
based solely on temporal proximitfhe methodlmgy comprises two stages [i] the individual
mapping of the surrogate measures in severity intervals,[@nd]ii] the grouping of said variables
into asingle safety index that involves severity and expgo@apglied to pedestridmehicle conflicts.
Exposure corresponds to events in which a pair of users approaches each other with a preset time
threshold.The variables used in the mapping are LFPET,gap time (GT) and deceleration to
safety time (DST)The aggregation corresponds to the averagacii variable with respect to road
users, time or exposure everfthe safety index was based on the maximum possible expdbere
authors affirm that, siitar to the collision frequency, the total severity turns out to be independent
of the underlying dety level and is not linearly related to the maximum exposorte same sense,

for reasons other than safety, the increase in the traffic volume woarngjasly lead to a reduction

in the safety indexsuch norinearity should be studied in the future

Bagdadi (2013proposed and indefEquation2.4) for the severityassessment afritical events,
identified in naturalistic driving studiessing the TA of the STCT, DeltaV, the weiglrs, y my)
of the two road users involveohd the deceleratidia) of the vehicle during the evasive brakifigpe

authorevaluated the model using a dataset of 61 conflicts and 9 accafeht®mpare the results
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against the STCT. The conclusimthat the proposeseverity modeindicatesthe dangerousness
of conflictsin a more realistic way than tI&ICT.

#1 1 MAAEMMOEDOIULAS 4! ¢ A (24)

Alhajyaseen (2014)roposed a safety indicator torsider both the severity and the crash probability
atfive signalized intersections in Nagoya, Japére author used PEJ5 sas a threshold to identify
relevant conflictsThe conflic index proposed (Cl) is basedthe kinetic energy released after a
crashrelated to estimated severity, and PET is related to the probability of occurrence of the crash.
Equation 2.5 showshe proposed model, in whidhis the percentage of released enerf@¢ is the
change in total iketic energy before and after the crasiu'Q is the probability of the crash
occurring.The index was validated by its correlation with the nundfexevere accidents; the best
model was exponential with a maximurmR0.994.The author concludethat the index needs to

be validated for accidents with different severities and long observation periods.
v

80 (2.5)

Behbahani and Nadimi (2018eveloped a framework to evaluate the risk of sideswipe conflicts

using surrogate sey measureat onramps in Ehran, lranThe authors state that Thidenotes

to imminent danger but PEmpliesto potential dangeBased on the above, they stablished that a
safety assessment moaolrsQnirbthe firdtlayerandREM in thevsecordiea y er s 0 ;
Finally, they proposed an index that involves the two layers and that includes the study of a conflict

in a time interval that starts once TTC is calculable and limits it to a maximum of 5 s.

Tageldinand Sayed2016) propcsed several surrogate measures based on pedestrian evasive
movements, such as step length, step frequency and walk ratio at a signalized intersection in
Shanghai, Chind. ni t i al | y, t5hest aursdesdPtEfiieCaui@ievant conflicts.

Then, they determined the walk ratio, defined as the quotient between the step length and the step
frequency of a pedestriamd they proposed 11 other indicators based on saidFatia sample of

100 vehiclepedestrian conflictsyto experts classified &se conflicts into three severity categories,

high, medium, and lowAfter verifying that there were no statistical differences between the expert
classificationsthe authors determined the number of conflicts identified using 8ndCPET, and

the firate of change in step frequency for pedestrians and the jerk for vehicles or motorcycles


https://www.wrirosscities.org/sites/default/files/RoadSafetyDesignGuidelinesforBusRapidTransitinIndianCitiesDRAFT.pdf
https://www.wrirosscities.org/sites/default/files/RoadSafetyDesignGuidelinesforBusRapidTransitinIndianCitiesDRAFT.pdf
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Although the number of conflicts identified in each test was quite diffetenguthors showed that
the indicators based on pedestrian evasitierss are useful. Given that the study was carried out at
single intersection, it is necessary to expand the sample to validate the indicators.

Nadimi, Behbahani and Shahbg2i016) proposed a mixed indegMI) recommended fothe
collision avoidance systems wéhicles, based on surrogate safetyasures TTC and PET, and
microscopic variables, such as, clearance, speed and relative mpegulisly defined aBeltaSor

Dv. The authors used information of th80 freeway in San Francisco, CA, USA, reason why the
studied traffic conflicts were reand conflicts. Ml is based TTC and PET, so that Equation 2.6
shows the mathematical definition of TTC, in whichiXthe first vehicle location, s the second
vehicle location, v is first vehicle speed,nis the second vehicle speed anilthe véicle length
Equation 2.7 corresponds to the mathematical concept of PET, for which its parameters have already
been definedequation 28 shows the model for Minwhichl , a, b, andgare the model parameters

Ve is the following vehicle speednd p $ the probability for second vehicle's speed chamhpe.
authors concluded that MI can detect likely danger from variations in the motion features of the
vehicle by using microscopic parameters.

Y g —— (2.6)
0 0"Y— (2.7)
00 /— (2.8)

Kumar, Paul and Ghosh (20183sessed conflicts between pedassiand righturning vehicles at

four signalized intersections in two cities, Kolkata and New Delhi, India; two intersections per city.
The authors usedET, TA previously defined, time to vehicle (TT\dgceleration to safety time of
pedestriangDSToed), and deceleration to safety time adhicles(DST.er). Equation 2.9 shows the
calculation of TTV,andEquation 2.10 of DS, respectively. The calculation 8fSTyen is similar

to DSThea

YY6 — (2.9)
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where L is the distance from the conflict point to the point at which the pedestrian initiated to
decelerate; and V is the pedestrian speed at the moment of deceleration.

oYY —— (2.10)

where tis themoment at which a pedestrian decelerated, gaditemoment at which the pedestrian
abandoned the conflict point.

Once the authors obtained the above mentioned surrogate measures for each conflict] #iey use
means clustering analysis to classify Yagiables into fourseveritylevelsor clusters Then, they
performed a logistic regression to identify factors that affect comélieted risk-The conclusion of

this research is that the findings allow gettieg evidence for theormulation of countermeasures

and that future research should study conflicts between vehicles.

Abdul Majeed and Ewadh (2018¢rformed a confliatiskindexat 11signalized intersections (CISI)
in Baghdad, faq. The risk index ishe ratio of the hourly serious conflicand the hourly entrance
volume The serious conflicts were those with THQD .5lsec.The risk obtained was classified
into six levels from negligible risk to extreme risk, in accordancBayed and Zein (1999The
authors validated the index by testing countermeasures, obtaining the new risk valeansyof
crash modification factomstablished iMASHTO (2010)

Wgodar ek and Gludied ¢raffis konflicté 2vdI2ir@ )bicyclistat three gnalized
intersections, which have bidirectional bicycle paithdNarsaw, PolandPET < 10 s was the
threshold to select relevant conflict$e authors proposed a conflict rate indicg@R) shown in
Equation 2.11in which the hourly conflicts numbég€) is divided by the product of the hourly
crossing bicycles volumg&,) and the hourly motor vehicles volun@@®g), multiplied by 16 to
obtain more controllable result¥he authors stated th&brthcoming research should focus on
characterizingand evalating the conflict severitgnd on theecognitionof factorsthatmay affect

the conflict rates adiverse infrastructures.

6'Y — (2.11)
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The literature review in this section allowed identifying that relevastanehes have been conducted
to express severity and risk from different approaches, using traffic conflicts, envisioning the need
to incorporatgoad user masses for a better assessment of severity and, therefore, of risk.

2.16Methods for formulating composite indices

One of the specific objectives of this research is to formulate a composite index for evaluating the

severity of traffic conflicts based on surrogate safety measufide adoption of a statistical

technique, to model a phenomenon, must be basadlesign where the experimental unit is clearly

defined. In this research, the experimental unit is the traffic corfliethl (2000)states thathe

experimentalunit s t he fiphysical entity or the subject exp
uni Sikcdthe proposed index corresds to a single response variable that comes from several

predictor variables, it is valid to state thie proposedmodel isa urivariate multivariable model,

according tdPeters (2008Predictors will be registered feach conflict, seking to understaritie

severity of traffic conflict or experimental uni@Johnson and Wichern, 200Bor the abovethe

literature review allowed identifying differemethods for formulating indexes.

The principal component analy$RRCA)is a method widely used in the formulation of social indices
(Vyas and Kumaranayake, 2Q0korres, Torres and Pardillo, 2Q1Bsmaeili and Shajohi, 2011

Weiet al, 2011 Chao and Wu, 201 de Senna, Maia and de Medeiros, 20H®)wever, this method

has several limitations that can lead to spurious or superfluous redafiending on the
characteristics of the original variabldlazziotta and Pareto (2015)ate thathe PCA does not
recognize the polarity of the vahles, that is the sign of the correlation between a surrogate measure
and the conflict severityn thesame sense, sometimes it is necessary to normalize and/or standardize
the variables to ensure that they all have the same variance, or considematishs of variables

that later make their interpretation difficulivariables that are poorly correldtemay be
underrepresented in the index; and, some (obviously) very important variables are treated roughly
simply because they showed a widely distidloluidispersion or because they did not fall within a
narrow band around a straight linkhe method is wful when the original variables do not have
such limitations. In this way, the resulting model has the form shown in Eq@atigrin which X

is eachof the variables and W is its corresponding weight in the mé&adektor analysigFA) is a
technique similar to PCA; however, there is a fundamental difference: PCA does not depend on a
statistical model, whil&A does(Nardoet al, 2005)
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MDE UEER 0RO OO oo E 6 (2.11)

PCA and FAare weighting methods, but there are other weighting techn{biaedoet al, 2005)

such as the equal weightinghe benefit of the doubt approach that is based on weighting
assumptionsmultiple regression models requiring a resgivariable unobserved components
similar to muliple regressions where the response variable is an additional parameter to be
determined participatory methods that are based on the opinion oErparts;expert judgement;
Public opinion polls; the Angtic Hierarchy ProceSAHP); and conjoint analysithat is the reverse

process of AHP.

Aggregate techniques are another option for index construction EURERC (2008)presents
methods for additiver geometric aggregaticand the nofcompensatory muklgriteria approach.
The additive aggreation is useful when all predictors are expressed in a comparableoscale.
comparable scales take meaning by aggregating them geometiitalponrcompensatorynulti-

criteria approach allows treating qualitative and quantitatatejointly.

One of the purposes of the index proposed in this research, is that it be easily obtained for practical
use. Sol selecteda weighting method based on the descriptiveissied of the predictorsThe
weighted indices present the form show in &gun 2.12, according tdences R. (2014)which can

be modified depending on the needs of the index and wiegdréésents.

x

VEQQOO #O 0O E 0D (2.12)
where:
o — (2.13)

s = standard deviation of the variable i.

i — — E -— (2.14)

r, = root mearsquareof the correlations between variable i and the rest of the variables.
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i —B i (2.15)

0 (2.16)

As shown later in this document, this type of weighting was useful for the formulation and validation
of the index, acarding to the nature and characteristics of the surrogate measures used to quantify

the severity of traffic conflicts.



B3Evemasterdaf fi c ri sk asses
signalized I ntersections

This chapter presents the formulation aradidation of @ eventbased risk indicator, with a
preventive approac¢haccording to the first specific objectivEhe first sulsectionincludesthe

criteria and analysis that led to the selection of study sites, corresponding to three signalized
intersedbns of the BR systemThese criterigeferto the results of a study of accidents and hotspots

of the BRT network in Bogot&ince 200G to 2017 The secondulsection covers the study of traffic
conflicts by means of the STCT and exposyurantified by acaunters, athe study sites, as well as

the validation and mapping of the risk indicator equal to the rate of serious caerilictsters in

the final subsectian

3.1 Selection ofstudy sites

The motivation for the selection of the study sites corresptinttee infrastucture in which the
greatest number of accidents occurred. Initially, thanks to the stuglycafejoet al. (2012) three
stations of the BRT system weaanalyzed The studysuggestshat, dumg the period between 1998
and 2008TransMilenio changed thafety dynamiowith vital general reductions in traffic accidents,
but some specific areas suffered an increase. These areas are the busiestidatioasts where
traffic lights were elinnated increasing tlireoperathg speedsin general, the BRT fmastructure
brought lane widening and surface improvem8aicarejoet al.(2012)found thata very important
road corridor, the NQS Avenue, which is characterized by not having traffic ljgkbsented the
highestincrease in traffic accidents. For this reason, trégaeh selecte three stations, in which
fixed videoswererecordedfor 12 coninuous hours, from 06:00 to 18:08uring business daybk
carried out adetailed analysis of the videos; howeedjd not identify relevant eventsot even
obvious exposureelated eventdncluding both sides of each statiohhis is because the sgafor

vehicles of the BRT system is confingkde roadway comprises two lanes, eaghndwide.Figure

C

N
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3-1 presents photographs of the three stations studied: Pepe SierragAtrelgicind Sindn Bolivar
Stations.

Figure 3-1:  Stations analyzed of the BRT system

Simoén Bolivar Station

After the previous approach to thekction of sudy sites the investigation focused on carrying out

an original accident study, based on the official information avajldbiethe determination of
hotspots, specifically on the city BRT corridofithe database belongs $MUR (2018) which is

the Integratd InformationSystem on Regional Urban Mobility. The study period covers the years
2007 to 2017The kernel density allowed identifying the hotspots, grouping the events by severity
and using a radius of 50,masingQGIS 3.12.2(QGIS Developmet Team, 202Q)Kernel density
calculates the density of the poarttities(accidents) ira predefined areaf them.As a result, Figure
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3-2 shows the heat map of the accidents, on BRT corridors, that involved articulatedticutzited

vehicles of tle g/stem in Bgot4, during the study periddom 2007 to 20171In the same sense,

Figure 32 clearly shows three hotspots corresponding to signalized intersections: 1. Caracas Avenue
and &, 2. Caracas Avenue and 1. Btreet, and. Caracas Avenue and L®treet Basel on the

above, the research focuses on the study of these three intersections, according to the research

objectives.

Figure 3-2: Kernel density heanap of traffic accidents involving BRJehicles

“ ?

i
i

Table 31 shows the total number of accidents per year, since 2007 teaChracas Avenue and
6" Streetintersection respectively, discriminated by severity (only damages, injoriéstalities).
2017 was the year with the highest numifeaiccidentg34), 2018 was the year witharefatalities

(2), and 2013 was the year with more injuries (I'gble 32 presents thaccumulated number of
accidents per month, since 2007 to 201 ThatsamentersectionThe highest number of accidents
occured (29 during August and OctobeBeveral months presentedefatality. August was the
month with the highest number of injes.Table 33 presents the accumulated number of accidents
per day, since 2007 to 2017. Friday was the day with the highesgter of acdents (47) and

injuries (23) furthermoreMonday was the day with the highest number of fatalities (2).
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Table 3-1: Accidents per year at"6Street intersection
Year Only damages Injuries Fatal Total
2007 8 10 - 18
2008 15 5 1 21
2009 19 7 - 26
2010 19 9 - 28
2011 11 11 1 23
2012 15 8 - 23
2013 9 17 - 26
2014 12 12 - 24
2015 7 12 1 20
2016 17 16 1 34
2017 16 9 2 27
Total 148 116 6 270

Table 3-2: Accidents per month at'"@treet intersection since 2007 to 2017

Month Only damages Injuries Fatal Total

January 11 7 - 18
February 10 5 - 15
March 12 11 - 23
April 18 8 - 26
May 12 10 - 22
June 15 8 1 24
July 9 9 1 19
August 9 19 - 28
September 10 10 1 21
October 15 12 1 28
November 10 9 1 20
December 17 8 1 26
Total 148 116 6 270

Table 3-3: Accidents per day at'6Street intersection since 2007 to 2017

Day Only damages Injuries Fatal Total
Monday 14 21 2 37
Tuesday 21 9 1 31

Wednesday 25 11 1 37
Thursday 22 19 - 41
Friday 24 23 - 47
Saturday 23 16 1 40
Sunday 19 17 1 37
Total 148 116 6 270

Table 34 shows the accidents by year, by road user, by consequences anidiéxyt awechanism,
being possible to identify the participation of vulnerable users and articulated vehicles of the BRT
system intraffic accidentsAt this intersection, there we 148 only damage®vents 116 injuries

and 6 fatalities, during the study pmet. Most eventsvere crashes and runs over; however, also there
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were occupant falls anaverturning It is noteworthy that animadrawn vehicles were recorded in
the incidentsthese vehicles have been banned in the city since 2014.

Table 3-4: Accidents per year at'6treet intersection by outcomes

Year Features Only Injuries Fatal Total Year Features Only damages __Injuries Fatal Total
Run over - 4 - 4 Run over - 3 - 3
Car - 2 - 2 Bus - 1 - 1
Bus - 1 - 1 Motorcycle - 2 - 2
Bicycle - 1 - 1 Occupant fall - 5 - 5
Crash 8 3 - 11 Bus - 1 - 1
Car 5 - - 5 Articulated bus - 3 - 3
Bicycle - 1 - 1 2013  Bus - 1 - 1
2007 Bus 2 - - 2 Crash 9 9 - 18
Truck 1 - - 1 Car 5 4 - 9
Van - 1 - 1 Bicycle - 1 - 1
Motorcycle 1 - 1 Van 1 - - 1
Other - 3 - 3 Motorcycle 3 4 - 7
Bicycle - 1 - 1 Total 9 17 - 26
Motorcycle - 2 - 2 Run over - 2 - 2
Total 8 10 - 18 Microbus - 1 - 1
Crash 15 4 - 19 Unknown - 1 - 1
Car 10 - - 10 Occupant fall - 2 - 2
Bus 1 - - 1 Bus - 1 - 1
Van 2 1 - 3 Articulated bus - 1 - 1
2008 Motorcycle 1 2 - 3 Crash 12 6 - 18
Moped 1 - - 1 2014  Car 10 1 - 11
Animal traction - 1 - 1 Bus - 1 - 1
Other - 1 1 2 Articulated bus - 2 - 2
Bus - 1 1 2 Van 2 1 - 3
Total 15 5 1 21 Motorcycle - 1 - 1
Run over - 1 - 1 Other - 2 - 2
Unknown - 1 - 1 Articulated bus - 2 - 2
Crash 19 5 24 Total 12 12 - 24
Car 10 3 - 13 Run over - 2 - 2
Bus 2 - - 2 Car - 1 - 1
Truck 2 - - 2 Motorcycle - 1 - 1
2009 Van 2 1 - 3 Occupant fall - 2 - 2
Microbus 1 - - 1 Bus - 2 - 2
Motorcycle 1 1 - 2 Crash 7 6 1 14
Unknown 1 - - 1 Car 5 1 - 7
Other - 1 - 1 Bus 1 1 - 2
Unknown — 1 - 1 2015 Truck 1 - - 1
Total 19 7 - 26 Van - - 1 1
Run over - 2 - 2 Motorcycle - 3 3
Car - 1 - 1 Other 1 - 1
Bus - 1 - 1 Bus - 1 - 1
Crash 19 7 - 26 Overturning - 1 1
Car 10 5 - 15 Motorcycle - 1 - 1
Bicycle - 1 - 1 Total 7 12 1 20
2010
Bus - 1 - 1 Run over 8 1 9
Bus 1 - - 1 Car - 5 - 5
Truck 3 - - 3 Bus - - 1 1
Van 4 - 4 Van - 1 - 1
Animal traction 1 - - 1 Motorcycle - 2 - 2
Total 19 9 - 28 2016 Crash 17 8 - 25
Run over - 2 1 3 Car 11 3 - 14
Car - 1 - 1 Bus 1 - - 1
Articulated bus - - 1 1 Van 4 1 - 5
Motorcycle - 1 - 1 Motorcycle 1 4 - 5
Crash 11 7 N 18 Total 17 16 1 34
Car 7 1 8 Run over - 1 1
Bicycle - 2 - 2 Bus - 1 - 1
Bus - 1 - 1 Occupant fall - 1 - 1
Truck 1 - - 1 Bus - 1 - 1
21 Van 1 - - 1 Crash 16 4 2 22
Microbus 1 - - 1 Car 1 3 14
Motorcycle - 2 - 2 Bicycle - - 1 1
Dump truck 1 - - 1 Bus 1 - - 1
Unknown - 1 - 1 2017 Truck 2 - - 2
Other - 2 - 2 Van 1 - - 1
Car - 1 - 1 Motorcycle 1 1 1 3
Bus - 1 - 1 Other - 2 - 2
Total 11 11 1 23 Bus - 2 - 2
Run over - 1 1 Overturning 1 - 1
Motorcycle - 1 - 1 Motorcycle - 1 - 1
Crash 15 5 - 20 Total 16 9 2 27
Car 7 2 - 9 Total 148 116 6 270
Articulated bus - 1 - 1
Truck 2 1 - 3
2012 Van 3 - - 3
Microbus 1 - - 1
Motorcycle 1 - - 1
Unknown 1 1 - 2
Other — 2 - 2
Articulated bus - 2 - 2
Total 15 8 - 23
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Table 35 shows the total number of accidents per year, since 2007 to&0ddracas Avenue and

13" Street intersection, respectively, discriminated westy (only damages, injuries or fatalities).

2013 and 2014verethe yeaswith the highest number of aceidts (8), several years presented one

fatality, and 2013 was the year with more injuri®s [able 36 presents the accumulated number

of accidens per month, sioe 2007 to 2017, at the same intersectionDé&eember the highest

number of accidents oceead @3). Several months presentedefatality. September and November

werethe montls with the highest number of injuries. Tablg Presents thaccumulated nuiper of

accidents per day, since 2007 to 204/édnesdayvas the day with the highest numioéaccidents

(33), Thursdaywith injuries (L6), furthermoreseveral days presented one fatality

Table 3-5;

Table 3-6:

Acciderts per year at ¥3Street intersection

Year Only damages Injuries Fatal Total

2007 5 4 - 9
2008 10 7 - 17
2009 7 2 - 9
2010 6 8 - 14
2011 10 5 - 15
2012 4 7 1 12
2013 9 9 18
2014 11 4 - 15
2015 13 4 1 18
2016 5 8 1 14
2017 9 7 1 17
Total 89 65 4 158

Accidents pemonth at 18 Street intersection since 2007 to 2017

Month Only damages Injuries Fatal Total

January 6 2 - 8
February 2 4 - 6
March 3 4 - 7
April 8 6 1 15
May 9 5 1 15
June 8 3 - 11
July 8 7 - 15
August 9 5 - 14
September 2 9 - 11
October 10 4 - 14
November 9 9 1 19
December 15 7 1 23
Total 89 65 4 158
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Table 3-7: Accidents per day at I'Streetintersection sioe 2007 to 2017

Day Only damages Injuries Fatal Total
Monday 7 7 - 14
Tuesday 16 13 - 29

Wednesday 20 12 1 33
Thursday 11 16 1 28
Friday 9 5 - 14
Saturday 16 9 1 26
Sunday 10 3 1 14
Total 89 65 4 158

Table 38 shows the accidenlsy year, by roadiser, by consequences and by accident mechanism,
being possible to identify the participation of vulnerable users and articulated vehicles of the BRT
system irtraffic accidentsAt this intersection, there were 89 only damages eventsj@tes and

4 fatalities, during the study periodt this intersection there were no events with anidrawn
vehicles

Table 39 presents the total number of accidents per year, since @QADA7, at Caracas Avenue

and 19 Street intersection, resgvely, discrininated by severity (only damages, injuries or
fatalities). 2017 was the year with the highest number of accidents (31), several years presented one
fatality, and 2012, 2013 and 2D were the years with more injuries (14). Tabl&03presersthe
accumulatd number of accidents per month, since 2007 to 2017, at the same intersection. In
February and August, the highest number of accidents occurre@®&@ral months presented one
fatality. December was the month with the highest numberjoifiés (11). Thle 311 presents the
accumulated number of accidents per day, since 2007 to 2017. Friday was the day with the highest
number of accidents (34), Saturday and Sunday with injydid¥, furthermore several days

presented one fatality.
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Table 3-8: Accidents per year at 13&treet intersection by outcomes
Year Features  Only damages Injuries Fatal Total Year Features  Only damages Injuries Fatal Total
Run over - 1 - 1 Run over - 4 - 4
Bus - 1 - 1 Articulated bus - 2 - 2
Crash 5 2 - 7 Motorcycle - 1 - 1
Car 4 - - 4 Unknown - 1 - 1
2007  Bus 1 - - 1 Occupant fall - 1 - 1
Motorcycle - 2 - 2 Articulated bus - 1 - 1
Other - 1 - 1 2013 Crash 9 1 - 10
Motorcycle - 1 - 1 Car 7 - - 7
Total 5 4 - 9 Articulated bus 2 1 - 3
Run over - 3 - 3 Other - 3 - 3
Bus - 3 - 3 Articulated bus - 3 - 3
Crash 10 4 - 14 Total 9 - 18
Car 5 - - 5 Run over 3 - 3
2008  Bus - 1 - 1 Car - 1 - 1
Truck 2 - - 2 Motorcycle - 1 - 1
Van 3 - - 3 Unknown - 1 - 1
Motorcycle - 3 - 3 Occupant fall - 1 - 1
Total 10 7 - 17 Bus - 1 - 1
2014
Run over - 2 - 2 Crash 11 - - 11
Motorcycle - 1 - 1 Car 7 - - 7
Unknown - 1 - 1 Articulated bus 1 - - 1
Crash 7 - - 7 Van 2 - - 2
2009 Car 4 - - 4 Car 1 - - 1
Van 2 - - 2 Total 11 4 - 15
Motorcycle 1 - - 1 Run over - 2 1 3
Total 7 2 - 9 Car - 1 - 1
Run over - 3 - 3 Bus - - 1 1
Articulated bus - 1 - 1 Motorcycle - 1 - 1
Microbus 1 - 1 Occupant fall - 1 - 1
Motorcyc!e - 1 - 1 2015 Bus - 1 - 1
Self-injury - 1 - 1 Crash 13 1 - 14
Motorcycle - 1 - 1 Car 6 - - 6
Crash 6 1 - 7 Bus 3 - - 3
2010 Car 3 - - 3 Van 2 1 - 3
Bicycle - - 1 Motorcycle 2 - - 2
Articulated bus 2 - - 2 Total 13 4 1 18
Motorcycle 1 - - 1 Run over - 2 1 3
Other - 3 - 3 Car - 1 - 1
Bus - 1 - 1 Bus - - 1 1
Articulated bus - 2 - 2 Motorcycle - 1 - 1
Total 6 8 - 14 Occupant fall - 1 - 1
Run over 3 - 3 Bus - 1 - 1
Truck - 1 - 1 2016 Crash 5 4 - 9
Van - 1 - 1 Car 1 2 - 3
Motorcycle - 1 - 1 Bicycle - 1 - 1
Crash 10 2 - 12 Van 4 - - 4
2011 Car 5 1 - 6 Motorcycle - 1 1
Articulated bus 2 - - 2 Other - 1 - 1
Truck 1 - - 1 Bus - 1 - 1
Van 2 - - 2 Total 8 1 14
Motorcycle 1 - 1 Run over - 2 1 3
Total 10 5 - 15 Bus - 2 1 3
Run over - 2 - 2 Crash 9 5 - 14
Car - 1 - 1 Car 5 1 - 6
Motorcycle - 1 - 1 2017  Bicycle - 2 - 2
Crash 4 3 - 7 Bus - 1 - 1
Car 4 - - 4 Truck 2 - - 2
Bicycle - 1 - 1 Motorcycle 2 1 - 3
2012 Van - 1 - 1 Total 9 7 1 17
Motorcycle - 1 - 1 Total 89 65 4 158
Other - 2 - 2
Articulated bus - 2 - 2
Overturning - - 1 1
Motorcycle - - 1 1
Total 4 7 1 12
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Table 3-9: Accidents per year at T®treet intersection
Year Only damages Injuries Fatal Total
2007 12 9 - 21
2008 11 3 - 14
2009 5 9 1 15
2010 4 1 14
2011 8 3 1 12
2012 8 14 - 22
2013 3 14 - 17
2014 15 4 - 19
2015 6 6 - 12
2016 6 8 1 15
2017 17 14 - 31
Total 100 88 4 192

Table 3-10:  Accidents per month at T'Street intersection since 2007 to 2017

Month Only damages Injuries Fatal Total

January 6 5 - 11
February 10 10 - 20
March 7 8 1 16
April 12 6 - 18
May 7 5 1 13
June 8 7 - 15
July 6 10 - 16
August 11 8 1 20
September 13 6 19
October 8 7 - 15
November 5 5 - 10
December 7 11 1 19
Total 100 88 4 192

Table 3-11:  Accidents per day at SBtreet intersection since 2007 to 2017

Day Only damages Injuries Fatal Total
Monday 12 11 1 24
Tuesday 14 11 1 26

Wednesday 15 13 1 29
Thursday 11 12 - 23
Friday 21 13 - 34
Saturday 17 14 1 32
Sunday 10 14 - 24
Total 100 88 4 192

Table 312 shows the accidents by year, by road user, by consequences and by amegidanism,
being possible to identify the participation of vulnerable users and articulated vehicles of the BRT
system irtraffic accidentsAt this intersection, thereave 100 only damages events, 88 injuries and

4 fatalities, during the study period
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Table 3-12  Accidents per year at 1Street intersection by outcomes

Year Feature Only damages _Injuries Fatal Total Year Feature Only damages _Injuries Fatal Total
Run over - 3 - 3 Run over - 4 - 4
Motorcycle - 2 - 2 Car - 2 - 2
Unknown - 1 - 1 Motorcycle - 1 - 1
Occupant fall - 2 - 2 Unknown - 1 - 1
Bus - 2 - 2 Occupant fall - 2 - 2
Crash 12 1 - 13 Articulated bus - 1 - 1
Car 9 - - 9 Unknown - 1 - 1
Bus 1 - - 1 Crash 3 4 - 7
2007  Van 1 - - 1 2013  Car 2 - - 2
Microbus 1 - - 1 Bus 1 - - 1
Unknown 1 - 1 Van - 1 - 1
Other - 2 - 2 Motorcycle - 3 - 3
Bus 1 - 1 Other 3 - 3
Motorcycle - 1 - 1 Articulated bus - 3 - 3
Overturning - 1 N 1 Overturning - 1 - 1
Motorcycle - 1 - 1 Motorcycle - 1 - 1
Total 12 9 - 21 Total 3 14 - 17
Crash 11 1 - 12 Run over 2 - 2
Car 6 - - 6 Articulated bus - 1 - 1
Bicycle 1 - - 1 Microbus - 1 - 1
Truck 2 - - 2 Occupant fall - 2 - 2
Van 1 - - 1 Articulated bus - 2 - 2
2008  Microbus 1 - - 1 Crash 14 - - 14
Motorcycle - 1 - 1 2014  Car 8 - - 8
Other - 2 - 2 Bus 1 - 1
Bus 1 - 1 Van 3 - - 3
Unknown - 1 - 1 Motorcycle 2 - - 2
Total 11 3 - 14 Other 1 - - 1
Run over - 3 1 4 Car 1 - - 1
Car - 1 1 Total 15 4 - 19
Bus - - 1 1 Run over - 2 - 2
Motorcycle - 2 - 2 Car 1 - 1
Occupant fall - 2 - 2 Unknown - 1 - 1
Bus - 1 - 1 Occupant fall - 1 - 1
Articulated bus - 1 - 1 Bus - 1 - 1
Crash 5 1 - 6 2015 Crash 6 3 - 9
2009 Car 2 - 2 Car 3 - - 3
Bicycle - - 1 Bus 2 - - 2
Bus 1 - - 1 Van 1 - - 1
Motorcycle 2 - - 2 Motorcycle - 3 - 3
Other - 3 3 Total 6 6 - 12
Bus - 2 - 2 Run over 6 1 7
Articulated bus - 1 - 1 Car - 2 - 2
Total 5 9 1 15 Bus - 1 1 2
Run over 1 1 2 Motorcycle - 3 - 3
Motorcycle - 1 1 2 Occupant fall - 2 - 2
Self harm - 2 2 2016 Bus - 2 - 2
Motorcycle - 2 - 2 Crash 6 - 6
Crash 9 9 Car 3 - - 3
2010 Car 6 - - 6 Bus 1 - - 1
Truck 2 - - 2 Van 1 - - 1
Microbus 1 - 1 Microbus 1 - 1
Other - 1 - 1 Total 6 8 1 15
Articulated bus - 1 - 1 Run over - 10 - 10
Total 9 4 1 14 Car - 5 - 5
Run over - 1 1 2 Bus - 2 - 2
Bus - 1 1 2 Motorcycle - 3 - 3
Crash 8 2 - 10 Crash 17 3 - 20
Car 5 1 - 6 Car 9 2 - 11
2011 Van 2 - 2 2017 Bus 1 - - 1
Microbus 1 - - 1 Van 3 - 3
Motorcycle - 1 - 1 Microbus 2 - - 2
Total 8 3 1 12 Motorcycle 2 1 - 3
Run over 6 6 Other - 1 - 1
Motorcycle - 5 - 5 Bus - 1 - 1
Unknown - 1 - 1 Total 17 14 - 31
Self harm - 1 - 1 Total 100 88 4 192
Motorcycle - 1 - 1
Occupant fall - 1 - 1
Articulated bus - 1 - 1
Crash 8 4 - 12
2012 car 4 1 - 5
Articulated bus 1 - - 1
Bus 2 - - 2
Motorcycle 1 2 - 3
Unknown - 1 - 1
Other - 2 - 2
Articulated bus - 1 - 1
Unknown - 1 - 1
Total 8 14 - 22
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This research focuses into three signalized intersection dueitettions of [i] budget, and [ii] time

since the processing of thedeos was manuah a large part of the research and with the aid of the
semiautomatic FAnalyst tool that requires totaltervention from the specialist, as well as the use

of VISSIM and SSAM, and the time needed in training on the different methodsasdegarding

the representativeness of the three intersections, it is considered that the similar geometry and
operaton between these intersections are determining factors, so that these are the three BRT
intersections most collisieprone and that tlesafety perfamance from traffic conflicts is also
similar. In the city there is an important number of intersectidtts similar geometric conditions

to those studied in the thesis, which allows hypothesizing that, depending on their conditions of
opemtion and demandit could be observed similar behaviors and events, highlighting that the
particular social conditionsr@ another determining factdrverified part of this hypothesis in the

following sections

3.2 Traffic risk assessment based on traffdementary events

The proposed preventive risidicatoris based on two events: serious conflicts as surrogate for
accidents and encounters as esemtjuantify exposureéChapter 2 described both eventsollected

the information through direct obserivat of the opergon of the intersectionsn videos and
performedits subsequent analysis with the aid eAmalyst tool. This tool requires a calibration
process in which the videos are sized based on satellite images, in suchcaolhtina three
dimendonal projecton of the operation of road users, mmakit possible to trace their trajectories

and obtain their surrogate measurements, as well as speeds and other variables ofThiterest.
subsection includes the characteristics of the videos, thitsef their @libration in FAnalyst, the
operational characteristics of the intersections, the safety outcomes per intersection and the

validation of the proposed risk index.

3.2.1 Video recordings

The operation of the intersections wédeo recordedvith two opposed fixé cameras, as Figure 3

3 shovs, duringthe following period®f working days

A Avenue Caracas and 6th Street: from 6:00L5000 hours, northwards arsbuthwardson
Thursday, October 4, 2018

A Avenue Caracas and 13th Street: from 6:00 to Ql8@urs, northwads andeasivards on
Wednesday, October 3, 2018.
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A Avenue Caracas and 19th Street: from 6:00 to 16:30 hours northwards and, from 6:00 to 14:30
hours southwardsn Friday, October 5, 2018.

These study periods fulfils requirements reported@iguz and Migletz (1980 terms of he
minimum recommendedontinuoustime of traffic conflict obsenation The \deo recordings
resolution wasgl,920 x 1,080 according toexpected characteristics of the videos for their analysis
with the aid of FAnalyst.The use of two simultaneous cameras is due to the size of the articulated
vehicles ofthe BRT systemsoit wasnecessary to have a greater coverage to avoid occludions o
events of interesThe cameras were temporarily installed on light poles at a height of approximately
5 m.Camera calibration is a process that involves finding conmeference pointsn the video and

on a satellite image of the study sifes an examle of camera calibratioriigure 34 shovs the
calibration resultsat Caracas Avenue antl Street intersectiomppendix Apresents the results for

the other two inteetions.In thisresearch, the calibration process was particularly demanding, due
to the physical changes that the pavement surface has had between the year (2015) of the satellite

image and the year of study (2018).

Figure 3-3:  Video footage and recordingngthby intersection starting at 06:00

Caracas Avenue and'&treet

£\~
Northwards 9 hours
Caracas Avenue and t?Dtreet

Southwards: 12 hours o A Eastwards: 12 hou\rs
Carmcs Avenue and9" Street
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The satellite images belong to the Spatial Data Infrastructure platform for the Capital District
(IDECA, 2018) This platform provides satellite images of Bogota, with quality and resolution
superior to other platforms such as Google Edrte. calibrationgrid allows assigning axes to the
intersection to generate thedl-dimensional space, based on calibration poiffite.images show

how the accuracy decreases when moving away from the camera.

Figure 3-4:  Camera calibration using-Analyst at Caracas Avenue anti Street

-

Northwards calibration accuracy
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Southwards calibration accuracy

3.2.2 Pre-selection of potentialevents

After extensive traimg at Lund University, | watcheth¢ videodo detectthe situations where the
reasonable safety margins appeared compromised. To mitigate the problem of subjective conflict
selectionmy instruction a®bserver was to include all doubtitases, accordingp Laureshyn and
Varhelyi (2018) It was also thathe situations blower severity had a higher chance of not being
included. Therefore, at the later stages of analysis,-aftthreshold was always used to remove

the least severe situations and ensure that the distribution of tlanirgnsituations as truly
represatative. The work focused on events wheread user entering the intersection encounters

another road user already in the intersection.

3.2.3 Road safety outcomes at Caracas Avenue and! thtersection

This intersection is @racterized by hang BRT carriagewvays on both tracks and in both directions.
Figure 35 shows the movements allowger road userThe red lines indicate the movements
allowed for the articulated buses of the B&/Btemthe blue linesndicatethe movemats allowed
for mixedvehicles; asvell as the black lines indicate the pedestrian moveme&htee of the four
right turns have an exclusivarriagewayto carry out these movements in a protected Wagse
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right turns converge with the main road coradlby a yield signAn exclusive ignal phase protects
all movements

The methodology allowed identifying 222 encounters at this intersection. The criteria to filter out
the encounters consists in include events with a®EE according tArcher and Kosonen (2000)

that propoed a critical value for PET 1 sfor high risk traffic conflictslt is essential to clarify that

PET can be measured even when there is no collision course, so an encounter, in which there is not
necesaily a collision course, can be characterized under this parameter. The explanation of
exposure assessment in thisdstis expanded later. However, the characterization of conflicts does
require the collision course, and under the STCT, two variabéassad: Timeto-Accident (TA)

and Conflicting Speed (CS).

Figure 3-5:  Traffic movements allowed peoad user at Caracas Avenue and 6th Street
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BRT movements -
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Table 313 presents the safety outcomes at this intéosebased onhie STCT. This means that, of

the 222 identified encounters, 36 turned out to be relevant confictm left to right, this table
includes the conflict identification code (ID), the exact time the conflict occurred, the two road users
involved, TA, CS andhelevel of severityof eachconflict according to the STCTRegarding the

BRT system,there were thre conflicts between articulated buses and pedestrians, one conflict
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betweeranarticulated bus anacyclist, one conflict betweesnarticulated bus aha motorcyclist,
seven conflicts between articulated buses and cars, one conflict between articutataddb

conventional bus, and two conflicts between articulated buses and truck.

Table 3-13:  Safety outcmes based on STCT @aracas Avenue and' Gtreet
D Time RoadIUser Roao; User TA 00222.39 Severity
S level
km/h
1 6:41:39a. m. Motorcycle Biarticulated 1.56 12 24
2 8:06:23 a. m. Car Pedestrian  2.09 22 24
3 8:21:33 a. m.  Articulated Car 139 18 25
4 8:52:57 a. m. Biarticulated Pedestrian 1.02 36 27
5 9:04:54 a. m. Biarticulated Car 1.90 16 24
6 9:06:16 a. m.  Articulated  Pedestrian  1.85 a7 26
7 9:08:10 a. m. Car Pedestrian  1.79 19 24
8 9:44:04 a. m.  Articulated Car 221 43 25
9 10:3119 a. m. Motorcycle  Pedestrian  1.19 17 25
10 10:38:10 a. m. Motorcycle Pedestrian 1.81 33 25
11  10:43:18 a. m. Car Pedestrian  1.32 27 25
12 10:55:11 a. m. Biarticulated Bicycle 201 21 24
13 11:06:44 a. m. Motorcycle Motorcycle  1.49 13 24
14  11:21:45a. m. Articulated Car 174 12 24
15 11:34:30a.m. Car Motorcycle  1.72 21 24
16  11:38:10 a. m. Car Pedestrian  1.96 30 24
17  11:39:44 a. m. Biarticulated Car 1.06 20 25
18 11:43:13 a. m. Biarticulated Car 1.48 13 25
19 12:36:32 p. m. Biarticulated Car 0.83 23 26
20 12:41:31 p.m. Motorcycle Pedestrian 1.53 36 26
21  12:46:50 p. m. Car Car 1.69 11 24
22 12:49:40 p. m. Car Pedestrian 215 46 25
23  12:51:33 p.m. Motorcycle Pedestrian 1.74 31 25
24 12:53:29 p. m. Motorcycle Car 0.47 12 26
25 1:03:30 pm. Bus Car 1.86 14 24
26 1:05:33 p. m.  Motorcycle Bicycle 2.00 25 24
27 1:19:17 p. m. Car Pedestrian  1.66 28 25
28 1:31:39 p. m. Biarticulated Truck 194 17 24
29 1:39:05 p. m. Biarticulated Truck 0.78 18 26
30 1:44:56 p. m.  Motorcycle Car 1.74 35 25
31 1:45:34 p. m.  Articulated Pedestrian  2.01 24 24
32 2:01:46 p. m. Car Car 151 36 26
33 2:09:04 p. m.  Motorcycle Truck 0.82 24 26
34 2:09:06 p. m. Biarticulated Bus 1.50 25 26
35 2:12:07 p. m Car Pedestrian  2.29 62 26
36 2:32:14 pm. Motorcycle  Pedestrian  2.52 38 24

Figure 36 presents the conflict severity findings air@cas Avenue and"@treet on the severity
diagram established Byydén (187). It is noteworthy that, at the date of analysis, the posted speed

limit was 60 km/h. All conflicts were within the expected speed threshold, excejetween a car
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and a pedestrian, whose CS = 62 km/h; this speed is high for an tebathareforecurrently the
District Mobility Secretariat reduced the posted speed limit afa€as Avenue to 50 km/h. The
conflict (ID = 4) with the highest level of gerity (27) occurred between a biarticulated bus and a
pedestrian; the CS = 36 km/lutbTA= 1.02 s,which reveals a potentially dangerous proximity
between the two road users. Likise, other conflicts with low TA and low CS are observed, which

validate tlat the proximity between users is recurrent.

Figure 3-6:  Conflict severity findingsit Caracas Avenue aitl Street
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Figure 37 exhibitsthe location of the video observed traffic confliatgthe current intersectiofihe

Figure has arrows of different types and colors tociugi he type of rod users and their direction
during the traffic conflict. All the conflicts were due to disobedience of the traffic light or of the
yield signalsor insufficient clearance time die traffic light In the northern approach it is obsedve

that several pedesans, cyclists and motorized vehicles crossed the intersection when there were
still articulated vehicles of the BRT system and mixed vehicles turning left from the west to the
north. This is because the clearance time of the intéosers insufficientto evacuate articulated and
biarticulated buses that can measure up to 26 m in ldndtte specific case of pedestrians, conflicts

are due to traffic lightlisobedience sincall pedestrian movements are protectidthe western
approach the articuléed vehicles of the BRT system and the mixed vehicles share the same phase

of the traffic light to turn left, to the north. The conflicts that arise in this approaclsiace
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sometimes mixed vehicles invade the trajectory of articdilaghcles, forcingthem to brakeln
othercasesmixed vehicles do not manage to turn left during thdi¢raht phase and come into
conflict with through articulated buses that travel from west to east.

Figure 3-7:  Traffic conflicts observed at Caracas Avenue and 6th Street
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3.2.4 Road safetyoutcomes at Caracas Avenue and Ydntersection

This intersection has BRT carriageways on both tracks and in both directions. F&sine\8s the
movementallowed per road userThe red lines indicate the movements allowed for the articulated
buses of the BRT system; the blue lines indicate the movements allowed for mixed vehicles; as well
as the black lines indicate the pedestrian movements. BRT articuddtietegare allowedwo right

turns and two left turnsMixed vehicles can only makiéairough movements or right turngin

exclusive signal phase protects eaubvement.

The methodology allowed identifying 287 encounters at this intersection. As menébrtied
previous inérsection, the criteria to filter out the encounters consists in include events with& PET
1 s. Table 314 presents the safety outcomes at this intersection based on the STCT. This means that,

of the 222 identified encounters, 45 weetevantconflicts. Regarding the BRT system, there were



Eventbasedraffic risk assessment at signalized intersections of BRT systems 65

34 conflicts between articulated buses and pedestrians, three conflicts between articulated buses and

cyclists, and two conflicts between articulated buses and motorcyclists.

Figure 3-8:  Traffic movements allowed peoad user at Caracas Avenue antl $8eet
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Figure 39 exhibits the conflict severity findings at Caracas Avenue aHdSti@et on the severity
diagram established byydén (1987) At the date of analysis, the posted speed limit was 60 km/h.

All conflicts were within the expected speed threshold. The conflict (ID =22) with the highek

of severity (26 occurred between an articulated bus and a motorcycle; the CS = 23 kriiA=but

0.64 s, which corresponds to a more dangerous proximity between road users than at the previous
intersection, although the speeds are lower. In fagtctimflia ID = 22 hasTA = 0.57 s and CS =

14 km/h.

Figure 310 shows the location of the obsedveraffic conflicts at the current intersection. All the
conflicts were due to disobedience of the traffic light by pedestrians, those who are surprised by
articulaed turning buss, mainly. Three conflicts are observed in the middle of the intersection in
which pedestrians crossed through fp@nmitted areas. At the southern approach there were three
conflicts between through cars and pedestrians, thatraseith d the crosswad at risk.
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Table 3-14.  Safey outcomes based on STCTGdracas Avenue and 1 Street
D Time Roaoi User Roaoé User TA Cog:)llgélgg Stlaverity
evel
km/h
1 6:42:44 a. m. Articulated Bicycle 0.88 21 26
2 6:46:22 a. m.  Articulated Bicycle 1.50 24 25
3 8:45:57 a. m.  Articulated Pedestrian 1.54 22 25
4 8:48:28 a. m.  Articulated  Pedestrian 1.42 17 25
5 9:08:08 a. m. Car Pedestrian 1.02 9 25
6 9:16:48 a. m.  Articulated  Pedestan 1.75 16 24
7 10:04:3 a. m.  Pedestrian  Articulated 2.13 23 24
8 10:32:42 a. m. Articulated Motorcycle 1.00 26 26
9 10:36:01 a. m. Articulated  Pedestrian 1.44 19 25
10 11:01:13 a.m. Pedestrian Articulated 1.35 18 25
11 11:04:42 a. m. Car Pedestrian 0.98 25 26
12 11:04:58a. m. Articulated Pedestrian 1.67 13 24
13  11:05:07 a. m. Motorcycle Bicycle 1.05 21 26
14  11:15:40 a. m. Bicycle Articulated  1.87 14 24
15 11:36:36 a. m. Articulated Pedestrian 1.44 12 24
16  11:43:38 a. m. Pedestrian Articulated 1.19 15 25
17  12:2745 p. m. Biarticulated Pedestrian 1.55 32 25
18  12:28:23 p. m. Articulated Pedestrian 1.83 14 24
19 12:47:01 p. m. Articulated Pedestrian 1.84 20 24
20 1:08:53 p. m.  Atrticulated Pedestrian 0.57 14 26
21 1:30:33 p. m.  Articulated  Pedestrian 1.82 15 24
22 1:32:15p. m.  Articulated Motorcycle 0.64 23 26
23 1:33:50 p. m.  Articulated  Pedestrian 1.64 16 24
24 1:37:08 p. m.  Articulated  Pedestrian 1.66 21 24
25 2:03:49 p. m. Articulated  Pedestrian 1.43 15 24
26 2:05:31 p. m. Articulated Pedegian 1.49 21 25
27 2:07:03 p. m.  Articulated Pedestrian 1.31 11 24
28 2:13:47 p. m.  Articulated Pedestrian 1.79 17 24
29 2:15:30 p. m.  Articulated Pedestrian 1.49 8 24
30 2:16:46 p. m.  Articulated Pedestrian 1.64 13 24
31 2:38:53 p. m. Articulated Pedestrian  1.81 17 24
32 2:55:34 p. m. Articulated  Pedestrian 1.47 20 25
33 2:55:38 p. m.  Articulated  Pedestrian 1.64 14 24
34 2:58:55 p. m. Articulated Pedestrian 1.82 20 24
35 3:00:29 p. m.  Articulated  Pedestrian 1.41 18 25
36 4:10:37 p. m.  Articulated Pedestrian 1.78 14 24
37 4:48:54 p. m. Biarticulated Pedestrian 1.68 20 25
38 4:58:59 p. m.  Articulated Pedestrian 2.01 19 24
39 4:59:43 p. m. Car Pedestrian 1.68 26 26
40 5:12:33 p. m. Car Pedestrian 1.95 30 24
41 5:13:47 p. m.  Articulated Pedestrin  1.84 15 24
42 5:42:14 p. m.  Articulated  Pedestrian 1.34 18 25
43 3:17:34 p. m. Car Pedestrian 1.72 9 24
44 4:45:58 p. m.  Articulated  Pedestrian 2.11 25 24
45 5:47:11 p. m.  Articulated Pedestrian 1.28 12 25
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3.2.5 Road safety outcones at Cara@s Avente and 19" intersection

This intersection has BRT carriageway the Caracas Avenue, only. Fiddreh®wsthe allowed
movements othe road users. Agtthe previous intersections, the red lines indicate the movements
allowed for the aiitulated bses of he BRT system; the blue lines indicate the movements allowed
for mixed vehicles; as well as the black lines indicate the pedestrian moveBfehtgehicles are
allowed through movements onMixed vehicles can only makeroughmovemers or rightturns.

An exclusive signal phase protects eacbvement.

Figure 3-11.  Traffic movements alloweder road useat Caracas Avenue and"1Street
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The methodology allowed identifying 623 enoters at liis intesection. As mentioned at the
previous intersections, the criteria to filter out the encounters consists in include events with a PET
¢ 1 s. Table 315 presents the safety outcomes at thigsetdion based on the STCT. This means
that, of the 623dentified encounters, 78 were relevant conflicts. Regarding the BRT system, there
were only three conflicts between articulated buses and pedestrians, and there were no conflicts
between articulateuses and other vulnerable road uskftsst conflicts were betveencars and

vulnerable road use(d7), as well as 22 conflicts between motorcycles and vulnerable users.
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Table 3-15.  Safety outcomes based 8ACT atCaracas Avenue and 1 Street
Conflicting .
ID Time Road User 1 Road User 2 TA Speed S?verlty
evel
km/h
1 6:33:07 a. m.  Articulated Pedestrian  1.90 55 26
2 6:33:11a. m.  Articulated Pedestrian 1.74 73 28
3 6:37:12 a. m. Car Pedestrian  1.70 26 25
4 6:54:54 a. m. Car Pedestrian  1.48 33 25
5 7:07:50a. m Car Pedestrian  2.10 24 24
6 7:09:51a. m. Car Pedestrian 2.18 35 24
7 7:15:28 a. m. Car Pedestrian  1.27 35 26
8 7:35:50 a. m. Car Pedestrian  1.70 15 24
9 7:44:02 a. m. Bicycle Bicycle 191 24 24
10 7:47:53 a. m. Car Pedestrian  1.99 19 24
11 7:48:12a.m. Motorcycle Pedestrian 214 29 24
12 7:55:17 a. m. Car Car 1.07 36 26
13 7:56:56 a. m. Car Pedestrian  2.16 40 25
14 7:57:30 a. m. Bicycle Pedestrian  1.79 22 24
15 8:04:49 a. m. Car Pedestrian  1.33 36 26
16 8:09:28 a. m. Car Palestrian  1.89 18 24
17 8:14:43 a. m. Car Pedestrian  2.12 25 24
18 9:59:12 a. m. Car Bicycle 119 8 25
19 10:04:43 a. m. Car Pedestrian  1.52 17 24
20 10:08:13 a. m. Car Pedestrian  1.71 14 24
21 10:09:37 a. m. Car Pedestrian  1.75 17 24
22 10:18:59a. m Car Palestrian  1.83 25 24
23 10:52:16 a. m. Car Pedestrian  1.57 19 24
24 10:54:07 a. m. Car Bicycle 1.00 17 25
25 11:18:45 a. m. Car Pedestrian  1.70 21 24
26 11:20:04 a. m. Car Pedestrian  1.40 17 25
27 11:23:32 a. m. Motorcycle Pedestrian  1.50 17 24
28 11:25:16 a. m. Bicycle Pedestrian 1.19 12 24
29 11:28:37 a. m. Car Pedestrian  1.78 19 24
30 11:31:16 a. m. Car Pedestrian  1.50 20 25
31  11:44:50 a. m. Truck Car 1.86 20 24
32 11:54:48 a. m. Car Bicycle 192 18 24
33 11:58:47 a. m. Car Pedestrian 1.24 29 26
34 11:59:57 a. m.  Motorcycle Pedestrian  1.59 13 24
35 12:00:04 p. m. Articulate Pedestrian  2.05 47 25
36 12:01:42 p. m. Car Bicycle 1.50 24 24
37 12:09:38 p. m. Motorcycle Pedestrian  1.63 18 24
38 12:13:34 p.m. Motorcycle Pedestrian  1.65 20 24
39 12:15:10 pm. Car Pedestrian  1.58 20 24
40  12:24:27 p.m. Motorcycle Pedestrian  1.82 25 24
41 12:27:06 p. m. Motorcycle Pedestrian 141 16 25
42  12:44:35p.m. Motorcycle Bicycle 1.92 33 25
43  12:45:12 p.m. Motorcycle Pedestrian  1.45 17 25
44  12:5152 p. m. Car Pedestrian  1.73 35 25
45  12:53:01 p. m. Car Pedestrian  2.05 27 24
46  12:54:04 p. m. Motorcycle Pedestrian  1.31 24 25
47 1:01:59 p. m. Car Pedestrian  1.99 22 24
48 1:04:31 p. m.  Motorcycle Bicycle 1.55 22 25
49 1:14:56 p. m. Car Car 1.54 27 25
50 1:16:42 p. m. Car Pedestrian  2.10 36 25



70 Methodblogy foreventbased traffic risk assessmenBRT sysems and its simulatiol

Conflicting .
ID Time Road User 1 Road User 2 TA Speed Severity
S level
km/h
51 1:17:13 p. m. Car Pedestrian  1.62 21 24
52 1:18:44 p. m. Car Pedestrian  1.99 20 24
53 1:20:15 p. m. Car Bicycle 1.46 55 27
54 1:31:08 p. m.  Motorcycle Pedestrian  1.80 31 25
55 1:31:53 p. m. Car Pedetrian 1.17 10 25
56 1:38:17 p. m. Car Pedestrian  0.15 11 27
57 1:39:33 p. m.  Motorcycle Pedestrian  1.51 8.8 25
58 1:41:59 p. m.  Motorcycle Pedestrian  1.31 21 25
59 1:48:19 p. m. Car Pedestrian  1.55 7 24
60 1:58:22 p. m. Car Pedestrian  1.91 29 24
61 2:04:28 pm. Motorcycle Pedestrian  1.92 17 24
62 2:15:18 p. m. Car Pedestrian 1.11 17 25
63 2:16:13 p. m.  Motorcycle Pedestrian 191 34 25
64 2:19:58 p. m.  Motorcycle Pedestrian 1.11 19 25
65 2:20:01 p. m. Car Pedestrian  0.80 10 25
66 2:20:04p. m. Car Pedestian 2.09 46 25
67 2:20:11p. m Motorcycle Pedestrian 0.81 5 25
68 2:24:37 p. m. Car Pedestrian  1.90 17 24
69 2:30:00 p. m.  Motorcycle Pedestrian  2.02 46 25
70 2:43:07p. m Car Pedestrian  0.66 4 25
71 2:44:56 p. m. Car Pedestrian  1.25 28 26
72 2:49:46 p. m. Car Pedestrian  1.12 5 24
73 2:54:37 p. m.  Motorcycle Pedestrian  1.70 26 25
74 3:03:36 p. m Car Pedestrian  1.99 36 25
75 3:13:44 p. m. Car Bicycle 1.85 33 25
76 3:14:27 p. m. Car Pedestrian 144 7 24
77 3:36:02p. m Motorcycle Pedstrian 2.87 47 24
78 4:11:08 p. m Motorcycle Pedestrian  1.93 23 24

Figure 312 exhibits the conflict severity findings at Caracas Avenue afidSti@et on the severity
diagram established byydén (1987) At the date ofinalysis, the posted speed limit was 60 km/h.

All conflicts were within the expected speed threshelaept for conflict ID = 2vhich resulted the
conflict with the highest levedf seveity (28), in this researchpccurred between an articulated bus
anda pedestrian, wittCS= 73 km/handTA = 1.74 s. This conflict occurred at 6:33:11 a.m.; high
operating speeds were observed early in the morning, given the low vehicle valomitist ID =

1 occuredat 6:33:07 a.m., with CS 55 km/h, TA= 1.74 s, andseverity level = 26Figure 313

shows the location of the observed traffic conflicts at the current intersection. Most conflicts were
due to disobedience of the traffic lighy pedestrias, and aggssive right turning mixed traffic.

Four conflicts were due to sudden lane changes. HEwveugh the number of conflicts with
participation of articulated buses was low, compared to the other intersections, the most severe
conflicts were betweeatrticulatal buses of the BRT system and pedestrians. As shown in the Figure,

these pedestrians ceesl the intersection diagonally, which is prohibited and very unsafe. In the
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eastern approach the same pedestrian behavior occurs, where @eslasioss liegally ard
encroach the trajectory of cars and motorcycles.

Figure 3-12  Conflict severity findings at Caracas Avenue anfl 38eet
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Figure 3-13.  Traffic conflicts observed per approach at Caracas Avenue dhStiéet
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3.3 Results andvalidation of the preventive risk indicator

Traditionally, traffic exposure is described as a number of vehicles passing during a certain time.
This isnot particuarly meanigful in safety analysis as the risk of a collision is also depending on
the presace of vehicles from the conflicting direction. An encounter, as the simultaneous presence
of the two road users from the two conflicting directions, been argukas a morstitable exposure
measure(Elvik, Erke and Clistensen,200; Elvik, 2015) The advantage of encourdzaised
definition of exposure is that it has a clear theoretical meaning of a statistical trial that may or may

not result in a collision.

As shown in chapter,2his research defiesan encanter as the simultaneoysesence of aad
userentering thantersectiorand aroad usealready in théntersectiormoving towards the conflict
areaswhich may be primarily the established crosswalks although, as noted beéoits,can ocur
anywhee in the intersectiorin addition to the spatial criteriohgstablishec temporal criterion to
filter out the encounters, that consists in include encounters with & BRET for which there is no
need for a collision coursén case ofaroad usewaited for severaroad uses passing before to
enter in theintersection | countedit as a single encounter. For an exploration of differences in

encounter definitions with regards to group treatmentishasson and Lauresh{2019)

| counted e encounters countadanually from the vidko. This isvery tedious work because
requiring much attention and repeated observations during the cases with intensive traffic. Therefore,
in a study parallel to this research we developed a procedestte encounter numbersrh the

VISSIM simulaton modesk through start and end lines used for travel time measuring combined
with relatively simple logical conditioninBulla-Cruz, Laureshyn and Lyons, 202We validated
saidprocedure in a twdane roundabout anlddid notapplyit to the intersections studied in this
research, since the direct count of encounters was requirecefealidationof the prgposed risk

indicator.

Figure 316, Figure 317 and Figure 38 show the risk mapping @aracas Avenue and' Gtreet
intersectbn, Caracas Avenue and".Street intersection and Caracas Avenue ariti Stgeet
intersection, respewely. The rumber of enownters is shown inside the yellow circles the number
of conflicts is shown inside the red circlétsshould be noted that eweconflict was an encounter
thatraisedin a conflict with a relevant severity. Therefore, the riskaatbr is theprobability of

having a traffic conflict when exposing to the traffic risk in an encouiterencounter can be
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counted when there is, fexample, a simultaneous presence of a pedestrian and a vehicle in the
conflict area; this makes the pemtive riskindicator nore robust than a traditional indicator in

which exposure is based on vehicle demand or even on more aggregate measures.

Based on the risk mapping at Caracas Avenue Argtréet intersection, shown in Figurd4 the

overall rik is 36 serbus confli¢s divided by the exposurel6 encounters + 36 encounters that
raised in conflicts) ©.16 or 16%The northern approachgsents the greatest number of encounters;

46 on the BRT systemarriagewayand 88 on the mixed vehictarrisgeway Theseevents arelue

to vehicles turning left from west to north and encountering pedestrians or other vehicles that disobey
the traffic light. In terms of risk the value pecarriageway ig2/44) * 100= 4.54% and(14/74) *

100= 1892%, respectiely. Other gproaches fothe intersection may present higher risk values,
although with fewer event8oth the conflict, exposure and risk assessmalbw a specific

identification of the areas of the intersection that require special attention teafdygroblems.

Figure 3-14  Risk mapping at Caracas Avenue afidSéreet
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Figure 315 showstherisk mapping at Caracas Avenue and! $&eet intersection. The overall risk
in this intersections 45 serias conflics dvided by the exposure (242 encounters + 45 encounters

that raised in conflicts) 6.16 or 16%This intersection presents risky activity at various approaches
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through whech vehicles of the BRT system transit. This risk is duthéofact thaseveral éft and

right turns of articulated buses are allowed. Pedestrians cross the intersection improperly and are
surprised by turning vehiclgshis is the biggest safety conceshthe intersection and could be
managed from reducing exqpure. Thereare also 2lercounters in the center of the intersection;
although they did nataisein conflicts, they are due to several pedestrians crossing the intersection

in prohibited places.

Figure 3-15. Riskmapping atCaracas Avenue and 15treet
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Figure 316 shows the risk outcomes at Caracas Avenue afi&tt6et intersection. The overall risk

in this intersection ig8 serious conflicts divided by the exposure (545 encounters + 78 egrsount
that raged in confcts) =0.13 or 13%.t can be observed that the carriageways used by the BRT
system do not presit major safety problemalthough some high severity conflicts occurred in the
center of the intersection between articulated busgtpadestriag. Conversgy, the safety concerns
are due to right turns of mixed vehicles thatlan important number @&ncounters and conflicts
with pedestrianamutual aggressiveness is evident in these events.
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Figure 3-16. Risk mapping at Caracas Avenue ant $&eet
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Although the risky activity is explained from the causality based on the disobedience of the traffic
lights, it is interesting to validate the proposed risk indicator frontréfiic volumesof roaduses.

This is because, as mentioned above, traditiexpbsure measures aggregate@nd hide part of

the safety outcomeEkquation 3.5hows thecalculation of the probability of encountestween two
conflicting traffic flows.This probality assume that a road user will only encounter a road user of
aflow that is conflictingWhen having traffic lights, it is expected that this probability is not correct
because it implies the crossing of the intersection by conflictingsfleimultaneosly; howeer,

high road user demands would be expected to lehudtter disobedience.

0o p *—F (3.1)

Figure 3-17 shows the directiondtaffic volumesof road users at thigour of greatest number of
conflicts, duing the stidy period atCaracas Avenue ar&f Street intersectiar his hourasts from
12:46:00 hours to 13:46:00 houvgith 11 relevant conflictsChis Figure also shows the number and

location ofencounters and conflicts during the styayiod (9 lours) at tle aurrent intersection
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Figure 3-17:  Traffic volumes peraad user at Caracas Avenue aficéeet
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Figure 3-18 shows the directionataffic volumesof road users at the hoof greatesnumber of
conflicts, during the study period, &aracas Avenue and 1 $treet intersectianThis hour lasts
from 14:03:00 hours to 15:03:00 hours, with 11 relevant conflitis.Figure also shows the number

and location of encounters amahdlicts duing the stugt period (12 hours) at the current intersection.

The Figure 319 shows the directional traffic volumes of road users at the hour of greatest number
of conflicts, durimy the study period, &aracas Avenue and 1 Street interseadn. This hou lasts
from 11:18:00 hours to 12:18:00 hours, with 15 relevant conflicts. This Figure also shows the number
and location of encounters and conflicts during the study period (12 hours) at theiotersattion.
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Figure 3-18  Traffic volumes per road user @aracas Avenue and "1 Street
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Based on thanformationof the theeprevious FiguresFigure 320 shows the relation between the
probability of encounter from the traffic volumes of the hour with the highest number of conflicts,
the number of encountedsiring the same houand the number of triaé conflicts during tre same

hour, and the risk valudetermined by the proposed risk indicafor,the most conflicprone places

at each intersection.

The results show that there is no clear relationship between the probability of encounteriakd the
deternined usingheproposed risk indicator. Fexample, at the place 1 df 6treet the risk resulted
lower than the probability of encounté.20 vs 0.11)Based on Tabl&-16,in place 1 it is expected
that 41 BRT leftturning buses have enatters with 4 pedestrias; however there were onlyine
encounters. The above is consist@hen keepingn mind that all movements are controlled by the

traffic light. At place 1, onlyone encounter raised in a traffic conflicto the risk indicator i8.11.

On the other had, there were cases in which the risk indicator resulted higher than the probability
of encounter, as the place 1 at"Rreet.The probability of encounter is@, but the risk is D. In

this casethere were 6 encounters and @l them rased in trdfic conflicts. Even though the
encountering volumes are very different (13 BRT buses vs 698 pedestrians), 6 BRT buses had
encounters and conflicts with pedestriamkich meanshe highespossiblerisk value In this place

there ishigh traffic light diobalience by pedestrians who are commonly surprised by turning

vehicles.

Each place can be analyzed in the same way, finding that, in general, there is relatieaship
between the number of expected and observed encountéreyam moreso with cotfli cts. The
probability of encounters is determined from the traffic volumes; this study shows that using traffic
volume as an exposure unit can overestimatenderestimate exposure at signalized intersections.
Bulla-Cruz, Laureshyn and Lyons (2026und opposite restd in a twelane roundbou in Bogota,

in which the traffic volumes are positively correlated with the number of encounters, conflicts and,
consequently, with the preventive risk india This is because the roundabout is controlled by
yield signals; inBogota, theaggressivedriving behaviorin roundabouts is common, generating

recurring conflictive activity, in accordance with traffic volumes, as these authors demonstrated.

In accodance withElvik, Erke and Christensen (200@nd Elvik (2015) the typical indicators of
exposure are milliowehicle kilometersandtraffic volume (AADT), which are activitypased and

aggregate indicator$his research shows that it is necessary to develop a risk quantification in which
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the exposure is based on events, leading to an-based safety assessmdwgaring inmind that
therisk has been quantified, traditionally, by the ratio between the ewoflbinfavorable events and
the exposure, in a certain peri(Rumar, 1999)This research uses traffic conflicts as unfavorable

events.

Figure 3-20:  Prolability of encounter and proposed risk index outcomes
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Table 3-16:  Probability of encounter and risk at most confficone places

Main volume Conflicting volume Probability Number of Number of

Intersection  Place Source Movement _ Volume _ Pedestrians _ Pedestrians _ Total __ of encounter encounters conflicts Risk
Place 1 BRT Left turn 41 184 185 369 0.20 9 1 0.11

6" Street Place 2 Mixed traffic Left turn 287 184 185 369 0.88 17 4 0.24
Place 3 BRT Through 42 70 48 118 0.53 2 0 0.00

Place 1 BRT Left turn 13 360 338 698 0.04 6 6 1.00

13" Street Place 2 BRT Right turn 53 395 397 792 0.13 11 3 0.27
Place 3 BRT Right turn 61 185 184 369 0.28 7 1 0.14

Place 1 Mixed traffic Right turn 23 350 352 702 0.06 15 2 0.13

19" Street Place 2 Mixed traffic Right turn 170 185 184 369 0.63 35 5 0.14
Place 3 BRT Through 212 350 352 702 0.46 2 1 0.50

3.3.1 Relationship between the number of conflicts and the number of
collisions

Gettmanet al. (2008)conducted a safety study at 83 fdeg signalized intersections the USA.

The study cosisted in simulating the intersections in VISSIM software and obtaining the traffic

conflicts data by means of the Surrogate Safety Assessment Model (SSAM) tBhia@er 2

explains, it is a postprocessor tool of VISSIM trajecfidgs thatallows estinaing traffic conflicts

and some surrogate safety measures. The authors compared the simulated traffic conflicts obtained

against the crash data history of the isg¢etions, finding a significative correlation based on the

Spearmais rank corelation cofficient = 0.463. Equation 3.2 shows the model obtained that

expresses the relationship between conflicts per hour and total crashes per year? with4lR
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—_— Tl$)p(0—8 (3.2)

Basedon the results of the present research, | used the above mathematical model to predict the
expected humber of crashes and compare such number with the actual number of crashes, during the
period from 2013 to 2017able 317 shovs the outcoras of theestimation.Based on the model,

the predicted crashes per year are 4, 4 and 6, per intersection, respeétivebne of the
intersections, the number of predicted crashes is close to the actual total crashes; however, the
predictedcrashes seemo be cbse © the actual number of injuries. The model is important because

it allows verifying the effectiveness of engineering countermeasures, not only in reducing the
number of conflicts but also in reducing the number of expected crasbvwsver, b generat a

local model, the study of more signalized intersections is needed.

Table3-17.  Expected and actual number of crashes based on the number of traffic conflicts

Conflicts/hour Actual crashes/yar
6th 13th 19th Year 6th Street 13th Street 19th Street
Street Street Street Damages Injuries Fatal Damages Injuries Fatal Damages Injuries Fatal

2013 9 17 - 9 9 - 3 14

11 11 15
2014 12 12 - 11 4 15 4

Predicted crashes/year 2015 7 12 1 13 4 1 6 6

2016 17 16 1 5 8 1 6 8 1

4 4 6
2017 16 9 2 9 7 1 17 14




4.Compotsnafefi c conflict s

In general, severity refers to the consequences of a collision; alternatimeljct-based severity
refers to the spatiotemp proximity with which the collision was avoidedsiven that surrogate
measures are usually used in a univariate way to difingeverity of a conflict, and in congruence
with the general objective, this research seeks to validate a multivariatetisyinithex tha allows
detemining the severity of a conflict taking advantage of the attributes of each variable involved
allowing for a more accurate quantification of evbased riskAccording to the third and fourth
specific objectives hie proposedeverity ind& for traffic conflicts is composed by four surrogate
measures, known as Th PET, DR and DeltaV. Chapter 2 peass the conceptualization of these
variables.This index includes four dimensions associated with the conflict severity imgfewrthe
temporal proxmity of a possible crash, provided by Tdithatdenotes imminent dangand PET
thatimplies potential dangerthe initial deceleration rate to avoid the crash, measured by DR; and
theseverity of an assumed hypothetical inetastllision ketween twaoad users (Delta\,)defined

as the change in velocity between-patlision and postollisiontrajectories of aoad userDeltaV

is calculated at TTgn, based on the current speeiti® masses of tiread users antheir conflict

angle for each road serinvolved in the conflict. The relevant DeltaV is the highest value obtained.

The foursurrogate measures were calculated for each coufticording to the safety findings shown

in Chapter 3, for each intersectibg means ofthe STCT which resultsn more conflicts than the
simple threshold of a single surrogate megsaseit isdone in other conflict techniqueSevere
conflicts with high CS can also have a high TA, indicating that even in these conditions the event
requires evasive maguver, giva the high speedill results come from the trajectories tragedr -
Analyst. This dols reports TT&in and PET automatically; however, DR and DeltaV require

additional processing by the engineer analyst

Below is an example of taulating surogate safey measures for a conflickEigure 41 shows a

traffic conflict between a pedestriamd an articulated bus of the BRT system at Jid ®nce
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processed in -Analyst In the same sense, Figure24shows theresults of the processing,
highlightingthat the A = 1.75s occurred at the frame 93owever, the TTGn = 158s.The upper

right graph shows the pedestrian speed (green line) and the speed of the articulated bus (red line), as
well as the relative speed between them (blue .lifbjs graphshows thatthe bus started its
deceleration at frameé3 (speed = 4.4 m/s9nd that thignitial deceleration (DR) remained constant

until frame76 (speed = £ m/s) the pedestrian is crossing during red light androachinghe bus
trajectoy, so the busorrespond to the relevant user according to the the&ince the video has a

speed 625 frames per second (fps), Equatibth shows thecalculationof DR.

oy 2L 21 omum (4.1)

Figure 4-1:  Traffic conflict example for DRealculation
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For the calculation of Delta¥t is necessary to know the masseshaf toad users. This research
assumed the masses of the road users according to the criteria shown inIl atihéch are default
values in FAnalyst. The masses of the articulated buses were assumed accordingttayhef
weights per axle carried ouy lJniversidad de Los Andes (2004) Bogota, which considers the
number of passengers in the vehicletade 42 shows, with a capacity of 160 passengers per bus.

This Table presents the masses by vehicle brand, so this research used the mean.
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Figure 4-2:  T-Analyg Screenshot with conflict processingués
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The ColombiarTechnicalStandard NTC 49041.: Vehicles for urban passenger mass transport, part
1: articulated busesstablishes the maximum permitted masses fartiulated buses, with a
capacity of 260 passengers per G@EONTEC, 2016)Table 43 shows the masses for biartiatdd
buses This research includethe study of visual occupation of the buses of the BRT system to
determine the mass of each articulated earbculated bus in conflictin search of an index as
accurate as possibl€igure 43 shows the determinatiast the conflict anglga) based orthe

trajectories of theoad users obtained with the aid eAhalyst.

Table 4-1; Assumed masses of road users for DeltaV

Road user Mass (kg)

Pedestrian 80
Cyclist 90
Motorcyclist 250
Bus 12,000
Truck 8,450

Table 4-2: Mass of articulated buses of the BRT sys{émiversidad dé.os Andes, 2004)
Passengers Scania (kg) Mercedes (kg) lkarus (kg) Volvo (kg) Mean (kg)

0 17,886 16,558 16,848 17,294 17,147
48 20,850 19,764 19,772 20,890 20,319
80 22,862 21,540 21,602 22,876 22,220

160 27,708 25396 26,530 27,722 26,839
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Table 4-3: Mass of biarticulated buses of the BRT sys(6@ONTEC, 2016)

Passengers Biarticulated (kg)

0 19,500
65 25125
130 30,750
260 42,000

Figure 4-3: Determination of the conflict angl@ased orthetrajectories ofoad users
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The next thresulsections present the results of sugrogate measures by intersectidhe fourth

final section includeghe composite severity index, by intersection, dmel formulation and

validation of a sigle conflict severity index applicable at signalized intersections of BRT systems,

based on the results of the individual intersections.

4.1 Intersection 1; Caracas Avenue and B Street

The STCT allowedletected6 serbus conflicts at this intersection, dug the study perigdascan

beobserved in Chapter 3able 44 shows the basic information to obtain DeltaV. From left to right,

ID is the conflict identification code, the first road user, percentage of occupétiomfirst user (if

applicable), masef the first user, the previous information for the second road user, the speed of

both road users at TT, andthe angle of conflict (°)
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Table 4-4: Basic information for Delta\at Caracas Avenue and Gtreet
Occupation  Mass Occupation Mass Speed Speed Conflict
ID Roadl User RU1 RU1 Roa‘; User RU2 RU2 RUL RU2 angle
% kg % kg m/s m/s °

1  Motorcycle - 250 Biarticulated 100 42,000 41 3.2 95
2 Car - 1,300 Pedestrian - 80 5.4 1.4 95
3 Articulated 100 26,839 Car - 1,300 4.8 3.3 50
4  Biarticulated 50 30,750 Pedestrian - 80 9.2 1.0 95
5 Biarticulated 25 25,125 Car - 1,300 4.5 4.8 30
6 Articulated 0 17,147 Pedestrian - 80 124 1.6 90
7 Car - 1,300 Pedestrian - 80 54 12 95
8 Articulated 0 17,147 Car - 1,300 11.2 47 90
9  Motorcycle - 250 Pedestrian - 80 38 17 80
10 Motorcycle - 250 Pedestrian - 80 9.1 14 100
11 Car - 1,300 Pedestrian - 80 5.6 2.0 90
12 Biarticulated 25 25,125 Bicycle - 90 5.8 3.6 20
13 Motorcycle - 250 Motorcycle - 250 24 6.5 85
14  Articulated 100 26,839 Car - 1,300 33 25 90
15 Car - 1,300 Motorcycle - 250 5.3 9.1 20
16 Car - 1,300 Pedestrian - 80 8.0 0.5 90
17 Biarticulated 50 30,750 Car - 1,300 54 4.8 10
18 Biarticulated 25 25125 Car - 1,300 34 2.0 30
19 Biarticulated 25 25,125 Car - 1,300 51 2.6 50
20 Motorcycle - 250 Pedestrian - 80 10 2.6 85
21 Car - 1,300 Car - 1,300 31 4.4 90
22 Car - 1,300 Pedestrian - 80 129 11 90
23  Motorcycle - 250 Pedestrian - 80 8.1 16 85
24  Motorcycle - 250 Car - 1,300 31 47 130
25 Bus - 12,000 Car - 1,300 37 7.7 80
26  Motorcycle - 250 Bicycle - 90 6.9 2.6 90
27 Car - 1,300 Pedestrian - 80 7.7 19 100
28 Biarticulated 25 25,125 Truck - 8,450 4.2 33 20
29 Biarticulated 0 19,500 Truck - 8,450 4.8 5.1 15
30 Motorcycle - 250 Car - 1,300 5.2 49 10
31 Articulated 25 20,319 Pedestrian - 80 31 0.2 100
32 Car - 1,300 Car - 1,300 49 15 30
33 Motorcycle - 250 Truck - 8,450 6.4 7.2 5
34 Biarticulated 25 25,125 Bus - 12,000 54 6.3 30
35 Car - 1,300 Pedestrian - 80 17 23 20
36 Motorcycle - 250 Pedestrian - 80 105 2.3 90

Table 45 presents the safety outcomes at the intersection. The information includes the conflict ID,
the exact time the conflict occurred, the road users involved, and the four surrogate measures of
sdety. Table 46 shows the descriptive statistics oé thurrogate measures, related to the mean,
standard deviation, coefficient of variation, minimum value, maximum value, range, skewness and
kurtosis.Accordingto the results, only TT&, and PET showed normal distribution These two
statistics must be wiin the range of2 to 2 to conclude that the distribution is norrfBdbwman,
D6Agosti no an dThémethqd iseteat $or constBuiBg)weighted composite indices

is indgpendent of the normality assumption, howeités interesting to note that most road users

who do the evasive maneuver (road user 1) tend to decelerate at low DR (fBe#hm/$). Mean

DeltaV = 6.47m/s isa high change in speed, in the event of a thgteal crash, and it isecause



86 Methodology for evenbased traffic risk assessmentBRT systems and itsimulation

in mostobserved conflicts, the difference in mass of road users i h&gsafety outcomes at this
intersection validatéhe use of the four surrogate measures withisingle severity indeXecause
the individual interpretation of the variables does not allow a concrete evaluation of the severity

Table 4-5: Traffic conflicts anl surrogate safety measure€aracas Aveue and 8 Street
ID Time Road User 1 Road User2 Det8¥ DR TTCmin  PET
m/s m/s? s s
1 6:41:39a.m. Motorcycle Biarticulated 279 -3.13 1.50 0.40
2 8:06:23a.m Car Pedestrian  4.22 -2.50 2.04 0.88
3 8:21:33a.m. Articulated Car 1.75 -2.50 131 1.16
4  8:52:57 a. m. Biarticulated Pedestrian 848 -1250 0.95 0.28
5 9:04:54 a. m. Biarticulated Car 5.75 -1.67 1.90 1.60
6  9:06:16 a. m. Articulated Pedestrian 1313 -6.28 181 154
7 9:08:10a.m Car Pedestrian  4.33 -1.88 179 0.96
8 9:144:04a.m. Articulated Car 1297 -313 2.07 1.04
9 10:31:19a.m. Motorcycle Pedestrian  3.28 -4.17 0.78 0.16
10 10:38:10 a. m. Motorcycle Pedestrian  6.00 -5.00 178 0.56
11 10:43:18a.m. Car Pedestrian  6.35 -2.50 0.87 0.20
12 10:55:11 a. m. Biarticulated Bicycle 5.42 -1.88 2.01 0.72
13 11:06:44 a. m. Motorcycle  Motorcycle 4.44 -2.50 1.00 0.24
14 11:21:45a.m. Articulate Car 472 -1.61 161 0.36
15 11:34:30a.m Car Motorcycle 7.09 -3.33 1.60 1.16
16 11:38:10a. m. Car Pedestrian 7.76 -2.50 172 112
17 11:39:44a. m. Biarticulated Car 9.39 -4.17 1.04 1.64
18 11:43:13 a. m. Biarticulated Car 3.49 -1.00 1.39 1.76
19 12:36:32 p. m. Biarticulated Car 255 -5.00 0.73 1.08
20 12:41:31 p. m. Motorcycle Pedestrian  9.52 -2.50 153 0.32
21 12:46:50p. m Car Car 321 -2.50 1.69 0.60
22 12:49:40p.m Car Pedestrian 1265 -3.75 1.83 0.16
23 12:51:33 p. m. Motorcycle Pedestrian  7.33 -3.33 151 0.28
24 12:53:29 p. m. Motorcycle Car 5.46 -0.83 0.30 0.04
25 1:03:30p.m Bus Car 8.03 -1.25 1.62 0.28
26 1:05:33p.m. Motorcycle Bicycle 6.17 -3.75 2.00 1.00
27 1119117 p.m Car Pedestrian  5.78 -1.25 1.63 0.68
28 1:31:39 p. m. Biarticulated Truck 311 -2.50 1.30 1.28
29 1:39:05 p. m. Biarticulated Truck 6.48 -1.67 0.75 124
30 1:44:56 p. m. Motorcycle Car 8.12 -2.50 0.54 0.16
31 1:45:34p.m. Articulated Pedestrian  2.92 -3.33 1.23 0.50
32 2:01:46p.m Car Car 245 -2.00 1.03 1.64
33 2:09:04 p. m. Motorcycle Truck 7.93 -1.88 0.76 0.20
34 2:09:06 p. m. Biarticulated Bus 5.17 -1.07 0.61 0.76
35 2:12:07p.m Car Pecdedrian 1710 -2.50 1.85 0.20
36 2:32:14 p.m. Motorcycle Pedestrian  8.87 -5.00 2.52 0.88
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Table 4-6: Descriptive parameters of surrogate measur€aetcas Avenue and Gtreet
DR TTCmin PET DeltaV
Parameter
m/s? s s m/s
n 36 36 36 36
m -3.02 141 0.75 6.47
S 2.06 0.52 0.51 347
Ccv -68.12% 37.17% 68.32% 5354%
@ -12.50 0.30 0.04 175
() -0.83 252 176 17.10
@ @ 1167 222 172 15.35
- -7.29 -0.58 1.04 2.81
lHU 15.18 -0.81 -1.26 1.76

Figure 44 shows the Pearson correlation matrix between the surrogate safety measures, frequency
histograms with smooth density distributions andfidenceellipses These ellipses are an indicator

of correlation andconfidence curve$95% confidence levan this researchjor bivariate normal
distributions(Weiner,2005). Ellipses wereperformedand drown around the mean (red detith

the aid of theRStudio software version 1.2.1335 and th&ych packaggRevelle, 202Q)Based on

the histogramsf DR and DeltaVit can be notethe high severity conflicts given the extreme left

and right observations, respectively.

Thecorrelations determined between the surrogate measttd8 Streetindicate: According to the
physical concept of TT&n and PET, these variables are expedte have a directly proportional
relationshipas the correlation shows. Since the DR valuesi@agative, it is expected that the more
severe (more negative) DR, the higher T.hQsafer), as the correlation effectively shows.
Regarding DeltaV and TT#», the correlation is positive given that the higher the DeltaV a higher
TTCuin is required (saf@ to avoid the collision. There is a low correlation between PET and DR
because DR occurs at the beginning of the conflict and PET at the end of the a@nitios changes

of speed and direction may occur during this time. Regarding DeltaV and DRjshexgative
correlation because the higher the DeltaV the more severe (more negative) DR will be required to

avoid the collision.
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Figure 4-4.  Correlations and distribution of variablasCaraca Avenueand &' Street
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4.2 Intersection 2: Caracas Avenue and 1B Street

The STCT allowedletecting 45 serious conflicts at this intersection, during the study period, as can

be observed in Chapter 3. Tabi& 4hows the basic information to obtain Delt&vom kft to right,

ID is the conflict identification code, the first road user, percentage of aomud the first user (if
applicable), mass of the first user, the previous information for the second road user, the speed of

both road users at TT, and tke angle of conflict (°).

Table 4-7: Basic information for DeltaV aCaracas Avenue and"1Street
Occupation  Mass Occupation Mass Speed Speed Conflict
D Roa‘i User RU1 RU1 Roadz User = ru2 RU2 RUL RU2 angle
% kg % kg m/s m/s °
1 Avrticulated 100 26,839 Bicycle - 90 52 1.5 90
2 Articulated 0 17,147 Bicycle - 90 5.7 4.6 90
3 Articulated 25 20,319 Pedestrian - 80 54 21 90
4 Articulated 0 17,147 Pedestrian - 80 4.3 11 130
5 Car - 1,300 Pedestan - 80 23 2.2 50
6 Articulated 100 26,839 Pedestrian - 80 3.9 15 100
7 Pedestrian - 80 Articulated 25 20,319 1.7 6.4 100
8 Avrticulated 25 20,319 Motorcycle - 250 6.0 7.7 80
9 Avrticulated 25 20,319 Pedestrian - 80 51 1.4 80
10 Pedestrian - 80 Avrticulated 0 17,147 0.8 5.2 70
11 Car - 1,300 Pedestrian - 80 6.3 1.8 90
12  Articulated 25 20,319 Pedestrian - 80 35 15 100
13  Motorcycle - 250 Bicycle - 90 15 18 90
14 Bicycle - 90 Articulated 100 26839 3.8 6.6 80
15 Articulated 100 26,839 Pedestria - 80 31 1.7 95
16 Pedestrian - 80 Avrticulated 25 20,319 0.3 4.1 60

17 Biarticulated 25 25125 Pedestrian - 80 6.1 2.3 90
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Occupation  Mass Occupation Mass Speed Speed Conflict
ID Roa‘i User RU1 RU1 Roag User " Ru2 RU2 RUL RU2 angle
% kg % kg m/s m/s °

18 Articulated 100 26,839 Pedestrian - 80 3.8 2.0 100
19 Articulated 100 26,839 Pedestrian - 80 54 18 85
20 Articulated 100 26,839 Pedestrian - 80 3.9 2.6 90
21 Articulated 100 26,839 Pedestrian - 80 3.8 1.2 130
22  Articulated 0 171,467 Motorcycle - 250 6.2 53 80
23  Articulated 100 26,839 Pedestrian - 80 4.0 1.7 140
24  Articulated 50 22220 Pedestrian - 80 5.6 12 100
25 Articulated 50 22220 Pedestrian - 80 4.2 2.3 130
26  Articulated 50 22220 Pedestrian - 80 55 2.7 90
27  Articulated 100 26,839 Pedestrian - 80 3.0 2.0 90
28 Articulated 25 20,319 Pedestrian - 80 4.8 12 85
29 Articulated 100 26,839 Pedestrian - 80 2.0 1.6 160
30 Articulated 100 26,839 Pedestrian - 80 3.4 1.6 95
31 Articulated 50 22220 Pedestrian - 80 4.8 2.0 90
32 Articulated 25 20,319 Pedestrian - 80 3.2 2.7 90
33 Articulated 50 22220 Pedestrian - 80 3.9 13 100
34  Articulated 25 20,319 Pedestan - 80 51 2.9 90
35 Articulated 25 20,319 Pedestrian - 80 46 17 80
36 Articulated 100 26,839 Pedestrian - 80 3.9 1.9 80
37 Biarticulated 0 19500 Pedestrian - 80 5.4 11 90
38 Articulated 100 26,839 Pedestrian - 80 53 17 100
39 Car - 1,300 Pedesian - 80 4.2 2.2 95
40 Car - 1,300 Pedestrian - 80 8.1 16 90
41  Articulated 100 26,839 Pedestrian - 80 3.8 0.8 110
42  Articulated 0 171,467 Pedestrian - 80 51 25 90
43 Car - 1,300 Pedestrian - 80 2.3 14 90
44  Articulated 25 20,319 Pedestrian - 80 6.0 0.5 90
45  Articulated 100 26,839 Pedestrian - 80 3.2 1.8 40

Table 48 presents the safefindingsatthisintersection. The information includes the conflict ID,

the exact time the conflict occurred, the road users involved, and the four seimagesnes of

safety. Table @ shows the descriptive statistics of the surrogate measures, related to the mean,
standard deviation, coefficient of variation, minimum value, maximum value, range, skewness and
kurtosis. According to the results, only THiCand DetaV showed a normal distributiont is
interesting to note that most road users who do the evasive mafr@aekuser 1) tend to decelerate

at low DR (mean =1.83 m/¥?). Mean DeltaV =5.11 m/sis a minor change in speed compared to

the previousintersetion, in the event of a hypothetical crastnd it could be explaineds this

intersection is smaller, anethicles develop lower speeds

Table 4-8: Traffic conflicts and surrogate safety measuteSaaaca Avenue and ¥3Street
ID Time Road User 1 Road User 2 DeltaV DR TTCmin PET
m/s m/ s S
1 6:42:44a.m. Articulated Bicycle 6.00 -281 050 0.32
2  6:46:22a.m. Articulated Bicycle 8.74  -250 0.33 0.04
3 8:45:57 a. m.  Articulated Pedestrian 6.59 -1.79 1.34 0.10
4 8:48:28 a. m.  Articulated Pedestrian 479 -3.00 1.21 1.92
5 9:08:08 a. m. Car Pedestrian 0.57 -2.50 1.01 0.26
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DeltaV DR TTCmin PET
m/s m/s? s s
6 9:16:48 a. m.  Articulated Pedestrian 2.71 -1.67 1.58 0.88
7 10:04:31a.m. Pedestrian Articulated 499 -1.25 2.08 1.12
8 1032:42a.m. Articulated Motorcycle 1015 -159 0.22 0.08
9 10:36:01 a. m. Articulated Pedestrian 541 -150 1.36 0.60
10 11:01:13a.m. Pedestrian Articulated 471 -250 1.30 2.60
11 11:04:42 a.m. Car Pedestrian 6.86 -143 0.02 0.56
12 11:04:58a. m. Articulated Pedestrian 232 -1.88 1.67 1.64
13 11:05:07 a. Motorcycle Bicycle 207 -450 0.38 0.32
14 11:15:40 a. Bicycle Articulated 794  -3.33 181 224
15 11:36:36 a. Articulated Pedestrian 2.19 -0.83 1.25 0.80
16 11:43:38 a. Pedetrian Articulated 4.37 -0.94 1.19 1.60

ID Time Road User 1 Road User 2

m.

m.

m.

m.
17 12:27:45 p. m. Biarticulated Pedestrian 740 -219 092 0.18
18 12:28:23 p. m. Articulated Pedestrian 230 -1.25 1.83 1.40
19 12:47:01 p. m. Atrticulated Pedestrian 716 -071 1.84 0.76
20 1:08:53 p.m. Articulated Palestrian 556 -1.79 053 0.16
21 1:30:33p.m. Articulated Pedestrian 437 -2.50 173 0.88
22 1:32:15p.m. Articulated  Motorcycle 847 -063 056 0.04
23 1:33:50 p.m. Articulated Pedestrian  4.63  -3.30 117 0.44
24 1:37:08 p. m. Articulated Pedestrian 459 -292 1.65 0.72
25 2:03:49p.m. Atrticulated Pedestrian 546  -2.08 143 176
26 2:05:31p.m. Atrticulated Pedestrian 711 -194 135 0.44
27 2:07:03 p.m. Atrticulated Pedestrian  4.27 -1.25 131 0.50
28 2:13:47 p.m. Articulated Pedestrian 596 -125 179 0.68
29 2:15:30 p. m. Articulated Pedestrian 357 -0.83 136 1.40
30 2:16:46 p. m. Articulated Pedestrian 248 -1.88 160 1.08
31 2:38:53p.m. Articulated Pedestrian 595 -1.07 181 0.24
32 2:55:34p.m. Atrticulated Pedestrian 501 -175 0.49 0.12
33 2:55:38 p.m. Articulated Pedestrian 285 -250 1.64 1.36
34 2:58:55p.m. Atrticulated Pedestrian 6.88 -143 0.79 0.2
35 3:00:29 p. m. Articulated Pedestrian  5.06 -0.94 115 0.32
36 4:10:37 p.m. Articulated Pedestrian 451  -2.50 161 0.40
37 4:48:54 p. m. Biarticulated Pedestrian 595 -1.25 1.60 5.80
38 4:58:59 p.m. Articulated Pedestrian 392 -1.88 2.00 1.32
39 4:59:43p.m. Car Pedestrian 282 -167 0.73 0.04
40 5:12:33p. m. Car Pedestrian 841 -1.25 1.83 0.49
41 5:13:47 p.m. Articulated Pedestrian 459 -1.88 163 0.52
42 5:42:14p.m. Articulated Pedestrian 6.58 -1.88 1.34 0.28
43  3:17:34p.m. Car Pedestrian  3.00 -0.83 1.39 0.44
44  4:45:58 p. m.  Articulated Pedestrian 6.22 -179 202 0.72
45 5:47:11p.m. Articulated Pedeatrian 459 -1.25 1.19 1.24

Figure 45 shows the Pearson corriéten matrix between the surrogate safety measures, frequency
histograms with smooth density distributions and confidence ellipses previously explained. Based
on the histograms of DR and D&t it can be noted that the overall €t severity is slightlyless

than at the previous intersectiduiikewise, conflicts of high severity can be note when observing the
extremes of the distribution®ET distributionreveals aggressive behavior sirtbe important

number of conflicts witiPET® 0O s.
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Table 4-9: Descriptive parameters of surrogate measur€aetcas Avenue and"1 Street
DR TTCmin PET DeltaV
Parameter
m/s? s s m/s
n 45 45 45 45
m -1.83 128 0.87 511
S 0.81 0.53 0.98 2.057
CcVv -44.12% 41.16% 11296% 40.23%
@ -4.50 0.02 0.04 0.57
w -0.63 2.08 5.80 10.15
w @ 3.87 2.06 5.76 9.58
- -2.67 -1.87 8.70 0.43
lHU 1.87 -0.50 19.32 -0.23

Somecorreldions between surrogate measuras]13" Street,differ from 6" Street DeltaV and

TTCumin show negative correlation. At this intersection, thereatasgrved high number of conflicts
between articulated buses and pedestrians. These event® areetiwith the highest DeltaV.
According to what was observed, pedestrians tend to get too close to buses, which is manifested in
low TTCnwin. The correlation betweddR and DeltaV is positive, indicating that an important part of

the conflicts between pedtriars and buses required low decelerations to a@dunover

Figure 4-5.  Correlations and distribution ®friablesat Caracas Avenue and "1 Street
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4.3 Intersection 3; Caracas Avenue and 10 Street

Tale 4-10 presents the safety findings at this intersedtiah once analyzed, lead to the Table
11 which shows the descriptive statistithat have already been analyzed for the previous

intersectionsAccording to the results, only Tk showeda nornal distribution As in the previous
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intersectionPET distribution reveals aggressive behavior since tip@iitant number of conflicts
with PET® 0 s this wadield-evidenced, particularly in pedestrians who get close enough to vehicles
after avoidng the collision. This intersection presented the conflicts with the highest severity
observed in the study, whiavere betweepedestrians a biarticulated buses, early in the morning at

high speedswhich is evidenced by severe DR values.

Table 4-10: Basic information for DeltaV ataracas Avenue an®" Street

Occupation  Mass Occupation Mass Speed Speed Conflict
ID Roadl User ~"ru1 RU1 Roadz User " Rru2 RU2 RUL RU2 angle
% kg % kg m/s m/s °

1 Articulated 50 22220 Pedestrian - 80 258 17 140
2 Articulated 50 22220 Pedestrian - 80 19.7 3.9 140
3 Car - 1,300 Pedestrian - 80 7.2 14 95
4 Car - 1,300 Pedestrian - 80 7.1 0.9 90
5 Car - 1,300 Pedestrian - 80 6.2 0.5 85
6 Car - 1,300 Pedestrian - 80 9.5 12 90
7 Car - 1,300 Pedestrian - 80 8.9 0.9 90
8 Car - 1,300 Pedestrian - 80 24 18 100
9 Bicycle - 90 Bicycle - 90 15 52 90
10 Car - 1,300 Pedestrian - 80 4.8 15 90
11  Motorcycle - 250 Pedestrian - 80 7.4 0.8 90
12 Car - 1,300 Car - 1,300 9.9 6.6 10
13 Car - 1,300 Pedestrian - 80 103 0.8 90
14 Bicycle - 90 Pedestrian - 80 6.0 18 90
15 Car - 1,300 Pedestrian - 80 9.9 4.2 90
16 Car - 1,300 Pedestrian - 80 34 15 95
17 Car - 1,300 Pedestrian - 80 6.4 1.0 95
18 Car - 1,300 Bicycle - 90 22 3.6 90
19 Car - 1,300 Pedestrian - 80 4.7 1.6 90
20 Car - 1,300 Pedestrian - 80 3.2 1.5 100
21 Car - 1,300 Pedestrian - 80 4.0 1.3 120
22 Car - 1,300 Pedestrian - 80 53 1.2 90
23 Car - 1,300 Pedestrian - 80 4.9 19 80
24 Car - 1,300 Bicycle - 90 4.0 4.6 50
25 Car - 1,300 Pedestrian - 80 53 21 90
26 Car - 1,300 Pedestrian - 80 3.9 21 100
27  Motorcycle - 250 Pedestrian - 80 2.8 14 100
28 Bicycle - 90 Pedestrian - 80 27 0.5 90
29 Car - 1,300 Pedestrian - 80 51 1.7 95
30 Car - 1,300 Pedestrian - 80 4.8 1.1 90
31 Truck - 8,450 Car - 1,300 53 1.0 25
32 Car - 1,300 Bicycle - 90 41 41 10
33 Car - 1,300 Pedestrian - 80 7.2 21 85
34  Motorcycle - 250 Pedestrian - 80 1.9 13 40
35 Articulate 50 22,220 Pedestrian - 80 13 1.0 90
36 Car - 1,300 Bicycle - 90 2.8 17 25
37 Motorcycle - 250 Pedestrian - 80 47 12 95
38 Motorcycle - 250 Pedestrian - 80 54 15 90
39 Car - 1,300 Pedestrian - 80 8.3 0.6 90
40 Motorcycle - 250 Pedestrian - 80 6.0 1.2 95
41  Motorcycle - 250 Pedestrian - 80 34 0.8 90
42  Motorcycle - 250 Bicycle - 90 9.1 25 40
43  Motorcycle - 250 Pedestrian - 80 42 13 100
44 Car - 1,300 Pedestrian - 80 79 1.5 90
45 Car - 1,300 Pedestrian - 80 6.0 1.4 90

46  Motorcycle - 250 Pedestrian - 80 6.7 0.8 90
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Occupation  Mass Occupation Mass Speed Speed Conflict
ID Roa‘i User " ru1 RU1 Roag User = pu2 RU2 RUL RU2 angle
% kg % kg m/s m/s °
47 Car - 1,300 Pedestrian - 80 1.6 0.8 100
48  Motorcycle - 250 Bicycle - 90 41 1.0 50
49 Car - 1,300 Car - 1,300 6.6 2.2 20
50 Car - 1,300 Pedestrian - 80 9.0 1.8 90
51 Car - 1,300 Pedestrian - 80 53 1.7 70
52 Car - 1,300 Pedestrian - 80 5.6 1.1 140
53 Car - 1,300 Bicycle - 90 129 0.8 90
54  Motorcycle - 250 Pedestrian - 80 8.6 2.2 90
55 Car - 1,300 Pedestrian - 80 2.8 19 100
56 Car - 1,300 Pedestrian - 80 31 14 140
57 Motorcycle - 250 Pedestrian - 80 85 21 90
58 Motorcycle - 250 Pedestrian - 80 58 20 90
59 Car - 1,300 Pedestrian - 80 1.1 1.0 90
60 Car - 1,300 Pedestrian - 80 6.9 14 90
61 Motorcycle - 250 Pedestrian - 80 4.7 0.6 100
62 Car - 1,300 Pedestrian - 80 55 2.1 50
63  Motorcycle - 250 Pedestrian - 80 8.7 2.2 85
64  Motorcycle - 250 Pedestrian - 80 33 0.6 90
65 Car - 1,300 Pedestrian - 80 15 1.2 90
66 Car - 1,300 Pedestrian - 80 9.0 11 90
67  Motorcycle - 250 Pedestrian - 80 44 13 100
68 Car - 1,300 Pedestrian - 80 4.3 17 80
69  Motorcycle - 250 Pedestrian - 80 129 14 90
70 Car - 1,300 Pedstrian - 80 6.3 0.8 90
71 Car - 1,300 Pedestrian - 80 7.2 17 90
72 Car - 1,300 Pedestrian - 80 7.1 1.2 90
73  Motorcycle - 250 Pedestrian - 80 5.2 0.6 90
74 Car - 1,300 Pedestrian - 80 6.3 0.6 90
75 Car - 1,300 Bicycle - 90 71 0.5 85
76 Car - 1,300 Pedesian - 80 7.2 17 85
77  Motorcycle - 250 Pedestrian - 80 127 0.7 90
78  Motorcycle - 250 Pedestrian - 80 5.5 2.6 90
Table 4-11:  Traffic conflicts and surrogate safety measureSaatcas Avenue an@" Street
ID Time RoadUser 1 Road User2 Det&V DR TTCmin PET
m/s m/s? s s

1 6:33:07 a. m.  Articulated Pedestrian 2610 10.00 1.88 1.07

2 6:33:11a. m. Articulated Pedestrian 2075 10.00 1.64 0.47

3 6:37:12 a. m. Car Pedestrian 5.89 1.25 1.69 1.20

4 6:54:54a. m. Car Pedestrian 7.11 1.11 1.34 1.13

5 7:07:50 a. m. Car Pedestrian 6.30 2.50 173 0.16

6 7:09:51a. m. Car Pedestrian 9.51 2.50 2.12 0.96

7 7:15:28a. m. Car Pedestrian 8.80 3.75 1.15 0.48

8 7:35:50 a. m. Car Pedestrian 117 1.88 1.50 0.36

9 7:44:02 am. Bicycle Bicycle 3.01 250 118 0.04

10 7:47:53 a.m. Car Pedestrian 531 2.00 1.90 0.88

11 7:48:12a.m. Motorcycle Pedestrian  5.90 2.50 2.07 0.92

12  7:55:17 a. m. Car Car 7.92 5.63 1.05 0.36

13 7:56:56 a. m. Car Pedestrian 1006  3.57 2.08 1.80

14 7:57:30 a. m. Bicycle Pedestrian  3.70 1.88 1.79 0.40

15 8:04:49 a. m. Car Pedestrian  11.65 2.50 1.10 0.25

16 8:09:28 a. m. Car Pedestrian 2.38 1.79 1.60 0.20

17 8:14:43 a. m. Car Pedestrian 5.38 2.50 2.07 0.28

18 9:59:12a. m. Car Bicycle 4.67 1.88 1.19 0.04

19 10:04:43 a. m. Car Pedestrian 5.28 1.67 151 0.72

20 10:08:13a.m. Car Pedestrian 193 1.50 147 0.28
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ID Time RoadUser 1 Road User2 Det@V DR TTCmn PET

m/s m/s? s s
21 10:09:37 a. m. Car Pedestrian 2.86 143 154 1.56
22 10:18:59a. m. Car Pedestrian 5.59 3.33 1.59 0.64
23 10:52:16 a. m. Car Palestrian 5.13 1.67 1.46 0.60
24 10:54:07 a. m. Car Bicycle 1.20 2.50 0.98 0.12
25 11:18:45a.m. Car Pedestrian  6.14 1.10 1.36 0.40
26 11:20:04 a. m. Car Pedestrian  2.21 1.88 1.20 0.16
27 11:23:32 a. m. Motorcycle Pedestrian 1.32 1.88 1.33 0.20
28 1125:16a.m. Bicycle Pedestrian 157 143 1.34 0.20
29 11:28:37 a. m. Car Pedestrian 3.80 2.00 1.74 0.24
30 11:31:16 a. m. Car Pedestrian 5.07 2.00 1.32 0.62
31 11:44:50 a. m. Truck Car 3.74 292 182 152
32 11:54:48 a. m. Car Bicycle 7.35 1.88 1.78 0.28
33 11:58:47 a. m. Car Pedestrian  8.74 5.00 121 0.52
34 11:59:57 a. m. Motorcycle Pedestrian  2.22 1.56 0.98 1.00
35 12:00:04 p. m. Articulate Pedestrian 1343  8.13 2.05 3.60
36 12:01:42p.m. Car Bicycle 1.06 0.83 1.24 0.52
37 12:09:38 p. m. Motorgycle Pedestrian  2.96 2.50 1.60 0.88
38 12:13:34 p. m. Motorcycle Pedestrian 471 2.08 1.63 112
39 12:15:10p. m. Car Pedestrian  8.09 2.50 1.37 0.20
40 12:24:27 p. m. Motorcycle Pedestrian  3.93 3.00 175 2.20
41 12:27:06 p. m. Motorcycle Pedesian 2.90 2.50 1.32 0.92
42 12:44:35 p. m. Motorcycle Bicycle 8.03 2.50 1.92 0.60
43 12:45:12 p. m. Motorcycle Pedestrian  2.39 2.00 1.16 0.04
44 12:51:52 p. m. Car Pedestrian  8.17 2.50 1.43 0.49
45 12:53:01 p. m. Car Pedestrian  6.35 1.50 1.76 0.33
46 12:54:04p. m. Motorcycle Pedestrian  5.37 1.67 1.28 0.56
47  1:01:59 p. m. Car Pedestrian 0.94 3.33 1.78 0.24
48 1:04:31p.m. Motorcycle Bicycle 231 2.50 135 0.04
49 1:14:56 p. m. Car Car 3.02 3.00 132 0.60
50 1:16:42p.m. Car Pedestrian  9.36 2.50 1.83 1.00
51 1:17:13p.m. Car Pedestrian  4.17 1.25 1.36 0.76
52 1:18:44p.m. Car Pedestrian  5.57 1.50 1.99 0.72
53 1:20:15p. m. Car Bicycle 1242 550 1.20 2.00
54 1:31:08 p. m. Motorcycle Pedestrian 741 1.67 1.80 0.44
55 1:31:53 p. m. Car Pedestidn 142 250 117 0.44
56 1:38:17 p. m. Car Pedestrian  3.43 0.63 0.15 0.04
57 1:39:33p.m. Motorcycle Pedestrian  7.29 2.50 1.45 0.28
58 1:41:59 p.m. Motorcycle Pedestrian  5.25 1.88 1.28 0.24
59 1:48:19p.m. Car Pedestrian 1.68 0.91 1.22 0.10
60 1:58:22 p.m. Car Pedestrian  7.19 2.00 171 0.36
61 2:04:28 p. m. Motorcycle Pedestrian  3.18 2.50 1.92 0.92
62 2:15:18 p. m. Car Pedestrian  3.31 4.17 1.03 0.40
63 2:16:13p.m. Motorcycle Pedestrian  8.24 250 1.82 0.52
64 2:19:58 p. m. Motorcycle Pedestidn 2.73 2.00 0.42 0.84
65 2:20:01 p. m. Car Pedestrian  2.17 1.56 0.50 0.12
66 2:20:04 p. m. Car Pedestrian  8.99 4.00 1.84 1.38
67 2:20:11 p.m. Motorcycle Pedestrian  2.53 1.50 0.01 0.01
68 2:24:37 p. m. Car Pedestrian  4.52 1.67 1.85 124
69 2:30:00 pm.  Motorcycle Pedestrian 1029 250 2.02 0.88
70 2:43:07 p. m. Car Pedestrian  6.31 1.25 0.30 0.12
71  2:44:56 p. m. Car Pedestrian  7.64 1.79 1.01 0.29
72 2:49:46 p. m. Car Pedestrian  7.27 4.50 0.85 0.04
73 2:54:37 p.m. Motorcycle Pedestrian  4.16 2.50 1.03 0.28
74 3:03:36 p. m. Car Pedestrian  6.21 250 0.93 0.33
75 3:13:44p.m. Car Bicycle 7.10 1.87 111 0.84
76 3:14:27 p. m. Car Pedestrian  8.36 1.67 1.40 1.20
77 3:36:02 p. m. Motorcycle Pedestrian  9.87 3.75 2.79 0.99
78 4:11:.08 p. m. Motorcycle Pedestran 5.35 1.46 157 0.28
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Table4-12  Descriptive parameters of surrogate measur€aetcas Avenue an@" Street

DR TTCmin PET DeltaV
Parameter

m/s? s s m/s
n 78 78 78 78
m -2.57 1.44 0.63 5.86
S 1.69 0.47 0.59 4.09
cv -65.83% 32.61% 92.41% 69.95%
w -10.00 0.01 0.01 0.94
w -0.63 2.79 3.60 26.10
@ @ 9.37 2.78 3.59 25.16
(NeV] -10.19 -1.99 8.085 8.11
I'Hu 17.00 2.58 14.27 15.09

Figure 46 shows the Pearson correlation matrix between the surrogate safetyrésefrequency
histograms with smoottensity distributions and confidence ellipses previously explained. Based
on the histogram of DR it can be noted that the overall conflict severity is slightly higher than at the
previous intersectian The distribuion of DeltaV indicates that there wear important number of
conflicts with severe expectednsequencedhe correlations between surrogate measures, in this
intersection, are explained under the same arguments and phenomenology of the previous

intersedions

Figure 4-6.  Correlations and distribution of variablasCaracas Avenue and Y1 Street

TTCmin
-0.22 0.31
: -0.36 0.34
St DR

o I -0.75
S DeltaV

e e 8 o O

— \ﬂ;\ S

The following section includes the development of a proposed severity index, by intersection, as
well as thedevelopment and validation of a single severity index of traffic conflicts at signalized
intersections with the presence of BRT systerasing data from all three intersections

simultaneously
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4.4 Severity index for traffic conflicts at signalizedinter sections
of BRT systems

The previous section presented the procedure for obtainegurrogate safety measures of each
traffic conflict, at each intersectiofcquation 4.26™ intersection) Equation 4.313" intersection)

and Equation 4.419" interection)present the mathematical model concerning to proposed severity
index for each intersection, according to the theoretical appslamivn in section 2.16 for the
formulation of composite weighted indicdsis important to note that these threguaions were
estimatedwith 100% of the data from each intersection, independently. Given the length of the
dataset, AppendiB presents the information on surrogate safety measures and the severity index,

per conflict, obtained by means of thguatios.

In the first instance, the coefficients of the three equations show a similar contribution of each
variable. However, specific statistical tests are carried out later to determine if the proposed severity
index shows the same behavior in the three stuayepln case of finding the same performance of

the three indices, it will be considered valid to determine a single index using the information of the
three intersectionsimultaneouslywhich in turn is characteristic of the severity of traffic codlic

at intersections with the presence of BRT systdfman the following equations, it is important to

note that the signs of the coefficients were established previously, given the advantages of
formulating composite weighted indiceghis means thaffhe lower the TTGn value, the higher

the severity index value will béecause small TT&» values indicate closer proximity to a crash.

This explains the negative coefficient sign. With PET the same phenomenon hdpRenages
negative values for being cielerations rates. The more intense the deceleration rate, the more
negative will be its value, indicating that the conflict was more severe, and the proposed severity
index will take a more positive value. This explains the negative coefficientigily, according

to de definition of DeltaVthe higher the value of DeltaV, the higher the value of the proposed

severity index will be. This explains the positive coefficient sign.

YO Y'Y O w 0 0O® Y OO 0 0OQd& o (4.2)
YO Y'Y J@px 00O w OYO® u 0OQ& Dipux (4.3)
YO Y'Y O @ 0O ¢ OYO® X 0OQa st (44)
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Table 413, Table 414 and Table 45 show the Pearson correlatimatrix between the proposed
severity index and the surrogate measures of safety, for each interdeimeresting to note that
the signs of the correlation coefficients validate ihgpose of the index at the three intersections
as mentioned eber. In addition, these coefficients allow appreciating the contribution or weight of
each variable within the severity indéhis procedure was performed with the aidbtdtgraphics

18 statistical tool(Statpoint Technologies, 2014)

Table 4-13:  Correlations between original variables and the severity inde’ Sitréet

Variable Severity index  TTCmin PET DR DeltaV
Severity index 1 -0.43 -0.63 -0.49 0.58
TTCmin -0.43 1 0.22 -0.04 0.31
PET -0.63 0.22 1 0.05 -0.16
DR -0.49 -0.04 0.05 1 -0.24
DeltaV 0.58 0.31 -0.16 -0.24 1

Table 4-14.  Correlations between original variables andgkeerity index at 18Street

Variable severity  rre o pET DR DeltaV
index
Severity index 1 -0.83 -0.70 -0.28 0.49
TTC min -0.83 1 0.37 0.16 -0.23
PET -0.70 0.37 1 0.00 -0.12
DR -0.28 0.16 0.00 1 0.13
DeltaV 0.49 -0.23 -0.12 0.13 1

Table 4-15.  Correlations between original varials and the severity index at"Street

Variable severty  pro o pET DR  DeltaV
index
Severity index 1 051 -044  -051 051
TTC min 051 1 0.42 0.22 0.31
PET -0.44 0.42 1 -0.36 0.34
DR 051 022 -037 1 -0.76
DeltaV 0.51 031 0.34 -0.76 1

Table 4-16 shows theeverity index descriptive statistics per intersectiimese parameters are the
base for the statistical comparison between tHEds of the three intersectioie results of the
statistical tests for simultaneous comparison and twéwlm comparisons are presented below.
According to the skewness and kurtosis statistics, the severity index of'ti®iré® intersection
presents a distribution that is slightly out of a normal distribution. These two statistics must be within
the rang of -2 to 2 to conclude that the distribution is norhad o wma n D6Agostino

1988) 95% two-sidedconfidence intervals, for the mean and standard deviation, indizhtdne

an
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truemean andruestandard deviation are within those intervals with a 95% confidence Tenese
intervals are determed under the assumption of a normal distribution of the severity index of each
intersection. However, the 1®treet severityndex does not meet this assumption, which leads to
determining bootstrap interval®ootstrap confidence intervals are robustthe absence of
normality (DiCiccio and Efron, 1996)This research used bootstrap intervals wj@®Q repetitions

without replacement.

Table 4-16:  Severity index descriptive statistipsr intersection

Descriptive Severity index Severity index Severity index
parameters 6" Street 13" Street 19" Street

n 36 45 78

m -0.31 -0.29 -0.55

W -0.29 -0.44 -0.67

S 0.76 0.85 0.67

CVv -24834% -290.08% -12192%

w -1.54 -2.54 -1.85

w 1.82 1.59 1.94

W w 3.36 413 3.80

IIHU 0.59 0.23 1.32

IlHU 0.29 0.32 3.28
95% confidence intervals

m [-0.56; -0.05] [-0.55;-0.04] [-0.70; -0.40]

S [0.62; 0.99] [0.70; 1.07] [0.58; 0.79]

Bootstrap confidence intervals
m [-0.55; -0.07] [-0.55;-0.02] [-0.69;-0.40]
[0.58; 0.94] [0.66; 1.02] [0.50; 0.82]
[-0.67;-0.03] [-0.69-0.19] [-0.78;-0.56]

8‘(/3

Figure 47 shows theeverity indexoxplot per intersectio he indices of 8 Streetand 13 Street
presented a similar shape. The indices 8f3Beetand 19' Street presented outliers, indicating the
need of using robust statistical compari tests against outlieta.general, théhree boxplots show

a similar range of observations, as well as similar means.
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Figure 4-7:  Severity index boxplot per intersection
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Figure 48 showsthe severity index distributiordensities per intersectigrerformed with the aid of

the RStudio software version 1.2.1335 and thgplot2 packaggWickham, 2011) The indices of

6" Streetand 19" Streetpresented a right tail, close to a value of 2 ofitfiices related to high
severiy conflicts betweerarticulated buses of the BRT system and pedestrians. The indé&x of 6
Streetpresented a left tail, lower than a valuefrelated to low severity conflicts between bicycles
and pedestriangn this Figure it is also possibte obseve a similar rangef the three indices, as

well as a similar shape of the distributions.

Figure 4-8:  Severity index distribution densities
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Figure 49 shows theseverity index frequency hiramsanddensities per intersectiopgrformed

with the aid of theRStudio software version 1.2.1335 and thgplot2 packageln this figure it is
evident that the distribution of the severity index df k9not normal and is leptokurti€his is due

to a hidh frequency of conflicts between cars and pedestrians, in right turns of cars, at low speed and
with a moderate severity due to the difference in mass and a high angle of conflict.

Figure 410 presents the quantile plot per intersection. Thishgadipws olserving the accumulated
distribution of the severity indices of the three intersections, being evident that the indiées of 6
Street and 18 Street are very similar, and an accumulation similar to the previous ones, but with
slightly higher véues oftheseverity index. Given these similarities, | proceeded to perform different
statistical tests to compare the three severity indices, simultaneously, in terms of means by an
ANOVA (Kim, 2014) mediaas by parametric KruskaWallis test (Burns, 1996) and
nonparametridood's tes{(Salkind, 2012) Similarly, | performed two by two tests related to the
comparison of means Itest(Krzywinski and Altman, 2013stamdard deiations bylLevene'dest
(Gastwirth, Gel and Miao, 2009medans by Wilcoxon's test(Fay and Proschan, 201@nd
KolmogorowSmirnov test for nomparametric comparison of the distribution of two independent
samplegMassey, 1951)

Figure 4-9:  Severity index frequendyistogiams and densities

08

Intersection

B 13th intersection
19th intersection
B 6th intersection

0.6

Density
o
2

N

J/

0.0

-3 -2 -1 0 1 2
Severity index



Compositdraffic conflict severity index 101

Figure 4-10:  Quantile plot per intersection
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Table 417 shows the results of the ANOVA, thdécomposes the variance of the data into two
components: a betwegmoup compaent anda withingroup component. Thefatio, which in this
case equals.23, is a ratio of the betweegroup estimate to the withigroup estimate. Since the p
value of the Rest is greater than or equal t®9, there is not a statistically signifidagtifference

between the means of the three severity indices, at the 5% significance level.

Table4-17. ANOVA for means comparisoaf severity index per intersection

Source Sum ofsquares Df Mean Square F-Ratio  P-value
Between groups 2.46 2 1.23 2.23 0.1108
Within groups 85.92 156 0.55

Total (Corr.) 88.38 158

Table 418 presents the Krusk@Vallis test resultsBy means of this statistical test, the null
hypothesis is tested that the mediaithin each of he severity indices is the same. The data from

all the columns is first combined and ranked from smallest to largest. The average rank is then
computed for the ata in each column. Since the statistic K.49419 and the-palue = 00554 is

greate than orequal to @5, there is not a statistically significant difference amongst the medians

at the 95% confidence level.

Table4-18  KruskalWallis test for medians comparison of seveiriyex per intesection

Intersection Samplesize Averagerank
Severity index B Street 36 87.569
Severity index 18 Street 45 87.622

Severity index 19 Street 78 72.109
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Table 419 shows the Mood's median test outcons.means of this statistical test, the null
hypothess is tested that the mediaokall three severity indices are equal. It does so by counting
the number of observations (n = 159) in each sample orr el of the grand median-8.57.

Since the statistic cliquarec2 = 228 and the pvalue =0.32048is greater than or equal ta08,

the medians of the samples are not significantly different at the 95% confidence level. Also 95%
confidencdntervals for each median based on the order statistics of each s@hiplest is robust

in the presere of outiers.

The Levene'sest outcomes, for testing equality of variances, showed a statistic W = 2.2071 that
tests the null hypothesis that the standard deviations within each of the three severity indices are the
same. Since thevalue = 0.1134 igreatethan or equal to 0.0%here is not a statistically significant
difference amongst the standard deviations at the 95% confidence level. After performing the
simultaneous comparison of the severity index of the three intersections, the assesdudsat in
two-to-two comparisonsising different statistical methods, shown in the following sections.

Table 4-19:  Mood'stest for medians comparison of sevetitglex per intersection

Sample Samplesize n<= n> Median 95.0% lower CL 95.0% upper CL
Severity index 8 Street 36 16 20 -0.29 -0.72 0.003
Severity index 18 Street 45 20 25 -045 -0.72 -0.009
Severity index 19 Street 78 44 34 -0.67 -0.80 -0.55

4.4.1 Two by two comparisons: 6 and 13" intersections

Figure 4-11 showsthe probability density functions of both severity indices &fahd 19
intersections, and Figure® shows the comparatifeequency distribution of these intersection,

with the purpose of comparing them and define whether therdifferences.

Stalfstical tests allowed determining that there are no statistically significant differences between the
severity indices of these two intersections. TabRd presents the results of tests. Under a 95%
confidence level, the tests wetetest fa means comgrison; Ftest (Levene'stest)for standard
deviations comparison; Wilcoxon test for medians comparison; and Kolme§onowov test for
nonparametric comparison of the distribution of two independent samples. According to the results
of the satistics ad their corresponding-value, there is not statistically significant difference that

shows that these two variables are different.
















































































































































































































































































































































