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Abstract 

Current methodologies for traffic risk evaluation, under a preventive or reactive approach, present 

biases regarding the information used, either because it is incomplete, non-existent or because of 

subjective assessments of the road usersô behavior. Traffic risk is defined as the relationship between 

undesirable events (crashes, injuries and/or fatalities) and exposure, with a probabilistic approach. 

Typical exposure indicators are vehicle kilometers traveled and annual average daily traffic, which 

are aggregate and activity-based indicators, so event-based exposure is required for a consistent risk 

assessment. To overcome such biases, this research is based on traffic conflicts, as surrogates for 

crashes, and surrogate safety measures, as well as an event-based exposure definition of encounters. 

The research identified these events, on video, using the T-Analyst road user tracking tool, by means 

of the Swedish Traffic Conflict Technique, as well as the VISSIM and SSAM computational 

simulation tools, for the assessment of the severity of conflicts, exposure and risk, with a preventive 

approach. The study was carried out at three signalized intersections of the Bus Rapid Transit system 

in Bogotá, due to the number of passengers, its increasing massification in the world, and the 

interaction between road users. As a result, I validated a preventive risk indicator based on the 

relationship between conflicts and encounters, in a certain period. Subsequently, I formulated and 

validated a composite conflict severity index, which involves the spatiotemporal proximity between 

two road users, the initial deceleration rate to avoid the collision, and the change in speed in the 

event of a hypothetical inelastic collision. Finally, I built and validated traffic microsimulation 

models using VISSIM and SSAM, in which the number and severity of the video-observed conflicts 

were simulated with high precision. In conclusion, the risk indicator manages to capture the 

performance of road safety, microscopically. Furthermore, the composite severity index is practical 

to differentiate the severity of conflicts between different road users, complementing existing 

conflict techniques. The validated microsimulation models allow proposing calibrated values of 

VISSIM parameters that notoriously improve traffic and road safety simulation.  
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Resumen 

Las metodologías para la evaluación del riesgo vial, bajo un enfoque preventivo o reactivo, presentan 

sesgos referentes a la información usada, ya sea por incompleta, inexistente o por valoraciones 

subjetivas del comportamiento de los usuarios viales. El riesgo vial se define como la relación 

probabilística entre los eventos indeseables y la exposición. Los indicadores típicos de exposición 

son kilómetros-vehículo recorridos y tránsito promedio diario anual, que son indicadores agregados 

de actividad, por lo que se requiere una exposición por eventos para una evaluación de riesgo 

consistente. Para superar tales sesgos, esta investigación usa conflictos de tráfico, como sustitutos 

de los choques, así como de una definición de exposición mediante encuentros. La investigación 

comprende la identificación de estos eventos, en video, por medio de la herramienta T-Analyst, la 

Técnica Sueca de Conflictos de Tráfico, así como de las herramientas VISSIM y SSAM, para la 

valoración de la severidad de los conflictos, la exposición y el riesgo, con enfoque preventivo. El 

estudio se realizó en tres intersecciones semaforizadas del sistema de Buses de Tránsito Rápido, de 

Bogotá, debido al número de pasajeros, su masificación en el mundo y la interacción entre usuarios. 

Como resultado, se validó un indicador preventivo de riesgo basado en la relación 

conflictos/encuentros, en un periodo dado. Seguidamente, se validó un índice compuesto de 

severidad de los conflictos, que involucra la proximidad espaciotemporal entre dos usuarios, la 

desaceleración ejercida para evitar la colisión y el cambio de velocidad ante un choque inelástico 

hipotético. Finalmente, se validaron modelos de microsimulación en los que se simuló, con alta 

precisión, el número y severidad de los conflictos observados. Se concluye que el indicador de riesgo 

captura el desempeño de la seguridad microscópicamente. Además, el índice de severidad es 

práctico para diferenciar la severidad de conflictos entre distintos usuarios viales, complementando 

las técnicas de conflictos existentes. Los modelos de microsimulación permiten proponer valores 

calibrados de parámetros de VISSIM que mejoran la simulación de tránsito y seguridad. 
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1. Introduction 

This chapter comprises the theoretical and practical background and motivation of the research, 

problem statement, research question and hypotheses, objectives, methodology, scope, contribution 

to the state of the knowledge and limitations, and content and structure of the document. 

1.1 Background and motivation 

In accordance to the WHO (2018), road traffic crashes represent the eighth leading cause of death 

globally, claiming more than 1.35 million lives each year and cause up to 50 million injuries. Traffic 

injuries are the first cause of death of people aged 5-29. The data show that low- and middle-income 

countries suffer the greatest numbers of road traffic injuries and fatalities. These numbers are 

astonishing, but the fact is that are all preventable. 

 

Based on Instituto Nacional de Medicina Legal y Ciencias Forenses (2018), in Colombia during 

2018, the forensic system registered 6,879 fatal victims due to transport accidents and 39,537 

injuries. The number of deaths in 2018 increased compared to 2017 (2%) and has a stationary 

behavior, since 2015, close to 6,900 deaths per year. This is a setback for the country given that, in 

the Decade of Action for Road Safety 2011-2020, accident fatalities increased by 19%. The 

vulnerable road users - pedestrians, bicyclist and motorcyclists ï are the most affected, representing 

more than 80% of the victims over the total number of cases. Figure 1-1 shows the behavior of traffic 

accident fatalities in Colombia and the rate of fatalities per 100,000 inhabitants, since 2009 to 2018. 

Figure 1-2 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 increasing tendency, while 

injuries have decreased. 
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Figure 1-1: Traffic accident fatalities in Colombia 

 

Source: Adapted from Instituto Nacional de Medicina Legal y Ciencias Forenses (2018)  

 

 

Figure 1-2: Traffic accident injuries in Colombia 

 

Source: Adapted from Instituto Nacional de Medicina Legal y Ciencias Forenses (2018) 

 

 

While the national panorama is discouraging, in Bogotá the tendency is different. In accordance to 

Secretaría Distrital de Movilidad (2018), Figure 1-3 shows the behavior of the rate of fatalities per 

100,000 inhabitants, since 2009 to 2018, in Colombia and in Bogotá. As observed, the rate of 

Colombia almost doubles the rate of Bogotá, that presented a reduction during the last three years. 

The different strategies adopted by the city administration support such reduction: leadership from 

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

impact on users, investment in city infrastructure in more than 80 km of BRT corridors, more than 
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300 km of bikeways, more than 60,000 km2 of pedestrian infrastructure, improvement of sidewalks, 

regulation and enforcement of helmet and seatbelt use, penalties for driving under the influence of 

alcohol, training and formation of an exclusive police force for traffic regulation, and improvement 

of the public transport system (Hidalgo, 2004; Vergel-Tovar, Hidalgo and Bray, 2018; Verma, 

Valderrama and Pardo, 2015). Despite the decrease mentioned, Bogotá still have a worrying number 

of accidents, in absolute numbers, with 561 fatalities, on average, during 2014 to 2018, and 18,865 

injured in 2018 (Secretaría Distrital de Movilidad, 2018). Figure 1-4 shows the participation 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 Colombia and Bogotá 

 

Source: Secretaría Distrital de Movilidad (2018) 

 

 

Figure 1-4: Road users injured in traffic accidents in Bogotá 

 

Source: Adapted from Secretaría Distrital de Movilidad (2018) 
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The spatial analysis of accidents allows observing the concentration of events in order to focus the 

investigation on hotspots. Figure 1-5 shows the density of traffic fatalities in Bogotá 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 the northern half. The events are located on the arterial roads where 

the demand of the different users is greater, compared to the secondary roads. Figure 1-6 shows the 

density of traffic injuries in Bogotá during 2013 to 2017. As in fatalities, events are concentrated in 

the arterial roads, but extend a little further north. It is on these arterial corridors that the city's BRT 

system operates on. Currently, the system has 112.9 km of trunk roads in operation, 11 trunk lines 

in operation, 134 stations, 9 portals and 9 depots. In addition, the system has at its service 16 bicycle 

parking with 3,578 parking spaces (TransMilenio S.A., 2020). Regarding to demand of the system, 

during April 2019, 55 032,567 boardings were registered; on average, on a typical day of the same 

month, 2 398,766 passengers entered the system (TransMilenio S.A., 2019). The accidents study 

provides an idea of the size of the problem and its location; however, further investigation is 

necessary to determine causation.  

 

The characteristics of drivers in Bogotá has been assessed through different approaches. Useche 

(2011) investigated for traffic faults, evaluated by means of the Driving Behavior Questionnaire. 

The sample size was 487 drivers, 309 men (63.4%) and 178 women (36.6%); in the sample design 

the author considered features such as age and driving experience. The questionnaire comprised 28 

questions and the scale of the answers were: 1 = never, 2 = low frequency and 3 = high frequency. 

The questions with the highest results were: Ignore the speed limit 1.93 (± 0.73), overtake on the 

right. 1.87 (± 0.69), get closer to a vehicle in for pressing its speed increase 1.55 (± 0.68), slowly 

hover the vehicle at an intersection to force the gap 1.96 (± 0.70), use the wrong lane at the entrance 

to an intersection or roundabout 1.60 (± 0.60), take the wrong exit at a roundabout due to not reading 

traffic signs 1.54 (± 0.62), underestimate the speed of other vehicles when passing them 1.55 (± 

0.62), and not obey a yield sign and therefore be about to collide 1.39 (± 0.57). I considered that the 

answers of the drivers are irrefutable evidence of the field-observed operation. 

 

In the same way, Oviedo-Trespalacios and Scott-Parker (2017) used the Behavior of Young Novice 

Driver Scale (BYNDS) to 392 young drivers sample, with ages between 16ï24 years, with a 58.5% 

cumulative variance by self-reported risky driving behavior and driving over the speed limit. 

Additionally, the study discloses evidence of risky driving exposure. Useche et al., (2019) 

administered the Deffenbacher's Driving Anger Scale (DAS-14) to 492 professional drivers of urban 

bus and taxicab, disclosing the anger due to unlawful driving by other drivers and limited progress, 
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so public service drivers express their anger through aggressive driving actions. Oviedo-Trespalacios 

and Scott-Parker (2018) and Torres-Sandoval (2017) conducted research on gender differences when 

driving in a risky manner and identification of dangerous driving conducts of public bus drivers. 

Both studies show findings that allow determining the aggressive local driver profile.  

 

Gómez-Ortiz et al. (2018) used a self-report questionnaire of 524 BRT drivers for estimating 

accident risk rates and mental health of the drivers based on psychosocial factors at work. They 

found that working conditions as lack of social support and perceived risk could explain the 

contribution of drivers in accidents. Besides, the authors stated that mental health problems are 

associated job stress, little cooperation between colleagues, few job incentives and major confusion 

with signs when driving. Useche, Ortiz and Cendales (2017) studied the association between work 

conditions related to stress of BRT drivers, in Bogotá, and risky driving conduct; and if fatigue is an 

associated factor. They used the Driver Behavior Questionnaire (DBQ), the Effort-Reward 

Imbalance and Job Content Questionnaires, the Subjective Fatigue subscale of the Checklist 

Individual Strength (CIS) and the Need for Recovery after Work Scale (NFR). By using Structural 

Equation Models (SEM), the researchers found that the risky conducts of the BRT drivers are 

correlated to job stress, effort-incentives disparity and social assistance at work, and that fatigue is 

actually a related factor. Data from previous research is available in Useche, Cendales and Gómez 

(2017). Useche et al. (2017) performed a comparison of job stress, exhaustion, health indicators and 

experienced traffic accidents between two samples of BRT drivers and public bus drivers, in 

Colombia. They designed and used a questionary in 361 drivers with a mean-age of 41.46 years, 

finding that driving-related stress and exhaustion are significantly elevated among bus drivers, and 

BRT drivers presented better results regarding work-related stress, exhaustion and accidents than 

bus drivers. These investigations lead to understand the problem, in a better way, from the human 

factor. 

 

The BRT system of Bogotá has been studied through road safety audits and inspections. These types 

of studies allow collecting evidence on infrastructure deficiencies and their relationship with human 

behavior and risk factors (Secretaría Distrital de Movilidad, 2019). Duduta et al., (2014) reported 

both favorable and unfavorable aspects of the system. While they state that the use of pedestrian 

bridges on a BRT at the Autopista Norte expressway corridor is a good example of the pedestrian 

treatment, also evidenced pedestrians jaywalking across the bus lanes at the Caracas Avenue 

corridor, where road users are regulated by traffic lights. In the same sense, often, the pedestrian area 

of the central medians at Caracas Avenue are occupied to their capacity, causing risky pedestrian 
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crossing. It is common to observe pedestrians running across the bus lanes attempting to enter the 

station without paying the ticket. The study highlights the treatment in the reduction of conflict points 

between vehicles, by allowing only one left turn and the others are solved with loops. Authors 

evidenced passenger jumping guardrails and forcing the screen doors open. Connections between 

corridors through overpasses and underpasses stand out given increased capacity and reduced 

potential conflicts. CISA Ingeniería LTDA (2005) conducted a road safety audit and inspection at 

the interchange of Avenue 80 Street and Caracas Avenue. The findings allowed determining urban 

and geometric aspects to be improved, thanks to a detailed analysis of the designs and their 

verification in the field. In addition, the auditors identified risky behaviors of cyclists and 

pedestrians. 

 

Figure 1-5: Traffic fatalities density in Bogotá 

 

Source: Sandoval and Bulla-Cruz (2020) 

 

The above information allows characterizing the BRT of Bogotá as a system that has generated a 

great positive change in the dynamics of road safety in the city 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 assessments leading to event-based behavioral knowledge have not been performed yet, 

in the system. That is, assessments that allow generating evidence-based microscale traffic risk 

assessment methods for BRT systems. 
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Figure 1-6: Traffic injuries density in Bogotá 

 

Source: Sandoval and Bulla-Cruz (2020) 

1.2 Problem statement 

Under the previous context, the following research problem arises: 

 

The identification and evaluation of traffic risk traditionally requires the occurrence of crashes, under 

a reactive approach. In an alternative and preventive way, the perception of risk by experts has also 

been used, a practice that becomes subjective because said perception is different for each person 

and context. The subjectivity may be transferable to management, in terms of the exclusion of factors 

not easily identifiable in an observational study. 

1.3 Research question and hypothesis 

The literature review 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 dynamics and the interaction between road users, such as BRT 

systems. In this context, the main research question is: 
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How to preemptively address the evaluation of the traffic risk, in the case of BRT systems, so that 

its magnitude leads to a correct interpretation of the operation of road users, their interaction with 

the surroundings and the infrastructure? 

 

In this way, the following hypotheses are raised: 

 

Á The operational and infrastructure characteristics of BRT systems generate and/or allow traffic 

risk situations and their typology and frequency provide the representativeness necessary to 

carry out a risk study based on the occurrence of traffic conflicts and event-based exposure. 

Á Conflicts and their surrogate measures (predictor variables) are related to road safety of BRT 

systems and, through them, it is possible to formulate a risk indicator and a severity index that 

characterize road incidents in BRT systems. 

Á 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 their significance within a new proposed severity index. 

Á The microsimulation of traffic conflicts and the analysis of vehicle trajectories by computer 

means lead to a correct determination of the surrogate safety measures in the study of conflicts 

occurred in components of the BRT infrastructure. 

 

To answer the research question and verify the hypotheses, the following section presents the 

research objectives. 

1.4 Research objectives 

1.4.1 General objective 

To formulate a methodology that allows characterizing, quantifying and simulating road risk at 

components of the BRT transport system infrastructure, based on traffic conflicts and variables 

related to exposure, severity, consequences and risk factors. 

1.4.2 Specific objectives  

Á To quantify surrogate safety 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 Bogotá, through video analysis, to form databases that allow formulating a 

conflict severity index, during a given study period. 

Á To determine the linear combination that best explains the analyzed variables, whose response 

variable is the proposed 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.  

Á To validate the index obtained by statistical tests and by its variation 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. 

Á To simulate the critical operation hour of the BRT infrastructure components studied, using 

VISSIM and SSAM, to identify the parameters to be considered in the microsimulation of traffic 

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

1.5 Methodology 

The methodology comprised the following stages and the corresponding materials 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 Bogotá, during 2007 to 2017. The database 

belongs to the official information of the District Secretary of Mobility, available online at SIMUR 

(2019). The hotpots were three signalized intersections at the Caracas Avenue and 6th, 13th and 19th 

Streets, in the city center. At the signalized intersections mentioned, the traffic 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 preventive risk indicator, based on the relationship of serious traffic 

conflicts/exposure, in which conflicts are surrogates for crashes and the exposure is based on event-

based exposure definition of encounters. I counted the encounters manually from the video. Then, I 

identified potential conflicts manually from the encounters. Finally, I analyzed potential conflicts 

using the semiautomatic tool T-Analyst (T-Analyst, 2018) to obtain Time-to-Accident (TA) and 

Conflicting Speed (CS) to classify conflicts severity according to the Swedish Traffic Conflict 

Technique. I mapped the risk to characterize the risky operation at the different entrances of each 

intersection. Separately, conflicts show the most conflict-prone places, where the proximity to 

collisions is higher. On the other hand, exposure 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 exposing if the traffic law is violated. 

 

Stage 3: Proposal of a traffic conflict severity index based on surrogate safety measures for each 

intersection. Using T-Analyst, I obtained Time-to-collision minimum (TTCmin), Post-Encroachment-

Time (PET), Initial Deceleration Rate (DR), conflict angle, and Conflicting Speeds at TTCmin. I 

adopted the following criteria for assuming road user masses. For articulated vehicles of the BRT 

system, I adopted their mass according to vehicle type and passenger occupation, based on a local 

study on the determination of axle weight of articulated buses of TransMilenio (Universidad de Los 

Andes, 2004). I used speeds, masses and conflict angle for calculating DeltaV. I developed the 

composite weighted severity index using TTCmin, PET, DR and DeltaV. I compared the severity 

indexes of the three intersections by means of several statistical tests, parametric a non-parametric 

(mean, median, standard deviation, variance, homoscedasticity, distribution, etc.), finding no 

significant differences between them. This allowed the formulation of a single severity index using 

the conflict data from the three intersections at the same time. I used an 80% random subsample of 

the dataset for the index development and the remaining 20% for validation. A decision tree allowed 

validating the index consistency and finding its critical values to categorize it in three severity levels 

(low, medium and high). I categorized the index using critical TTCmin values established in the 

literature review. I calculated the index value for the validation subset (20%) using the linear 

composite model obtained with the training subset (80%). I validated the classification potential of 

the severity index by means of neural networks with very good results. I determined the confidence 

interval of the index by non-parametric bootstrap.   

 

Stage 4: Finally, the purpose was to simulate, in an accurate way, the video-observed conflicts, with 

the aim of identifying the parameters to be considered in the microsimulation using VISSIM software 

(PTV AG, 2012) and the SSAM - Surrogate Safety Assessment Model. The SSAM is a postprocessor 

tool of trajectory files that allows identifying traffic conflicts based on surrogate safety measures 

(Gettman et al., 2008). For the above, I selected the hour of greatest number of conflicts at each 

intersection as simulation periods.  

 

Stage 5: The information necessary to generate the simulation models was: [i] road geometry 

obtained from satellite images, [ii] road users volumes obtained using the Deodata Machine Learning 

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

distributions, per vehicle type, using the ñgatesò option of T-Analyst, [iv] signal plans provided by 
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the District Mobility Secretary, and [v] driver behavior parameters suggested by the District Mobility 

Secretary. Once I built the models, their validation consisted in two stages: [i] calibration of VISSIM 

parameters at conflict areas for validation through the statistical comparison of observed and 

simulated volumes, and [ii ] calibration of the VISSIM compliance rate parameter for validation 

through number of traffic conflicts and severity based on six surrogate safety measures and the 

conflicts angle. I compared the distributions of such observed and simulated six surrogate measures 

and the conflict angle by means of several statistical tests, parametric a non-parametric (mean, 

median, standard deviation, variance, distribution, etc.), finding no significant differences between 

surrogates related to proximity between road users and conflict angle, but some differences between 

variables related to deceleration and speed. 

 

Stage 5: Once validated the previous stages, I presented the synthesis of the methodology and how 

to use it, step by step.  

1.6 Scope 

Based on the methodological criteria suggested by Hernández Sampieri, Fernández-Collado and 

Baptista Lucio (2006), this research has a correlational and inferential scope, since that I proposed 

and validated a preventive risk index, a composite index for traffic conflict severity and, from the 

video-observed information, I validated microsimulation models seeking for a rough simulation of 

what was video-observed.  

1.7 Contribution to the state of knowledge and limitations 

This research contributes to a better understanding of the behavior of road users, particularly in BRT 

systems. Although this study is limited to the BRT system in Bogotá, its results can be seen as a 

reflection of the operation of the BRT systems in other cities or countries. To date, the literature 

review identified the performance of qualitative behavioral studies in BRT systems, based on road 

safety audits and inspections. However, quantitative behavioral studies based on traffic conflicts and 

surrogate safety measures have not yet been identified in this type of system. The research validates 

a preventive event-based risk indicator based on the serious conflicts/encounters relation. Extending 

the road safety assessment to exposure based on elementary events, such as encounters. As I 

mentioned before, traditional risk indicators use activity-based exposure, which can underestimate 

or overestimate risk assessments, as well as the effectiveness of countermeasures. Furthermore, the 

research validates a composite severity index for serious conflicts identified by means of the Swedish 
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Traffic Conflict Technique. This index involves the proximity to possible collision, the deceleration 

rate exerted to avoid the collision, the masses of 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). This index allows differentiating the severity of conflicts 

between different road users, since their masses, speed and conflict angle are involved, which is not 

achieved when using the surrogate safety measures in a univariate way. The index is valid at 

signalized intersections with the presence of BRT systems. 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, as well 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 traffic assessments but also road safety. In all stages of the research, I used different 

statistical methods to validate the outcomes. Furthermore, I delved into the use of multivariate 

methods for the analysis of surrogate road safety measures. 

 

This research had the following limitations. I collected the information 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 the presence of BRT systems, in 

which the highest number of accidents occurred from 2007 to 2017. I stablished this delimitation 

due to the time it takes to process the videos, manually identify the encounters and potential conflicts 

and process the latter in T-Analyst, as well as the time it takes for modeling in VISSIM, 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 T-Analyst requires manual tracing of road user 

trajectories. Given the results of the different research phases, I considered that the three intersections 

presented conclusive results to satisfactorily achieve the objectives. The risk indicator and the 

severity index correspond to 12 continuous hours of study of the operation of each intersection, 

approximately, under typical conditions. I delimited the simulation of conflicts to the hour of highest 

number of video-observed conflicts at each intersection, given the level of detail of the input 

information, as well as the detail in the VISSIM parameter 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 published in papers and a section of a book. Currently, Professor Liliana Lyons and 

I are working on two papers on road safety in BRT systems. This work motivated a research project 
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on road safety at preferential bus lanes, developed by undergraduate and graduate students linked to 

the Research Group on Logistics for Sustainable Transport and Safety - Translogyt and the 

Infrastructure and Mobility Research Seedbed ï SIMUN, under the coordination of Professor Liliana 

Lyons; the technical training was on my own. We also did an international course in 2017 on 

"Advanced methods for road safety research" in which we taught one of its modules that dealt with 

"microsimulation applied to the study of traffic conflicts: theory and practice". This research has 

obtained two awards at academic events. Detailed information on academic production is at the end 

of the conclusions. The doctoral journey included a six-month research stay at Lund University 

(Sweden), under the supervision of András Varhelyi. PhD and Aliaksei Laureshyn. PhD, who had a 

very strong influence on my training and the scope of this thesis. I attended the Early Career 

Researcher Course, during the 30th International Cooperation on Theories and Concepts in Traffic 

Safety - ICTCT workshop at the Palacký University in Olomouc, Czech Republic. This course 

included a training in the study of traffic conflicts Finally, I attended two meetings of the TRB 

Subcommittee on Surrogate Safety Measures, 2016 and 2017. After that, I have permanent access to 

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

1.8 Content of the thesis 

This document is organized in seven chapters as follows. Chapter 1 is the introduction of the research   

and it comprises the background and motivation, problem statement, research question and 

hypothesis, research objectives, methodology, scope, contribution to the state of knowledge and 

limitations, and the current section on the content of the thesis. Chapter 2 is the theoretical framework 

and literature review, which covers the relevant topics related to the research, such as road safety 

fundamentals, surrogate events for 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 on road safety assessment for BRT infrastructure, 

previous research on surrogate safety measures in Colombia, applications of multivariate analysis 

based on surrogate safety measures, and methods for formulating composite indices. Chapter 3 

covers the proposed event-based traffic risk assessment at signalized intersection of BRT systems, 

in accordance with the first specific objective which aims to form databases of surrogate safety 

measures with various purposes. One of these purposes is to validate a preventive risk indicator 

based on the relation serious conflicts/encounters, included 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 formulation and validation of a composite traffic conflict severity 
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index based on the linear combination of four surrogate safety measures (TTCmin, PET, DR and 

DeltaV) for serious conflicts identified by means of the STCT, according to the second specific 

objective. This Chapter includes the validation of the severity index stablished in the third specific 

objective. Chapter 5 refers to the traffic conflicts simulation at signalized intersection of BRT 

systems, including the detailed basic information necessary for constructing 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 of conflicts and their surrogate safety measures, as well as by traffic 

volumes of road users, in accordance with the fourth specific objective. Chapter 6 summarizes the 

proposed methodology for event-based traffic risk assessment at BRT infrastructure, specifically at 

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 appendices and references. Figure 1-7 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 

 



 

2.  Theoretical framework and literature review 

Road safety has been associated with the epidemiology in order to classify studies and research 

according to their implementation in time. In accordance to the WHO (2015), epidemiological 

investigations examine the distribution and the determinants of states or events (particularly 

diseases) related to health and the application of these studies to the control of diseases and other 

health problems. There are various methods of conducting epidemiological investigations: the 

surveillance and descriptive studies can be used to analyze distribution, and analytical studies allow 

analyzing the determining factors. The epidemiological overview opens the way to the concepts, 

methods, techniques and tools that are employable in road safety. This chapter includes the literature 

review on the above information that was used in this research. 

2.1 The road safety problem and its dimensions 

Rumar (1999) proposed a practical approach to address and understand the road safety problem by 

defining the problem (I) as the volume of a box (see Figure 2-1). The three dimensions that make up 

the box are a function of exposure, accident risk, and injury risk (see Equation 2.1):  

Ὅ Ὁ                                                             (2.1) 

Where: 

I:  Number of people injured or victims. 

E:  Exposure. 

(A/E): Probability of accident (accident risk). The number 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 an accident (risk of injury or consequence). The 

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

 

Source: Rumar (1999) 

 

This approach allows designing and planning policies and engineering 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 occur. The need for event-based risk assessments has been emphasized for 

decades (Risk and Shaoul, 1982).  

 

This research is based on a quantitative risk assessment in search of classifying risks from the 

frequency of the severity outcomes and the exposure. At this point it is important to differentiate 

between nominal security and substantial safety. Hauer (1997) states that nominal safety is an 

absolute statement about the safety of a location based only on its adherence to a set of design 

standards and related criteria, while substantive safety is the historical and long-term objective safety 

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

it is not correct to use one of these two types of safety; this research is a surrogate event-based safety 

assessment. In the same sense, objective safety is the real risk value of traffic accidents or injuries, 

while subjective safety is the feeling or perception of safety (Michael and Mosslemi, 2009), so this 

research has an objective focus. 

2.2 Typology of road safety studies 

Based on the above, it is valid to rely on the concept of accidentology, that is the study of traffic 

accidents, that are considered an epidemic due to their spatial and temporal distribution and for their 

consequences that can be fatal. Schulze et al. (2006) state that the accidentology establishes that 

traffic accidents can be explained by several sources of failures of the system at the perception, 

Injury Risk (I/A)

Exposure(E)

AccidentRisk (A/E)
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decision or implementing levels. The failures can be managed by several research approaches, 

detecting risks or conflicts, transmitting information to road users, making the right decisions, using 

traffic devices. Sometimes it is necessary to address more than one level. Likewise, some projects 

address more than one level of a given application, at the longitudinal or intersection level, or both. 

 

Epidemiology recognizes three types of studies based on time. Mann (2003) explains the following 

observational research studies: [i] cohort studies, that can be prospective or retrospective, [ii] case-

control studies, and [iii] cross-sectional studies, that can be used to determine prevalence defined as 

the proportion of individuals in a population who have the condition at a specific point in time (Porta, 

2014); incidence defined as the number of new cases of the disease (Porta, 2014); causality defined 

as something that brings with it an effect or a result (Laza, 2006); or prognosis defined as anticipated 

knowledge of an event. 

2.3 Analytical frameworks to address road safety 

Traffic accidents are a public health problem that must be dealt with based on an analytical 

framework that allows dealing with the different situations, from a comprehensive approach. From 

this reason, Mohan et al. (2008) presented a study for the WHO, in which they referenced three 

possible frameworks: [i] the public health approach, a generic framework with application in various 

fields of public health, [ii]  the Haddon Matrix (Haddon, 1980), an aid for resource allocation 

analysis, strategy identification and planning, by the time dimension (before, during and after the 

crash) and the factors dimensions (humans, vehicles and environment), and [iii] 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 consequences of trauma. The insights of Haddon have enriched this approach. The 

peculiarity of this approach is that it not only considers the basic factors but also the role played by 

the different organizations and actors in the matter of prevention (see Figure 2-2). In this research, I 

searched to work under the systemic approach in order to contemplate as many aspects as possible 

of the operation of the BRT system, in search of a comprehensive evaluation. 
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Figure 2-2: The systemic approach to address road safety 

 

 

Source: Tiwari et al. (2005) 

 

2.4 Categorization of road safety research according to the 

purpose 

To classify the models and theories used in road safety, according to their purpose, Archer (2004) 

refers to a report by the Organization for Economic Co-operation and Development (OECD, 1997), 

which identifies four main categories of research:  

 

Á Descriptive models are based on two main sources of information: accident/victim data and 

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

mileage, kilometers traveled by road users, vehicle operating time, travel times of road users, 

number of trips and traffic situations. These models have the limitation regarding the incomplete 

information and that exposure data is not specifically collected for safety analysis purposes.  

Á Predictive/analytical models that describe an experimental situation and the mathematical 

relationship between the response variable and explanatory variables (factors). These models 

estimate the effects of specific road safety countermeasures and specific road designs. Factors 

could be related to weather, socioeconomics, transport and infrastructure, factors due to data 

collection, randomness and intervention countermeasures. Currently, advanced multivariate 

probabilistic models based on cross-sectional studies can evaluate the spatio-temporal variation 

(Kaygisiz et al., 2015). Accident hotspots are determined involving pedestrians, finding the 

pattern of accidents changes over time due to many factors, such as land use, road design, etc. 
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Econometric models are useful in this type of studies. Professional judgment is required to 

ensure that the model is posed correctly and that relevant questions are being answered.  

Á Risk models that take a bottom-up approach to road safety situations, as opposed to the top-

down approach of the econometric models described above. Typically, these models focus on 

individual risk related to driver behavior and to identify and quantify risk factors that explain or 

predict the road user behavior, as well as evaluating the reduction of risk effects through 

countermeasures. The risk assessment can be analytical (Chen et al., 2007) or quantitative (Shah 

et al., 2018) and is not always a rational process and often involves complex decision-making 

tasks, where the objective risk may be compromised due to subjective assessment. 

Á Accident consequence models in two levels, the individual or microscopic (Yasmin et al., 2014) 

and the operational level of the traffic system or macroscopic (Claros, Sun and Edara, 2018). 

The main objective of these models is to reduce the consequences of accidents, improving 

aspects such as the road environment, vehicle safety, emergency services or, alternatively, 

promoting the use of safety equipment or influencing driver behavior. 

 

This research corresponds to a risk study whose novelty lies in the use of events: traffic conflicts as 

a characteristic event of the road safety outcomes and encounters as an event that allows quantifying 

exposure, with a preventive approach. These events are explained in later sections.  

2.5 Time-based classification of road safety studies 

Based on the above concepts, I proposed a temporal classification of road safety studies, relating the 

epidemiological classification with the stages of engineering projects. In the same way, main 

statistical methodologies for the treatment of information are mentioned, as well as for the 

determination of risk. Table 2-1 shows this information, which is analyzed later, individually. 

 

Accident studies are based on the occurrence and recording of accidents to assess the road safety of 

different components of the infrastructure. Traditionally, they retrospective studying the effect of 

different factors on safety and, prospectively, for the formulation of public policies and the 

prioritization of investments. Within these studies, the analysis of hotspot, or accident concentration 

sections, is a useful tool for the investigation of road sections where the frequency of collisions 

merits particular attention; even when comparing the road safety of similar sections, it is possible to 

verify the effectiveness of a countermeasure that aims at reducing the number of accidents. 

According to Gross (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 case-control and cohort methods for 

identifying risk factors and quantifying the risk or probability of disease, given certain characteristics 

and factors related to the individual. Currently, several accidents studies use different statistical and 

numerical approaches, as big data (Ma et al., 2019), Bayesian networks (Febres et al., 2019), logit 

models to assess the incidence of several parameters on a discrete outcome (Hamed and Al-Eideh, 

2020), probit models (Aidoo et al., 2019), multivariate methods (Schlögl, 2020), and spatial analysis 

as the spatial lag model used by Lizarazo and Valencia (2018) to analyze the impact of land use, 

socioeconomic factors, and transportation modes on vehicleïpedestrian crashes in Medellín, 

Colombia. Each approach has advantages over others, according to the nature of the variables 

involved.  

 

Table 2-1: Time-based classification of road safety studies 

Study type Accident studies Naturalistic driving  Surrogate events  

Time-based 

classification 

Retrospective or 

prospective 
Retrospective Base line 

Accidentology Case-control studies Cohort studies Cross-sectional studies 

Engineering stage Operation 

Design 

Construction 

Operation 

Design 

Construction 

Operation 

Study 

Accident reconstruction 

 

Hotspots Study  

Driving simulator 

Instrumented or 

vehicles or 

Video analysis 

Risk perception 

or 

Traffic conflict 

techniques 

Methodology 

Prediction models from 

historical data 

 

Statistics: Poisson or 

negative binomial 

distribution 

 

Bayesian statistics 

 

Logit and Probit 

Eye movements 

and 

Sensors 

 

Statistics: 

Poisson or negative 

binomial distribution 

 

Bayesian statistics 

 

Logit and Probit 

Road safety inspections 

and audits 

 

Microsimulation and 

Surrogate Safety 

Assessment Model 

(SSAM) 

 

Statistics: 

Multivariate analysis 

 

 

The naturalistic driving studies are prospective and correspond to cohort studies within the 

epidemiological classification. Naturalistic driving refers to the study of the behavior of drivers, and 

of road users in general, under natural conditions of driving or circulation. The variables or measures 

that describe the behavior are obtained by means of simulators, vehicles and instrumented routes and 

the recording of the user's body movements, emphasizing eye movements. The 100-car naturalistic 

study and findings is a remarkable research focused on providing ñvital exposure and pre-crash data 
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necessary for understanding causes of crashes, supporting the development and refinement of crash 

avoidance countermeasures, and estimating the potential of these countermeasures to reduce crashes 

and their consequencesò (Neale et al., 2005). The data set includes nearly 2 000,000 vehicle miles-

traveled, 43,000 hours of data, 241 drivers, 13 months of data collection for each vehicle, and data 

from five video channels and vehicle kinematics (The 100-Car Naturalistic Driving Study Phase II-

Results of the 100-Car Field Experiment, 2006). Naturalistic studies can be focused on the driving 

behavior (Babulal et al., 2019), visibility conditions at the infrastructure based on the driver's eye-

glance behavior (Bhagavathula, Williams and Gibbons, no date), and currently several research 

projects focus on autonomous vehicles and their interaction with other road users and the 

infrastructure (Kim et al., 2020; Revell et al., 2020). 

 

Road safety audits and inspections focus on identifying problems in the road and transport 

infrastructure and facilitating the definition of recommendations that eliminate or mitigate the 

accident risks identified in each of the stages of a project (Secretaría Distrital de Movilidad, 2019). 

To determine the risk, the frequency of historical accidents is used, according to their severity, that 

is related to the findings of infrastructure and human behavior. When there is no prior information 

on accidents, it is recommended to use a different event. Currently, there are detailed road safety 

audits tools to manage it and implement it (Austroads, 2019a; Austroads, 2019b; Federal Highway 

Administration, 2006). 

 

This research proposes that the resulting methodology be used as a complement to road safety audits, 

with a preventive approach. This research focuses on the use of traffic conflicts and an event-based 

exposure definition of encounters. The following sections comprise the literature review regarding 

the events mentioned.  

2.6 Surrogate events for  road safety assessment 

The preventive vision has led to the search for road events useful as surrogates for accidents, being 

the traffic conflict the most accepted surrogate 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 collision if their movements remain unchanged (Polders and Brijs, 2018). 

 

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

necessary to estimate the risk (Hauer, 1982). The search for events that can provide an increasingly 
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accurate assessment of the exposure is argued by Elvik, Erke and Christensen (2009) and Elvik 

(2015). These events are known as elementary units of exposure, as opposed to aggregate variables 

listed in the introduction. An elementary unit of exposure refers to any event that generates an 

opportunity for an accident to occur (Elvik, Erke and Christensen, 2009). When assessing the 

exposure at intersections, it is reasonable to use encounters, defined as simultaneous arrivals, at 

points where conflicts between road users may arise (Elvik, 2015). Therefore, Johnsson and 

Laureshyn (2019) argue several considerations to take into account in the conceptualization of the 

encounter as an exposure unit.  

2.7 Surrogate safety measures - SSM 

The SSM are variables o indicators derived from a traffic conflict and that characterize it according 

to its risk, severity or consequences. There are several SMS, however, this section defines the ones 

used in this research; a detailed review about on the topic can be found in Johnsson, Laureshyn and 

De Ceunynck (2018). Figure 2-3 shows vehicular trajectories in a traffic conflict and six surrogate 

measures:  

 

Á Time to Collision (TTC): time in seconds required for two vehicles to collide if speeds and 

directions not change. It is a measure continuous with time; that is, the calculation may be 

performed at any instant within the sequence time frame. TTC minimum (TTCmin) is the critical 

value used to judge the conflict risk (Hayward, 1972). 

Á Post-encroachment Time (PET): time in seconds between the first road user leaving the ñconflict 

zoneò and the second one arriving at it (Laureshyn, De Ceunynck, et al., 2017). 

Á Initial Deceleration Rate (DR): quantifies the magnitude of the deceleration action of a driver 

the moment he or she begins an evasive braking maneuver, in m/s2 (Johnsson, Laureshyn and 

De Ceunynck, 2018). 

Á Maximum deceleration rate (MaxD): maximum deceleration of the through vehicle, in m/s2 

(Gettman et al., 2008). 

Á Maximum speed (MaxS): maximum of conflicting speeds of two vehicles involved in a conflict 

event, in m/s (Gettman and Head, 2003). 

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

conflicting vehicles, in m/s (Gettman and Head, 2003). 
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Figure 2-3: Possible conflicts at intersections 

 

Source: Adapted from Hydén (1987)  

 

DeltaV (ȹv) is a surrogate measure, used in this research, of the severity of an assumed hypothetical 

inelastic collision between two road users (Gettman et al., 2008). It is defined as the change in 

velocity between pre-collision and post-collision trajectories of a vehicle (Shelby, 2011). DeltaV is 

calculated at TTCmin, based on the current speeds and conflict angle, as shown in Figure 2-4. 

Equation 2.2 and Equation 2.3 defines the calculation of DeltaV for each road user involved in the 

conflict. The relevant DeltaV is the highest value obtained. 

 

Ўὺ Ͻὺ ὺ ςὺὺὧέίa                                                                                       (2.2) 

  

Ўὺ Ͻὺ ὺ ςὺὺὧέίa                                                                                      (2.3) 

Where m1 and m2 are the masses of the road users 1 and 2, v1 an v2 their speeds and a the conflict 

approach angle. 

The nearness-to-collision is usually measured by TTC and PET. Laureshyn et al. (2017) state that 

the use of TTC alone is not sufficient to detect all potentially dangerous situations in traffic because 

events that do not present a collision course can change rapidly. In this way, PET makes it possible 

to determine the proximity to the collision in the final part of the conflict (potential risk), 

complementing the information provided by TTC (imminent risk). This thesis assumes that TTC is 

based on constant speed; this 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 

 

Source: Adapted from Laureshyn et al. (2017) 

2.8 Traffic Conflicts Techniques - TCTs 

The TCTs arise from research conducted at the Detroit General Motors Laboratory in the late 1960s 

to identify vehicle-related safety problems (Perkins and Harris, 1968). Archer (2001) states that 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 real time, offering a quick 

and representative way to estimate the frequency of accidents 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 satisfactory way. Traffic conflicts are those events where it is possible 

for an accident to occur but where the collision does not occur because one or the other of the parties 

involved takes evasive action; they are also called almost crashes or near misses Forbes (1957) cited 

by Lightburn (1984). The initial model proposed by Perkins and Harris (1968) comprises two 

categories of conflicts [i] the evasive action carried out by a driver facing an imminent accident 

situation, and [ii] the violation of the traffic 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 the conflict for violation of the red traffic light (see Figure 2-4). 

 

The first study that addressed the problem of severity was carried out by Campbell and Ellis King 

(1970). The typology of conflicts was the same as that of Perkins y Harris (1967). The classification 

of conflicts by severity was generated from consideration of the reason for a braking action. Conflicts 

in which the 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 

 

Source: Adapted from Perkins y Harris (1967) 

 

The Development of the TCTs has sought to reduce or eliminate subjectivity when evaluating the 

severity of a conflict. According to Johnsson, Laureshyn and De Ceunynck (2018), the existing 

conflict techniques are: Swedish (Hydén, 1987), Canadian (Brown et al., 1984), Dutch (Zheng, 

Ismail and Meng, 2014), American (Parker and Zegeer, 1989), British (Baguley, 1984; Kaparias et 

al., 2010), French (Muhlrad and Dupre, 1984), German (Erke, 1984), Austrian (Risser and 

Schützenhöfer, 1984), Belgian (Mortelmans et al., 1986), Finnish (Kulmala, 1984) and Czech 

(Koļ§rkov§, 2012). Each technique has parameters that allow determining the severity of a conflict, 

sometimes using surrogate safety measures. This research uses the Swedish TCT and surrogate 

measures from other techniques that could be obtained by simulation using VISSIM and SSAM, 

applied to BRT infrastructure. 

2.9 The Swedish Traffic Conflict Technique 

Hydén (1987) established the main milestone for the formulation of the current TCTs. Hydén (1987) 

and Svensson (1992) developed and validated the Swedish Traffic Conflict Technique (STCT) at the 

Lund Institute of Technology, Sweden, based on interaction between road users, which can be 

described by a number of fundamental events, as shown in Figure 2-6. These events occur with 

different probability and different degree of seriousness. The basic hypothesis of the theory is that 

there are fundamental events, defined as serious conflicts, or as interruptions in the interaction. These 

serious conflicts can define the accident potential; this means that there exists a relationship between 
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the number of serious conflicts and accidents. The premises of this theory point to the classification 

of conflicts according to their severity, as well as the definition of the threshold between slight 

conflicts and serious conflicts. 

 

Figure 2-6: Safety pyramid  

 

Source: Adapted from Hydén (1987) 

 

A traffic conflict is a traffic 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 evasive action is called a relevant road user. Two surrogate measures define the 

severity of a conflict: 

 

Á Time-to-Accident (TA): time remaining to the predicted collision when the relevant road user 

starts the evasive action; 

Á Conflicting Speed (CS): the speed of the relevant road user at that moment. 

 

Figure 2-7 presents the diagram used to distinguish between serious and non-serious conflicts. 

Conflicts with severity level above 24 are considered serious. A detailed report on the STCT can be 

found in Laureshyn and Varhelyi (2018). 

 

Hydén initially identified, in the field, that the critical value of TA is close to 1.5 s. This identification 

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 perceived a possible 

conflict. This "last moment" corresponded to a TA = 1.5 s in most of the events. This TA is 
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considered valid in urban areas to separate serious conflicts (TA Ò 1.5 s) from slight conflicts, in 

congruence with the safety pyramid. However, Hydén identified that TA depends on speed, so he 

initially established the severity levels arbitrarily, each 0.5 s, using inclined straight lines. 

Subsequently, the lines became curved by incorporating the friction coefficient between the tire and 

the pavement. Finally, 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 of the collisions against TA and CS of traffic conflicts, finding good correlations up to severity 

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

 

Since the first proposal of the STCT (Hydén, 1976), the technique has been taken into account in 

several studies. The International Calibration Study of Traffic Conflict Techniques (Asmussen, 

1984) included the STCT, as well as several of the techniques presented in the 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 

 

Source: Hydén (1987) 

 

Different researches compared the STCT against other methods. Zheng, Ismail and Meng (2014) 

state that there are three issues related to spatiotemporal proximity-based traffic conflict analysis: [i] 

there are several traffic conflicts surrogate measures but there is no agreement on which ones to use, 

[i i] almost all surrogate measures are limited to crash risk estimation regardless of the possible 
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consequences of a subsequent crash, but the STCT is an exception given that the Time-to-Accident 

is related to crash severity, and [iii] some measures assume constant speed and trajectory, and/or 

constant acceleration or deceleration rate, suggesting using probabilistic measures. 

 

Laureshyn, et al., (2017) performed cross-comparison between STCT, the Dutch conflict technique 

(DOCTOR) and the Canadian probabilistic surrogate measures of safety technique (PSMS), for the 

diagnosis of road safety for cyclists at intersections in Oslo, Norway. As a result, all three methods 

yielded results consistent with accident records. The first two methods produced similar results on 

conflicts and their severity, but the third method produced a safer evaluation. Finally, they stated 

that the three techniques require improvement in analysis involving vulnerable users. In Polders and 

Brijs (2018), Varhelyi et al. (2018) define reliability and validity of traffic conflicts techniques. 

Reliability is that the conflict technique and severity counting must assurance that observed 

differences in conflict amounts can be endorsed to differences in safety rather than to other human 

or environmental factors; reliability has improved with the use of computer systems. Validity of 

conflict techniques is their ability to assess road safety with the same validity that is done using 

accidents. Most of the techniques do not have validation studies, except the STCT and the Dutch 

technique. 

 

The STCT has been applied in several places and traffic conditions, such as the pedestrian safety at 

signalized intersections in Stockholm, Sweden (Gårder, 1989), safety at intersection in Cochabamba, 

Bolivia (Almqvist and Hyden, 1994), bicyclistsô safety at roundabouts in Lund, Sweden (Sakshaug 

et al., 2010), severity benchmark values selection for pedestrian safety treatment in Oakland, 

California (Ismail, Sayed and Saunier, 2011), safety evaluation at a signalized intersection in Hasselt, 

Belgium (Suwarto and Basuki, 2016), safety of bicyclists at different types of intersections in Oslo, 

Norway (Fyhri et al., 2017), safety at different types of infrastructures in Owerri, Nigeria (Uzondu, 

Jamson and Lai, 2018), a review of TCTs for potential use in developing countries (Sohel Mahmud 

et al., 2018), safety at preferential lanes for public transport in Bogotá, Colombia (Otero Niño et al., 

2019), and safety at roundabouts in Bogotá, Colombia, and their subsequent simulation (Bulla-Cruz, 

Laureshyn and Lyons, 2020). 

2.10 Semiautomatic tool T-Analyst 

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

Sweden. 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 as Time-to-Collision and Post-

Encroachment Time (Johnsson, Laureshyn and Nóren, 2018). Besides, T-Analyst can register the 

time of the road user passing through a pre-defined gate or a number of gates that can be further used 

for measuring the travel time or speed distributions at a specific location. The task of the operator is 

to fit a 3-dimensional wire-frame model of the road user on its position in the image, which is then 

automatically projected to the ground plane using Tsai calibration model (Tsai, 1987). Figure 2-8 

presents a screenshot of the software. 

 

Different researches used T-Analyst successfully (Polders et al., 2015; Bjørnskau et al., 2016; 

Laureshyn, De Ceunynck, et al., 2017; Madsen and Lahrmann, 2017; Fyhri et al., 2017; De 

Ceunynck et al., 2017; Laureshyn, Goede, et al., 2017; Varhelyi et al., 2018; van Haperen et al., 

2018; Olszewski et al., 2019; Kamaluddin, 2019; Høye and Laureshyn, 2019; Bulla-Cruz, Laureshyn 

and Lyons, 2020; Kazemzadeh et al., 2020). 

 

Figure 2-8: A screenshot of T-Analyst tool during BRT analysis  

 

 

T-Analyst is the supporting tool for classifying conflicts according to the STCT in this research. 

Furthermore, T-Analyst allowed obtaining the distribution of some surrogate safety of measures, as 

TTCmin and PET, and allowed collecting the speed data necessary for microsimulation purposes. 



Theoretical framework and literature review 31 

 

2.11 Computational simulation of traffic conflicts 

Computational simulation of traffic conflicts is booming. It is particularly useful for evaluating the 

safety of infrastructures during the design phase. This research uses VISSIM and the Surrogate 

Safety Assessment model (SSAM) tools to simulate traffic, as well as to identify conflicts and get 

their surrogate measures. The microsimulation 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 others (PTV AG, 2012). From VISSIM it is possible to export trajectory 

files (.trj) that contain the routes and speed changes that users experience during the simulation. The 

SSAM is a postprocessor software of trajectory files that allows estimating traffic conflicts based on 

user-to-user proximity measures (Gettman et al., 2008); next section explains the characteristics of 

the SSAM. 

 

The literature review identified several research focused on the validation of the outcomes obtained 

by means of VISSIM and the SSAM. As a part of the development of the SSAM, Gettman and Head 

(2003) presented a complete review on the microsimulation tools that allow simulating traffic 

conflicts, highlighting the advantages of VISSIM regarding the simulation of actuated signals, 

parameterized turning speed, reaction to yellow, vehicles interact with pedestrians, friendly merging, 

modelling of multilane merging behavior, modelling of turn signaling, origins and destinations at 

the intersection corners, data extraction, and origins and destinations at the intersection corners. 

However, these authors stated, based on their review, that any particular model showed superiority 

ñwhen considering all of the elements required for modelling surrogate measuresò.  

 

Gettman et al. (2008) performed a field-validated study based on 83 signalized intersections, 

simulated in VISSIM and assessed with SSAM. They performed several validation tests to compare 

simulated conflicts with real crash records. The research included a sensitivity analysis to 

complement the field validation, so that, the authors selected five representative intersections for 

testing the SSAM with different tools such as VISSIM, AIMSUN, PARAMICS and TEXAS. Each 

model was one-hour length, and the authors obtained the performance parameters after five runs 

each with different random seeds. In SSAM, Time-to-Collision (TTCmin), proposed by Hayward 

(1972), and Post-Encroachment Time (PET), proposed by Allen and Shin (1978), values of 1.5 

seconds and 5.0 seconds were used, respectively. The authors compared the number of simulated 

conflicts against the number of real crashes at those intersections through various statistical tests. 

The relationship between conflicts and crashes showed a R2 = 0.41, 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 composition, and priority rules; however, their results are not definitive. Gettman et al. (2008), 

finally recommended the collecting of appropriate real-world vehicle trajectory data sets and to 

improve the driver behavior modelling in simulations. 

 

Cunto and Saccomanno (2008) presented a procedure for microsimulation models calibration based 

on safety performance at signalized intersections, focused on rear-end conflicts, and the Wiedemann 

99 driver behavior model. The authors stated that incorporating observational data from other 

sources to 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.   

 

Fan et al. (2013) developed a procedure for using VISSIM and SSAM for safety assessment at 

freeway merge areas. The authors used TTC as safety performance measure at 7 interchanges, and 

the Wiedemann 99 model since it is recommended for interurban traffic. The procedure allowed 

improving the VISSIM models and adjusting the threshold values in SSAM. As result, the mean 

absolute percentage error (MAPE) validated that the proposed procedure improves the conflict 

simulation, obtaining reasonable consistency. The authors recommended that future studies might 

focus on other traffic facilities and multiple performance measures. 

 

Huang et al. (2013) presented a two-stage procedure to calibrate VISSIM model based on safety 

performance at 10 signalized intersections. The authors calibrated the TTC threshold used in SSAM 

to produce a minimum MAPE. They used the Wiedemann 74 model since it is recommended for 

urban traffic. 

  

Essa and Sayed (2015a) studied the relationship between field-measured conflicts and simulated 

conflicts at an urban signalized intersection in Surrey, British Columbia, Canada. Automated video-

based computer vision techniques allowed obtaining the vehicle trajectories and conflicts 

identification. TTC was the measure to filter out conflicts and then used for the comparison between 

observed conflicts and simulated conflicts. Besides, the authors used the Wiedemann 99 driver 

behavior model, and the study is concerned to only rear-end conflicts. As Essa 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 is needed to confirm that simulated conflicts provide 

safety measures beyond what can be expected from exposure.  
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Bulla-Cruz, Laureshyn and Lyons (2020) conducted a research focused on improving the simulation 

of conflicts of a roundabout, located in Bogotá, and they extended the assessment to the simulation 

of exposure, based on a definition of encounters. We identified the encounters manually and, from 

these encounters, the identified potential conflicts, which were finally evaluated with the aid of the 

T-Analyst tool, described later. The study period included the three hours of greatest vehicle demand 

on a Thursday and the three hours of greatest vehicle demand on a Saturday. Once quantified the 

conflicts and the encounters, we selected the rush hour to simulate it in VISSIM, using the 

Wiedemann 74 model for urban areas. We presented a detailed description of the parameters entered 

in the model, being the dimensionless safety distance factor of VISSIM conflicts areas the only 

unknown parameter. We calibrated this factor in order to simulate a number of conflicts similar to 

the number of video-observed conflicts. By default, the safety distance factor is 1.5 and they reduced 

it to 0.5, obtaining 26 observed conflicts against 24 simulated. We presented different parametric 

and non-parametric statistical tests comparing TTCmin and PET distributions, observed and 

simulated, finding no statistically significant difference. Additionally, we used VISSIM travel time 

lines for identifying the encounters at the roundabout entrances, managing to simulate encounters 

with good precision, which is a novel approach in safety simulation since it allows to extend the 

assessment towards a risk approach. 

 

Likewise, I identified three application areas in the research of traffic conflicts simulation using 

VISSIM and SSAM. The first application covers the assessments of different hypothetical road 

scenarios, 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 conflicts based on surrogate safety measures 

as TTC (Shahdah, Saccomanno and Persaud, 2015; Rahman and Abdel-Aty, 2018; Khondaker and 

Kattan, 2015; Habtemichael and De Picado Santos, 2014), PET or both (Stevanovic, Stevanovic and 

Kergaye, 2013; Habtemichael and Santos, 2014). Therefore, the scenario comparison focuses on the 

number of conflicts and their severity. The second application area refers to investigations in which 

the number of conflicts is predicted from the AADT (Cafiso et al., 2018) or the historic crash data 

(Habtemichael and Santos, 2014; Saleem et al., 2014). The severity of conflicts is established by 

defining the interval of Time-to-Collision that is intended 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 video-computer tools, that provide reliable 

measurement of surrogate safety measures, to obtain a detailed safety assessment that then is used 

as a target in the simulation of traffic conflicts (Guo et al., 2019; Gallelli et al., 2019; Claros et al., 

2017; Otero Niño et al., 2019; Bulla-Cruz, Laureshyn and Lyons, 2020). In the same sense, field-
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traffic parameters, road geometry and behavior parameters, required for the simulation models, 

should also be obtained as accurately as possible (Mahmud et al., 2018). On the other hand, it is 

necessary a proper calibration when using simulation packages as VISSIM and the SSAM (Essa and 

Sayed, 2015b).  

 

Bulla-Cruz, Lyons and Darghan (2020) developed a mixed application by using VISSIM simulation 

models to assess and compare the safety outcomes between an existing two-lane roundabout and a 

proposed turbo-roundabout. They counted conflicts on video but did not assess their severity. They 

used the SSAM to process VISSIM trajectory files and get simulated conflicts and their surrogate 

measures. A statistical approach based on a complete-linkage clustering analysis of surrogate 

measures allowed comparing the safety findings.   

2.12 Surrogate Safety Assessment Model - SSAM 

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 conflict analysis and allows studying the frequency and 

characteristics of traffic conflicts between road users, to evaluate the safety without waiting for 

collisions to occur. 

 

This model can be used from microsimulation models created in VISSIM1, AIMSUM2, Paramics3 

and TEXAS4. 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 operating with different 

types of intersections and the analysis of implementing priority measures for public transport or the impact of 

a different traffic light plan. In a single model it allows to represent all users of public roads and study their 

interactions: cars, cargo transport and any type of public transport, be it rail or conventional.  
2 Traffic simulation software developed by TSS-Transport Simulation Systems that allows simulating all kinds 

of elements, from a bus lane to the entire urban road network. It stands out for the exceptional speed of its 

simulations and for the combination of demand modeling and static and dynamic traffic allocation with 

mesoscopic, microscopic and hybrid microscopic-mesoscopic simulations in the same application. 
3 Quadstone Paramics is microscopic traffic and pedestrian simulation software used for efficient and 

economical transportation infrastructure planning and design, enabling operational assessment of current and 

future traffic conditions, detailed reporting and high-definition presentations.  
4 The TEXAS model, developed by the University of Texas, for the study of traffic at intersections, can be 

used in evaluating the operational effects of various traffic demands, types of traffic control, and / or geometric 

configurations of individual intersections. It can be applied in evaluating existing or proposed intersection 

designs and to assess the effects of changes in geometry, driver and vehicle, flow conditions, intersection 

control, lane control, and traffic light plans. 
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programs and then simulated with the desired traffic conditions (usually simulating several iterations 

with different random seed values). Each simulation records the results in a corresponding trajectory 

file (.trj). Then SSAM is used as a post-processor to analyze the TRJ file group, as in the sequence 

in Figure 2-9. 

 

Figure 2-9: A screenshot of T-Analyst tool during BRT analysis  

 

Source: Adapted from Gettman et al. (2008) 

2.13 Road safety in Bus Rapid Transit - BRT - systems 

This section seeks to present a review of the techniques used in the road 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] Bocarejo et al. (2012) did a before/after study, in Bogotá, Colombia, using the 

local accident database to identify changes in the safety performance, between 1998 and 2008, 

through analysis of Geographic Information Systems (SIG), finding reductions in the number of 

accidents during the study period but not being possible to attribute them to the BRT, as well as new 

accident hotspots around stations of the system, on roads that do not have traffic lights. [ii]  Goh et 

al. (2013) performed a two-level research in the BRT system of Melbourne, Australia, between 2003 

and 2007. The first level consisted in using an empirical Bayes before-and-after analysis method to 

explore the trends in accident changes in an aggregate approach, finding a general reduction of 14 

% with a significance level p < 0.1. The second level consisted in using a disaggregate approach 

exploring the frequency of accidents based on their typology. Furthermore, they used a road safety 

audit to investigate the impact of changes of road configuration on safety, finding risk reduction but 

some concerns related to road usersô interactions under specific geometry conditions, as longer 
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pedestrian walking distances due to the bus lanes widths. Besides, they suggested that bus lanes work 

as barrier reducing crashes as well as the elimination of bus stops on the sides of the road. [iii] Duduta 

et al. (2012) used data from nine BRT systems, including Bogotá, to understand the impact of BRT 

systems design features on safety performance. The methods included crash frequency modeling 

through comparison of means tests and a Negative Binomial Model, road safety inspections and 

interviews with mobility agency staff and safety experts. Finally, they reported relevant reductions 

in accidents that can not only be attributed to the BRT system because, simultaneously, policies and 

educational campaigns were developed. [iv]  At last, Duduta, Lindau and Adriazola-Steil (2013) used 

an empirical Bayes model for estimating the safety effects of BRT systems in Guadalajara, Mexico. 

They created a safety performance function and found a 56% reduction on a BRT corridor with a 

three-year study period. As in previous research, the decrease in accidents cannot be attributed to the 

BRT system given the limitations of the model. 

 

The review of Vecino-Ortiz and Hyder (2015) allowed identifying several study types, related to the 

historical frequency of crashes, with a spatio-temporal and GIS approach, Negative Binomial 

approach, safety performance functions and crash modification factors, road safety audits, safety 

inspections and interviews. Moreover, they claimed for the need of more research to build up the 

evidence on the effect on safety performaces due to BRT systems. This suggests that microscopic 

studies are necessary to collect more accurate evidence and that the BRT system of Bogotá has been 

a relevant system to carry out such investigations. 

 

Several researches on the use accident counts of BRT systems can be found in Tse, Hung and 

Sumalee (2014) aplying an odds ratio approach to compare the safet outcomes of two consecutive 

years in Hong Kong. Gómez and Bocarejo (2015) used Poisson and Negative Binomial models to 

test 35 variables related to traffic flows, infrastructure, services, environs, and socioeconomics at 

stations of the BRT system of Bogotá. Vergel-Tovar et al. (2018) used a spatial hotspot analysis 

combined with a generalized ordered logit model, finding a strong effect of new infrastructure on 

the probability reduction of traffic deceases lengthwise the BRT roads of Bogotá. They also used 

interviews with key stakeholders to collect qualitative evidence to support such reduction. Santos-

Reyes, Ávalos-Bravo and Padilla-Pérez (2017) performed a descriptive analysis of BRT traffic 

accidents in México City, characterizing the accidents by type, year, month, day, and infrastructure 

section, stating that future work will include significance tests.   
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Road safety audits and inspections studied can be found in Duduta et al. (2014) for several cities, 

CISA Ingeniería LTDA (2005) in Bogotá; Indian Institute of Technology Bombay (2014) in Pune, 

India; Munoz and Paget-Seekins (2016) in Santiago, Chile; and Bhojane and Jain (2016) in Pimpri-

Chinchwad, India. Intervies and questionaries to BRT drivers, BRT users and traffic agencies staff, 

in Bogotá, can be found in Gómez-Ortiz et al. (2018), Useche, Ortiz and Cendales (2017), Useche, 

Cendales and Gómez (2017), and Useche et al. (2017), which lead to understand the BRT operation 

from the human factor. 

 

Some researches mention traffic conflicts without developing a formal study of conflicts, such as, 

Patankar, Kumar and Tiwari (2007), Sharma, Swami and Swami (2012), Institute for Transportation 

and Development Policy (2014), and Chen et al. (2015) . Likewise, VTATransit (2007), The National 

Academies of Sciences, Engineering, and Medicine (2003), Duduta et al. (2014), and Islam et al. 

(2018) mention several possible conflics types to take into account when desinging BRT 

infrastructure or traffic signal phasing. Campisi, Tesoriere and Canale (2018) conducted a simulation 

study on the level of service and surrogate safety analsysis changes when linking a turbo-roundabout 

with a BRT line, using VISSIM/SSAM and TTCmin and PET as surrogate indicators. They 

implemented six scenarios modifying directional vehicle flows and their composition and evaluating 

the simulated safety outcomes.  

 

Regarding this research, a detailed review of the literature did not return studies or research on the 

evaluation and characterization of traffic conflicts at BRT systems based on observed events.  

2.14 Previous research on surrogate safety measures in 

Colombia 

The literature review allowed identifying that the study of traffic conflicts is incipient in Colombia. 

Otero Niño et al. (2019) performed a detailed study of traffic conflicts, using the STCT on video, at 

preferetial bus lanes in Bogotá. Based on the video-observed information, we validated a VISSIM 

traffic microsimulation model. Using the SSAM tool, we validated the model according to the 

comparison between the number of observed and simulated conflicts. Under the validated 

environment, we 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 preferential lanes, in Bogotá, currently not followed by most users. We affirm that 

the methodological approach used has a limitation regarding that they identified video-observed 
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conflicts by the STCT, wich uses Conflicting Speed (CS) and Time to Accident (TA), and the 

surrogate measures obtained from SSAM were TTCmin, PET, DR, among others. Given that SSAM 

is not able to measure TA, the conflicts validation consited in comparing video-observed TA against 

TTCmin calculated by SSAM.  

 

Bulla-Cruz and Lyons (2020) presented a state of the art in the evaluation of road safety through 

traffic conflicts and an application to a roundabout in Bogotá. We described a compilation of the 

different conflict techniques and defined six of the surrogate measures that can be obtained using 

SSAM. The evaluation of the roundabout covered the following stages: [i] manual counting of traffic 

conflicts, on video, without measuring severity, [ii] validation of a traffic model in VISSIM, using 

vehicle volumes and speeds, as well as the driver behavior parameters suggested by the Bogotá 

Mobility Secretary, [iii] identification of simulated traffic conflicts using SSAM. Initially, the 

conflicts were determined setting TTCmin at 1.5 s, [iv] calibration of conflicts identified by SSAM 

when compared them to video-observed conflicts. This was done by applying the calibration method 

proposed by Huang et al. (2013) which searches for the TTCmin that generates the lowest Absolute 

Error of the Mean (AEM) when comparing field conflicts with simulated conflicts. However, in the 

evaluation of the roundabout, the authors used the Relative Error (RE) since only a comparison was 

done, and [v] we performed a univariate analysis of the surrogate measures obtained to evaluate the 

road safety of the intersection, finding evidence of aggressive driving behavior. 

 

Bulla-Cruz, Lyons and Darghan (2020) performed a comparative safety assessment between a two-

lane existing conventional roundabout and a proposed basic turbo-roundabout, for the same 

intersection, based on the information collected by Bulla-Cruz and Lyons (2020). Once we validated 

a VISSIM model of the roundabout, by volumes and speeds, we modeled the turbo-roundabout under 

the validated environment. Using SSAM, we obtained six surrogate safety measures for both 

intersections. We used a complete-linkage clustering analysis of surrogate measures for the safety 

comparison, finding that the turbo-roundabout offers safer conditions. 

 

As section 2.11 shows, Bulla-Cruz, Laureshyn and Lyons (2020) performed a research that improved 

the conflictsô simulation at a two-lane roundabout, and we extended the assessment to the simulation 

of exposure, based on encounters, using travel time lines in VISSIM. They used T-Analyst, VISSIM 

(Wiedemann 74 model) and SSAM and obtained very close results when comparing the number of 

observed and simulated conflicts. Also, we found not statistically significant differences when 

comparing the mean, median, standard deviation and distributions of observed and simulated TTCmin 
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and observed and simulated PET. We stated that they reached such results thanks to the calibration 

of the VISSIM safety distance factor at conflicts areas once detailed speed profiles and gap 

acceptance parameters have been entered the model. Another relevant aspect is that we used the 

driver behavior parameters (Wiedemann 74 model) suggested by the District Mobility Secretariat of 

Bogotá. This approach is novel because it allows extending the safety simulation to a risk preventive 

assessment. 

 

Two recent researches, in Bogotá, addressed the road safety assessment by means of a relationship 

between potentially conflicting events and accidents (González, Flórez and Rodríguez, 2019; Flórez 

and Rodríguez, 2020). The researchers stablished a definition of potencially conflict event as a set 

of maneuvers that they consider dangerous and that coud be precursors of traffic accidents. The 

maneuvers do not involve verifying the existence of a collision course, as well as evaluating the 

severity of the maneuver. They used linear regression models beetween potencially conflict events 

and accidents in several corridors of Bogotá finding, for example, high correlations for maneuvers 

such as motorcycle zigzagging and accidents with injuries. 

2.15 Applications of multivariate analysis based on surrogate 

safety measures 

Tarko et al. (2009) state that a surrogate safety measure must meet two requirements, in analogy 

with the medical sciences, to work as an appropriate surrogate: ñit is correlated with the clinically 

meaningful outcome, and it fully captures the effect of the treatmentò. In this sense, a surrogate 

measure for transportation safety purposes must ñbe based on an observable non-crash event that is 

physically related in a predictable and reliable way to crashes, and there exists a practical method 

for converting the non-crash events into a corresponding crash frequency and/or severityò.  

 

Chang, Saunier and Laureshyn (2017) assert that, in ideal conditions, a surrogate safety measure 

must fulfill the following characteristics, additional to those exposed in the previous paragraph: to 

be observable frequently in traffic to reduce data collection time and allowing a fast safety 

assessment, to be objective and reliable, and there must be some degree of correlation between the 

most severe situations described by the surrogate measure and the number of accidents, to allow the 

study of the process of accidents without them occurring. Based 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 parameters or surrogate measures and improve the interpretation of the 

dimension to be evaluated, for example, severity or risk. 

 

Torres, Torres and Pardillo (2010) performed a risk index at three T-intersections in Santiago, Chile, 

based on TTCmin, PET, Approaching Speed (AS), Breaking Distance (BD) and a new surrogate 

measure Time to Evasion (TE). They synthesized these variables in a single risk index using 

principal components analysis and classification trees. The comparison of the index of the three 

intersections allowed verifying that the dynamics of the conflicts is similar, for which they proposed 

a unique characteristic index for T-intersections in suburban areas (Equation 2.3). They conclude 

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

 

Ὅ πȢτπφὄὈ πȢσςςὃὛ πȢυρυὉὝ πȢυπωὝὝὅ πȢττωὖὉὝ             (2.3) 

 

Ismail, Sayed and Saunier (2011) declare that there are different indicators with which it is intended 

to establish the severity of a traffic conflict, either spatially or temporally. The interpretation of 

severity using these indicators may overlap or be independent. Therefore, they propose 

methodologies to integrate the indicators. For this, the authors used two groups of indicators: the 

first covers indicators for which a collision trajectory is necessary and, the second one, indicators 

based solely on temporal proximity. The methodology comprises two stages [i] the individual 

mapping of the surrogate measures in severity intervals [0, 1], and [ii] the grouping of said variables 

into a single safety index that involves severity and exposure, applied to pedestrianïvehicle 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 TTCmin, PET, gap time (GT) and deceleration to 

safety time (DST). The aggregation corresponds to the average of each variable with respect to road 

users, time or exposure events. The safety index was based on the maximum possible exposure. The 

authors affirm that, similar to the collision frequency, the total severity turns out to be independent 

of the underlying safety level and is not linearly related to the maximum exposure. In the same sense, 

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

in the safety index; such non-linearity should be studied in the future. 

 

Bagdadi (2013) proposed and index (Equation 2.4) for the severity assessment of critical events, 

identified in naturalistic driving studies, using the TA of the STCT, DeltaV, the weights (m1 y m2) 

of the two road users involved and the deceleration (a) of the vehicle during the evasive braking. The 

author evaluated the model using a dataset of 61 conflicts and 9 accidents and compare the results 
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against the STCT. The conclusion is that the proposed severity model indicates the dangerousness 

of conflicts in a more realistic way than the STCT.      

 

#ÏÎÆÌÉÃÔ ÓÅÖÅÒÉÔÙ$ÅÌÔÁ6Ȥ 4!ɕÁ                                                                                                             (2.4)                      

 

Alhajyaseen (2014) proposed a safety indicator to consider both the severity and the crash probability 

at five signalized intersections in Nagoya, Japan. The author used PET Ò 5 s as a threshold to identify 

relevant conflicts. The conflic index proposed (CI) is based on the kinetic energy released after a 

crash related to estimated severity, and PET is related to the probability of occurrence of the crash. 

Equation 2.5 shows the proposed model, in which Ŭ is the percentage of released energy, DKe is the 

change in total kinetic energy before and after the crash and Ὡ  is the probability of the crash 

occurring. The index was validated by its correlation with the number of severe accidents; the best 

model was exponential with a maximum R2 = 0.994. The author concludes that the index needs to 

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

 

ὅὍ
Ў

                   (2.5) 

 

Behbahani and Nadimi (2015) developed a framework to evaluate the risk of sideswipe conflicts 

using surrogate safety measures at on-ramps in Tehran, Iran. The authors state that TTCmin denotes 

to imminent danger but PET implies to potential danger. Based on the above, they stablished that a 

safety assessment most be done in two ñlayersò; TTCmin in the first layer and PET in the second one. 

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.  

 

Tageldin and Sayed (2016) proposed several surrogate measures based on pedestrian evasive 

movements, such as step length, step frequency and walk ratio at a signalized intersection in 

Shanghai, China. Initially, thet used TTC Ò 1.5 s and PET Ò 1.5 s to filter out relevant conflicts. 

Then, they determined the walk ratio, defined as the quotient between the step length and the step 

frequency of a pedestrian and they proposed 11 other indicators based on said ratio. For a sample of 

100 vehicle-pedestrian conflicts, two experts classified these conflicts into three severity categories, 

high, medium, and low. After verifying that there were no statistical differences between the expert 

classifications, the authors determined the number of conflicts identified using TTC and PET, and 

the ñrate of change in step frequency for pedestrians and the jerk for vehicles or motorcyclesò. 

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 different, the authors showed that 

the indicators based on pedestrian evasive actions 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 Shahbazi (2016) proposed a mixed index (MI)  recommended for the 

collision avoidance systems of vehicles, based on surrogate safety measures TTC and PET, and 

microscopic variables, such as, clearance, speed and relative speed, previously defined as DeltaS or 

Dv. The authors used information of the I-80 freeway in San Francisco, CA, USA, reason why the 

studied traffic conflicts were rear-end conflicts. MI is based TTC and PET, so that Equation 2.6 

shows the mathematical definition of TTC, in which XL is the first vehicle location, XF is the second 

vehicle location, vL is first vehicle speed, vF is the second vehicle speed and lL is the vehicle length. 

Equation 2.7 corresponds to the mathematical concept of PET, for which its parameters have already 

been defined. Equation 2.8 shows the model for MI, in which l, a, b, and g are the model parameters, 

vF is the following vehicle speed, and p is the probability for second vehicle's speed change. The 

authors concluded that MI can detect likely danger from variations in the motion features of the 

vehicle by using microscopic parameters.  

 

ὝὝὅ
Ў

                  (2.6) 

 

ὖὉὝ                    (2.7) 

 

ὓὍ l
Ў

                    (2.8)

   

Kumar, Paul and Ghosh (2019) assessed conflicts between pedestrians and right-turning vehicles at 

four signalized intersections in two cities, Kolkata and New Delhi, India; two intersections per city. 

The authors used PET, TA previously defined, time to vehicle (TTV), deceleration to safety time of 

pedestrians (DSTped), and deceleration to safety time of vehicles (DSTveh). Equation 2.9 shows the 

calculation of TTV, and Equation 2.10 of DSTped, respectively. The calculation of DSTveh is similar 

to DSTped. 

 

ὝὝὠ                    (2.9) 
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where L2 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. 

 

ὈὛὝ                 (2.10) 

 

where t2 is the moment at which a pedestrian decelerated, and t3 is the moment at which the pedestrian 

abandoned the conflict point. 

 

Once the authors obtained the above mentioned surrogate measures for each conflict, they used k-

means clustering analysis to classify the variables into four severity levels or clusters. Then, they 

performed a logistic regression to identify factors that affect conflict-related risk. The conclusion of 

this research is that the findings allow generating evidence for the formulation of countermeasures 

and that future research should study conflicts between vehicles. 

 

Abdul Majeed and Ewadh (2019) performed a conflict risk index at 11 signalized intersections (CISI) 

in Baghdad, Iraq. The risk index is the ratio of the hourly serious conflicts and the hourly entrance 

volume. The serious conflicts were those with TTCmin Ò 1.5 sec. The risk obtained was classified 

into six levels from negligible risk to extreme risk, in accordance to Sayed and Zein (1999). The 

authors validated the index by testing countermeasures, obtaining the new risk value by means of 

crash modification factors established in AASHTO (2010). 

 

Wğodarek and Olszewski (2020) studied traffic conflicts involving bicyclists at three signalized 

intersections, which have bidirectional bicycle paths in Warsaw, Poland. PET < 1.0 s was the 

threshold to select relevant conflicts. The authors proposed a conflict rate indicator (CR) shown in 

Equation 2.11, in which the hourly conflicts number (C) is divided by the product of the hourly 

crossing bicycles volume (Qv) and the hourly motor vehicles volume (QB), multiplied by 103 to 

obtain more controllable results. The authors stated that forthcoming research should focus on 

characterizing and evaluating the conflict severity and on the recognition of factors that may affect 

the conflict rates at diverse infrastructures. 

 

ὅὙ                  (2.11) 
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The literature review in this section allowed identifying that relevant researches have been conducted 

to express severity and risk from different approaches, using traffic conflicts, envisioning the need 

to incorporate road user masses for a better assessment of severity and, therefore, of risk. 

2.16 Methods 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 measures. The adoption of a statistical 

technique, to model a phenomenon, must be based on a design where the experimental unit is clearly 

defined. In this research, the experimental unit is the traffic conflict. Kuehl (2000) states that the 

experimental unit is the ñphysical entity or the subject exposed to treatment independently of other 

unitsò. Since the proposed index corresponds to a single response variable that comes from several 

predictor variables, it is valid to state that the proposed model is a univariate-multivariable model, 

according to Peters (2008). Predictors will be registered for each conflict, seeking to understand the 

severity of  traffic conflict, or experimental unit (Johnson and Wichern, 2007). For the above, the 

literature review allowed identifying different methods for formulating indexes. 

 

The principal component analysis (PCA) is a method widely used in the formulation of social indices 

(Vyas and Kumaranayake, 2006; Torres, Torres and Pardillo, 2010; Esmaeili and Shokoohi, 2011; 

Wei et al., 2011; Chao and Wu, 2017; de Senna, Maia and de Medeiros, 2019). However, this method 

has several limitations that can lead to spurious or superfluous results, depending on the 

characteristics of the original variables. Mazziotta and Pareto (2015) state that the PCA does not 

recognize the polarity of the variables, that is the sign of the correlation between a surrogate measure 

and the conflict severity. In the same sense, sometimes it is necessary to normalize and/or standardize 

the variables to ensure that they all have the same variance, or consider transformations of variables 

that later make their interpretation difficult; variables that are poorly correlated may be 

underrepresented in the index; and, some (obviously) very important variables are treated roughly 

simply because they showed a widely distributed dispersion or because they did not fall within a 

narrow band around a straight line. The method is useful when the original variables do not have 

such limitations. In this way, the resulting model has the form shown in Equation 2.12, in which X 

is each of the variables and W is its corresponding weight in the model. Factor analysis (FA) is a 

technique similar to PCA; however, there is a fundamental difference: PCA does not depend on a 

statistical model, while FA does (Nardo et al., 2005). 
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ὝὬὩέὶὭὧ ὺὥὰόὩὡὢ ὡὢ ὡὢ Ễ ὡὢ                         (2.11) 

 

PCA and FA are weighting methods, but there are other weighting techniques (Nardo et al., 2005), 

such as the equal weighting; the benefit of the doubt approach that is based on weighting 

assumptions; multiple regression models requiring a response variable; unobserved components 

similar to multiple regressions where the response variable is an additional parameter to be 

determined; participatory methods that are based on the opinion of non-experts; expert judgement; 

Public opinion polls; the Analytic Hierarchy Process (AHP); and conjoint analysis that is the reverse 

process of AHP. 

 

Aggregate techniques are another option for index construction. The EU/JRC (2008) presents 

methods for additive or geometric aggregation and the non-compensatory multi-criteria approach. 

The additive aggreation is useful when all predictors are expressed in a comparable scale. non-

comparable scales take meaning by aggregating them geometrically. The non-compensatory multi-

criteria approach allows treating qualitative and quantitative data jointly. 

 

One of the purposes of the index proposed in this research, is that it be easily obtained for practical 

use. So I selected a weighting method based on the descriptive statistics of the predictors. The 

weighted indices present the form show in Equation 2.12, according to Vences R. (2014), which can 

be modified depending on the needs of the index and what it represents. 

 

ὍὲὨὩὼὅὢ #ὢ ὅὢ Ễ ὅὢ              (2.12) 

 

where: 

 

ὧ                               (2.13) 

 

si = standard deviation of the variable i. 

 

ί Ễ                 (2.14) 

 

ri = root mean square of the correlations between variable i and the rest of the variables. 
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Thus, the index is a weighted arithmetic average: 

 

Ὅ
Ễ

Ễ
              (2.16) 

 

As shown later in this document, this type of weighting was useful for the formulation and validation 

of the index, according to the nature and characteristics of the surrogate measures used to quantify 

the severity of traffic conflicts.



 

 

3. Event-based traffic risk assessment at 

signalized intersections of BRT systems 

This chapter presents the formulation and validation of an event-based risk indicator, with a 

preventive approach, according to the first specific objective. The first subsection includes the 

criteria and analysis that led to the selection of study sites, corresponding to three signalized 

intersections of the BRT system. These criteria refer to the results of a study of accidents and hotspots 

of the BRT network in Bogotá, since 2007 to 2017. The second subsection covers the study of traffic 

conflicts by means of the STCT and exposure quantified by encounters, at the study sites, as well as 

the validation and mapping of the risk indicator equal to the rate of serious conflicts/encounters, in 

the final subsection. 

3.1 Selection of study sites 

The motivation for the selection of the study sites corresponds to the infrastructure in which the 

greatest number of accidents occurred. Initially, thanks to the study of Bocarejo et al. (2012), three 

stations of the BRT system were analyzed. The study suggests that, during the period between 1998 

and 2008, TransMilenio changed the safety dynamic with vital general reductions in traffic accidents, 

but some specific areas suffered an increase. These areas are the busiest stations; also, roads where 

traffic lights were eliminated increasing their operating speeds. In general, the BRT infrastructure 

brought lane widening and surface improvement. Bocarejo et al. (2012) found that a very important 

road corridor, the NQS Avenue, which is characterized by not having traffic lights, presented the 

highest increase in traffic accidents. For this reason, this research selected three stations, in which 

fixed videos were recorded for 12 continuous hours, from 06:00 to 18:00, during business days. I 

carried out a detailed analysis of the videos; however, I did not identify relevant events, not even 

obvious exposure related events, including both sides of each station. This is because the space for 

vehicles of the BRT system is confined; the roadway comprises two lanes, each 3.5 m wide. Figure 
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3-1 presents photographs of the three stations studied: Pepe Sierra, Avenida Chile and Simón Bolívar 

Stations. 

 

Figure 3-1: Stations analyzed of the BRT system 

  

Pepe Sierra Station 

  

Avenida Chile Station 

  

Simón Bolívar Station 

 

After the previous approach to the selection of study sites, the investigation focused on carrying out 

an original accident study, based on the official information available, for the determination of 

hotspots, specifically on the city BRT corridors. The database belongs to SIMUR (2018), which is 

the Integrated Information System on Regional Urban Mobility. The study period covers the years 

2007 to 2017. The kernel density allowed identifying the hotspots, grouping the events by severity 

and using a radius of 50 m, using QGIS 3.12.2 (QGIS Development Team, 2020). Kernel density 

calculates the density of the point entities (accidents) in a predefined area of them. As a result, Figure 
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3-2 shows the heat map of the accidents, on BRT corridors, that involved articulated or bi-articulated 

vehicles of the system in Bogotá, during the study period from 2007 to 2017. In the same sense, 

Figure 3-2 clearly shows three hotspots corresponding to signalized intersections: 1. Caracas Avenue 

and 6th, 2. Caracas Avenue and 13th Street, and 3. Caracas Avenue and 19th Street. Based on the 

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

objectives. 

 

Figure 3-2: Kernel density heat map of traffic accidents involving BRT vehicles 

 

 

Table 3-1 shows the total number of accidents per year, since 2007 to 2017 at Caracas Avenue and 

6th Street intersection, respectively, discriminated by severity (only damages, injuries or fatalities). 

2017 was the year with the highest number of accidents (34), 2018 was the year with more fatalities 

(2), and 2013 was the year with more injuries (17). Table 3-2 presents the accumulated number of 

accidents per month, since 2007 to 2017, at the same intersection. The highest number of accidents 

occurred (28) during August and October. Several months presented one fatality. August was the 

month with the highest number of injuries. Table 3-3 presents the accumulated number of accidents 

per day, since 2007 to 2017. Friday was the day with the highest number of accidents (47) and 

injuries (23), furthermore Monday was the day with the highest number of fatalities (2).  

 



50 Methodology for event-based traffic risk assessment of BRT systems and its simulation 

 
Table 3-1: Accidents per year at 6th Street 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 6th Street 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 6th Street 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 3-4 shows the accidents by year, by road user, by consequences and by accident mechanism, 

being possible to identify the participation of vulnerable users and articulated vehicles of the BRT 

system in traffic accidents. At this intersection, there were 148 only damages events, 116 injuries 

and 6 fatalities, during the study period. Most events were crashes and runs over; however, also there 
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were occupant falls and overturning. It is noteworthy that animal-drawn vehicles were recorded in 

the incidents; these vehicles have been banned in the city since 2014.  

 

Table 3-4: Accidents per year at 6th Street intersection by outcomes 

 

 

Year Features Only damages 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 Bus - 1 - 1

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

Motorcycle 1 2 - 3 Crash 12 6 - 18

Moped 1 - - 1 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

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 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

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 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 - 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

Van 1 - - 1 Crash 16 4 2 22

Microbus 1 - - 1 Car 11 3 14

Motorcycle - 2 - 2 Bicycle - - 1 1

Dump truck 1 - - 1 Bus 1 - - 1

Unknown - 1 - 1 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 - 9 148 116 6 270

Articulated bus - 1 - 1

Truck 2 1 - 3

Van 3 - - 3

Microbus 1 - - 1

Motorcycle 1 - - 1

Unknown 1 1 - 2

Other - 2 - 2

Articulated bus - 2 - 2

Total 15 8 - 23

Total

2010

2011

2012

2007

2008

2009

2013

2014

2015

2016

2017
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Table 3-5 shows the total number of accidents per year, since 2007 to 2017, at Caracas Avenue and 

13th Street intersection, respectively, discriminated by severity (only damages, injuries or fatalities). 

2013 and 2015 were the years with the highest number of accidents (18), several years presented one 

fatality, and 2013 was the year with more injuries (9). Table 3-6 presents the accumulated number 

of accidents per month, since 2007 to 2017, at the same intersection. In December, the highest 

number of accidents occurred (23). Several months presented one fatality. September and November 

were the months with the highest number of injuries. Table 3-7 presents the accumulated number of 

accidents per day, since 2007 to 2017. Wednesday was the day with the highest number of accidents 

(33), Thursday with injuries (16), furthermore several days presented one fatality.  

 

Table 3-5: Accidents per year at 13th Street 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 

 

Table 3-6: Accidents per month at 13th 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 13th Street intersection since 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 3-8 shows the accidents by year, by road user, by consequences and by accident mechanism, 

being possible to identify the participation of vulnerable users and articulated vehicles of the BRT 

system in traffic accidents. At this intersection, there were 89 only damages events, 65 injuries and 

4 fatalities, during the study period. At this intersection there were no events with animal-drawn 

vehicles.  

 

Table 3-9 presents the total number of accidents per year, since 2007 to 2017, at Caracas Avenue 

and 19th Street intersection, respectively, discriminated 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 2017 were the years with more injuries (14). Table 3-10 presents the 

accumulated number of accidents per month, since 2007 to 2017, at the same intersection. In 

February and August, the highest number of accidents occurred (20). Several months presented one 

fatality. December was the month with the highest number of injuries (11). Table 3-11 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 injuries (14), furthermore several days 

presented one fatality.  
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Table 3-8: Accidents per year at 13th Street 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

Bus 1 - - 1 Occupant fall - 1 - 1

Motorcycle - 2 - 2 Articulated bus - 1 - 1

Other - 1 - 1 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 9 - 18

Car 5 - - 5 Run over - 3 - 3

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

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

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

Motorcycle - 1 - 1 Bus - 1 - 1

Self-injury - 1 - 1 Crash 13 1 - 14

Motorcycle - 1 - 1 Car 6 - - 6

Crash 6 1 - 7 Bus 3 - - 3

Car 3 - - 3 Van 2 1 - 3

Bicycle - 1 - 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 Crash 5 4 - 9

Van - 1 - 1 Car 1 2 - 3

Motorcycle - 1 - 1 Bicycle - 1 - 1

Crash 10 2 - 12 Van 4 - - 4

Car 5 1 - 6 Motorcycle - 1 - 1

Articulated bus 2 - - 2 Other - 1 - 1

Truck 1 - - 1 Bus - 1 - 1

Van 2 - - 2 Total 5 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 Bicycle - 2 - 2

Crash 4 3 - 7 Bus - 1 - 1

Car 4 - - 4 Truck 2 - - 2

Bicycle - 1 - 1 Motorcycle 2 1 - 3

Van - 1 - 1 Total 9 7 1 17

Motorcycle - 1 - 1 89 65 4 158

Other - 2 - 2

Articulated bus - 2 - 2

Overturning - - 1 1

Motorcycle - - 1 1

Total 4 7 1 12

2012

2007

2008

2009

2010

2011

2017

Total

2013

2014

2015

2016
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Table 3-9: Accidents per year at 19th Street intersection 

Year Only damages Injur ies Fatal Total 

2007 12 9 - 21 

2008 11 3 - 14 

2009 5 9 1 15 

2010 9 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 19th 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 19th Street 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 3-12 shows the accidents by year, by road user, by consequences and by accident mechanism, 

being possible to identify the participation of vulnerable users and articulated vehicles of the BRT 

system in traffic accidents. At this intersection, there were 100 only damages events, 88 injuries and 

4 fatalities, during the study period. 
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Table 3-12: Accidents per year at 19th Street 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

Van 1 - - 1 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 - 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

Microbus 1 - - 1 Crash 14 - - 14

Motorcycle - 1 - 1 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 Crash 6 3 - 9

Car 2 - - 2 Car 3 - - 3

Bicycle - 1 - 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 Bus - 2 - 2

Motorcycle - 2 - 2 Crash 6 - - 6

Crash 9 - - 9 Car 3 - - 3

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

Van 2 - - 2 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

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

2010

2013

2014

2015

2016

2017

2007

2008

2009

2011

2012
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This research focuses into three signalized intersection due to limitations of [i] budget, and [ii] time 

since the processing of the videos was manual in a large part of the research and with the aid of the 

semiautomatic T-Analyst tool that requires total intervention from the specialist, as well as the use 

of VISSIM and SSAM, and the time needed in training on the different methods and tools. Regarding 

the representativeness of the three intersections, it is considered that the similar geometry and 

operation between these intersections are determining factors, so that these are the three BRT 

intersections most collision-prone and that their safety performance from traffic conflicts is also 

similar. In the city there is an important number of intersections with similar geometric conditions 

to those studied in the thesis, which allows hypothesizing that, depending on their conditions of 

operation and demand, it could be observed similar behaviors and events, highlighting that the 

particular social conditions are another determining factor. I verified part of this hypothesis in the 

following sections. 

3.2 Traffic risk assessment based on traffic elementary events 

The proposed preventive risk indicator is based on two events: serious conflicts as surrogate for 

accidents and encounters as events to quantify exposure. Chapter 2 described both events. I collected 

the information through direct observation of the operation of the intersections on videos and 

performed its subsequent analysis with the aid of T-Analyst tool. This tool requires a calibration 

process in which the videos are sized based on satellite images, in such a way to obtain a three-

dimensional projection of the operation of road users, making it possible to trace their trajectories 

and obtain their surrogate measurements, as well as speeds and other variables of interest. This 

subsection includes the characteristics of the videos, the results of their calibration in T-Analyst, 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 was video recorded with two opposed fixed cameras, as Figure 3-

3 shows, during the following periods of working days: 

Á Avenue Caracas and 6th Street: from 6:00 to 15:00 hours, northwards and southwards on 

Thursday, October 4, 2018. 

Á Avenue Caracas and 13th Street: from 6:00 to 18:00 hours, northwards and eastwards on 

Wednesday, October 3, 2018.  
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Á Avenue Caracas and 19th Street: from 6:00 to 16:30 hours northwards and, from 6:00 to 14:30 

hours southwards on Friday, October 5, 2018. 

 

These study periods fulfils requirements reported by Glauz and Migletz (1980) in terms of the 

minimum recommended continuous time of traffic conflict observation. The video recordings 

resolution was 1,920 × 1,080 according to expected characteristics of the videos for their analysis 

with the aid of T-Analyst. The use of two simultaneous cameras is due to the size of the articulated 

vehicles of the BRT system, so it was necessary to have a greater coverage to avoid occlusions of 

events of interest. The cameras were temporarily installed on light poles at a height of approximately 

5 m. Camera calibration is a process that involves finding common reference points on the video and 

on a satellite image of the study site. As an example of camera calibration, Figure 3-4 shows the 

calibration results, at Caracas Avenue and 6th Street intersection; Appendix A presents the results for 

the other two intersections. In this research, 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 recording length by intersection starting at 06:00 

Caracas Avenue and 6th Street 

  
Northwards: 9 hours Southwards: 9 hours 

Caracas Avenue and 13th Street 

  
Southwards: 12 hours Eastwards: 12 hours 

Caracas Avenue and 19th Street 
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Northwards: 10.5 hours Southwards: 8.5 hours 

 

The satellite images belong to the Spatial Data Infrastructure platform for the Capital District 

(IDECA, 2018). This platform provides satellite images of Bogotá, with quality and resolution 

superior to other platforms such as Google Earth. The calibration grid allows assigning axes to the 

intersection to generate the three-dimensional space, based on calibration points. The images show 

how the accuracy decreases when moving away from the camera. 

 

Figure 3-4: Camera calibration using T-Analyst at Caracas Avenue and 6th Street 

 

Northwards calibration grid 

 

Northwards calibration accuracy 
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Southwards calibration grid 

 

Southwards calibration accuracy 

3.2.2 Pre-selection of potential events 

After extensive training at Lund University, I watched the videos to detect the situations where the 

reasonable safety margins appeared compromised. To mitigate the problem of subjective conflict 

selection, my instruction as observer was to include all doubtful cases, according to Laureshyn and 

Varhelyi (2018). It was also that the situations of lower severity had a higher chance of not being 

included. Therefore, at the later stages of analysis, a cut-off threshold was always used to remove 

the least severe situations and ensure that the distribution of the remaining situations was truly 

representative. The work focused on events where a road user entering the intersection encounters 

another road user already in the intersection. 

3.2.3 Road safety outcomes at Caracas Avenue and 6th intersection 

This intersection is characterized by having BRT carriageways on both tracks and in both directions. 

Figure 3-5 shows the movements allowed per road user. The 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. Three of the four 

right turns have an exclusive carriageway to carry out these movements in a protected way. These 
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right turns converge with the main road controlled by a yield sign. An exclusive signal 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 PET ¢ 1 s, according to Archer and Kosonen (2000) 

that proposed a critical value for PET ¢ 1 s for high risk traffic conflicts. It is essential to clarify that 

PET can be measured even when there is no collision course, so an encounter, in which there is not 

necessarily a collision course, can be characterized under this parameter. The explanation of 

exposure assessment in this study is expanded later. However, the characterization of conflicts does 

require the collision course, and under the STCT, two variables are used: Time-to-Accident (TA) 

and Conflicting Speed (CS).  

 

Figure 3-5: Traffic movements allowed per road user at Caracas Avenue and 6th Street 

 

 

Table 3-13 presents the safety outcomes at this intersection based on the STCT. This means that, of 

the 222 identified encounters, 36 turned out to be relevant conflicts. From left to right, this table 

includes the conflict identification code (ID), the exact time the conflict occurred, the two road users 

involved, TA, CS and the level of severity of each conflict according to the STCT. Regarding the 

BRT system, there were three conflicts between articulated buses and pedestrians, one conflict 
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between an articulated bus and a cyclist, one conflict between an articulated bus and a motorcyclist, 

seven conflicts between articulated buses and cars, one conflict between articulated bus and 

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

 

Table 3-13: Safety outcomes based on STCT at Caracas Avenue and 6th Street 

ID  Time 
Road User 

1 

Road User 

2 

TA 

s 

Conflicting 

Speed 

km/h 

Severity 

level 

1 6:41:39 a. 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 1.39 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 47 26 

7 9:08:10 a. m. Car Pedestrian 1.79 19 24 

8 9:44:04 a. m. Articulated Car 2.21 43 25 

9 10:31:19 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 2.01 21 24 

13 11:06:44 a. m. Motorcycle Motorcycle 1.49 13 24 

14 11:21:45 a. m. Articulated Car 1.74 12 24 

15 11:34:30 a. 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 2.15 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 p. m. 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 1.94 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 1.51 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 p. m. Motorcycle Pedestrian 2.52 38 24 

 

 

Figure 3-6 presents the conflict severity findings at Caracas Avenue and 6th Street on the severity 

diagram established by Hydén (1987). 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, except one between a car 
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and a pedestrian, whose CS = 62 km/h; this speed is high for an urban area, therefore, currently the 

District Mobility Secretariat reduced the posted speed limit of Caracas Avenue to 50 km/h. The 

conflict (ID = 4) with the highest level of severity (27) occurred between a biarticulated bus and a 

pedestrian; the CS = 36 km/h but TA= 1.02 s, which reveals a potentially dangerous proximity 

between the two road users. Likewise, other conflicts with low TA and low CS are observed, which 

validate that the proximity between users is recurrent. 

 

Figure 3-6: Conflict severity findings at Caracas Avenue and 6th Street 

 

 

Figure 3-7 exhibits the location of the video observed traffic conflicts at the current intersection. The 

Figure has arrows of different types and colors to indicate the type of road users and their direction 

during the traffic conflict. All the conflicts were due to disobedience of the traffic light or of the 

yield signals or insufficient clearance time of the traffic light. In the northern approach it is observed 

that several pedestrians, 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 intersection is insufficient to evacuate articulated and 

biarticulated buses that can measure up to 26 m in length. In the specific case of pedestrians, conflicts 

are due to traffic light disobedience since all pedestrian movements are protected. At the western 

approach, the articulated 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 approach are since 
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sometimes mixed vehicles invade the trajectory of articulated vehicles, forcing them to brake. In 

other cases, mixed vehicles do not manage to turn left during the traffic light 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 

 

 

3.2.4 Road safety outcomes at Caracas Avenue and 13th intersection 

This intersection has BRT carriageways on both tracks and in both directions. Figure 3-8 shows the 

movements allowed per road user. The 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 articulated vehicles are allowed two right 

turns and two left turns. Mixed vehicles can only make through movements or right turns. An 

exclusive signal phase protects each movement. 

 

The methodology allowed identifying 287 encounters at this intersection. As mentioned at the 

previous intersection, the criteria to filter out the encounters consists in include events with a PET ¢ 

1 s. Table 3-14 presents the safety outcomes at this intersection based on the STCT. This means that, 

of the 222 identified encounters, 45 were relevant conflicts. Regarding the BRT system, there were 
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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 per road user at Caracas Avenue and 13th Street  

 

 

Figure 3-9 exhibits the conflict severity findings at Caracas Avenue and 13th Street on the severity 

diagram established by Hydén (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 highest level 

of severity (26) occurred between an articulated bus and a motorcycle; the CS = 23 km/h but TA= 

0.64 s, which corresponds to a more dangerous proximity between road users than at the previous 

intersection, although the speeds are lower. In fact, the conflict ID = 22 has TA = 0.57 s and CS = 

14 km/h.  

 

Figure 3-10 shows the location of the observed traffic conflicts at the current intersection. All the 

conflicts were due to disobedience of the traffic light by pedestrians, those who are surprised by 

articulated turning buses, mainly. Three conflicts are observed in the middle of the intersection in 

which pedestrians crossed through non-permitted areas. At the southern approach there were three 

conflicts between through cars and pedestrians, that are a result of the crosswalk at risk.  

 



66 Methodology for event-based traffic risk assessment of BRT systems and its simulation 

 
Table 3-14: Safety outcomes based on STCT at Caracas Avenue and 13th Street 

ID  Time 
Road User 

1 

Road User 

2 

TA 

s 

Conflicting 

Speed 

km/h 

Severity 

level 

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 Pedestrian 1.75 16 24 

7 10:04:31 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 11:04:58 a. 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 12:27:45 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. Articulated Pedestrian 0.57 14 26 

21 1:30:33 p. m. Articulated Pedestrian 1.82 15 24 

22 1:32:15 p. 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 Pedestrian 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 Pedestrian 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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Figure 3-9: Conflict severity findings at Caracas Avenue and 13th Street 

 

 

Figure 3-10: Traffic conflicts observed per approach at Caracas Avenue and 13th Street 
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3.2.5 Road safety outcomes at Caracas Avenue and 19th intersection 

This intersection has BRT carriageway the Caracas Avenue, only. Figure 3-11 shows the allowed 

movements of the road users. As at the previous intersections, the 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 vehicles are 

allowed through movements only. Mixed vehicles can only make through movements or right turns. 

An exclusive signal phase protects each movement. 

 

Figure 3-11: Traffic movements allowed per road user at Caracas Avenue and 19th Street 

 

 

The methodology allowed identifying 623 encounters at this intersection. As mentioned at the 

previous intersections, the criteria to filter out the encounters consists in include events with a PET 

¢ 1 s. Table 3-15 presents the safety outcomes at this intersection based on the STCT. This means 

that, of the 623 identified 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 articulated buses and other vulnerable road users. Most conflicts were between cars and 

vulnerable road users (47), as well as 22 conflicts between motorcycles and vulnerable users.   
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Table 3-15: Safety outcomes based on STCT at Caracas Avenue and 19th Street 

ID  Time Road User 1 Road User 2 
TA 

s 

Conflicting 

Speed 

km/h 

Severity 

level 

1 6:33:07 a. m. Articulated Pedestrian 1.90 55 26 

2 6:33:11 a. 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 7:07:50 a. m. Car Pedestrian 2.10 24 24 

6 7:09:51 a. 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 1.91 24 24 

10 7:47:53 a. m. Car Pedestrian 1.99 19 24 

11 7:48:12 a. m. Motorcycle Pedestrian 2.14 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 Pedestrian 1.89 18 24 

17 8:14:43 a. m. Car Pedestrian 2.12 25 24 

18 9:59:12 a. m. Car Bicycle 1.19 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 10:18:59 a. m. Car Pedestrian 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 1.92 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 p. m. 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 1.41 16 25 

42 12:44:35 p. m. Motorcycle Bicycle 1.92 33 25 

43 12:45:12 p. m. Motorcycle Pedestrian 1.45 17 25 

44 12:51:52 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 
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ID  Time Road User 1 Road User 2 
TA 

s 

Conflicting 

Speed 

km/h 

Severity 

level 

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 Pedestrian 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 p. m. 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 1.91 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 2:20:04 p. m. Car Pedestrian 2.09 46 25 

67 2:20:11 p. 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 2:43:07 p. 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 1.44 7 24 

77 3:36:02 p. m. Motorcycle Pedestrian 2.87 47 24 

78 4:11:08 p. m. Motorcycle Pedestrian 1.93 23 24 

 

Figure 3-12 exhibits the conflict severity findings at Caracas Avenue and 19th Street on the severity 

diagram established by Hydén (1987). At the date of analysis, the posted speed limit was 60 km/h. 

All conflicts were within the expected speed threshold, except for conflict ID = 2 which resulted the 

conflict with the highest level of severity (28), in this research, occurred between an articulated bus 

and a pedestrian, with CS = 73 km/h and TA = 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 volumes. Conflict ID = 

1 occurred at 6:33:07 a.m., with CS = 55 km/h, TA = 1.74 s, and severity level = 26. Figure 3-13 

shows the location of the observed traffic conflicts at the current intersection. Most conflicts were 

due to disobedience of the traffic light by pedestrians, and aggressive right turning mixed traffic. 

Four conflicts were due to sudden lane changes. Even though the number of conflicts with 

participation of articulated buses was low, compared to the other intersections, the most severe 

conflicts were between articulated buses of the BRT system and pedestrians. As shown in the Figure, 

these pedestrians crossed the intersection diagonally, which is prohibited and very unsafe. In the 
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eastern approach the same pedestrian behavior occurs, where pedestrians cross illegally and 

encroach the trajectory of cars and motorcycles.  

 

Figure 3-12: Conflict severity findings at Caracas Avenue and 19th Street 

 

 

Figure 3-13: Traffic conflicts observed per approach at Caracas Avenue and 19th Street 
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3.3 Results and validation of the preventive risk indicator 

Traditionally, traffic exposure is described as a number of vehicles passing during a certain time. 

This is not particularly meaningful in safety analysis as the risk of a collision is also depending on 

the presence of vehicles from the conflicting direction. An encounter, as the simultaneous presence 

of the two road users from the two conflicting directions, has been argued as a more suitable exposure 

measure (Elvik, Erke and Christensen, 2009; Elvik, 2015). The advantage of encounter-based 

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 2, this research defines an encounter as the simultaneous presence of a road 

user entering the intersection and a road user already in the intersection moving towards the conflict 

areas, which may be primarily the established crosswalks although, as noted before, events can occur 

anywhere in the intersection. In addition to the spatial criterion, I established a temporal criterion to 

filter out the encounters, that consists in include encounters with a PET ¢ 1 s, for which there is no 

need for a collision course. In case of a road user waited for several road users passing before to 

enter in the intersection, I counted it as a single encounter. For an exploration of differences in 

encounter definitions with regards to group treatment see Johnsson and Laureshyn (2019).  

 

I counted the encounters counted manually from the video. This is very 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 procedure to estimate encounter numbers from the 

VISSIM simulation models through start and end lines used for travel time measuring combined 

with relatively simple logical conditioning (Bulla-Cruz, Laureshyn and Lyons, 2020). We validated 

said procedure in a two-lane roundabout and I did not apply it to the intersections studied in this 

research, since the direct count of encounters was required for the validation of the proposed risk 

indicator. 

 

Figure 3-16, Figure 3-17 and Figure 3-18 show the risk mapping at Caracas Avenue and 6th Street 

intersection, Caracas Avenue and 13th Street intersection and Caracas Avenue and 19th Street 

intersection, respectively. The number of encounters is shown inside the yellow circles the number 

of conflicts is shown inside the red circles. It should be noted that every conflict was an encounter 

that raised in a conflict with a relevant severity. Therefore, the risk indicator is the probability of 

having a traffic conflict when exposing to the traffic risk in an encounter. An encounter can be 
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counted when there is, for example, a simultaneous presence of a pedestrian and a vehicle in the 

conflict area; this makes the preventive risk indicator more 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 and 6th Street intersection, shown in Figure 3-14, the 

overall risk is 36 serious conflicts divided by the exposure (186 encounters + 36 encounters that 

raised in conflicts) = 0.16 or 16%. The northern approach presents the greatest number of encounters; 

46 on the BRT system carriageway and 88 on the mixed vehicle carriageway. These events are due 

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 per carriageway is (2/44) * 100 = 4.54% and (14/74) * 

100 = 18.92%, respectively. Other approaches of the intersection may present higher risk values, 

although with fewer events. Both the conflict, exposure and risk assessments allow a specific 

identification of the areas of the intersection that require special attention to solve safety problems.  

 

Figure 3-14: Risk mapping at Caracas Avenue and 6th Street 

 
 

 

 

Figure 3-15 shows the risk mapping at Caracas Avenue and 13th Street intersection. The overall risk 

in this intersection is 45 serious conflicts divided by the exposure (242 encounters + 45 encounters 

that raised in conflicts) = 0.16 or 16%. This intersection presents risky activity at various approaches 
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through which vehicles of the BRT system transit. This risk is due to the fact that several left and 

right turns of articulated buses are allowed. Pedestrians cross the intersection improperly and are 

surprised by turning vehicles; this is the biggest safety concern of the intersection and could be 

managed from reducing exposure. There are also 21 encounters in the center of the intersection; 

although they did not raise in conflicts, they are due to several pedestrians crossing the intersection 

in prohibited places. 

 

Figure 3-15: Risk mapping at Caracas Avenue and 13th Street 

 
 

 

Figure 3-16 shows the risk outcomes at Caracas Avenue and 19th Street intersection. The overall risk 

in this intersection is 78 serious conflicts divided by the exposure (545 encounters + 78 encounters 

that raised in conflicts) = 0.13 or 13%. It can be observed that the carriageways used by the BRT 

system do not present major safety problems, although some high severity conflicts occurred in the 

center of the intersection between articulated buses and pedestrians. Conversely, the safety concerns 

are due to right turns of mixed vehicles that had an important number of encounters and conflicts 

with pedestrians; mutual aggressiveness is evident in these events.  
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Figure 3-16: Risk mapping at Caracas Avenue and 19th Street 

 
 

 

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 from the traffic volumes of road users. 

This is because, as mentioned above, traditional exposure measures are aggregated and hide part of 

the safety outcomes. Equation 3.1 shows the calculation of the probability of encounter between two 

conflicting traffic flows. This probability assumes that a road user will only encounter a road user of 

a flow that is conflicting. When having traffic lights, it is expected that this probability is not correct 

because it implies the crossing of the intersection by conflicting flows simultaneously; however, 

high road user demands would be expected to lead to further disobedience. 

 

ὖὉ ρ
ȿ ȿ

                    (3.1) 

 

Figure 3-17 shows the directional traffic volumes of road users at the hour of greatest number of 

conflicts, during the study period, at Caracas Avenue and 6th Street intersection. This hour lasts from 

12:46:00 hours to 13:46:00 hours, with 11 relevant conflicts. This Figure also shows the number and 

location of encounters and conflicts during the study period (9 hours) at the current intersection. 
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Figure 3-17: Traffic volumes per road user at Caracas Avenue and 6th Street 

 

 

Figure 3-18 shows the directional traffic volumes of road users at the hour of greatest number of 

conflicts, during the study period, at Caracas Avenue and 13th Street intersection. This hour lasts 

from 14:03:00 hours to 15:03:00 hours, with 11 relevant conflicts. This Figure also shows the number 

and location of encounters and conflicts during the study period (12 hours) at the current intersection. 

 

The Figure 3-19 shows the directional traffic volumes of road users at the hour of greatest number 

of conflicts, during the study period, at Caracas Avenue and 13th Street intersection. This hour 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 the current intersection. 
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Figure 3-18: Traffic volumes per road user at Caracas Avenue and 13th Street 

 

 

Figure 3-19: Traffic volumes per road user at Caracas Avenue and 19th Street 
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Based on the information of the three previous Figures, Figure 3-20 shows the relation between the 

probability of encounter from the traffic volumes of the hour with the highest number of conflicts, 

the number of encounters during the same hour, and the number of traffic conflicts during the same 

hour, and the risk value determined by the proposed risk indicator, for the most conflict-prone places 

at each intersection.    

 

The results show that there is no clear relationship between the probability of encounter and the risk 

determined using the proposed risk indicator. For example, at the place 1 of 6th Street the risk resulted 

lower than the probability of encounter (0.20 vs 0.11). Based on Table 3-16, in place 1 it is expected 

that 41 BRT left-turning buses have encounters with 41 pedestrians; however, there were only nine 

encounters. The above is consistent when keeping in mind that all movements are controlled by the 

traffic light. At place 1, only one encounter raised in a traffic conflict, so the risk indicator is 0.11. 

 

On the other hand, there were cases in which the risk indicator resulted higher than the probability 

of encounter, as the place 1 at 13th Street. The probability of encounter is 0.04, but the risk is 1.0. In 

this case, there were 6 encounters and all of them raised in traffi c conflicts. Even though the 

encountering volumes are very different (13 BRT buses vs 698 pedestrians), 6 BRT buses had 

encounters and conflicts with pedestrians, which means the highest possible risk value. In this place 

there is high traffic light disobedience by pedestrians who are commonly surprised by turning 

vehicles. 

 

Each place can be analyzed in the same way, finding that, in general, there is no clear relationship 

between the number of expected and observed encounters, and even more so with confli cts. The 

probability of encounters is determined from the traffic volumes; this study shows that using traffic 

volume as an exposure unit can overestimate or underestimate exposure at signalized intersections. 

Bulla-Cruz, Laureshyn and Lyons (2020) found opposite results in a two-lane roundabout in Bogotá, 

in which the traffic volumes are positively correlated with the number of encounters, conflicts and, 

consequently, with the preventive risk indicator. This is because the roundabout is controlled by 

yield signals; in Bogotá, the aggressive driving behavior in roundabouts is common, generating 

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

 

In accordance with Elvik, Erke and Christensen (2009) and Elvik (2015), the typical indicators of 

exposure are million vehicle kilometers and traffic volume (AADT), which are activity-based and 

aggregate indicators. This 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 event-based safety assessment, bearing in mind that 

the risk has been quantified, traditionally, by the ratio between the number of unfavorable events and 

the exposure, in a certain period (Rumar, 1999). This research uses traffic conflicts as unfavorable 

events.  

 

Figure 3-20: Probability of encounter and proposed risk index outcomes 

 

 

Table 3-16: Probability of encounter and risk at most conflict-prone places 

Intersection Place 
Main volume Conflicting volume Probability 

of encounter 

Number of 

encounters 

Number of 

conflicts 
Risk 

Source Movement Volume Pedestrians Pedestrians Total 

6th Street 

Place 1 BRT Left turn 41 184 185 369 0.20 9 1 0.11 

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 

13th Street 

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

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 

19th Street 

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

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 

Gettman et al. (2008) conducted a safety study at 83 four-leg signalized intersections in the USA. 

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

conflicts data by means of the Surrogate Safety Assessment Model (SSAM) that, as Chapter 2 

explains, it is a postprocessor tool of VISSIM trajectory files that allows estimating traffic conflicts 

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

against the crash data history of the intersections, finding a significative correlation based on the 

Spearman's rank correlation coeffi cient = 0.463. Equation 3.2 shows the model obtained that 

expresses the relationship between conflicts per hour and total crashes per year, with a R2 = 0.41. 
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πȢρρω
Ȣ

                (3.2) 

 

Based on the results of the present research, I used the above mathematical model to predict the 

expected number of crashes and compare such number with the actual number of crashes, during the 

period from 2013 to 2017. Table 3-17 shows the outcomes of the estimation. Based on the model, 

the predicted crashes per year are 4, 4 and 6, per intersection, respectively. At none of the 

intersections, the number of predicted crashes is close to the actual total crashes; however, the 

predicted crashes seem to be close to 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 crashes. However, to generate a 

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

 

Table 3-17: Expected and actual number of crashes based on the number of traffic conflicts 

Conflicts/hour 

Year 

Actual crashes/year 

6th 

Street 

13th 

Street 

19th 

Street 

6th Street 13th Street 19th Street 

Damages Injuries  Fatal Damages Injuries  Fatal Damages Injuries  Fatal 

11 11 15 
2013 9 17 - 9 9 - 3 14 - 

2014 12 12 - 11 4 - 15 4 - 

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

4 4 6 
2016 17 16 1 5 8 1 6 8 1 

2017 16 9 2 9 7 1 17 14 - 



 

4.  Composite traffic conflict severity index 

In general, severity refers to the consequences of a collision; alternatively, conflict-based severity 

refers to the spatiotemporal proximity with which the collision was avoided. Given that surrogate 

measures are usually used in a univariate way to define the severity of a conflict, and in congruence 

with the general objective, this research seeks to validate a multivariate synthetic index that allows 

determining the severity of a conflict taking advantage of the attributes of each variable involved, 

allowing for a more accurate quantification of event-based risk. According to the third and fourth 

specific objectives, the proposed severity index for traffic conflicts is composed by four surrogate 

measures, known as TTCmin, PET, DR and DeltaV. Chapter 2 presents the conceptualization of these 

variables. This index includes four dimensions associated with the conflict severity, referring to the 

temporal proximity of a possible crash, provided by TTCmin that denotes imminent danger and PET 

that implies potential danger; the initial deceleration rate to avoid the crash, measured by DR; and 

the severity of an assumed hypothetical inelastic collision between two road users (DeltaV), defined 

as the change in velocity between pre-collision and post-collision trajectories of a road user. DeltaV 

is calculated at TTCmin, based on the current speeds, the masses of the road users and their conflict 

angle, for each road user involved in the conflict. The relevant DeltaV is the highest value obtained. 

 

The four surrogate measures were calculated for each conflict, according to the safety findings shown 

in Chapter 3, for each intersection by means of the STCT, which results in more conflicts than the 

simple threshold of a single surrogate measure, as it is done in other conflict techniques. Severe 

conflicts with high CS can also have a high TA, indicating that even in these conditions the event 

requires evasive maneuver, given the high speed. All results come from the trajectories traced in T-

Analyst. This tools reports TTCmin and PET automatically; however, DR and DeltaV require 

additional processing by the engineer analyst.  

 

Below is an example of calculating surrogate safety measures for a conflict. Figure 4-1 shows a 

traffic conflict between a pedestrian and an articulated bus of the BRT system at TTCmin, once 
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processed in T-Analyst. In the same sense, Figure 4-2 shows the results of the processing, 

highlighting that the TA = 1.75 s occurred at the frame 95; however, the TTCmin = 1.58 s. 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 line). This graph shows that the bus started its 

deceleration at frame 73 (speed = 4.4 m/s) and that this initial deceleration (DR) remained constant 

until frame 76 (speed = 4.2 m/s); the pedestrian is crossing during red light and encroaching the bus 

trajectory, so the bus corresponds to the relevant user according to the theory. Since the video has a 

speed of 25 frames per second (fps), Equation 4.1 shows the calculation of DR. 

 

ὈὙ
Ȣ Ⱦ Ȣ Ⱦ

ρȢφχάȾί                  (4.1) 

 

Figure 4-1: Traffic conflict example for DR calculation 

 

 

For the calculation of DeltaV it is necessary to know the masses of the road users. This research 

assumed the masses of the road users according to the criteria shown in Table 4-1, which are default 

values in T-Analyst. The masses of the articulated buses were assumed according to the study of 

weights per axle carried out by Universidad de Los Andes (2004), in Bogotá, which considers the 

number of passengers in the vehicle, as table 4-2 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-Analyst Screenshot with conflict processing results 

 

 

The Colombian Technical Standard NTC 4901-1: Vehicles for urban passenger mass transport, part 

1: articulated buses, establishes the maximum permitted masses for bi-articulated buses, with a 

capacity of 260 passengers per bus (ICONTEC, 2016). Table 4-3 shows the masses for biarticulated 

buses. This research included the study of visual occupation of the buses of the BRT system to 

determine the mass of each articulated or bi-articulated bus in conflict, in search of an index as 

accurate as possible. Figure 4-3 shows the determination of the conflict angle (a) based on the 

trajectories of the road users obtained with the aid of T-Analyst.  

 

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 system (Universidad de Los Andes, 2004)  

Passengers Scania (kg) Mercedes (kg) Ikarus (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 25,396 26,530 27,722 26,839 
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Table 4-3: Mass of biarticulated buses of the BRT system (ICONTEC, 2016)  

Passengers Biarticulated (kg) 

0 19,500 

65 25,125 

130 30,750 

260 42,000 

 

 

Figure 4-3: Determination of the conflict angle based on the trajectories of road users 

 

 

The next three subsections present the results of the surrogate measures by intersection. The fourth 

final section includes the composite severity index, by intersection, and the formulation and 

validation of a single 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 6th Street 

The STCT allowed detected 36 serious conflicts at this intersection, during the study period, as can 

be observed in Chapter 3. Table 4-4 shows the basic information to obtain DeltaV. From left to right, 

ID is the conflict identification code, the first road user, percentage of occupation of 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 TTCmin, and the angle of conflict (°).   
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Table 4-4: Basic information for DeltaV at Caracas Avenue and 6th Street 

ID 
Road User 

1 

Occupation 

RU1 

% 

Mass 

RU1 

kg 

Road User 

2 

Occupation 

RU2 

% 

Mass 

RU2 

kg 

Speed 

RU1 

m/s 

Speed 

RU2 

m/s 

Conflict  

angle 

° 

1 Motorcycle - 250 Biarticulated 100 42,000 4.1 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 12.4 1.6 90 

7 Car - 1,300 Pedestrian - 80 5.4 1.2 95 

8 Articulated 0 17,147 Car - 1,300 11.2 4.7 90 

9 Motorcycle - 250 Pedestrian - 80 3.8 1.7 80 

10 Motorcycle - 250 Pedestrian - 80 9.1 1.4 100 

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 2.4 6.5 85 

14 Articulated 100 26,839 Car - 1,300 3.3 2.5 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 5.4 4.8 10 

18 Biarticulated 25 25,125 Car - 1,300 3.4 2.0 30 

19 Biarticulated 25 25,125 Car - 1,300 5.1 2.6 50 

20 Motorcycle - 250 Pedestrian - 80 10 2.6 85 

21 Car - 1,300 Car - 1,300 3.1 4.4 90 

22 Car - 1,300 Pedestrian - 80 12.9 1.1 90 

23 Motorcycle - 250 Pedestrian - 80 8.1 1.6 85 

24 Motorcycle - 250 Car - 1,300 3.1 4.7 130 

25 Bus - 12,000 Car - 1,300 3.7 7.7 80 

26 Motorcycle - 250 Bicycle - 90 6.9 2.6 90 

27 Car - 1,300 Pedestrian - 80 7.7 1.9 100 

28 Biarticulated 25 25,125 Truck - 8,450 4.2 3.3 20 

29 Biarticulated 0 19,500 Truck - 8,450 4.8 5.1 15 

30 Motorcycle - 250 Car - 1,300 5.2 4.9 10 

31 Articulated 25 20,319 Pedestrian - 80 3.1 0.2 100 

32 Car - 1,300 Car - 1,300 4.9 1.5 30 

33 Motorcycle - 250 Truck - 8,450 6.4 7.2 5 

34 Biarticulated 25 25,125 Bus - 12,000 5.4 6.3 30 

35 Car - 1,300 Pedestrian - 80 17 2.3 90 

36 Motorcycle - 250 Pedestrian - 80 10.5 2.3 90 

 

Table 4-5 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 

safety. Table 4-6 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 TTCmin and PET showed a normal distribution. These two 

statistics must be within the range of -2 to 2 to conclude that the distribution is normal (Bowman, 

DôAgostino and Stephens, 1988). The method selected for constructing weighted composite indices 

is independent of the normality assumption, however it is interesting to note that most road users 

who do the evasive maneuver (road user 1) tend to decelerate at low DR (mean = -3.02 m/s2). Mean 

DeltaV = 6.47 m/s is a high change in speed, in the event of a hypothetical crash, and it is because 
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in most observed conflicts, the difference in mass of road users is big. The safety outcomes at this 

intersection validate the use of the four surrogate measures within a single severity index, because 

the individual interpretation of the variables does not allow a concrete evaluation of the severity. 

 

Table 4-5: Traffic conflicts and surrogate safety measures at Caracas Avenue and 6th Street 

ID Time Road User 1 Road User 2 
DeltaV 

m/s 

DR 

m/s2 

TTCmin 

s 

PET 

s 

1 6:41:39 a. m. Motorcycle Biarticulated 2.79 -3.13 1.50 0.40 

2 8:06:23 a. m. Car Pedestrian 4.22 -2.50 2.04 0.88 

3 8:21:33 a. m. Articulated Car 1.75 -2.50 1.31 1.16 

4 8:52:57 a. m. Biarticulated Pedestrian 8.48 -12.50 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 13.13 -6.28 1.81 1.54 

7 9:08:10 a. m. Car Pedestrian 4.33 -1.88 1.79 0.96 

8 9:44:04 a. m. Articulated Car 12.97 -3.13 2.07 1.04 

9 10:31:19 a. m. Motorcycle Pedestrian 3.28 -4.17 0.78 0.16 

10 10:38:10 a. m. Motorcycle Pedestrian 6.00 -5.00 1.78 0.56 

11 10:43:18 a. 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 11:21:45 a. m. Articulate Car 4.72 -1.61 1.61 0.36 

15 11:34:30 a. m. Car Motorcycle 7.09 -3.33 1.60 1.16 

16 11:38:10 a. m. Car Pedestrian 7.76 -2.50 1.72 1.12 

17 11:39:44 a. 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 2.55 -5.00 0.73 1.08 

20 12:41:31 p. m. Motorcycle Pedestrian 9.52 -2.50 1.53 0.32 

21 12:46:50 p. m. Car Car 3.21 -2.50 1.69 0.60 

22 12:49:40 p. m. Car Pedestrian 12.65 -3.75 1.83 0.16 

23 12:51:33 p. m. Motorcycle Pedestrian 7.33 -3.33 1.51 0.28 

24 12:53:29 p. m. Motorcycle Car 5.46 -0.83 0.30 0.04 

25 1:03:30 p. m. Bus Car 8.03 -1.25 1.62 0.28 

26 1:05:33 p. m. Motorcycle Bicycle 6.17 -3.75 2.00 1.00 

27 1:19:17 p. m. Car Pedestrian 5.78 -1.25 1.63 0.68 

28 1:31:39 p. m. Biarticulated Truck 3.11 -2.50 1.30 1.28 

29 1:39:05 p. m. Biarticulated Truck 6.48 -1.67 0.75 1.24 

30 1:44:56 p. m. Motorcycle Car 8.12 -2.50 0.54 0.16 

31 1:45:34 p. m. Articulated Pedestrian 2.92 -3.33 1.23 0.50 

32 2:01:46 p. m. Car Car 2.45 -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 2:12:07 p. m. Car Pedestrian 17.10 -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 measures at Caracas Avenue and 6th Street 

Parameter 
DR 

m/s2 

TTCmin 

s 

PET 

s 

DeltaV 

m/s 

n 36 36 36 36 

m -3.02 1.41 0.75 6.47 

s 2.06 0.52 0.51 3.47 

CV -68.12% 37.17% 68.32% 53.54% 

ὼ  -12.50 0.30 0.04 1.75 

ὼ  -0.83 2.52 1.76 17.10 

ὼ ὼ  11.67 2.22 1.72 15.35 

‖Ƕ -7.29 -0.58 1.04 2.81 

‖Ƕ    15.18 -0.81 -1.26 1.76 

 

Figure 4-4 shows the Pearson correlation matrix between the surrogate safety measures, frequency 

histograms with smooth density distributions and confidence ellipses. These ellipses are an indicator 

of correlation and confidence curves (95% confidence level in this research) for bivariate normal 

distributions (Weiner, 2005). Ellipses were performed and drown around the mean (red dots) with 

the aid of the RStudio software version 1.2.1335 and the psych package (Revelle, 2020). Based on 

the histograms of DR and DeltaV, it can be noted the high severity conflicts given the extreme left 

and right observations, respectively.  

  

The correlations determined between the surrogate measures at 13th Street indicate: According to the 

physical concept of TTCmin and PET, these variables are expected to have a directly proportional 

relationship, as the correlation shows. Since the DR values are negative, it is expected that the more 

severe (more negative) DR, the higher TTCmin (safer), as the correlation effectively shows. 

Regarding DeltaV and TTCmin, the correlation is positive given that the higher the DeltaV a higher 

TTCmin is required (safer) 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 conflict; various changes 

of speed and direction may occur during this time. Regarding DeltaV and DR, there is negative 

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 variables at Caracas Avenue and 6th Street 

 
 

4.2 Intersection 2: Caracas Avenue and 13th Street 

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

be observed in Chapter 3. Table 4-7 shows the basic information to obtain DeltaV. From left to right, 

ID is the conflict identification code, the first road user, percentage of occupation of 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 TTCmin, and the angle of conflict (°).   

 

Table 4-7: Basic information for DeltaV at Caracas Avenue and 13th Street 

ID 
Road User 

1 

Occupation 

RU1 

% 

Mass 

RU1 

kg 

Road User 

2 

Occupation 

RU2 

% 

Mass 

RU2 

kg 

Speed 

RU1 

m/s 

Speed 

RU2 

m/s 

Conflict 

angle 

° 

1 Articulated 100 26,839 Bicycle - 90 5.2 1.5 90 

2 Articulated 0 17,147 Bicycle - 90 5.7 4.6 90 

3 Articulated 25 20,319 Pedestrian - 80 5.4 2.1 90 

4 Articulated 0 17,147 Pedestrian - 80 4.3 1.1 130 

5 Car - 1,300 Pedestrian - 80 2.3 2.2 50 

6 Articulated 100 26,839 Pedestrian - 80 3.9 1.5 100 

7 Pedestrian - 80 Articulated 25 20,319 1.7 6.4 100 

8 Articulated 25 20,319 Motorcycle - 250 6.0 7.7 80 

9 Articulated 25 20,319 Pedestrian - 80 5.1 1.4 80 

10 Pedestrian - 80 Articulated 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 3.5 1.5 100 

13 Motorcycle - 250 Bicycle - 90 1.5 1.8 90 

14 Bicycle - 90 Articulated 100 26,839 3.8 6.6 80 

15 Articulated 100 26,839 Pedestrian - 80 3.1 1.7 95 

16 Pedestrian - 80 Articulated 25 20,319 0.3 4.1 60 

17 Biarticulated 25 25,125 Pedestrian - 80 6.1 2.3 90 
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ID 
Road User 

1 

Occupation 

RU1 

% 

Mass 

RU1 

kg 

Road User 

2 

Occupation 

RU2 

% 

Mass 

RU2 

kg 

Speed 

RU1 

m/s 

Speed 

RU2 

m/s 

Conflict 

angle 

° 

18 Articulated 100 26,839 Pedestrian - 80 3.8 2.0 100 

19 Articulated 100 26,839 Pedestrian - 80 5.4 1.8 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 5.3 80 

23 Articulated 100 26,839 Pedestrian - 80 4.0 1.7 140 

24 Articulated 50 22,220 Pedestrian - 80 5.6 1.2 100 

25 Articulated 50 22,220 Pedestrian - 80 4.2 2.3 130 

26 Articulated 50 22,220 Pedestrian - 80 5.5 2.7 90 

27 Articulated 100 26,839 Pedestrian - 80 3.0 2.0 90 

28 Articulated 25 20,319 Pedestrian - 80 4.8 1.2 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 22,220 Pedestrian - 80 4.8 2.0 90 

32 Articulated 25 20,319 Pedestrian - 80 3.2 2.7 90 

33 Articulated 50 22,220 Pedestrian - 80 3.9 1.3 100 

34 Articulated 25 20,319 Pedestrian - 80 5.1 2.9 90 

35 Articulated 25 20,319 Pedestrian - 80 4.6 1.7 80 

36 Articulated 100 26,839 Pedestrian - 80 3.9 1.9 80 

37 Biarticulated 0 19,500 Pedestrian - 80 5.4 1.1 90 

38 Articulated 100 26,839 Pedestrian - 80 5.3 1.7 100 

39 Car - 1,300 Pedestrian - 80 4.2 2.2 95 

40 Car - 1,300 Pedestrian - 80 8.1 1.6 90 

41 Articulated 100 26,839 Pedestrian - 80 3.8 0.8 110 

42 Articulated 0 171,467 Pedestrian - 80 5.1 2.5 90 

43 Car - 1,300 Pedestrian - 80 2.3 1.4 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 4-8 presents the safety findings at this intersection. The information includes the conflict ID, 

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

safety. Table 4-9 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 TTCmin and DeltaV showed a normal distribution. It is 

interesting to note that most road users who do the evasive maneuver (road user 1) tend to decelerate 

at low DR (mean = -1.83 m/s2). Mean DeltaV = 5.11 m/s is a minor change in speed compared to 

the previous intersection, in the event of a hypothetical crash, and it could be explained as this 

intersection is smaller, and vehicles develop lower speeds.  

 

Table 4-8: Traffic conflicts and surrogate safety measures at Caracas Avenue and 13th Street 

ID Time Road User 1 Road User 2 
DeltaV 

m/s 

DR 

m/s2 

TTCmin 

s 

PET 

s 

1 6:42:44 a. m. Articulated Bicycle 6.00 -2.81 0.50 0.32 

2 6:46:22 a. m. Articulated Bicycle 8.74 -2.50 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 4.79 -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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ID Time Road User 1 Road User 2 
DeltaV 

m/s 

DR 

m/s2 

TTCmin 

s 

PET 

s 

6 9:16:48 a. m. Articulated Pedestrian 2.71 -1.67 1.58 0.88 

7 10:04:31 a. m. Pedestrian Articulated 4.99 -1.25 2.08 1.12 

8 10:32:42 a. m. Articulated Motorcycle 10.15 -1.59 0.22 0.08 

9 10:36:01 a. m. Articulated Pedestrian 5.41 -1.50 1.36 0.60 

10 11:01:13 a. m. Pedestrian Articulated 4.71 -2.50 1.30 2.60 

11 11:04:42 a. m. Car Pedestrian 6.86 -1.43 0.02 0.56 

12 11:04:58 a. m. Articulated Pedestrian 2.32 -1.88 1.67 1.64 

13 11:05:07 a. m. Motorcycle Bicycle 2.07 -4.50 0.38 0.32 

14 11:15:40 a. m. Bicycle Articulated 7.94 -3.33 1.81 2.24 

15 11:36:36 a. m. Articulated Pedestrian 2.19 -0.83 1.25 0.80 

16 11:43:38 a. m. Pedestrian Articulated 4.37 -0.94 1.19 1.60 

17 12:27:45 p. m. Biarticulated Pedestrian 7.40 -2.19 0.92 0.18 

18 12:28:23 p. m. Articulated Pedestrian 2.30 -1.25 1.83 1.40 

19 12:47:01 p. m. Articulated Pedestrian 7.16 -0.71 1.84 0.76 

20 1:08:53 p. m. Articulated Pedestrian 5.56 -1.79 0.53 0.16 

21 1:30:33 p. m. Articulated Pedestrian 4.37 -2.50 1.73 0.88 

22 1:32:15 p. m. Articulated Motorcycle 8.47 -0.63 0.56 0.04 

23 1:33:50 p. m. Articulated Pedestrian 4.63 -3.30 1.17 0.44 

24 1:37:08 p. m. Articulated Pedestrian 4.59 -2.92 1.65 0.72 

25 2:03:49 p. m. Articulated Pedestrian 5.46 -2.08 1.43 1.76 

26 2:05:31 p. m. Articulated Pedestrian 7.11 -1.94 1.35 0.44 

27 2:07:03 p. m. Articulated Pedestrian 4.27 -1.25 1.31 0.50 

28 2:13:47 p. m. Articulated Pedestrian 5.96 -1.25 1.79 0.68 

29 2:15:30 p. m. Articulated Pedestrian 3.57 -0.83 1.36 1.40 

30 2:16:46 p. m. Articulated Pedestrian 2.48 -1.88 1.60 1.08 

31 2:38:53 p. m. Articulated Pedestrian 5.95 -1.07 1.81 0.24 

32 2:55:34 p. m. Articulated Pedestrian 5.01 -1.75 0.49 0.12 

33 2:55:38 p. m. Articulated Pedestrian 2.85 -2.50 1.64 1.36 

34 2:58:55 p. m. Articulated Pedestrian 6.88 -1.43 0.79 0.2 

35 3:00:29 p. m. Articulated Pedestrian 5.06 -0.94 1.15 0.32 

36 4:10:37 p. m. Articulated Pedestrian 4.51 -2.50 1.61 0.40 

37 4:48:54 p. m. Biarticulated Pedestrian 5.95 -1.25 1.60 5.80 

38 4:58:59 p. m. Articulated Pedestrian 3.92 -1.88 2.00 1.32 

39 4:59:43 p. m. Car Pedestrian 2.82 -1.67 0.73 0.04 

40 5:12:33 p. m. Car Pedestrian 8.41 -1.25 1.83 0.49 

41 5:13:47 p. m. Articulated Pedestrian 4.59 -1.88 1.63 0.52 

42 5:42:14 p. m. Articulated Pedestrian 6.58 -1.88 1.34 0.28 

43 3:17:34 p. m. Car Pedestrian 3.00 -0.83 1.39 0.44 

44 4:45:58 p. m. Articulated Pedestrian 6.22 -1.79 2.02 0.72 

45 5:47:11 p. m. Articulated Pedestrian 4.59 -1.25 1.19 1.24 

 

Figure 4-5 shows the Pearson correlation matrix between the surrogate safety measures, frequency 

histograms with smooth density distributions and confidence ellipses previously explained. Based 

on the histograms of DR and DeltaV, it can be noted that the overall conflict severity is slightly less 

than at the previous intersection. Likewise, conflicts of high severity can be note when observing the 

extremes of the distributions. PET distribution reveals aggressive behavior since the important 

number of conflicts with PET º 0 s.   
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Table 4-9: Descriptive parameters of surrogate measures at Caracas Avenue and 13th Street 

Parameter 
DR 

m/s2 

TTCmin 

s 

PET 

s 

DeltaV 

m/s 

n 45 45 45 45 

m -1.83 1.28 0.87 5.11 

s 0.81 0.53 0.98 2.057 

CV -44.12% 41.16% 112.96% 40.23% 

ὼ  -4.50 0.02 0.04 0.57 

ὼ  -0.63 2.08 5.80 10.15 

ὼ ὼ  3.87 2.06 5.76 9.58 

‖Ƕ -2.67 -1.87 8.70 0.43 

‖Ƕ    1.87 -0.50 19.32 -0.23 

 

Some correlations between surrogate measures, at 13th Street, differ from 6th Street. DeltaV and 

TTCmin show negative correlation. At this intersection, there was observed a high number of conflicts 

between articulated buses and pedestrians. These events are the ones with the highest DeltaV. 

According to what was observed, pedestrians tend to get too close to buses, which is manifested in 

low TTCmin. The correlation between DR and DeltaV is positive, indicating that an important part of 

the conflicts between pedestrians and buses required low decelerations to avoid the runover. 

 

Figure 4-5: Correlations and distribution of variables at Caracas Avenue and 13th Street 

 

4.3 Intersection 3: Caracas Avenue and 19th Street 

Table 4-10 presents the safety findings at this intersection that, once analyzed, lead to the Table 4-

11 which shows the descriptive statistics that have already been analyzed for the previous 

intersections. According to the results, only TTCmin showed a normal distribution. As in the previous 
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intersection, PET distribution reveals aggressive behavior since the important number of conflicts 

with PET º 0 s; this was field-evidenced, particularly in pedestrians who get close enough to vehicles 

after avoiding the collision. This intersection presented the conflicts with the highest severity 

observed in the study, which were between pedestrians a biarticulated buses, early in the morning at 

high speeds, which is evidenced by severe DR values.  

 

Table 4-10: Basic information for DeltaV at Caracas Avenue and 19th Street 

ID 
Road User 

1 

Occupation 

RU1 

% 

Mass 

RU1 

kg 

Road User 

2 

Occupation 

RU2 

% 

Mass 

RU2 

kg 

Speed 

RU1 

m/s 

Speed 

RU2 

m/s 

Conflict 

angle 

° 

1 Articulated 50 22,220 Pedestrian - 80 25.8 1.7 140 

2 Articulated 50 22,220 Pedestrian - 80 19.7 3.9 140 

3 Car - 1,300 Pedestrian - 80 7.2 1.4 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 1.2 90 

7 Car - 1,300 Pedestrian - 80 8.9 0.9 90 

8 Car - 1,300 Pedestrian - 80 2.4 1.8 100 

9 Bicycle - 90 Bicycle - 90 1.5 5.2 90 

10 Car - 1,300 Pedestrian - 80 4.8 1.5 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 10.3 0.8 90 

14 Bicycle - 90 Pedestrian - 80 6.0 1.8 90 

15 Car - 1,300 Pedestrian - 80 9.9 4.2 90 

16 Car - 1,300 Pedestrian - 80 3.4 1.5 95 

17 Car - 1,300 Pedestrian - 80 6.4 1.0 95 

18 Car - 1,300 Bicycle - 90 2.2 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 5.3 1.2 90 

23 Car - 1,300 Pedestrian - 80 4.9 1.9 80 

24 Car - 1,300 Bicycle - 90 4.0 4.6 50 

25 Car - 1,300 Pedestrian - 80 5.3 2.1 90 

26 Car - 1,300 Pedestrian - 80 3.9 2.1 100 

27 Motorcycle - 250 Pedestrian - 80 2.8 1.4 100 

28 Bicycle - 90 Pedestrian - 80 2.7 0.5 90 

29 Car - 1,300 Pedestrian - 80 5.1 1.7 95 

30 Car - 1,300 Pedestrian - 80 4.8 1.1 90 

31 Truck - 8,450 Car - 1,300 5.3 1.0 25 

32 Car - 1,300 Bicycle - 90 4.1 4.1 10 

33 Car - 1,300 Pedestrian - 80 7.2 2.1 85 

34 Motorcycle - 250 Pedestrian - 80 1.9 1.3 40 

35 Articulate 50 22,220 Pedestrian - 80 13 1.0 90 

36 Car - 1,300 Bicycle - 90 2.8 1.7 25 

37 Motorcycle - 250 Pedestrian - 80 4.7 1.2 95 

38 Motorcycle - 250 Pedestrian - 80 5.4 1.5 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 3.4 0.8 90 

42 Motorcycle - 250 Bicycle - 90 9.1 2.5 40 

43 Motorcycle - 250 Pedestrian - 80 4.2 1.3 100 

44 Car - 1,300 Pedestrian - 80 7.9 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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ID 
Road User 

1 

Occupation 

RU1 

% 

Mass 

RU1 

kg 

Road User 

2 

Occupation 

RU2 

% 

Mass 

RU2 

kg 

Speed 

RU1 

m/s 

Speed 

RU2 

m/s 

Conflict 

angle 

° 

47 Car - 1,300 Pedestrian - 80 1.6 0.8 100 

48 Motorcycle - 250 Bicycle - 90 4.1 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 5.3 1.7 70 

52 Car - 1,300 Pedestrian - 80 5.6 1.1 140 

53 Car - 1,300 Bicycle - 90 12.9 0.8 90 

54 Motorcycle - 250 Pedestrian - 80 8.6 2.2 90 

55 Car - 1,300 Pedestrian - 80 2.8 1.9 100 

56 Car - 1,300 Pedestrian - 80 3.1 1.4 140 

57 Motorcycle - 250 Pedestrian - 80 8.5 2.1 90 

58 Motorcycle - 250 Pedestrian - 80 5.8 2.0 90 

59 Car - 1,300 Pedestrian - 80 1.1 1.0 90 

60 Car - 1,300 Pedestrian - 80 6.9 1.4 90 

61 Motorcycle - 250 Pedestrian - 80 4.7 0.6 100 

62 Car - 1,300 Pedestrian - 80 5.5 2.1 50 

63 Motorcycle - 250 Pedestrian - 80 8.7 2.2 85 

64 Motorcycle - 250 Pedestrian - 80 3.3 0.6 90 

65 Car - 1,300 Pedestrian - 80 1.5 1.2 90 

66 Car - 1,300 Pedestrian - 80 9.0 1.1 90 

67 Motorcycle - 250 Pedestrian - 80 4.4 1.3 100 

68 Car - 1,300 Pedestrian - 80 4.3 1.7 80 

69 Motorcycle - 250 Pedestrian - 80 12.9 1.4 90 

70 Car - 1,300 Pedestrian - 80 6.3 0.8 90 

71 Car - 1,300 Pedestrian - 80 7.2 1.7 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 7.1 0.5 85 

76 Car - 1,300 Pedestrian - 80 7.2 1.7 85 

77 Motorcycle - 250 Pedestrian - 80 12.7 0.7 90 

78 Motorcycle - 250 Pedestrian - 80 5.5 2.6 90 

 

Table 4-11: Traffic conflicts and surrogate safety measures at Caracas Avenue and 19th Street 

ID Time Road User 1 Road User 2 
DeltaV 

m/s 

DR 

m/s2 

TTCmin 

s 

PET 

s 

1 6:33:07 a. m. Articulated Pedestrian 26.10 10.00 1.88 1.07 

2 6:33:11 a. m. Articulated Pedestrian 20.75 10.00 1.64 0.47 

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

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

5 7:07:50 a. m. Car Pedestrian 6.30 2.50 1.73 0.16 

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

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

8 7:35:50 a. m. Car Pedestrian 1.17 1.88 1.50 0.36 

9 7:44:02 a. m. Bicycle Bicycle 3.01 2.50 1.18 0.04 

10 7:47:53 a. m. Car Pedestrian 5.31 2.00 1.90 0.88 

11 7:48:12 a. 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 10.06 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 9:59:12 a. m. Car Bicycle 4.67 1.88 1.19 0.04 

19 10:04:43 a. m. Car Pedestrian 5.28 1.67 1.51 0.72 

20 10:08:13 a. m. Car Pedestrian 1.93 1.50 1.47 0.28 
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ID Time Road User 1 Road User 2 
DeltaV 

m/s 

DR 

m/s2 

TTCmin 

s 

PET 

s 

21 10:09:37 a. m. Car Pedestrian 2.86 1.43 1.54 1.56 

22 10:18:59 a. m. Car Pedestrian 5.59 3.33 1.59 0.64 

23 10:52:16 a. m. Car Pedestrian 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 11:18:45 a. 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 11:25:16 a. m. Bicycle Pedestrian 1.57 1.43 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 2.92 1.82 1.52 

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 1.21 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 13.43 8.13 2.05 3.60 

36 12:01:42 p. m. Car Bicycle 1.06 0.83 1.24 0.52 

37 12:09:38 p. m. Motorcycle Pedestrian 2.96 2.50 1.60 0.88 

38 12:13:34 p. m. Motorcycle Pedestrian 4.71 2.08 1.63 1.12 

39 12:15:10 p. m. Car Pedestrian 8.09 2.50 1.37 0.20 

40 12:24:27 p. m. Motorcycle Pedestrian 3.93 3.00 1.75 2.20 

41 12:27:06 p. m. Motorcycle Pedestrian 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 12:54:04 p. 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 1:04:31 p. m. Motorcycle Bicycle 2.31 2.50 1.35 0.04 

49 1:14:56 p. m. Car Car 3.02 3.00 1.32 0.60 

50 1:16:42 p. m. Car Pedestrian 9.36 2.50 1.83 1.00 

51 1:17:13 p. m. Car Pedestrian 4.17 1.25 1.36 0.76 

52 1:18:44 p. m. Car Pedestrian 5.57 1.50 1.99 0.72 

53 1:20:15 p. m. Car Bicycle 12.42 5.50 1.20 2.00 

54 1:31:08 p. m. Motorcycle Pedestrian 7.41 1.67 1.80 0.44 

55 1:31:53 p. m. Car Pedestrian 1.42 2.50 1.17 0.44 

56 1:38:17 p. m. Car Pedestrian 3.43 0.63 0.15 0.04 

57 1:39:33 p. 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 1:48:19 p. m. Car Pedestrian 1.68 0.91 1.22 0.10 

60 1:58:22 p. m. Car Pedestrian 7.19 2.00 1.71 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 2:16:13 p. m. Motorcycle Pedestrian 8.24 2.50 1.82 0.52 

64 2:19:58 p. m. Motorcycle Pedestrian 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 1.24 

69 2:30:00 p. m. Motorcycle Pedestrian 10.29 2.50 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 2.50 0.93 0.33 

75 3:13:44 p. m. Car Bicycle 7.10 1.87 1.11 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 Pedestrian 5.35 1.46 1.57 0.28 
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Table 4-12: Descriptive parameters of surrogate measures at Caracas Avenue and 19th Street 

Parameter 
DR 

m/s2 

TTCmin 

s 

PET 

s 

DeltaV 

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% 

ὼ  -10.00 0.01 0.01 0.94 

ὼ  -0.63 2.79 3.60 26.10 

ὼ ὼ  9.37 2.78 3.59 25.16 

‖Ƕ -10.19 -1.99 8.085 8.11 

‖Ƕ    17.00 2.58 14.27 15.09 

 

Figure 4-6 shows the Pearson correlation matrix between the surrogate safety measures, frequency 

histograms with smooth density 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 intersections. The distribution of DeltaV indicates that there were an important number of 

conflicts with severe expected consequences. The correlations between surrogate measures, in this 

intersection, are explained under the same arguments and phenomenology of the previous 

intersections. 

 

Figure 4-6: Correlations and distribution of variables at Caracas Avenue and 19th Street 

 
 

The following section includes the development of a proposed severity index, by intersection, as 

well as the development and validation of a single severity index of traffic conflicts at signalized 

intersections with the presence of BRT systems, using data from all three intersections 

simultaneously.  
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4.4 Severity index for traffic conflicts at signalized intersections 

of BRT systems 

The previous section presented the procedure for obtaining the surrogate safety measures of each 

traffic conflict, at each intersection. Equation 4.2 (6th intersection), Equation 4.3 (13th intersection) 

and Equation 4.4 (19th intersection) present the mathematical model concerning to proposed severity 

index for each intersection, according to the theoretical approach shown in section 2.16 for the 

formulation of composite weighted indices. It is important to note that these three equations were 

estimated with 100% of the data from each intersection, independently. Given the length of the 

dataset, Appendix B presents the information on surrogate safety measures and the severity index, 

per conflict, obtained by means of the equations.  

 

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 study places. In 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 intersections, simultaneously, which in turn is characteristic of the severity of traffic conflicts 

at intersections with the presence of BRT systems. From the following equations, it is important to 

note that the signs of the coefficients were established previously, given the advantages of 

formulating composite weighted indices. This means that: The lower the TTCmin value, the higher 

the severity index value will be, because small TTCmin values indicate closer proximity to a crash. 

This explains the negative coefficient sign. With PET the same phenomenon happens. DR takes 

negative values for being decelerations 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 coefficient sign. Finally, according 

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

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

 

ὛὍ ὝὝὅ ϽπȢχωὖὉὝϽπȢυψὈὙϽπȢρσὈὩὰὸὥὠϽπȢρσ              (4.2) 

 

ὛὍ ὝὝὅ ϽπȢψχὖὉὝϽπȢσωὈὙϽπȢςυὈὩὰὸὥὠϽπȢρτ                (4.3) 

 

ὛὍ ὝὝὅ ϽπȢχφὖὉὝϽπȢφςὈὙϽπȢρχὈὩὰὸὥὠϽπȢπω               (4.4) 
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Table 4-13, Table 4-14 and Table 4-15 show the Pearson correlation matrix between the proposed 

severity index and the surrogate measures of safety, for each intersection. It is interesting to note that 

the signs of the correlation coefficients validate the purpose of the index at the three intersections, 

as mentioned earlier. In addition, these coefficients allow appreciating the contribution or weight of 

each variable within the severity index. This procedure was performed with the aid of Statgraphics 

18 statistical tool (Statpoint Technologies, 2014). 

 

Table 4-13: Correlations between original variables and the severity index at 6th Street 

Variable Severity index TTC min PET DR DeltaV 

Severity index 1 -0.43 -0.63 -0.49 0.58 

TTC min -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 and the severity index at 13th Street 

Variable 
Severity 

index 
TTCmin PET DR DeltaV 

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 variables and the severity index at 19th Street 

Variable 
Severity 

index 
TTC min PET DR DeltaV 

Severity index 1 -0.51 -0.44 -0.51 0.51 

TTC min -0.51 1 0.42 -0.22 0.31 

PET -0.44 0.42 1 -0.36 0.34 

DR -0.51 -0.22 -0.37 1 -0.76 

DeltaV 0.51 0.31 0.34 -0.76 1 

 

Table 4-16 shows the severity index descriptive statistics per intersection. These parameters are the 

base for the statistical comparison between the indices of the three intersections. The results of the 

statistical tests for simultaneous comparison and two by two comparisons are presented below. 

According to the skewness and kurtosis statistics, the severity index of the 19th Street intersection 

presents a distribution that is slightly out of a normal distribution. These two statistics must be within 

the range of -2 to 2 to conclude that the distribution is normal (Bowman, DôAgostino and Stephens, 

1988). 95% two-sided confidence intervals, for the mean and standard deviation, indicate that the 
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true mean and true standard deviation are within those intervals with a 95% confidence level. These 

intervals are determined under the assumption of a normal distribution of the severity index of each 

intersection. However, the 19th Street severity index does not meet this assumption, which leads to 

determining bootstrap intervals. Bootstrap confidence intervals are robust in the absence of 

normality (DiCiccio and Efron, 1996). This research used bootstrap intervals with 1,000 repetitions 

without replacement.  

 

Table 4-16: Severity index descriptive statistics per intersection 

 

 

 

 

Figure 4-7 shows the severity index boxplot per intersection. The indices of 6th Street and 13th Street 

presented a similar shape. The indices of 13th Street and 19th Street presented outliers, indicating the 

need of using robust statistical comparison tests against outliers. In general, the three boxplots show 

a similar range of observations, as well as similar means.  

 

 

 

 

 

 

 

 

Descriptive  

parameters 

Severity index 

6th Street 

Severity index 

13th Street 

Severity index 

19th Street 

n 36 45  78 

m -0.31 -0.29  -0.55 

ὼ -0.29 -0.44  -0.67 

s 0.76 0.85  0.67 

CV -248.34% -290.08%  -121.92% 

ὼ  -1.54 -2.54  -1.85 

ὼ  1.82 1.59  1.94 

ὼ ὼ  3.36 4.13  3.80 

‖Ƕ 0.59 0.23  1.32 

‖Ƕ    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] 

s [0.58; 0.94] [0.66; 1.02]  [0.50; 0.82] 

ὼ [-0.67; -0.03] [-0.69; -0.19]  [-0.78; -0.56] 
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Figure 4-7: Severity index boxplot per intersection 

 

 

Figure 4-8 shows the severity index distribution densities per intersection performed with the aid of 

the RStudio software version 1.2.1335 and the ggplot2 package (Wickham, 2011). The indices of 

6th Street and 19th Street presented a right tail, close to a value of 2 of the indices, related to high 

severity conflicts between articulated buses of the BRT system and pedestrians. The index of 6th 

Street presented a left tail, lower than a value of -2, related to low severity conflicts between bicycles 

and pedestrians. In this Figure it is also possible to observe a similar range of the three indices, as 

well as a similar shape of the distributions.  

 

Figure 4-8: Severity index distribution densities 
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Figure 4-9 shows the severity index frequency histograms and densities per intersections performed 

with the aid of the RStudio software version 1.2.1335 and the ggplot2 package. In this figure it is 

evident that the distribution of the severity index of 19th is not normal and is leptokurtic. This is due 

to a high 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 4-10 presents the quantile plot per intersection. This graph allows observing the accumulated 

distribution of the severity indices of the three intersections, being evident that the indices of 6th 

Street and 13th Street are very similar, and an accumulation similar to the previous ones, but with 

slightly higher values of the severity index. Given these similarities, I proceeded to perform different 

statistical tests to compare the three severity indices, simultaneously, in terms of means by an 

ANOVA (Kim, 2014), medians by parametric Kruskal-Wallis test (Burns, 1996) and 

nonparametric Mood's test (Salkind, 2012). Similarly, I performed two by two tests related to the 

comparison of means by t-test (Krzywinski and Altman, 2013), standard deviations by Levene's test 

(Gastwirth, Gel and Miao, 2009); medians by Wilcoxon's test (Fay and Proschan, 2010) and 

Kolmogorov-Smirnov test for non-parametric comparison of the distribution of two independent 

samples (Massey, 1951). 

 

Figure 4-9: Severity index frequency histograms and densities 
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Figure 4-10: Quantile plot per intersection 

 

 

Table 4-17 shows the results of the ANOVA, that decomposes the variance of the data into two 

components: a between-group component and a within-group component. The F-ratio, which in this 

case equals 2.23, is a ratio of the between-group estimate to the within-group estimate. Since the p-

value of the F-test is greater than or equal to 0.05, there is not a statistically significant difference 

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

 

Table 4-17: ANOVA for means comparison of severity index per intersection 

 
Source Sum of squares 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 4-18 presents the Kruskal-Wallis test results. By means of this statistical test, the null 

hypothesis is tested that the medians within each of the 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 data in each column. Since the statistic K = 4.49719 and the p-value = 0.0554 is 

greater than or equal to 0.05, there is not a statistically significant difference amongst the medians 

at the 95% confidence level. 

 

Table 4-18: Kruskal-Wallis test for medians comparison of severity index per intersection 

 
Intersection Sample size Average rank 

Severity index 6th Street 36 87.569 

Severity index 13th Street 45 87.622 

Severity index 19th Street 78 72.109 



102 Methodology for event-based traffic risk assessment of BRT systems and its simulation 

 
Table 4-19 shows the Mood's median test outcomes. By means of this statistical test, the null 

hypothesis is tested that the medians of all three severity indices are equal. It does so by counting 

the number of observations (n = 159) in each sample on either side of the grand median = -0.57. 

Since the statistic chi-square c2 = 2.28 and the p-value = 0.32048 is greater than or equal to 0.05, 

the medians of the samples are not significantly different at the 95% confidence level. Also 95% 

confidence intervals for each median based on the order statistics of each sample. This test is robust 

in the presence of outliers.  

 

The Levene's test 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 the p-value = 0.1134 is greater than or equal to 0.05, there 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 assessment included 

two-to-two comparisons using different statistical methods, shown in the following sections. 

 
 

Table 4-19: Mood's test for medians comparison of severity index per intersection 
 

Sample Sample size n<= n> Median 95.0% lower CL 95.0% upper CL 

Severity index 6th Street 36 16 20 -0.29 -0.72 0.003 

Severity index 13th Street 45 20 25 -0.45 -0.72 -0.009 

Severity index 19th Street 78 44 34 -0.67 -0.80 -0.55 
 

4.4.1 Two by two comparisons: 6th and 13th intersections  

Figure 4-11 shows the probability density functions of both severity indices of 6th and 19th 

intersections, and Figure 4-12 shows the comparative frequency distribution of these intersection, 

with the purpose of comparing them and define whether there are differences. 

 

Statistical tests allowed determining that there are no statistically significant differences between the 

severity indices of these two intersections. Table 4-20 presents the results of tests. Under a 95% 

confidence level, the tests were: t-test for means comparison; F-test (Levene's test) for standard 

deviations comparison; Wilcoxon test for medians comparison; and Kolmogorov-Smirnov test for 

non-parametric comparison of the distribution of two independent samples. According to the results 

of the statistics and their corresponding p-value, there is not statistically significant difference that 

shows that these two variables are different. 

 
































































































































































































































