
 
 
 
 
 
 
 
 
 

KTH Architecture and 
Built Environment 

 
 
 
 
 

ADVANCING TRAFFIC SAFETY 

An evaluation of speed limits, vehicle-bicycle interactions, 
and I2V systems 

 
 

 
 
 
 

Ary P. Silvano 
 

Doctoral Thesis  
 
 
 
 
 
 
 
 
 
 
 
 

KTH Royal Institute of Technology 
School of Architecture and the Built Environment 

Department of Transport Science 
Division of Transport Planning, Economics, and Engineering 

SE 100 44 Stockholm 
Sweden   



ii 
 

Silvano, A.P., 2016. Advancing Traffic Safety. An evaluation of speed limits, vehicle-bicycle 
interactions, and I2V systems.  
Department of Transport Science, KTH, Stockholm. 
TITRA-TSC-PHD 16-008 
ISBN 978-91-87353-94-9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 
 

 
 
 
 
 
 
 
 
 

TO GUISELLA, MATEO & ABIGAIL 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iv 
 

Abstract  
Since the introduction of motor vehicles, the number of fatalities and accidents has been a concern for society. 
The number of fatalities on roads is amongst the most common causes of mortality worldwide (WHO, 2015). 
Even in industrialized countries the number of fatalities remains unacceptable. Therefore, in the last decades, a 
number of approaches have emerged to support and boost traffic safety towards a system free from fatalities and 
serious impairment outcomes. ‘Sustainable Safety’ and ‘Vision Zero’ are well-known examples aiming to avoid 
fatalities within the traffic system and reduce injury severity when a traffic accident is inevitable. However, the 
number of fatalities and seriously injured accidents are still relatively high. More specifically, vulnerable road 
users remain involved in fatal and serious accidents even in industrialized countries. Therefore, further advances 
in traffic safety studies are needed. This thesis aims at evaluating the impact of road characteristics, traffic rules 
and information provision towards a safer traffic system. The thesis is composed of five scientific papers which 
summarizes the main contributions of this work.  

Paper I evaluates the impact of changing posted speed limits (PSL) on the free-flow speed on different 
urban roads. Extensive field studies were conducted where the existing PSL was changed from 50 km/h to 40 
km/h or from 50 km/h to 60 km/h. Detailed data of a number of road characteristics of these roads were taken 
into account when analyzing the impact of changing the PSL on the free-flow speed. The results show that the 
largest impact of PSL changes is observed on higher road network classes and drivers’ speed choices are heavily 
influenced by several road characteristics.     

Paper II introduces a probabilistic approach based on utility theory to estimate the free-flow speed 
distribution in urban areas while incorporating the impact of road characteristics, speed limit changes, and 
simultaneously estimating the probability to be constrained by the vehicle in front. The methodology was applied 
in an extensive dataset of speed and headway observations. The results show that the simultaneous estimation is 
feasible. The free flow speed distribution is influenced by several road characteristics. The speed limit change 
impacts not only the free-flow speed distribution but also the distribution of the constrained regime. The 
probability to be constrained varies depending on the speed limit with higher probabilities for lower speed limits. 

Paper III analyses empirical data from vehicle-bicycle interactions on unsignalized roundabouts in urban 
areas where drivers give way to cyclists. A logistic regression is applied to estimate the probability of a driver to 
yield (give-way) to cyclists on unsignalized roundabouts. Drivers and cyclists are classified into yielding and 
non-yielding groups and their approaching speeds are investigated. Yielding drivers have much lower speed 
compared to non-yielding drivers. On the contrary, the speed of yielding and non-yielding cyclists’ groups does 
not have a significant speed difference. The probability that drivers yield to cyclists is high (>0.90) when the 
speed of the vehicle is under 20 km/h.   

Paper IV introduces a modeling framework for vehicle-bicycle interactions. A dual-level model is proposed 
where the first level, treated as a latent state, estimates the probability of conflict and the second level estimates 
the probability of drivers’ yielding to cyclists. Data from a roundabout where vehicle-bicycle interactions take 
place routinely is used to estimate the model. The probability of a conflict depends on whether the vehicle or 
bicycle arrives first to the interaction zone. The yielding probability depends heavily on the speed of the vehicle 
and the proximity of the cyclist. The bicycle speed does not influence the yielding probability based on the 
results.       

Paper V investigates the impact of in-vehicle warning systems on traffic performance and safety. The 
COOPERS I2V Cooperative System is evaluated at the aggregate level at various traffic demand and penetration 
levels of the system. A factorial experimental study is conducted with two factors and three levels. Traffic 
performance indicators such as speed, density, delay and travel times are considered for evaluation purposes. 
The results show that driving with the system is characterized by smoother speed decelerations. Meanwhile, 
traffic congestion reduces the impact of the system and higher penetration levels improve the traffic operation.       

       
 
Keywords: Traffic safety, urban roads, posted speed limits, road characteristics, free-flow speed, time headway, 
vehicle-bicycle interactions, logit model, yielding probability, cooperative systems and warning messages.  
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Sammanfattning 
Sedan införandet av motorfordon, har antalet dödsfall och olyckor varit ett bekymmer för samhället. Antalet 
dödade på vägarna är bland de vanligaste dödsorsakerna i världen (WHO, 2015). I industriländerna antalet 
dödade är fortfarande oacceptabelt. Därför under de senaste decennierna, har ett antal metoder framkommit att 
stödja och öka trafiksäkerheten mot ett mer hållbart system fritt från dödsfall och allvarliga skador. ’Sustainable 
Safety’ och ’Noll Visionen’ är välkända exempel som syftar till att undvika dödsfall inom trafiksystemet och 
minska skadornas svårighetsgrad när en trafikolycka är framme. Gemensamma principer för dessa metoder är 
mono-funktionalitet av vägar, homogenitet av massa, hastighet och riktning, förutsägbarhet, förlåtelse vägmiljön 
och state-awareness (Wegman et al., 2008). Men antalet dödade och allvarligt skadade är fortfarande relativt 
hög. Mer specifikt, oskyddade trafikanter är fortfarande involverade i dödliga och allvarliga olyckor även i 
industriländerna. Därför behövs ytterligare framsteg i trafiksäkerhetsstudier. Denna avhandling syftar till att 
utvärdera effekterna av hastighetsändringar, trafikinteractioner och trafikinformationstjänster för att förbättra 
trafiksäkerhet. Avhandlingen består av fem vetenskapliga artiklar som sammanfattar de viktigaste bidragen. 

 
Papper I utvärderar effekterna av ändrade hastighetsgränsningar (PSL) om fritt-flöde hastighet på olika 

stadsgator. Omfattande fältstudier genomfördes där den befintliga PSL ändrades från 50 km/h till 40 km/heller 
från 50 km/h till 60 km/h. Detaljerade uppgifter om vägegenskaperna har beaktats när man analyserar effekten 
av att förändra PSL om fritt-flöde hastighet. Den största effekten av PSL förändringar observerades på högre 
klasserna vägnätet och förarnas hastighets val var starkt påverkad av flera vägegenskaper. 

 
Paper II syftar till att utveckla en probabilistisk metod som bygger på utility teori för att uppskatta det fria 

flödet hastighetsfördelning i stadsområden medan inkorporera effekterna av vägegenskaper och 
hastighetsgränsningar ändringar, och samtidigt uppskatta sannolikheten att begränsas av framförvarande fordon. 
Metodiken applicerades på ett omfattande dataset. Resultaten visade att det fria flödet var påverkad av flera 
vägegenskaper. Hastighetsgräns ändringar hade större inverkan på vägar med höga faktiska hastighet. 
Sannolikheten att begränsas av framförvarande fordon varierar beroende på hastighetsgränsen med högre 
sannolikhet för lägre hastighetsgränser. 

 
Papper III analyserar empiriska data från fordon-cykel interaktioner på oreglerade cirkulationsplatser i 

stadsområden där förare ger företräde för cyklister. En logistisk regression användes för att uppskatta 
förarnasföreträde sannolikhet för cyklister. Förare och cyklister klassificerades i yielding (företräde) och non-
yielding (icke-företräde) grupper och deras tillfart hastighet undersöktes. Yielding förare hade mycket lägre 
hastighet jämfört med non-yielding förare. Tvärtom gjorde hastighet for yielded och non-yielded cyklister som 
inte har en betydande hastighetsskillnad. Sannolikheten att förarna ger företräde för cyklister är hög (> 0.90) när 
fordonets hastighet är under 20 km/t. 

 
Papper IV introducerar en modellerings metod för fordon-cykel interaktioner. Ett två-steg modell föreslås, 

där det första steget, behandlas som ett latent tillstånd och sannolikheten för konflikter uppskatas. Det andra 
steget beräknar sannolikheten för förare att ge företräde för cyklister. Data från en cirkulationsplats där fordon-
cykel interaktioner sker rutinmässigt användes för att uppskatta modellen. Sannolikheten för en konflikt beror på 
om fordonet eller cykel anländer först till interaktionszonen. Det företräde sannolikhet beror i hög grad på 
fordonets hastighet och närheten av cyklisten. Cykel hastighet påverkade inte sannolikheten enligt resultaten. 

 
Papper V undersöker effekterna av fordon med varningssystem i på trafiken prestanda och säkerhet.  

Coopers I2V Kooperativ System utvärderades på aggregerad nivå vid olika trafik efterfrågan och 
penetrationsnivåer i systemet. En faktor experimentell studie genomfördes med två faktorer och tre nivåer. 
Trafik indikatorer såsom hastighet, täthet, förseningar och restiderna övervägdes för utvärdering. Resultaten 
visade att köra med systemet kännetecknades av jämnare hastighet inbromsningar. Samtidigt minskade 
trafikstockningar effekterna av systemet och högre penetrationsnivåer förbättrat trafikering. 
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Abstracto 
Desde la introducción de los vehículos de motor, el número de muertes y accidentes ha sido una preocupación 
para la sociedad. El número de víctimas mortales en las vías motorizadas es una de las causas más frecuentes de 
mortalidad en todo el mundo (OMS, 2015). Incluso en los países industrializados el número de muertes sigue 
siendo inaceptable. Por lo tanto, en las últimas décadas, una serie de enfoques han surgido para apoyar y mejorar 
la seguridad del tráfico hacia un sistema vial libre de accidentes mortales y graves. ‘Seguridad Sostenible’ y 
‘Visión Cero’ son ejemplos muy conocidos que tienen el objetivo de evitar las muertes dentro del sistema de 
tráfico y reducir la gravedad de las lesiones cuando un accidente de tráfico es inevitable. Sin embargo, el número 
de muertes y accidentes con lesiones graves siguen siendo relativamente altos. Específicamente, los usuarios 
vulnerables siguen siendo involucrados en accidentes mortales y graves, incluso en los países industrializados. 
Por lo tanto, se necesitan más avances en los estudios de seguridad de tráfico. Esta tesis tiene como objetivo 
evaluar el impacto de las características de la vía, los límites de velocidad y la provisión de información de 
tráfico hacia un sistema más seguro. La tesis se compone de cinco artículos científicos que resumen las 
contribuciones  de este trabajo. 
 
Artículo I evalúa el impacto de los cambios de los límites de velocidad (PSL) en la velocidad de flujo libre en 
diferentes vías urbanas. Se llevaron a cabo amplios estudios de campo en el que el PSL existente fue cambiado 
de 50 km/h a 40 km/h y de 50 km/h a 60 km/h. Se tomaron los datos detallados de una serie de características de 
la vía a fin de analizar el impacto al cambiar el PSL. Se utilizó tesis de hipótesis y regresión lineal múltiple. Los 
resultados muestran que el mayor impacto se observa en las clases más altas de la red vial (e.g., vías arteriales y 
colectoras) y la velocidad del conductor es influenciado por varias características de la vía (e.g., número de 
carriles, uso de suelo, parqueo, veredas, etc.). 
 
Articulo II propone una metodología probabilística basada en la teoría de utilidad para estimar la distribución de 
la velocidad de flujo libre en las zonas urbanas, al mismo tiempo que incorpora el impacto de las características 
de la vía y los cambios de límite de velocidad, y simultáneamente estima la probabilidad de ser restringido por el 
vehículo en frente. La metodología se aplicada en una extensa base de datos. Los resultados muestran que la 
estimación simultanea de la distribución de flujo libre y la probabilidad de ser restringido por el vehículo en 
frente es posible.  Los cambios de límite de velocidad impactan no solo la distribución del flujo libre sino 
también la distribución de los vehículos restringidos. La probabilidad de ser restringido varía en función del 
límite de velocidad con probabilidades más altas para los límites de velocidad más bajos. 
 
Articulo III se analizan empíricamente las interacciones vehículo-bicicletas en rotondas no semaforizadas en las 
zonas urbanas donde los conductores ceden el paso a los ciclistas. Se aplicó regresión logística  para estimar la 
probabilidad de que un conductor ceda el paso a los ciclistas. Los conductores y los ciclistas se clasificaron en 
diferentes grupos basados en acciones de ceder o no el paso y se investigaron sus velocidades de interacción. Los 
conductores que ceden el paso tienen mucha menor velocidad comparado con los conductores que no ceden el 
paso. Por el contrario, la velocidad entre de los grupos de ciclistas es mínima. La probabilidad de que los 
conductores cedan el paso a los ciclistas es alta (> 0.90) cuando la velocidad del vehículo es menor de 20 km / h. 
 
Articulo IV introduce un marco de modelamiento para las interacciones vehículo-bicicleta. Se propone un 
modelo de doble nivel en el cual el primer nivel, que se modela como un estado latente, estima la probabilidad 
de conflictos y el segundo nivel estima la probabilidad de conductores de 'ceder el paso’ a los ciclistas. Se utilizó 
los datos de una rotonda no semaforizada para estimar el modelo. La probabilidad de un conflicto depende de si 
el vehículo o bicicleta llega primero a la zona de interacción. La probabilidad de ceder el paso depende en gran 
medida de la velocidad del vehículo y la proximidad del ciclista. La velocidad del ciclista no influyó en la 
probabilidad de ceder el paso basado en los resultados. 
 
Artículo V investiga el impacto de los sistemas cooperativos de alerta al conductor en el rendimiento y la 
seguridad del tráfico. El Sistema Cooperativo I2V Coopers fue evaluado a nivel macro en diferentes niveles de 
demanda de tráfico y de penetración del sistema. Un estudio factorial se llevó a cabo con dos factores y tres 
niveles. Indicadores de rendimiento de tráfico, tales como velocidad, densidad, demoras y los tiempos de viaje 
fueron considerados para fines de evaluación. Los resultados mostraron que la conducción con el sistema se 
caracteriza por desaceleraciones más suaves. Mientras tanto, la congestión del tráfico reduce el impacto del 
sistema y los niveles más altos de penetración mejoran la operación de tráfico. 
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1 INTRODUCTION 

1.1 Safety and the traffic system      

Since the introduction of motor vehicles, the number of fatalities and accidents has been a 
concern for society. The number of fatalities on roads is amongst the most common causes of 
mortality worldwide (WHO, 2015). In industrialized countries the number of fatalities 
remains unacceptable (Figure 1). For instance, in Sweden, which is considered amongst the 
safest countries in the world, the number of fatal road accidents remains unacceptable. 
According to police reports 270 people died and 1 925 people were seriously injured on 
Swedish roads in 2014 (TRAFA, 2015). Therefore, in the last decades, a number of 
approaches have emerged to support and boost traffic safety towards a system free from 
fatalities and serious impairment outcomes. Some prominent approaches are implemented in 
The Netherlands and Sweden. In these countries Governmental agencies have successfully 
transform National goals into policies to achieve a safer traffic system. In The Netherlands the 
notion of “Sustainable Safety” has been introduced (Wegman et al., 2008) while in Sweden 
the notion of “Vision Zero” (Tingvall, 1997) strives research within the traffic safety arena. In 
both cases, the ultimate aim is to provide a safe transportation in terms of zero fatalities from 
traffic accidents and reduction of injury severity as much as possible. This is due to the fact 
that drivers (humans) are prone to errors (unintentionally) thus a proactive approach needs be 
taken by authorities and road planners towards a safer traffic system.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 EU countries fatalities per 100 000 inhabitants (Wegman et al., 2008) 

 

Speed and speed regulation are key factors to improve traffic safety. According to Oei 
(2001), if drivers have complied with the existing speed limit, a reduction of approximately 
30% in fatalities could be achieved. However, in the last decades, studies have shown that 
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there is an increasing disrespect towards speed limits (Mannering, 2009). In other words, an 
increasing number of drivers are not complying with speed limits and it is being accepted as 
common behavior in the traffic system. This problem is of great concern to achieve a safer 
traffic system, especially in urban areas due to the proximity between motorized vehicles and 
vulnerable road users (e.g., pedestrians, cyclists, mopeds) sharing the same urban spaces 
(public roads). Moreover, studies have shown that speed is one of the most important factors 
in road traffic accidents because higher speeds increase the accident risk and outcome severity 
(Nilsson, 2004). For instance, when a pedestrian is hit by a motorized vehicle at a speed of 30 
km/h, there is higher probability that the pedestrian will survive compared to if the pedestrian 
is hit at a speed of 50 km/h. Therefore, higher speeds are linked to higher accident risk, 
resulting in higher probabilities of fatal and serious accidents. Speed variability has been 
considered to increase the accident risk as well (Figueroa & Tarko, 2005). For instance, speed 
variability increases the interactions among drivers which can result in greater number of lane 
changing manoeuvres, risky overtaking decisions or rear-end collisions. Therefore, Speed 
levels need to be accordingly adjusted to match the requirements of the road environment. 
Furthermore, drivers have capabilities and limitations which need to be addressed e.g., drivers 
are prone to errors; however, the road infrastructure and the vehicle should be able to 
minimize the impacts in case of an accident. Therefore, on higher network hierarchy, vehicles 
need to reduce the physical vulnerability of the users (e.g., seat belt, air bag).   

Moreover, speed and speed variability are inherently associated with driving behavior. 
They are the result of drivers’ decisions combined with the road infrastructure, traffic 
conditions and driving preferences. Due to individual driving preferences, the speed choices 
of drivers, under the same circumstances, differ greatly (Elvik, 2010). The author states as 
well that drivers’ speed choices are made with incomplete information due to that:  

a) Drivers ignore environmental impacts of speed  
b) Drivers do not accurately perceive the relationship between speed and travel time  
c) Drivers underestimate the increase in accident risk due to higher speed  
d) Drivers underestimate the collision speed when an accident is inevitable.   
e) Drivers’ speed preferences are very heterogeneous.       

Additionally, drivers’ desired speed is attained at free-flow conditions where large 
headways can be sustained. The free-flow speed distribution reflects the chosen speed of 
drivers who are not hindered by the vehicle in front. Therefore, the free-flow speed 
distribution captures the impact of the road characteristics and traffic regulations on drivers’ 
preferences. Once observed or estimated, the free-flow speed distribution can be used for 
different purposes as described below.  

a) For design purposes, the 85th percentile of the free-flow speed distribution is normally 
used to establish speed limits (Cameron & Elvik, 2010). 

b) In simulation models, it is used to fill up the network with vehicles, the so called “warm 
up” period (Caliper, 2008; PTV, 2015).  

c) In “before-after” traffic safety studies, it is used to estimate the impact of a specific 
countermeasure on road safety improvements (Hydén et al., 2008; Silvano and Bang, 2015). 

d) In performance and capacity analyses, it is used to establish the “ideal” traffic conditions to 
be adjusted by road-traffic factors (Bang, 1994; Bang et al., 1998; HCM, 2010). 

Traffic rules and road users’ expectations are also important factors towards a safer traffic 
system; especially, at unsignalized crossings where vulnerable road users (pedestrians, 
cyclists, mopeds) interact with vehicles. At these crossings vehicles are expected to yield 
(give-way) to other road users. However, the user expectation could be wrong. Svensson and 
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Pauna (2010) report that drivers’ yielding rate to cyclists in Sweden is 58% on bicycle 
crossings. Although, according to the law cyclists have priority. Thus a large percentage of 
drivers (42%) fail to comply with traffic rules and meet other road users’ expectations. Some 
explanations are distraction and misinterpretation among the road users involved (Björklund, 
2005). Better understanding of the decision process to yield is required to improve traffic 
safety. The statistics show that 33 cyclists were killed and 239 were seriously injured in 2014 
on Swedish roads (TRAFA, 2015).          

On the other hand, advances on Information and Communication Technology (ICT) have 
brought about the era of connectivity. Road sensors, vehicles, communication devices (e.g., 
smart phones) and traffic control centres (TCC) can share traffic related information. 
Recently, Cooperative Intelligent Transport Systems (C-ITS) have emerged as specialized 
applications enabling smarter and more coordinated traffic management decisions. These 
systems include vehicle-to-vehicle (V2V) (Bergenhem et al., 2012), infrastructure-to-vehicle 
(I2V) (Farah et al., 2012), and vehicle-to-infrastructure (V2I) (Gozalvez et al., 2012) 
communication systems aiming to improve traffic performance and safety. However, the 
impacts of such systems are still underway. Furthermore, the developments of ICT and C-ITS 
have established the grounds to mature the technology for cooperative autonomous driving. In 
the near future the percentage of man-driven vehicles (100% today) is expected to decrease in 
favor of autonomous vehicles. For instance, Volvo is announcing a real test trial where 100 
driverless vehicles will interact in a 50 km segment of public highway (www.volvocars.com). 
Autonomous driving is challenging traffic performance and safety. Traffic throughput is 
expected to be improved and fuel consumption to be reduced (Manawadu et al., 2015) which 
is expected to improve the overall traffic performance. More importantly, it is expected that 
autonomous driving will prevent human errors in traffic. As stated by Jo et al., (2015): “The 
ultimate goal of intelligent vehicle technology is the realization of an autonomous vehicle that 
can drive by itself without collisions by perceiving the surrounding environment.”       

Wegman et al., (2008) proposes five principles to improve traffic safety. Figure 2 shows 
how the papers in this thesis relate to those principles. Papers I, II, and V relate to speed 
homogeneity through speed limits, estimation of free-flow speed distribution, road 
characteristics and information provision. Papers III and IV aims to increase the predictability 
of drivers’ yielding decisions while interacting with cyclists at unsignalized roundabouts. Last 
but not least, Paper V links information provision with the predictability of drivers’ speed 
choice facing upcoming traffic incidents.  

Figure 2 Sustainable safety principles in relation to the research focus and papers 
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2 FRAMING THE PROBLEM 

2.1 Urban road characteristics 

What characterizes an urban road is the fact that many types of road users interact with each 
other. Therefore, urban road traffic safety is important since vulnerable road users (VRUs) 
meet motorized vehicles. Furthermore, different types of activities take place along them, 
namely: pedestrians and bicyclists heading to work, school, shopping, recreational activities, 
etc. In the literature the influence of different road characteristics are investigated on the mean 
speed or speed percentile (commonly the 85th percentile) of vehicles in urban roads (Ericsson 
2000; Aronsson and Bang 2006; Wang et al., 2006; Hansen et al., 2007). Some road 
characteristics that are normally investigated are included in Table 1.  

 
Table 1 Road characteristics 
Characteristic Description 
Carriageway/lane width meters 
Number of lanes units 
Street function Local, main, arterial 
Median Presence 
Shoulder Presence 
On-street/curb parking Presence 
Sidewalk Presence 
Traffic flow  Veh/h 
Intersection density  units 
Number of driveways  units 
Pedestrians  Number of ped./mt 
Land use  Suburb, rural, city center 

 
Typically, the mean speed is modelled as a linear function of several road characteristics as 
shown in the equation below: 
 
V ∑ ∙                                                                         (1) 
 
Where: 

    =  mean speed or 85th percentile speed   
   = constant or intercept 
   = regression parameters  
  = explanatory variables 

 
Wang et al., (2013) have made an extensive literature review addressing the impacts of 

traffic and road characteristics on road safety. Speed, density, flow and congestion were used 
as traffic characteristics. Road characteristics included horizontal and vertical alignment, link 
length, curvature, and number of lanes. The authors concluded that the effect of speed on road 
accidents needs to be further examined; likewise, traffic congestion and horizontal curvature 
need further investigation since mixed effects were found in the literature. Marshall and 
Garrick (2011) investigated the impacts of network design on traffic safety in urban areas. 
Crash data were collected and spatially correlated to street network characteristics. 
Characteristics such as street density, street connectivity and street network patterns (i.e., 
neighbourhood types) were considered. They found that the total number of accidents was 
reduced as intersection density increased. On the other hand, the number of accidents 
increased as link connectivity increased. Similarly, increasing the number of lanes resulted in 
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an increase in the expected number of crashes. On-street parking was found to increase total 
number of crashes and more severe crashes but no significant association with fatalities. The 
authors put forward the suggestion to look not only at individual street characteristics but to 
take into account network characteristics as well, i.e. neighbourhood type, in terms of building 
a safer and more efficient transport system.  

 

2.2 Speed Choice    

 In the literature a number of theories attempt to explain how drivers make decisions. Early 
studies suggested that drivers attempt to maintain constant levels of stress along the entire 
route (Taylor, 1964). Meanwhile, Naatanen & Summala (1974) postulated that drivers make 
decisions eliminating any perception of risk of an accident. Researchers later on agreed on the 
fact that drivers have psychological or motivational thresholds while driving. There are two 
main hypotheses behind the driving task:         
 
i) Drivers react to an accident-risk level. The theory is called “Risk Homeostasis Theory” 

(RHT) introduced by Wilde (1982). The author states that drivers react according to a 
risk-level which they attempt to sustain. The risk-level is influenced by their preferences 
and experiences on risky situations which is determined by trade-offs among expected 
advantages of risky behavior, expected advantages of cautious behavior and expected 
costs of those behaviors (Winter et al., 2012).   

 
ii) Drivers react to task-difficulty levels which drivers expect to maintain. The most 

prominent theory is the Task-Capability Interface (TCI) model proposed by Fuller 
(2005). The author states that the interaction between task demand and driver capability 
determines the different levels of task difficulty. According to the theory, speed choice is 
the key factor to maintain difficulty levels under certain thresholds. Other factors 
influencing the difficulty level are the road environment and other road users. Drivers’ 
capabilities are influenced by training, education and experience (Winter et al., 2012).    

The two approaches above have produced a lot of debate in the scientific community. For 
instance, Tarko (2009) argued whether it is risk or difficulty levels which determine the speed 
choice. According to the author, it is reasonable to think that drivers drive as fast as they feel 
comfortable thus drivers’ speed choice is optimal from the point of view of drivers’ 
preferences and their subjective judgement of safety and speed enforcement. Based on these 
aspects, the author has put forward a model to predict speed choice based on utility theory. 
The author defines a trip disutility as: 

Trip disutility = subjective time value + perceived risk + perceived enforcement                 (2) 

The three model parameters (α, β, and γ for time-value, perceived-risk and speed-enforcement 
respectively) were estimated by maximum likelihood approach. Additionally, each term in 
Eq. (2) was related to a number of explanatory variables. For instance, time-value was related 
to dichotomous variable whether the driving was in the morning or afternoon peak. 
Enforcement was associated to speed limit and perceived-risk was associated to carriageway 
width, median width, horizontal curve, presence of sidewalk, etc. Therefore, drivers speed 
preferences are influenced by travel time, attitudes towards safety, and attitudes towards law 
enforcement. For instance, depending on trip purpose and departure time, the subjective time 
value for a given driver changes which might induce the driver to accept higher risks and 
disregard law enforcement (e.g. drive faster, violate the speed limit).              
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According to Elvik (2010), there is bimodality within the driver population which is 
composed of two groups (faster and slower driver groups). The author states as well that the 
speed coordination between the two groups is difficult since no group can be better off by 
changing unilaterally its speed choice (Nash equilibria). Moreover, the author states that the 
speed choice might be determined by a small group of drivers i.e., depending on how 
sensitive drivers are; they may change their speed choice and join either the faster or slower 
drivers’ group. This sensitivity is related to speed choice stability i.e., same speed choice 
under different situations. Haglund and Åberg (2002) investigated the speed choice 
consistency on rural roads. The authors found that speed choice was stable for the same 
location but not among locations. In other words, if a driver chooses to drive fast at a specific 
location, it is very likely that the driver will do so repeatedly (drive fast) when driving at that 
location.  

 

2.3 Speed limits 

Exceeding the speed limits has also been a concern for traffic safety researchers (Haglund and 
Åberg, 2000; Wallén-Warner and Åberg, 2008). Mannering (2009) shows that there is a trend 
to drive faster than the posted speed limits. Williams et al., (2006) conducted a study to 
characterize speeding drivers on freeways’ ramps. The authors defined speeders as drivers 
travelling 15 mph (24 km/h) above the speed limit and relatively faster than surrounding 
vehicles. The results showed that speeding drivers are characterized as follows: young, male, 
and driving a newer vehicle. Furthermore, the use of GPS on-board units facilitates data 
acquisition and temporal and spatial aspects of speeding can be captured. Greaves et al., 
(2011) argue that cross-sectional studies do not present the whole picture on speeding. They 
used geocoded data from a sample of more than 130 drivers and self-reported speeding 
behavior. Their results revealed that aggressiveness and excitement were related to speeding, 
whereas risk aversion was related to not speeding. A study was conducted by Wallén-Warner 
et al., (2008) where the authors asked drivers reasons to exceed the speed limits in Sweden. 
The authors found that the most positive belief to exceed the speed limits in urban and rural 
roads was: “Makes me follow the traffic rhythm better.” The most common belief to exceed 
the speed limit in urban areas was: “Being in a hurry” whereas for rural roads was “road being 
good - straight & wide” and “free from vulnerable road users”. More importantly, the authors 
state that changing the speeding behavior is a difficult task (normative and control beliefs 
should be changed). Therefore, the authors state that to change speeding behavior, the 
lifestyle of the drivers must be changed. They concluded that intelligent speed adaptation 
(ISA) and in-vehicle warning systems at high penetration levels might be effective solutions 
to reduce speed levels and speed variability.            

 

2.4 In-Vehicle Systems 

Speed choice can be impacted by in-vehicle systems. For instance, intelligent speed 
adaptation (ISA), active accelerator pedal (APP), and warning systems are being used to 
influence speed choice. Wallén-Warner et al., (2008) reported a study where ISA was used by 
almost 300 drivers for about 6 to 12 months. Results surprisingly showed that travel times 
either did not change or were slightly reduced. The conclusion was that drivers with ISA 
drove more calmly and more effectively. Hjälmdahl and Várhelyi (2004), and Várhelyi et al., 
(2004) evaluated the effects of APP on driver behavior. The results showed that APP has a 
great potential to reduce speed levels and speed variability suggesting that traffic is improved 
as well. The mean speed with the system showed compliance with the speed limits for all 
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roads considered. Time gaps also increased when driving with the system which can be 
considered as traffic safety improvement. The authors warn for behavioral adaptation in the 
long run. Behavioral adaptation refers to drivers changing their driving behavior to 
compensate for changings in their risk perception due to the support of the new system and 
take more risky actions (e.g., drive closer to the vehicle in-front) (Rudin-Brown and Jamson, 
2010). The driver-acceptance for the system was high especially on urban roads.  

Technology development has a remarkable impact on the driving task. Nowadays, several 
systems are available assisting road users in the driving task. Furthermore, there are systems 
that share traffic related information, so called Cooperative Systems. These systems include 
vehicle-to-vehicle (V2V), infrastructure-to-vehicle (I2V) and vehicle-to-infrastructure (V2I) 
communication systems sharing information among the different parties involved. These 
systems are aimed to improve the overall traffic performance, traffic safety and emissions. 
Crucial aspects for I2V systems are the time interval it takes to share the information and the 
accuracy of the information. Information accuracy deals with exact detection of 
incidents/accidents on the motorway by road sensors i.e., detecting the start and the end of 
traffic events precisely. These system are able to collect and share traffic information of 
several traffic events such as: accident–incident warnings (e.g. drivers are warned about an 
accident or incident ahead); weather condition warnings (e.g. drivers are made aware of 
environmental-related problems such as black ice, fog, heavy rain, or storms); roadwork and 
lane utilization information (e.g. drivers are made aware of the lane control policy applied and 
the lane utilization information); in-vehicle variable speed limit information; traffic 
congestion warnings and intelligent speed adaptation, Böhm et al., (2009). 

Information provision systems influence speed choice by means of warning messages 
about upcoming traffic events. These systems are being investigated to improve traffic safety 
as well. Especially on motorways these systems can improve the overall traffic operation and 
safety. Dangerous situations may occur when high-speed vehicles suddenly encounter low-
speed vehicles due to traffic events like congestion, accidents, heavy weather conditions, etc. 
For instance, Vaa et al., (2007) conducted a literature review of the impact of ITS systems on 
traffic accidents. They report that accident warning systems could reduce the number of 
accidents by 44%. Furthermore, a fog warning system could potentially reduce by 84% the 
number of accidents. For a queue warning system the percentage reduction in the number of 
accidents is reported to 16%. In another study by Farah and Koutsopoulos (2014), a warning 
system showed evidence to improve the overall traffic performance by reducing acceleration 
rates thus harmonizing drivers’ speed behavior for equipped vehicles. In the same line 
Grumert et al., (2015), who evaluated a cooperative variable speed limit system, found that 
the warning system provided for lower acceleration rates smoothing vehicle throughput and 
reducing exhaust emissions. Therefore, these systems have great potential to harmonize speed 
preferences, smooth speed levels while approaching critical traffic events and comply with 
speed limits providing for a safer traffic system.               

   

2.5 Vulnerable road users (vehicle-bicycle interactions) 

Vulnerable road users (pedestrians, cyclists, moped) are impacted the most when an accident 
occurs. The collision impact is the key factor which determines the outcome severity (Nilsson, 
2004). Therefore, the interaction with motorized vehicles is of great concern for traffic 
planners. In particular the interaction between vehicles and bicycles has attracted great 
attention due to the speed differences. Vehicle-bicycle interactions can be divided into three 
main types: 
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 Longitudinal interaction (interaction next to links). Cyclists are travelling on bicycle 
lanes/paths next to the traffic stream. Safety considerations include the width of the 
bicycle lane/path, vehicles’ speed, and vehicle and bicycle volumes (El-Geneidy et al., 
2007; Parkin et al., 2010). 

 Mixed interaction (longitudinal interaction within links). Drivers and cyclists share the 
road without any physical barrier to divide the travel modes. Safety considerations are 
the road width, overtaking opportunities, lateral lane position, vehicle and bicycle 
speeds and volumes (Virkler et al., 1998; Taylor et al., 1999). 

 Crossing interaction (interaction at crosswalks). Two types can be considered: 
signalized and unsignalized intersections. At signalized intersections, traffic lights 
allow for separation of primary conflicts. The remaining secondary conflicts e.g., 
vehicle turning right or left and cyclist heading through, may lead to serious 
conflicts/accidents. On the other hand, at unsignalized crossings (including 
roundabouts) priority rules govern vehicle-bicycle interactions. 

At intersections governed by priority rules, the vehicle-bicycle interaction is often based on 
road users’ expectations. Bjorklund (2005) states however, that sometimes the expectations of 
the road users can be wrong: some fail to look for a specific road user (e.g. failing to give 
way) and some fail to look in some specific direction. The common expectation in vehicle-
bicycle interactions at unsignalized intersections in Sweden, including roundabouts with 
crosswalks, is that drivers entering/exiting the roundabout should yield to cyclists. However, 
drivers may fail to fulfil such expectation due to lack of attention (e.g. driver does not realize 
the presence of the cyclist due to limited vision or disturbance from cell phone usage) or 
misinterpretation (cyclists often assume that drivers are aware of their presence although 
drivers may have not seen the cyclists). This has been documented in the traffic safety 
literature as ‘looked-but-failed-to-see-errors’ (Herslund and Jörgensen, 2003). Besides, 
cyclists overestimate by a factor of 2 the distance at which they would be recognized by 
drivers (Wood et al., 2009). Kim et al., (2007) state that speed is the key factor for serious and 
fatal outcomes in vehicle-bicycle accidents. Minikel (2012) points out that higher speeds, 
higher traffic volumes, and presence of heavy vehicles are detrimental to cyclist safety. 
According to the literature, one of the most frequent accidents in vehicle-bicycle interaction is 
with driver turning right and cyclists approaching from behind on the right side of the driver 
(Rasanen et al., 1998). In a later study, Räsänen and Summala (2000) also report that vehicles 
traveling at a high speed fail to look for cyclists.  

The number of fatal and seriously injured accidents remains high. There is a great amount 
of literature in traffic safety yet there are still aspects which need further investigation to have 
a system free from fatal and seriously injured accidents. For example, the estimation of the 
free flow speed distribution on urban areas is still a research topic. Urban road characteristics 
vary more often than any other road type (e.g., rural, motorway). Moreover, speed limits may 
also change from one neighborhood to another. Therefore, a methodology to estimate the free 
flow speed distribution which can incorporate road and traffic conditions can be useful for 
planning applications. Furthermore, the evaluation of driver behavior under the influence of 
information provision is still underway. How these systems will be introduced (e.g., 
subscriptions) remains open. Therefore, how these systems impact the traffic operation can 
provide guidance for future implementations. On the other hand, the interaction between 
vehicle-bicycle has not been fully characterized. High vehicle speed is detrimental for 
cyclists’ safety but what factors influence drivers decisions’ to yield need further investigation 
for a better cycling environment. Last but not least, speed is considered one of the most 
important factors in traffic safety. The impact of speed limit changes on speed choice can 
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provide insights on the relationship of the accident risk and speed behavior. This research 
effort thus addresses gap knowledge on the topics mentioned above.      

 

3 METHODOLOGY  

3.1 Objectives 

The number of fatalities and seriously injured accidents in the traffic system remains 
unacceptable. Therefore, this thesis aims to provide a better understanding of factors 
impacting traffic safety. In particular, two main principles of sustainable safety (e.g., 
homogeneity and predictability) will be studied in relation to the impacts of speed limits, road 
characteristics, free-flow speed distribution, vehicle-bicycle interactions and information 
provision applications.  

3.2 Research questions 

The identified research questions are listed below: 

 
RQ1 What are the impacts of changing speed limits in urban areas on traffic performance 

and safety?  
In urban areas motorized vehicles meet vulnerable road users. Changing the existing 
speed limits may have an impact on traffic performance and safety. Paper I and II 
explore the relationship of the changed speed limits.  

  
RQ2 How road characteristics impact drivers’ free-flow speed?  

Road characteristics influence the free-flow speed. This relationship is further 
explored in Papers I and II. Paper I identifies the free-flow deterministically while in 
Paper II a methodology is proposed.  

 
 

RQ3 What are the factors that influence drivers’ decision process to yield to cyclists? 
Literature points out that there are a large proportion of drivers who do not yield to 
cyclists. Paper III explores empirical evidences of vehicle-bicycle interactions. Paper 
IV introduces a 2-level modeling framework to investigate factors influencing drivers’ 
yielding decisions.    
 

RQ4 How ICT systems impact traffic conditions? 
Developments in information communication technology (ICT) are changing driver 
environment. Drivers interact with supporting systems aiming to ease the driving task. 
Paper V explores the impact of ICT systems on traffic performance and safety. 
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3.3 Data 

Traffic safety is a broad field of investigation with different dimensions e.g., the five 
principles of Sustainable Safety (Wegman et al., 2008). Speed and speed variability are 
important factors in traffic safety as well as the interaction between vehicles and bicyclists. 
The data used in this research is composed of various datasets. For instance, in order to 
evaluate the impact of speed limit changes, an extensive data collection study was conducted 
on 118 sites from 11cities across Sweden. Before-after posted speed limit (PSL) traffic 
surveys were conducted. A 12-month period elapsed between the before and after surveys. 
Pneumatic tubes were installed at each site with a distance of 3.3 m between the tubes. The 
collected data were interpreted using the software Axel Passage Interpreter (API) (Archer, 
2003) which provided for vehicle speed, travel direction, vehicle type, axle length, and 
number of axels. Normally, the traffic survey took place midblock away from nearby 
signalized intersections, roundabouts, and crosswalks from 8 AM to 5 PM. Table 2 
summarizes surveyed road characteristics from the data collection.  

Furthermore, speed choice behavior under the influenced of traffic information provision 
was investigated. The data source comprised speed distributions while approaching an 
upcoming critical traffic event for drivers with and without the support of a warning 
cooperative system. These speed distributions were collected from a driving simulator where 
the warning system was evaluated in a number of scenarios. Driving simulators are being used 
to replace or supplement field experiments in order to overcome research obstacles. For 
instance, future scenarios, redesign aspects, risky driving behavior can be investigated in a 
safe and controlled environment.  

 
Table 2 Variables surveyed 
Variable     Description 
Speed Limit     Speed Limit (40, 50 or 60 km/h) 
Link Length     Road segment with "right-of-way" (meters) 
Area Type    Centre or Suburb area type 
Network Class Hierarchy    Local, Main or Arterial 
Road Type     Street with sidewalks or without  
Number of Intersections    Number of minor intersections in the Link 
Divided road (Median)   Yes or No 
Number of Lanes per direction               1-lane or 2-lane                 
Carriageway Width   Carriageway width  
Lane Width    Lane width (meters) 
On-Street Parking   Yes or No 
Sidewalk    Yes or No 
Number of exits/entries per block Number of driveways per block 
Planting stripes   Trees along the road (Yes or No) 
Traffic Flow    Average hourly flow per lane (veh/hr/ln) 

 

On the other hand, the investigation of vehicle-bicycle interactions was based on data 
collected by means of video recordings. Camcorders and specialized software were used to 
collect and extract useful information about vehicle-bicycle interactions. The data were 
collected over a period of 2 hours in the afternoon peak. SAVA, semi-automated video 
analysis, was used to extract section speeds. The video analysis allows for drawing of virtual 
lines thus speeds can be calculated from the distance between the virtual lines drawn and the 
time a vehicle or bicycle crossed the corresponding lines. Vehicle speeds were measured at 10 
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m before the crosswalk; whereas, bicycle speeds where measured at 10, 20 and 30 m away 
from the crosswalk. Therefore, vehicle-bicycle interactions were extracted. During the two 
hours of data collection, 187 interaction events were identified out of which 37 yielding 
decisions were observed.  

 

4 RESEARCH CONTRIBUTIONS 

The thesis’ contributions provide new evidences and put forward methodologies to advance 
traffic safety. An outline is presented below to highlight the contributions of the thesis on 
common traffic safety aspects.  

 

- Policy and regulation 
Speed limit changes should be carefully introduced in urban areas. Especially on roads 
with already low actual speeds. The speed limit reduction improves traffic safety 
according to Nilsson’s model. 

 
- Road design 

A methodology to estimate the free flow speed distribution is proposed which 
simultaneously estimates the impact of road characteristics, traffic conditions and the 
probability to be constrained. Several road characteristics impact the mean free flow 
speed (e.g., land use, parking, and sidewalk).  

 
- Users’ behavior 

A methodology to model drivers’ decision process to yield to cyclist is proposed. The 
decision is influenced by the speed of the vehicle and cyclist’s proximity. Furthermore, 
ICT systems are evaluated on traffic performance. Traffic demand and penetration level 
impact in-vehicle warning systems.   

 

Figure 3 Relation among research topics and articles   
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The research has been documented in five papers:     

4.1 Paper I: Impact of speed limits and road characteristics on free-flow speed in 
urban areas.  

 

Paper I (Silvano & Bang) addresses RQ1 and RQ2 describing a follow-up study of changing 
the posted speed limit (PSL) in urban areas in Sweden. The study aimed at determining the 
impacts on free-flow speed of changing the base PSL of 50 km/h to 40 or 60 km/h. Moreover, 
the study aimed at identifying and quantifying road design characteristics which might 
influence the drivers’ speed choice. Disaggregate and aggregate levels of analysis were 
conducted using cross-sectional speed measurements before and after the PSL change. The 
study conducted on the disaggregate analysis verified that PSLs had an impact on drivers’ 
speed choice. The analysis suggested a speed threshold of 45 km/h to bring in a speed 
decreasing effect from PSL reductions. Additionally, the results showed that decreasing the 
PSL improves traffic safety according to Nilsson’s model.  The results from the aggregate 
analysis indicate that PSLs had a statistically significant influence on drivers’ speed choice. 
More importantly, the paper identified that PSL changes had greater impact on higher road 
network classes. For instance, a PSL increase of 10 km/h, brought about a change of 2.3 km/h 
on arterial urban roads; whereas, the change was 1.7 km/h on main urban roads. Finally, the 
analysis contributed by identifying and quantifying road characteristics influencing the speed 
choice on urban roads such as link length, area type, network class, carriageway width, on-
street parking, sidewalk and number of exits/entries.   
 

4.2 Paper II: The free-flow speed estimation: a probabilistic approach. Impact of 
speed limit changes, road characteristics and probability to be constrained. 

 

Paper II (Silvano, Koutsopoulos & Farah) introduces a methodology to determine the free-
flow speed distribution on urban roads addressing RQ1 and RQ2 as well. A study conducted 
by Vogel (2002) proposed a 6-seconds threshold to classify free flow conditions from 
constrained flow; however, the threshold is likely to vary depending on traffic conditions, 
road characteristics, and driving behavior. The main contribution of the paper is the 
probabilistic approach put forward to identify the free flow speed distribution on urban roads 
which takes into consideration a broad range of road characteristics using midblock data from 
several sites, the impact of speed limit changes, and simultaneously estimating the probability 
to be constrained by the vehicle in front. The methodology has shown that the simultaneous 
estimation of the free flow speed and the probability to be constrained is feasible. 
Furthermore, the methodology uses all speed and headway observations in the estimation 
which produces different probability estimates depending on the traffic conditions. For 
instance, the 6 sec threshold shows different probability to be constrained for different speed 
limits with 0.63 for 40 km/h PSL and 0.70 for 50 km/h PSL.   
 

4.3 Paper III: When do drivers yield to cyclists? Empirical evidence and behavioral 
analysis.  

 

Paper III (Silvano, Ma & Koutsopoulos) addresses RQIII and explores empirical evidences of 
the vehicle-bicycle interaction on a typical Swedish roundabout. Speed differences were 
analyzed by interaction group. Four category groups were defined as follows: Non-Conflict, 
Conflict, Yield, and Non-Yield. Furthermore, a logistic regression was introduced to estimate 
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behavioral aspects of such interactions. The results showed a greater variation among vehicle 
groups, whereas, cyclist groups exhibited lower variations. The paper contributes to the 
literature revealing factors which impact drivers when interacting with cyclists. For instance, 
the yielding probability decreased when the speed of the vehicle was higher. The bicycle 
speed had little impact on drivers’ decision to yield. More importantly, the yielding 
probability increased significantly by the proximity of the cyclist to the conflicting zone.  
 

4.4 Paper IV: Analysis of vehicle-bicycle interaction at unsignalized crossing: a 
probabilistic approach and application. 

 
Paper IV (Silvano, Koutsopoulos & Ma) addresses RQIV as well and introduces a modeling 
framework to describe driver-cyclist interactions when approaching a conflicting zone. A 
hierarchical probabilistic model is proposed to model the driver yielding decision process. 
The methodology incorporates in the first level the conflict probability in the analysis as a 
latent state while a second level models the observable yielding probability. The analytical 
framework also takes into account the randomness on the drivers’ decision point. The paper 
contributes to the literature showing that the conflict probability is affected differently 
depending on the user, cyclist or driver, arriving at the interaction zones as well as that the 
yielding probability is negatively correlated with the speed of the vehicle when the driver 
makes decision. Moreover, the paper points out a distance threshold of 20 m for the cyclist 
proximity to increase the yielding probability. At longer distances (>20 m), the impact of the 
cyclist’s proximity needs further investigation and evidence as well as the speed of the cyclist. 
Therefore, the proposed methodology provides for a better understanding of vehicle-bicycle 
interactions. 
 

4.5 Paper V: Simulation-based evaluation of I2V systems’ impact on traffic 
performance: case study - COOPERS.  

 
Paper V (Silvano, Farah and Koutsopoulos) addresses RQV investigating speed behavior 
under the impact of infrastructure-to-vehicle (I2V) cooperative system at the aggregate level. 
A factorial experiment was designed with two factors: traffic demand and system penetration. 
To replicate speed behaviour with and without the system, speed distributions from a 
simulator experiment were used. A motorway of 4 km was built in the VISSIM simulation 
software. Indicators such as speed, density, delays and travel times were chosen to evaluate 
and compare the motorway performance with and without the system. The paper contributes 
for a better understanding of the impact of I2V systems on traffic conditions as traffic demand 
reduces the impacts and higher penetration levels improve the traffic operation.    
 

4.6 Significance of the findings and recommendations 

Guidelines for capacity analysis such as the HCM 2010 relies on observations at low flow 
conditions (<1000 vph) to classify vehicles in the free flow regime. However, constrained 
vehicles can also be found under low volume conditions. In another study (Vogel, 2002) a 
threshold of 6 sec was found for urban roads. In Paper I a threshold of 10 sec was used. It is 
important to introduce an estimation that uses all observations under varying traffic 
conditions. The methodology introduced in Paper II has shown reasonable results and capable 
of simultaneously estimate the impact of road characteristics, traffic conditions, and the 
probability to be constrained by the vehicle in front. The methodology neither subjectively 
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select a threshold to classify vehicles in the free flow regime nor needs to collect data only 
under low volume conditions which are the main constrains in previous studies or guidelines 
but provides for the estimation of the free flow speed distribution, impact of road 
characteristics, traffic conditions, and a range of time headways where vehicles have a certain 
probability to be in the constrained regime using all observations.  

  The yielding decision process was not fully understood in the literature. The impact of 
vehicle’s speed, bicycle’s speed, cyclist’s proximity, intersection geometry needed further 
investigation to provide for a safer cyclist environment. The modeling framework introduced 
in Paper IV provides for a better understanding of the drivers’ yielding decision process when 
interacting with a cyclist. The speed of the vehicle and the cyclist’s proximity play an 
important role. Thus practitioners can provide for design guidelines to ensure that vehicles’ 
speeds are lower when interacting with cyclists and also to improve intersection designs such 
that cyclists can be detected by drivers well in advance as cyclist proximity is important in 
drivers’ decisions.     

 The introduction and commercialization of ITS cooperative systems are expensive, 
difficult and still under investigation (Nilsson et al., 2012). Studies have pointed out that the 
optimal results of such systems in terms of the overall traffic performance are achieved at 
high penetration levels (Varhelyi et al., 2004; Wallen-Werner and Åberg, 2008; Silvano et al., 
2014). From a governmental point, it might be difficult to point out a given service to the 
public.  On the other hand, industry may be willing to go from 0% to full penetration from a 
year to another. Therefore, the impact of different penetration levels of such a system in 
traffic performance can provide guidelines for further implementations. For example, 
penetration levels that might worse the traffic operation. The findings in the thesis suggest 
that low penetration levels should be avoided and high penetration be preferred to ease and 
improve the traffic operation.    
 

5 LIMITATIONS 

Despite the contributions outlined in the thesis, there are limitations which could be addressed 
in future work to further advance safety standards. Point speed measurements (pneumatic 
tubes) capture only the impact of the surrounding road environment in the vicinity of the 
measurement point. The surveyed sites were selected based on the Handbook ‘Right Speed in 
the City’ (Rätt fart i staden – Vägverket & SKL, 2008) and local authorities expertise. The 
data correspond only to roads located on urban areas. The results are based on driver behavior 
in Sweden thus the transferability of the models and results to other regions should be further 
investigated. Furthermore, simulation studies are used to overcome obstacles such as future 
scenarios, risky driver behavior, etc. Important aspects of the research can thus be 
investigated in a control and safe environment. In Paper V, a cooperative system is simplified 
in a simulation model to capture the impact of warning messages on driver behavior at the 
macro level. The impact of other scenarios rather than the fog event is not considered as well 
as the impact of other ITS applications. Only a motorway link of 4 km length without on/off 
ramps or weaving sections was evaluated.    

 Finally, trajectory data and site characteristics’ variability can provide better insights on 
other important factors influencing drivers’ yielding decisions. In Paper III, the conflict state 
is deterministically identified based on video recordings. In Paper IV however, it is 
characterized and estimated as a latent state. Furthermore, the application of the modeling 
framework is only carried out at one conflict zone with cyclists having conflict with one 
traffic direction. In reality, cyclists crossing a road have conflicts in both traffic directions. 
The cyclists’ behavioral response is not included as well. Traffic behavior and rules follow 
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Swedish regulations which might be different to other countries especially in the vehicle-
bicycle interactions.       

 

6 FURTHER RESEARCH  
A great body of research has already been conducted in understanding safety aspects of urban 
roads. However, there are still factors and dimensions which need to be further investigated. 
For instance, further statistical analysis is needed to better understand the behavior of faster 
drivers (>85th speed percentile). Additionally, analysis on drivers who exceed the speed limit 
(>50 km/h PSL before / >40 km/h after) can be important on urban environments. Studies 
have shown that there are drivers whose speed choice is influenced by the speed of other 
drivers (faster – slower driver groups), thus further studies must be conducted to understand 
drivers’ speed choice in greater detail. ISA, APP, and in-vehicle warning systems have 
potential to improve speed choice and lead to a more harmonized speed distribution and under 
certain desired levels. The methodology put forward to estimate the free flow speed 
distribution needs further investigation as well, such as, its applicability to other types of 
transportation facilities, e.g., rural roads, freeways, can be very informative. Moreover, the 
use of cooperative systems and their influence on driver behavior under a number of scenarios 
is important for traffic safety evaluations. For instance, analysis of congestion, presence of 
ambulance or rescue vehicles, lane-drop or lane closure, and heavy weather conditions 
scenarios can provide insights to better understand the impact of C-ITS systems. Another 
important aspect is the evaluation from the environmental perspective whether such systems 
reduce emissions. It is still underway the impact of such systems on the environment.   

On the other hand, the impact of different intersection designs on the yielding probability 
needs further investigation (e.g., raised crosswalks, colored crossings, and midblock 
crossings). More importantly, the distance threshold of the cyclist proximity where the impact 
may change direction decreasing the yielding probability (drivers can see the cyclist but 
cyclist is far enough that drivers can drive through the conflict zone) can further be 
investigated to relate it to different intersection designs. Furthermore, the impact of the 
bicycle speed can be incorporated on the estimation which can be classified by cyclist type 
(e.g., training, touring, gender, age). An integrated modeling framework can also be proposed 
incorporating the cyclists’ behavior in response to the presence of vehicles.  
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