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Abstract
Models based on micro-simulation of traffic flows have proven to be useful tools
in the study of various traffic systems. Today, there is a wealth of traffic microsimulation models developed for freeway and urban street networks. The road
mileage is however in many countries dominated by rural highways. Hence, there
is a need for rural road traffic simulation models capable of assessing the performance of such road environments. This thesis introduces a versatile traffic micro-simulation model for the rural roads of today and of the future. The developed
model system considers all common types of rural roads including effects of intersections and roundabouts on the main road traffic. The model is calibrated and
validated through a simulation study comparing a two-lane highway to rural road
designs with separated oncoming traffic lanes. A good general agreement between
the simulation results and the field data is established.
The interest in road safety and the environmental impact of traffic is growing.
Recent research has indicated that traffic simulation can be of use in these areas as
well as in traditional capacity and level-of-service studies. In the road safety area
more attention is turning towards active safety improving countermeasures designed to improve road safety by reducing the number of driver errors and the
accident risks. One important example is Advanced Driver Assistance Systems
(ADAS). The potential to use traffic simulation to evaluate the road safety effects
of ADAS is investigated in the last part of this thesis. A car-following model for
simulation of traffic including ADAS-equipped vehicles is proposed and the developed simulation framework is used to study important properties of a traffic
simulation model to be used for safety evaluation of ADAS. Driver behavior for
ADAS-equipped vehicles has usually not been considered in simulation studies
including ADAS-equipped vehicles. The work in this thesis does however indicate that modeling of the behavior of drivers in ADAS-equipped vehicles is essential for reliable conclusions on the road safety effects of ADAS.
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1. Introduction
The main motivation for standard improvements in the traffic system has always
been to increase capacity and the level-of-service. Today more attention is turning
towards other issues such as road safety and the environmental impact of traffic.
One important example of this paradigm change is the separation of oncoming
lanes on major rural highways in Sweden. The separation of oncoming lanes on a
highway will restrict traffic and may consequently reduce the level-of-service on
the highway. Oncoming lane separation has on the other hand proven to improve
the road safety substantially (Carlsson and Brüde, 2005). Another example of the
increased road safety awareness is the growing use of rural roundabouts in Sweden. Roundabouts will increase safety but at the same time reduce the level-ofservice on the main road.
There is an increasing interest in traffic simulation as a tool for evaluation of
traffic systems. Many simulation studies of the design of urban street networks
and freeway operations have been conducted. The road mileage is however in
most countries dominated by rural highways. So far, the use of traffic simulation
for rural highways has not increased as much as the use of simulation for other
road types. One reason for this difference is the focus on urban and freeway congestion within the modeling community. Today’s growing awareness of other
issues such as road safety and the environment has however also brought an increasing interest in the performance of rural highways. Since traffic simulation
has proven to be a useful tool for other road environments there is also a potential
to use traffic simulation for rural roads to a greater extent than today.
Simulation is also likely to become more and more essential in studies of all
types of road environments. The nature of the traffic system is continuously
changing, new vehicle and infrastructure technology creates new traffic conditions. At the moment, Intelligent Transportation Systems (ITS) are becoming an
increasingly important element in the traffic system. ITS are technology based
applications designed to improve several aspects of traffic and transport systems.
These applications increase the complexity of the interactions between individual
vehicles and the surrounding traffic and between vehicles and the infrastructure.
Simulation is a powerful method for studies of complex systems. Nevertheless, to
account for the ever changing traffic system there is a need for flexible simulation
models capable of describing the effects of the ITS-applications of today and of
the future.
Different areas of application place different requirements on the simulation
models. Rural road traffic simulation models have mainly been used for capacity
and level-of-service studies of different road designs, traffic compositions and
traffic volumes. Simulation models to be used for environmental impact assessment or road safety evaluation require, for example, detailed information of individual vehicle driving course of events. Simulation of some ITS-applications may
in addition require that both driver behavior and road properties can be modified
during simulation runs.
The state-of-the-art in rural road traffic simulation modeling include the TwoLane Passing (TWOPAS) model developed by the Mid-West Research Institute
(McLean, 1989), the Traffic on Rural Roads (TRARR) model developed by the
Australian Road Research Board (Hoban et al., 1991) and the Swedish National
Road and Transport Research Institute model (VTISim) (Brodin and Carlsson,
1986). The above named models all consider uninterrupted traffic on a two-lane
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highway with or without occasional passing lanes. Intersections, roundabouts and
new types of rural roads are not handled. Nor are the models suitable for evaluation of ITS or studies of road safety and the environmental impact of traffic.

1.1 Problem Description
Rural road traffic simulation is less developed than simulation for other road environments. The growing awareness of road safety and the environment has however brought an increasing interest in the performance of rural highways. There is
therefore a need for a simulation model capable of describing the traffic operations in all rural road environments. The model should be able to handle both undivided two-lane highways as well as new rural road designs, e.g. rural roads with
separated oncoming lanes. Oncoming lane separation is commonly realized
through a cable barrier between the oncoming lanes. The number of lanes in each
direction may vary between one and two at regular intervals to form a “2+1-road”.
Other rural road types with oncoming lane separation are “1+1” and “2+2” designs with one or two lanes in each direction along the entire road section.
The disturbance of vehicles entering or exiting the road at intersections or
roundabouts is an important factor for the performance of the road. A rural road
simulation model should therefore account for the effects of intersections and
roundabouts along a highway.
A simulation model must also be flexible and versatile to allow use of the
model for future areas of application. This includes studies of effects of ITS and
simulation based road safety assessments. One important type of ITS in rural road
environments is Advanced Driver Assistance Systems (ADAS). ADAS are invehicle systems designed to improve comfort and safety. The road mileage is in
most countries dominated by rural highways, infrastructure based road safety
measures for rural roads are consequently very expensive. ADAS on the other
hand offers a cost-effective way of increasing safety on the vast rural road mileage. Traffic micro-simulation is, due to the modeling of individual vehicles, a
promising alternative for evaluation of the safety effects of ADAS. There is however a need for research on traffic simulation for ADAS evaluation.

1.2 Objectives and Delimitations
The main objective of this work is to develop a versatile modeling framework for
simulation of rural road traffic. The developed model should handle both undivided two-lane highways as well as rural roads with separated oncoming lanes.
Effects of intersections and roundabouts should also be accounted for. The model
is to be designed as a microscopic simulation model using a time-based scanning
simulation approach. The term traffic simulation will henceforth be used as an
abbreviation of traffic micro-simulation.
The properties outlined above are necessary in order to allow simulation of
complex road environments including ITS-applications and to enable use of the
model for level-of-service, road safety and environmental applications.
Another objective of this work is to investigate the possibility of simulation
based road safety assessments of ADAS for rural road environments. This includes a study of the necessary features of a traffic simulation model for ADAS
safety evaluation and application of the developed simulation framework for this
task.
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The simulation framework developed in this work is designed to model rural
road environments. Other road types such as freeways and urban streets are not
considered. The developed model handle one main rural road stretch per simulation run, i.e. the rural road network is not modeled. The number of paths in a particular origin and destination pair in a rural road network is typically very small.
Route choice is therefore of little consequence for the traffic volume on a rural
highway and to not consider rural road networks is therefore no substantial restriction. The modeling of intersections in the simulation framework is limited to rural
intersections with as well as without left-turn lanes on the main road. Signalcontrolled intersections are not considered in this work since they are rarely used
in rural environments.

1.3 Contribution
This thesis contributes to previous research by the introduction of a versatile traffic simulation model for rural roads. Previous rural road traffic simulation models
consider uninterrupted traffic on two-lane highways. The model developed in this
thesis is not limited to uninterrupted traffic and handles both two-lane highways
and rural roads with oncoming lane separation. Rural un-signalized intersections
and roundabouts are also modeled. The simulation model has been implemented
in a modular way to allow modification or substitution of the sub-models for future areas of application. A description of the simulation model developed in this
thesis has been accepted for publication in Transportation Research Record
(Tapani, 2005b).
The developed simulation model is tested through a simulation study of a rural
highway in the southern part of Sweden. A good general agreement is established
between the results of the simulation model and the traffic conditions of the highway. A presentation of this simulation study is included in Carlsson and
Tapani (2005b). This paper has been submitted for presentation at the
5th International Symposium on Highway Capacity and Quality of Service.
The work on simulation for evaluation of the safety effects of ADAS contributes to the existing research with an enlightening of the importance of driver behavioral modeling for simulation based safety evaluations. A car-following model
to be used in simulations of traffic including ADAS-equipped vehicles is also
proposed. This part of the thesis provide a basis for future research on traffic
simulation for evaluation of ITS and simulation based safety assessments. A paper
discussing requirements on a traffic simulation model for road safety assessments
of ITS and ADAS has been presented at the 2nd Conference on Modeling and
Simulation for Public Safety (Tapani, 2005a). The simulation model requirements
are also further investigated in Lundgren and Tapani (2005). This paper also contains a description of the proposed car-following model for ADAS safety evaluation and has been submitted for publication and presentation to the Transportation
Research Board.

1.4 Outline
The remainder of this thesis will be organized as follows. Chapter 2 is an introduction to rural road traffic simulation. Sub-models necessary for rural road traffic
simulation are surveyed and the state-of-the-art in rural road traffic simulation is
presented. A general introduction to traffic simulation is also included in this
chapter. Chapter 3 introduces the rural road traffic simulation framework devel3

oped as a part of this work. The details of the model are described before a brief
overview of the current implementation of the model is given. Chapter 4 presents
computational results from a simulation study using the developed model. The
possibilities of using traffic simulation for evaluation safety effects of ADAS on
rural roads are explored in Chapter 5. This chapter begins with a discussion on the
requirements placed on a simulation model for ADAS evaluation. Computational
results using the developed simulation framework is then presented to point out
the importance of particular modeling aspects. The thesis is summed up in Chapter 6 with concluding remarks and subjects for future research.

4

2. Rural Road Traffic Simulation
Simulation is a powerful and versatile technique. This chapter provides an introduction to traffic simulation in general and microscopic rural road traffic simulation in particular. A survey of sub-models required in a rural road traffic
simulation model is included in this introduction. The state-of-the-art in rural road
traffic simulation is also presented to bring the chapter to an end.

2.1 Introduction to Traffic Simulation
A simulation model is a mathematical representation of a dynamic system from
which conclusions about the properties of the real system can be drawn. Time is
the basic independent variable of a simulation model. In computer implementations of simulation models, the model state is updated at discrete times. The simulation model can either apply a time-based scanning approach in which the model
is updated at regular intervals or an event-based strategy in which the model is
updated at the points in time where the state of the system is changing. Eventbased updating is less computer resource demanding as the simulation model is
updated more sparsely than in a time-based model with equal accuracy. Eventbased simulation does however imply calculation of the next change in the state of
the model after each update. This procedure becomes very complicated for complex systems including many entities that change state frequently. Event-based
simulation is consequently more appropriate for systems of limited size and for
systems in which the entities change state infrequently. Time-based scanning is on
the other hand considered to be appropriate for systems including large numbers
of entities with frequently changing states. Simulation models may also be either
deterministic or stochastic. Deterministic simulation models do not include any
randomness and are therefore appropriate for systems with little or no random
variation. Stochastic simulation models make use of statistical distributions for
some of the model parameters to reproduce the variability of the real system. The
result of a model run of a stochastic model will consequently differ depending on
the realization of the random numbers that are used to determine parameter values
in the model.
Simulation was first applied to road traffic in the early 1950’s (May, 1990).
Traffic simulation models are designed to mimic the time evolving traffic operations in a road network. Today’s traffic simulation models apply a time-based
scanning simulation approach. Some early traffic simulation models applied an
event-based approach due to the limited computer power available before the
1980’s. Since there are a vast number of events of different types in a traffic system, the event based simulation models included very simple traffic descriptions.
This restricted the applicability of the models and the event-based approach was
largely abandoned as faster computers became available. Both deterministic and
stochastic traffic simulation models have been developed. Since traffic includes a
non-negligible amount of randomness, the deterministic simulation models can be
viewed as representations of the average traffic state. One run of a stochastic traffic simulation model is in contrast a representation of the traffic states during a
time period corresponding to the length of the simulation run. The average traffic
conditions can be estimated using a stochastic traffic simulation model by conducting multiple simulation runs with different random number realizations.
A Traffic simulation model consists of the representation of the road network
together with the traffic in the network representing the supply and demand side
5

of the traffic system respectively. The road network includes both the actual infrastructure and the traffic control systems. The traffic demand is commonly specified by an origin-destination matrix which specifies the number of trips between
all origins and destinations in the traffic network during the time period that is to
be simulated. Traffic simulation models are in general terms applied in studies of
traffic conditions and the effects of traffic management strategies at the equilibrium between supply and demand in the traffic system.
Traffic simulation models are commonly classified with respect to the level of
detail of the traffic flow modeling. Macroscopic simulation models use entities
such as average speed, flow and density to describe the traffic flow or, in other
words, the traffic conditions is in a macroscopic model governed by the fundamental relationship between flow, speed and density. Macroscopic simulation
models are capable of modeling large traffic networks due to the aggregated
treatment of traffic. The common application of macroscopic simulation models is
for this reason analysis of the traffic operations in large urban areas and freeway
networks. Examples of macroscopic traffic simulation models are the cell transmission model (Daganzo, 1994; Daganzo, 1995) and Metanet (Messmer and Papageorgiou, 1990).
With a macroscopic model, it is difficult to describe the consequences of elements in the traffic system that have an impact on individual vehicles, or properties that depend on individual vehicle behavior. For example, studies of freeway
weaving sections, highway passing lanes and ITS-applications are difficult to
conduct with a macroscopic model. ITS can be described as telecommunications,
computer systems and automatic control systems that interact with the vehicles in
the traffic system and provides support for a more efficient utilization of the
available resources. The term ITS is an umbrella for many applications from traffic management systems, traveler information systems and technology used for
public transport to logistics and driver assistance systems. Many ITS are developed to support individual vehicles in the traffic stream. For studies of such systems, microscopic traffic simulation models provide a detailed description of the
traffic flow.
Microscopic simulation models consider individual vehicles in the traffic
stream. During a simulation run, vehicles are moved through the network on the
paths between the vehicles’ origin and destination. The interactions between individual vehicles and between vehicles and the infrastructure are modeled during
this process through equations designed to mimic real driver behavior. Since traffic is modeled with this level-of-detail, different road environments will place
different requirements on the simulation models. The requirements on a model
used to simulate the traffic flow on a rural road are, for example, substantially
different from the requirements on a model used for traffic in an urban or freeway
network. This difference is due to fundamental differences in the interactions between vehicles and the infrastructure. The travel time delay in an urban or freeway
network is dominated by vehicle-vehicle interactions, whereas the travel time delay on a rural road is also significantly affected by interactions between vehicles
and the infrastructure. For example, speed adaptation with respect to the road geometry has a more prominent role on rural roads than it has on urban streets. A
model describing traffic flows on rural roads must therefore consider the interaction between vehicles and the infrastructure in greater detail than models for urban
or freeway traffic. Interactions between vehicles are nevertheless important on
rural roads, particularly in overtaking and passing situations.
6

The detailed traffic description in a micro-simulation model leads to long simulation model run times for large networks. Microscopic models are consequently
considered to be more appropriate for smaller networks. The most common application of traffic micro-simulation is capacity and level-of-service studies of specific locations in urban street or freeway networks. The majority of the microsimulation models are also developed for these road environments (ITS Leeds,
2000). Rural road traffic simulation models have mainly been used to study traffic
conditions due to changes in road alignment, cross-section design and traffic
composition and volume. The use of traffic micro-simulation for safety assessments and pollutant emission estimation is also explored concurrently with the
growing awareness of road safety and the environment. Examples of microsimulation models are VISSIM (PTV, 2004), AIMSUN (TSS, 2003) and Paramics
(Quadstone, 2004) for urban and freeway environments and TRARR (Hoban et
al., 1991), TWOPAS (McLean, 1989) and VTISim (Brodin and Carlsson, 1986)
for rural road environments.
A third class of traffic simulation models are the mesoscopic simulation models. The level-of detail used in these models is in between the low detail of the
macroscopic models and the high detail of the microscopic models. These models
are designed to allow simulation of larger networks than micro-simulation models
with more accuracy than what is possible to obtain by using a macroscopic model.
Examples of mesoscopic traffic simulation models are CONTRAM (Taylor, 2003)
and Mezzo (Burghout, 2004).

2.2 Sub-Models for Rural Road Traffic Simulation
In order to simulate traffic on a rural road it is necessary to generate the stream of
vehicles that are to travel on the road during the simulation. The behavior of the
vehicles on the road must also be specified. The driving task is commonly divided
into longitudinal and lateral control. Longitudinal control includes the vehicles
acceleration behavior with respect to surrounding vehicles and the infrastructure.
Lateral control refers to lane-changing movements or overtakings. A model that
considers the effects of vehicles entering or leaving the road at intersections must
also include models that specify vehicle movements in intersections.
2.2.1 Traffic generation
Traffic generation models are used to create the vehicles that are to travel through
the simulated road during a simulation run. The static vehicle properties that remain constant during the simulation are determined in this vehicle generation
process. Distributions are used for the parameters that vary within the vehicle
population, e.g. desired speed and engine power.
The main part of a traffic generation model is however the headway distribution model that is used to determine the headway between consecutive vehicles
entering the simulated network at the same origin. In simulation of freeway or
urban street traffic, vehicles are commonly allowed to enter the simulated network
according to a Poisson process. In other words, vehicle arrival times are assumed
to be independent. This assumption is suitable for vehicles entering the simulated
network from a road where slow vehicles can easily be overtaken or for very low
traffic volumes. On a rural road, the overtaking possibilities have a major impact
on the headway distribution. Overtakings may not be possible due to the road geometry, restricted sight distance or oncoming vehicles. This will force faster vehi7

cles to follow behind slower vehicles. Independent vehicle arrival times are for
this reason not a good approximation for rural road traffic.
A composite headway distribution is commonly adopted to determine the
headways on a rural road (McLean, 1989). Vehicles are classified as free or constrained and separate headway distributions are used for these two vehicle categories. The common assumption is that free vehicles, i.e. platoon leaders, arrive
independently according to a Poisson process. The headways of free vehicles are
consequently exponentially distributed. A number of different distributions have
been applied to describe the headways of constrained vehicles. In one of the early
attempts, Schuhl constructed a composite headway model that utilized exponential
distributions for both constrained and free vehicles (McLean, 1989). Other authors
have found that normal or gamma distributions result in a better fit to measured
rural road headways (McLean, 1989). Another commonly used distribution for
constrained vehicle headways on rural roads is the lognormal distribution. The
lognormal distribution has been suggested by several authors including Branston
(1976), Brodin and Carlsson (1986) and McLean (1989).
The use of composite headway distributions requires a model that specifies the
platoon size distribution. The work in this area is based on queuing theory and
modeling based on empirical platoon size observations. Examples are the BorelTanner distribution (Tanner, 1961), The Miller distribution (Miller, 1961) and
Miller’s model for estimation of the average platoon length (Miller, 1967;
Gilliam, 1978).
2.2.2 Speed-adaptation
Speed-adaptation refers to the vehicles speed adjustment with respect to the infrastructure, i.e. speed adjustment with respect to speed limits, curves, grades, the
road width and other properties of the road. Detailed speed adaptation modeling is
more important for simulation of rural road traffic than for simulation of other
road environments. The reason for this difference is that vehicle-infrastructure
interactions play a more prominent role for vehicle speeds on a rural road than for
the speeds on an urban street or on a freeway. Vehicle speeds on urban streets or
freeways are conversely almost entirely determined by interactions between vehicles due to congestion.
Regardless of the type of road environment, speed adaptation models take into
account the vehicles desired speeds that are assigned to the vehicles in the traffic
generation process and the road properties to give a, possibly, reduced desired
speed for the actual road. Since the geometrical alignment is of lesser importance
for the speeds on urban streets or freeways, only speed adaptation with respect to
the speed limit is considered in speed adaptation models commonly included in
simulation models for these road environments. Reduced speed due to curves or
other road properties are handled more manually through design speed or maximum speed parameters for the current road section. Speed adaptation models of
this type is for example included in the simulation models presented by Yang
(1997) and Barceló and Casas (2002).
Speed adaptation models for rural roads use empirically based relationships
that relate road geometry and speed limit to a resulting desired speed distribution.
The road property most commonly taken into account is the horizontal curvature
(McLean, 1989). Other models also include effects of narrow roads (Brodin and
Carlsson, 1986; Leiman et al., 1998). Vertical grades are assumed not to have an
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impact on the desired speed distribution. Vertical upgrades are instead assumed to
limit the vehicles acceleration capabilities by the acceleration due to gravity, see
for example (Brodin and Carlsson, 1986). Downgrades are in similar fashion assumed not to influence vehicle speeds in any other way than through modification
of the vehicles acceleration capabilities which is increased by the acceleration due
to gravity. Some speed adaptation models also take into account that heavy vehicles will reduce their speeds in steep downgrades, see e.g. Leiman et al. (1998).
The impact of the different road properties, i.e. horizontal curve, road width
and speed limit, are commonly treated separately by either parameterized functions or by multipliers that are designed to reflect the impact of the road property
under consideration. Both approaches are however based on empirical observations. Parameterized speed adaptation models have the advantage that they allow
model calibration to represent the speed adaptation on other road types or at other
locations. It may not be as obvious how to modify a model that is using speed
multipliers.
2.2.3 Car-following
A car-following model controls the driver’s behavior with respect to the preceding
vehicle in the same lane. Most previous research on driving behavior modeling for
traffic simulation has been focused on car-following. Numerous papers have been
written on this topic. Car-following modeling is equally essential in all types of
traffic micro-simulation. The presentation below is therefore not particularly focused on rural road traffic simulation. Instead, car-following is discussed in a general traffic micro-simulation context.
In a car-following model a vehicle is classified as following when it is constrained by a preceding vehicle, and driving at its desired speed will lead to a collision. When a vehicle is not constrained by another vehicle it is considered to be
free and strives for its desired speed. The follower’s actions is commonly specified through the follower’s acceleration rate, although some models, for example
the car-following model developed by Gipps (1981), specify the follower’s actions through the follower’s speed. Some car-following models only describe
drivers’ behavior when actually following another vehicle, whereas other models
are more complete and determine the behavior in all situations. In the end, a carfollowing model should deduce both in which regime or state a vehicle is in and
what actions it applies in each state. Most car-following models use several regimes to describe the follower’s behavior. A common setup is to use three regimes: one for free driving, one for normal following, and one for emergency
deceleration. Vehicles in the free regime strive to achieve their desired speed,
whereas vehicles in the following regime adjust their speed with respect to the
vehicle in front. Vehicles in the emergency deceleration regime decelerate to
avoid a collision.
Classification of car-following models
Car-following models are commonly divided into classes or types depending on
the utilized logic. The model type that was introduced by Gazis et al.(1959; 1961)
is probably the most studied model class. These models are commonly referred to
as Gazis-Herman-Rothery (GHR) models. Several enhanced versions have been
presented since the first version was presented in 1959 (Brackstone and McDonald, 1999). The GHR model only controls the actual following behavior. The ba9

sic relationship between a leader and a follower vehicle is in a GHR-model a
stimulus-response type of function. The GHR models state that the follower’s
acceleration is a function of the speed of the follower, the speed difference between follower and leader, and the space headway. The acceleration of the follower at time t, an , is in a GHR-model calculated as
an ( t ) = α ⋅ vnβ ( t ) ⋅

(v (t − T ) − v (t − T ))
γ
( x (t − T ) − x (t − T ))
n −1

n −1

n

,

n

where vn , xn and vn −1 , xn −1 are the current speed and position of the follower and
the leader respectively, T is the reaction time of the follower and α > 0 , β and γ
are model parameters. A GHR model can be symmetrical or unsymmetrical. A
symmetrical model uses the same values on the parameters α , β and γ in both
acceleration and deceleration situations, whereas an unsymmetrical model uses
different parameter values in acceleration and deceleration situations.
The safety distance or collision avoidance models constitute another type of
car-following model. In these models, the driver of the following vehicle is assumed to always keep a safe distance to the vehicle in front. Pipes’ rule: “A good
rule for following another vehicle at a safe distance is to allow yourself at least
the length of a car between you and the vehicle ahead for every ten miles of hour
speed at which you are traveling” (Hoogendoorn and Bovy, 2001) is a simple
example of a safety distance model. The safe distance is however commonly
specified through manipulations of Newton’s equations of motion. In some models, this distance is calculated as the distance that is necessary to avoid a collision
if the leader decelerates heavily. The first model of this type was presented by
Kometani and Sasaki in 1959 (Brackstone and McDonald, 1999). In 1981 Gipps
presented an enhancement to the original model. In Gipps model the follower is
guaranteed not to collide with its leader if the time gap to the leader is larger than
or equal to 1.5 times the reaction time of the follower and the follower’s estimation of the leader’s deceleration is larger than or equal to the leader’s actual deceleration.
In 1963 Michaels presented a new approach to car-following modeling
(Brackstone and McDonald, 1999). Models using this approach are classified as
psycho-physical or action point models. The GHR models assume that the follower reacts to arbitrarily small changes in the relative speed. GHR models also
assume that the follower reacts to actions of its leader even though the distance to
the leader is very large and that the follower’s response disappears as soon as the
relative speed is zero. This can be corrected by either extending the GHR-model
with additional regimes, e.g. free driving, emergency deceleration and so forth, or
using a psycho-physical model. Psycho-physical models use thresholds or action
points where the driver changes his or her behavior. Drivers are only able to react
to changes in spacing or relative velocity when these thresholds are reached
(Leutzbach, 1988). The thresholds, and the regimes they define, are often presented in a relative space/speed diagram of a follower-leader vehicle pair; see
Figure 1 for an example. The arrow in the figure is a typical example of a vehicle
trajectory given by a psycho-physical car-following model.
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Figure 1 A psycho-physical car-following model
Examples of psycho-physical car-following models includes the models developed by Wiedemann and Reiter (1992) and Fritzsche (1994).
Model properties
Several car-following models, with varying model approaches, have been developed since the 1950’s. Despite the number of already developed models, carfollowing modeling is still an active research area. This suggests that the perfect
car-following model for all applications has not yet been developed or that there is
no such thing as the “perfect model” and that every car-following incorporates
both advantages and disadvantages. Moreover, the preferred choice of carfollowing model may differ depending on the application. For example, the requirements placed on a car-following model used to generate macroscopic outputs, e.g. average flow and speed, is lesser than the requirements on car-following
models that are used to generate microscopic output values, such as individual
vehicle speed and position changes.
Traffic simulation and thereby car-following models have until today mostly
been utilized to study how changes in a network affect traffic measures such as
average flow, speed, density etc. The simulation output of interest in such applications are in other words macroscopic measures, hence the utilized car-following
models should at least generate representative macroscopic results. Leutzbach
(1988) presents a macroscopic verification of GHR-models. Through integration
of the car-following equation it is possible to obtain a relation between average
speed, flow and density. This relationship can then be compared to real data or to
outputs from other macroscopic models. For a GHR-model with β = 0 and γ = 2
the integration results in the well recognized Greenshields relationship, see for
example May (1990):
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where q is the traffic flow (vehicles/hour), k is the density (vehicles/km) and
kmax is the maximal possible density (i.e. the jam density). Verifications of this
kind is however not possible for an arbitrary car-following model. It is for example not possible to integrate a psycho-physical model, since such models don’t
express the follower’s acceleration in mathematically closed form.
Drivers’ reaction time is a parameter common in car-following models. It is assumed that with very long reaction times, vehicles have to drive with large gaps
between each other in order to avoid collisions, hence the density, and thereby the
flow, will be reduced. Most car-following models use one common reaction time
for all drivers. This is not very realistic from a micro perspective but may be
enough to generate realistic macro results.
The magnitude of drivers’ reactions also influences the result. How the output
is influenced is not as obvious as in the reaction time case. High acceleration rates
should lead to that vehicles reach their new constraint speed faster, which would
decrease the vehicles travel time delay. High retardation rates should also lead to
less travel time delay, since the vehicles can start their decelerations later. High
acceleration and retardation rates may however result in oscillating vehicle trajectories in congested situations and thereby decrease the average speed.
Car-following models utilized in applications where microscopic output data is
required must of course generate driving behavior as close as possible to real driving behavior. This can for example be simulation of surrounding traffic for a driving simulator or simulation used to estimate exhaust pollution, which requires
detailed information about the vehicles’ driving course of events. Another important example is simulation models to be used for studies of ITS and simulation
based road safety assessments. The calibration of models used to produce microscopic output is however considerably more expensive than the calibration of
models used to estimate macroscopic traffic measures.
Driver parameters such as reaction time and reaction magnitude vary from
driver to driver. They may also differ between different countries or territories.
Drivers in, for example, the USA may not drive in the same way as European or
Asian drivers. Car-following models that is used to model traffic in different
countries must therefore offer the possibility to use different parameter settings.
The differences between countries may however be so big that the same carfollowing model cannot be used even with different parameter values to describe
the behavior in two countries with very different traffic conditions.
Furthermore, it may be necessary to use different parameters, or even different
models, for different traffic situations, for example congested and non-congested
traffic. There are versions of the GHR model that use different parameter values at
congested and non-congested situations (Brackstone and McDonald, 1999). The
reaction time may, for example, vary for one driver depending on traffic situation.
Drivers may be more alert at congested situations and thereby have a shorter reaction time than in non-congested situations. Modeling of congested situations and
the transition from normal non-congested traffic to a congested state also place
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additional requirements on the car-following modeling. If the model is to give a
correct description of the jam build up and the capacity drop in these situations the
car-following model must yield higher queue inflows than queue discharge rates
(Hoogendoorn and Bovy, 2001).
2.2.4 Overtakings
The possibility to overtake slower vehicles is central for the performance of all
types of road environments. Models controlling this part of the driving task are
therefore important in all traffic micro-simulation models. On freeways and on
urban streets overtaking slower vehicles is one of the reasons to change lane.
Other reasons behind lane-changing decisions include positioning for upcoming
turns or lane-drops. Simulation models for urban streets and freeways do consequently include lane-changing models that control these lane-changing decisions.
In lane-changing models the decision to change lane is commonly governed by
the following conditions (Gipps, 1986):

1. The need to change lane
2. The driver’s desire to change lane
3. The possibility to change lane
The impact of oncoming traffic on the lane changing decisions is usually negligible in urban street networks. Major arterials are normally one-way and overtakings on smaller streets have little importance for the performance of the network.
This is also, for obvious reasons, true for freeways. Traffic simulation models for
these road environments may consequently ignore the oncoming traffic and model
all links as one-way. This is not possible in a simulation model for rural roads and
highways. There is a strong relationship between the oncoming traffic volume and
the possibility to overtake slower vehicles on a two-lane rural highway. Overtaking models for rural road traffic simulation must therefore account for the effect of
oncoming traffic. This will increase the model complexity.
Overtaking models for rural roads control the overtaking decision process and
the vehicle behavior during overtakings. The overtaking decision process is frequently governed by similar conditions as the lane-changing decision in the lanechanging models described above. That is, the main considerations in the overtaking decision process are the possibility to overtake the vehicle in front and the
driver’s willingness to conduct the overtaking. The possibility to overtake is governed by the presence of overtaking restrictions and the speed difference between
the overtaking vehicle and the vehicle to overtake, see e.g. Hoban et al. (1991) or
Brodin and Carlsson (1986). The driver’s willingness to conduct an overtaking is
controlled by gap-acceptance considerations that take into account the predicted
overtaking distance given the relative speeds of the vehicles and the distance to
the closest oncoming vehicle within sight or the sight distance. Both stochastic
functions that determine the overtaking probability given the current situation, i.e.
sight distance, speeds and so forth, and deterministic models have been used to
model the decision process (McLean, 1989). In the deterministic models a driver
will always accept an overtaking opportunity given a relative speed difference and
a distance to the closest oncoming vehicle above certain thresholds. The driver
behavior is therefore consistent. Differences between drivers can be modeled
through safety or aggression indices assigned to the driver/vehicle in the traffic
generation process. A stochastic gap-acceptance model can use either a consistent
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or an inconsistent driver approach. A stochastic model that is using a consistent
driver approach assigns safety or aggression indices to the vehicles according to a
suitable distribution. Models that utilize an inconsistent driver approach evaluate
the overtaking gap-acceptance probability function for each overtaking situation.
The reason behind the modeling of differences between and within drivers is
that there is observed variability in the overtaking behavior on rural highways. An
inconsistent driver model will attribute all observed variability to the driver
whereas a consistent model will explain the variability as a difference between
drivers. Real driving behavior is likely in between these extremes (McLean,
1989). It is however not possible to distinguish between these aspects in road-side
observations. Studies of gap-acceptance in intersections have shown that the
within driver variability is the dominating factor. There is however reason to believe that the difference between drivers is proportionally more important for
overtaking gap-acceptance (McLean, 1989). This may be explained by high social
pressure from the surrounding vehicles to accept a gap in an intersection where
more careful drivers obstruct other vehicles. Vehicle power is also an important
factor in overtaking decisions; less powerful vehicles require longer overtaking
distances. In the future, it may be possible to obtain a better understanding of the
underlying aspects of the overtaking mechanism via driving simulator or instrumented vehicle studies.
Overtaking models also control the vehicle behavior during overtakings. In
some models vehicle speed and acceleration capabilities are increased during
overtakings to reflect that the full engine power is seldom utilized for normal driving, extra power is therefore available for use in overtaking situations, see e.g.
(Brodin and Carlsson, 1986). Overtakings should also be abandoned if it is no
longer possible to overtake the vehicle in front. Overtaking models may consider
aborted overtakings due to upcoming overtaking restrictions, oncoming vehicles
and too low engine power of the overtaking vehicle in steep upgrades. Some models do not consider all of these situations. Oncoming vehicles and the distance to
overtaking restrictions are for example only considered in the decision process
and not during the overtaking in the model presented by Brodin and Carlsson
(1986).
2.2.5 Intersection movements
A rural road simulation model that is to take into account the effects of vehicles
entering and exiting the road at intersections must also include models that specify
vehicle movements in intersections. Roundabouts can also be viewed as a special
type of intersection and are for this reason also briefly discussed in this section.
In many urban street networks the main part of the travel time delay is due to
vehicle interactions within intersections. It is consequently very important to include detailed intersection models in simulation models for urban street networks.
Intersection interactions may not be as important on rural highways since there are
usually only minor flows entering the highway at each rural intersection. An indication of this lesser importance is given by the fact that only a few simulation
models for rural intersections have been developed. One recent effort in this area
is the model developed by Strömgren (2002).
Vehicles entering a rural highway may however cause substantial delays on
the main road particularly in peak hour conditions. In addition, vehicles that are to
exit the highway may have to slow down or even stop before the exit. This may
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also cause substantial delays on highways carrying large traffic volumes. Modeling of intersection interactions in rural road simulation models may therefore become more important in the future due to the ever increasing traffic volumes.
An intersection model to be used for rural highways does not have to consider
traffic signals since signalized intersections are rarely used in rural road environments. It is therefore sufficient to consider give-way or stop sign regulated intersections. The model should control both the driver’s decision process and the
vehicle movement within the intersection area. The driver’s decision process includes gap-acceptance considerations with respect to the conflicting traffic
streams. The modeling approach used for this decision process is similar to the
modeling of the overtaking decision process. Both inconsistent and consistent
driver behavior models have been developed (McLean, 1989). As for overtaking
gap-acceptance it is difficult to distinguish between variability within and between
drivers in empirical gap-acceptance studies. Studies have however shown that the
within driver part is dominating for intersection gap-acceptance (McLean, 1989).
The intersection model should also specify vehicle movements in the approach
to the intersection as well as within the intersection area. This includes acceleration and deceleration to the appropriate speed in the intersection and, if detailed
vehicle movements within the intersection are described, the vehicle trajectory
through the intersection. The model developed by Strömgren (2002) is an example
of a model including a thorough description of vehicle trajectories in rural intersections.
Urban roundabouts are commonly modeled as four give-way intersections in
traffic simulation models for urban street networks. No simulation models for
rural roundabouts have been found in the literature. As roundabouts have been
modeled as a set of intersections the modeling includes the same gap-acceptance
and vehicle movement considerations as described for normal intersections above.
The traffic volumes in rural roundabouts is however usually considerably lower
than in urban roundabouts. The main part of the travel time delay in rural roundabouts is consequently the delay due to the roundabout geometry. A simple model
for rural roundabouts could therefore be constructed by consideration of only the
vehicles speed adaptation with respect to the roundabout geometry.

2.3 State-of-the-Art Review
The interest in rural road traffic simulation began in the 1960’s. Among the first
to attempt to simulate two-lane highway traffic were Shumate and Dirksen in
1964 and Warnshuis in 1967 (McLean, 1989). These early attempts were however
limited by the computing power available in the 1960’s. The 1970’s brought an
increasing interest in rural road traffic simulation. Programming languages more
suitable for simulation and more powerful computers made it possible to construct
models of the complexity needed to simulate the traffic on two-lane rural highways. Since the 1970’s most modeling efforts have been focused on urban or
freeway traffic. As a consequence the position of rural road traffic simulation is
much the same as in the early 1980’s.
The current state-of-the-art in rural road traffic simulation includes the Traffic
on Rural Roads (TRARR) model developed by the Australian Road Research
Board (Hoban et al., 1991), the Two-Lane Passing (TWOPAS) model originally
developed by the Midwest Research Institute (McLean, 1989) and the Swedish
National Road and Transport Research Institute model (VTISim) (Brodin and
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Carlsson, 1986). The TRARR and TWOPAS models are recognized by the
NGSIM-project (Cambridge Systematics, 2004) and May (1990) named TRARR,
TWOPAS and VTISim as models for rural road traffic simulation. The development of all three of the above named models started in the 1970’s. In the following the TRARR, TWOPAS and VTISim models will be discussed in detail.
2.3.1 TRARR
TRARR is a micro-simulation model developed for two-lane rural roads with occasional passing lanes. The model simulates uninterrupted traffic. That is, vehicles
enter and leave the simulated road only at the ends of the road. Hence, intersections and varying traffic flow along the simulated road is not accounted for. The
most recent version was released in the mid 1990’s (Koorey, 2002). The model
has been used in among others Australia, the US and Canada for evaluation of
road alignment and passing lane alternatives (Botha et al., 1993).
A time based scanning approach is used for the simulation. The simulation
time step is 1 s (Hoban et al., 1991). In each time step the speed, acceleration and
state of each vehicle is updated. Vehicle states include for example free driving,
following, overtaking and so forth. The details of the TRARR model presented in
this section are based on the model description of Hoban et al. (1991) unless otherwise stated.
The car-following model utilized in TRARR works as follows. Within TRARR
each vehicle is assigned a desired following distance. This distance is composed
of a time component and a distance component. Vehicles that are constrained by a
vehicle in front strive to follow their leader at this following distance. The follower adopts a speed that will allow it to achieve its desired following distance
smoothly if the leader maintains a constant speed.
Free vehicles strive to travel at its desired speed. Each vehicle is assigned a basic desired speed for ideal road conditions. This basic desired speed is reduced
due to horizontal curvature, road width and speed limit through the use of speed
multipliers. A vehicle’s current desired speed is calculated as the current speed
multiplier times the vehicle’s basic desired speed. Different horizontal curvatures,
road widths and speed limits are characterized by speed indices with accompanying speed multipliers. The speed indices for the road to be simulated must be
specified by the model user.
The overtaking model of TRARR is deterministic. A vehicle will always commence an overtaking if the time available for the overtaking is at least a safety
factor times the estimated overtaking time. The desired speed and available power
of the overtaking vehicle are increased during overtakings. Multiple overtakings
are also allowed. A Vehicle which is being overtaken may however not commence an overtaking. Another feature of the overtaking model of TRARR is the
aggression index. Each vehicle is assigned an aggression index. Vehicles will not
overtake if either the vehicle in front or behind have a higher aggression index
than the vehicle it self. In connection with auxiliary lanes a vehicle changes lane
to the slow lane if there is enough space. Vehicles that are followed require a
shorter space in the auxiliary lane than free driving vehicles. A vehicle in the slow
lane will move to the fast lane to overtake a slower vehicle if it is has a sufficiently high aggression index and is not being overtaken.
The vehicles that are to be moved through the simulated rural road during the
simulation are created when needed in the simulation. That is, when a vehicle is
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loaded onto the road the next vehicle is created. By default, vehicles are assigned
normally distributed basic desired speeds and headways drawn from a negative
exponential distribution. There is however an option to override the traffic generation process and provide the traffic to be simulated manually.
A typical TRARR run requires road and traffic data for the road to be simulated. Horizontal curves, road widths and speed limits must be specified implicitly
through speed multipliers whereas vertical grades may be provided directly.
Moreover, the model also requires data on driver and vehicle characteristics.
The sections and points for which data should be collected must be specified in
advance. Available output of the TRARR model includes derived macroscopic
traffic measures such as travel times, journey speeds, percent of time spent following and overtaking rates.
2.3.2 TWOPAS
TWOPAS is a micro-simulation model developed for two-lane rural roads. The
model handles two-lane roads with passing lanes. As TRARR, TWOPAS is limited to uninterrupted traffic along the simulated highway stretch. Botha et al.
(1993) found that TWOPAS and TRARR had comparable capabilities to simulate
the traffic operations on a two-lane highway. The latest revision of the TWOPAS
model was however made in 1998 (Leiman et al., 1998) and the performance of
the updated TWOPAS model has not been compared to TRARR. An example of a
TWOPAS-application is generation of data for the US Highway Capacity Manual
procedures for capacity and level-of-service of rural two-lane highways (Harwood
et al., 1999). The following details of the TWOPAS model is based on the description by Harwood et al. (1999) unless otherwise stated.
TWOPAS is a time-based scanning simulation model. The model time step is
1 s. Vehicle speeds, accelerations and positions are updated in each simulation
time step. The speed of impeded vehicles is determined according to a carfollowing model that is based on driver preferences for following distances given
the relative speed between follower and leader, the follower’s desired speed and
the follower’s desire to overtake the leader. Unimpeded vehicles’ speed is based
on the desired speed distribution and the road geometry. Desired speeds are drawn
from truncated normal distributions (Allen et al., 2000).
TWOPAS includes an empirically based overtaking model. The model is stochastic and includes overtaking gap-acceptance functions that determine the overtaking probability given the speed of the leader and the distance available for the
overtaking (McLean, 1989). The distance available for the overtaking is given by
the clear sight distance or the distance to the closest oncoming vehicle.
Required input data for a TWOPAS run includes road and traffic data for the
road to be simulated. Both horizontal curves and vertical grades may be included
directly amongst the input data (Botha et al., 1993). The latest version of
TWOPAS also includes an automatic procedure for sight distance calculation with
respect to the road alignment and a user defined offset to roadside objects.
Available outputs of a TWOPAS run include travel times, journey speeds and
overtaking statistics (Botha et al., 1993). The overtaking statistics include both
overtaking rates and safety margins, i.e. time margins, at the end of overtakings.
TWOPAS also provide travel times at zero traffic, i.e. free vehicle speeds, and the
geometrical delay.

17

2.3.3 VTISim
Similarly to TRARR and TWOPAS, VTISim is a microscopic rural road traffic
simulation model. VTISim allows varying traffic flow along the simulated stretch.
The effects of intersections on the main road traffic are however not accounted
for. Since the beginning of the model development extensive calibration efforts
has been made. As a consequence, McLean (1989) argued that VTISim was the
most proven of the rural road simulation tools available in 1989. VTISim has been
applied in among other things studies of effects of different road design alternatives, see e.g. (Carlsson, 1993b), and to generate data for the Swedish capacity
manual (SRA, 2001).
In contrast to TRARR and TWOPAS, VTISim uses an event-based simulation
approach. Since event based simulation is applied the model includes a simplified
treatment of car-following (Carlsson, 1993a). In the model, vehicles are classified
as free or constrained depending on the headway to the vehicle in front. Constrained vehicles will strive to follow the vehicle in front at a given time headway.
This time headway is a property of the leader rather than the follower, all followers will consequently follow at the same distance behind a given leader. If the
leader decelerates then the follower will decelerate to obtain the speed of the
leader after a certain distance given by the road geometry and restrictions on the
follower’s deceleration rate. The follower is assumed to have a reaction time of
1 s before the deceleration starts. No model for follower acceleration when the
leader accelerates is necessary due to the event based simulation approach. The
follower will in such cases accelerate in similar fashion as free vehicles.
Free vehicles strive to obtain their desired speed with respect to the road geometry, i.e. horizontal curvature and road width, and the speed limit. A Free vehicle’s acceleration rate is a function of the vehicle’s power to mass ratio, current
speed and air and rolling resistances. The desired speed under ideal conditions is
assumed to be normally distributed. This ideal distribution is transformed to a
desired speed profile for the current road geometry and speed limit (Brodin and
Carlsson, 1986).
VTISim includes a stochastic driver inconsistent overtaking model. The overtaking probabilities are given by Gompertz functions fitted to Swedish field data
(Carlsson, 1993a). Different parameter values are estimated to create different
overtaking probability functions for different, type of vehicle to overtake, speed of
the vehicle to overtake, road width and sight limiting factor, i.e. natural obstacles
or oncoming vehicles. A complete description of the estimation of the overtaking
probability functions is given by Carlsson (1990; 1991).
The traffic generation model included in VTISim uses a composite headway
distribution with exponentially distributed headways for free vehicles and constrained vehicle headways sampled from a lognormal distribution (Bolling and
Junghard, 1988). A platoon length model developed by Miller (1967) is used to
determine platoon lengths given the traffic volume and the properties of the road.
A VTISim run requires similar input data as a TRARR or TWOPAS run, i.e.
road alignment, speed limits, overtaking restrictions, sight distances and traffic
composition and volume must be specified. All road geometry variables including
the speed limit can be provided directly to the model. Time dependent traffic volumes may also be specified. This makes the model capable of modeling variations
in the traffic flow over time. The traffic flow can vary both with respect to the
density and the relative composition of vehicle categories.
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All road sections and points for which results are of interest must be specified
prior to the simulation. Available output of a VTISim run includes travel times,
journey speeds, overtaking rates and platoon lengths. Information on unimpeded
and impeded travel time and distance are also included in the VTISim output.
2.3.4 Summary and conclusions
The development of the three described models started before fast and powerful
personal computers became available. The models all bear traces of the prioritizing that had to be made to run a traffic micro-simulation model using the computers of the 1970’s. The event-based simulation approach is very efficient from a
computer resource perspective but modeling of complex traffic interactions become difficult. The time-based models both apply a 1 s time step. This may be
sufficient for capacity and level-of-service studies of two-lane highways. New
applications such as evaluation of ITS, simulation based road safety assessments
and environmental impact assessment require a rural road simulation model with a
more detailed simulation approach.
The focus of the modeling has been speed adaptation with respect to the road
geometry and modeling of overtaking decisions. The state-of-the-art in these
modeling areas is consequently relatively well developed. However, all three
models apply different speed adaptation and overtaking logic. Additional research
is therefore required to reach consensus among the models. Calibration and validation of the speed adaptation and overtaking models for different rural road environments followed by a model comparison may also be appropriate.
None of the current rural road simulation models consider the effects of intersections or roundabouts on the main road traffic. Moreover, the models do not
handle new rural road types such as roads with separated oncoming traffic lanes.
There is empirical evidence that the traffic flow is different on two-lane road sections without oncoming traffic than on two-lane roads with auxiliary overtaking/passing lanes (Carlsson and Brüde, 2005). Models for auxiliary
overtaking/passing lanes are therefore not applicable to roads with separated oncoming lanes.
In summary, there is a need for a rural road simulation model that handles all
types of rural highways including roads with separated oncoming traffic lanes.
The effects of rural intersections should also be taken into account. Moreover,
new traffic simulation applications such as ITS evaluations, road safety assessments and studies of the environmental impact of traffic require a versatile and
detailed simulation model. Since new ITS are constantly developed and the characteristics of the traffic system is continuously changing a traffic simulation
model must be designed to allow easy adaptation to the current traffic conditions.
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3. The Rural Traffic Simulator
This chapter presents the rural road traffic simulation framework. The developed
model system, named the Rural Traffic Simulator (RuTSim), has been designed to
handle all common types of rural roads including effects of intersections and
roundabouts on the main road traffic. Furthermore, the model has been developed
to be as flexible as possible to account for future areas of application.
The RuTSim development is based on the earlier VTISim work since VTISim
has been well calibrated and validated for Swedish two-lane rural roads. Extensive
in house experience of VTISim from previous work including both model development and application also led towards this choice. RuTSim is however not limited to Swedish applications, the model can with little effort be applied elsewhere
through adjustment of the model parameters.
The remainder of this chapter will describe the details of the RuTSim model.
Then, in section 3.5, the RuTSim model is compared to VTISim and differences
and similarities between the models are discussed. The RuTSim implementation is
also presented to conclude the chapter.

3.1 Simulation Framework
RuTSim is designed as a micro-simulation model, i.e. the model considers individual vehicles and their interactions on rural roads. The model consists of submodels that handle specific parts of the driving task. The use of sub-models simplifies future modification of RuTSim and increases the flexibility of the model.
The model is designed to handle one road stretch in each simulation run, i.e.
rural road networks are not considered. The main road may incorporate intersections and roundabouts and the main road traffic may be interrupted by vehicles
entering and leaving the road at intersections located along the simulated stretch.
Traffic flows entering the road at various origins may be time dependent. Turn
percentages at intersections for each traffic flow are used to determine vehicle
destinations.
The modeling is focused on the vehicles that travel on the main road. Vehicle
movements to and from secondary roads are modeled with a level of detail necessary to take into account secondary road vehicles’ impact on vehicles on the main
road. Travel times are also only recorded for vehicles on the main road. Queuing
on secondary roads is therefore not considered.
RuTSim uses a time-based scanning simulation approach. The simulation clock
is advanced with a user defined step size, e.g. 0.1 second. The time-based simulation approach is chosen for RuTSim since it allows more detailed modeling of
individual vehicle’s interactions with the surrounding traffic and the infrastructure. With shorter time step, the movement of vehicles from one time step to the
next becomes smoother and therefore more realistic. Hence, shorter time step
may, given an adequate modeling logic, result in individual vehicle driving course
of events closer to driving course of events found in real traffic. Shorter time step
does however increase the model run time. The model time step should therefore
be chosen in relation to the current application. Outputs in the form of aggregated
traffic measures do not require as short time step as if representative vehicle driving course of events is desired.
During a model run the following steps are performed in every time step:
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1. Add vehicles that are to enter the road during the time step to virtual
queues, one queue for each origin.
2. Load vehicles from virtual queues to the road if it is possible, i.e. if
there is an acceptable space available on the main road.
3. For every vehicle on the road: Update speed and position.
4. Remove vehicles that have arrived to their destination.
5. For every vehicle on the road: Update state, i.e. free or car-following,
overtaking or passed, and acceleration rate.
6. Save data.
7. If animation is enabled, update the graphical user interface (GUI).
8. If the stop time has been reached; terminate the simulation, else; increment the simulation clock and go to step 1.
The speed profile of the road and the traffic that is to enter the road are, prior to
the simulation, generated from the input road and traffic data respectively. A flow
chart of the RuTSim model is included in Figure 2. The details of the modeling
logic utilized in the different sub-models of RuTSim will be presented in the following sections.
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Figure 2: RuTSim flow chart
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3.2 Road Representation
This section presents the road representation utilized in RuTSim. Both the required road data and the model’s representation of different types of rural roads
will be described.
3.2.1 Road data
RuTSim characterizes the road with variables defining the road geometry, the
road section type and the traffic regulations along the road. The road representation also includes the variables that are used to characterize intersections and
roundabouts.
The road geometry is defined by the following variables:

•

Horizontal curvature

•

Vertical grade

•

Sight distance

•

Road width

Values of the variables, horizontal curvature, vertical grade and road width are
required for the beginning of the road and at every point along the road where the
variable is changing. The value is assumed to be valid until the point where a new
value is specified or until the end of the road. Sight distances must be specified in
both directions of the road. To recreate representative overtaking behavior, the
model requires the location and the sight distance for at least every sight maximum and minimum along the road.
The road section type may be changing along the road. In similar fashion as the
road geometry variables, the specified section type is assumed to be valid until a
new section type is specified or until the end of the road. The section type must
also be given at least at the start of the road in each direction. RuTSim handles the
following road section types:
•

Normal two-lane highway with oncoming traffic

•

Two-lane highway including overtaking or climbing lane

•

One-lane section with a barrier between the oncoming lanes

•

Transient two-lane section with a barrier between the oncoming lanes that will
change into a one-lane section

•

Two-lane section with a barrier between the oncoming lanes and no indication
of change in the number of lanes

Overtaking or climbing lanes are auxiliary lanes located to the right of the normal
lane. These lanes are used by slow vehicles to let faster vehicles pass. The extra
lane on two-lane sections is located to the left of the normal lane. This lane is used
by vehicles to overtake slower vehicles in front. Transient two-lane sections combined with one-lane sections are used to model “2+1-roads” with the number of
lanes in each direction changing between one and two at regular intervals.
The traffic regulations handled by the model are:
•

Overtaking restrictions

•

Speed limits
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The model includes two types of overtaking restrictions, restrictions conveyed by
road side signs and restrictions conveyed by barrier lines on the road. As the other
variables presented above, both the overtaking restrictions and the speed limits
must be specified at least in the beginning of the road in both directions of the
road. The specified values are also assumed to be valid until a new value is specified.
Intersections are characterized by the intersection location along the road, the
secondary road entrances and the existence of dedicated left turn lanes on the
main road. Regarding intersections, the model requires information on the existence of an entrance from each side of the main road. This information determines
if the intersection is three-way or four-way. For each existing intersection it is also
necessary to specify if there is a stop or yield sign at the entrance of the secondary
road. Moreover, the existence of left turn lanes must be specified for both directions in connection with four-way intersections. For three-way intersections it is
sufficient to specify the existence of left turn lanes in the direction where a left
turn at the intersection is possible.
Roundabouts are characterized by the entrances from secondary roads and the
radius to the centre of the roundabout carriageway. The secondary road entrances
are specified in a similar fashion as the entrances to intersections. That is, the entrances determine if the roundabout has three or four entrances.
3.2.2 Lanes and tracks
A vehicle’s behavior may differ depending on which lane it currently travels in.
For example, a vehicle traveling in the oncoming lane is likely to strive for a
higher speed than in its normal lane. In similar fashion the speed is likely to be
slower when traveling on the road shoulder. Due to such differences in driver behavior it is necessary to keep track of the lane that each vehicle is in. To enable
the possibility to keep track of different lanes, RuTSim divides the road carriageway into a number of tracks according to Figure 3.

Direction 1 Track 1
Track 2
Track 3

Track 4

Track 3
Track 2

Direction 2

Track 1

Figure 3: Track definition

That is, the oncoming lane or the left lane on two-lane sections is denoted track 1.
The normal lane or the right lane on two-lane sections is denoted track 2. The road
shoulder or the auxiliary climbing lane is denoted track 3. In connection with intersections incorporating a left turn lane the left turn lane is denoted track 4. This
division of the road in different tracks allows RuTSim to assign different behavior
to vehicles in different tracks or lanes.
The existence of road shoulders is determined using the road width data. The
lane width is controlled by a model parameter. For two-lane roads, the road
shoulder width is defined as the difference between half the road width and this
lane width parameter. Vehicles are only able to use track 3 if the road shoulder
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width is greater than the minimum wide shoulder width. The minimum wide
shoulder width is also a model parameter.

Sight distance

3.2.3 Sight distance function
As presented in the section on required road data above, RuTSim requires sight
distances in both directions of the road. From the given road coordinates and the
matching sight distances, the model creates a piecewise linear sight distance function for each direction of the road. This function is created by simple linear interpolation between the road coordinates for which the sight distance is given in the
input data. An example of a sight distance function is given in Figure 4.

Road coordinate

Sight distances given in the input data

Figure 4: Sight distance function

The sight distance function is used to approximate the sight distance at arbitrary
points along the road. From the definition of the sight distance function it is clear
that the more given sight distance measurements the more accurate sight distance
approximation.
3.2.4 Speed profile
The road representation of RuTSim also includes the speed profile of the road.
The speed profile is used to determine the speed which vehicles strive for along
the road. A distinct speed profile is constructed for each direction of the main
road.
Each vehicle in the simulation is assigned a basic desired speed, v0i . The basic
desired speed is the speed a free driving vehicle would adopt on a straight road
that is wide enough for the road width not to impose any restriction on the desired
speed. These basic desired speeds are distributed according to vehicle type dependent normal distributions. The speed profile model modifies these basic desired speed distributions to the distributions of the actual speeds the vehicles will
strive for taking in to account the road geometry and the speed limit.
The basic desired speeds of free driving cars on straight wide roads are assumed to be distributed according to a distribution with median speed v0 , where
v0 is a model parameter. This speed is reduced with respect to the road width (i),
the horizontal curvature (ii) and the speed limit (iii) to a new median speed v3 .
This reduction will be described in detail below. The distribution dispersion
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around v3 is also modified with respect to the road geometry and the speed limit.
The change of the distribution dispersion is characterized by a dispersion measure
Q . The details of the calculation of Q are also presented below.
Given Q and the basic desired speed of an arbitrary vehicle, v0i , the desired
speed with respect to the road geometry and the speed limit, v3i , is for cars obtained through the expression
v0Q − v3Q = v0Qi − v3Qi

(3.1)

(1 − λi )(v0Q − v3Q ) = v0Qi − v3Qi .

(3.2)

and for other vehicles as

The parameter λi is a vehicle type dependent model parameter in the interval
0 ≤ λi ≤ 1 . Equation (3.2) is obtained by recognizing that the desired speed of cars
varies more than the desired speeds of other vehicle types. This is a natural assumption for heavy vehicles since heavy vehicles due to their lower speeds are
less sensitive to changes in, for example, speed limit. The parameter v0 and therefore also the resulting speed v3 , are median speeds of free cars. Equation (3.2) is
accordingly used to relate the median speeds of cars to the speeds of other vehicle
types.
At all points where the road geometry changes or a new speed limit comes into
effect the speed profile model gives a new median speed, v3 , and the corresponding dispersion measure Q .
Speed reduction with respect to the road width
The median basic desired speed for cars on a straight wide road without speed
limit, v0 , is reduced with respect to the road geometry and the speed limit to a
desired speed for an arbitrary position along the road.
For roads narrower than 8 m, v0 is reduced to v1 = v18 m , where v18 m is a model
parameter. For roads narrower than 7.5 m the speed v1 is further reduced via the
expression:

v1 =

1
v18 m

1
,
a
a
+
−
w − 2.5 5

(3.3)

where w is the road width expressed in meters and a is a model parameter. Figure
5 depicts this expression for different values of the parameter a . As can be seen
in the figure, the model becomes increasingly sensitive to narrow roads with increasing value on the parameter a .
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Figure 5: The median of the desired speed distribution as a function of the road
width for different values of the parameter a . The median desired speed for road
widths between 8 and 7.5 m, v18 m , is set to 27.75 m/s
Speed reduction with respect to the horizontal curvature
The median speed reduced with respect to the road width, v1 , is then adjusted to
account for the horizontal curvature. For horizontal curve radii less than 1000 m
the speed v1 is reduced to a median speed v2 according to:

v2 =

1
2

1
1 
1
  + b −

 r 1000 
 v1 

,

(3.4)

where r is the horizontal radius in m and b is a model parameter. Figure 6 displays this formula for different values of the speed v1 and the parameter b . Increasing values of b increases the model’s sensitivity to horizontal curves.
Moreover, higher speeds, v1 , also increase the model’s sensitivity to horizontal
curves.
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Figure 6: The median of the desired speed distribution as a function of the horizontal radius for different values of the parameter b . The sub-figures display the
relationship for different speeds v1
Speed reduction with respect to the speed limit
The speed reduction process is completed with the reduction of the median speed
v2 with respect to the speed limit to the final median desired speed, v3 . The speed
v3 is obtained as:

v3 =

v2
1 + c ( vlimit ) d

 vlimit 


 3.6 v2 

2

,

(3.5)

where vlimit is the current speed limit in km/h, d is a model parameter and
c ( vlimit ) is a function of the speed limit defined in the following way:
c ( vlimit ) = 1.30 − 0.015 ⋅ vlimit − 90 .

(3.6)

Figure 7 depicts the relationship between the desired speed, v3 , and the speed
limit for different values of the parameter d and the speed v2 . As can be seen in
the figure the speed limit has less impact when the speed v2 is low. This is an intuitive feature since vehicles are already constrained by the road width and/or the
horizontal curvature when the speed v2 is low. For low speed limits the desired
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v3 [m/s]

speed, v3 , becomes higher than the speed limit. Also, if the speed v2 is high the
desired speed is increasing with decreasing speed limit indicating driver’s reluctance to respect the speed limit if the speed limit is not properly motivated by the
road geometry.
22
20
18
16
14
12

v2 = 20 [m/s]

22
20
18
16
14
12

v2 = 25 [m/s]

22
20
18
16
14
12
50

v2 = 30 [m/s]

60

70

80
90
Speed limit [km/h]

d
d
d
d

100

= 0.01
= 0.05
= 0.09
= 0.13

110

Figure 7: The median of the desired speed distribution as a function of the speed
limit for different values of the parameter d . The sub-figures display the relationship for different speeds v2

The desired speed of an individual vehicle at an arbitrary position along the road,
v3i , is obtained by equations (3.1) or (3.2). These equations require in addition to
the median speed, v3 , also the dispersion measure, Q . The following sub-section
will present the model used to calculate this dispersion measure.
Dispersion of the desired speed distributions
As presented above the basic desired speeds are assumed to be normally distributed. The dispersion measure, Q , skew these normal distributions through equation (3.1) or (3.2). That is, the distribution variance is modified in order to reflect
that vehicles with different speed pretensions have different sensitivities to road
width, horizontal curvature and speed limit.
Model parameters, qi < 1, i = 1,… ,3 , characterizes the distribution dispersion
with respect to road width, horizontal curvature and speed limit respectively. The
overall dispersion measure, Q , is obtained as a weighted average of these isolated
dispersion measures. The weights used in this averaging are

k1 = v0 − v1 ,
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(3.7)

k2 = 2 ( v1 − v2 )

(3.8)

k3 = 2.5 ( v2 − v3 ) ,

(3.9)

and

for q1 , q2 and q3 respectively, v0 , v1 , v2 and v3 are the median of the basic desired
speed distribution and the reduced median speeds obtained from equations (3.3)(3.5) above. The dispersion measure Q is formed as

Q=

q1k1 + q2 k2 + q3 k3
.
k1 + k2 + k3

(3.10)

If ki = 0, i = 1,… ,3 then Q = 1 by definition.
The relative size of the weights (3.7) - (3.9) implies that horizontal curvature
has greater impact than road width and speed limit has greater impact than horizontal curvature on the dispersion measure Q . Since qi < 1, i = 1,… ,3 the overall
dispersion measure Q also satisfy Q < 1 . This implies that vehicles with high basic desired speeds will reduce their speeds more than vehicles with lower basic
desired speeds.
Figure 8 displays the result of the complete speed profile model for a 9 m wide
road with horizontal radius 400 m. The figure contains the resulting desired speed
distributions for different vehicle types. The speed limit is 90 km/h and the basic
desired speeds were assumed to be distributed according to
N (30.25 m s ,3.2 m s ) , N (26.5, 2.9) and N (24.3,1.5) for cars, trucks (and busses) and trucks with trailer respectively. The parameters used to produce the figure
were a = 0.042 , b = 015 , qi = 0.5, − 0.8, − 2 for i = 1, 2, 3 respectively and
λi = 0.3 and 0.5 for trucks and trucks with trailer respectively. The graphs show
that the speed profile model modifies the speed distribution of cars more than the
speed distributions of other vehicle types. This is a direct consequence of the parameters λi in equation (3.2). As described above these parameters are used to
model that cars are more sensitive to different road alignment than heavy vehicles.
The effect of the distribution dispersion measure, Q , is also visible in the graphs.
In this example Q = −1.47 indicates that the speed of faster vehicles will be reduced more than the speed of slower vehicles. This effect is clearly visible in the
cumulative distribution functions sub-figure where the curves are shifted more
towards lower speed for high speed percentiles than for low speed percentiles.
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Figure 8: Basic desired speed distributions and the resulting desired speed distributions
Preparation for upcoming change in desired speed
At all points where the road width or the horizontal curvature changes or a new
speed limit comes into effect, a new median speed, v3 , and the corresponding dispersion measure, Q , are calculated by the speed profile model.
When approaching an obstacle such as a curve, or if the road becomes narrower, most drivers start to decelerate before they reach the obstacle. RuTSim
incorporates such behavior by moving the points where a new desired speed
comes into effect. That is, all points of change in desired speed are moved back
with respect to the direction of travel by a distance, L , given by
 (v3previous ) 2 − (v3next ) 2
, v3previous > v3next

L=
2anormal

0, v3previous ≤ v3next ,


(3.11)

where anormal is a deceleration rate corresponding to the median vehicle’s engine
deceleration. v3previous and v3next are the previous and next median desired speeds,
respectively. The effect of equation (3.11) is that vehicles adjust their speeds before reaching obstacles. On the other hand, vehicles do not start to accelerate before profitable changes have come into effect, i.e. when v3previous ≤ v3next .
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Desired speed in roundabouts and intersections
The speed profile model is also used to calculate the distribution of desired turn
speeds for different turn movements at intersections and roundabouts along the
main road. For both roundabouts and turns at intersections the distributions of
desired turn speeds are calculated in the same way as the distributions of desired
speeds for road sections presented above.
For intersections the road width used in equation (3.3) is the width of the main
road at the intersection. The horizontal radius in equation (3.4) is, for left turns,
approximated with the main road width. For right turns, half the main road width
is used to approximate the horizontal radius. Finally, the speed limit used in equation (3.5) is the speed limit on the main road at the intersection.
The road width used in the calculation of the distributions of desired speeds in
roundabouts is taken as the standard lane width times the number of lanes, where
the standard lane width is a model parameter. The horizontal radius of a roundabout is the roundabout radius specified in the input data.
Figure 9 shows the median of the desired speed distribution for cars, i.e. v3 , as
a function of the turn curve radius. The parameters used to construct this figure
are identical to the parameters used in Figure 8. That is, the graph is valid for a
9 m wide main road with speed limit 90 km/h. The graph shows that the median
of the desired turn speed distribution for cars will be about 7.8 m/s for left turns
and about 5.5 m/s for right turns. In similar fashion, the median desired speed for
cars in a roundabout with radius 25 m and carriageway width 9 m is according to
the graph 12 m/s.
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Figure 9: Desired turn speed for the median car as a function of the turn curve
radius
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3.3 Traffic Generation
This section presents the traffic generation model of RuTSim. The traffic that is to
enter the road during the simulation run is generated prior to the simulation. This
generation process creates individual vehicles and determines the created vehicles’ entry times and speeds.
3.3.1 Traffic data
The traffic flows that are to enter from each origin in each direction of road must
be specified prior to a simulation run. Each main road entrance from secondary
roads at every intersection and roundabout is considered to be a possible origin.
Both ends of the simulated road are also possible origins.
The traffic volume in vehicles per hour and the composition of different vehicle types must be specified for each flow. The start time and the duration of the
flow must also be specified. There may be several flows from each origin during a
simulation run, i.e. the traffic volume and composition may vary during the simulation. Overlapping flows from a specific origin is however not allowed.
For each origin with non-zero flow the proportion of vehicles exiting at different destinations is also required. The ends of the main road and each intersection
or roundabout are possible destinations. Turning proportions must also be specified if the destination is located at an intersection or in a roundabout. The above
described traffic data hierarchy is displayed in Figure 10.
Traffic data
Direction 1

Direction 2

Origins

…

Origin 1

Location

Flows
Flow 1

Start
time

End
time

Origin n

Destinations

…

Volume

Flow n

Composition

Destination 1

Location

Figure 10: Hierarchy of traffic data
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…

Destination n

Turn percentages

3.3.2 Vehicle characteristics
Vehicles are defined by the individual vehicle characteristics. The vehicle characteristics can be divided into static vehicle properties that remain constant during
the simulation and dynamic vehicle properties that change as the vehicle travels
along the road during the simulation.
The static vehicle properties are, with index i referring to vehicle i :

•

Vehicle type, τ i

•

Length, li [m]

•

Power to mass ratio (p-value), pi [W / kg ]

•

Basic desired speed, vibds [m / s 2 ]

•

Origin, Oi

•

Destination, Di

•
•

Entry time, tientry [ s ]
Desired following time gap, Ti [ s ]

•

Reaction time, tireact [ s ]

•

Air resistance coefficient, CiA [m −1 ]

•

Rolling resistance coefficients, CiR1 [m / s 2 ] and CiR2 [ s −1 ]

All static vehicle properties are set in the traffic generation process. The traffic
generation model includes four vehicle types, τ i : car, truck and buss, truck with
trailer and truck with semi-trailer. The p-value, pi , is the power to mass ratio
measured at the wheels, pi controls the acceleration ability of the vehicle. For
heavy vehicles, the p-value corresponds to the maximum power available. For
cars, the p-value reflects the power used in normal acceleration situations. The
basic desired speed, vibds , is the individual basic desired speed described in section
3.2.4 above. The origin, Oi , and destination, Di , includes the road coordinate of
the entrance or destination point respectively. The main road entry and exit side is
also included in the origin and destination respectively. If the origin or destination
is at an intersection or a roundabout the main road entry or exit side may be either
left or right. For vehicles with origin or destination at the ends of the main road
the entrance or exit is at the centre of the road. The entry time, tientry , is the first
time that the vehicle will try to enter the main road. The reaction time, tireact , is the
time between changes in behavior in connection with car-following.
The dynamic vehicle properties include:
•

Position, xi [m]

•

Track, ψ i

•

Speed, vi [m / s ]

•

Acceleration, ai [m / s 2 ]

•

Desired speed, vides [m / s ]
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The position, xi , is the coordinate of the vehicle’s current position on the road.
The track, ψ i , is the current track of the vehicle, see section 3.2.2 above. The
speed, vi , and acceleration, ai , is the current speed and acceleration of the vehicle. Finally, the desired speed, vides , is the individual vehicle desired speed given
by the speed profile model, i.e. vides is denoted v3i in section 3.2.4 above.
3.3.3 Platoon generation
RuTSim utilizes a platoon generation model to reduce the simulation warm-up
time required before stable traffic conditions are formed. This model creates platoons of vehicles representative for the current traffic composition and volume.
The platoons are characterized by the number of platoon vehicles and the headway for the platoon leader to the last vehicle of the previous platoon.
The platoon generation procedure works as follows: The average platoon
length is estimated for every flow from every origin in each direction of the road.
A series of free and constrained vehicles corresponding to this average platoon
length is then created using uniformly distributed random numbers. Platoon leaders and platoon vehicles are then assigned entry times drawn from the headway
distribution for free and platoon vehicles respectively.
The average platoon length, µ̂ , given current traffic conditions is obtained
through the following expressions (Miller, 1967):
0.58 + 1.58 ⋅ Z , Z > 1
 1 + 1.16 ⋅ Z , Z ≤ 1,

µˆ = 

(3.12)

where Z is given by
qf

0.1⋅ , λ > 0
Z =
λ

20, λ ≤ 0,

and q f is the traffic volume in the current direction in vehicles per hour and λ is a
measure of the current overtaking possibility . The parameter λ is obtained as


λ = A ⋅ qo−0.66 1 −


q f tc 
 ln ( 2 − phv ) ,
3600 

(3.13)

where A is a road standard parameter, qo is an estimate of the flow in the opposite
direction, tc is the average time gap between constrained vehicles for the current
traffic composition and phv is the proportion of heavy vehicles in the current
flow. The parameters A and tc are model parameters. All other variables are derived from the input data. For origins located at secondary road entrances the flow
in the opposite direction, qo , should equal the flow exiting the main road to the
secondary road. Since vehicles are not only considering the conditions on the secondary road when entering, but also the gap in the main road traffic the platooning
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of secondary road vehicles is considered less important. As a consequence, in
connection with origins located at secondary road entrances, the flow qo is approximated with q f .
Given µ̂ , the estimated proportion of free vehicles is 1 µˆ , i.e. one vehicle per
platoon (the platoon leader) is free, and the proportion of car-following platoon
vehicles is 1 − 1 µˆ . A series of free and car-following vehicles are created using
uniformly distributed random variables, X ∼ U [ 0,1] . A drawn value x < 1 µˆ results in a free vehicle being created, i.e. a platoon leader, and if x ≥ 1 µˆ a constrained car-following vehicle is created. Successive free vehicles are allowed, i.e.
platoons of one vehicle are allowed. The number of vehicles that are to be created
is obtained as the duration of the current flow times the traffic volume, q f .
Due to the use of random numbers the average length of the created platoons
may differ slightly from µ̂ . Denote this generated mean platoon length by µgen .
With a flow of q vehicles per hour the time, in seconds, of the mean platoon can
be obtained as 3600µgen / q . This time can also be expressed as the sum of the
time gap for the platoon leader and µgen − 1 time gaps for the platoon vehicles, that
is
3600 µgen
q

= t f + ( µgen − 1) tc .

(3.14)

where t f is the mean time gap for free vehicles and tc is defined in connection
with equation (3.13) above. Equation (3.14) is approximate since the time occupied by the vehicles of the platoon has been neglected. The approximation is for
this reason more accurate the smaller the proportion of long vehicle types in the
current flow.
The time gaps between platoons, i.e. the time gap for free vehicles, are assumed to be exponentially distributed with mean t f − d min , where d min is the
minimum time gap for free vehicles. The parameter t f is obtained from equation
(3.14) and the distribution of free vehicles time gaps h(t ) is given by
 − t − dmin
 e t f −dmin

, t ≥ d min
h(t ) = 
t f − d min


0, t < d min .

(3.15)

Constrained platoon vehicles time gap to the vehicle in front is assumed to be
distributed according to vehicle type dependent lognormal distributions with mean
values tcτ and variances σ τ2 . These distribution parameters, tcτ and σ τ2 , are vehicle type dependent model parameters. The average time gap between platoon vehicles, tc , is obtained as a weighted average of these vehicle type dependent time
gaps. The weights are chosen to correspond to the vehicle type composition of the
current flow.
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Denote the distributions of constrained platoon vehicles time gaps with gτ ( t )
where τ denotes vehicle type. With vehicle type proportions pτ i in the current
flow, the composite time gap frequency function of the current flow, f ( t ) , becomes
f (t ) =

1

µ gen



1 
h ( t ) + 1 −
p gτ i t .
 µ gen   ∑ τ i ( ) 


 i

(3.16)

Figure 11 depicts the composite time gap probability density function for
symmetric traffic flows of 300 vehicles per hour in each direction on a road with
standard A = 3000 . The heavy vehicle percentage of the flows is 15 %. The estimated average platoon length is 1.98 vehicles and the average time gaps for free
and platoon vehicles are 21.76 and 2.06 seconds respectively.
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Figure 11: Time gap probability density function for symmetric flows, 300 vehicles/h, and road standard 3000. The heavy vehicle percentage of the flows is 15 %

Each vehicle in the generated platoons is assigned an entry time taken as the entry
time of the previous vehicle and an inter-entry time. The inter-entry times are calculated as vehicle length divided by entry speed for the previous vehicle and a
time gap drawn from the appropriate distribution depending on whether the vehicle is a platoon leader or a constrained vehicle. The model for vehicle entry speeds
will be presented in the next section. For platoon vehicles the time gap is also set
as the vehicle’s desired following time gap, Ti . Free vehicles are also assigned
desired following time gaps from the lognormal constrained vehicle time gap distribution corresponding to the type of the free vehicles.
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The platoon generation process described above is repeated for every flow and
every origin in each direction.
3.3.4 Generation of vehicle characteristics
As mentioned in the previous section, free and car-following platoon vehicles are
created in the platoon generation model. The platoon generation model determines
vehicle entry times. The remaining vehicle properties described above are however also set in the vehicle generation process.
Vehicles are randomly assigned type according to the traffic composition of the
current flow. The vehicle length is then drawn from the distribution of vehicle
lengths for the previously assigned vehicle type. Vehicles are in similar fashion
assigned reaction times drawn from vehicle type specific distributions. Both the
vehicle lengths and the reaction times are assumed to be normally distributed. The
reaction time is modified to the number of complete time steps closets to the
drawn value. The air and rolling resistance coefficients of the vehicle are set to
standard values for the current vehicle type.
The vehicles are randomly assigned destinations according to the turning proportions of the flow that the vehicle belongs to. The origin property of the vehicles is simply set to the origin of the flow.
The basic desired speed and p-value properties of the vehicles are also set at
vehicle creation. These properties are coupled in order to make sure that it is possible for each vehicle to maintain its desired speed in level terrain. The basic desired speed is drawn from a vehicle type specific normal distribution. The basic
desired speed distributions are truncated at ±2.5 standard deviations in order to
avoid extremely fast or slow vehicles. The p-value is then drawn from vehicle
type specific normal distributions with the following constraint imposed on the
drawn p-value, pi :
pi ≥ C A ( vibds ) + CR1 vibds + CR2 ( vibds ) .
3

2

(3.17)

The notation introduced in section 3.3.2 above is used in the constraint above. The
effect of the p-value constraint in equation (3.17) is that vehicles will not be assigned p-values that are too small for the vehicles to attain their desired speed in
level terrain.
After vehicles are given basic desired speeds and p-values, vehicles are permuted within their respective platoons. This permutation is done in order to make
sure that it is the slowest vehicle that is the platoon leader. Platoons should not
split up unless overtakings are performed or if slow vehicles exit the road. The
permutation is performed as follows. For every platoon the vehicle with the lowest basic desired speed is identified. This vehicle and the platoon leader then
switch position in the platoon. By this procedure the slowest vehicle becomes the
platoon leader. The entry times of the vehicles are also changed in the switching
process. Not only is the arrival times of the vehicles that are actually switched
changed. Since the arrival times of the vehicles depend on properties of the preceding vehicles, the vehicles following the vehicles that change place are also
influenced by the switching. Therefore, the entry times of these vehicles are modified to the appropriate values given their new leaders.
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Platoon leaders are assigned entry speeds equal to the vehicles’ individual desired speed at the location of the origin. This desired speed is given by the speed
profile model as described in section 3.2.4. That is, if the origin is located at an
intersection or in a roundabout the entry speed will be equal to the desired turn
speed for the entry turn movement. Similarly, if the origin is located at one of the
ends of the simulated road the entry speeds will be equal to the vehicles’ desired
speeds with respect to the road geometry and cross-section at the location of the
origin.
Constrained platoon vehicles are assigned entry speeds equal to the speed of
the preceding vehicle. This implies that platoon vehicles are not required to adjust
their speeds with respect to their leader immediately upon entry.

3.4 Vehicle Movements
This section presents the vehicle movement logic of RuTSim. This includes the
loading and unloading of vehicles on the road and the movement of individual
vehicles as they travel along the road during simulation runs.
3.4.1 Acceleration model
In RuTSim a vehicle’s speed is controlled by adjusting the vehicle’s acceleration
rate. The acceleration model of RuTSim is divided into two main sub-models; a
model for speed adaptation with respect to the road geometry and a model for
speed adaptation in connection with car-following.
The notation introduced in section 3.3.2 will be used in the following description of the acceleration model. Index n will be used to denote the current vehicle
and index n − 1 represents the vehicle in front of the current vehicle. The utilized
notation is displayed in Figure 12 below.

vn , an
n

vn −1 , an −1
n-1

ln

ln −1
xn
xn −1

Figure 12: Vehicle movement notation

The position of vehicle n is denoted xn and vn and an are used to denote the
speed and acceleration respectively. The length of vehicle n is represented by ln .
State qualification
The state qualification process determines which of the acceleration sub-models
that should determine the acceleration rate. Vehicles are classified as free or car-
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following depending on the headway to the vehicle in front in the same lane and
direction.
A vehicle traveling behind a faster vehicle is considered to be free unless the
distance to the vehicle in front is shorter than the minimum following distance.
Vehicles traveling behind slower vehicles may be either free or car-following depending on vehicles’ state in the previous time step and the headway to the vehicle in front. If the vehicle was free in the previous time step and the space
headway to the vehicle in front is less than a threshold, O p , the vehicle has caught
a slower vehicle and decides whether to overtake or tail the slower vehicle. The
threshold O p is defined as the sum of the desired following distance and a deceleration distance:
O p = Td ⋅ vn −1 +

(vn − vn −1 ) 2
,
2ao

(3.18)

where ao is a calibration parameter and Td is the desired following time headway
calculated as
Td = Tn +

ln −1
.
vn −1

(3.19)

Models controlling the overtaking behavior will be presented in a succeeding section. If the vehicle decides to tail the slower vehicle, the vehicle is classified as
car-following. On the other hand if the space headway to the vehicle in front is
longer than O p , the vehicle is classified as free.
Conversely, if the vehicle was car-following in the previous time step then the
space headway to the vehicle in front has to be longer than another threshold
given by
SCF ⋅ O p ,

(3.20)

where SCF ≥ 1 is a calibration parameter, for the vehicle to be classified as free.
Otherwise the vehicle is car-following.
Adaptation to road geometry
Free vehicles aim to travel at the desired speed of the vehicles’ current position on
the road. The desired speed given by the speed profile model is, as described in
section 3.2.4, dependent upon road width, horizontal curvature and speed limit.
Vertical grade is assumed not to influence desired speed and is therefore considered explicitly. If the current speed of vehicle n is less than desired, the following
acceleration rate is utilized:

an =

pn
− (C A ) n vn2 − (CR1 ) n − (CR2 ) n vn − g ⋅ i ( xn )
vn

(3.21)
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The function i ( xn ) represents the vertical grade at the position of vehicle n . The
parameter g is the acceleration due to gravity. The first term of the right hand
side of equation (3.21) represents the maximum possible acceleration of vehicle n
given the vehicle’s current speed. The remaining terms reduces this maximum
acceleration by the air and rolling resistances and the acceleration due to gravity.
If the current speed of vehicle n is higher than desired, the utilized deceleration rate is given by
2
−
 (C A ) n vn − (CR1 ) n − (CR2 ) n vn − g ⋅ i ( xn ), i ( xn ) ≥ 0
an = 
−(C A ) n vn2 − (CR1 ) n − (CR2 ) n vn , i ( xn ) < 0,


(3.22)

with the same notation as in equation (3.21). That is, vehicles are assumed to reduce their speed on level terrain and uphill, i.e. i ( xn ) ≥ 0 , through engine decel-

eration and downhill, i.e. i ( xn ) < 0 , by the use of the decelerator pedal. The

decelerator pedal is assumed to be used to balance the acceleration due to gravity.
Car-following
Car-following vehicles strive to follow the vehicle in front at a distance corresponding to the time gap given by equation (3.19). When a vehicle catches a
slower vehicle and decides to follow, the vehicle decelerates to obtain the speed of
the vehicle in front at the desired following distance. In similar fashion, if the
leader accelerates then the follower accelerates to catch up with the leader. The
acceleration rate is in these situations, when the distance to the vehicle in front is
longer than desired, given by

an =

vn2−1 − vn2
,
2(Td ⋅ vn −1 )

(3.23)

where Td is defined as in equation (3.19). Vehicles acceleration resources are limited and individual. If the acceleration rate given by equation (3.23) is larger then
the acceleration rate prescribed by equation (3.21) it is neither desirable nor possible for the follower to adopt the acceleration rate of equation (3.23). In such
cases the follower’s acceleration rate is dictated by equation (3.21) even though it
is at present in the car-following state.
If the distance to the leader becomes shorter than desired and the speed of the
follower is higher than or equal to the speed of the leader, the follower must decelerate to extend the distance to the leader. The adopted deceleration rate is an
interpolation between the follower’s engine and maximum deceleration rates,
d nengine and d nmax . That is, the deceleration rate used to extend the distance to the
leader may be expressed as:
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 d nmax − d nengine
(T − Tn −1 ) + d nengine , Tmin ≤ T ≤ Tn −1

−
T
T
 min n −1
an = 

d nmax ,
T < Tmin ,


(3.24)

where T is the current time gap to the leader and Tmin is a time gap threshold. The
time gap threshold and the engine and maximum deceleration rates are all calibration parameters.
Vehicles’ change of deceleration rate is not immediate in the car-following
state. Instead the acceleration rate of a car-following vehicle is updated with a
frequency of 1 tnreact . The result of this procedure is a lag in the response to leader
actions. However, the acceleration rate is immediately adjusted according to equation (3.23) when vehicles catch slower vehicles. Also, if a vehicle changes lane in
front of a car-following vehicle the car-following vehicle will immediately adjust
its speed to the new situation. Such situations occur for example when overtakings
are completed and the overtaking vehicle returns to the normal track. Similarly if
the leader exits the road at an intersection, the follower will become free and immediately change its acceleration.
Constraining vehicle
Normally the vehicle that prevents a vehicle from attaining its desired speed is the
vehicle in front in the same track or a vehicle in a track to the left of the vehicle.
As a consequence, car-following vehicles follow the vehicle in the same track or a
track to the left for which the time to collision is shortest. The time to collision,
tcol , is estimated by:

tcol

 xn −1 − ln −1 − xn
, vn > vn −1

=  vn − vn −1

∞, vn ≤ vn −1 ,


(3.25)

where vn −1 is the constraining vehicle candidate and vn is the car-following vehicle.
However, in connection with lane drops and at the beginning of overtaking restrictions, i.e. at track endings, it is necessary to alter this following priority. In
connection with such situations a merging area is defined by a model parameter,
ξ . Figure 13 below depicts a merging situation in connection with a lane drop.
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sntrack

n
n −1
ξ

Figure 13: Lane drop merging situation

No overtakings are permitted within the merging area, i.e. the vehicles will merge
in the order they enter the merging area. As a consequence the constraining vehicle will be the vehicle in front closest to the vehicle regardless of the track of the
vehicle in front. Vehicles traveling in a track that ends will, if the time to the track
ending is longer than tcol , use the car-following acceleration rate given by equation (3.23) or (3.24). On the other hand, if the time to the track ending is shorter
than tcol , the vehicle will adopt the acceleration rate needed to stop at the track
ending:
an =

−vn
,
2sntrack

(3.26)

where sntrack is the distance left to the track ending as defined in Figure 13. The
time to the track ending is obtained as sntrack vn .
3.4.2 Overtaking model
The purpose of the overtaking model is to control the situations when vehicles are
given opportunities to overtake and the vehicles’ behavior when overtaking. The
overtaking behavior on normal two-lane highways differs from the overtaking
behavior on rural roads with a barrier between the oncoming traffic lanes. As a
consequence, RuTSim separates the overtaking behavior on these road types.
Two-lane sections with oncoming traffic
RuTSim includes two types of overtakings on two-lane roads with oncoming traffic; flying and accelerated overtakings. Flying overtakings are overtakings in conjunction with vehicles catching slower vehicles and instantly decides to overtake.
Accelerated overtakings are all other overtakings where the vehicles with higher
speed pretensions tail slower vehicles and have to accelerate to overtake their
leaders.
When a vehicle catches a slower vehicle it receives an opportunity for a flying
overtaking at the catching up point O p defined in equation (3.18). A tailing vehicle

receives opportunities for accelerated overtakings at positions along the road
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where the sight distance attains a maximum. Moreover, if an overtaking opportunity is declined due to an oncoming vehicle within sight then the tailing vehicle
will receive a new overtaking opportunity when the oncoming vehicle has passed.
If the vehicle to overtake is part of a platoon, the overtaking vehicle is given an
opportunity for multiple overtakings when it is side-by-side with the vehicle to
overtake. Multiple overtakings are treated as flying overtakings.
The overtaking decision process is governed by four conditions:
1. The vehicles’ ability to overtake
2. The possibility to overtake considering the surrounding traffic
3. Possible overtaking restrictions
4. The drivers’ willingness to overtake
The appraisal of a vehicle’s ability to overtake is divided into two parts. First the
estimated overtaking distance must be smaller than the maximum allowed overmax
. Secondly, in connection with accelerated overtakings, the diftaking length, lovtk
ference in desired speed between overtaking and overtaken vehicles must be
min
. In connection with
above the minimum allowed desired speed difference, ∆vovtk
flying overtakings the estimated overtaking distance is given by
lovtk = lrel +

lrel vn −1
,
vn − vn −1

(3.27)

where lrel is the distance which the overtaking vehicle must travel relative to the
vehicle to be overtaken. This relative distance is given by:
lrel = xn −1 − xn + ln + Tn vn .
In case of accelerated overtakes the overtaking distance is estimated as
lovtk =

2lrel
+ lrel ,
anmax

(3.28)

where anmax is the overtaking vehicles maximum acceleration given its current
position and speed. This maximum acceleration is given by equation (3.21).
The condition regarding the possibility to overtake considering the surrounding
traffic assures that it is possible to initiate an overtaking with respect to the traffic
in the overtaking vehicles own direction. That is, the overtaking track must be
vacant both in front and behind the overtaking vehicle. A vehicle is not allowed to
commence an overtaking if it is being overtaken. Moreover, as vehicles are not
allowed to travel too close to each other, the overtaking track must be free a certain distance in front of the vehicle. This distance is the distance corresponding to
the overtaking vehicle’s desired following time headway, Tn . In addition, overtakings are not allowed if any vehicle in the platoon ahead is preparing to make a left
turn at an upcoming intersection. That is, if any vehicle ahead has started to slow
down in order to exit the main road by a left turn.
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Vehicles are not allowed to initiate overtakings if there is any type of overtaking restriction at the vehicles position on the road nor if there is any overtaking
rest
. The same
restriction within the minimum distance to overtaking restrictions, lovtk
rest
holds if there is a climbing or overtaking lane within lovtk
. If so, the vehicles await
the auxiliary lane for the overtaking.
Finally, the driver must be willing to accept the overtaking with the current
sight distance or the current distance to an oncoming vehicle taken into consideration. RuTSim uses a collection of Gompertz functions to describe driver’s willingness to overtake slower traffic. The functions are of the form:
flying / acc
exp(− A exp(−ks)), s > smin
P[ s ] = 
flying / acc
0, s ≤ smin
,


(3.29)

where P[ s ] is the overtaking probability given a clear sight distance s . The
flying / acc
threshold smin
is the minimum clear sight distance for flying or accelerated
overtaking. These functions are estimated from empirical data. Distinct functions
are estimated for different, road widths, types of overtaking, overtaken vehicle
and sight limiting factor, i.e. natural obstacles or oncoming vehicles. That is, different parameters A and k are given for each combination of the following attributes:
•

Type of overtaking
o
Flying
o
Accelerated

•

Sight limitation
o
Oncoming vehicle
o
Natural obstacle

•

Overtaken vehicle
o
Car traveling at speed below 90 km/h
o
Car traveling at speed over 90 km/h
o
Truck
o
Truck with trailer or semi-trailer

•

Road width
o
Roads with paved shoulders, i.e. road widths over 11 m
o
All roads narrower than 11 m

For a complete description of the overtaking probability functions see Carlsson
(1990) and (1991). The utilized parameters A and k are also included in Appendix A.
In connection with flying overtakings, the overtaking probability of equation
(3.29) is reduced according to the following expression if the vehicle ahead is part
of a platoon:
P red [ s ] = η N −1 ⋅ P[ s ],
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(3.30)

where N is the number of vehicles in the platoon ahead and η is a parameter controlling the reduction per vehicle in the platoon. However, no reduction of the
overtaking probability is done in connection with multiple overtakings.
Vehicle platoons are discharged in order of priority from the front of the platoon. As a consequence, only the vehicle behind the platoon leader is allowed to
perform an accelerated overtaking. If the second vehicle in the platoon rejects an
opportunity for an accelerated overtaking no other vehicle in the platoon will receive an overtaking opportunity.
If an overtaking is accepted, the overtaking vehicle changes track to the oncoming traffic’s lane, i.e. track 1 in Figure 3 is used. When traveling in the oncoming traffic’s lane the vehicle’s desired speed, vndes , is incremented by a factor
des
vovtk
. As a consequence vehicles will strive for a higher speed during overtakings.
In addition, car drivers do not utilize the maximum power of the car under normal
driving. To account for extra power utilization during overtakings, overtaking cars
receive an increment of the power to mass ratio, denoted pn in equation (3.21).
Heavy vehicles on the other hand utilize more of the available power during normal driving. The p-value of overtaking heavy vehicles are therefore not changed
during overtakings.
When the overtaking vehicle is side by side with the vehicle to overtake it receives a possibility to continue the overtaking and overtake the next vehicle in the
platoon ahead. Such multiple overtakings are treated as flying overtakings. However, the reduction of the overtaking probability with respect to length of the platoon ahead, i.e. equation (3.30), is not applied.
If the vehicle to overtake was a platoon leader or if the possibility to continue
the overtaking is declined, the overtaking vehicle prepares to return to the normal
track when the distance to the overtaken vehicle behind is longer than a certain
distance calculated as the sum of the minimum distance between stationary vehicles and the speed of the overtaking vehicle times the return to normal track time
gap. The minimum distance between stationary vehicles and the return to normal
track time gap are model parameters.
During the overtaking the vehicle to be overtaken continues in the normal lane
with unchanged behavior until the overtaking vehicle decides to return to the
normal track. When the overtaking vehicle has decided to return to the normal
track the overtaken vehicle recognizes the overtaking vehicle as the vehicle to
follow and thereby facilitates the lane change of the overtaking vehicle. In similar
fashion, if the overtaking vehicle is to become part of a platoon it recognizes its
future leader as the vehicle to follow and adjust its speed to the speed of this
leader vehicle. The overtaking is completed when the overtaking vehicle returns
to the normal track.
Overtakings are abandoned if the overtaking vehicle is no longer able to travel
faster than the overtaken vehicle. Such situations may occur in connection with
steep vertical grades. That is, if a vehicle with less power is overtaking a stronger
vehicle on an increasing grade. If a vehicle decides to abandon an overtaking attempt, the vehicle behind adjusts, if necessary, its speed to allow the vehicle to
return to the normal lane. This adjustment is analogous to the adjustment of the
overtaken vehicle when a successful overtaking is completed.
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Roads with wide shoulder or auxiliary lane
Apart from regular overtakings, RuTSim incorporates another mechanism for
faster vehicles to get past slower. If the current road section incorporates wide
shoulders or auxiliary lanes, i.e. climbing or overtaking lanes, vehicles have the
possibility to yield for faster vehicles by changing track to the auxiliary lane or the
wide shoulder. An opportunity to pass is always accepted if the vehicle in front
yields. The passing vehicle continues in the normal lane as a free vehicle.
Vehicles are asked to yield whenever they are caught by a faster vehicle. This
takes place before the overtaking model is invoked. Vehicles leading other vehicles are also asked to yield at road section changes, e.g. at the start of auxiliary
lanes.
Analogously to the decision process in connection with regular overtakings,
yield decisions are governed by a number of conditions that has to be fulfilled
before yielding is accepted. The conditions are as follows:

1. The length of the wide shoulder or auxiliary lane must be acceptable
2. Yielding has to be possible with respect to the surrounding traffic
3. The driver must be willing to yield
The first condition regarding the length of the auxiliary track assures that vehicles are not yielding immediately before the auxiliary track ends. This is controlled by the model parameter: minimum track length. Vehicles will not yield if
the available track length is shorter than this length.
Yielding is also not allowed if the vehicle is currently about to pass a slower
vehicle. In such cases the first pass is completed before the vehicle considers
yielding for the vehicle behind. Also there must be a sufficient space available on
the auxiliary lane. This is checked in similar fashion as sufficient space in the oncoming lane was checked in connection with regular overtakings.
Finally, the driver must be willing to yield. The yield probability is controlled
by model parameters. The probability is different depending on if the auxiliary
track is a wide shoulder or a proper lane. Uniformly distributed random numbers
are used to determine individual vehicle decisions.
If a query to yield is answered positively, the vehicle changes track to the wide
shoulder or auxiliary lane. Vehicles on the auxiliary track are not allowed to travel
at higher speed than
passing
v red
,
passed ⋅ v

(3.31)

where v passing is the speed of the passing vehicle and v red
passed ≤ 1 is a model parameter.
Vehicles traveling on the auxiliary track seek to return to the normal track as
soon as possible when the passing vehicle has passed. As in the overtaking completion process this is determined by the sum of the minimum distance between
stationary vehicles and the vehicle’s speed times the minimum return to normal
track time gap. However, if the vehicle behind the passing vehicle is constrained
by the passing vehicle then the passed vehicle continues on the auxiliary track and
allows an additional vehicle to pass. The length of the auxiliary track is still controlled before additional passings are allowed.
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Sections with separated oncoming traffic lanes
On sections with separated oncoming traffic lanes and two-lanes in the direction
of travel overtakings may be performed without considering sight distance or the
distance to oncoming vehicles. As a consequence the overtaking decision on roads
without oncoming traffic including two-lanes in the direction of travel is governed
by the following factors:

1. The length of the two-lane section
2. The traffic in the left lane
3. The vehicles ability to overtake the vehicle in front
The remaining length of the two-lane section must be at least greater than or
rest
, defined above.
equal to the minimum distance to an overtaking restriction, lovtk
The condition regarding the traffic in the left lane assures that a vehicle being
overtaken is not allowed to commence any overtaking. Moreover, the distance to a
vehicle in front in the left lane must be longer than the vehicle’s desired following
distance, Tn .
A vehicle is determined to be able to overtake a slower vehicle on a two-lane
section if the difference in desired speed between overtaken and overtaking vehimin
.
cle is greater than the minimum allowed desired speed difference, ∆vovtk
Experience of existing 2+1-roads in Sweden, (Carlsson and Brüde, 2003), has
shown that vehicles on two-lane sections increase their speed to get past slower
vehicles before the upcoming one-lane section. RuTSim incorporates such behavior by giving vehicles with slower vehicles within sight on two-lane sections an
increase in desired speed. This is only done on transient two-lane sections followed by a one-lane section. Moreover, a check is made to assure that it is possible for the vehicle to pass the slower vehicle before the two-lane section ends.
This is done by comparing the remaining length of the two-lane section with the
estimated overtaking distance given by equation (3.27) above. The increase in
desired speed for vehicles with slower vehicles within sight is equal to the desired
des
.
speed increase for overtaking vehicles, vovtk
Vehicles traveling in the left lane in order to pass a slower vehicle will also
des
. As a consequence, vehicles strive
utilize a desired speed incremented with vovtk
for higher speeds when traveling in the left lane compared to when traveling in the
right lane. In similar fashion as in connection with overtakings on roads with oncoming traffic, cars also receive an increment of the power to mass ratio, pn ,
when traveling in the left lane.
Vehicles traveling in the left lane receive opportunities to continue in the left
lane and pass another vehicle when they are side by side with the vehicle to overtake. This decision is governed by the same conditions as the first overtaking decision on the two-lane section, i.e. factors 1-3 above. If the remaining length of
the two-lane section is too short or if there is no slower vehicle in front, the vehicle decides to return to the right lane track.
As in connection with overtakings on roads with oncoming traffic, the lane
change takes place when the distance to the overtaken vehicle behind is longer
than the sum of the minimum distance between stationary vehicles and the speed
of the overtaking vehicle times the return to normal track time gap. When an overtaking vehicle has decided to change lane, the overtaken vehicle adjust its speed to
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facilitate the lane change. That is, the overtaken vehicle takes the overtaking vehicle as the vehicle to follow and thereby adjust its speed to allow an appropriate
distance to the overtaking vehicle.
An overtaking attempt is abandoned should the overtaking not be completed
ahead of the merging area before a lane drop. Vehicles will, as previously described, merge in the order they enter the merging area. Overtakings are also
abandoned if the overtaking vehicle is no longer able to travel faster than the vehicle to overtake. Such situations may, as described in above, occur in connection
with steep vertical grades.
3.4.3 Intersections and roundabouts
As presented in section 3.2.1 above, RuTSim account for effects of various rural
intersections on the main road traffic. Three- and four-way rural intersections with
or without dedicated left turn lanes may be modeled. Roundabouts with different
radius and number of circulating lanes are also handled.
For each intersection and roundabout the distribution of desired turn speeds is
given by the speed profile model. The desired turn speed is the speed the vehicle
will strive for during the turn movement.
Intersections
Vehicles that are to exit the road at an upcoming intersection start to adjust their
speed to the upcoming intersection when the distance left to the intersection is less
than the distance given by equation (3.11). The next desired speed, v3next in equation
(3.11), is in this case exchanged for the desired turn speed in the intersection,
vndes. turn . The deceleration rate, anormal in equation (3.11), is in connection with intersections increased to a rate corresponding to the median vehicle’s normal decelturn
. This deceleration rate is a model
eration used to adjust for upcoming turns, anormal
parameter.
The deceleration rate used to adjust the speed to the upcoming turn is dictated
by the rate needed to obtain the desired turn speed at the intersection or the rate
needed to stop at the intersection if the turn is impeded by oncoming vehicles.
That is, right turning vehicles and left turning vehicles not obstructed by oncoming vehicles will use the following deceleration or acceleration rate to adjust their
speeds to the desired turn speeds:

an

(v
=

)

des . turn 2
n

− vn2

2 xnturn

,

(3.32)

where xnturn is the distance left to the intersection. Left turning vehicles that are
prevented from turning by an oncoming vehicle will prepare to stop at the intersection. The deceleration rate utilized in such cases is, if the deceleration rate
turn
or if the estimated time to the interneeded in order to stop is larger than anormal
intersec
section is less than a threshold tmin
:

an = −
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vn2
,
2 xnturn

(3.33)

with the same notation as in equation (3.32) above. The time to the intersection is
estimated as the distance left to the intersection divided by the average of the vehicle’s current speed and desired turn speed.
Left turning vehicles are impeded from turning by oncoming traffic if there is
any oncoming vehicle estimated to be within the critical time gap from the intersection when the left turning vehicle arrives at the intersection. RuTSim uses
critical time gaps for intersection turn movements taken from the CAPCAL model
(SRA, 1995). The critical gaps are different for different turn movements and
speed limits. A table over the utilized critical time gaps is included in Appendix
truck
. The
B. The critical gaps for heavy vehicles are incremented by a parameter t gap
time to intersection for oncoming vehicles is estimated as the distance to the intersection divided by the oncoming vehicles’ speed. That is, drivers do not consider
the acceleration or deceleration of oncoming vehicles.
In connection with intersections without dedicated left turn lanes, left turning
vehicles will hold up the traffic behind since vehicles are not allowed to overtake
vehicles that are preparing to turn left. If the intersection includes left turn lanes,
left turning vehicles are able to turn without holding up the traffic behind. In connection with such intersections left turning vehicles changes track to the left turn
lane if there is space available in the left turn lane. The space in left turn lanes is
controlled by the left turn lane length parameter. If the left turn lane is completely
occupied the left turning vehicle will stop in the normal track at the start of the left
turn lane. As soon as a vehicle has been able to turn left and there is room for one
more vehicle in the left turn lane any left turning vehicle waiting in the normal
track will change track to the left turn lane. As a consequence left turning vehicles
may hold up the traffic even if the intersection includes left turn lanes if there is a
large flow of oncoming vehicles.
Roundabouts
Roundabouts affect all vehicles traveling through. All vehicles will adjust their
speeds to their desired speeds in the roundabout. This adjustment is done in similar fashion as the adjustment for turns at intersections described above. Namely,
vehicles start to prepare for the upcoming roundabout when the distance to the
roundabout is less than the distance given by equation (3.11) with the next desired
turn
respecspeed and the normal deceleration rate modified to vndes. turn and anormal
tively.
The modeling of vehicle interactions within the roundabout has been simplified. Specifically, vehicles do not consider the circulating traffic when entering
the roundabout. As a consequence only the geometric affect of the roundabout is
taken into account. In roundabouts no overtakings are permitted and vehicles
strive for their desired speed in the roundabout. That is, the acceleration model as
presented in section 3.4.1 above is utilized to determine vehicle speeds within
roundabouts.
Vehicles with destination beyond the roundabout will immediately after passing the roundabout update their desired speed and invoke the acceleration model
to accelerate to the new desired speed.
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3.4.4 Vehicle loading and unloading
This section describes the vehicle entry and arrival processes. Vehicles may enter
or leave the road at the two ends of the simulated road, at an intersection or in a
roundabout.
Vehicle loading
To every origin there is an associated virtual queue which is used to store vehicles
that are to enter the main road. In the time step corresponding to a vehicle’s entry
time the vehicle is added to the virtual queue of its origin. In every time step, after
vehicles from all origins with entry time in the time step has been added to the
virtual queues of their origins, vehicles from the virtual queues are loaded onto the
road. In a time step only one vehicle from each virtual queue may be loaded onto
the road. Vehicles enter the road with the entry speed assigned during the traffic
generation. The assignment of entry speeds was described in section 3.3.4 above.
The speeds of entering vehicles are immediately after entry adjusted to the road
and the surrounding traffic by the previously presented acceleration model.
For the virtual queues associated with the ends of the road the first vehicles in
the virtual queues may enter the road if the time to the last vehicle on the road is
greater than or equal to the vehicle’s desired following time gap, Tn .
Vehicles that are to enter the road from a virtual queue in an intersection must
first consider vehicles in the other virtual queues in the intersection. The virtual
queues located in intersections are ordered in a priority order for vehicles in each
main road direction. Vehicles in the right turn virtual queue enter the road prior to
vehicles in the left turn virtual queue. Figure 14 below enlightens this virtual
queue priority.
12
Direction 2
Direction 1
21

Queue priority

Figure 14: Priority of virtual queues in a four-way intersection

No vehicle from the left turn virtual queue is allowed to enter the road as long as
there is any vehicle in the right turn virtual queue. After considering the priority
among virtual queues, vehicles must take into account the available gap in the
main road traffic. As described above RuTSim utilize critical gaps for the different turn movements in the intersection. Time gaps to conflicting vehicles smaller
than the critical gaps are rejected and gaps longer than the critical value are accepted. As only the gaps to conflicting vehicles are considered it is sufficient for
right turning vehicles to consider the traffic in the vehicles own direction. Left
turning vehicles on the other hand must consider both oncoming vehicles and vehicles in their own direction. The follow-up time between two vehicles entering
the road utilizing the same gap in the main road traffic has been modeled as fol52

lows. If there are two or more vehicles waiting in the same virtual queue the second vehicle in the queue is determined as able to follow. When the vehicle ahead
in the queue enters the road the second vehicle will receive an opportunity to enter
the road in the subsequent time step. The critical gap of the following vehicle is in
follow
, to reflect the shorter critical
the subsequent time step reduced by a factor, t gap
gap in the follow-up situation. The normal critical gap for the turn movement is
used for the next entry opportunity should the vehicle reject the opportunity to
follow.
As described above vehicle interactions in roundabouts are not modeled. Specifically, circulating traffic is not considered. As a consequence vehicles that are
to enter the road in a roundabout is allowed to enter when the gap in the traffic in
the vehicles own direction is sufficiently large. Moreover, all vehicles enter the
roundabout from the right side entrance in the vehicles direction of travel. Critical
gaps are not utilized for roundabouts. Instead the gap to the vehicle in front must
be greater than or equal to the vehicle’s desired following time gap, Tn . Also, the
gap to the vehicle behind must be greater than or equal to the following time gap
of the vehicle behind. That is, vehicles entering the road in a roundabout are positioned in the vehicle stream in such a way that they do not interfere with the vehicles already on the road.
Vehicle unloading
Vehicles are removed from the road when their position is greater than or equal to
the road coordinate of their destination. The behavior of a vehicle is updated immediately when the vehicle in front is removed from the road. That is, the acceleration rate is adjusted and any ongoing overtaking is abandoned.
Vehicles that are to exit the road at one of the ends of the simulated road
stretch are simply removed from the road without considering the surrounding
traffic.
Vehicles that are to exit the road by a left turn at an intersection considers as
presented above the available gaps in the oncoming traffic stream. Left turning
vehicles are not removed from the road until a sufficient gap has been found. Vehicles that are to turn right at an intersection do not consider the surrounding traffic before leaving the main road. Also, the capacity of the entrance to the
secondary road is assumed not to impose any capacity restraint on the intersection. That is vehicles are never obstructed from leaving the road by the traffic on
the secondary road.
In roundabouts, vehicles with destination at one of the secondary road entrances are removed from the road when they arrive at the right hand side entrance
regardless of the vehicles real destination in the roundabout. That is, as discussed
earlier, circulating traffic in the roundabout is not modeled. In similar fashion as
for intersections, vehicles leaving the road in a roundabout are never obstructed
from turning by the secondary road traffic.

3.5 Comparison Between VTISim and RuTSim
The development of RuTSim is based on VTISim. VTISim was developed to
simulate uninterrupted traffic operations on a two-lane road with and without
passing lanes (Brodin and Carlsson, 1986; Carlsson, 1993a). RuTSim handles
both two-lane roads with and without passing lanes as well as rural road designs
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with separated oncoming lanes. RuTSim also consider rural intersections and
roundabouts, both intersections with and without left-turn lanes on the main road
can be modeled. This allows RuTSim to simulate traffic interrupted by vehicles
entering or leaving the road at various types of intersections and roundabouts.
VTISim applies an event based simulation approach whereas the RuTSim model
uses a time based simulation approach. The time based scanning simulation approach allows the RuTSim model to include a more detailed description of interactions between individual vehicles and between vehicles and the infrastructure.
Considerable calibration and validation efforts have been made during the
course of the VTISim development. VTISim is for this reason well calibrated and
validated for the rural road types that the model handles. The RuTSim model
should consequently be developed to produce outputs comparable to outputs of
VTISim for uninterrupted two-lane highway sections.
As described in the previous chapter the state-of-the-art in speed adaptation
with respect to the road geometry, overtaking logic and traffic generation models
for two-lane rural highways is relatively well developed. RuTSim has for this reason inherited the speed profile model used in VTISim. The models presented in
section 3.2.4 to construct the desired speed distribution on a highway without intersections or roundabouts are analogous to the models used in VTISim. The
speed profile model in RuTSim is however modified to be used for time-based
simulation. The platoon generation process described in section 3.3.3 is equivalent
to the model used in VTISim. A p-value and desired speed criterion analogous to
equation (3.17) is also applied in VTISim. The acceleration model presented in
section 3.4.1 has been designed to allow RuTSim to produce outputs close to
VTISim for two-lane highways. Since VTISim applies an event based simulation
approach no models that could be applied for the vehicle movements in a timebased rural road simulation model was readily available for use in RuTSim. The
models presented in section 3.4.1 have therefore been developed within this work
based on the models for event-based simulation used in VTISim. RuTSim’s overtaking decision process on two-lane rural roads with oncoming traffic, see section
3.4.2, is also similar to the decision process in VTISim. Overtaking probability
functions of the same type are included in both models. The passing model used
on roads with a wide paved shoulder is also equivalent to the model used in
VTISim.

3.6 Implementation
RuTSim has been implemented using the object-oriented programming paradigm
with managed C++ for the .Net framework. The implementation is flexible and
allows easy modification or substitution of the sub-models. The code does not
impose restrictions on the simulated road. However, road length and traffic volume is limited by the available computer memory. Moreover, the model run-time
increases as the length of the simulated road increases. The run-time is also influenced by the traffic volume, the more vehicles on the road at same time the longer
run-time.
3.6.1 Structure
The program has been implemented using the following logical sub-models:

•

54

Road data and road speed profile

•

Traffic data

•

Traffic generation

•

Models controlling vehicle movements

•

Main simulation loop

•

Simulation output and data aggregation

The road data is stored in linked lists. One list is used for each road parameter.
Elements of the lists are pairs of road coordinates and corresponding parameter
values. Values are assumed to hold until the road coordinate of the next element
in the list. The sight distance data is however excluded from this principle. The
sight distances are only valid at the given road coordinate. The sight distance used
for intermediate road coordinates is an interpolation of the sight distances given in
the sight distance list. All road data lists are gathered in a road object. The road
object also includes the methods implementing the road speed profile model presented in section 3.2.4. The results of the speed profile model, i.e. the desired
speed transformations along the road, are also stored in two linked lists one for
each direction of the main road.
The traffic data is organized in an object hierarchy according to Figure 10. This
hierarchy is structured as follows. An overall traffic data container object stores
the entire object structure. This overall container object contains container objects
for the traffic data in each main road direction. These direction specific objects
each contain a number of origin objects which store origin location, the flows
originating at the origin and the possible destinations for traffic of the origin.
The traffic generation sub-model utilizes the traffic data stored in the object hierarchy and creates the individual vehicles that are to enter the road during a
simulation run. The traffic generation model is implemented in a traffic generator
object. The vehicles created by the traffic generation model are stored in two
linked lists, one for each direction of the road, in the order that the vehicles are to
enter the simulation. The different vehicle types are objects that inherit common
attributes from a basic vehicle class.
All the vehicle movement models described in section 3.4 are included in a behavior models object. Given an individual vehicle and the current traffic situation,
this behavior models object returns the action of the individual vehicle.
A traffic simulator object implements the main simulation loop as presented in
Figure 2. Given the two lists containing the vehicles that are to enter the simulation, the road data object and the behavior models object the traffic simulator performs the following tasks within each time step. Vehicles that are to enter the road
are added to queues for the corresponding origin. Queued vehicles are loaded onto
the road. Vehicles on the road are advanced. Vehicles that have arrived to their
destination are removed from the road. Finally, the state and acceleration rate of
vehicles on the road is updated. The traffic that is currently on the road is stored in
two linked lists one for each direction in the road. Vehicles in the lists are stored
according to their position on the road.
After the traffic has been updated, the traffic simulator object store requested
traffic data in the output data object. Data is stored for individual vehicles. The
output data object also contains methods for aggregation of the individual vehicle
data. Individual vehicle data is aggregated into traffic performance measures after
the simulation is finished. The output data object structures the individual vehicle
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data into two classes: Point data and section data. Point data is data for distinct
coordinates along the road whereas section data is data for sections of the road.
3.6.2 Graphical user interface
Road and traffic data is specified through RuTSim’s graphical user interface
(GUI). The GUI also provides a facility for easy modification of the model parameters. Another feature of the GUI is its graphical representation of the simulated road. A bird’s eye view over the simulated road makes it easy to verify road
data. Vehicles are animated on this graphical road representation as they travel
along the road during normal simulation runs. Simulations may also be performed
as fast as possible without animation.
3.6.3 Input
Road data is, as presented in the previous section, specified through the GUI. The
road coordinate and parameter value pairs may be entered one by one through a
dialog. Road alignment data may also be provided as text-files for a more convenient handling of complicated road alignments with frequent changes in road parameter values.
Traffic data is specified through a hierarchically designed dialog. The hierarchy of the dialog corresponds to the hierarchy of the traffic data. Traffic data may
be specified for an arbitrary number of origins. Each origin may also include an
arbitrary number of flows and destinations. However, origins and destinations
must correspond to possible entrances or exits in roundabouts, intersections or the
ends of the road.
A road with associated traffic may be saved as a simulation project for easy
replication and modification of the simulation. Road and traffic data may also be
interchanged between simulation projects.
3.6.4 Output
Available outputs from RuTSim include both aggregated traffic performance
measures as well as individual vehicle driving course of events. The driving
courses of events may be used as input to, e.g., pollutant emission models or to
derive aggregated traffic measures other than those directly supplied by RuTSim.
All outputs are presented as text-files that are formatted for further data analysis
in external data analysis tools.
For arbitrary points along the road the following aggregated traffic measures
are immediately available as output of the simulation model:

•

Number of vehicle observations for each vehicle type.

•

Distribution of point speeds for each vehicle type.

•

Constrained percentage of vehicles per vehicle type.

•

Total number of platoons and distribution of platoon lengths.
The section data is aggregated into the following measures:

•

Number of vehicle observations for each vehicle type.

•

Journey speed distributions for each vehicle type.

•

Average percentage of travel time spent as constrained by a vehicle in front.
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•

Average percentage of travel distance spent as constrained by a vehicle in
front.

•

Overtaking rates and densities for light and heavy vehicles respectively

•

An average meter-by-meter driving course of events per vehicle type. This
driving course of events consists of time, speed, acceleration and percentage
of free driving vehicles.

All points and sections for which data is desired must be specified prior to the
simulation runs.
3.6.5 Model verification
VTISim has been very well calibrated and validated for Swedish two-lane rural
roads. A natural way to verify the RuTSim model and implementation for such
roads is therefore to compare RuTSim outputs to outputs from VTISim. Traffic
measures from RuTSim similar to those of VTISim would indicate that RuTSim is
capable of representing the traffic on two-lane highways and that the implementation is correct.
The following test has been performed: A rural road with high alignment standard, i.e. relatively few horizontal curves and vertical grades, and a rural road with
low alignment standard, i.e. many horizontal curves and steep vertical grades, has
been modeled in both VTISim and RuTSim. The modeled roads included no intersections or roundabouts. This restriction was necessary since VTISim has no
possibility to model neither intersections nor roundabouts. Repeated simulations
with varying traffic volume were made before the simulation outputs were analyzed. The heavy vehicle percentage was held constant at 12 % and the traffic
flow was assumed to be equal in both directions. The RuTSim parameter values
used in this verification are included in Appendix C.
An important traffic measure to analyze in this case is the relation between average journey speed and the traffic flow. The speed-flow relationship for each
road is a consequence of increased vehicle-vehicle interactions as the traffic intensity increases. Similar speed-flow patterns therefore indicate similar handling of
vehicle-vehicle interactions. By comparing the speed-flow relationships of roads
with different alignment standard a measure of the models handling of vehicles’
adaptation to the road geometry is obtained. The difference in journey speed for
different road alignments should be similar if the modeling of vehicles’ adaptation
to the road geometry were equivalent. Figure 15 displays speed-flow relationships
for cars obtained by RuTSim and VTISim.
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Figure 15: Comparison between RuTSim and VTISim.

Heavy vehicles are excluded from the data shown in Figure 15. As can be seen in
the graph containing data for the road with high alignment standard, the speedflow relationships of the two models are very similar for this road. This indicates
as discussed above that RuTSim and VTISim have equivalent modeling of vehicle-vehicle interactions. This suggestion is further supported by the very similar
pattern of the speed-flow relationships for the road with low alignment standard.
However, the journey speed estimated by RuTSim is, for the road with low
alignment standard, systematically slightly higher than the speed estimated by
VTISim. This difference is explained by the fact that the speed of vehicles in
VTISim is never higher than the vehicles’ desired speed, whereas RuTSim uses an
engine deceleration rate to reduce vehicles’ speed when the speed is higher than
desired. In addition, the deceleration rate used by VTISim to adjust vehicles’
speed to the road geometry is stronger than the engine deceleration rate of RuTSim. As a consequence, the journey speed estimated by RuTSim will be higher
than the speed estimated by VTISim for roads with frequent changes of horizontal
curvature and thereby frequent changes of the vehicles’ desired speed. The similar
change patterns of the speed-flow relationships nevertheless indicate similar handling of vehicles adaptation to the road geometry. The overall conclusion is that
RuTSim produces outputs close to VTISim for uninterrupted two-lane rural roads
and that the RuTSim implementation is correct for two-lane highways.
Further verification of the RuTSim model for highways with vehicles entering
and exiting at intersections and for roads with oncoming lane separation is provided in the following chapter.
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4. Rural Highway Design Analysis using RuTSim
This chapter presents an application of the RuTSim model for analysis of rural
road design alternatives. The presentation also comprises calibration and validation of the RuTSim model for an existing two-lane highway in the southern part of
Sweden. Highways with separated oncoming traffic lanes are included among the
studied design alternatives and the studied road contains intersections with considerable traffic volumes entering the main road. This chapter will therefore also
serve as a verification of the model’s ability to handle rural roads with separated
oncoming lanes and rural intersections.

4.1 Introduction
In Sweden, highways with a cable barrier between the oncoming lanes are becoming increasingly important. This is mainly due to the safety effects of such roads.
Since the cable barriers were introduced on Swedish highways only 18 fatalities
on roads with a cable barrier have been observed. This number should be compared to 98 expected fatalities on these roads without the cable barriers (Carlsson
and Brüde, 2005). The separation of oncoming traffic may however reduce the
capacity and the level-of-service since traffic is restricted by the cable barrier. It is
for this reason important to assess not only safety effects but also capacity and
level-of-service impacts prior to the implementation of the oncoming lane separation.
The simulation study presented in this chapter describes capacity and level of
service effects of oncoming lane separation of rural highways. In addition, the
presentation also illustrates how the RuTSim model can be applied in capacity and
level-of-service analysis of rural road design alternatives with as well as without
oncoming lane separation.

4.2 Study Site
The site that is studied in this work is part of the national route E22 in the southern part of Sweden. The existing road at the site is an 8 km long 13 meter wide
two-lane highway with several intersections. The road is connected to a freeway
in both ends. Conversion of the road to freeway is not planned until 2020. In the
meantime, the Swedish Road Administration is considering oncoming lane separation as a cost-efficient way to significantly improve the safety of the existing
road.
The safety effects of oncoming lane separation are well established through an
extensive field evaluation program of existing rural roads with separated oncoming lanes (Carlsson and Brüde, 2005). The objective of the simulation study reported in this work is for this reason to compare the capacity and level-of-service
of different configurations of oncoming lane separation to the performance of the
existing road design. The depreciation of the costs for the lane separation is calculated to the year 2020. The traffic performance of the road design alternatives
should consequently be evaluated for traffic volumes of both today and 2020.
4.2.1 Existing road and proposed road design alternatives
The study site is located in level terrain. The road does not contain any sharp horizontal bends or significant vertical grades. The 8 km section contains three intersections with left-turn lanes and three intersections without left-turn lanes. The

59

speed limit of the road is 90 km/h except for 800 m after 2 km where the speed
limit is 70 km/h. The reason for this locally reduced speed limit is two intersections with considerable traffic volumes entering and leaving the main road.
Oncoming lane separations are commonly installed to allow formation of three
lanes on a 13 m wide carriageway with the number of lanes per direction alternating between one and two at regular intervals. Such three lane roads will be referred to as 2+1-roads. The lane separation can also be installed in the centre of
the carriageway if one lane per direction is desired. Road designs with oncoming
lane separation and one lane per direction will be referred to as 1+1-roads. This
study compares three lane separation configurations, two 2+1-roads, henceforth
referred to as alternatives L and S, and one 1+1-road, named alternative E. The
difference between alternative L and S is the number of two-lane sections per direction, alternative L has two two-lane sections per direction and alternative S has
three two-lane sections per direction. The length of the two-lane sections of alternative S is shorter than the length of the two-lane sections of alternative L since
the total length of the road is 8 km for all alternatives. All of the road design alternatives and the existing road have identical geometrical road alignments since all
alternatives are assumed to utilize the carriageway of the existing road. Intersections and speed limits are also identical for all alternatives and the existing road.
4.2.2 Traffic volumes
The reconstructed road with lane separation is expected to be used until 2020.
Three traffic volumes corresponding to the average hour 2004, the peak hours
2004 and the peak hours 2020 respectively was chosen for the simulation to reflect both average and yearly peak hour conditions for today and the years to
come until 2020. Peak hour conditions are expected during 30 hours per year. Furthermore, the volume of the peak hour in the year 2004 is approximately the same
as the daily weekday peak volume in the year 2020.
The Annual Average Daily Traffic (AADT) on the 8 km highway section was,
in 2004, estimated to 15 500 vehicles with a truck percentage of approximately
10 %. The traffic volume of the average hour is taken to be 6.3 % of AADT
equally distributed on both directions of the road for all vehicle types. This estimate is based on a study of the traffic variation on Swedish highways (Carlsson
and Björketun, 2005). The resulting traffic flows for the average hour are approximately 500 vehicles/hour per direction for both directions. The entry and exit
flows in the six intersections during the average hour vary between 110 and
10 vehicles/hour for different intersections and add up to approximately 300 vehicles/hour for all intersections. The peak hour flow for 2004 was in a similar fashion determined to 12.8 % of AADT for cars and 7.5 % of AADT for trucks with
55 % of the traffic in the eastbound direction. This resulted in a peak hour flow of
about 1000 vehicles/hour in the eastbound direction and 850 vehicles/hour in the
westbound direction. The entry and exit flows in peak hour conditions were estimated to approximately 350 vehicles/hour distributed among the six intersections
on the road.
An estimation of the peak hour traffic flow in 2020 was obtained using forecasts of the development of passenger car and freight traffic volumes in Sweden
(SIKA, 2000; SIKA, 2002). These forecasts predict an increase in car traffic by
30 % and an increase in freight traffic by 49 % from 2004 to 2020. An estimation
of the peak hour traffic flows for 2020 is consequently about 1400 vehicles/hour
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in the eastbound direction and 1100 vehicles/hour in the westbound direction.
These estimates are obtained by increasing the peak hour flow of 2004 with the
predicted percentages. The traffic entering and leaving the main road at the intersections in the peak hour 2020 is assumed to follow the same increase pattern as
the main road traffic, i.e. the entering and exiting volumes for the peak hour 2020
are obtained by increasing the volumes of the peak hour 2004 by the forecasted
percentages. A complete description of the traffic flows used for the simulations
can be found in Carlsson and Tapani (2005a).

4.3 Calibration and Validation of the RuTSim Model
This section presents the RuTSim models of the existing road and the road design
alternatives. RuTSim is calibrated and validated using speed measurements on the
existing road at the study site. This calibration and validation process is also described in this section.
4.3.1 Simulation models of the study site
The three alternative road designs, L, S and E and the existing road, henceforth
referred to as alternative 0, was modeled in RuTSim. Each of these four road designs is to be evaluated for all three traffic volumes, i.e. the average hour 2004,
the peak hour 2004 and the peak hour 2020. This implies a simulation experiment
with 12 distinct scenarios.
Two kilometer of the freeway connecting the highway was added to both ends
of the road in order to avoid boundary phenomena due to unstable traffic conditions at the boundaries of the simulated road. The total length of the RuTSim
models of the road design alternatives is therefore 12 km, 2 km freeway followed
by the 8km highway followed by 2 km freeway. RuTSim is not explicitly designed to model freeways, the freeway sections was therefore approximated by a
straight four-lane highway with separated oncoming lanes and two-lanes in each
direction. In addition, the traffic generation model of RuTSim was set to generate
traffic with time gaps between vehicles corresponding to freeway conditions, i.e.
exponentially distributed arrival times.
Data is only collected from the 8 km highway in the simulation experiment.
The freeway stretches are included to assure representative entry traffic conditions
for the beginning of the highway in both directions. A warm-up time of 15 minutes was used for all simulations, i.e. no data was collected for the first 15 minutes
of the simulations. All vehicles that contribute to the results have therefore experienced the right traffic conditions. The simulation run time was chosen in relation to the traffic volumes to make sure that data from at least 1000 vehicles was
collected in each simulation run. This value was chosen based on previous experience to reduce the variability of the results for simulations with different random
number seeds.
4.3.2 Calibration and validation results
Data from a speed measurement at a point on the highway in 2004 was utilized to
calibrate the RuTSim model. That is, outputs of the RuTSim model of the existing
road and the average traffic flow 2004 was compared to the speed measurement.
Table 1 summarizes the data used to calibrate the simulation model.
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Table 1: Point speeds measured in 2004

Vehicle type
Car
Truck
Truck with
trailer

Eastbound
Standard
Average speed
deviation
[km/h]
[km/h]

Westbound
Standard
Average speed
deviation
[km/h]
[km/h]

92
91

8.5
6.5

93
90

8.5
6.5

85

6.5

84

6.5

The average speed for trucks shown in Table 1 is higher than the average truck
speed on Swedish 13 m wide two-lane highways. The standard deviation of
speeds is also lower than normal for all vehicle types. These properties are likely
due to the surrounding freeway. Vehicles maintain speed and behavior from the
freeway to the two-lane highway. The desired speed distributions used to determine free speeds of the vehicles in the simulation was shifted towards higher
speeds for trucks to allow the simulation model to reproduce the measured truck
speeds. Moreover, the standard deviation of the desired speed distributions was
reduced for all vehicle types to reflect the low speed variance of the measurement.
The speed of vehicles temporary running on the wide shoulder of the road was
also increased to lower the speed variance of the simulated traffic. These adjustments were performed stepwise with a small adjustment followed by a re-run of
the simulation model. The agreement between the RuTSim model and the measurement were deemed satisfactory when the simulation model produced the prediction intervals for the point speed distribution shown in Table 2. All prediction
intervals have been constructed by assuming normally distributed output from
simulation runs with different random number seeds.
Table 2: Point speeds of the calibrated RuTSim model of alternative 0 and traffic
volume of the average hour 2004 (95 % prediction intervals)

Vehicle type
Car
Truck
Truck with
trailer

Eastbound
Standard
Average speed
deviation
[km/h]
[km/h]

Westbound
Standard
Average speed
deviation
[km/h]
[km/h]

92.5±0.7
89.2±1.9

9.5±0.4
8.5±1.7

93.3±0.6
90.2±1.4

8.8±0.6
8.2±1.1

83.5±2.4

6.9±2.3

85.5±1.0

6.4±1.1

The average speeds of the measurement displayed in Table 1 is within the 95 %
prediction intervals shown in Table 2 for all vehicle types. The standard deviation
of the point speeds is also within the prediction interval except for cars in the
eastbound direction and trucks in the westbound direction. These deviations were
both considered to be minor since the standard deviations of point speeds in the
opposite direction are inside the prediction interval and the same model parameters are used for both directions. A better agreement could possibly be obtained by
using different parameters for the traffic in the eastbound and westbound direction
respectively. This would however affect the model sensitivity and make it more
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difficult to draw reliable conclusions about the performance of the road for different traffic volumes and road design alternatives.
The calibrated RuTSim model was validated by comparing outputs of the
simulation model to two additional point speed and vehicle count measurements.
These measurements where performed during 2002 and the data available from
the measurements were traffic volume and average speed for cars and trucks aggregated to one value for both directions. This validation data is presented in
Table 3.
Table 3: Point speed and vehicle count measurements performed in 2002
Vehicle type
All vehicles
Car
Truck

Average speed [km/h]
Measurement
Measurement
point 1
point 2
91.1
91.9
87.0

89.3
89.8
85.2

Vehicles per hour
Measurement
Measurement
point 1
point 2
1156
1036
120

1120
1003
117

The calibrated RuTSim model produced prediction intervals for point speeds and
vehicle counts at the measurement points as shown in Table 4.
Table 4: Point speeds and vehicle counts of the calibrated RuTSim model of alternative 0 and traffic volume of the average hour 2004 (95 % prediction intervals)
Vehicle type
All vehicles
Car
Truck

Average speed [km/h]
Measurement
Measurement
point 1
point 2
92.3±0.6
92.8±0.7
87.2±2.3

91.1±0.6
91.6±0.7
85.8±2.0

Vehicles per hour
Measurement
Measurement
point 1
point 2
1036±10
945±12
91±4

1024±13
936±12
88±4

The calibration was done using the traffic volume of the average hour 2004. The
validation simulation runs was also performed using this traffic volume since sufficient traffic data for the conditions during the measurements 2002 was not available. As indicated by Table 3 and Table 4 a traffic volume greater than the traffic
volume of the average hour 2004 was recorded during the measurements in 2002.
One would consequently expect slightly higher speeds in the simulation than in
the measurement. This is also the case as shown in Table 3 and Table 4. Table 3
also shows that higher speeds were recorded at measurement point 1 than at
measurement point 2. This detail is reflected by the calibrated simulation model as
indicated in Table 4. Given this conformity of the calibrated simulation model and
the measurement, the RuTSim model was considered to produce valid outputs for
the existing road and the traffic conditions of the average hour 2004.

4.4 Analysis of Rural Road Design Alternatives
This section presents simulation results for the proposed road design alternatives
and the existing road design. Parameter values determined in the calibration process described above have been used in all simulation runs. The main results described below are journey speeds and platoon lengths. These level-of-service
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measures are the most important measures to take in to account in the context of
this work.

Journey speed (Cars) [km/h]

100

Journey speed (Trucks) [km/h]

4.4.1 Journey speeds
Figure 16 display journey speed distributions in the eastbound direction for cars
and trucks for all road design alternatives and the traffic volumes of the average
hour 2004, the peak hour 2004 and the peak hour 2020. Alternative 0 is the existing road design, alternatives L and S are the 2+1-roads and alternative E is the
1+1-design. The horizontal marker for each road design alternative is the average
journey speed. The symmetrical band around the average journey speed is included to indicate the variance in journey speed for each alternative. The length of
the band is one standard deviation in journey speed above and below the average.
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Figure 16: Journey speed distribution for cars and trucks in the eastbound direction for the average hour 2004, graphs a) and d), the peak hour 2004, graphs b)
and e), and the peak hour 2020, graphs c) and f)

As can be seen in Figure 16, alternative S results in journey speeds in the eastbound direction comparable to the journey speeds of alternative 0 for the traffic
volume of the average hour 2004. Alternative E result in 5 km/h lower average
journey speed than alternative 0 and alternative L gives about 2 km/h lower
speeds than the 0-alternative in the average hour 2004. Figure 16 also shows that
trucks are less affected by different road design than cars. This is likely due to the
fact that trucks travel slower and are more seldom constrained by vehicles in
front. The variance in journey speeds is largest for alternative 0 and smallest for
alternative E. Alternatives L and S have comparable speed variance. These differences in speed variance are caused by the separation of oncoming traffic lanes.
Alternative E does not allow any overtakings, the speed variance of alternative E
is consequently the smallest. The 0-alternative does not impose any overtaking
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restrictions apart from at the left-turn lane intersections. Alternative 0 has therefore the greatest speed variance. Alternatives L and S include two-lane sections
where overtakings are possible and show speed variances between alternative 0
and E. The journey speeds in the eastbound direction is reduced as traffic is increased from the average hour 2004 via the peak hour 2004 to the peak hour 2020.
The difference between the alternatives with separated oncoming traffic lanes is
also reduced with increasing traffic flow.
The difference in journey speed between the alternatives in the eastbound direction is established by Table 5 which shows 95 % confidence intervals for the
journey speed distribution for cars. The confidence intervals have been constructed by assuming normally distributed output from simulations with different
random number seeds.
Table 5: Journey speeds for cars in the eastbound direction (95 % confidence
intervals)

Alternative

0
E
L
S

Average hour 2004
Average Standard
speed
deviation
[km/h]
[km/h]

Peak hour 2004
Average Standard
speed
deviation
[km/h]
[km/h]

Peak hour 2020
Average Standard
speed
deviation
[km/h]
[km/h]

89.4±0.6
84.2±0.7
87.3±0.6
89.4±0.6

81.8±0.5
74.7±0.5
78.2±0.3
79.5±0.2

79.9±0.7
73.1±0.8
76.3±0.8
77.6±1.1

6.8±0.2
4.0±0.1
4.7±0.2
5.6±0.1

6.2±0.2
2.8±0.4
3.3±0.1
4.2±0.4

6.7±0.3
2.9±0.8
3.4±0.3
4.1±0.5

There is a significant difference in average journey speed for the average hour
2004 between all road design alternatives except between the existing road and
alternative S. All differences in speed variance for the average hour 2004 are also
significant. For the peak hour 2004 there are statistically significant differences
between the journey speed distributions of all road design alternatives. As noticed
above, alternative L and S result in comparable average journey speeds in the
peak hour 2020, the other differences in average journey speed in the peak hour
2020 are however statistically significant.
Figure 17 contain journey speed distributions for all road design alternatives in
the westbound direction. The horizontal marker and the vertical band are in similar fashion as in Figure 16 used to indicate the average journey speed and the
speed variance respectively.
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Figure 17: Journey speed distribution for cars and trucks in the westbound direction for the average hour 2004, graphs a) and d), the peak hour 2004, graphs b)
and e), and the peak hour 2020 graphs c) and f)

Alternative S results in slightly lower average journey speed than alternative 0 for
the average hour 2004. Alternative E results in the lowest journey speeds and
speed variance. Trucks are as in the eastbound direction less affected by road design alternative than cars. The westbound journey speeds in the peak hour 2004
are also similar to the speeds of the eastbound direction. The largest difference is
as one would expect between alternative E and 0. The results for the westbound
direction in the peak hour 2020 are somewhat unreliable. As indicated in Figure
17, the journey speed increases as traffic flow increases from the peak hour 2004
to 2020. This phenomenon is due to problems for vehicles, left-turning vehicles in
particular, entering the road at the intersections located along the highway. These
vehicles cannot find a sufficient gap in the main road traffic. Too few vehicles in
the simulation will therefore enter the road and the disturbance on the main road
traffic will be too low. The simulated speed on the main road is consequently a bit
too high.
Table 6 contains 95 % confidence intervals for the journey speed distribution
for cars. All differences in journey speed between the road designs in the westbound direction are found to be statistically significant.
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Table 6: Journey speeds for cars in the westbound direction (95 % confidence
intervals)

Alternative

Average hour 2004
Average Standard
speed
deviation
[km/h]
[km/h]

Peak hour 2004
Average Standard
speed
deviation
[km/h]
[km/h]

Peak hour 2020
Average Standard
speed
deviation
[km/h]
[km/h]

0
E
L
S

89.6±0.3
83.6±0.4
87.0±0.3
88.2±0.4

81.6±0.7
74.4±0.6
77.8±0.5
79.0±0.7

83.3±0.3
76.3±0.6
79.6±0.4
81.3±0.5

6.8±0.1
3.8±0.2
4.5±0.1
5.0±0.1

6.2±0.3
1.9±0.3
2.6±0.1
3.2±0.3

6.5±0.2
2.6±0.3
3.5±0.1
3.9±0.2

Travel times in the peak hour and in the average hour 2004 have been calculated
from the journey speeds displayed in Table 5 and Table 6. The difference in travel
time between the peak hour and the average hour is a measure of the delay in the
peak hour compared to the average hour.
The travel time on the existing road is 30 s longer in the peak hour than in average hour conditions. Alternative E results in the largest delay in the peak hour,
44 and 45 s in the east and westbound direction respectively. The 2+1 alternatives,
L and S, result in delays of between 38 and 40 s.
4.4.2 Platoon lengths
Platoon lengths at the end of the highway in both directions have been recorded to
further illustrate level-of-service differences among the road design alternatives.
Figure 18 contain the results for both directions for the considered traffic volumes. In similar fashion as for journey speeds, the horizontal marker is the average platoon length and the vertical band indicate the platoon length variance. The
stars are the lengths of the longest observed platoons. A free vehicle is recorded as
a platoon of length one. The minimum platoon length in the graphs is therefore
one.
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Figure 18: Platoon lengths at the end of the highway in the eastbound direction
for the average hour 2004, the peak hour 2004 and the peak hour 2020, graphs
a), b) and c) respectively, and in the westbound direction, graphs d), e) and f)

The relatively short average platoon lengths in the average hour 2004 are due to
the low speed variance of the traffic on the highway. The existing road has the
shortest average platoon length and the lowest platoon length variance. All alternatives with oncoming lane separation are similar since they are all ended with a
one-lane section in both directions. The average and maximum platoon lengths are
both increasing with increasing traffic flow. The situation in the westbound direction for the peak hour 2020 is very similar to the situation of the peak hour 2004.
This is probably due to the problem with entering vehicles in this large traffic
flow as discussed in connection with journey speeds above. Too few vehicles enter the road and the resulting platoon lengths become too short.

4.5 Conclusions
A simulation study of different rural road design alternatives with separated oncoming lanes has been presented. The presentation also illustrates how the RuTSim model can be applied in capacity and level-of-service studies of rural
highways. The simulation model is first calibrated and validated for the existing
road on the study site to assure that the simulation model produces representative
results. Simulation runs of the proposed road design alternatives are then performed before the resulting level-of-service measures can be studied.
This study has compared two 2+1-roads and one 1+1-road to the traffic performance of the existing road. The results show that none of the designs with oncoming lane separation result in as good level-of-service as the existing undivided
highway. The oncoming lane separation is however installed primarily for safety
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reasons and the level-of-services of the 2+1-alternatives are nevertheless acceptable. The 1+1-alternative results in the lowest speed variance and is from this perspective the alternative that results in the highest safety. The 1+1-alternative does
also result in the slowest journey speeds and the longest platoons. The difference
between the 1+1-alternative and the 2+1-alternatves is however not exceptionally
large. For example, the average journey speed for cars are only about 3 km/h
lower for the 1+1-alternative than for 2+1-alternative L. In summary, acceptable
level-of-service put together with superior safety properties and low construction
costs makes oncoming lane separation a competitive road design alternative for
roads carrying medium traffic volumes, i.e. roads with AADT between 10 000
and 18 000 vehicles.
The reconstruction of the studied road has started in the fall of 2005. The Regional Road Administration has chosen a design with oncoming lane separation
that is similar to alternative S. This will result in journey speeds of about 80 km/h
for cars in both directions in the peak hours 2004 and during the daily weekday
peaks in 2020. The Swedish design standards (SRA, 2004) that prescribe that the
journey speed shall not be less than 10 km/h below the speed limit in the last year
of the projected life of the highway will therefore be fulfilled.
A need to improve the RuTSim model’s ability to handle large traffic volumes
has been identified. As discussed above, there are difficulties for vehicles entering
the road at intersections when the flow on the main road is large. Hence, there is a
need to improve the RuTSim model’s gap-acceptance algorithm for vehicles in
intersections. In addition, the models controlling vehicle behavior in connection
with lane drops on 2+1-road may need to be refined to allow a better description
of vehicle interactions when the flow is large.
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5. Evaluation of Safety Effects of Driver Assistance
Systems through Traffic Simulation
This chapter explores the possibilities of simulation based road safety assessments
of Advanced Driver Assistance Systems (ADAS). Requirements on a simulation
model for this purpose are discussed and the RuTSim framework is used in a
computational study of some important modeling aspects.

5.1 Introduction
Road safety is a major concern in most countries and continuous efforts are made
in the design, implementation and evaluation of safety improving countermeasures. Traditionally, the main approach to improve road safety has been via passive countermeasures that are designed to reduce the consequences of accidents,
e.g. seat belt laws, deformable road side equipment and improved vehicle crashworthiness. Today, the attention is turning towards active safety measures that are
not only developed to reduce the consequences of accidents but also to reduce the
number of driver errors and thereby the number of accidents. One important type
of active safety measure is Advanced Driver Assistance Systems (ADAS). Examples of ADAS include Intelligent Speed Adaptation (ISA), Adaptive Cruise Control (ACC) and Collision Avoidance Systems (CAS). In many countries, most
fatal road traffic accidents occur on rural highways. Improved safety on rural
highways is therefore of great importance. In addition, the road mileage is in most
countries dominated by rural roads. Any large scale implementation of passive
infrastructure based safety improving countermeasures for rural roads is as a consequence very expensive. ADAS on the other hand, offers a cost-effective way of
increasing safety on the vast rural road mileage.
To assure real road safety improvements an a priori estimation of the expected
impact of the proposed safety countermeasure is necessary regardless of the type
of safety countermeasure. This impact assessment should start from an individual
driver perspective since ADAS give support to individual drivers. The relationship between changes in individual driver behavior and the impact on the traffic
system must also be established in order to obtain an estimation of the overall
safety impact of the ADAS. As this estimation of traffic system effects should be
performed prior to large scale implementation of the ADAS, modeling of the traffic system becomes necessary.
Traffic micro-simulation models have proven to be useful tools in the study of
various traffic systems. Although the most common application of traffic microsimulation is level-of-service studies of different road design and traffic control
strategies, previous research has also indicated that traffic simulation can be of
use in road safety assessments (Minderhoud and Bovy, 2001; Barceló et al., 2003;
Gettman and Head 2003; Archer, 2005). Since traffic micro-simulation models
consider individual vehicles in the traffic stream, it is possible to extend the models to include ADAS-equipped vehicles. Simulation of traffic including ADASequipped vehicles have been performed by several authors including Minderhoud
and Bovy (2001), Liu and Tate (2004) and Hoogendoorn (2005). In these works,
the system functionality of certain ADAS, e.g. the ACC control function or the
ISA speed limiting algorithm, has been modeled in detail. Changes in driver behavior due to the ADAS are on the contrary usually not considered. Behavioral
studies of driver’s in ADAS-equipped vehicles have however shown that drivers
will change or adapt their behavior when supported by ADAS (Saad et al., 2004).
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The aim of this chapter is to describe necessary features of a traffic simulation
model to be used for ADAS safety evaluation and to propose a car-following
model that allow inclusion of both ADAS system functionalities and driver behavior for ADAS-equipped vehicles. Support of the longitudinal control part of the
driving task has been identified as the ADAS area with the largest expected safety
benefit (Ehmanns and Spannheimer, 2004). This part of the driving task is in a
micro-simulation model controlled by a car-following model. The focus of the
chapter is therefore the requirements imposed on the car-following modeling. The
proposed car-following model has been implemented in the RuTSim model. The
extended RuTSim model may then be used to assess the safety impact of ADAS
in rural road environments.

5.2 Advanced Driver Assistance Systems and Safety Related Traffic Measures
Simulation of ADAS-equipped vehicles and safety evaluation of ADAS place
specific requirements on the simulation model. These requirements are dependent
on the characteristics of the ADAS to be simulated. ADAS characteristics include
both the ADAS functionalities and changes in driver behavior in ADAS-equipped
vehicles. The level-of-service indicators normally derived from traffic simulation
models are blunt tools for road safety assessments of ADAS. A traffic simulation
model that traces individual vehicles in the traffic stream does however offer possibilities to derive other traffic measures more suitable for safety evaluations.
5.2.1 Advanced driver assistance systems
ADAS can be divided in to sub-categories depending on which part of the driving
task the ADAS is supporting. One categorization that can be made is the following (Flodas et al., 2005):
• Lateral control: Lateral control ADAS include lane keeping aids and lane
change collision avoidance systems. These systems improve road safety by
prevention of unintentional lane departures or lane changes. Changes in driver
behavior that needs to be investigated are for example changes in lane changing or overtaking behavior.
• Longitudinal control: Longitudinal control ADAS include Intelligent Speed
Adaptation (ISA), Adaptive Cruise Control (ACC) and Collision Avoidance
Systems (CAS). ISA systems are designed to control vehicle speeds. Vehicles
are commonly guided towards keeping the speed limit. ACC systems support
the distance keeping parts of the driving task. CAS are aimed at preventing
collisions with surrounding objects in different situations. Observed changes
in driver behavior due to longitudinal control ADAS include changes in desired speeds, following distances and reaction times (Saad et al., 2004).
• Parking/reversing aids: Parking and reversing aids are systems that detect
obstacles in low speed situations. These ADAS will not have any impact on
road safety and are therefore not of interest within the context of this paper.
• Vision enhancement: Vision enhancement systems support drivers in situations with reduced visibility. Possible changes in driver behavior for these
systems are the same as the changes observed for longitudinal control ADAS.
• Driver monitoring: Driver monitoring systems are focused on the driver’s
physiological status. These systems are not aimed at assisting the driver in
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any part of the driving task but rather to give information in situations when
the driving task cannot be adequately performed by the driver.
• Pre-crash systems: Pre-crash systems are systems that pre-activate the vehicle’s safety systems, e.g. seat-belts and air-bags, when an accident is unavoidable. The driver has no possibility to interfere with the system and
behavioral changes are unlikely since the system kicks in when an accident is
unavoidable.
• Road surface/low-friction warning: Road surface or low-friction warning
systems give warnings to the driver in case of poor road conditions. The
warning system may also be connected to an ISA system and guide the driver
towards an appropriate speed given the current road condition. Possible
changes in driver behavior relevant for these systems are the same as the behavioral changes described for longitudinal control ADAS.
Today, the commercially available ADAS include mainly longitudinal control
ADAS and parking aids. Lateral control ADAS are considered to be close to the
market while other ADAS are still under early research and development (Flodas
et al., 2005).
Traffic simulation will be of use for evaluation of ADAS that have an impact
on the behavior of individual vehicles and therefore also on the traffic system as a
whole. All of the ADAS listed above except parking aids and pre-crash systems
are likely to have such an impact on vehicle behavior. A traffic simulation model
to be used for ADAS evaluation should take in to account both the system functionality of the ADAS and the behavior of drivers in ADAS-equipped vehicles.
The ADASE II project has identified longitudinal control ADAS as the ADAS
category with the largest expected safety benefit (Ehmanns and Spannheimer,
2004). The work in this thesis is for this reason focused on requirements imposed
on the traffic simulation model by longitudinal control ADAS.
5.2.2 Safety related traffic measures
Several authors have derived traffic measures for road safety assessments from
micro-simulation models. Gettman and Head (2003) studies such measures suitable for assessments of intersection safety. Barceló et al. (2003) derive an “unsafety density” measure and use it in simulations of freeway ramps. This safety
measure is based on leader-follower vehicle pairs and assumptions of the follower’s reaction time and the leader’s deceleration capabilities. Safety measures
for road sections based on time-to-collision trajectories of leader-follower vehicle
pairs are derived by Minderhoud and Bovy (2001).
In the context of this work, a suitable safety measure should be applicable to
road sections since longitudinal control ADAS are not limited to specific locations
such as intersections. In addition, the safety measure should not be based on assumptions on vehicle/driver behavior since ADAS will have an impact on vehicle/driver behavior and therefore also on safety indicators based on behavioral
assumptions. The safety indicators derived by Minderhoud and Bovy (2001) are
for these reasons appropriate for assessments of longitudinal control ADAS. Other
measures based on, for example, utilized deceleration rates could also be suitable
for this task.
The safety measures derived by Minderhoud and Bovy (2001) are based on the
notion of time-to-collision, TTC . TTC is defined as the time left to a collision
with the vehicle in front if the speed difference between the vehicle and its leader
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is maintained. Minderhoud and Bovy (2001) records TTC with respect to the vehicle in front for each vehicle in every simulation time step. TTC trajectories for
individual vehicles traveling on a road section are then computed from these recordings. Safety related traffic measures can be derived from the TTC trajectories
by defining a TTC threshold, TTC * , that separates safety critical situations from
situations in which the driver remains in control. One measure of the total time
spent in safety critical situations is Time Exposed TTC , which is defined as
N

T

TET = ∑∑ δ i ( t ) ⋅τ ,

(5.1)

i =1 t = 0

where
1,

δi (t ) = 

0 ≤ TTCi ( t ) ≤ TTC * ,

0, otherwise,

and TTCi ( t ) is the TTC of vehicle i in time step t . The simulation time step is

denoted τ , N denotes the total number of vehicles and T is the simulation horizon.
The severity of the critical situations can be measured by Time Integrated TTC
defined, using the same notation as in equation (5.1), as
N T

TIT = ∑ ∫ (TTC * − TTCi (t )) ⋅ δ i ( t )dt.

(5.2)

i =1 0

The TTC based safety indicators, TET and TIT , are illustrated in Figure 19. In
Figure 19, the TTC trajectory for vehicle i is shown for three closing in situations
with finite TTC . Two of these situations become safety critical as TTC values
below TTC * have been recorded. The TET indicator for vehicle i is the sum of
the time traveled with sub-critical time to collision and the TIT indicator is the
sum of the shaded areas.
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Figure 19 Time-to-collision trajectory and corresponding time-to-collision based
safety measures

5.3 A Car-Following Model for Evaluation of ADAS
The longitudinal control part of the driving task is in a traffic simulation model
described by a car-following model. Simulation of longitudinal control ADAS
does consequently impose requirements on the car-following modeling. In this
section we first discuss these requirements and then propose a car-following
model for simulation of ADAS-equipped vehicles.
5.3.1 Model requirements
An ADAS has an impact on traffic through its system functionality and through
changes in driver behavior due to the ADAS. A car-following model to be used in
simulations of traffic including ADAS-equipped vehicles should therefore incorporate both of these aspects.
The system functionalities of longitudinal control ADAS include for example
the ACC distance controller or the ISA speed limiting algorithm. These systems
may accelerate or decelerate equipped vehicles using system specific acceleration
rates. There may also be a certain delay in the reactions of the system. In addition,
some systems only support the driver under certain traffic situations, e.g. standard
ACC system only work at speeds above a certain threshold corresponding to free
flow traffic conditions. All of these aspects should be taken into account in a carfollowing model for ADAS evaluation.
It has been observed that drivers in vehicles equipped with longitudinal control
ADAS change reaction times, following distances and speeds. The car-following
model should therefore include parameters that control these driver properties.
Other issues that deserve modeling attention are driver reactions at the boundaries
of the functional area of the ADAS. For example, driver reactions when the
ADAS takes over parts of the driving task and reaction delays when parts of the
driving task are given back to the driver.
To include the behavior found among real drivers with and without the support
of ADAS, the simulation model must also reflect differences between drivers as
well as the inconsistency of one driver’s actions in different situations.
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5.3.2 A model to be used in simulation of ADAS-equipped vehicles
We propose a car-following model with a flexible acceleration function, explicit
reaction time modeling and a desired following distance in order to meet the requirements presented above. A flexible acceleration function is used to allow
modeling of the acceleration of both unassisted drivers and ADAS-equipped vehicles. Explicit reaction times are needed to model ADAS that have an impact on
vehicle reaction times either as part of the system functionality or through changes
in driver behavior. The proposed car-following model does also include a controllable desired following distance as changes in following distances have been observed for drivers in ADAS-equipped vehicles.
The car-following model specifies the acceleration rate for a constrained vehicle as a function of the distance to the vehicle in front. The headway thresholds
used in this process are analogous to the headway thresholds in the acceleration
model of RuTSim, see section 3.4.1. If the space headway to a vehicle in front is
longer than the threshold To , the vehicle is considered to be free driving and a free
vehicle acceleration model should be used to determine the acceleration rate of the
vehicle. The headway threshold is defined as:

To = Td +

( vn − vn−1 )
2ao

2

,

(5.3)

where vn is the speed of the considered vehicle, vn −1 is the speed of the vehicle in
front and ao is a parameter. Finally, Td is the desired following time headway
given by
Td = Tn +

ln −1
.
vn −1

(5.4)

If the headway to the vehicle in front is shorter than the distance given by equation (5.3) the vehicle is considered to be constrained by the vehicle in front and its
acceleration rate is determined by the car-following model. If the headway to the
vehicle in front is shorter than another threshold, Te , the vehicle is determined to
be in an emergency deceleration state. In the emergency deceleration state a deceleration rate is used that is sufficient to prevent collision with the vehicle in
front.
The basic form of the acceleration function used when the headway to the vehicle in front is between To and Te is an asymmetric GHR-function, see section
2.2.3. If the headway to the vehicle in front is shorter than the desired headway
given by equation (5.4) the vehicle should decelerate in order to extend the distance to the vehicle in front. In such situations, a deceleration rate that is always
larger than or equal to the engine deceleration rate is used to extend the distance to
the vehicle in front. In summary, the acceleration rate specified by the carfollowing model is given by the following expression:
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( vn−1 − vn ) , d engine  , T ≤ T < T
min  α vnβ
n
e
d
γ



( xn−1 − xn − ln−1 )


an (t + τ n ) = 
( vn−1 − vn ) ,
 β
Td ≤ T ≤ To ,
γ
α vn
( xn−1 − xn − ln−1 )


(5.5)

where T is the current headway to the vehicle in front, xn is the position of the
considered vehicle, xn −1 is the position of the vehicle in front, ln −1 is the length of
the vehicle in front, d nengine is the engine deceleration rate and α , β and γ are
model parameters. Different parameter values are used for acceleration and deceleration situations, i.e. acceleration parameters are used if sgn ( vn −1 − vn ) ≥ 0 and

deceleration parameters are used otherwise.
If the acceleration rate given by equation (5.5) is larger than the acceleration
rate prescribed by the free vehicle acceleration model used in the simulation it is
not desirable for the follower to adopt the car-following acceleration rate. In such
cases the acceleration rate specified by the free vehicle acceleration model is applied even though the headway to the vehicle in front is shorter than the threshold
given by equation (5.3). Moreover, if the vehicle is moving faster than its desired
speed it is not desirable to accelerate although equation (5.5) prescribes a positive
acceleration rate. The free vehicle acceleration model is therefore used to decelerate vehicles in such situations.
In simulations including ADAS-equipped vehicles the parameters of equation
(5.5) should be set to reflect the acceleration behavior of the modeled ADAS. Distributions of desired following time gaps and reaction times for vehicles equipped
with specific ADAS should also be utilized. It may also be appropriate to use different driver/vehicle behavior for different traffic situations, e.g. based on vehicle
speeds. These behavioral driver/vehicle data can be obtained from the system
specifications of the ADAS to be simulated together with driving simulator or
instrumented vehicle studies of drivers in ADAS-equipped vehicles.

5.4 Computational Results
The car-following model described in the previous section has been included in
RuTSim. The standard car-following model of RuTSim is replaced by the proposed car-following model for ADAS evaluation.
Simulation runs with varying driver reaction times and desired following distances have then been performed using the extended RuTSim model to study the
importance of changes in driver behavior when simulating traffic including
ADAS-equipped vehicles for safety evaluation purposes. The aim of the simulation study is to investigate the potential to use traffic simulation for ADAS safety
evaluation and to study necessary features of a traffic simulation model to be used
for this task. The safety impacts of different reaction times and following distances has been studied through the extended time-to-collision safety measures
presented above in equations (5.1) and (5.2), i.e. TET and TIT . The TET and
TIT measures where chosen due to their ability to indicate road safety on a stretch
of road. Other measures based on, for example, maximum deceleration rate could
also have been appropriate for this task. Values of the car-following model pa-
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rameters α , β and γ in equation (5.5) published by Yang (1997) were used in all
simulations.
In order to permit simulation of traffic including vehicles with different behavior, the traffic generation process of RuTSim has been modified to allow individual vehicle reaction times and desired following time gaps. For each vehicle type,
i.e. cars and different types of trucks, the model allows specification of distinct
categories with different reaction time and desired following time gap distributions. Vehicles are then generated according to these specifications. In a future
simulation of traffic including vehicles equipped with different types of ADAS,
different vehicle categories can be used to represent the impact of the ADAS.
5.4.1 Implementation
Driver reaction times are explicitly accounted for in the implementation. In a
given time step the model computes and stores the acceleration rate given by the
car-following model and the acceleration rate stored one reaction time earlier is
assigned to the vehicle under consideration. This procedure is used for all situations in which reaction times should be applied. When a following vehicle attains
the speed of the vehicle in front and the distance to the leader is longer than the
distance corresponding to the following vehicle’s desired following time gap, acceleration rate zero is assigned to the following vehicle. The next reaction of the
following vehicle is analogously delayed one reaction time, i.e. the acceleration
rates given by the car-following model is stored and acceleration rate zero is used
until one reaction time has passed. The following vehicle is allowed to react immediately in emergency deceleration situations to avoid collisions between vehicles. In such situations, reaction time is not applied until the distance to the leader
is longer than the desired following distance.
5.4.2 Simulation runs
The 8 km long two-lane rural road studied in the previous chapter has been modeled in the extended RuTSim model. Traffic volumes of the average hour 2004
were used for all simulation runs. The traffic flow contained cars and three types
of trucks with and without trailer. The truck percentage of the traffic was approximately 15 %. The critical time-to-collision threshold used for calculation of
the TET and TIT indicators has been set to 3 seconds in all simulations. This
value was chosen based on literature, see e.g. (Minderhoud and Bovy, 2001;
Archer, 2005), to distinguish safety critical situations from situations in which the
driver remained in control.
Simulation runs with varying reaction times for cars was performed to isolate
the impact of different reaction times on the safety indicators. Different reaction
times can be thought of as corresponding to different types of ADAS. The reaction times of trucks were held constant at one second. This value was chosen to
correspond to the reaction times of drivers without assistance of any ADAS. As a
consequence, an indication of the impact of ADAS on surrounding unequipped
vehicles is given by the relationship between the safety indicators for trucks and
the reaction time of cars.
Figure 20 contains the resulting relationships between reaction time and the
safety indicators. The TET indicator shown in the left-hand side of Figure 20 has
been normalized by average journey time, T j , for the corresponding vehicle type.
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The TET indicator shown in the graph is therefore the percentage of the journey
time traveled with sub-critical time-to-collision to the vehicle in front. In similar
fashion, the TIT indicator displayed in the right-hand side of Figure 20 has been
normalized by the average journey time times the critical time to collision threshold, T j ⋅ TTC * . As a consequence, the TIT indicator shown in Figure 20 is a percentage of the maximum attainable TIT . The error-bars shown in the graphs
indicate 90 %-confidence intervals for the measures derived from the simulation.
These confidence intervals have been constructed by assuming normally distributed output from simulations with different random number seeds. The difference
in confidence interval width between vehicle types is due to the smaller proportion of trucks in the traffic stream. As a consequence fewer trucks have been observed and the resulting confidence intervals become wider.
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Figure 20 TET for cars and trucks as a function of the reaction time of cars (left)
and TIT for cars and trucks as a function of the reaction time of cars (right)

The left-hand side of Figure 20 indicates a linear relationship between TET and
reaction time for cars. The time traveled with a sub-critical time-to-collision is
proportional to the reaction time. Hence, shorter reaction times will increase
safety and ADAS that shorten reaction times may therefore improve road safety.
Trucks do not appear to be influenced by changes in the reaction time of cars except for small reaction times. This indicates that an ADAS that reduces driver
reaction time will have restricted impact on surrounding unequipped vehicles.
However, ADAS that result in very short reaction times may also have an impact
on the safety of surrounding unequipped vehicles. One reason for this effect can
be that if ADAS-equipped vehicles react very fast to situations ahead there is
more time for unequipped vehicles traveling behind to react before the critical
situation is reached.
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The right-hand side of Figure 20 shows similar relationships between TIT and
reaction time. Consequently, as TIT can be viewed as a measure of the severity of
the critical situations, the longer reaction times the more severe critical situations.
The severity of the critical situations for trucks is not influenced by changes in the
reaction time of cars except for short reaction times. There is a tendency that the
TIT indicator for trucks decreases with decreasing car reaction time for short reaction times. This indicates, as discussed above, that ADAS that result in short reaction times may improve safety not only for the equipped vehicles but also for
surrounding unequipped vehicles. The relationship between TIT and reaction
time together with the evident relationship between reaction time and TET shown
in left-hand side of Figure 20 indicates the importance of explicit reaction time
modeling in a traffic simulation model to be used for ADAS safety evaluation.
Simulation runs with varying desired following time gaps for cars has also
been performed to study the impact of this behavioral parameter. As in the experiment with varying reaction times presented above, different desired following
time gaps can also be thought of as corresponding to different ADAS. Default
desired following time gap distributions was used for trucks to allow interpretation of the safety indicator for trucks as an indicator of the impact on surrounding
unequipped vehicles.
Figure 21 contains the resulting relationships between desired following time
gap for cars and the safety indicators. The TET and TIT indicators shown in the
right- and left-hand sides of Figure 21 respectively have been normalized in the
same way as the indicators shown in Figure 20. The confidence intervals expressed by the error-bars in Figure 21 have also been constructed in the same way
as the confidence intervals shown in Figure 20.
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Figure 21 TET for cars and trucks as a function of the desired following time gap
of cars (left) and TIT for cars and trucks as a function of the desired following
time gap of cars (right)

The TET indicator increases exponentially with decreasing desired following distance. This indicates the importance of desired following time gap as a determining factor for the time traveled with sub-critical time-to-collision. As a
consequence, ADAS that result in decreased following distances may also result
in safety reductions if the decrease in following distance is not combined with, for
example, a shortening of the reaction time. The TET indicator for trucks does not
appear to be influenced by reduced desired following time gaps of cars except for
short desired following time gaps. The graph indicates that the TET for trucks
may increase as the desired following time gaps of cars decrease for short desired
following time gaps. For this reason, ADAS that result very short following distances may also reduce safety for surrounding unequipped vehicles. This effect
may be due to the fact that if an ADAS-equipped vehicle travels closer to its
leader then the vehicle behind the equipped vehicle is also likely to be closer to
the vehicle in front of the equipped vehicle. The vehicle behind the ADASequipped vehicle will therefore also have shorter time to react to any critical situation that may occur. As a consequence, care should be taken when designing
ADAS that result in shortened following distances. It becomes very important to
assess the effects on the traffic system as a whole in such situations.
The relationship between TIT and desired following time gap is shown in the
right-hand side of Figure 21. The graph indicates that the severity of the critical
situations increase exponentially with decreasing desired following time gaps.
Trucks are not to any large extent influenced by decreased desired following time
gaps of cars. As in the previously presented graphs there is an indication that
trucks may be affected by short desired following time gaps of cars. As both
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Average journey speed [m/s]

TET and TIT for cars increase exponentially with decreasing desired following
time gaps, one may conclude that controllable desired following time gaps is an
important feature of a traffic simulation model to be used for ADAS safety
evaluation.
We have also studied average journey speed for cars as a function of reaction
time and desired following time gap to compare the sensitivity of the TIT and
TET indicators to the sensitivity of standard level-of-service measures derived
from traffic simulation models. Figure 22 contains these relationships between
journey speed and driver behavior expressed as reaction time and desired following time gap. The confidence intervals shown in Figure 22 have been constructed
in the same way as the confidence intervals in the two previous figures.
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Figure 22 Average journey speed for cars as a function of the reaction time of
cars (left) and the desired following time gap of cars (right)

As can be seen in the left-hand side of Figure 22, there is no clear relationship
between reaction time and average journey speed. Therefore, it is not possible to
draw conclusions on road safety due to changes in reaction time based on average
journey speed. In addition, ADAS that only affect reaction times will not have any
major consequences for the journey speed. The right-hand side of Figure 22
shows a tendency that increased desired following time gaps result in decreased
journey speed. As a consequence, one may conclude that ADAS that have an impact on following distances will result in some changes in average journey speeds.
However, the weak relationship indicates that average journey speed will be a
blunt tool for safety assessments of ADAS that affect the desired following distance.
In summary, the results of the simulation runs indicate clear relationships between both reaction time and desired following time gap and the derived safety
indicators. These findings indicate that traffic simulation will be of use in assess82

ments of the safety effects of ADAS that have an impact on driver behavior and
the traffic flow properties.

5.5 Conclusions
Necessary features of a traffic simulation model to be used for safety evaluations
of ADAS have been described. ADAS have an impact on traffic through the actual system functionalities and through changes in driver behavior due to the
ADAS. A traffic simulation model to be used for simulation of traffic including
ADAS-equipped vehicles should therefore include both of these aspects. Changes
in reaction times, following distances and speeds have been observed for drivers
in vehicles equipped with longitudinal control ADAS. The car-following model
used for simulation of longitudinal control ADAS should consequently allow
modeling of these behavioral changes.
A car-following model including a flexible acceleration function, explicit reaction time and a desired following distance has been proposed for use in simulations of traffic including ADAS-equipped vehicles. Simulation runs with the
proposed car-following model have been performed to study the impact of different driver/vehicle behavior on safety related traffic measures derived from the
simulation. The results show that driver/vehicle behavior has a substantial impact
on the derived safety measures. Modeling of driver/vehicle behavior is therefore
essential for reliable safety evaluations of ADAS.
The simulation runs presented in this work give inspiration for other tests. For
example, it will be of interest to study different ADAS penetration levels by introducing additional vehicle categories with different driver behavior. Another finding that demands further analysis is the observed changes in the safety indicators
for other vehicle categories, i.e. trucks in figures above, for short reaction times
and following time gaps of cars. This may indicate that ADAS that shorten reaction times sufficiently also provides safety benefits for surrounding unequipped
vehicles. Analogously, ADAS that result in shorter desired following time gaps
may also reduce safety for unequipped vehicles if not combined with a counteractive system that, for example, reduce driver reaction times. The effect of many
ADAS is likely to increase with increasing traffic volumes as increasing traffic
volumes also imply increasing interactions between vehicles. A study of the safety
implications of ADAS under different traffic conditions would therefore be of
interest. As reaction times and following distances are shown to have substantial
impacts on the safety indicators it would also be interesting to study the impact of
different values on the car-following model parameters. Modeling and simulation
of specific ADAS is also subjects for future research. This work includes incorporation of system functionalities and observed driver behavior in the simulation
model. The work described in this paper has focused on longitudinal control
ADAS and requirements imposed on the car-following model. On two-lane rural
roads without separation of oncoming lanes, there is also a potential to improve
safety with ADAS that support overtakings carried through in the oncoming lane.
The extended RuTSim model will be used to simulate traffic including such overtaking aids to assess this potential.

83

6. Concluding Remarks and Future Research
A traffic simulation framework for rural road environments has been developed.
The developed model, RuTSim, draws upon the modeling logic originally developed for VTISim (Brodin and Carlsson, 1986). VTISim is a proven model for
simulation of uninterrupted traffic on two-lane rural roads. RuTSim extends the
area of application for rural road traffic simulation and it handles both undivided
two-lane highways and highways with separated oncoming lanes. Impacts of unsignalized intersections and roundabouts are also accounted for. The model has
been implemented in a modular way to allow extension and/or modification of the
model for future areas of application. Possible future areas of application besides
level-of-service studies include assessments of the environmental impact of traffic
and simulation based road safety evaluations.
The RuTSim framework has been applied in a study of four rural road design
alternatives. This simulation study illustrates how the RuTSim model can be applied in level-of-service studies. Within the simulation study, the model is calibrated and validated for an existing two-lane highway in the southern part of
Sweden. A good general agreement between the simulation results and the field
data is established. Some difficulties are identified in connection with simulation
scenarios including large traffic volumes. There is a need to improve the gap acceptance logic and the lane drop merging algorithms used in heavy traffic conditions. The RuTSim model is also currently calibrated and validated for additional
Swedish rural highways with as well as without separated oncoming lanes.
The use of traffic simulation for studies of the road safety impact of Advanced
Driver Assistance Systems (ADAS) is investigated in the last part of this work.
Necessary features of a simulation model to be used for ADAS evaluation are
identified and a car-following model suitable for simulation of traffic including
vehicles equipped with longitudinal control ADAS is proposed. The proposed carfollowing model has been implemented in the RuTSim framework to study the
importance of some important model properties. The result of this study is that it
is important to consider the ADAS system functionality as well as the driver behavior in ADAS-equipped vehicles. Safety related traffic measures should also be
derived from the simulation output. The extended RuTSim model will be a useful
tool for future studies of the effects of ADAS in rural environments.
Subjects for future research include developments of improved models for
simulation of large traffic volumes. This includes improvement of the gapacceptance logic for vehicles entering the road at intersections and enhancement
of the lane drop merging algorithm. There is also a possibility to improve the
model by introducing stochastic elements in the car-following model to account
for imperfect reactions of the following vehicle.
One of the most interesting subjects for future research is however further work
on traffic simulation for road safety evaluations in general and evaluations of the
effects of ITS and ADAS in particular. The next steps on the path outlined by this
work are studies of the effect of different ADAS penetration levels and the impact
of ADAS under different traffic conditions. The overall safety effect of ADAS is
likely largely dependent on the penetration level. It is for this reason interesting to
investigate the relationship between road safety and the ADAS penetration in the
traffic system. The work in this thesis has also indicated that vehicles may be influenced by surrounding ADAS-equipped vehicles. This effect may be important
for the overall benefit of an ADAS and should consequently be investigated prior
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to the introduction of the ADAS in the traffic system. The effect of ADAS is also
likely to increase with increasing traffic volumes since this, in general, will imply
an increased number of critical situations. A study of the effect of ADAS under
different traffic conditions is therefore important to assess the ADAS road safety
effect. Modeling and simulation of specific longitudinal control ADAS are also
subjects for future research. This includes modeling of ADAS system functionalities and driver behavior in ADAS-equipped vehicles. The driver behavior in
ADAS-equipped vehicles may be obtained from driving simulator or instrumented
vehicle studies.
Another area for future research is simulation of lateral control ADAS. The
safety on narrow two-lane rural highways is discussed in an ongoing debate. It is
not possible to separate the oncoming lanes on a narrow carriageway. Other safety
improving countermeasures must therefore be investigated. Examples of such
countermeasures are lateral control ADAS, e.g. overtaking aids, and rumble strips
installed in the center line of the carriageway. The RuTSim framework will in the
near future be used to study the traffic effects on rural roads with center line rumble strips and other overtaking aids.
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A. Overtaking Parameters
A

k

3.30
11.8
11.0
11.5
6.30
2.30
7.50
2.30
3.78
11.8
11.0
11.5
6.90
3.00
7.50
3.00
4.30
11.8
11.0
11.5
7.50
6.00
7.50
6.00

0.00350
0.01220
0.00460
0.00988
0.00910
0.01430
0.00700
0.01403
0.00334
0.01220
0.00430
0.00988
0.00867
0.01207
0.00664
0.01207
0.00317
0.01220
0.00399
0.00988
0.00822
0.00988
0.00664
0.00988

6.10

0.00440

37.0

0.01480

11.65

0.00430

13.74

0.00920

3.30

0.00510

1.40

0.01270

4.20

0.00370

1.40

0.01270

6.90

0.00420

37.0

0.01480

Overtaken vehicle

Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Car
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss

Road
width

Sight
limitation

Type of
overtaking

< 70 km/h
< 70 km/h
< 70 km/h
< 70 km/h
< 70 km/h
< 70 km/h
< 70 km/h
< 70 km/h
< 90 km/h
< 90 km/h
< 90 km/h
< 90 km/h
< 90 km/h
< 90 km/h
< 90 km/h
< 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h
≥ 90 km/h

< 11 m
< 11 m
< 11 m
< 11 m
≥ 11 m
≥ 11 m
≥ 11 m
≥ 11 m
< 11 m
< 11 m
< 11 m
< 11 m
≥ 11 m
≥ 11 m
≥ 11 m
≥ 11 m
< 11 m
< 11 m
< 11 m
< 11 m
≥ 11 m
≥ 11 m
≥ 11 m
≥ 11 m

Natural
Natural
Oncoming
Oncoming
Natural
Natural
Oncoming
Oncoming
Natural
Natural
Oncoming
Oncoming
Natural
Natural
Oncoming
Oncoming
Natural
Natural
Oncoming
Oncoming
Natural
Natural
Oncoming
Oncoming

Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying
Accelerating
Flying

< 70 km/h

< 11 m

Natural

Accelerating

< 70 km/h

< 11 m

Natural

Flying

< 70 km/h

< 11 m

Oncoming

Accelerating

< 70 km/h

< 11 m

Oncoming

Flying

< 70 km/h

≥ 11 m

Natural

Accelerating

< 70 km/h

≥ 11 m

Natural

Flying

< 70 km/h

≥ 11 m

Oncoming

Accelerating

< 70 km/h

≥ 11 m

Oncoming

Flying

< 90 km/h

< 11 m

Natural

Accelerating

< 90 km/h

< 11 m

Natural

Flying
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11.65

0.00403

13.74

0.00920

3.60

0.00484

1.61

0.01074

4.20

0.00347

1.61

0.01074

6.90

0.00420

37.0

0.01480

11.65

0.00403

13.74

0.00920

3.60

0.00484

1.61

0.01074

4.20

0.00347

1.61

0.01074

6.90

0.00331

37.0

0.01480

14.0

0.00353

13.74

0.00920

4.20

0.00484

2.08

0.00532

4.20

0.00347

2.08

0.00532

Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck or
Buss
Truck with
trailer
Truck with
trailer
Truck with
trailer
Truck with
trailer
Truck with
trailer
Truck with
trailer
Truck with
trailer
Truck with
trailer

Source: Carlsson (1993a)

< 90 km/h

< 11 m

Oncoming

Accelerating

< 90 km/h

< 11 m

Oncoming

Flying

< 90 km/h

≥ 11 m

Natural

Accelerating

< 90 km/h

≥ 11 m

Natural

Flying

< 90 km/h

≥ 11 m

Oncoming

Accelerating

< 90 km/h

≥ 11 m

Oncoming

Flying

≥ 90 km/h

< 11 m

Natural

Accelerating

≥ 90 km/h

< 11 m

Natural

Flying

≥ 90 km/h

< 11 m

Oncoming

Accelerating

≥ 90 km/h

< 11 m

Oncoming

Flying

≥ 90 km/h

≥ 11 m

Natural

Accelerating

≥ 90 km/h

≥ 11 m

Natural

Flying

≥ 90 km/h

≥ 11 m

Oncoming

Accelerating

≥ 90 km/h

≥ 11 m

Oncoming

Flying

-

< 11 m

Natural

Accelerating

-

< 11 m

Natural

Flying

-

< 11 m

Oncoming

Accelerating

-

< 11 m

Oncoming

Flying

-

≥ 11 m

Natural

Accelerating

-

≥ 11 m

Natural

Flying

-

≥ 11 m

Oncoming

Accelerating

-

≥ 11 m

Oncoming

Flying
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B. Critical Time Gaps
Main road
speed limit
Intersection
control
Main road
left
Turn
Minor road
Movement right
Minor road
left

Source: SRA (1995)

50 km/h

70 km/h

90 km/h

Yield

Stop

Yield

Stop

Yield

Stop

4.8 s

4.8 s

5.7 s

5.7 s

6.7 s

6.7 s

5.0 s

5.7 s

5.9 s

6.6 s

6.9 s

7.5 s

5.3 s

6.0 s

6.2 s

6.9 s

7.2 s

7.8 s
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C. Default Parameter Values
Scalars
Parameter
v0

λcar
λtruck
λtruck with trailer (3− 4 axles )
λtruck with trailer ( ≥5 axles )

Value

Dimension
30.83 [ m / s ]

Page

26

0 -

27

0.3 -

27

0.5 -

27

0.5 -

27

v18 m

27.75 [ m / s ]

27

a

0.042

27

b

 s / m 
0.050 0.6 -

[s]

2

0.15

d
q1

q2

-0.8 -

q3

-0.2 -

anormal
A
Car

C

0.5
0.331⋅10−3

A
Truck

0.170 ⋅10

A
Truck with trailer (3− 4 axles )

0.140 ⋅10−3

C
C

A
Truck with trailer ( ≥5 axles )

C

R1
Car

C

−3

0.105 ⋅10

−3

0.106

R1
Truck

0.056

R1
Truck with trailer (3− 4 axles )

0.052

C
C

R1
Truck with trailer ( ≥5 axles )

C

R2
Car

C

0.051
0.0

30

 m / s 
 m −1 

32

 m 
 m −1 

35

 m 
 m / s 2 

35

2

−1

−1

35

 s 
 s −1 

35

35

0.0

 s 
5.0 [ s ]

d min
ao

35

 m / s 
 s −1 
2

R2
Truck with trailer ( ≥5 axles )

0.0

35

35

R2
Truck with trailer (3− 4 axles )

C

35

 m / s 
 m / s 2 
2

0.0

C

29
30
30

R2
Truck

C

28

−1

35

35

35

−1

37

SCF

 m / s 
1.5 -

41

Tmin

0.5

[s]

43

0.5

 m / s 

d

engine

2

3.0

2

41

43
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 m / s 2 
50 [ m ]

d max

43

7.0

ξ
max
ovtk

l

1000

min
ovtk

43

[ m]
[m / s]
[ m]
[ m]
[ m]

45

∆v

0.5

rest
ovtk

200

s

flying
min

100

s

acc
min

200
0.6 6.0 [ m / s ]

46
46
47

0.9 -

47

l

η

des
vovtk

v red
passed

45
46
46

t

intersec
min

 m / s 
2.0 [ s ]

50

t

truck
gap

0.5

51

t

follow
gap

0.6 -

turn
normal

a

2

1.5

50

[s]

53

Distributions
Parameter

Mean

Standard Min
deviation

Max

Dimension Page

[m / s]
[m / s]
[m / s]
[m / s]

26

 m 2 / s 3 
 m 2 / s 3 

35

 m 2 / s 3 
 m 2 / s 3 

35

v0Car

30.83

3.19 22.85

38.81

v0Truck

26.53

2.92 19.23

33.83

v0Truck with trailer (3− 4 axles )

24.31

1.50 20.81

28.81

v0Truck with trailer ( ≥5 axles )

24.31

1.50 20.81

28.81

pCar

19.0

7.0

5.0

41.0

pTruck

11.5

2.5

3.0

25.0

pTruck with trailer (3− 4 axles )

6.5

1.5

2.0

14.0

pTruck with trailer ( ≥5 axles )

5.5

1.0

2.0

12.0

TCar

2.0

1.0

-

-

TTruck

2.25

1.1

-

-

TTruck with trailer (3− 4 axles )

2.5

1.2

-

-

TTruck with trailer ( ≥5 axles )

2.5

1.2

-

-

[s]
[s]
[s]
[s]

26
26
26
35

35
35
35
35
35

