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Preface 

Early 2000, when I was performing the final internship of my secondary 
vocational education, I spent several months on the construction site of a 
new motorway. During this internship I was intrigued by the design of this 
project. At this point I could never have imagined that now, almost 19 years 
later, I would finish writing a dissertation that improves our knowledge 
regarding motorway design. 
 
During my (long) educational career I had the privilege of meeting many 
people with different backgrounds and points of view, based on different 
experiences. Someone told me that the most important thing is to listen, 
because one can learn from everyone. This I always kept in mind and I found 
it to be most certainly true. Given all that I have heard along the way, I tried 
to overcome the differences between science, engineering and practice 
regarding motorway design in this thesis. I am truly grateful to have had this 
opportunity. 
 
Performing this research wouldn’t have been possible without the support of 
sponsors. First of all I would express my gratitude to Rijkswaterstaat. Gerald 
and Alex, I am very grateful for your support from the start, for entrusting 
this responsibility to me and for your efforts to arrange the necessary 
funding at Rijkswaterstaat. I would like to thank Witteveen+Bos for giving 
me, as one of its employees, the opportunity to spend several days a week on 
this project. Otto and Karin, your moral support, your belief in me and your 
willingness to invest in my ambitions mean a lot to me. I would also like to 
thank the department of Transport & Planning of Delft University of 
Technology and SWOV for opening your doors for me. Fred, Serge and 
Henk, thank you for providing supervision and an inspiring research 
environment. I have always felt very welcome at your offices and much 
appreciated all the help I received from your colleagues. 
 
I would also like to thank the members of my committee. The meetings in 
which all of us were present may have been fewer than planned, but I 
enjoyed every one of them. Haneen, you have been a great supervisor! You 
have managed to make a scientist out of an engineer. You have put great 
effort in providing me with input and feedback, which I always appreciated. 
This helped me to think in a scientific manner and the progress I have made 
over the years is mostly because of you. Fred and Serge, you have both been 



a great inspiration by the way you think and approach problems. It was 
sometimes a challenge for me to manage the differences in your views and 
opinions, but in the end it helped me to approach problems from different 
angles. 
 
During the process I have had the privilege to work with different talented 
master students. Marco, Maarten, Matthijs, Erik and Afroditi, your efforts on 
investigating, programming and testing different research methodologies 
have helped me a lot. So thank you for your effort and your interest in my 
research. Furthermore, I enjoyed being part of your master thesis projects, 
and experience you developing form student into an engineer. 
 
The most exciting part of this research was the data collection and especially 
the three days of helicopter flights. Edwin, Jan and Kees, thank you for your 
efforts in this challenging project. It has been a privilege to work with 
professionals like you.  
 
And, of course, I thank my life companions, my darling wife and my 
wonderful son. Nadia, you have always been there for me, although my 
thoughts have not always been with you. I am really grateful for having you 
in my life and I thank you for your out-of-the-box ideas that have challenged 
me so many times. And Joah, thank you for your drawings in my note book. 
I was filled with joy every time I came across them. 
 
Outside of those who are mentioned above, were many other people who 
supported me. My dear family, friends, colleagues and roommates, thank 
you for your interest, motivation and moral support! 
 
Above all, I humbly thank my Lord, God almighty, who gave me the intellect 
to do this project, who stood by me to give me peace and comfort and who 
carried me in times I needed Him most. 
 

Aries van Beinum, October 2018 
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Following these two goals and the problem statement, the following research 
questions are formulated: 
 What are the characteristics of turbulence? 

o How can turbulence be defined and quantified? 
o Which driver manoeuvres contribute to turbulence, and how? 
o How is the level of turbulence affected by motorway design and 

traffic flow? 
 How can the implications of turbulence on traffic operations and traffic 

safety be quantified? 
o What are the most suitable methods to quantify the implications 

of turbulence on traffic operations and traffic safety? 
o How well do the currently available methods perform, in terms of 

reliability and predictive validity? 
o Which improvements to the currently available methods are 

needed, in order to provide a tool capable of quantifying the 
implications of turbulence on traffic operations and traffic safety 
realistically? 

 
Research scope 
In this thesis turbulence in motorway traffic is studied from a traffic 
engineering perspective, based on empirical traffic data. Driver behaviour 
aspects (such as driver task performances) and human factors are not taken 
into account. This study focuses mainly on the application and evaluation of 
existing theories and methods on new, unique, empirical data. It does not 
focus on developing new theories. Also, the functioning of the current 
system is evaluated, without emerging technologies, such as driver 
assistance or automated driving. Furthermore this thesis is limited to: 
 turbulence around on-ramps, off-ramps and weaving segments on 

motorways in The Netherlands; 
 turbulence during normal weather conditions (i.e. average wind 

conditions, no rain/snow, etc.); 
 turbulence during day time; 
 turbulence in free flow traffic conditions. 

1.4. Research approach 

Since turbulence is created by driving manoeuvres that are performed by 
individual drivers, detailed information on the driving behaviour of 
individual drivers over a considerable length of the motorway is needed to 
be collected. To get a good indication on the length of motorway for which 
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data of individual drivers is needed, the location where the level of 
turbulence increases and dissolves was studied. This was done by analysing 
empirical loop detector data from multiple on-ramps and off-ramps in The 
Netherlands. Based on these findings, requirements for the field 
measurements were set. During the field measurements, data of vehicle 
positions (all vehicles) within a specific part of the motorway, was collected 
over a specific period of time. This type of data is called trajectory data and a 
large quantity of empirical trajectory data was collected at several on-ramps, 
off-ramps and weaving segments in The Netherlands. These locations had a 
different number of lanes, traffic flow intensities, percentage of heavy 
vehicles, and legal speed limits. This information was then used to: 
 gain a more thorough understanding of the different driving 

manoeuvres which contribute to turbulence; 
 investigate whether the currently available microscopic simulation 

software packages are able to simulate driving behaviour around ramps 
realistically; 

 investigate whether a commonly used microscopic simulation software 
package is able to quantify the implications of driving behaviour 
around ramps on traffic safety. 

 
This study was performed in a step-wise approach, which is graphically 
displayed in figure 1.2. 
 

 
Figure 1.2. Study overview. 
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Therefore, a more specific definition of turbulence in the vicinity of 
discontinuities (such as ramps) is proposed in this chapter as following: 
 Turbulence: 

o individual changes in speed, headways, and lanes (i.e. lane-
changes) in a certain road segment, regardless the cause of the 
change; 

 Level of Turbulence: 
o the frequency and intensity of individual changes in speed, 

headways and lane-changes in a certain road segment, over a 
certain period of time. 

2.2.1. Theoretical Structure for Turbulence 

The Level of Turbulence is expected to increase before (upstream of) and to 
decrease after (downstream of) a ramp or a weaving area. This phenomena is 
described by Hovenga (2014) who found that turbulence starts more or less 
about 500 meter upstream and ends more or less about 800 downstream from 
an on-ramp nose. Kondyli and Elefteriadou (2012) found that turbulence due 
to merging manoeuvres initiates 110 m upstream of the nose. According to 
the HCM (2010) the merge influence area will occur about 460 m (1.500 ft.) 
upstream and 460 m downstream of the nose. To the best of our knowledge 
other literature that describes the start or the end of a raised level of 
turbulent traffic is not available. 
 
Based on this concept a raised level of turbulence is for this study divided in 
three parts: 
1. Upstream of (before) the ramp; 
2. At the ramp; 
3. Downstream of (after) the ramp. 

 
At ramps and weaving areas drivers will execute their strategic route 
navigation decisions, which will lead to mandatory lane changes, in order to 
be able to enter or exit the motorway (Minderhoud and Bovy 2001). These 
lane changes make other drivers react (Kondyli and Elefteriadou 2011), 
which results in turbulent traffic (HCM 2010). The proposed structure for 
turbulence is shown in figure 2.1 and considers the three parts.  
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Figure 2.1. Theoretical structure for turbulence. 

Lane changes upstream of a ramp are considered to be pre-allocating 
behaviour, where the driver choses a lane in a tactical sense before the ramp, 
or cooperative behaviour. Anticipation is behaviour where an on-ramp a 
driver chooses to change lanes to the left to give way to the entering traffic 
(Kondyli and Elefteriadou 2009, 2012) or decelerate in order to enlarge the 
headway with the vehicle in front after a new vehicle has merged in (Hidas 
2005). Or drivers might increase their headway to give way to entering 
traffic. This phenomena is called a cooperative lane change (Hidas 2005; 
Schakel et al. 2012) or courtesy yielding (Daamen et al. 2010). Downstream of 
a ramp lane changes may occur due to the right side rule, which prescribes 
that drivers should change lanes to the right when possible. Downstream of a 
ramp drivers might decelerate to increase the headway to their leading 
vehicle. This phenomena is called relaxation (Schakel et al. 2012; Laval and 
Leclercq 2008). 
 
The different manoeuvres can be clustered in different types of microscopic 
behaviour: lateral or longitudinal. The first considered lateral behaviour is 
lane change, which can be classified as free, forced or cooperative (Hidas 
2005). Lane changing and merging are closely related to gap acceptance and 
tactical lane choice. These can be considered as integrated behaviour (Toledo 
et al. 2005). Longitudinal behaviour is classified as acceleration, deceleration, 
or do-nothing (Koutsopoulos and Farah 2012). Lateral and longitudinal 
behaviour can be integrated in order to get a complete description of 
merging behaviour (Toledo, Koutsopoulos, and Ben-Akiva 2007; Toledo et al. 
2009). 
 
Microscopic behaviour results in macroscopic effects. For example a lane 
changes will result in a changed density per lane and a changed headway 
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distribution. Acceleration and deceleration might also result in a changed 
headway distribution, but result also in changing speed differences between 
different vehicles as illustrated in figure 2.1. 

2.2.2. Impact of turbulence 

The general hypothesis for the research on turbulence is that the level of 
turbulence is affected by certain conditions, such as road design, traffic 
characteristics (HCM 2010), environmental aspects (such as weather and 
daylight), and drivers’ population characteristics. These conditions affect 
driving behaviour. The resulting manoeuvres drivers take affect traffic safety 
and operations (Abdel-Aty and Pande 2005; HCM 2010; Golob et al. 2004; Lee 
et al. 2003a). 
 
Figure 2.2 shows that certain conditions (road design, traffic and environment) 
affect (microscopic and macroscopic characteristics reflecting results of) 
driver behaviour (such as the choice of driving speed, headway, gap 
acceptance) which in turn effects the motorway operations and safety. In 
reverse, some effects may influence driving behaviour. For example, if the 
traffic stream becomes more turbulent, drivers may tend to drive more 
cautiously and lower their driving speeds. At the same time a low level of 
safety and operations might move the respective authorities to invest in 
improving the motorways’ infrastructure by reconstructing some geometric 
design elements or adopt some new traffic management measures. 
 

 
Figure 2.2. General concept of the effects of turbulence. 
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2.7. Conclusions and recommendations 

Turbulence covers different elements of microscopic traffic characteristics 
such as lane changing, variation in speeds and headways and is the result of 
a complex combination of different driving manoeuvres. Literature and 
motorway design guidelines agree that the level, or magnitude, of turbulence 
is influenced by road design, traffic volume and driver behaviour, and that 
turbulence has an effect on traffic operations and safety. Although there 
seems to be an agreement on what turbulence is, there is no definition found 
which covers all causes and effects of turbulence. Since turbulence is a 
commonly present in the traffic stream, two definitions are proposed: 
 Turbulence: 

o individual changes in speed, headways, and lanes (i.e. lane-
changes) in a certain road segment, regardless the cause of the 
change; 

 Level of Turbulence: 
o the frequency and intensity of individual changes in speed, 

headways and lane-changes in a certain road segment, over a 
certain period of time. 

 
The level of turbulence is expected to be higher around discontinuities (on 
motorways) compared to continuous road stretches. Although research and 
design guidelines agree on the concept of turbulence, a gap can be observed 
between guidelines and research: where guidelines frequently rely on 
unreferenced assumptions and rules of thumb, research tries to assess the 
impacts of different elements of turbulence on traffic safety and traffic 
operations and the influence of design characteristics on these impacts. 
Furthermore, the results of research do not seem to fully find their way into 
the motorway design guidelines. One of the reasons for this may be that the 
currently available methodologies are not able to combine the effects of road 
design on turbulence with its impact on both traffic safety and traffic 
operations. 
 
Several methods to assess traffic operations and traffic safety exist today, 
such as the use of microscopic simulation programs, surrogate safety 
measures, crash prediction models and driver simulators. However, each of 
the methods has its own strengths and weaknesses. Considering these 
strengths and weaknesses, combining different methods might be a potential 
solution for this problem, that is worth researching in the future. The 
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In (Van Beinum et al. 2016) we proposed the following definitions for 
turbulence in the vicinity of discontinuities, such as ramps: 
 Turbulence:  

o individual changes in speed, headways, and lanes (i.e. lane-
changes) in a certain road segment, regardless of the cause of the 
change; 

 Level of Turbulence:  
o the frequency and intensity of individual changes in speed, 

headways and lane-changes in a certain road segment, over a 
certain period. 

 
Turbulence is relevant for road design and should be taken into account by 
applying sufficient ramp spacing and sufficient road length for weaving 
traffic (AASHTO 2011; HCM 2010; Rijkswaterstaat 2017; RAA 2008; DMRB 
1994). There are different approaches to determine the required distance for 
ramp spacing (Fitzpatrick et al. 2011), such as decision and manoeuvre time, 
required length for signposting and providing sufficient weaving length 
(HCM 2010). The general concept behind these approaches is that turbulence 
around ramps will intensify when the available road length for lane 
changing becomes shorter (Bared et al. 2006; Pilko et al. 2007). 
The actions of individual merging or diverging vehicles create turbulence 
near the ramp. The ramp influence area experiences a higher rate of lane-
changing than is normally present on ramp-free sections of a motorway 
(HCM 2010). Thus, the Level of Turbulence is expected to increase before 
(upstream of) and to decrease after (downstream of) a ramp. Kondyli and 
Elefteriadou (2012) found that turbulence due to merging manoeuvres begins 
110 m upstream of the gore. The gore is the painted white triangle which 
indicates that the road splits or merges. The default design of a motorway 
interchange is shown in figure 3.1. According to the HCM (2010) the merge 
influence area occurs between approximately 460 m (1.500 ft.) upstream and 
460 m downstream of the gore. To the best of our knowledge other literature 
that describes the start or the end of a raised level of turbulent traffic is not 
available. 
 

 
Figure 3.1. The default design for motorway on-ramps and off-ramps. 

3 median lane left lane
2 centre lane gore traffic direction -> gore centre lane
1 outside lane right lane
-1 deceleration lane acceleration lane

off-ramp <-           ramp spacing           -> on-ramp
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as either discretionary, mandatory or cooperative. Discretionary lane changes 
are performed by drivers to improve their position in the traffic stream 
(Kondyli and Elefteriadou 2012). Mandatory lane changes are performed as a 
result of strategic route choice decisions, such as to enter or to exit the 
motorway (Kondyli and Elefteriadou 2012; Minderhoud 1999). Cooperative 
lane changing is characterized by a follower that slows down (Hidas 2005) or 
changes lanes (Daamen et al. 2010; Knoop et al. 2010) to allow the subject 
vehicle to enter. Also, entering vehicles are sometimes willing to accept very 
short gaps as they enter the motorway, but ‘relax’ to more comfortable 
values shortly thereafter (Laval and Leclercq 2008; Marczak and Buisson 
2015; Smith 1985; Sultan et al. 2002). 

3.2.1. Conceptual framework of turbulence 

The behaviour of individual vehicles (microscopic behaviour) has a 
macroscopic effect on the traffic stream. For example: a lane change will 
result in a changed density per lane and a changed headway distribution per 
lane. Acceleration and deceleration may also result in a changed headway 
distribution and speed differences between different vehicles. This concept is 
illustrated in figure 3.2. 
 

 
Figure 3.2. Theoretical framework for turbulence (Van Beinum et al. 2016). 

According to this theoretical framework, three different macroscopic effects 
are to be expected to occur at on-ramps and off-ramps: 1) change in density, 
2) change in speed, and 3) change in headway (distribution). 
Daamen et al. (2010) found that through-going motorway traffic creates room 
for merging drivers (cooperative lane changing) at the location of the merge 
by changing lanes from the outside lane to an inside lane of the motorway. 
This Behaviour will change the distribution of traffic over the different lanes 
(lane flow distribution), compared to a normal continuous stretch of 
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legal speed limit of 100 km/h. Motorways which are equipped with peak 
traffic lanes or variable speed limits were excluded. Since the length of an 
acceleration lane or deceleration lane is expected to have an important effect 
on the stability of the main carriageway traffic flow (Ngoduy 2008) sites 
where the ramp has not been constructed according to the Dutch design 
guidelines were also excluded. The selected motorways are all located in the 
western part of The Netherlands. 
 
Distance to the nearest discontinuity upstream and downstream 
To prevent the results being biased by other motorway elements further 
upstream or downstream, sufficient spacing to the nearest discontinuity 
upstream and downstream is required. The spacing criteria used in this 
study are the result of a trade-off between a large spacing and the number of 
sites that meet the criteria. The chosen values are shown in figure 3.4. For an 
on-ramp the minimal distance downstream to the next discontinuity is 1000 
m and the minimal distance upstream is 3600 m, measured from the gore. 
When these criteria are met, the detectors within the area of 700 m upstream 
and 2400 m downstream of the gore were used for the experiment. The same 
principle holds for the selection of on-ramps and off-ramp detectors. 
 

 
Figure 3.4. Discontinuity spacing criteria of on-ramp and off-ramp. 

3.4.2. Data collection and filtering 

The measurements were taken at days with comparable conditions, such as: 
period of year, weather, daylight, amount of commuting and recreational 
traffic, and traffic density. A total of 34 days were selected. Unrealistic 
measurements were filtered from the data set. 
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has a negative influence on the motorway’s capacity and traffic safety 
(Abdel-Aty, Uddin, et al. 2005; Golob et al. 2004; HCM 2010; Kondyli and 
Elefteriadou 2012; Lee et al. 2003b, 2003a; Chen and Ahn 2018). In free flow 
conditions the level of turbulence is expected to increase a few hundred 
meters upstream of a ramp and to dissolve a few hundred meters 
downstream of the ramp (Van Beinum et al. 2016). This concept is shown in 
the theoretical framework in figure 4.1. 
 

 
Figure 4.1. Theoretical framework for turbulence (Van Beinum et al. 2016). 

Both literature and freeway design guidelines agree that the level of 
turbulence is influenced by road design, traffic volume, and driver 
behaviour. Several researchers have tried to assess the impacts of different 
manoeuvres on traffic safety and traffic operations and the influence of 
design characteristics on these aspects. An overview of these studies is given 
in (Van Beinum et al. 2016). The available research on the characteristics of 
turbulence is limited and different values for the location where turbulence 
starts and ends are found in different studies (HCM 2010; Kondyli and 
Elefteriadou 2012; Van Beinum et al. 2017). Also the available research 
regarding the microscopic characteristics of the different manoeuvres is 
limited. To gain a better understanding of the different manoeuvres that 
contribute to turbulence more research is needed, preferably based on 
empirical data. Following this, the main research questions of this study are: 
 How and to what extent do the different manoeuvres contribute to the 

raised level of turbulence? 
 How is the raised level of turbulence affected by the amount of traffic 

and the motorway’s design characteristics? 
 Where does the raised level of turbulence start and end? 
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concludes with a discussion section (section 5), followed by conclusions and 
recommendations for future research (section 6). 

5.2. Review of micro simulation models 

This review section, is structured as follows. First, the criteria and 
functionalities that a suitable simulation model for simulating turbulence 
should fulfil are defined. Second, an overview is given of the mathematical 
models that are incorporated in the currently available microscopic 
simulation software packages. The overview shows how these models have 
progressed with time to the current state of the art. The third and final part of 
this section presents a critical review and a summary whether the state of the 
art models fulfil the different criteria and functionalities defined in the first 
section. This summary results in the selection of the most suitable 
longitudinal and lateral driver behaviour models that are later subjected to 
further analysis quantitative evaluation utilizing the empirical data. 

5.2.1. Model criteria for simulating turbulence 

Turbulence is the result of multiple manoeuvres which are executed by 
drivers in the vicinity of ramps (Van Beinum et al. 2016). These manoeuvres 
involve both lateral and longitudinal driving behaviour and has an impact 
on the macroscopic characteristics of the traffic stream. This concept is shown 
in the theoretical framework as shown in figure 5.1. 
 

 
Figure 5.1. Theoretical framework for turbulence (Van Beinum et al. 2016). 

In (Van Beinum et al. 2018) the authors have found that the largest 
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5.3.2. Calibration 

The model parameters of both VISSIM and MOTUS were calibrated. Because 
the driver behaviour models in VISSIM and MOTUS are rather deterministic, 
a root-mean-square error (RMSE) minimization was applied to compare the 
model result to the observed values. The general form of the RMSE error 
term is given in equation (1). 
 

 

2

1
ŷ

T

t t
t

i i

y

T   (1) 
 
Where n  are weight factors in the error term. These weight factors were 
used to even out the differences in error for the different indicators. The 
weight factors were calculated using equation (2). Where ,i initial is the 
calculated error for indicator n when using the initial model parameters. 
 

 ,

1
i

i initial   (2) 
 
Since turbulence is represented by the intensity and location of lane changes, 
changes in speed and changes in headway, the calibration focusses on 
minimizing the error for lane change locations, headway distribution (on 
each lane) and gap acceptance. VISSIM and MOTUS use different approaches 
to simulate driving behaviour. The most relevant differences, regarding 
simulating the behaviour that causes turbulence, are: 
1) VISSIM derives lane change locations for route choice related lane changes 
based on specific parameters that can be adjusted in the network. MOTUS 
does not have such a model parameter and suggests that lane change 
location is the result of the way that a lane change is performed (based on 
relaxation and synchronisation). 2) VISSIM uses the ‘slow lane rule’ that 
makes slower vehicles move towards the slower lane, which results in 
segregation of fast and slow driving vehicles over the lanes. However, slower 
vehicles will only change lanes when a suitable gap is available and is 
therefore closely related to the headway distribution and gap acceptance. 
Within MOTUS this behaviour is integrated by default. 
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Because of the differences between VISSIM and MOTUS, the elements that 
define the error are implemented differently in the RMSE equations used for 
calibration. 
 
In VISSIM lane change locations are affected by the headway distribution on 
the target lane and gap acceptance. To acquire realistic results it is necessary 
that traffic is distributed realistically over the lanes, with fast driving vehicles 
driving on the inside and slow driving vehicles on the outside. This can be 
measured by the mean headway per lane, which represents the amount of 
traffic on that lane, and the mean speed and the standard deviation of the 
speed on each lane. The size of the accepted gaps is measured by the mean 
accepted gap. The simulation error in VISSIM was therefore calculated at the 
ramp area for: 1) the mean and standard deviation of speed distribution on 
each lane, 2) the mean of the headway distribution on each lane and 3) the 
mean and standard deviation of the accepted gap distribution on all lanes. 
The general RMSE equation that was used for the calibration of VISSIM is 
displayed in equation (3). 
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Where n is the lane number and N the total number of lanes. The measures 
for y are shown in table 5.4. 
 
In MOTUS the lane change locations are affected by driving behaviour 
(headway distribution, and gap acceptance and desire), instead of a specific 
parameter in the network. For the calibration of lane change locations, the 
RMSE is calculated over the whole length of the simulated motorway, 
separately for space bins of 10 meters each. This is done separately for time 
headways and lane changes; both lane changes to the left and lane changes to 
the right. Since a headway distribution is in general not normally distributed, 
the error for time headways is based on the 25th, 50th and 75th percentile of the 
headway distribution and is calculated for each lane. Finally two error terms 
are made for the mean and standard deviation of the accepted gaps. The 
general RMSE equation that was used for the calibration of MOTUS is 
displayed in equation (4). 
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Where x is the space bin and X the total number of space bins. The measures 
for y are given in table 5.4. 
 

model term i measure value lane 

V
IS

SI
M

 1 speed mean all 
2 speed std. all 
3 headway mean all 
4 accepted gap mean all 
5 accepted gap std. all 

M
O

TU
S 

1 headway 25th percentile lane 1 
2 headway 25th percentile lane 2 
3 headway 25th percentile lane 3 
4 headway 50th percentile lane 1 
5 headway 50th percentile lane 2 
6 headway 50th percentile lane 3 
7 headway 75th percentile lane 1 
8 headway 75th percentile lane 2 
9 headway 75th percentile lane 3 
10 lane change location to the left all 
11 lane change location to the right all 
12 accepted gap mean all 
13 accepted gap std. all 

Table 5.4. Elements in error term for calibration. 

Selection of model parameters to calibrate 
Driving behaviour in VISSIM is described by 59 parameters. 39 of these 
parameters affect driving behaviour on motorways (PTV 2017) and 18 of 
these are relevant for simulating turbulence in free-flow traffic conditions. 
MOTUS has a total of 20 parameters. 7 parameters can be set as fixed values, 
2 parameters are dependent of other parameters, 6 parameters apply for free 
flow conditions and 5 parameters only apply for congested conditions 
(Schakel et al. 2012), which is outside the scope of this study. Two of the free 
flow parameters: the mean and standard deviation of the desired speed are 
retrieved from the empirical data and are set as fixed values. 2 of the 
parameters that apply for a congested traffic state also affect lane change 
behaviour in high but free flow conditions: the average minimum time 
headway and the relaxation time. In total 6 parameters remain for 
calibration. 
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6.2.3. Traffic conflict techniques 

The traffic conflict, as used in this study, is based on temporal (and (or) 
spatial) proximity of two adjacent vehicles. The severity of traffic conflicts is 
identified by the proximity in time and (or) space (referring to the conflict 
measures) (Zheng et al. 2014b). The general concept is that when the 
interaction between drivers takes place within a limited amount of 
space/time and with high speed differences, drivers make (more) mistakes 
and accident risks increase (Laureshyn et al. 2010). Different measures are 
proposed by many different researchers; for an overview of the different 
available measures several studies are available (De Ceunynck 2017; 
Mahmud et al. 2017; Young et al. 2014; Zheng et al. 2014b; Archer 2005). In 
this chapter we limit ourselves to two relevant measures for traffic conflicts 
in the vicinity of ramps: the Time To Collision (TTC) (Hayward 1972) and the 
Post-Encroachment Time (PET) (Kraay and Van der Horst 1985). 
 
The TTC represents the: “the time required for two vehicles to collide if they 
continue at their present speeds and on the same path” (Hayward 1972). 
Different thresholds are mentioned in literature: a threshold of 1.5 s has been 
used to determine if a severe conflict will take place (Hydén 1987; Shahdah et 
al. 2014) and a threshold of 3.5 s for drivers without an automatic cruise 
control system and 2.6 s for drivers with driving support (Hogema and 
Janssen 1996). Although different thresholds are mentioned, a general rule is 
applicable: the higher a TTC-value, the more safe the situation is 
(Minderhoud and Bovy 2001; Bevrani and Chung 2012). 
 
The TTC of a vehicle (i) at a certain time instant (t) with respect to a leading 
vehicle (i-1) can be calculated by equation (5), where: v denotes the speed, x 
the longitudinal position, and l the vehicle length. 
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  (5) 

 
A further variation of the Time-to-Collision concept is Post-Encroachment 
Time (PET). This measure is used to measure situations in which two road-
users that are not on a collision course, pass over a common spatial point or 
area with a temporal difference that is below a predetermined threshold 
(Archer 2005). When considering a lane change manoeuvre PET is defined as 
the time interval between the moment that the leading vehicle entirely leaves 
the encroachment line and the following vehicle arrives at the encroachment 
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line Zheng et al. (2014a). The encroachment line is a visual line perpendicular 
to the lane marking. PET is usually used supplementary to TTC when 
crossing vehicle trajectories are involved. Different thresholds are proposed 
for PET: 1 sec (Kraay and Van der Horst 1985) and 1.5 sec (Archer 2005). In 
figure 6.2 the concept of the PET to a vehicle in front is shown for a vehicle 
that changes lanes towards the right. The PET of a vehicle (i) at the time of 
lane change (t) with respect to a leading vehicle (i-1) can be calculated by 
equation (6), where: v denotes the speed, xe is the longitudinal position of the 
encroachment line and x is the longitudinal position. 
 

 
Figure 6.2. measurement concept (Zheng et al. 2014a). 
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6.2.4. Traffic conflict measure calculation 

Since traffic conflict measures describe vehicle interactions, these measures 
are preferably derived from trajectory data that describe the movement (x, y) 
of individual vehicles in time (t). Trajectory data can be collected in field 
measurements, but this is time consuming and costly (Archer 2005; Louah et 
al. 2011) and can only be collected on existing roads. Furthermore, 
measurement inaccuracies can be problematic as a small measurement error 
in (x,y) within a short time difference (t), can lead to large deviations when 
calculating speed and acceleration.  
An alternative is to generate trajectories with micro simulation models 
(Bevrani and Chung 2012; Astarita et al. 2012). Several recent studies have 
used different microscopic simulation packages to generate trajectory data 
for safety analysis, with promising results. Examples of software packages 
that are used for safety analysis are: VISSIM (Fan et al. 2013; Habtemichael 
and De Picado Santos 2013; Habtemichael and de Picado Santos 2014; Yao et 
al. 2017) and PARAMICS (Dijkstra 2011; Lee et al. 2004) and AIMSUN (Goh 
et al. 2013). However, these packages are designed to simulate ‘collision free’ 
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6.3.2. Changing and calibrating the VISSIM model parameters 

The model parameters in VISSIM were adjusted in two steps: 1) changing the 
model parameters related to traffic conditions and 2) calibrating driving 
behaviour model parameters. In the first step the following input parameters 
were changed: traffic flows, study area boundaries, roadway speed 
distribution and roadways geometry characteristics. Traffic flows and speed 
distributions were extracted from the empirical data. The road geometry 
characteristics (number of lanes and ramp length) were based on aerial 
photography as was taken during the field measurements (Van Beinum 2018). 
 
RMSE minimization 
The driving behaviour model parameters in VISSIM were calibrated by 
applying a root-mean-square error (RMSE) minimization of the model result 
compared to the observed values. The general form of the RMSE error term 
is given in (7). 
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Where n  are weight factors in the error term. These weight factors were 
used to even out the differences in error for the different elements. The 
weight factors were calculated using formula (8). Where ,i initial is the 
calculated error for element n when using the initial model parameters 
 

 ,

1
i

i initial   (8) 
 

To acquire realistic lane change behaviour, it is necessary that traffic is 
distributed realistically over the lanes. It is expected that each vehicle has a 
desired speed and selects the desired lane accordingly (Toledo, 
Koutsopoulos, and Ben-Akiva 2007), with fast driving vehicles driving on the 
left (inside) and slow driving vehicles on the right (outside). This behaviour 
results in different speed distributions on the different lanes, and realistic 
speed differences between vehicles in different lanes. The simulation error in 
VISSIM was therefore calculated at the ramp area for: 1) the mean speed (V ) 
and the standard deviation of speeds ( V ) on each lane (n), 2) the mean 

headway (T ) on each lane and 3) the mean accepted gap ( S ) the standard 
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deviation of the accepted gaps ( S ). The RMSE equation as used in this 
study is displayed in equation (9).  
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n n n n n n

n n n n

N N N
real sim real sim real sim
lane lane V lane V lane lane lane

n n n

real sim real sim
lane lane S lane S lane

V V T T

S S
  (9) 

 
Selection of model parameters to calibrate 
Driving behaviour in VISSIM is described by 59 parameters. 39 of these 
parameters affect driving behaviour on motorways (PTV 2017). To reduce 
the number of parameters for calibration a one-at-Time sensitivity analysis 
(Lownes and Machemehl 2006; Mathew and Radhakrishnan 2010; Punzo et 
al. 2015) was performed to select the parameters regarding free-flow traffic 
conditions, with the biggest influence on the RMSE. This was done by 
changing each relevant model parameter in different steps, over a certain 
range, based on a realistic upper and lower bound. While changing the 
considered parameter, the other parameter values remained unchanged at 
the default values. Finally 15 parameters were selected for calibration. The 
description of these parameters is displayed in table 6.2. 
 

Parameter unit Parameter description 
Maximum look ahead 
distance  

m Defines the distance that the driver can detect another 
vehicle 

Number of observed 
vehicles 

-  Affects how well a vehicle can predict another vehicle’s 
move 

CC0 m Default distance between stopped cars 
CC1 s The driver dependent part of the time headway 
CC2 m Extra distance the driver keeps with the leading vehicle 
CC3 s Start of the deceleration process, when a slower leading 

vehicle is detected 
CC4 m/s Negative speed difference during the following process 
CC5 m/s Positive speed difference during the following process 
CC7 m/s2 Actual acceleration value during the oscillation process 
Slow lane rule - If is selected, vehicles are only allowed to overtake on the 

left side 
Max deceleration 
(Trailing veh.) 

m/s2 Maximum deceleration of a trailing vehicle under 
cooperation  

Minimum headway 
(front/rear) 

m Minimum distance between two vehicles that must be 
available after a lane change  

Free driving time s Minimum front gap on the target lane for a vehicle to 
switch to the slower lane 

Safety distance 
reduction factor 

- “Aggressiveness” of lane changing behaviour 

Cooperative lane 
change  

- If checked, vehicles in the target lane may make room for 
the lane changing vehicle 

Table 6.2. Parameters selected for evaluation. 
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At TOL, 4 adjacent vehicles are taken into account: the leader on the current 
lane (vehicle 1), the follower on the current lane (vehicle 2), the new leader 
on the target lane (vehicle 3) and the new follower on the target lane (vehicle 
4). The case where the follower on the current lane (vehicle 2) approaches the 
subject vehicle is expected to be irrelevant for the calculation of TTC, since its 
headway increases after the subject vehicle changes lanes. 
 

 
Figure 6.4 Example of lane changing vehicle. 

For the considered vehicles the PET and TTC were calculated, by following 
the rules as displayed in table 6.3. Furthermore, PET was only calculated on 
TOL; TTC was calculated for a time period of 10 seconds (after TOL for 
vehicles 3 and 4, and before TOL for vehicle 1). PET and TTC are calculated 
by equation (10) and (11).  
 

vehicle PET TTC 

vehicle 1 time for subject vehicle to reach 
position of vehicle 1 

front of subject vehicle to rear of 
vehicle 1 

vehicle 2 time for vehicle 2 to reach position of 
subject vehicle not calculated 

vehicle 3 time for subject vehicle to reach 
position of vehicle 3 

front of subject vehicle to rear of 
vehicle 3 

vehicle 4 time for vehicle 4 to reach position of 
subject vehicle 

front of vehicle 4 to rear of subject 
vehicle 

Table 6.3. Scenario’s for the calculation of PET and TTC. 

 , ,follow front lead rear

follow

x x
PET

v
  (10) 

 , ,follow front lead rear

follow lead

x x
TTC

v v
  (11) 

 
In these equations ,follow frontx and ,lead rearx  represent the longitudinal position of 
respectively the front of the following vehicle and the rear of the leading 
vehicle. followv and leadv  represent the speed of respectively the following and 
leading vehicles. 
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Only a limited amount of lane-changes are performed further downstream or 
upstream of a ramp:  
 for on-ramps it was found that: 

o 4-9% of all lane-changes involved motorway drivers that 
anticipated on entering traffic, by changing lanes towards the 
inside of the motorway, at about 25-100 m upstream of the on-
ramp, in order to avoid or give room to entering vehicles; 

o drivers performed additional lane-changes towards the inside of 
the motorway (secondary merge) and towards the outside of the 
motorway (keeping right) until approximately 475-575 m 
downstream of the on-ramp; 

 for off-ramps it was found that: 
o at the earliest start of the measured area (600, 750 and 500 m 

upstream of the off-ramp), most exiting drivers (96, 86 and 91%) 
were already driving on the outside lane; 

o drivers started to pre-allocate upstream of the off-ramp in three 
different stages:  
1) at more than 750 m upstream of the ramp;  
2) at approximately 600 m upstream of the ramp, where an exit 
sign is located;  
3) at approximately 200-400 m upstream of the ramp; 

o downstream of the off-ramp the number of lane-changes was 
limited and mostly involved lane-changes towards the most right 
lane (keeping right rule). These lane-changes were performed 
until approximately 200-375 m downstream of the off-ramp gore. 

 
Conclusions 
These results indicate that most lane-changes are located in direct proximity 
of a ramp, near the acceleration/deceleration lane. The number of lane-
changes further upstream and further downstream is much less than at the 
acceleration/deceleration lane. The distance over which the level of 
turbulence increases further upstream and further downstream of a ramp, is 
different for on-ramps and off-ramps. At on-ramps an increased level of 
turbulence is mainly present downstream of the on-ramp, and at off-ramps 
an increased level of turbulence is mainly present upstream of the off-ramp. 
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