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SUMMARY

INTRODUCTION

Congestion numbers are rising in the Netherlands. This leads to more travel time
losses, increased pollution and increased safety risks. Thus, increased congestion
leads to more social costs. Therefore, reducing congestion is desirable from a policy
perspective.

Reducing congestion levels can be done in several ways. For example, efforts
can be made to reduce road traffic demand. However, this proves to be difficult.
Moreover, technology improvements in the connected and automatic vehicle sector
might solve various congestion problems. Unfortunately, it is very questionable if
and when these vehicles will have a high penetration rate on the roads. This could
easily be decades from now. Therefore, this is not the solution to reduce congestion
right now and any futuristic technologies are not considered in this research.

Besides the solution directions mentioned above, dynamic traffic management
systems try to mitigate congestion levels as well. There are several alternative
dynamic traffic management solutions, but most of them rely heavily on the
compliance of drivers on advisory messages, either en-route or before the route
has been determined. A dynamic traffic management alternative that does not rely
on the compliance rate as much, is the ramp metering installations alternative.

Ramp metering installations try to prevent congestion on the main lane by
controlling the flow of on-ramp vehicles merging onto the main lane. In various
scientific studies, ramp metering installations have found to be effective. Mostly,
the current ramp metering control concepts can delay congestion to emerge for
approximately 15 minutes by cutting up platoons (groups) of merging vehicles into
single merging vehicles. These single merging vehicles have a better chance of
finding an appropriate gap in a time frame than multiple vehicles do. The current
ramp metering control strategies are of a macroscopic nature, meaning they make
use of average main lane flows to determine the flow that can be allowed onto
the main road from the on-ramp. This means that the probability of a merging
vehicle not being able to merge onto the main lane without causing a traffic jam
is decreased. Nevertheless, the control structure is still dependent on probabilities.
The question arises if this probability can be taken out of the equation. If this can be
performed successfully, congestion might be prevented entirely due to the merging
vehicles always having a required gap at disposal.

So, even though the current ramp metering algorithms already improve the
situation, there might still be room for improvement. Namely, by getting rid of
this probability factor by fitting on-ramp vehicles in measured gaps on the right
lane of the main road. This fitting of the on-ramp vehicles in measured gaps,
is called a microscopic ramp metering control approach. All this leads to the
following research question in this thesis: To what extent could a microscopic
Ramp Metering (RM) control approach lead to less travel time delays compared
to current alternatives?
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CURRENTLY USED RAMP METERING ALGORITHM

The currently used macroscopic ramp metering algorithm in the Netherlands is the
Rijkswaterstaat ramp metering algorithm. This control structure makes use of both
feed-forward and feed-back control. Primarily though, the feed-forward control is
used in order to determine the upcoming flow of the main road. Considering the
measured flow on the main road, a red time between two green phases for the
traffic light is calculated. This waiting time in seconds is calculated by dividing
3600 by the difference between 6000 and the measured upcoming flow. However, if
this red time is greater than 15 seconds or the measured upcoming flow is equal to
or exceeds 6000 vehicles per hour, the maximum red time of 15 seconds is selected.

This red time is updated every 60 seconds. In other words, every 60 seconds an
average main lane flow is determined by detector loops on the main road upstream
of the ramp metering installation. Normally, the distance between the beginning
of the merging area between the on-ramp and the main road and the location of
these detector loops is 500 meters. However, for the considered site, this is only 200
meters. Therefore, a distance of 200 meters is used in this research.

After a single vehicle has received a green traffic light, loop detectors just
downstream of the traffic light detect when to turn the traffic light back to yellow
and red. When these loop detectors are triggered and the traffic light does not show
the colour that should be shown, the traffic light colour will be changed accordingly.

The current Rijkswaterstaat ramp metering control structure is only activated
when the flow on the main lane is higher than a certain threshold value or when
the average main lane speed drops below a critical value. The flow related threshold
value is currently 1500 vehicles per lane per hour. The ramp metering installation
is deactivated again when the flow on the main lane is lower than the flow related
threshold value. Furthermore, the ramp metering installation can be deactivated if
a congestion is measured. This could also happen when a traffic jam that originated
upstream of the controlled on-ramp spills back to the ramp metering site. However,
deactivation due to congestion upstream of the controlled on-ramp is outside the
scope of this research and is therefore not taken into consideration.

METHODOLOGY

The research question is answered by investigating the effects on the key
performance indicators for ramp metering installations. This investigation is
performed by means of simulations in a microscopic traffic simulation tool, ‘the
Open Traffic Simulator’, which is developed by researchers at the Delft Technical
University. The main key performance indicator to compare the microscopic ramp
metering control approach with the currently used macroscopic ramp metering
control and with the no control alternative, is are the travel time delays for the entire
system. Furthermore, the travel time delays for the various origin-destination routes
are identified as key performance indicators. To compare various microscopic
ramp metering control parameter settings among each other, a successful merger
percentage and a percentage of vehicles that had to wait too long will be examined.
A vehicle is found to have been waiting for too long when the waiting time of that
vehicle while being first in the queue exceeds 15 seconds. This is the maximum
red time between two green phases in the Rijkswaterstaat ramp metering algorithm
presently being used in the Netherlands.

A specific site will be analysed. This site has a three lane main road, since this
is common in the Netherlands. Furthermore, a single lane on-ramp in order to
have a single traffic light is recommended. Moreover, the off-ramp upstream of
the controlled on-ramp should be considered as well, since vehicles taking this
off-ramp can provide gaps on the right lane of the main road. These gaps in



turn can be filled by merging vehicles from the on-ramp. A site that does meet
these requirements, is the A13 Delft-North on-ramp in the direction of Rotterdam.
The network characteristics in terms of, for example, the truck percentage, vehicle
demand, distance between several nodes and length of the on-ramp, will be used
to draw up the network in the simulation tool.

In order to come up with the microscopic ramp metering control structure, several
scientific papers regarding current macroscopic ramp metering installations have
been consulted. Furthermore, opinions of experts have been reviewed and personal
ideas have been used.

The main idea behind the microscopic ramp metering control approach is to let
on-ramp vehicles merge into measured gaps. To do this, first the location of the
gap measurement detector locations has to be determined. This requires some
information. Basically, the acceleration distance of the on-ramp vehicles before the
merging manoeuvre and the travelled distance of the measured gap have to be
known. To determine the travelled distance of the gap, the acceleration time of the
merging vehicle and the speed of the main lane has to be known. The speed of the
measured gap is assumed is assumed beforehand and not individually measured
in this research for the sake of simplicity. Additionally, to compute the acceleration
distance and acceleration time of the merging vehicles, the desired merging speed
and the acceleration trajectory of the merging vehicles has to be known.

Since the determination of the gap measurement location is fundamental for
investigating the quantified effects of changing the macroscopic nature of ramp
metering installations into a microscopic one, an experiment to gain insight in the
acceleration trajectories of the on-ramp vehicles has been performed. This was done
by filming the current ramp metering installation at the considered site, extracting
vehicles trajectories from the video footage and then determining the maximum
acceleration and used power by these accelerating vehicles. After that, a normal
distribution for the maximum acceleration was fitted around these data points,
which in turn is given as an input in a simulation tool.

MICROSCOPIC CONTROL STRUCTURE

The maximum acceleration of trucks and passenger cars differ greatly. In order to fit
these vehicles in the gaps accurately, a gap detector loop for both groups was placed
at different locations. Unfortunately, the field experiment only had enough data to
fit a distribution around the maximum acceleration for passenger cars. Therefore, a
normal distribution was fitted for the trucks, based on a different mean value, which
was taken from another study, but including the same standard deviation value as
for the passenger cars. For both normal distributions, a maximum and minimum
was provided to prevent negative maximum acceleration or unrealistically high
maximum accelerations.

Due to this difference in the average acceleration, a prolonged red time has been
scheduled for a waiting passenger car if it follows up a truck. This is done to
ascertain that the same gap is not used twice due to double measurements following
the two different gap detector loop locations, while it can only fit one vehicle.
Thereby, it is also ensured that a passenger car is not obstructed by a truck when
it has to accelerate to get to the measured gap in time. In this thesis, the required
minimum gap for trucks and passenger cars is assumed to be equal for the sake of
simplicity.

Just as in the Rijkswaterstaat algorithm, detector loops downstream of the traffic
light are located to observe when the traffic light needs to turn back to yellow
and red. Similar to the currently used ramp metering algorithm, the microscopic
ramp metering approach gives green for only a single vehicle at a time. Moreover,
the microscopic ramp metering installation uses an activation and deactivation
measured flow threshold as well.



Unfortunately, the simulation tool causes traffic congestion when the ramp metering
installation has been active for some time and the measured flow drops just below
the deactivation threshold value. This is the result of all waiting vehicles being
led onto the merging area simultaneously, while there is insufficient space to let all
vehicles merge onto the main lane without harsh braking manoeuvres. This in turn
leads to congestion. Therefore, it was chosen to not deactivate the ramp metering
installations at all, unless the flow on the main road reaches below 500 vehicles per
lane per hour and the speed is in the free flow speed branch of the fundamental
(traffic flow) diagram.

RESULTS

Several conclusions can be drawn regarding the results. The main conclusion is that
the developed microscopic ramp metering control approach could lead to less travel
time delays compared to the no control and current Rijkswaterstaat alternatives.
However, how much travel time can be saved depends on several factors. These
factors include:

e The presence of a semi-permeable lane demarcation, preventing merging
manoeuvres from the main road onto the right lane of the main road;

e The speed limit;
e Truck percentage on the on-ramp;
e The main lane, on-ramp and off-ramp demand.

Concerning some numbers of the average saved travel time per vehicle for the entire
system, it was found that the microscopic ramp metering control approach could
increase the average travel time savings for the entire system up to 36 seconds
compared to the currently used Rijkswaterstaat algorithm. The exact value depends
on the used combination of microscopic settings. When a more robust combination
of microscopic settings is chosen, an average travel time saving of 13 seconds
per vehicle was observed. The Rijkswaterstaat ramp metering algorithm already
saves 25 seconds on average, making the proposed microscopic ramp metering
approaches potentially save either 38 seconds or even 61 seconds in comparison
to the no control alternative.

Regarding the presence of semi-permeable lane demarcation, it was found that all
simulated alternatives benefit from its implementation. The lane demarcation used
in this thesis starts at the end of the off-ramp and continues all the way to the end
of the merging area between the on-ramp and the main road. This semi-permeable
lane demarcation is present at several other sites in the Netherlands. The largest
gain with the presence of the lane demarcation is found for the microscopic control
approach. Due to reducing the probability of a measured gap being filled by a
non-merging vehicle, it helps preserving measured gaps. Therefore, the merging
vehicles have an increased chance of having a gap at their disposal, reducing the
probability of a congestion kicking in.

Furthermore, the main lane flow is a decisive factor. When this flow is not high
enough to enforce the maximum waiting time for the on-ramp vehicles during
an activated Rijkswaterstaat ramp metering installation, the travel time savings of
the microscopic ramp metering control approach decreases in comparison to the
currently used algorithm. This is due to the fact that the microscopic ramp metering
approach mainly saves travel time for the on-ramp vehicles, while minimising the
extra delays for the main lane vehicles at the same time. In the base case scenario in
this research, the main lane demand might be higher than in the real life situation.
This is a result of having to use a higher main lane demand than recalled in the
traffic data database to cause congestion in the simulation tool. Thus, the actual



average travel time savings for the microscopic ramp metering approach might be
less than found in this research.

Moreover, the off-ramp demand is an important factor in the success of the
microscopic ramp metering approach. A sufficient off-ramp traffic demand is
required to get gaps on the right lane of the main road frequently enough. In
the base case scenario, the used off-ramp demand was lower than the real life
situation, since a higher off-ramp demand ratio caused congestion at the off-ramp
in the simulation tool, interfering with the simulation results. An increase in the
number of on-ramp vehicles should also benefit the microscopic ramp metering
control approach, since the travel time savings for the on-ramp vehicles compared
to the Rijkswaterstaat algorithm are higher than for the main lane vehicles when
the main flow is high.

Additionally, the truck percentage on the on-ramp is a crucial factor while
determining the success of the microscopic ramp metering approach. A truck
percentage higher than 5% (e.g. 10%) results in less travel time savings on average.
Apparently, the current microscopic ramp metering algorithm works better with
passenger cars than with trucks. This could have multiple reasons. For instance,
the gaps are measured further upstream, giving the trailing vehicle of the gap
more time to close the gap. However, another likely contributor is that trucks need
larger gaps than passenger vehicles, which is not present in the current microscopic
ramp metering approach. Therefore, it is recommended to investigate if using a
larger minimum required gap time for trucks would increase the effectiveness of
the microscopic ramp metering control approach for trucks.

The speed limit is also an important factor. When the speed limit is adjusted
to 80% or 120% instead of 100%, the microscopic ramp metering approach
performs considerably worse. This could be a consequence of the fact that the
required minimum gap times to merge changes with the speed of the vehicles. This
minimum required gap time was not adjusted according to the speed limits (or
measured main lane speed) in this research. Furthermore, the speed on the main
lane can fluctuate more with a higher speed limit, increasing the probability of
a mismatch between the merging vehicle and the measured gap when using an
assumed main lane speed. Moreover, it was concluded that the location of the
gap measurement loop detectors was not entirely correct in these adjusted speed
limit scenarios, concluding from the low successful merger percentage. Getting the
location of the gap measurement detectors right is very important when using this
microscopic approach. Thus, it is recommended to adjust the minimum required
gap time for different main lane speeds. Additionally, it is suggested to measure
the speed on the main lane of the leading vehicle of the measured gap and use that
speed as the travelling speed of the gap to improve upon the developed algorithm.

Furthermore, the average acceleration of the on-ramp vehicles should be
accurately known in order to correctly place the gap measurement loop detectors.
In the chosen simulation tool however, the average acceleration fraction of the
maximum acceleration seems to be too high, considering the results of the
acceleration field experiment. This was not adjusted to leave the standard driver
behaviour scripts by OpenTrafficSim (OTS) intact. It might be worth investigating
the results of a similar project when using a steeper decline in the acceleration
during the acceleration trajectory of the on-ramp vehicles.
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CONCLUSION

To summarise, the microscopic ramp metering approach seems to be effective
in reducing travel time delays. Moreover, the developed algorithm still has
room for improvement. It is believed that a combination of the already existing
Rijkswaterstaat control structure and the microscopic ramp metering approach
could provide the best algorithm. This would be accomplished by using the
Rijkswaterstaat algorithm when the flow on the main lane is between the activation
flow of 1500 vehicles per lane per hour and some threshold value and using the
microscopic ramp metering approach when the flow on the main lane is above this
threshold value. This threshold value could be chosen in such a way, that it is
equal to the flow value when the average waiting time with the microscopic ramp
metering approach is equal to the average red time for the Rijkswaterstaat algorithm.
When using a required minimum gap time of 1.8 seconds in the base case scenario
for the microscopic approach, this results in a flow of 1867 vehicles per lane per
hour. This way, the microscopic ramp metering approach would be used when
this algorithm provides the highest average flow of on-ramp vehicles onto the main
road. The Rijkswaterstaat algorithm would be used when this algorithm supports
the highest flow from the on-ramp onto the main lane. Regarding the average travel
time delays for the main lane vehicles, this was found to be very similar for the two
algorithms. Thus, the largest benefits for the entire system when using these ramp
metering installations are gained by limiting the delay for the on-ramp vehicles.
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INTRODUCTION

This chapter contains an introduction to the research. This includes some
background information on the current traffic state in the Netherlands and an
introduction to Ramp Metering Installations (RMIs). Furthermore, a figure that
shows the research structure is provided. Lastly, an overview of the remaining
report structure will be presented.

1.1 CONGESTION, ITS CONSEQUENCES AND CURRENT
MEASURES

The number of registered cars in the Netherlands has been increasing over the last
years. For example, at the first of January last year (2019), the Netherlands had
12.7 million registered motorised vehicles. This was an increase of 227 thousand
compared to the first of January 2018 (CBS, 2019). Alongside this increase in
registered motorised vehicles, congestion numbers (length times duration) have
been steadily increasing since 2015. In 2018 for example, an increase of 20% has
been observed (ANWB, 2018). The total number of traffic jams, the total congestion
kilometers and the total travel time losses are all increasing. Additionally, the
records for most total congestion kilometers in both the morning and evening peak
have been broken in 2019 (NOS, 2020b).

Congestion leads to several unwanted effects. The most obvious consequence of
congestion is that vehicles are not able to drive at free flow speed anymore. This
causes an increase in the travel times. Travel times that are higher than the free flow
travel times are so called travel times losses. The social costs of these travel time
losses can be calculated by multiplying the average travel time delay per vehicle by
the traffic volume, multiplied by the Value of Time (VoT) (Goodwin, 2004). Last year,
just in the Netherlands alone, traffic congestion cost freight traffic 1.4 billion euros
(Panteia, 2019). However, congestion has more negative consequences than only an
increase in the travel times (Calthrop and Proost, 1998).

One of these additional negative externalities is that congestion also influences
the number of road accidents. It is believed that congestion leads to more accidents
than free flow road conditions. However, the severity of the accidents decreases
in congestion conditions due to lower speeds. Therefore, it is concluded that
congestion actually leads to less social costs, since especially fatalities drive the
social costs of road accidents (Schefer and Rietveld, 1997; Theofilatos and Yannis,
2014; Yau, 2004).

Furthermore, road congestion has a negative effect on the environment. In Barth
and Boriboonsomsin (2009), it is concluded that (very) low speeds contribute more
to the emission of carbon dioxide than regular free flow highway speeds of 80 &,
100 kTm and even (but to a lesser degree) 130 kTm Furthermore, congestion results in
increased PM, emissions. This increase poses health risks, as concluded by Levy
et al. (2010).

In order to reduce these negative consequences, efforts are being undertaken to
reduce congestion. Several ways to prevent congestion at all or to mitigate the
severity have been thought up and some of them have been tested or have even
been implemented. Reducing congestion can be achieved by different approaches.
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A relatively straightforward approach to combat congestion is to add on to the
existing infrastructure. However, this proves to be an approach that faces a lot of
resistance. Besides the fact that some congested roads do not have enough room
to expand, adding on to the existing infrastructure is undesired by various political
parties. The political arguments against building more infrastructure are mostly
of an economic or environmental nature (Van der Berg, 2017; Papageorgiou and
Kotsialos, 2002).

1.1.1  Demand approach

Another measure that could be taken in order to mitigate congestion problems is
reducing the traffic demand. This could be accomplished by achieving a modal
shift. In this case, that means reducing the number of cars on the road by moving
drivers to opt for other transport modes, like trains for instance. The Ministry of
Infrastructure and Water-management (Mi&W) has explicitly expressed their interest
in making travellers take the train more often in an effort to reduce the negative
impact of travelling on the environment (Rijkswaterstaat, nd). In the first half year
of 2019, the number of train passengers increased more than expected. In essence,
it seems that the goal of having more train passengers is being achieved. However,
regardless of the increase in train passengers over the past period, there are no
signs of a decrease in the road congestion numbers, as stated in the beginning of
this chapter. Moreover, if the growth in the number of train passengers continues at
this rate, it is expected that in 2027 the capacity on the tracks can not be increased
anymore (NOS, 2019a,b).

Another way to reduce the road travel demand is making drivers change their
departure time and/or route pre-trip. In order to be able to change the routes
before leaving, the travellers need to know the traffic situation. This information
can be obtained by the traffic information on the radio and via traffic information
apps, like Google Maps. Travellers could also opt for adjusting the departure time.
Even though these data gathering options have already been enrolled for quite some
time, congestion in the Netherlands is still increasing.

A policy that has not been implemented yet, but would accommodate in changing
route and/or departure time choices, is dynamic road pricing. In Eliasson and
Mattsson (2006), it is concluded that road pricing indeed works and that the total
time spent in the traffic system decreases. However, road pricing has been proven to
be politically difficult for decades. Therefore, it currently seems unlikely that road
pricing will be the solution to tackle road congestion in the near future (Giuliano,
1992; Vereniging Zakelijke Rijders, 2017).

1.1.2 Dynamic traffic management approach

Besides these demand approach solutions, Rijkswaterstaat and research institutes
like the Delft University of Technology have also been thinking of solutions to
reduce congestion levels with en-route adjustments instead of pre-trip adjustments
as mentioned above. The overarching term for this solution direction is called
Dynamic Traffic Management (DTM).

One of these en-route DTM measures is the application of Dynamic Route
Information Panels (DRIPs). These panels inform the drivers on which route to take
and/or which not to take due to congestion. In Hoogendoorn (1997), it is found
that this is an effective measure to reduce congestion. However, the compliance rate
of drivers needs to be sufficient in order to obtain these results.

Implementing a Variable Speed Limit (VSL) is effective in reducing the backward
propagation movement of wide-moving jams. This is done by lowering the speed
limits by means of dynamic information panels (Bergan and Bushman, 2004; Bertini
et al., 2006). However, just like the DRIPs measure, this solution is heavily dependent
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Figure 1.1: Ramp metering system in the Netherlands, A2 Maarssen-oost
(Middelham and Taale, 2006)

on the compliance of drivers (Hellinga and Mandelzys, 2011). The effectiveness will
be reduced if drivers do not follow the posed variable speed limits.

Ramp Metering (RM) algorithms attempt to delay or even prevent traffic
congestion by reducing the inflow on the main lane from an on-ramp. Additionally,
the congestion levels are decreased by splitting up the platoons of merging vehicles
into single merging vehicles (Chaudhary and Messer, 2000). A traffic light is used
to accomplish both of these means. This way, the number of possible conflicts by
the absence of a large enough gap to fit all merging vehicles is decreased. In the
Netherlands, Rijkswaterstaat is responsible for implementing RmIs (Middelham and

Taale, 2006). An example of such an RMI in the Netherlands can be seen in Figure 1.1.

Additionally, an overview of how RM works in general, is shown in Figure 1.2. A
more in-depth analysis on the working of RMis is provided in Chapter 2.

H O W +r Speed, occupancy data continuously
RA M P collected from mainling loop detectors
@) vehicie puits up 1o siop bar
) Vohicie detectod, signsl tums green

WO R KS €D voicte merges ono roevay

Advanced Queue Loop

Figure 1.2: The working of a Ramp Metering Installation, simplified
(NOACA, 2016)
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1.1.3 Autonomous and connected vehicles

A final solution direction to reduce road congestion is in the field of autonomous
and connected vehicles. Decreasing congestion numbers would be achieved, since
autonomous and connected vehicles would be able to drive more closely to each
other, increasing the capacity on the road. Furthermore, the rise of autonomous
and connected vehicles would decrease the number of road accidents, consequently
decreasing the number of congestion that arises as a result of road accidents
(Darbha et al., 2018; Talebpour and Mahmassani, 2015).

However, realising the (full) integration of these autonomous and connected
vehicles is difficult and hard to control by government institutions like Mi&W and
Rijkswaterstaat. The (full) integration could be decades away, especially, since
certain laws would have to be changed and cyber threats have to be eliminated
(Kohler and Colbert-Taylor, 2014; Parkinson et al., 2017). Unfortunately, the
congestion problems are already present today. Therefore, until the (full) integration
of autonomous and connected vehicles is accomplished, efforts should be made in
order to find a solution that can be implemented in the short term. Thus, although
autonomous and connected vehicles could be a very powerful solution, this is not
the solution to reduce congestion problems in the near future.

1.2 PROBLEM STATEMENT AND RESEARCH OBJECTIVE

Concluding from the previous section, DTM is the best solution direction in
order to reduce traffic congestion in the short term. However, two of the three
aforementioned approaches in the DTM solution direction are of an advisory nature.
These solutions are using DRIPs and implementing a VsL. The effectiveness of these
alternatives rely heavily on the compliance of drivers (Hoogendoorn, 1997; Kang
et al., 2004; Papgeorgiou and Messmer, 1991). In Bonsall and Joint (1991) it is shown
that just 35% of all drivers fully follow up the traffic management advice. This exact
percentage may be different though, since the precise compliance rate depends
on several factors and can hence not be predicted definitely. Yet, concluding
from interviews with employees at Rijkswaterstaat and the Delft University of
Technology, the actual compliance rate in the Netherlands for DRIPs is probably
lower. Similarly, drivers in the Netherlands tend to not fully comply with the speed
limits as provided by vSL and dynamic road information panels. Drivers tend to
lower their speed later and to a lesser degree than suggested by the dynamic road
information panels. Summarising, the effectiveness will be limited as long as the
drivers do not follow the messages more strictly.

RMIs seem to have a higher compliance rate. This is not only found in scientific
papers, but this is also empirically observed during this research. This is probably
due to the fact that drivers would have to run a red traffic light if they would not
comply with an RMI. Therefore, an RMI is a more powerful instrument than a VsL and
than DRiPs. Nonetheless, the effectiveness of current RM algorithms shows room for
improvement, as stated in Chapter 2. Consequently, the objective of this research is
to explore the effects on the travel time delays of a microscopic RM control approach
compared to the current alternatives.

In order to investigate the effects of a microscopic RM control approach on the
travel time delays, the acceleration distribution, including the average acceleration,
of the on-ramp vehicles at RMIs in the Netherlands has to be known. This is
necessary to predict the relative travelled distance of the measured gap on the main
lane to the merging vehicle. Currently, this acceleration distribution is not known
yet. Thus, an experiment will be performed in this research to obtain an acceleration
distribution.



1.3 RESEARCH QUESTION \

1.3 RESEARCH QUESTION

As mentioned before and as will be mentioned in Chapter 2, it is proven that
ramp metering works, but there might still be improvements possible. Therefore,
further research is desired. The research described in this report will revolve
around the following research question: To what extent could a microscopic Ramp
Metering (RM) control approach lead to less travel time delays compared to
current alternatives? In order to be able to answer this research question in a
structured way, the following sub-questions are defined:

1. What combination of characteristics of the microscopic Ramp Metering (RM)
control approach attains the best travel time savings results?

2. How does the microscopic Ramp Metering (RM) control approach stack up
against the no Ramp Metering Installation (RMI) control alternative?

3. How does the microscopic Ramp Metering (RM) control approach compare to
the currently used macroscopic Rijkswaterstaat Ramp Metering (RM) control
approach?

1.4 RESEARCH SCOPE

As can be seen in the previous section, the research revolves around highways with
an on-ramp. When considering highway congestion, the underlying network has
to be considered as well, since too much spillback from the on-ramp would lead
to extra congestion on that network. However, to simplify testing of the control
strategies, the underlying network will not be taken into account in this research.
The traffic flow from the on-ramp onto the main road will be taken into account.
When considering this traffic volume, at least comparisons between the achieved
on-ramp traffic flows for the various control alternatives can be conducted.

Furthermore, an isolated on-ramp will be tested for the sake of simplicity. This
means that adjacent on-ramps and bottlenecks will not be simulated. Moreover,
only one site will be tested due to time constraints. It could be that using another
layout for a site gives different results. The chosen site in this study will be in the
Netherlands, since the research is in name of two Dutch organisations. These are
the Delft University of Technology and Rijkswaterstaat.

As can be derived from the previous sections in this chapter, the conducted
research that is described in this report only considers RMIs as a solution for
the current congestion problems. The newly proposed RM control structure, as
described in Chapter 4, will be tested against the current Rijkswaterstaat RM control
(as described in Chapter 2) and no control at all. All situations will be simulated
and the results of these simulation runs will be the means of comparison between
the three alternatives.

1.5 RESEARCH AND REPORT STRUCTURE

The research described in this report has been performed in multiple stages. The
chronological order is shown in Figure 1.3 and is displayed from top to bottom.
Furthermore, the outgoing arrows indicate which subsequent processes are affected
by the results of that process. The literature review and the expert interviews are
processes that were undertaken during the entire research. Moreover, the chapters
wherein the findings of a process can be found, are also included in the rectangles.
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Expert interviews Literature review
Expert opinions Chapter 2

Designing microscopic algorithm
Chapter 4

Gathering acceleration data
Chapter 5

Choosing simulation scenarios, case study
site and gathering corresponding traffic data
Chapter 6

Simulating and analyzing results
Chapter 7

Figure 1.3: Research structure
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However, not all chapters are mentioned in Figure 1.3. All in all, two chapters are
not present in Figure 1.3. The first missing chapter is chapter 3, which describes
the methodologies used in this research. The second missing chapter is the final
chapter of this report. This chapter includes the conclusion, recommendations and
the discussion.

Thus, this report will continue on after this first chapter with chapter two,
which entails a literature review and the research gap. Thirdly the used
research methodologies will be outlined. Fourthly, the developed microscopic
ramp metering algorithm will be explained. Fifthly, a chapter elaborating upon
determining the acceleration distribution in the Netherlands will be included.
Sixthly, the simulation setup of this research will be described. Seventhly, the
results regarding multiple scenarios will be outlined. Finally, a chapter regarding
the conclusion and recommendations following the research will be outlined.
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LITERATURE REVIEW

Now that the goals of the research have been introduced and scoped in Chapter 1,
this chapter discusses the literature that will be used for performing the study.
How this literature review has been performed, will be explained in Chapter 3.
Firstly, literature on the goals of Ramp Metering Installations (RMIs) will be covered.
Secondly, scientific literature regarding control strategies will be discussed. Thirdly,
literature on the currently used macroscopic RM algorithm will be outlined. Finally,
scientific literature about the simulation software will be covered.

21 RAMP METERING

RMIs are located at on-ramps. Since the inflow of the main road together with the
on-ramp lane can easily exceed the capacity of the downstream area, traffic jams
can be commonly expected around such areas (Ahn et al., 2010). Thus, on-ramps
are responsible for a large number of traffic jams. Therefore, taking a closer look at
these road sections could lead to an increase in total travel time savings. In these
merging areas especially, a lot of possible conflicts (between the merging vehicles
and the vehicles on the main lane) arise (Chin and Quek, 1991; Yang and Ozbay,
2011). Reducing the number of possible conflicts and its severity, thus making
the traffic drive more fluently, would decrease the traffic oscillations and would
consequently result in less congestion. A lot of these conflicts occur due to the lack
of gaps that are large enough to fit the merging vehicles on the main lane. In other
words, there are no gaps available in the stream, which are sufficiently large to allow
the vehicles from the on-ramp to merge without enforcing a braking manoeuvre to
another vehicle on the main road (Knoop et al.,, 2018). Therefore, synchronising
the inflow with the gaps in the main lane flow is considered to be an interesting
solution direction. Since this is what RM tries to do,n RM could reduce the total
congestion numbers, if it is working properly.

The goal behind any RM algorithm is to prevent (or delay) the onset of congestion,
preventing the capacity drop, on the “protected” road. As can be seen in the
fundamental diagram in Figure 2.1, the free flow branch extends to the critical
vehicle density (Kj,) and critical speed (Vj,) values. These values are called critical,
since a traffic congestion will emerge when the vehicle density exceeds this critical
density value, causing the speed to drop below the critical speed value. As the
density on the road increases towards Kj,, the speed will gradually decline until
at some moment Kj, is reached and the speed suddenly drops to the congested
branch of the diagram. Once this happens, the density will have to be reduced
towards Kg, in before the pre-congestion flows on the free flow branch can be
attained again. Translated to practice, this entails that the goal of any RMI algorithm
is to maintain the density on the “protected” road somewhere between Kg, i, and
K}, in a way that maximises the flow, while the probability of congestion emerging
is minimised. In traditional RM algorithms this goal is reached by limiting the flow
from the on-ramp to a sufficient level, thus shaving the peak.
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Figure 2.1: The fundamental diagram in the speed-density plane by (Wu, 2002)

Instead of using the density as a criterion for determining the inflow, some
algorithms use a flow level. This does not alter the principle, but may affect
the results of the algorithm, as will be shown in the remainder of this section.
Summarising, RM algorithms attempt to delay or even prevent traffic congestion
by reducing the inflow on the main lane from an on-ramp and by splitting up the
platoons of merging vehicles into single merging vehicles (Chaudhary and Messer,
2000). Rijkswaterstaat is responsible for implementing RMIs in the Netherlands
(Middelham and Taale, 2006). An example of such an RMI in the Netherlands can
be seen in Figure 2.2.

Figure 2.2: Ramp metering system in the Netherlands, A2 Maarssen-oost (Middelham and
Taale, 2006)

Ramp metering has been found to be effective in multiple studies. In most cases,
RM is able to postpone the congestion tipping point and sometimes even to prevent
congestion at the specific site altogether. In Persaud et al. (2001) for example, this
effectiveness is underlined.
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2.2 CURRENT RAMP METERING STUDIES

Although RM has been found to be an effective measure in reducing congestion to
at least some extent, it is clear from the variety of algorithms that an universally
optimal solution has not been found yet. The first control structures were not traffic
responsive. They were traffic demand responsive, where the traffic demand was
predetermined based on predictions regarding the traffic demand (Wattleworth,
1965). Although these already had some positive results, there was plenty of
room for improvement. As a result, various traffic responsive RM control strategies
have been designed and tested throughout the years. In Table 2.1, a selection of
these approaches is displayed. Herein, question marks indicate that no concluding
remarks were found in scientific literature.

Table 2.1: Control strategies overview

Macroscopic Feed- = Feed-  Reallife  Highway Effectiveness  Robustness
forward  back tested tested
ALINEA Yes No Yes Yes ? + ++
Zhang Yes Yes Yes ? ? ++ +
AMOC Yes ? Yes Yes Yes ++ +
RWS Yes Yes Little Yes Yes + +
2.2.1  ALINEA

An example of an RM algorithm is called ALINEA. This control structure was
proposed in a paper by Papageorgiou et al. (1991). A strength of this algorithm
is that it uses feed-back control. Feed-back control strategies are less sensitive
to prediction errors. Feed-back control strategies measure the output flow of a
system and adjust their control accordingly. This is in contrast to feed-forward
control systems, which use predictions of the output. These predictions are made
by combining the upstream measured traffic flow and the flow that is let onto the
main road from the on-ramp. This upstream measured traffic flow is used as an
input when determining the on-ramp flow let onto the main road to achieve the
desired output. Furthermore, ALINEA uses the occupancy instead of the flow,
since the critical occupancy is less sensitive to fluctuations in external variables, like
weather conditions, than the flow.

In order to accomplish the mentioned control structure, ALINEA uses only one
loop detector downstream of the merging area, at which the occupancy is measured.
Then, knowing the critical occupancy of the road downstream of the on-ramp,
the metering rate of the on-ramp is determined. Usually, the measurements and
the control are updated every 60 seconds. The first time it was put in practice
was in Paris, where a minimum green phase of 10 seconds was used in a cycle
of 40 seconds. It was found that the control algorithm is effective in preventing
congestion and preserving the capacity (Papageorgiou et al., 1991).

Summarising, ALINEA is a simpler control strategy than some of the other
mentioned control strategies in this chapter. It uses downstream data instead of
upstream data, which requires predictions Therefore, ALINEA is more robust. It
only uses one loop detector and it is easily adjustable to real life sites (Papageorgiou
et al,, 1991).

2.2.2 Combined feed-back and feed-forward

Zhang and Ritchie (1997) combines the benefits of a feed-forward strategy with the
robustness of a feed-back control strategy. Their overall proposed control strategy
is a feed-back structure. However, a second layer is added to this control structure,
which consists of a feed-forward neural controller. Using the proposed algorithm



12

| LITERATURE REVIEW

that combines the feed-back structure with the second layer feed-forward part, the
control structure tries to maintain the density at or below the desired level.

When considering the results in the isolated neural network that was formulated
in Zhang and Ritchie (1997), it was concluded that the proposed control structure
performs quite well in regard to maintaining the density at the set threshold.
Furthermore, when compared to ALINEA for instance, the maximum density that
was reached on the road is lower. Moreover, the drop in density and flow is less
pronounced. Therefore, it is concluded that the control strategy proposed in Zhang
and Ritchie (1997), albeit being more complex, performs better than ALINEA as
proposed in Papageorgiou et al. (1991) when it comes to maintaining a capacity
flow, without an increased risk of breakdown.

2.2.3 AMOC

Apart from isolated on-ramp settings in which ALINEA operates, there is also
Advanced Motorway Optimal Control (AMOC) for RM, presented in Kotsialos et al.
(2001). AMOC is a software tool that delivers an optimal RM control for a specific
situation. The algorithms as a result of AMOC are used to coordinate a (ring) road
and all on-ramps to that road. It does so, by taking small discrete time steps (e.g.
10 seconds) to update the algorithm and by dividing the (ring) road up into road
stretches of a value in the order of magnitude of 500 meters.

AMOC works together with local RM strategies, like ALINEA, in order to get a
better overall performance for the whole (ring) road. AMOC has been tested at the
ring road of Amsterdam (the A10) as well. The control sample time for this real
life experiment was set at 60 seconds. The experiment was conducted during the
evening peak (1600h - 2000h). The results showed that implementing the AMOC
strategy led to a decrease of the Total Time Spent (TTS) in vehicle-hours. When
comparing the implementation of AMOC with no control at all, it was found that
AMOC led to a decrease in the TTS by 20% to 40%. Furthermore, the total time
horizon and spatial presence of the congestion is decreased by implementing AMOC.
This is an improvement which is not necessarily captured in the TTs (Kotsialos et al.,
2001).

2.3 CURRENT RIJKSWATERSTAAT RAMP METERING
ALGORITHM

The final control strategy that will be considered, is the control strategy that is in
place at different sites in the Netherlands. The algorithm that is currently in use at
Rijkswaterstaat includes multiple measuring points. There are detector loops both
upstream and downstream of the merging area on the main lane. Furthermore,
there are measuring points just in front of the stop line, upstream of the stop line,
downstream of the stop line and at the beginning of the on-ramp (Rijkswaterstaat,
2013). This is represented in Figure 2.3.

The speeds and flows are measured by the detector loops. When loop detectors
of the traffic light signalling systems Motorway and Traffic Management system are
present, these could be used as well (Rijkswaterstaat, 2013).

The RM control strategies are activated when the main lane flows are greater than
a threshold value. However, the traffic lights located next to the on-ramp will only
be activated when the flows on the on-ramp are sufficient. That is, because there is
no point in regulating the flow from the on-ramp onto the main lane if the demand
from the on-ramp is not too high (Rijkswaterstaat, 2013).



2.3 CURRENT RIJKSWATERSTAAT RAMP METERING ALGORITHM \

I
O | O« Velocity, intensity and
O O
Intensity loop detectors- | el b
I
Traffic jam loop detectors— |
|
| Approximately
| 500 m
|
|
[
Start yellow—" [
Start red | A
1
| I
1 I
[
. I
I |
1
5 |
1 | Approximately
: | 500 m
' I
1
: |
I |
1
| |
' |
s | v
|
O | O «{— Velocity, intensity and
(=} | =] occopancy loop detectors
|

Figure 2.3: Currently used algorithm layout (Rijkswaterstaat, 2018)

The RMI control strategies can be deactivated if one of these criteria are met:
1. When the speeds are higher than a deactivating threshold value;
2. When the measured flows are lower than a deactivating threshold value;

3. When the measuring points do not provide updates for an excessively long
period of time;

4. When the on-ramp is full of vehicles and a ‘congestion’ is caused on the
on-ramp.

Furthermore, the control strategy determines the number of traffic light cycles based
on the flows on the road. Usually, one vehicle receives a green light per cycle per
traffic light. When a green light is shown, the vehicle will start accelerating to enter
the main road from the on-ramp. When two lanes and two traffic lights are present
at the on-ramp, the traffic lights for both lanes get green simultaneously. Therefore,
in a double lane RMI, the traffic lights grant access to two vehicles per green phase
(Rijkswaterstaat, 2013).

Lastly, the current macroscopic Rijkswaterstaat RM control strategy checks if too
many vehicles pass the traffic light at the on-ramp in a single cycle. If so, the cycle
time of the next cycle is increased, delaying the next vehicle from entering the main
lane (Rijkswaterstaat, 2013).

2.3.1  Research gap

Concluding from the considered different RM control approaches in the previous
section and the currently used Rijkswaterstaat algorithm in the Netherlands,
implementing an RMI is effective in reducing travel time delays. There is no
consensus on the best RM control strategy regarding whether to use feed-back
of feed-forward control structures. However, all currently known research use
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either average flows or occupancy rates. It is unknown what would happen when
microscopically measured gaps are used as an input for letting an on-ramp vehicle
pass the RMI. Therefore, the effects of changing the macroscopic nature of RMIs to
a microscopic nature is the research gap that is filled in this research. This gap led
to the main research question, being: What are the quantified effects of changing
the macroscopic nature of current ramp metering systems in the Netherlands to
a microscopic nature?

2.4 NECESSITIES AND GOALS WHEN CONSIDERING A
RAMP METERING INSTALLATION

When designing a new control strategy for RM installation in the Netherlands,
certain goals and necessities have to be considered. Rijkswaterstaat (2018) has
drawn up a document that consists of all the necessities in order to implement
a new RM algorithm in the Netherlands. Furthermore, the goals of implementing
an RMI are mentioned.

The main goal, as mentioned in multiple papers (e.g. in Zhang and Ritchie (1997)),
is to preserve free flow conditions on the main road as long as possible. This is also
stated in Rijkswaterstaat (2018). Furthermore, Rijkswaterstaat (2018) mentions that
limiting rat routing is also a possible outcome of installing an RMI.

When considering to implement an RMI in the Netherlands, three phases have to
be completed. These phases are:

1. Check if an RMI could improve the overall system traffic flow and check if
installing an RMI is possible from a civil engineering perspective;

2. Perform a dynamic traffic simulation in order to weigh the costs and benefits;

3. Determine if installing an RMI is worth it.

The five civil engineering factors that have to be considered when installing an RMI
at a certain location are:

e Enough acceleration length behind the stop line before merging area;

e Enough space for merging of two lanes into one if applicable;

Enough waiting capacity in front of the RMI;

Placing the RMI with eye for visibility and safety;

Enough room at the roadside for roadside assets.

When considering installing an RMI at an on-ramp, a minimum distance after the
stop line is necessary to accommodate for a suitable merging speed. Rijkswaterstaat
(2018) mentions three aspects concerning this distance:

1. The minimum acceleration length for personal vehicles from the stop line up
to the desired merging point;

2. The minimum acceleration length for trucks from the stop line up to the
desired merging point;

3. The minimum required space between the lane reduction area and the
beginning of the gore.
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In Rijkswaterstaat (2018), formulas to determine the above mentioned minimum
lengths are provided. The formula to determine the minimum distance between
the stop line and the start of the merging area will be discussed.

It is assumed that a passenger vehicle has a velocity of Ohkor::r and is located very
closely behind the stop line. It is assumed that the passenger vehicle will merge onto
the main lane approximately 100 meters downstream of the start of the merging
area. In order to be able to merge onto the main road by then, the passenger
vehicle should have reached a velocity of 0.85 times the activation main lane speed
norm. When this merging speed is determined, the required acceleration length
can be found in Guangchuan et al. (2016). Herein, an overview of aggressive and
conservative acceleration lengths is listed. Furthermore, this can be compared to
the acceleration length for passenger vehicles provided in Rijkswaterstaat (2018).

The formula for the minimum required acceleration length for a truck has some
similarities with the required acceleration length for passenger cars. However,
trucks only require to have reached a velocity of 0.85 times the activation main
lane speed norm at the end at the end of the merging area. When this speed
has been calculated, the required acceleration length can be found in Yang et al.
(2016a). Herein, an overview of the acceleration lengths for trucks is provided.
Furthermore, this can be compared to the acceleration length for trucks provided in
Rijkswaterstaat (2018).

The minimum required space between the lane reduction point and the beginning
of the gore depends on:

e Distance between the stop line and the beginning of the lane reduction area;
e Length of the lane reduction area itself;

e Length of the gore.

It is important to accommodate for situations when the RMI is turned on and when
it is switched off. Assuming that the expulsion arrows are not located in front of
the stop line, a distance of at least 60 meters is required with a minimum arrow
configuration of 50%’”.

The length of the lane reduction area itself normally consists of an expulsion
area (which is a demarcation on asphalt, where vehicles are not allowed to drive)
of circa 30 meters, a parallel road stretch of 15 meters and a retraction line, which
is dependent on the angle of the on-ramp relative to the main road. For regular
on-ramps, this will approximately be 30 to 60 meters.

The length of the gore is normally approximately 100 meters, which brings the
total minimum required space between the lane reduction area and the beginning
of the gore to approximately 235 to 265 meters (Rijkswaterstaat, 2018).

Existing on-ramps however, might not have this space. In that case, a justified
decision will have to be made. Aspects that should be considered, are:

o The expected effectiveness of the RMI on the traffic flow;

e The vertical alignment of the on-ramp;

The proportion (heavy) trucks;

The length of the on-ramp;

The horizontal alignment of the on-ramp.

Currently, strict regulations for the assessment is not available. However, it has been
found that on-ramps with a too short distance between the stop line and the gore,
an uphill slope and a large share in (heavy) trucks, pose high accident risks.
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2.5

SIMULATION SOFTWARE

There are numerous microscopic simulation models. Some widely used ones are:

AIMSUN (AIMSUN, 2020; Young et al., 2014)
CORridor SIMulation (CORsIM) (Halati et al., 1997; Sun and Kondyli, 2010)

Mlcroscopic Traffic SIMulator (MITSIM) (Chen et al, 2010, Sun and
Elefteriadou, 2010)

Microscopic Open Traffic Simulation (MOTUS) (Schakel, 2015)
OTS (Van Lint et al., 2017, 2020)

PARallel MICroscopic Simulator (PARAMICS) (Cameron et al., 1994, Dijkstra,
2011)

Verkeer In Steden SIMulatiemodel (vVissiM) (Chou and Nichols, 2014; Group,
2020)

Out of all these aforementioned microscopic driver simulation tools, MOTUS and
VISSIM are calibrated for the Netherlands. Furthermore, in Van Beinum (2018) and in
Hidas (2005), it is stated that MOTUS and VISSIM are preferred for modelling driving
behaviour around highway-ramps. Since this research revolves around merging
from an on-ramp onto the main lane of a highway, this is a major advantage.
Additionally, the fact that these are calibrated for the Netherlands, makes them
the preferred microscopic simulation models.



METHODOLOGY

The various methodologies used in this research will be outlined in this chapter.
Every other chapter, except for Chapter 1 and Chapter 8, will therefore refer to the
methodologies described in this chapter. Firstly, the literature review methodology
will be discussed. The actual literature review is found in Chapter 2. Additionally,
some findings of the literature review were also already presented in Chapter 1.
Additionally, throughout the entire research, interviews have been conducted. This
will be briefly mentioned secondly. Thirdly, the design method to come up with
the microscopic ramp metering control structure is outlined. Fourthly, the used
simulation tool, the OpenTrafficSim (OTS), will get a short introduction. Finally, the
data gathering process will be explained.

3.1 LITERATURE REVIEW

In order to prevent wasting time “reinventing the wheel” when it comes to inventing
a new RM control structure, a literature review, among other things, has been
conducted in this research. The literature review in this research has one main
goal. The other goals as described by Neuman (2014) are also applicable in the
literature review in presented in Chapter 2. Firstly, the main goal of the literature
review of this research is to “learn from others and stimulate new ideas”. Since a
new RM control structure will be developed in this research, it is useful to learn from
existing RM control structures, both successful and unsuccessful. This provides in
what adjustments might work and which will probably not work. Secondly, a goal
of a literature research is to “demonstrate a familiarity with a body of knowledge
and establish credibility”. A third goal of a literature study is “to show the path of
prior research and how a current project is linked to it”. A fourth and final goal of
a literature study is “to integrate and summarise what is known in an area”.

Furthermore, Neuman (2014) defines six types of literature reviews. In the
literature review posed in Chapter 2, the two present types are:

o Context review: This type of literature review connects the research topic to
a broader knowledge spectrum in the research field. This is primarily done
when a research builds upon already existing knowledge on the matter.

e Methodological review: This type of literature review compares different
research methodologies that could be used in the specific study. This
is present in Section 2.5 when considering different microscopic driver
simulation models.

The majority of the used literature is published in journals. Besides these journal
papers, web articles and course materials have been consulted as well. Most
scientific papers used in the literature review in Chapter 2 were found using Google
Scholar. However, search engines Scopus and Science Direct were also called
upon. For the various already existing RM control structures, keywords like “ramp
metering” were used. Besides finding papers by using the search engines, forward
and reverse snowballing has also been used in order to come up with more relevant
papers.

As mentioned above, Chapter 2 contains the literature review. Additionally, some
of the literature review findings are also presented in Chapter 1.
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3.2 INTERVIEWS

Another way to gain insight in current RM systems, is conducting interviews with
experts on Ramp Metering. These expert can be twofold, namely theoretical
(e.g. researchers at a University) or practical (e.g. RMI control managers).
Besides discussions with members of the committee, an interview with Johan
Groenewold from Rijkswaterstaat and a discussion with Erik van de Laak from
Rijkswaterstaat were performed to gain insights in possible improvements. This
way, a qualitative assessment on what might work and what most likely will not
work can be performed without trying every single possible iteration in a simulation
environment (Boyce and Neale, 2006).

It was stated that the current control strategy faces challenges in regards to the
robustness of the loop detectors. This should be taken into account, since improving
the robustness of these loop detectors increases the frequency the control strategy
can be activated. However, in this study this was not taken into consideration,
since all RMI alternatives rely on these loop detectors. It is assumed that all
RMI alternatives therefore would face the same difficulties in real life to a similar
degree, thus there would be no significant differences on this regard between those
alternatives.

Furthermore, it was discussed that it is of the utmost importance that the
measured gaps stay gaps until the actual merging point. This way, the idea for
implementing a semi-permeable lane demarcation to prevent merger manoeuvres
from the main road onto the right lane of the main road was proposed. The
implementation of such a lane demarcation is therefore tested in this research.
Additionally, the point that there are differences in the acceleration statistics
between various vehicle groups was brought up. Therefore, two different vehicle
groups will be simulated. All these obtained insights were used in the development
of the system, which is outlined in Chapter 4 and in Chapter 6.

3.3 DESIGN METHOD

A specific design method for Intelligent Transport Systems (ITSs), including RMTs,
is described in Knoop et al. (2018). The design method described five steps that
need to be taken in order to come up with a possible solution to an existing traffic
problem.

The first step of the design method is the ‘problem recognition and description’
step. The goal of this step is to capture the problem with the current situation and
to describe the desired situation. In other words, what is undesired in the current
situation and what should the situation ideally be. It is important to be complete
and to remain realistic in the formulation of the two situations (Knoop et al., 2018).

After this first phase, the problem has to be described in traffic flow terminology.
In order to accomplish this, firstly the cause of the problem should be known.
Usually, this cause could be defined in different steps of a chain that leads to the
undesired current situation. It is important to choose a cause that can actually be
influenced (Knoop et al., 2018).

When the cause is identified, the necessary measurements that have to be
executed can be identified in the second step. This is based on the cause, current
situation and the desired situation. Furthermore, the conditions in which an
intervention is expected to work can be formulated in this phase (Knoop et al.,
2018).

Thirdly, a problem analysis in control engineering terms can be drawn up. In this
step, a mathematical formulation of the control goal will be provided. Furthermore,
all present signals in the system will be identified. Moreover, the constraints in
mathematical terms of the control system will be drawn up (Knoop et al., 2018).
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The fourth step involves selecting the control approach. There are various options,
such as feed-back and feed-forward. The difference between both options is that
feed-back control uses measured outputs of the system and then determine the
control strategy, where feed-forward uses a prediction of the future state and then
determines the control strategy. Feed-back is more robust than feed-forward, but
its disadvantage is that outdated data is used (see Chapter 2) (Knoop et al., 2018).
Other control strategies that could be used are Model Predictive Control (MPC),
knowledge-based methods and domain-specific methods.

The fifth and final step of the design method is the operationalization step. In
this step, the developed control strategy will be tested and possibly adjusted when
it does not work as desired yet. Questions that can be used in order to determine
whether or not the control strategy has to be adjusted, are:

1. Do the conditions under which the controller is expected to work occur as
frequently as expected?

2. If the conditions are met, does the controller indeed solve the cause of the
problem? Does it take the appropriate action?

3. If the conditions are met but the controller does not solve the problem, does
it remove the cause (as previously identified in the problem analysis part)? If
it removes the cause, are there other causes that play an important initially
overlooked role?

4. Are there other disturbances in the system, which have been initially
overlooked?

The actual design development is outlined in Chapter 4.

3.4 ACCELERATION DISTRIBUTION ESTIMATION AT RAMP
METERING INSTALLATIONS IN THE NETHERLANDS

One of the crucial parts of implementing a microscopic approach to RM is
determining the location of the gap measuring detector loops on the main road,
as will be discussed in Chapter 4. Crucial information in determining the
correct placement of the gap measurement detector loops is, for example, accurate
information on the acceleration behaviour of drivers. However, information
regarding the acceleration behaviour at RMIs in the Netherlands is not available in
academic research yet. Of course there is information on average or maximum
acceleration characteristics, but most (if not all) of the available analyses have
not been conducted in the Netherlands. Furthermore, these analyses were not
performed at RMIs and the acceleration behaviour of the drivers might be different
at these locations.

Essentially, a distribution of Dutch drivers acceleration at RMIs is not available
yet. When a single acceleration value for all vehicles in a specific group (e.g.
passenger cars) is assumed, the lack of probability enables the microscopic RM
control structure to predict the acceleration of the merging vehicles perfectly to
the meter. However, not all drivers within one vehicle group have exactly the same
acceleration. Accordingly, not implementing a distribution around the acceleration
of drivers within a single vehicle group could lead to an overestimation of the
power of a microscopic ramp metering control approach. Since this is not desirable
when assessing whether changing the current macroscopic nature of RMIs to a
microscopic one is beneficial, an acceleration distribution is of utmost importance.
An acceleration distribution is also not present in the standard driver behaviour
models in the most common microscopic simulation models, including the chosen
microscopic simulation model (i.e. OTS) for this research.
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Considering all this, a field experiment was conducted to come up with a
distribution around the acceleration of merging vehicles that are controlled by an
RMI in the Netherlands. The following sub-sections will describe the execution of
this field experiment and how this led to the experiment results. The process and
results of the field experiment will be outlined in Chapter 5.

3-4.1 Gathering and preparing the raw data

Firstly, raw data on how vehicles accelerate has to be collected. This is done by
filming the on-ramp of the A13 Delft-North in the direction of Rotterdam (southeast)
with a stationary camera, placed on the Sint-Jorispad, near the Brasserskade bridge
(see Figure 3.1). This site was chosen, because it entails a single lane on-ramp
downstream of the the traffic light all the way to the end of the on-ramp, which
makes sure that a filmed vehicle will not disappear behind another merging vehicles
overtaking other the filmed vehicles. In other words, by making sure only one
vehicle is accelerating at a time, it is ensured that individual vehicles will be more
easily identified. Moreover, thanks to the bridge over the highway, it was fairly
easy to film the accelerating vehicles. Furthermore, since the vehicles were filmed
from behind and the drivers were unlikely to notice the filming installation from
the other side of the bridge, the driver behaviour was most likely not influenced by
the presence of the filming camera. The moment of data collecting was on Tuesday
the 5th of November 2019 during the evening peak between 15:30h and 18:00h.

Figure 3.1: Filming location for the acceleration distribution field experiment (Google, 2020c)

Then, before the acceleration of multiple filmed vehicles can be determined, the
video data is cut into single frame data. This is done by means of a program called
FFmpeg (FFmpeg, nd). This program has been executed by running a windows-bat
file with the following command-line: ffinpeg.exe -i 'videoname’. 'videoformat’ -r
"frames per second’ image% number of digits in the naming of the frames’d.jpg.



3-4 ACCELERATION DISTRIBUTION ESTIMATION AT RAMP METERING INSTALLATIONS IN THE NETHERLANDS \

Next, these frames have been combined into vehicles trajectories with the help of
a MATLAB-code, provided by dr. Victor Knoop (MathWorks, 2020). A vehicle
trajectory is a line in a (distance, time) plot that shows the movement of a vehicle.
An example is shown in Figure 3.2.

Vehicle trajectory x,(7)

distance

(11
]
X
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",(f)=Exi(f)

T time —

Figure 3.2: Vehicle trajectory example (Knoop et al., 2018, p.239)

When considering all the obtained trajectories, only the acceleration part is useful
for this experiment. Therefore, only vehicles with a low speed (i.e. a more or less
horizontal trajectory near the stop-line of the RmI) will be taken into account. The
pixel-data of this trajectory is determined by hand, by looking at the border between
the coloured trajectory and the shadow of the vehicle in an image manipulation
program called GIMP 2.10.14 (GIMP, 20109).

However, the computed trajectories show the time and distance in pixels instead
of in seconds and in meters. So, a conversion from pixel data to seconds and to
meters has to be made. This is made possible by a fellow student named William
van Lindonk. He drove a passenger vehicle with a known and constant speed for
the entirety of the on-ramp. With this knowledge and the hand derived pixel data
that corresponds with that specific vehicle trajectory, a conversion from pixels to
meters has been configured for all frames that show that the vehicle is located at
the on-ramp. Moreover, the number of frames per second in the video is known.
This leads to the conversion of the time data in frames to time data in seconds.

3.4.2 Estimating vehicle trajectories

Considering all mentioned steps in the previous sub-section, distance data points
in meters and time data points in seconds can be determined for a number of
individual vehicle trajectories. This is done by determining the speed in the next
time step with the calculated acceleration in the current time step.

Vi1 = U + adt (3.1)

Consequently, the position of the vehicle in the next time step can be determined by
adding the travelled distance for this time step to the next to the current position.

U+ 0
Xpp1 = Xt + %dt (3-2)
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This way, calculated trajectories can be determined. Thus, the acceleration at
every time step has to be calculated. Physics formulae provide the opportunity
to determine the acceleration for every time step. The effective acceleration at
every time step is assumed to be the minimum value of the calculated acceleration
regarding the physics formulae and a, to be fitted, individual maximum accepted
acceleration value. Then, these data points provide the opportunity to fit an
acceleration curve that is based on physics formulae. An assumption in the process
is that air resistance (or drag) is the only form of resistance the vehicle encounters.
The entire list of formulae and corresponding mathematical steps can be found
in Appendix B. All variables that are used in this report are summarised in
Appendix A. In the main text, only the most important equations will be shown.

Firstly, the power of objects can be calculated by multiplying the force with the
speed.

P =Fv (3-3)

Secondly, the force of an object can be calculated by multiplying the mass by its
acceleration.

F =ma (3-4)

Thirdly, the effective force of an object can be calculated by subtracting the resistance
force that applies to the object from the powered force. In this case, the powered
force comes down to the force accumulated by the car engine. The resistance force
is assumed to only consist of air resistance (or drag) in this research.

E, = F, — Fres (3-5)

Fourthly, the double value of the air resistance (or drag) can be calculated by
multiplying the drag coefficient by the density of the air, the area of the object that
encounters the air resistance and the speed squared. In order to get to the actual air
resistance that applies to the object, the answer to the previously explained double
value of the air resistance should be divided by two.

1
F = 5 CapAvt (3.6)

Combining these physics formulae, the acceleration at every time step can be
determined by dividing the used acceleration force for the considered time step
by the mass of the vehicle.
f_E
ay = m (37)
By using a maximum between this value and a to be fitted individual maximum
accepted acceleration value, the vehicle acceleration trajectory can be computed.
This is done by fitting the best combination of the individual maximum accepted
acceleration (amax) and the used power (Pyseq) per individual vehicle. These to be
fitted variables are kept constant for the entirety of an individual vehicle trajectory.
Some assumptions that have to be made in order to draw up an individual vehicle
trajectory by fitting the individual values for the amax and the Py q, using the
equations stated above, are:

e A maximum possible delivered power for a passenger car is assumed;
e The mass of a passenger car is assumed;
o The vehicle is assumed to have a starting speed equal to 0 Z;

e The vehicle is assumed to have a starting distance of 0 meters.
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Considering the previously mentioned conditions and the gathered data points for
a single vehicle, the drawn up vehicle trajectory can be compared with the actual
measured data points. By minimising the sum of the squares (Mean Squared Error
(MsE)) of the difference between the calculated vehicle trajectory data points and
the actually measured data points for vehicle n, an as accurate as possible vehicle
trajectory can be fitted (see Equation 3.8). This formula is only applicable for the
time steps that have both a calculated position (x{%¢) and an observed position

tn
(xobs

tn/:

MSE, = ) (x{5 — x{3r)? (3.8)
teTy

An optimization model has been created with Python in Jupyter Notebook,
Anaconda (Anaconda, 2020; Jupyter, 2020; Python, 2020). Using this script,
individual optimal values for amax and Pyeq have been found, resembling their
actual vehicle acceleration trajectory. Using these results of a number of vehicles
leads to a collection of P ¢.q-values and amax-values.

3.4.3 Estimating the acceleration distribution

In order to determine the maximum acceleration distribution, the individual
calculated results for amax that are deemed to be valid are put in SPSS and a
distribution will be fitted around this data (IBM, 2020). This will be done with
the Kolmogorov-Smirnof test (SPSS, nd). This distribution for the amax in turn,
will be put into the simulation for the vehicle characteristics. The driver model
present in the microscopic simulation model will make sure that the driver will have
an acceleration somewhere between the maximum deceleration and the maximum
acceleration that is drawn out of the provided distribution. The driver model that
is present in the simulation tool is based on the Intelligent Driver Model (IDM).

3.5 COMPARING THE DIFFERENT CONTROL STRATEGIES

The effects of the proposed new RM control strategy, the existing control strategy
and the no RM control at all, will be simulated. It is decided to test the extent to
which a microscopic approach to RM is beneficial by means of a simulation. This
is the best suited research method that still provides quantitative results, without
having to perform a field experiment. The simulation outcomes will provide
information about the performance of the different control strategies on the Key
Performance Indicators (KPls). In this section, first the simulation tool will be
examined more thoroughly. After this, the comparing methods will be described.

3.5.1  Simulation tool

When considering the findings regarding the various simulation tools as outlined
in Chapter 2, it seems that MOTUS, OTS and VISSIM are the preferred simulation tools.
In order to come up with a single favoured simulation tool, additional advantages
and disadvantages will be outlined in this section.

An additional advantage of MOTUS over VISSIM is that it is open source. Moreover,
MOTUS enables researchers to build up a simulation model from top to bottom.
Additionally, MOTUS was developed by employees of the Delft University of
Technology, enabling researchers working for the Delft University of Technology
to seek support when using MOTUS more easily.

However, when the various microscopic driving simulation models were
compared in Van Beinum (2018), OTS was still under development. It was already
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mentioned in Van Beinum (2018) that the developments regarding OTS were very
interesting and that OTS could potentially provide solutions to existing limitations
of MOTUS. Just like MOTUS, OTS was developed by researchers at the Delft University
of Technology. OTS is also open-sourced, calibrated for driver behaviour in the
Netherlands and researchers are able to build up the model from the bottom to
the top. There is even an overlap in the developers of the two microscopic traffic
simulation models. And according to one of these developers, OTS is indeed even
better suited for the research described in this report than MOTUS. Therefore, OTS
has been used as the microscopic simulation model in this research.

OTs is a Java-based coding program (Java, nd). The coding interface used in this
research is Eclipse (Elipse, nd). Furthermore, OTS provides underlying standard
scripts, developed mainly by researchers at the Delft University of Technology in the
fields of simulation and traffic engineering. Some examples of what the underlying
scripts in OTS determine, are:

e The driver behaviour;

Vehicle characteristics per group (e.g. vehicle length);

Standard loop detectors characteristics;

Standard Traffic Light characteristics;
e Standard Rijkswaterstaat Ramp Metering case study.

These present scripts are left intact as much as possible. However, the road layout
and the control structure of the RMI still have to be programmed. Furthermore,
changes to some values and input variables in the standard OTS scripts will be
made. Some input variables are properties of the proposed control structure, other
input variables are more deterministic and data will be gathered in order to get
an as accurate as possible value for these input variables. Some examples of these
input variables are:

e Demand on the main lane;

e Demand for the on-ramp;

o Truck percentage;

e Minimum required gap time;

e Acceleration distribution of the (merging) vehicles.

A complete index of all the input variables will be provided in Chapter 6. In the
same chapter all other settings, including the road layout, will be described as well.

3.5.2 Comparing the results

As stated previously, the outcomes of the OTS simulation tool will provide
information regarding the performance of the multiple control alternatives on the
performance on the various KpPls. The different control strategies that will be tested
are:

1. No Ramp Metering Control;
2. The current Rijkswaterstaat Ramp Metering Control;

3. The newly developed Microscopic Ramp Metering Control.
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Following the necessities and goals of RMIs as described in Section 2.4, KPIs can be
drawn up. Summarising that section, the primary goal of installing an RMI is to
reduce the total travel time losses for the system as a whole. Moreover, as stated
in Section 2.4, the throughput from the on-ramp onto the main road should not be
limited too much, since this would result in traffic congestion on the underlying
road network. Additionally, preventing rat routing is one of the potential side-goals
of RMIs. However, for the sake of simplicity, only one on-ramp will be simulated
in this research and thus rat routing is not an option for vehicles in the simulation.
Therefore, this will not be taken into account in this research.

OTS generated simulation results

Basically, the total travel time delays for the entire system is the main K.
Additionally, travel time delays for the various origin-destination (OD) pairs can be
used as KPIs. The OD pairs that can be travelled in this research are gathered in set
I.

1: Origin at start of main lane with destination end at the of main lane
I = |2: Origin at start of main lane with destination off-ramp upstream of the controlled on-ramp
3: Origin at the start of the controlled on-ramp with destination at the end of main lane

The KPIs can be identified in multiple ways. This could be done at the end of a
simulation run with a single statistic, but speed contour plots or cumulative curves
could also provide insight regarding the travel time delays. For this research, the
single statistic at the end will be logged and the cumulative curves will be drawn
up. Both will be computed for all OD pairs.

The first single statistic that will be computed at the end of the simulation is
the free flow travel time. The free flow travel time for the routes in set I can be
calculated by taking the distance and divide this by the maximum theoretical speed,
which is equal to the speed limit.

Si
FTT; = (3-9)

1

Furthermore, the actual total travel time for all vehicles combined travelling from
their origin to their destination can be computed by taking the sum over all
individual vehicle travel times for these origin destination pairs.

N;
TTT; = Y TTT} (3.10)

n=1

Combining these two statistics, the total travel time delay for a single route in
set I can be calculated by subtracting the total free flow travel times from the
actually measured total travel times. Reducing these delays is the main purpose
of implementing an RML

DTT; = TTT; — FTT; (3.11)

However, the average travel time delays per vehicles are better suited for
comparisons between the various control alternatives than the total travel time
delays, since the number of vehicles that originate at the origins for every route
differ between these control alternatives. Therefore, the total travel time delays will
differ for sure, but the travel times per vehicle might not. These average travel time
delays for every OD pair can be determined by dividing the total travel time delay
for the specific OD pair by the number of vehicles that have travelled that route at
the end of the simulation.

DTT;

i

DTT}' = (3.12)
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When the travel time delays per OD pair are known, the total travel time delay of
the entire system can be computed by taking the sum of travel time delays for all
OD pairs. A reduction in the travel time delay for the entire system is what is aimed
to be achieved by implementing an RML.

DTTsystem = ) DTT; =Y TTT; -} FTT; (3.13)
iel iel iel

Finally, following the same remarks about the variation in the number of vehicles
originating for every route, the average travel time for the entire system is
determined. This is the most important KPT when comparing the performance of
the various alternatives. This average travel time delay for the entire system per
vehicle can be calculated by dividing the sum of all OD route travel time delays by
the sum of vehicles for all OD pairs.

DTTH _ ZiEI DTTZ

system = Ty N (3.14)

Moreover, some other statistics will be computed on simulation end in order to
compare different (microscopic) RMIs with each other include:

e The time the RMI was activated [s];
e The time the RMI was deactivated [s];
e The number of vehicles that got a green light while the RMI was activated [#];

e The percentage of controlled vehicles that had to wait too long in front of the
RMI. A vehicle had to wait too long if it had to wait for more than 15 seconds
while being at the front of the queue [%];

o The percentage of controlled successful mergers. A merger is considered to be
successful if the merging vehicle merges onto the right lane behind the leader
of the measured gap. So, the leading vehicle of the gap still has to be on the
right lane as well [%].

Computing cumulative curves

Additionally, in order to gain insight at what happens during the simulation,
cumulative curves for every OD pair and the entire system will be drawn up. Besides
the static simulation results as described above, the OTS code also generates text files
with the vehicle count on one side and its destination arrival time on the other side.
This is logged for every OD pair, making it possible to compute the cumulative
curves on a minute time-interval.

time

Figure 3.3: Example of cumulative curves (Daganzo et al., 1997)
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Unfortunately, when comparing these free flow cumulative curves with the actual
cumulative curves, the differences between the various control settings are so small
that they are hard to notice by eye. Therefore, slanted cumulative curves are
computed as well. These are basically regular cumulative curve minus a component
that consists of a certain offset flow multiplied by the then passed time. The formula
for computing slanted cumulative curves, is provided in Equation 3.15. The offset
for regular cumulative curves is 0. Normally, for computing slanted cumulative
curves, the chosen offset is equal to the road capacity. This way, a horizontal line
is provided when the flow on the main road is equal to the capacity. The capacity
is normally determined as the capacity on the road just after a traffic jam. This is
the so called discharge rate. In this situation, drivers choose their desired headway
between themselves and their predecessor, resulting in the road capacity. However,
before congestion kicks in, an increasing line can be found most times, indicating
that the capacity on the road before congestion is larger than after the vehicles have
been congestion. This phenomenon is called the capacity drop.

Ngumulative = N; — Go * T (3~15)

However, showing a capacity drop is not the goal of this research. Thus, an offset
which is not equal to the road capacity can be chosen. In this research, the used
offset has been chosen in such a way that differences in performance between the
various alternatives are limited below the horizontal axis, but the differences above
the horizontal axis will be more easily visible. This is a result of the extreme values
being substantially lower due to the with time increasing deduction of the number
of (slanted) cumulative vehicles vehicles. The chosen offsets in this research are
shown in Table 3.1.

Speed (km/h)
N(1)-80"t

]

.t ¥
vy
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15:45 16:00 16:15 16:30 1645 1700 1748 1730 1745

Figure 3.4: Example of a slanted cumulative curve (Yuan et al., 2017)

Table 3.1: Used offsets to compute the cumulative curves

System Main lane On-ramp Off-ramp

Chosen offset [%] 4500 4000 300 300
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Comparing total travel time savings with cumulative curves

During the research, it was observed that the computed delays by OTS at the end
of the simulation seem to be inaccurate. For instance, when comparing the delays
from the vehicles that originate at the controlled on-ramp, it is very unlikely that the
microscopic RM approach that requires larger gaps for the merging vehicles leads
to less delay than a microscopic RM approach that requires smaller gaps. Especially,
when the delay on the main lane is not significantly negatively influenced by this
decrease in the required gap.

The hypothesis that the total travel time delay for vehicles originating at the
on-ramp for a microscopic RM approach with a 2.0 seconds gap should be larger
than the same settings, but with a required minimum gap of 1.8 seconds, was
confirmed by looking at the (slanted) cumulative curves as shown in Chapter 7.
Nonetheless, the average delays according to the OTS outputs indicate the opposite.
Thus, it was concluded that OTS makes use of a vertical queuing model when there
is no space on the road in the simulation to spawn the vehicles on. The start time
that is given to the vehicles in OTS is only assigned when the considered vehicle is
present on the road for the first time. Thus the waiting time in the vertical queue is
accounted for. This leads to unregistered delays. Since a fair comparison between
the total delays for the vehicles is required, another way of computing the total
delays is recommended.

Fortunately, the total travel time delays can be computed by taking the area
under the line without traffic jams (i.e. a theoretical situation) and subtracting
the computed surface under the line of the considered actual cumulative curve
therefrom (Knoop et al., 2018). The destination time for the uncontested situation is
determined by calculating the free flow travel time and adding this to the start
time of the vehicles when they enter the simulation. Then, by combining the
cumulative total number of vehicles for every minute that would have reached
their destination when there is no congestion, the uncontested cumulative curve is
computed. Unfortunately though, due to the vertical queuing in OTS, determining
the precise desired start times is impossible, since this could be in the invisible
vertical queuing part of the simulation. This disables computing the cumulative
curve without delays.

It is possible, however, to compare the cumulative curves of the different Rm
control strategies with each other. So, the area under the chart needs to be
calculated. This can be done by determining the integral of the cumulative curve.
For the total area underneath one function, the integral on the interval [0,00] is
calculated. Since the simulation time is only 130 minutes, the interval becomes
[0,130].

One challenge with this approach is the fact that the observed cumulative curves
do not follow an exact function. Therefore, a linear increase function between two
logged adjacent time steps [T, T 4 1] is assumed. A function describing this linear
increase on that specific interval is computed.

f(t):N=ut+b (3.16)

The time steps are chosen to be one minute in order to limit the computational effort
a bit. In the example, the logged adjacent points are called K and L.

K (T, NT) AL <r +1, Nr+1> (3.17)

Additionally, for a simulation of 130 minutes, this already results in 130 areas under
the graph. Smaller time steps might get a little bit more accurate results, but the
differences in accuracy between 130 areas and 1300 areas are probably not very large.
Furthermore, the data points in the cumulative curves are already averages over 30
different simulation runs for a single alternative, which will limit the fluctuations
between time steps as well.
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Computing the area under a linear line, is done by taking its integral.

/f(r)d'r = %MTZ + bt (3.18)

When the value for u and b are calculated (see Appendix C), the end result for the
computation of the area under the line between points K and L is found.

/T+1f(r)dr = Nepi(T+1) = Net + M <72 —(t+ 1)2> (3.19)

Then, the entire area under the line can be calculated by taking the sum of all
adjacent time steps for the entire simulation.

130

130 T+1
f@ar=Y [ f@c (3.20)
0 - T

0

Thereafter, the travel time savings for control strategy k versus control strategy / can
be calculated by subtracting one from the other.

130 -130

TTDI[?){BO} ~ Jo fk(T)dT—'O fi(v)dt (3.21)

Comparing average total travel time savings with fractional cumulative curves

Unfortunately however, this method faces a difficulty as well. As stated before,
the average number of vehicles that pass through the entire simulation in the OTS
simulations is not equal for the same random seed with different control strategies.
This is still the case when considering the average number of vehicles that originate
per OD pair over 30 different seeds. The differences do get smaller though when
comparing these average number of vehicles.

Nonetheless, the differences result in an advantage for the control strategy that
has accommodated the largest number of vehicles during the simulation. This is
the case, since the cumulative number of vehicles will be higher when the traffic
states are similar. However, not only during the simulation the cumulative number
of vehicles could be higher, but also during the final tens of minutes when the
simulation is still running, but there is no new traffic demand anymore. These
final minutes without demand are implemented to accommodate all vehicles that
originate during the simulation reaching their destination, ensuring that there is no
delay still present in the system. Especially considering this final simulation stage,
an unfair advantage for the control strategy with the largest number of vehicles that
have passed through the system is gained.

To ascertain that there is no additional delay taken into account for the control
strategy that was unfortunate to have the lower number of vehicles passing through
the simulation, the fraction of arrived vehicles at a time step is taken instead of the
actual number of passed vehicles. This way, the area under the graph for a single
time step when all vehicles have reaches their destination equals one for all RMm
alternatives, regardless of the exact number of vehicles that have passed the system.
Unfortunately, fluctuations in the arrival pattern during the simulation still remain
and these are not resolved by using the fractional cumulative curves. Nevertheless,
computing the travel time savings by means of the fractional cumulative curves is
regarded to be the better alternative compared to the computations of the regular
cumulative curves and the delays computed by OTSs.

The fractional cumulative vehicles that have reached the considered position at a
certain time step is computed by dividing the actual number of vehicles that have
reached the considered position by the number of vehicles that have reached that
position at the end of the simulation. This total number of vehicles that have reached
their destination is always equal to the total number of vehicles that have originated
for that OD pair, since the demand in the simulation for the final 40 minutes is kept
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at 0. For an entire simulation length of 30 minutes and with a maximum distance to
be travelled of 6 kilometers including regular highway speed limits, this is always
enough to allow all vehicles reaching their destination.

Nk

o 622

130

Combining Equation 3.22 with the equations leading up to Equation 3.21, results in
the equations that determine newly computed area under the graphs.

T+1 F —_F
[ st = Fen(r+1) Bt “2(2 - <r+1>2) (3.23)

Then, the fractional travel time savings between control strategy k versus control
strategy | can be determined.

Kl 130 130
FTTD[(’)IB()] = /O gk(T)dT - /0 gl(T>dT (3-24)

This fractional travel time savings can in turn be used to calculate the total travel
time delay, by multiplying this value by the (average) number of vehicles that have
passed through the simulation.

Simulation runs

Since there are quite some stochastic variables involved in the simulation, all
different control strategies will be run with 30 different random seeds (which are
the same for the three different strategies) and the averages of these results will be
compared. These runs will be performed in batches, meaning that multiple seeds
will be simulated without having to hit ‘run’ for every single simulation run. On
average, one simulation run with a single control alternative takes between 10 and
15 minutes. If it takes longer than 30 minutes, it is assumed that something went
wrong and the output for that simulation run will write "ZERROR” for the statistics
that are computed on simulation end. The outputs that are only computed on the
simulation end, are stored in Excel for every single simulation run (Microsoft, 2020).

The cumulative curves are only computed while taking the average data for all
seeds for the specific setting. The same applies to the calculated differences in the
delay by comparing the area underneath the cumulative curves. If a simulation
error occurs, no cumulative vehicle data for that run will be stored in Excel, which
means that the average cumulative curves will be determined for less than 30
simulations (Microsoft, 2020). If more than 5 errors occur, more seeds will be run
in order to get closer to the desired 30 simulation runs. If 5 or less errors occurred,
less than 30 simulation runs are considered when computing the averages over all
simulation runs.

The code that enables this batch running is written for this specific research.
The language of the batch running code is Python (version 3.7.2) and the coding
interface that was used is SublimeText (Python, 2020; SublimeText, nd). The code
will be called upon with the Windows Command Prompt.

Firstly, several microscopic RM settings with the control structure as proposed
in Chapter 4 will be evaluated. The best performing microscopic control structure
will be chosen as the microscopic RM control structure that will be compared to the
Rijkswaterstaat control and to no control at all. This will be done for a base case
scenario. Additionally, for some variables, a sensitivity analysis will be performed
to come up with a recommendation for different conditions.
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36 DEMAND DATA CHARACTERISTICS GATHERING

In an effort to get a realistic demand pattern and truck percentage for the
simulation, data for the considered case study regarding demand patterns and truck
percentages is gathered. This is done by means of the Dexter database (Dexter,
nd). The Dexter database provides hourly flow data, which is regarded to be the
minimum demand, since the demand can be higher than the measured flow, but not
the other way around. Additionally, the percentages on heavy truck, small trucks
and passenger cars are provided on an hourly basis. The outcomes for the case
study will be used to derive the demand patterns and the truck percentages.






DEVELOPMENT MICROSCOPIC RAMP
METERING STRATEGY

In order to get to a new Ramp Metering (RM) control structure, a design
methodology has been chosen. This methodology was described in Section 3.3
and will be used in this chapter to get to the microscopic RM control structure.

4.1 CURRENTLY USED ALGORITHM

The algorithm that is currently in operation at multiple on-ramps in the Netherlands
has already been mentioned in Section 2.3. As stated there, it uses a macroscopic
approach. The algorithm gets input from loop detectors located 500 meters
upstream of the merging point and 500 meters downstream of this point. The
detectors measure individual vehicle speeds. Comparing these observations
with predetermined threshold values, the control structure is either activated or
deactivated. When the control structure is activated, the speed on the main lane 500
meters upstream of the start of the merging area determines the temporary fixed
cycle time of traffic light. This is done by looking at the difference between the
pre-determined desired flow on the main lane and the coupling of a current flow
on the main lane to the measures speeds.
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Figure 4.1: Currently used algorithm layout (Rijkswaterstaat, 2018)

Due to this macroscopic approach, it is still rather likely to encounter a fully
occupied (right lane on the) main road when having to merge onto the highway.
Therefore, stop-and-go jams can still originate at on-ramps, even with RM in place.
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4.2 TRAFFIC FLOW IMPLICATIONS

Therefore, it is desired to fit merging vehicles in measured gaps in the flow instead
of reducing the chance of (too many) vehicles having to merge while encountering
insufficient space on the main lane. This method of using measured gaps in the flow
on the main lane will be called the microscopic ramp metering approach. After all,
when the merging vehicles always have a sufficient gap, drivers will not have to
brake harshly when the merging vehicle forces itself on the main lane in front of
the drivers. It is this harsh braking of main lane vehicles that cause stop-and-go
jams when operating at (or near) road capacity. Therefore, preventing this action by
vehicles will result in less traffic jams and thus in travel time gains compared to the
existing situation.

Considering the currently available technologies, there are limitations to what
is possible. For instance, currently it is not possible to control the acceleration
behaviour of drivers. The same goes for the driving speeds and courtesy lane
changes of vehicles on the main lane.

However, what is possible to control, is the moment of showing a green traffic
light (and thus an estimated ‘release’ time of the vehicle in front of the traffic light).
With this control and the estimation of the relative travelled distance of the main
lane vehicle versus the merging vehicles, individual merging vehicles can be fitted
in the measured gaps in the flow on the main lane.

Furthermore, the acceleration of the merging vehicles and the speed of the
vehicles on the main lane could possibly be influenced by variable speed limits or
colour-blimps (like the ones at airports) indicating if the current acceleration of the
merging vehicles is in line with the desired acceleration. However, estimating (and
simulating) the degree to which the drivers would follow these recommendations
is very variable. An overestimation of this compliance rate could easily lead to an
overestimation of the effects of implementing microscopic RM which include such
advice-systems. Therefore, these systems are not taken into account in this research.

In order to get the biggest chance of success, the acceleration of the merging
vehicles and the speeds of all involved vehicles have to be known as precisely as
possible. This way, without communication between the vehicles, a coordinated
merger in a measured gap would be possible. Moreover, the measured gaps on
the main lane have to remain sufficient gaps as much as possible. Therefore, it
is recommended to prohibit merging manoeuvres from the middle lane of the
highway onto the right lane on the main road for at least the road between
the gap measurement loop detectors and the end of the on-ramp merging area.
Furthermore, preferably, the deviation between the acceleration profiles of the
merging vehicles has to be as small as possible. This is, however, not controllable
without giving acceleration recommendations to the drivers. Finally, all vehicles
should fall within a chosen group. In this research these groups are limited to
personal vehicles and trucks only.

4.3 CONTROL SCHEME

As stated in Chapter 2, there are basically three different control schemes: feed-back,
feed-forward and a combination of the two. Since the merging vehicles will be fitted
in measured gaps, the control concept in this research is primarily a feed-forward
control scheme. Nonetheless, there is also some feed-back control, as can be seen in
the eventual control scheme provided in the final section of this chapter (Figure 4.6).
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4.4 CONTROL ENGINEERING IMPLICATIONS

This section will provide the microscopic control structure that has been developed
in this research. This will be done step by step by taking a closer look into
the different possible control situations. Firstly, the activation and deactivation
conditions of the microscopic control approach will be outlined. Secondly, the
process of identifying the waiting vehicle and when the traffic light should turn
green will be elaborated upon. Finally, the control sequence to turn the traffic
light back to red via yellow, is explained. In the next section, all these components
will be put together and lead to the entire control concept as shown in Figure 4.6.
The control concepts start at the top of the figure. In all shown control concepts, the
green lines indicate what the next step in the control structure is when the answer to
the considered question is ‘yes’. A red line indicates the next step when the answer
to the considered question is ‘'no’. Black lines indicate a follow-up step regardless of
the considered action. Furthermore, in these control schemes, rectangles are actions
and diamond-shaped blocks indicate yes/no questions. An approximation of the
location of all loop detectors is provided in the next section in Figure 4.8.

4.4.1 Activation and deactivation

The control structure will be activated when the measured flow on the main lane
is higher than a certain threshold value. Additionally, the control structure can
be activated when the speed drops below a speed threshold value. On activation,
the traffic light will show red to prevent the first car from accelerating towards the
merging area when there is no gap measured yet. Deactivation of the microscopic
RM control approach is subject to multiple conditions. For instance, when the speed
has dropped below a certain value (i.e. a traffic jam is present), the speed on the
main road is not predictable anymore, making it (nearly) impossible to show green
to the merging vehicles at the right time. In other words, it is very hard to ensure
that the merging vehicles actually have the measured gap available next to them
when they want to merge on the main road.

Furthermore, the control structure could be deactivated when the on-ramp is
full of waiting vehicles. This is done in order to limit spillback on the underlying
road network. Finally, the control structure will be deactivated when the traffic
conditions on the main lane are not of a near capacity nature anymore. This
way, merging vehicles are not held up unnecessarily. These different conditions
are shown in Figure 4.2 and are summarised below:

e The speed gets above a certain value and the flow simultaneously drops below
a threshold value, meaning the traffic has returned to free flow from a (near)
capacity state;

e The speed on the main lane drops below a critical value. This means a
traffic jam has emerged on the main lane, compromising the measured gaps.
Therefore, it is irrational to continue with the microscopic control structure;

o A vehicle is stationary at the loop detector at the beginning of the on-ramp.
In other words, the on-ramp is full of vehicles, which may lead spillback on
the underlying road network.
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Figure 4.2: Control concept activation/deactivation

4-4.2 Turning the traffic light green

When the control structure is activated, the first indicator that has to be checked
is whether a vehicle is waiting in front of the traffic light. If this is not the case,
the traffic light can remain red. When a vehicle is indeed waiting in front of the
RMI, the vehicle type has to be determined. If the waiting vehicle is a truck and the
gap measurement detector loop for trucks (i.e. the detector that is located furthest
upstream on the right lane of the main road) has not been triggered by a vehicle
for s seconds, the traffic light will turn green and the truck will start accelerating.
If the control algorithm works well, the truck will have reached the merging speed
(or the end of the on-ramp) when the gap has also arrived there (see Figure 4.3).

When the waiting vehicle is a passenger car and the previous vehicle is not a
truck, the principle is the same as control theorem for trucks as described in the
previous sub-section, but the detector that measures the gap is located more closely
to the on-ramp (i.e. the gap detector for passenger vehicles). This is the case, since
passenger cars accelerate more quickly than trucks (Fitzpatrick and Zimmerman,
2007; Yang et al., 2016b). If the previous vehicle is a truck however, a longer red
light period will be scheduled due to the risk of measuring the same gap twice
and only having space for one vehicle. Additionally, in the considered scenario, the
passenger car is not able to overtake the truck. This means that if a new gap has
emerged and is measured, the passenger car is not able to merge into that gap if
its acceleration is hindered by a truck. This results in a minimum waiting time the
first w seconds. Effectively, this means that a measured gap for passenger vehicles
will not trigger a green phase and the traffic light will remain red for at least this
duration. After this w seconds, a measured gap at detector seven will initiate a
green phase. This process is shown in Figure 4.4.
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Figure 4.3: Control concept when waiting vehicle is a truck
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