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Abstract

Abstract

Providing public transportation with priority over general traffic is an important measure to pro-
vide reliable services. However, balancing the priority of public transit and general traffic must
be done carefully. Exclusive bus lanes, for example, (EBLS) improve bus performance but are
not suitable in all situations. A dynamic bus lane known as Virtual Right of Way (VROW) has
been proposed to better balance the road space between buses and private vehicles. Using
vehicle-to-everything (V2X) communication, VROW only requests vehicles in the bus lane to
change lanes if they will delay the bus operations. In dense traffic, however, there are few
available gaps to safely accommodate VROW lane change requests. Furthermore, it is not
known how different compliance rates of human drivers will affect VROW performance. A co-
operative driving algorithm has thus been developed to facilitate vehicle lane changes due to
VROW requests in both dense and free-flowing mixed traffic. The proposed driving algorithm
creates gaps by cooperative lane changes and cooperative acceleration control. The algorithm
was integrated with VROW and simulated in a Vissim model of an arterial corridor in Singapore.
Results showed that cooperative driving is able to supplement VROW operation under dense
traffic conditions, but free-flow conditions showed no significant improvements. Acceleration
and jerk were well controlled by the algorithm, although some issues remain when handing
control back to Vissim’s driving behavior model. Different penetration rates of cooperative ve-
hicles in the network also impacted the efficiency of VROW and cooperative driving. At coop-
erative vehicle penetration rates of 50% and below, no improvements in bus travel times were
observed. Bus travel times only improved for the 75% and 100% compliance scenarios. Ap-
plying such a cooperative strategy as proposed here to support VROW could, therefore, help
to further improve bus reliability and reduce the number of buses required to operate a route,
but only provided that there is a high compliance rate from the general traffic.

Keywords: Cooperative Driving, Connected Vehicles, Penetration Rate, Public Transport Pri-
oritization, V2V, V2X
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Chapter 1: Introduction

1. Chapter 1: Introduction

1.1. Problem Statement

Cities around the world are faced with growing levels of traffic congestion. While this can be
seen as a sign of growth and prosperity to the cities’ economies, congestion can also limit
further economic growth, impact people’s wellbeing, and harm the health of the environment
(Zhang and Batterman, 2013). Finding ways to reduce congestion levels is thus critical for the
long-term health of cities and the environment, but options to achieve this goal are limited. Due
to the limited land availability in cities, building new roads is not a viable option. This is partic-
ularly true for the island city-state of Singapore, where the small land area and dense popula-
tion make finding new space for infrastructure difficult.

Congestion within cities is the result of high traffic volumes using the road network and ex-
ceeding its total capacity. It is often caused by a high number of private vehicles commuting to
and from work during peak hours. Public bus services have offered more beneficial ways to
utilize the road space and reduce the number of private vehicles on the road more efficiently.
However, high levels of congestion can undermine these benefits, as buses impeded by traffic
are unable to operate reliably and efficiently. Bus prioritization methods have been imple-
mented in many major cities to mitigate this issue. In the case of Singapore, exclusive bus
lanes (EBLs) have been deployed across the city as the primary prioritization method for
buses. EBLs can drastically improve the reliability of bus services, as they provide a dedicated
lane for buses to travel without disturbances from the general traffic. However, low bus fre-
guencies or excessive general traffic demand make them infeasible in many situations.

Some modifications to the EBL concept were instituted to reduce the negative impacts of EBLs
on the general traffic while also maintaining a similar level of performance for buses. The In-
termittent Bus Lanes (IBL) created a dynamic bus lane that was only activated when a bus
was using it (Eichler and Daganzo, 2006; Viegas and Lu, 2000). Yet, it only prevented vehicles
from merging into it and did not request vehicles to leave the bus lane once activated. Bus
Lanes with Intermittent Priority (BLIP) was also introduced as a dynamic bus lane similar to
the IBL. BLIP operated with a fixed clearing distance from the bus and requested all vehicles
not using the lane for a turning movement to merge into the adjacent lane. Both systems im-
proved upon the EBL and provided more optimal usage of the road. However, a more optimal
clearing distance for the bus can provide similar travel time benefits for buses with less overall
disturbances to the general traffic. The Virtual Right of Way (VROW) bus prioritization protocol
has thus been proposed to solve this problem.
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VROW utilizes vehicle-to-everything (V2X) communication to request lane changes from vehi-
cles expected to delay a bus’s operation. It does this through aggregating traffic signal infor-
mation and relative velocities between preceding vehicles and the bus. Vehicles using the
turning lane or vehicles that are traveling on a trajectory that will not interfere with the bus are
allowed to stay in the lane, thus reducing the overall impact of the bus on the general traffic.
Despite the added benefits, it is not known how the effects of forcing lane changes from vehi-
cles will impact the performance of VROW. Some vehicles may be unwilling to comply with the
signal, while others may not find suitable gaps in their adjacent lane to provide the bus with
the right of way. As vehicle communication technologies continue to develop, new opportuni-
ties for vehicle control and traffic management become possible. Singapore, as a city with
advanced traffic management practices, holds the potential to take advantage of these new
technologies.

1.2. Transportation in Singapore

Singapore, as an island nation, is particularly constrained in terms of space for infrastructural
expansion. Official government data shows that Singapore’s expressway network has re-
mained unchanged since 2013, and the arterial road network has only been expanded by 46
km during the same period (Land Transport Authority, 2020b). As an alternative to roadway
expansion, the government has taken measures to limit car ownership and implemented con-
gestion pricing on major expressways across the country (Ministry of Transport, 2011). As a
result, private vehicle ownership has become expensive for many in Singapore. However,
there have also been substantial investments in public transportation infrastructure and priority
to service the high captive public transport ridership population (Ministry of Transport, 2013).

Despite these measures, traffic congestion is still a problem. The average speeds on express-
ways and arterial roads during peak hours are consistently around 60 km/h and 30 km/h, re-
spectively, while the allowed speed limits on expressways are between 80 — 90 km/h and that
for arterial roads is between 50 — 60 km/h (Land Transport Authority, 2020a, 2020b). As many
people in Singapore rely on buses to move around, finding measures to help improve bus
performance can have a significant impact. Factoring in Singapore’s extensive use of EBLS,
incorporating technologies such as VROW to balance the road space between private and
public transport more efficiently can thus help to reduce the high congestion levels in the city.

1.3. The DART System

TUM CREATE is researching the development of a Dynamic and Autonomous Road Transit
(DART) system that is intended to create a connected and shared transport system that can
complement public bus systems (Rau et al., 2019). It consists of a fleet of modular, electric
autonomous vehicles of various sizes that offer more flexible operational capabilities than tra-
ditional buses. Depending on current demand, the system can quickly adjust the capacity of
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different fixed-route services or even offer on-demand services in situations with very low pas-
senger demand. The DART system incorporates VROW and other technologies such as pla-
tooning and signal priorities to attain higher operational speeds while reducing the overall dis-
turbances on general traffic (TUM CREATE, 2020). Figure 1.1 shows the conceptual idea of
the DART modules.

Figure 1.1. Concept of the DART system (TUM CREATE, 2020).

1.4. Research Objectives

There were two main objectives of this research. The first was to develop a cooperative driving
algorithm that could support and further improve VROW performance through cooperative lane
changes and acceleration adjustments in an urban environment. Essentially, the goal of the
algorithm was to create larger gaps in order to assist connected vehicles in moving away from
the VROW bus lane, thus helping to reduce delays on the bus caused by vehicles unable to
change lanes. Although human drivers who receive the signal may cooperate with VROW,
others may not. This leads to the second objective of this report. As human drivers do not
always act in the best interest of the overall system, the effects of different compliance rates
of human drivers on the performance of VROW buses were also investigated. This is simulated
with different proportions of connected and non-connected vehicles in the network. As a sec-
ondary objective, the potential for vehicles to form a platoon behind the VROW bus as a way
to mitigate delays caused by VROW lane changes was also explored. This would help to fur-
ther reduce any negative impacts on the general traffic from VROW lane change requests.

1.5. Thesis Structure

The remainder of this report is divided into five chapters. In the second chapter, a detailed
literature review is presented on vehicular communication technologies, cooperative driving,
driving behavior models, and VROW. The third chapter contains the methodology for the de-
velopment of the proposed cooperative driving algorithm as well as how it complements the

3
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operation of VROW. Chapter 4 describes the case study area for simulation in Vissim, the
calibration of the developed model, and the preparation of the different scenarios for analyzing
the algorithm’s performance. The results of the simulation runs are discussed in chapter 5,
which explains how the cooperative driving algorithm performed in different compliance sce-
narios. Lastly, chapter 6 presents the conclusions of the research and highlights potential ar-
eas of future work, as well as some limitations of the proposed algorithm.
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2.1. Vehicular Communication Technologies

Vehicular communication systems are an extensive topic representing the culmination of the
telecommunications and intelligent transportation fields. The research presented in this thesis
does not focus on this topic, but it is an underlying technology used for VROW and cooperative
driving. As such, an overview of the important topics of vehicular communication technologies
is presented here, but it is by no means an exhaustive summary of the field.

Depending on the communication architecture used, vehicular communication systems can be
defined as either vehicle-to-vehicle (V2V) or vehicle-to-infrastructure (V2I). A third classifica-
tion, known as vehicle-to-everything (V2X), represents a system that combines both of these
communication types. But whatever the type of system used, vehicles and infrastructure act
as nodes that wirelessly send and receive information (Papadimitratos et al., 2008). In order
for vehicular communication to work, vehicles must be equipped with some type of on-board
unit that receives information. Each onboard unit communicates over a dedicated frequency
determined by the ITS-G5 standard to send information regarding the vehicle’s position, speed,
acceleration, etc. (Strom, 2011).

2.1.1. Vehicle-to-Vehicle Communication

Vehicular ad hoc networks (VANETS) are a common architecture for V2V communication.
They use a decentralized and dynamic architecture to transfer data between vehicles that have
joined the network (Reina et al., 2016). VANETSs rely on lightweight and reliable data transfer.
However, one concern with these systems, particularly in dense traffic settings, is that signals
emitted from vehicles will collide and interfere with signals from other vehicles, severely limiting
the efficacy of VANETSs (Panichpapiboon and Pattara-atikom, 2012). There have been several
algorithms proposed to mitigate signal interference from a crowded communication network,
but these algorithms are beyond the scope of this research (Feukeu and Zuva, 2020;
Panichpapiboon and Pattara-atikom, 2012).

With VANETS, vehicles are able to communicate mainly with their nearest neighboring vehi-
cles. However, one vehicle's information can be passed on through the network by its neigh-
boring vehicles in a process known as multi-hopping (da Costa et al., 2019). This allows vehi-
cles to receive information from vehicles farther downstream and overcome communication
range limitations, which is especially limited in urban settings due to signal blockage by build-
ings. A schematic of the multi-hop concept is shown in Figure 2.1. Cooperative driving algo-
rithms can utilize the multi-hop data to estimate downstream traffic conditions, smooth traffic
shockwaves, and form stable vehicle platoons (Jia and Ngoduy, 2016b; Ploeg et al., 2018).
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Figure 2.1. Multi-hop data transmission for VANET in urban setting (da Costa et al., 2019).

2.1.2. Vehicle-to-Infrastructure Communication

V2l communication depends upon physical infrastructure to transfer data to and from vehicles
that are within range. In this case, vehicles do not directly communicate with one another.
Implementation of V21 communication can vary depending on the situation, as different types
of infrastructure can fulfill different needs. Roadside units (RSUs) are a common communica-
tion infrastructure placed along roads to send and receive data with passing vehicles (Ploeg
et al., 2018). As seen in figure 2.2, the RSUs connect wirelessly to vehicles and pass the
collected vehicle data back to a centralized server for use in traffic control management (Bi et
al., 2014). The data collected by RSUs can be used for different purposes. Informing vehicles
of downstream traffic conditions or accidents is one such application that can help to improve
traffic safety (Bi et al., 2014). RSUs can also be applied to form vehicle platoons in both high-
way and urban road settings (Ploeg et al., 2018).

Figure 2.2. V2| communication architecture schematic (Bi et al., 2014).
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Other applications of V2I communication are in traffic signal controllers. Signal controller sys-
tems with V2| can send signal timing information to vehicles waiting at or approaching the
intersection (Nguyen et al., 2017). Other V2| systems incorporate control algorithms, such as
GLOSA, that can recommend vehicle trajectory adjustments so that vehicles arrive at the in-
tersection at the optimal time to reduce delays or fuel consumption (Stebbins et al., 2017).

2.1.3. Vehicle to Everything Communication

V2X communication represents the combination of both V2V and V2l communication. Such
systems can reduce the bandwidth required for V2I and V2V communication and thus allow
data to be transferred more reliably between nodes in the system (Jia and Ngoduy, 2016a). In
the network architecture presented in Figure 2.3 by Jia and Ngoduy, V2V communication is
used to inform nearby vehicles about their kinematic behavior in order to assist in driving more
cooperatively. Meanwhile, V2I communication is used to pass traffic information collected
RSUs to upstream vehicles to inform them about upcoming conditions.

Moving
direction
—p BT
- /”/ 7 e 9
, - T
) @ o ta
Detected == V2V Covered V2I Covered _ - Roadside o Access
region —— - region region sensor point

Figure 2.3. V2X communication architecture for improved signal reliability and traffic manage-
ment. (Jia and Ngoduy, 2016a).

2.2. Cooperative Driving

Human drivers tend to exhibit non-cooperative driving behavior. The decisions they make are
designed to maximize their own driving benefit regardless of their impact on other drivers (Bag-
loee et al., 2016). Of course, there are limits to such selfish driving behavior. Some driving
maneuvers may provide a benefit but are perceived by the driver to be too risky to attempt,
such as changing lanes when a small gap is available. Drivers thus will not always drive to
maximize their benefits. There is a limit to the risk drivers are willing to take in order to receive
some driving benefit. A smaller benefit or more substantial risk leads to a lower probability a
driver will act to improve their situation. This type of behavior is dependent on the type of driver,
but it can be considered as a politeness factor (Kesting et al., 2007). A low politeness factor
would imply very selfish driving behavior, while a higher politeness factor would equate to more
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selfless driving and a willingness to cooperate with other vehicles. However, even if a human
driver is willing to cooperate, they often lack the information to provide optimal cooperation.

By leveraging information provided by vehicular communication systems, cooperative driving
can improve overall traffic efficiency by providing drivers or AVs with information on driving
behavior that is beneficial to multiple drivers rather than only one. The concept of cooperative
driving was first proposed in 1966 to determine the feasibility of a high-speed ground transport
system in the United States (Levine and Athans, 1966). Control theory was used to develop
an algorithm that was able to manage accelerations of platoons of vehicles on a highway-like
system so that vehicle speeds and densities could be increased while maintaining overall sys-
tem stability. Errors in acceleration control among vehicles were also expected under normal
operating conditions. As such, the proposed control algorithm was designed to minimize the
acceleration errors and their impacts on the stability to determine the optimal platoon size for
linear control (i.e., no lane changes were considered). The results showed that up to three
vehicles could reliably be controlled in a platoon.

However, beyond the application of using cooperative driving to form platoons, it has also been
used for many other purposes. In the following subsections, different cooperative driving algo-
rithms are discussed and grouped based on their application to highway or urban traffic, as
this has the most significant impact on traffic properties and, consequently, the goals and ap-
proaches of each control algorithm.

2.2.1. Highway Cooperation

The original cooperative driving research by Levine and Athans mentioned above focused on
platooning capabilities on a highway-like, high-speed ground transport system. In furthering
this research, Athans also proposed a cooperative merging strategy to determine the optimal
merging sequence between vehicles of two separate streams (Athans, 1969).

Optimal merging order algorithms for two different vehicle streams have been proposed using
various approaches. In the case of Athans, control theory was used, but no formal proof was
given that the algorithm would not result in a crash. Further, in order for the optimal merging
sequence to be determined, the total number of vehicles to merge as well as their speeds and
positions had to be known. However, vehicle counts in traffic streams are measured by flow
rates, as vehicles are always arriving from other locations in the network. Exact numbers to
perform the optimal merging sequence cannot be known. In addition, vehicle communication
architecture to enable information sharing for an optimal merging sequence was not specified.

As a solution to this, Mosebach et al. introduced a decentralized algorithm to allow two streams
of vehicles to merge with the least disturbance while also guaranteeing that no collisions would
occur (Mosebach et al., 2016). Instead of requiring a complete picture of all the vehicles to be
merged, they only considered vehicles that entered a defined control area near the merging
point. The algorithm was classified into three phases. First was data collection, where each
vehicle that entered the merging area received the time for the preceding vehicle to complete

8
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the merging maneuver. The data transmission between vehicles was designed to be light-
weight to minimize communication overhead. The second phase was the deceleration phase,
where vehicles that entered the merging area decelerated at rates determined by the algo-
rithm. The deceleration continued until no collision with the preceding merging vehicle was
guaranteed. The third phase was the acceleration phase. Once the vehicle was guaranteed
not to have a collision with the preceding vehicle in the merged stream, it accelerated to leave
the merging area at a certain speed, as shown in Figure 2.4. As a result of the deceleration,
however, the impact on upstream vehicles became more pronounced with an increasing num-
ber of vehicles in the stream. With 40 vehicles simulated in each traffic stream, jam conditions
began to form after only 15 vehicles from each stream entered the control area.

0 control region

Figure 2.4. Merging control of two streams of cooperative vehicles, where s. is the start point
for merging, d. is the length available for merging, and ve is the required exit velocity
(Mosebach et al., 2016).

A centralized control algorithm has also been explored for the highway merging scenario. Ve-
hicles that enter the cooperative area receive trajectories of other vehicles within the control
area to coordinate smooth lane changes as the vehicles approach the fixed merging point
(Ntousakis et al., 2016). Here, a single lane highway is used as the merging lane, and vehicles
adjust their accelerations based on the centralized system controller. A cost function for mini-
mizing traffic disturbances is presented as the weighted sum of squares of the acceleration,
jerk, and derivative of jerk, helping to provide higher passenger comfort and less engine work
for cooperative merging.

Single Lane Motorway

/ \
| Acceleration I Metrging Point
Lane
jes)
\ (jn—?\a 4 /(\
4?\% / Control Region
/

Figure 2.5. Centralized control algorithm for merging streams on a highway. The green arrow
indicates the current leader, and the black arrow indicates the planned leader after
merging (Ntousakis et al., 2016).
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While cooperative merging has been shown to smoothly enable lane changes with improved
traffic stability, different penetration rates of connected vehicles can lead to different results on
how the traffic is improved (Talebpour and Mahmassani, 2016). The study by Talebpour and
Mahmassani analyzed different penetration rates of connected vehicles equipped with auto-
matic cruise control (CACC) for merging onto a single lane highway. A gap-acceptance based
model was used to simulate the lane changing behaviors of the merging vehicles. Results
showed that increasing penetration rates of connected vehicles resulted in increased through-
put of the highway, and with at least 90% connected vehicle network penetration, there is no
traffic flow breakdown caused by merging vehicles from the entry ramp.

The studies discussed above only look at scenarios where vehicles merge into a single lane.
Major highway systems typically have multiple lanes, which can change how the highway ab-
sorbs new vehicles and how cooperative vehicles can react to accommodate merging vehicles
streams. Van Arem et al. studied the impact of a highway lane reduction from four to three
lanes for different market penetrations of connected vehicles (van Arem et al., 2006). Accord-
ing to the results, connected vehicle penetration below 40% did not show any significant im-
pacts on traffic performance, but increasing penetration beyond this point led to increasingly
more efficient traffic.

Xiao et al. also studied the effects of vehicles with CACC on a multilane highway lane reduction
scenario. They focused on how switching between automatic cruise control and human driving
can affect traffic flow at bottlenecks (Xiao et al., 2018). Connected vehicle penetration below
40% only showed minor improvements, which is in line with findings from van Arem et al. It
was not until at least 60% penetration when traffic flow and merging capacity at the bottleneck
showed significant increases in performance. However, the CACC of connected vehicles was
deactivated for vehicles approaching the bottleneck due to increased traffic density and the
necessity for lane changes. This reduces the potential performance of a system equipped with
vehicle communication technologies.

Cooperative control algorithms summarized above use either CACCs or a unique algorithm to
manage vehicle lane-changing maneuvers. And while the algorithms that utilize original control
manage cooperative acceleration more proactively than CACCs, particularly for centralized
algorithms, these do not factor in lane changes on multilane highways. As VROW can only
operate on multilane roads, the single lane merging algorithms are not compatible with the
VROW algorithm. Furthermore, these algorithms all use a single static merging point to deter-
mine an optimal merging strategy. This makes sense for a single lane highway situation be-
cause the most critical disturbance to traffic comes from the entrance ramp. However, when
VROW sends a lane-change request, no single merging point for vehicles can be identified.

CACCs can help to smooth overall traffic flow and manage disturbances caused by the lane
changes and can support multilane scenarios, but they do not proactively adjust acceleration
to create a gap for a merging vehicle unless provided information by a higher-level control
system designed for cooperative merging. Instead, CACCs only consider the preceding vehicle
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and any other traffic information received from downstream vehicles to smooth the traffic flow.
In the case of VROW lane changes, a gap needs to be proactively created if one is not readily
available.

2.2.2. Urban Roadway Cooperation

Much of the literature regarding driving control algorithms in urban settings involves some form
of eco-driving or green light arrival optimization. These types of algorithms focus on individual
vehicles, not cooperation amongst them. There are, however, several algorithms for urban
cooperative driving.

Zhao et al. proposed the use of connected autonomous vehicles (CAVs) to become platoon
leaders that assist human-driven vehicles in driving with higher fuel efficiency when approach-
ing a signalized intersection (Zhao et al., 2018). CAVs receive the signal timing information
from the downstream traffic controller and respond accordingly to minimize fuel consumption.
Human-driven vehicles traveling behind the CAVs form a platoon and pass through the inter-
section with the optimal trajectory. The cooperative algorithm also considered the lead vehi-
cle’s impact on the following vehicles and attempted to find the trajectory that benefits the
group over any specific vehicle in the platoon. Stebbins et al. also applied a similar approach
but did not incorporate the consideration of lead vehicles to optimize the entire platoon
(Stebbins et al., 2017).
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Figure 2.6. Platoon-based cooperative eco-driving with AVs as leaders (Zhao et al., 2018)

Cooperative urban driving strategies mainly seek to optimize an objective such as travel time
or fuel-efficiency. Lane changing is not considered. In addition, the utilization of signal speed
advisory algorithms creates platoons, forming a denser traffic condition and smaller gaps as a
consequence. Vehicles that need to change lanes are thus unable to do so in platoons formed
by these types of control algorithms. A cooperative driving algorithm that has incorporated
cooperative lane changes for urban roads has been proposed by Atagoziyev et al. Different
lane-changing cases have been defined to describe the situations a vehicle may encounter
when attempting to change lanes (Atagoziyev et al., 2016). Based on the location of the sur-
rounding vehicles, either the vehicle attempting the lane change or one of the surrounding
vehicles will respond to enable smooth lane changes. The algorithm can also be applied to
multiple vehicles that requiring such mandatory lane changes in any lane, creating a lane
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change scheduling effect that ensure all vehicles will be able to change lanes when reaching
the merging point. This algorithm can also be applied to both highway and urban roads. But in
the simulated scenario with six lane-changing and four lane-keeping vehicles, the algorithm
took 30 seconds for all vehicles to complete their lane change. The time for vehicles to com-
plete their lane changes, however, may be too short for practical application with VROW. On
an arterial road, many vehicles will be requested to change lanes, and the algorithm may fail
to create enough gaps before buses are delayed by preceding vehicles.

2.2.3. Acceleration and Jerk as Safety and Comfort Parameters

Connected vehicles are driven by humans but receive information regarding their surroundings
and suggested acceleration values to improve the overall traffic flow. If human drivers are ex-
pected to follow the recommended acceleration, the new value must be within a reasonable
range and reasonably close to the vehicle’s current acceleration. Having an algorithm that
limits these vehicle dynamics within a certain range would significantly improve the safety and
comfort of drivers and passengers as well as their likelihood to follow the suggested accelera-
tion control (Moon and Yi, 2008; Svensson and Eriksson, 2015).

Jerk [m/s%] is the temporal derivative of acceleration and defined the rate at which acceleration
changes (Schot, 1978). Large jerk values indicate that the acceleration changes quickly, while
smaller values mean that acceleration is changing more slowly. Jerk also does not need to
keep the same sign as acceleration. A positive acceleration but negative jerk means that the
rate of acceleration is increasing at a slower rate. If the negative jerk is applied long enough,
the positive acceleration will eventually turn to zero and then become negative at an increasing
rate. Jerk enables the smooth transition between positive and negative acceleration, which is
particularly helpful in controlling vehicle dynamics (Bae et al., 2019). Particularly when applied
to cooperative control algorithms that adjust vehicle accelerations, jerk can be used to deter-
mine a suitable new acceleration value that maintains driver comfort.

The consideration of jerk as a comfort indicator has been widely applied to research involving
vehicle control algorithms, some of which were mentioned in section 2.1.2. However, the ac-
ceptable range for jerk has some differences in the literature. Elbanhawi et al. used an absolute
maximum jerk of 0.6 m/s® as a constraint for acceleration changes to improve passenger com-
fort in AVs (Elbanhawi et al., 2015). A much larger absolute jerk value of 4 m/s® has also been
applied for cooperative eco-driving with autonomous vehicles (Zhao et al., 2018). Svensson
and Eriksson showed that a maximum jerk to provide a high comfort level for AVs was 0.9 m/s®
(Svensson and Eriksson, 2015). Providing even smoother control and higher comfort, Ntousa-
kis et al. controlled vehicle dynamics one step further by minimizing the derivative of jerk, also
known as jounce (Ntousakis et al., 2016).

The acceptable range for acceleration is more agreed upon than that for jerk. For normal brak-
ing, acceleration for human drivers is typically -2.0 m/s? but can reach as low as -5.0 m/s?
(Moon and Yi, 2008; Paolo B. et al., 2014). At the opposite end of the acceleration range, 3.0

12



Chapter 2: Theoretical Framework

m/s? is generally accepted for normal (i.e., non-aggressive) driving behavior (Moon and i,
2008).

2.3. Driving Behavior Models

Driving behavior models can be broken down into car-following and lane-changing models.
The car-following models only focus on the longitudinal control of the vehicle, while lane-chang-
ing models concentrate on modeling the behavior in situations where a driver would change
lanes to improve their driving situation based on different behavioral parameters. On single-
lane roads, using only a car-following model is enough to accurately represent vehicle interac-
tions. However, car-following and lane-changing models must be integrated in order to fully
represent complete driving behavior on multi-lane roads. Driving behavior models typically try
to replicate human driving behavior, but increasing research is focused on adapting these
models or on creating new ones to model connected or autonomous vehicles.

2.3.1. Car-Following Models

Gazis et al. were one of the first to propose a car-following model, where the acceleration of
the vehicle is proportional to the relative velocity and distance of the preceding vehicle (Gazis
et al.,, 1959). Gipps introduced additional constraints to the car-following model, such as a
maximum and minimum acceleration, vehicle length, and desired speed, so that the parame-
ters and behavior more accurately resembled real-world behavior (Gipps, 1981).

There have been many other car-following models that have been defined, such as the opti-
mal-velocity model by Bando et al. and the generalized force moel by Helbing and Tilch (Bando
et al., 1995; Helbing and Tilch, 1998). One of the most frequently used car-following models,
the Intelligent Driver Model (IDM), was developed to address the unrealistic acceleration, fol-
lowing gap, and reaction time parameters in previous models (Treiber et al., 2000). IDM ena-
bles the ego vehicle to freely accelerate to a desired speed should there be no preceding
vehicle present to limit this acceleration. Upon approaching a preceding vehicle, the ego vehi-
cle applies a braking force proportional to its approach velocity and distance to the preceding
vehicle. The IDM is summarized in equation 2.1 below (Treiber et al., 2000).

) * 2
Vg s (Ve Avg)
1- (véa)) - ( Sa ) ] ( 2.1 )

Equation 2.1 calculates the vehicle’s acceleration (v,,), which is a function of the vehicle’s cur-

1‘741 = a(a’)

rent acceleration (a(®), velocity (v,), desired velocity (v,), the desired minimum gap (s*) and
the actual gap to the preceding vehicle (s,). The alpha symbol («) denotes that the term applies
to the ego vehicle. A term with a — 1 would indicate that it refers to the relevant value of the
preceding vehicle. For example, the preceding vehicle’s velocity would be indicated by v,_;.
The § term is known as the acceleration exponent, which describes how the acceleration de-
creases when approaching the desired velocity.
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The desired minimum gap is described by equation 2.2:

. _ 5@ @ [T ey, vAy
s*(v,Av) =55’ + 57 véa)+T v+zm (2.2)

where v is the ego vehicle’s velocity, Av is the relative velocity between the ego and preceding
vehicles, s, and s, are respectively the additive and multiplicative parts of the minimum desired
distance, T represents the safe time headway, a represents the maximum acceleration, and b
is the desired deceleration. Equation 2.2 provides a more realistic car following behavior for
different traffic conditions, as it is based on both velocity and headway to the preceding vehicle.
If the distance to the preceding vehicle is greater than the minimum desired distance, the ve-
hicle accelerates at a rate depending on the ratio of the desired and actual distance, as seen
in equation 2.1. The realistic behavior described by the IDM has also led to its application in
modeling connected vehicles to determine how vehicle communication can affect string stabil-
ity and flow rates (Talebpour and Mahmassani, 2016).

2.3.2. Lane-Changing Models

As with car-following models, there are many different types of lane-changing models. In rep-
licating lane-changing behavior, the process can be divided into three different levels: opera-
tional, which controls the vehicle and executes lane changes; tactical, where the different lane
change options are evaluated based on some criteria and plans a trajectory; and strategic,
which decides if a lane change is to be performed (Salvucci, 2002). The lane-changing models
can also be classified into four groups, which are rule-based, discrete choice-based, artificial
intelligence-based, and incentive-based models (Rahman et al., 2013).

Rule-based lane-changing models only execute a lane change once certain conditions are
met. These models are simple and thus require less computational effort, but there are also
difficulties in calibrating the parameters, and they do not consider different gap acceptance
variability from drivers (Rahman et al., 2013). Gipps’ developed such a rule-based model for
lane-changing that is based on available gaps and the speed advantage gained from perform-
ing a lane change, which also integrated with his car-following model by limiting vehicle accel-
erations to perform lane changes (Gipps, 1986). Other models, such as Ahmed’s or Toledo et
al.’s discrete choice-based models, use logit or probit models to determine a probability of lane
change occurring based on the velocities of the lead and lag vehicles in the target lane (Ahmed
et al., 1996; Toledo et al., 2003). Artificial intelligence models utilize machine learning tech-
niques such as fuzzy logic or artificial neural networks to understand how drivers behave under
certain conditions. Artificial neural networks, in particular, are able to accurately reproduce
lane-changing behavior, but vast datasets are needed to produce such models (Hunt and Ly-
ons, 1994). This can be a major limitation, as lane-changing data is challenging to collect.
Additionally, the validation of artificial intelligence models is not easy because the parameters
used by these complex algorithms often have no real-world interpretation (Rahman et al.,
2013).
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The final type of lane-changing model, incentive-based models, operate by encouraging lane
changes based on a utility function or lane change desire for lane attractiveness, while also
limiting lane changes based on the acceleration change required and safety when changing
lanes (Kesting et al., 2007; Schakel et al., 2012). The Minimizing Overall Braking Induced by
Lane Change (MOBIL) model developed by Kesting et al. is an example of an interactive-
based model and was designed to work with the IDM car-following model. The incentive crite-
rion is based on acceleration differences between lanes and activates a lane change should
this difference exceed a threshold (Kesting et al., 2007). Equation 2.3 shows the basis of the
incentive model.

a.—a.+pa,—a, +a,—a,) > Aay, (2.3)

In the inequality above, each term with the “bar” notation indicates the new acceleration after
a lane change occurs. The a. terms are the acceleration of the ego vehicle (i.e., the driver
considering a lane change). The new and old followers are represented by a,, and a,,, respec-
tively. A politeness factor p is also included, which takes values between 0 (no politeness) and
1 (maximum politeness). A threshold of Aa;, is also defined so that acceleration benefits from
changing lanes do not enable lane changes for minor improvements.

The introduction of a politeness factor made it possible to model different driving behaviors
within the same network. Not all vehicles act precisely the same or accept the same gap when
looking to change lanes. The politeness factor can be thought of as a degree of passive coop-
erativeness among the drivers, as less disruptive lane changes will occur with higher polite-
ness factor values (Kesting et al., 2007). However, the MOBIL model only represents the op-
erational layer of the lane-changing process. As such, vehicles will not behave differently for
mandatory versus discretionary lane changes.

2.3.3. Vissim’s Driving Behavior Model

As a microscopic traffic simulator, Vissim’s driving behavior model is composed of both car-
following and lane-changing models. In an urban environment, a car-following model known
as Wiedemann 74 is applied, but for highway simulation, the Wiedemann 99 model is used
instead. While there are different car-following models for urban roads and highways, the lane-
changing model in Vissim is the same for both situations with only different default values set
for certain parameters. The remainder of this section will review the theory behind the
Wiedemann 74 car-following model and Vissim’s lane-changing model. As the modeling in
Vissim for this research was done with urban roads, the Wiedemann 99 model will not be
mentioned here. It should also be noted that although the Wiedemann models are used in
Vissim, there have been modifications made to the original models by PTV Group that are
unknown to the public (Olstam and Tapani, 2004). However, detailed workings of the
Wiedemann models that are used in Vissim have been provided in the PTV Vissim User Man-
ual (PTV Group, 2018).
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The Car-Following Model

The Wiedemann 74 car-following model is a psychophysical model that has identified five dif-
ferent regimes of car-following behavior (Wiedemann, 1974). The driving behavior changes
when a vehicle crosses between regime thresholds. Figure 2.7 shows the orientation of the
different regimes as a function of velocity change and distance from the preceding vehicle.

Ay

Figure 2.7. The Wiedemann 74 model's five regimes for car-following behavior (PTV Group,
2018). The behavior corresponding to each regime is mentioned in the text.

Referencing Figure 2.7, a description of the driving behaviors in different regions is provided.
The first regime is the free-flow traffic state. Here, vehicles are free to reach their desired speed
and travel without any impedance. The second regime is the following state. Vehicles in this
state are free to move within this area. This represents the small vehicle control errors of hu-
man drivers in an urban context, as a human driver that approaches a preceding vehicle will
continue to do so up to a certain point depending on their desired safety distance, represented
by the threshold between regions two, three, and four. After this point is reached, the human
driver will reduce their speed to attempt to match the preceding vehicle. However, because of
the imperfect control abilities of human drivers, this initial speed adjustment introduces some
error, and the vehicle falls back to the border of the car-following regime and free-flow regime.
This process repeats itself until one of the vehicles changes lanes. The third regime is known
as the approaching state, which is the transition between the free-flow state and the following
state. A human driver in this state approaches a preceding vehicle until a certain distance,
where they then brake to fall into the following state. The fourth regime is the braking state.
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This is where human drivers exceed their minimum desired distance to the preceding vehicle
and adjust their speed. The final state represents the collision state. If no braking action is
taken as the ego vehicle approaches the preceding vehicle, a collision will occur. In Vissim,
this does not happen unless unstable car-following parameters are chosen.

The Wiedemann 74 model is governed by a desired safety distance, defined by:

d = ax + bx (2.4)

where ax is the standstill distance between the ego and preceding vehicles. The desired safety
distance also varies as a function of the vehicle’s velocity, represented as bx and defined by
equation 2.5.

bx = (bxqqa + z * bxmult)\/; (2.5)

The bx,44 term is the additive safety distance factor. Increasing this term will lead to larger
following distances as speed increases. The variability of driving behaviors and desired follow-
ing distances are represented by z, which is a normal distribution with a range of [0,1], a mean
of 0.5, and a standard deviation of 0.15. Each vehicle is assigned a value for z based on the
distribution. The bx,,,;;: term is the multiplicative safety distance factor. As this term is multi-
plied by z, larger bx,,,,,;+ values result in larger variabilities in the desired safety distance. Lastly
is the velocity term, v, which changes the desired safety distance as vehicle speed changes.
The square root function of velocity implies that changes in velocity at lower speeds result in
greater changes in desired safety distance. Only bx, 44 and bx,,,,;; can be changed to calculate
bx. Because these values impact the desired safety distance, they ultimately impact the satu-
ration flow rate (Park and Qi, 2005).

Once the desired safety distance has been defined, the simulation can determine appropriate
actions for the vehicle based on the driving regime the vehicle is currently in (PTV Group,
2018). If the preceding vehicle’s distance is greater than or equal to 110% of the desired safety
distance, the ego vehicle is in the free-flow regime. At a front vehicle distance between 100%
and 110% of the desired safety distance, the vehicle enters the approaching state. When the
preceding vehicle’s distance is equal to the desired safety distance (i.e., 100%), the vehicle is
in the car-following state and matches the speed of the preceding vehicle. Any time the safety
distance is greater than the distance to the preceding vehicle, the vehicle is in the braking
regime. The car-following model also includes a safety distance reduction factor. When vehi-
cles are within a set distance to the traffic signal (default value of 100 meters), the desired
safety distance is reduced by 40% (default value) to simulate higher driver attention levels
when approaching intersections.

The Lane-Changing Model

Vissim enables the modeling of multi-lane road segments and has thus incorporated a lane-
changing model into the software. This model was developed by Sparmann as a rule-based
model that depends on the gap size and relative speeds of the lead and lag vehicles in the
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desired lane (PTV Group, 2018; Sparmann, 1978). The lane-changing model classifies lane
changes as either necessary or free lane changes.

Free lane changes are performed to increase the vehicle’s distances to their leading and trail-
ing vehicles and to achieve a higher speed. They can only occur when the trailing vehicle’s
safety distance, which is based on the velocity difference between the two vehicles, is less
than or equal to the proposed distance to the new lead vehicle. Necessary lane changes are
performed in order for the vehicle to merge into the correct lane to continue on its route. Nec-
essary lane changes are intended to be more aggressive than free lane changes, and the lane-
changing vehicle is allowed to force the following vehicle in the new lane to decelerate, pro-
vided that the forced deceleration on the trailing vehicle does not exceed a set threshold. The
lane-changing threshold also includes a safety distance reduction factor similar to that used in
the car-following model. The desired safety distance is again reduced by 40% to account for
heightened attentiveness of the driver when changing lanes.

Cooperative Lane-Changing

Vissim also includes some parameters to define cooperative lane-changing behavior. This en-
courages vehicles that are preventing a free or necessary lane change to create a gap in their
lane by changing their own lane (PTV Group, 2018). Referencing Figure 2.8, Vehicle B wants
to change from the rightmost lane to the center lane. Vehicle A is informed by Vehicle B’s
turning signal of the lane change and proceeds to create a gap by changing into its left lane.
Vehicle A can perform this maneuver if the braking action by Vehicle C is in line with the re-
quirements of a necessary lane change. Additionally, the cooperative lane change can only
occur if the new lane allows Vehicle A to continue on its route, Vehicles A and B have a low
relative velocity, and the collision time (i.e., the time for the Vehicle A to catch up to Vehicle B)
is greater than 10 seconds (PTV Group, 2018). While this can quickly create a gap to accom-
modate a lane change from the VROW lane, there is no way in Vissim to turn this parameter
on only when a VROW bus is present. This made the cooperative lane-changing parameter
unsuitable for the cooperative driving application.

Figure 2.8. Schematic of cooperative driving in Vissim (PTV Group, 2018).
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2.4. Virtual Right of Way

Virtual Right of Way is a dynamic and on-demand system that provides public transport vehi-
cles with spatial and temporal priority for faster and more reliable operations (Xie et al., 2019).
VROW relies on V2X communication technology to clear its lane of downstream vehicles that
are expected to delay its operation, thus creating a dynamic bus lane that is only activated for
vehicles that will delay public transport operations.

The advantages of VROW are most apparent in comparison to other bus lane prioritization
methods. Traditionally, bus priority lanes are created in the form of permanent bus lanes, which
provide a dedicated lane for buses at the expense of general traffic. While this measure may
work well on roads with a high bus frequency, applying permanent bus lanes to roads with a
low bus frequency results in a loss of road capacity by a lane that is frequently empty (Rau et
al., 2019). Other methods such as the Intermittent Bus Lane (IBL) and Bus Lanes with Inter-
mittent Priority (BLIP) have been proposed as a means of providing a better balance of the
use of road space between private and public vehicles (Eichler and Daganzo, 2006; Viegas
and Lu, 2000). However, both of these priority measures are limited in optimally clearing vehi-
cles in front of the bus. The IBL technique only prevents vehicles from entering the bus lane
but does not require vehicles already in the bus lane to change lane (Viegas and Lu, 2000).
BLIP operates more optimally by requesting vehicles within a fixed distance in front of the bus
to change lanes (Eichler and Daganzo, 2006).

VROW addresses the issue of suboptimal dynamic bus lane performance by predicting which
vehicles will delay the bus operation and sending them a signal to change lanes (Xie et al.,
2019). For VROW to do this, however, it requires information on signal controller timings via
V2l communication as well as distance and velocity information for the vehicles and buses
through V2X communication. With this data, the vehicles downstream of the bus determine the
time for the bus to catch up to them by comparing the distance and relative velocity between
the bus and the vehicles. If the bus catches up to one of the vehicles before the vehicle passes
through the traffic signal, or if the traffic signal will turn red before the vehicle passes through
it, the vehicle will be requested to change lanes. Exceptions are allowed for vehicles that need
the bus lane to make a turning movement and for vehicles that cannot change lanes due to an
insufficient gap in the adjacent lane.

The result is a more flexible bus priority system that only requests vehicles to change lanes if
it is very probable that they will hinder the performance of the bus. This reduces the number
of lane changes out of the bus lane when compared to BLIP and therefore leads to less dis-
turbance on the general traffic. The incorporation of signal timing data to determine delays also
aids in improving the buses’ performance, as vehicles can avoid queueing in front of the bus
while stopped in a red phase. This was something that other bus lane priority measures strug-
gled with. The setback length before the intersection was fixed, thus ending the priority lane
near the intersection previously allowed vehicles to queue ahead of the bus.
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Despite these improvements, however, it is still not known how vehicles will be able to suc-
cessfully merge into the adjacent lane if no acceptable gaps are available. In urban traffic
conditions, particularly during peak hours, finding safe gaps to perform these maneuvers can
be challenging. Additionally, the performance of VROW relies heavily on the cooperation of
vehicles downstream of the bus to comply with the lane-changing signal. As human drivers
tend to drive in a way to maximize their own benefit, it is not clear what the impact of various
non-compliance rates would be on the system’s performance.
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3. Chapter 3: Methodology

The proposed cooperative driving algorithm is designed to integrate into VROW operations
and can thus be thought of as an extension to the VROW algorithm. VROW requires the co-
operation of downstream vehicles in its lane to change lanes when requested. The cooperative
driving algorithm introduces three new cooperative behaviors to assist in lane changing, which
are depicted in Figure 3.1.
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Figure 3.1. Conceptual operation of VROW with cooperative driving.

In the figure above, a VROW bus is traveling on the leftmost lane with a particular dynamic
clearing distance. Vehicles 1 and 6 receive a signal to change lanes to provide priority for the
bus. Vehicle 5, however, is not requested to change lanes. There are two cases for this out-
come. Either the vehicle is using the leftmost lane to complete a turning movement at the
intersection, or it is traveling with a trajectory that will not delay the bus’s operation. In the initial
state, vehicles 1 and 6 are unable to change lanes due to insufficient gap sizes in their adjacent
lanes. The VROW algorithm without any cooperative driving behavior from vehicles in the ad-
jacent lanes would perform poorly, as vehicles in the VROW lane would not be able to safely
change into their adjacent lane.
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For the situations where vehicles in the VROW lane are unable to perform a lane change, the
cooperative driving algorithm is designed to make this possible. The fastest way to create a
gap is by performing a cooperative lane change, which is denoted Cooperative Algorithm 3
and represented by vehicle 7 changing from the middle to rightmost lane, thus providing space
for vehicle 6 to change lanes. While this is the preferred response to support VROW, a coop-
erative lane change is not always possible. Perhaps there is no gap available in the right ad-
jacent lane, the lane does not allow the necessary turning movement for the vehicle as it ap-
proaches the intersection, or there is no lane physically available to support the maneuver. In
these cases, vehicles will then default to adjusting their acceleration to create a gap. This
acceleration behavior is categorized as either Cooperative Algorithm 1 or 2, depending on the
relative location of the vehicle requesting to change lanes from the VROW lane. In Figure 3.1,
vehicle 3 executes Cooperative Driving Algorithm 1, as it is in front of the vehicle requesting to
merge. Vehicle 2 executes Cooperative Driving Algorithm 2 because it is behind the point
where vehicle 6 would like to merge.

Notice that vehicle 4 also receives some instructions for cooperative driving even though it is
not directly adjacent to the merging vehicle from the VROW lane. In the ideal case, vehicles 2
and 3 would change lanes to accommodate vehicle 1 in changing lanes. But as the gap is not
available for these two vehicles, they can only adjust their acceleration. Vehicle 4 receives the
information about the merging maneuver request for vehicle 1 via multi-hop and tries to ac-
commodate a lane change for vehicles 2 and 3. Both of these vehicles are seeking to change
lanes, but vehicle 4 can only create a gap in front or behind itself by changing its acceleration.
Because vehicle 2 is closest to the bus’s position, it is given priority in changing lanes, and
vehicle 4 accelerates in response. Creating gaps closest to the bus will always be given the
highest priority for merging because the areas closest to the bus are the most critical in delay-
ing it. A summary of the different functions of the cooperative driving algorithm is provided in
Table 3.1, and the exact details of how the cooperative driving algorithm works will be dis-
cussed later in this chapter.

Table 3.1. Summary of cooperative driving algorithm functions.

Cooperative Algorithm Resulting Driving Behavior

1 Acceleration changes to accommodate left preceding vehicle’s
lane change request

2 Acceleration changes to accommodate left following vehicle’s
lane change request

3 Cooperative lane change in the non-VROW lane to provide a
gap for a vehicle in the VROW lane that is requesting a lane
change

4 Lane change of vehicle in the VROW lane to the right adjacent
lane
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3.1. Cooperative Driving Integration with VROW

The original VROW algorithm presented by Xie focused on the development of a dynamic
clearing distance for VROW that can predict if vehicles will delay the bus’s operation (Xie et
al., 2019). The exact mechanisms used were discussed in section 2.4. The main focus of this
was on the vehicles in the VROW lane. Vehicles in non-VROW lanes also received information
about the presence of a bus. However, they only supported VROW by not entering its lane
unless they needed the lane for a turning movement or if they would not delay the bus.

In order to integrate cooperative driving with VROW, a communication architecture needed to
be defined. The architecture, depicted in Figure 3.2, keeps much of the communication links
of the original VROW algorithm. V2X communication was used to inform vehicles in the VROW
lane about VROW bus data as well as signal timing information. VROW information was also
passed to vehicles in non-VROW lanes to inform them not to enter the bus’s lane. In the original
VROW algorithm, however, non-VROW lane vehicles also received signal timing information.
This information allowed them to enter into the VROW lane if they were not expected to delay
the operation of the bus. This communication link was removed for cooperative driving to limit
unnecessary lane changes and to shift all traffic farther right to create gaps when possible.
Non-VROW lane vehicles thus can only enter the VROW lane if they require that lane for con-
tinuing on their route.

VROW: Signal Controller:
- Desired Speed - Timing data
- Position
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Figure 3.2. VROW and Cooperative Driving Communication Architecture
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While the VROW communication architecture remained mostly unchanged, the behaviors of
vehicles executing VROW requests had more alterations. Vehicles that were not in the VROW
lane had the most changes from the original VROW algorithm, as this was where cooperative
driving was implemented. However, much of the core behavior defined for vehicles in the
VROW lane did not change. Only the gap acceptance parameters for merging were modified,
which is now based on the desired safety distance of the Wiedemann 74 model (equation 2.4)
and the safety distance reduction factors. This is discussed in detail in section 3.2.1.

The full control logic for the integration of cooperative driving with VROW is presented in Figure
3.3. As mentioned, the algorithm is only activated when a bus is present and within range.
Vehicles receive information regarding the buses desired speed level and current lane. A ve-
hicle on the same lane as the bus, referred to as vehicle A for clarity, determines if the bus will
catch up to itself based on its velocity and the bus’s desired velocity. Vehicle A receives signal
timing information to determine its own amount of time to pass through the intersection. If
vehicle A can pass through the intersection before the bus can catch up to the vehicle or before
the signal turns red, vehicle A will not delay the bus’s operation and does not need to change
lanes. No changes are thus made to vehicle A’s driving behavior. However, if Vehicle A is
expected to delay the bus’s operation, a VROW lane change request will be called.

Before a lane change request can be fulfilled, several conditions must be met to ensure a safe
lane-changing maneuver. Firstly, if vehicle A is in a queue, it is unable to change lanes. The
vehicle must also be in a lane that allows its desired turning movement. If its current lane does
not allow the vehicle to follow its route, it does not need to comply with VROW and should
proceed to find a lane that allows it to continue on its route. If vehicle A is not in a queue and
in a lane that allows its movement, it also needs to check that the right adjacent lane allows its
desired turning movement, as this is the lane it will change to by complying with VROW. Lastly,
vehicle A must check the available gap in its right adjacent lane before performing a lane-
change maneuver. If the gap is acceptable, vehicle A will change lanes, denoted as Coopera-
tive Driving Algorithm 4, and represented by vehicles 1 and 6 in Figure 3.1. On the other hand,
if vehicle A cannot find a suitable gap in the right adjacent lane, it is allowed to stay in the
VROW lane until a gap is available. During this time, vehicle A sends a merging request signal
to the leading and following vehicles in its right adjacent lane. Section 3.2 contains further
information regarding the gap acceptance calculation for merging.

Vehicle A relies on a gap between vehicles in its adjacent lane. Again, for clarity, vehicle B will
represent the leading vehicle on the adjacent lane, and vehicle C will be the trailing vehicle on
the adjacent lane. Vehicles B and C are not on the VROW lane. If a bus is detected, these
vehicles need to perform similar initial checks as vehicle A. If they are currently in a queue,
they cannot change lanes. They also must find their correct turning lane. If their only turning
lane is the VROW lane, they are allowed to enter this lane. Vehicles in non-VROW lanes that
are already in their correct turning lanes must keep to their current lane unless directed. Once
in their correct turning lane, vehicles B and C can only change their lane if vehicle A requests
a lane change as a result of an insufficient gap for merging.

24



Chapter 3: Methodology

b N

w Simulation Step :\

H : 7 4 g ; -~
op_on data v VROW Bus N m'/ \\‘
Pass on bus 3 A N > No changes |

detection signal  / : k- &y
/
i VROt“"[ y “VROW bus on ™ v VROW Bus
Jﬁhcn‘if:jelane ° _current lane? vehicle? e Lane Model

Keep Lane

T

No

‘Correct turnin Gap available in~

‘Gap available

¢ : 4—No— :
\\deswed lane? N lane? _desired Iane?//
. e 7’ g
< & -
ot Dy BN Ve ves
I\ Change Lane ,.:' //’ botiadi D ‘ Change Lane ,‘
- 4 following veh within ™. Ny
Yes—( i —Nor
- safety dist AND regq.
. Rl
l \Ia\ne change/./, )
. o —— . 2
4 . P ~ " Right adj
P Lenodih Keep Lane ’ﬂ—No . lane allow?
f 8 ) > -~ following veh within ™. W Lurn mvmt?,
lane allow < 2 —No -
; safety dist AND req. ~ )
turn mvmt? QU paRdio s ]
Yes ~lane change? -
4 Yes
. S v
i T, -
| Keep Lane J f ™
A Y ight adj. lane ™.
have gap? -~
: : . . Right adj. A 4
Request Cooperative “~Right adj. lane ight adj
Lane Change . have gap? lane allow
g i urn mvmt
No Yes No
¥
>
No
Request Cooperative
Lane Change
A 4 N B Y ¢ . . \ 4 N B Y
I-/ Cooperative Alg. 1: \“ /Cooperative Alg. 3: % " Cooperative Alg. 2: /Cooperative Alg. 4:\‘-‘ (/ Keep Lane,
‘,\ Keep lane, adjust accel /" '\\ Change lane ,»" ‘\Keep lane, Reduce speed ‘\\ Change lane ! ‘Request lane changay‘
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Before this can happen, however, vehicles B and C must consider the relative location of the
vehicle requesting the lane change. Merging priority is given to vehicles in the VROW lane that
are closest to the bus. If vehicle C, the trailing vehicle, receives a merging request from vehicle
A as well as a merging request from a vehicle upstream, vehicle C would prioritize the up-
stream vehicle for merging. Assuming there is only interaction between vehicles A, B, and C,
vehicles B and C would cooperate to create a gap for vehicle A. After receiving information
that vehicle A is attempting to merge into their lane, both B and C would look to make a right
lane change. This cooperative action is defined as Cooperative Driving Algorithm 3 and per-
formed by vehicles 2 and 7 in Figure 3.1. But before this cooperative lane change can occur,
vehicles B and C must ensure that their target lane still enables their turning movement and
that it also has an acceptable gap. If either of these conditions is not met, they will need to
create a gap by adjusting their acceleration. There are different ways for the vehicles to adjust
their acceleration, which will be discussed in section 3.2.2.

In the case where vehicles B or C cannot change lanes to create a gap for vehicle A, they also
send a merging request signal to the neighboring vehicles in their target lane. The neighboring
vehicles in the target lane then react by following the same algorithm process as vehicles B
and C to create a gap. This creates a multi-hop signal that travels laterally across the lanes
until the merging vehicle from the VROW lane, vehicle A, has completed its lane change. The
signal multi-hop across multiple lanes creates a flexible algorithm that can successfully operate
on roads with any number of lanes. However, the time to form a complete cooperative re-
sponse from vehicles in adjacent lanes increases as the signal travels across more lanes, as
each vehicle will take time to react to the merging request. By using a combination of cooper-
ative lane-changing and acceleration, most vehicles will be able to merge before vehicles in
farther adjacent lanes appropriately respond.

3.2. Cooperative Driving Algorithm

By coordinating the behavior of neighboring vehicles in non-VROW lanes, it is possible to cre-
ate a system that supports necessary lane changes from the VROW lane and improve the
performance of the buses without much additional disturbance imposed on the private vehi-
cles. The cooperative driving algorithm aims to do this by shifting vehicles to the right when
necessary and possible. A gap acceptance parameter has been defined to determine lane-
changing possibility when VROW is present. If a lane change maneuver is not possible, the
vehicles switch to cooperative acceleration control to provide a merging gap. The mechanisms
for determining acceptable gaps for lane-changing, as well as cooperative acceleration control,
are discussed in the following subsections.

3.2.1. Lane-Changing and Gap Acceptance

Vehicles performing cooperative lane changes are positioned in non-VROW lanes. However,
before these vehicles can create a gap, they first need to check that a suitable gap is available
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in their adjacent lane. Finding a suitable gap is based on the desired safety distance (equation
2.4) from the Wiedemann 74 model. The merging vehicle considers its own desired safety
distance as well as that of its target following vehicle to determine if the gap is acceptable
based on the current speed. If the target lead vehicle’s distance is greater than the merging
vehicle’s safety distance, and the target following vehicle’s safety distance parameter is also
maintained, the vehicle is free to execute the merging maneuver.

In dense traffic, however, finding large enough gaps to maintain the safety distance require-
ment before executing a lane change maneuver can be difficult. Figure 3.4 (a) shows that in
order for vehicles to merge while strictly following the desired safety distance, a doubling of
the gap between the lead and lag vehicles of the target lane is required. This is difficult, as
following vehicles trail their leader by their desired safety distance. Doubling this value to cre-
ate an optimally safe situation before merging would take time to prepare or even prevent a
lane change from occurring altogether. A system supporting VROW with lane changes should
enable quick responses to merging requests. With this in mind, the safety factor reduction
parameters from Vissim were also incorporated into the cooperative lane-changing algorithm.

== Direction of Travel

(a) Merging with full safety distance

[ \Vehicle
feevesnennes Desired Safety Distance
frosseen Reduced Safety Distance

Figure 3.4. Impact of including a safety distance reduction factor for lane-changing.

As discussed in section 2.3.3, two safety factor reduction parameters can be applied to simu-
late heightened driver alertness when near a traffic signal controller or when changing lanes.
This reduced the space required to fulfill a cooperative lane change. The default parameters
of 0.6 were used for both reduction factors, meaning that the desired safety distance could be
reduced by 40%. However, the two reduction factors could be combined if the vehicle was
within 100 meters of a traffic controller and changing lanes, which resulted in a safety distance
reduction factor that was 36% of its unreduced value. A conceptual drawing of the impact on
the reduction is shown in Figure 3.4 (b). The safety distance reduction was applied to both the

27



Chapter 3: Methodology

merging vehicle and the target trailing vehicle. The target leading vehicle’s safety distance
does not influence the lane changing situation and thus was not reduced.

Some special conditions allowed merging to occur when the safety distance conditions were
not fulfilled. If the lead vehicle in the target lane had a larger velocity and a more considerable
acceleration, the minimum desired safety distance for the merging vehicle would be set as the
standstill distance of two meters. Similarly, if the trailing target vehicle had a lower velocity and
lower acceleration, the required safety distance to accept a lane change from the merging
vehicle would be the standstill distance. This special case helps to drastically reduce the re-
quired space to complete a lane change.

However, in a dense traffic situation where vehicles maintain a following distance equal to the
desired safety distance, it is unlikely that a sufficient gap will be available, even with the safety
distance reduction factors. Some further cooperation is needed from target lane vehicles. A
cooperative lane change by one or both of the target lane vehicles based on the logic pre-
sented in section 3.1 would quickly solve this issue. If the lane-change is not possible, coop-
erative acceleration by the vehicles in the target lane helps to create an acceptable gap.

3.2.2. Cooperative Acceleration

When cooperative lane changing is not possible, the cooperative driving algorithm will coordi-
nate the acceleration of connected vehicles to form a gap. As mentioned, vehicles will likely
have difficulty merging in dense traffic, even with the safety distance reduction factors. In these
situations, a merging request that is passed to the target lane vehicles would trigger coopera-
tive algorithm 1 or 2, depending on the relative position of the requesting vehicle.

There are many similarities between the two algorithms. The only difference is the direction of
the acceleration undertaken under certain conditions. However, before any cooperative accel-
eration can be calculated. The desired safety distance must be greater than the standstill dis-
tance of two meters. This two-meter value was chosen to define when a vehicle is the leader
of a platoon in Vissim. Vehicles that approach a traffic signal without any preceding vehicles
adopt a safety distance of less than 2 meters in the Wiedemann 74 model. This was used to
define a threshold where platoon leaders would become pacing vehicles, only following the
Wiedemann 74 model. The platoon leaders would pace the approach to the intersection to
ensure that no cooperative vehicles would accelerate past the intersection during a red phase.

Provided that the safety distance is greater than two meters, a condition was also included to
adjust the acceleration based on the current traffic condition. In order to determine when the
conditions changed from free-flow to dense traffic, the car-following distance as a function of
velocity was plotted for a stream of vehicles passing through one intersection in Vissim, shown
in Figure 3.5. It can be seen that at a following distance of about 50 meters, vehicles began to
reduce their speed and were thus no longer in a free-flow state.
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Following Distance vs. Velocity

Following Distance [m]

Figure 3.5. Vehicle following distance as a function of velocity in Vissim

Vehicles with a car-following distance approaching 50 meters cannot safely accelerate to cre-
ate a gap behind them. If this was the case, a vehicle instead must brake to create a gap in
front of it for the merging vehicle, as depicted in figure 3.6 (b). A buffer zone of 80 meters was
chosen as the threshold so that vehicles do not attempt to accelerate beyond a following dis-
tance of 50 meters. However, if the following distance is greater than or equal to 80 meters,
the vehicle has enough front distance to accelerate and form a larger gap behind it, as shown
in figure 3.6 (a). In this diagram, vehicle C is beyond 80 meters from vehicle A, which gives
enough space for it to accelerate to allow vehicle B to merge. The full logic of the cooperative
acceleration behavior is provided in Figure 3.7 as an extension of Figure 3.3

== Direction of Travel

(a) Target lead vehicle is free to accelerate

[ ] o — -
[ 5 )
(b) Target lead vehicle must brake and become target following vehicle
- === -
T |
() venicle
|- -+ — Following Distance Threshold (80 m)

| - Reduced Safety Distance

=3 Direction of Acceleration

Figure 3.6. Following distance impact on the ability to create a gap
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Cooperative Algorithm 1: Front Vehicle Acceleration Control

The behavior associated with cooperative driving algorithm 1 can only be undertaken if a ve-
hicle receives a merging request from a nearby following vehicle in the left adjacent lane. Ve-
hicle A'in

Figure 3.6 represents a vehicle with these conditions, where vehicle B is the vehicle requesting
to merge. If vehicle A’s following distance is greater than 80 meters, the vehicle accelerates
until reaching a maximum velocity. The maximum velocity for the simulation was set to 65
km/h, which was 5 km/h above the set speed limit of the modeled arterial corridor. With a
following distance of over 80 meters, the increase over the speed limit would not impact the
level of safety. However, roads with sharp curves may need an adjustment to this increase
based on the curvature to maintain driver safety. The vehicle accelerates to a set acceleration
of 1.5 m/s? until the maximum velocity is reached. Once the rear gap is large enough for the
merging vehicle, the vehicle stops accelerating and returns its velocity to the speed limit.

In the car-following state, vehicle A would instead need to brake to form a gap by braking
because there is no room available to accelerate safely. This will take longer to complete since
the vehicle must travel farther to create a gap in front rather than behind it. For this reason, a
stronger braking force of -4 m/s? was set as the maximum allowed deceleration. In both cases,
constant jerk is applied to prevent vehicles from accelerating too harshly. The equation gov-
erning this behavior is defined later in this section.

Cooperative Algorithm 2: Following Vehicle Acceleration Control

Cooperative algorithm 2 is applied to control the acceleration of vehicles that receive a merging
request from the leading vehicle in the left adjacent lane. In many ways, it is the complement
of cooperative algorithm 1. In free-flow traffic, the algorithm reduces the acceleration to 1.5
m/s? until the velocity reaches 55 km/h. However, in the car following state, the braking resem-
bles that for cooperative algorithm 1 and brakes at a rate of -4 m/s2.

Acceleration Function

Cooperative algorithms 1 and 2 use the same function to calculate the cooperative acceleration
value to enable cooperative lane changes. The necessary acceleration to form a gap is defined
as:

Acurrent +]coop * tTimeStep ’ abs(acurrent) < abs(amax)

Amax » otherwise (31)

QAcoop = {

where the cooperative acceleration, a,,y, is a function of the vehicle’s current acceleration,
Acurrent: the jerk to provide smooth acceleration changes, jcq0p, and the timestep of the simu-
lation, trimestep- The acceleration value that can be attained for cooperative driving is limited

10 amax-
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The jerk can be positive or negative, depending on whether the vehicle needs to accelerate or
brake. For example, a vehicle with positive acceleration brakes with a constant negative jerk,
resulting in the vehicle’s acceleration gradually decreasing from positive to negative. The mag-
nitude of jerk also changes depending on the situation. In dense traffic, a jerk of + 0.9 m/s? is
applied, which is at the upper range of jerk values for passenger comfort. As vehicles in dense
traffic need to decelerate more quickly to form a gap, particularly for vehicles executing coop-
erative algorithm 1 in dense traffic, a more considerable jerk value is required. Free-flowing
traffic has a smaller jerk magnitude of + 0.5 m/s3. Lastly, the timestep parameter was used to
ensure that the jerk value was applied correctly for each simulation step. A simulation time
step of five iterations per simulation second means that each simulation iteration is 0.2 sec-
onds. The jerk was thus multiplied by this to divide up the jerk accurately into each iteration
and ensure that after 1 simulation second, the input jerk value adjusted the acceleration by
either 0.5 or 0.9 m/s?.

3.2.3. Issues with Vehicle Platooning and Autonomous Vehicles

In the initial concept of the cooperative driving algorithm, forming a platoon of vehicles behind
a VROW bus was intended as a way to mitigate the delays caused by forced lane changes
and reduced velocities from acceleration adjustments. As the bus traveled through the net-
work, it clears its lane ahead of it and reduces its potential delays. The vehicles that needed
to change lanes might experience some delay by changing into a less desirable lane. The
vehicles with the most significant delay imposed by VROW would be given first priority in pla-
tooning behind the bus. As the bus’s travel time and operational speed improved due to
VROW, vehicles that were delayed could platoon with the bus and take advantage of the faster
speeds of the bus. However, this is not possible in an urban setting. Frequent stops by the bus
to service passengers guarantees a lower operating speed than the surrounding traffic. Adding
in the slower acceleration of buses compared to private vehicles, it was clear that the initial
concept of platooning behind buses would not be possible for the urban study area due to
differences in operating speeds. Platooning vehicles behind a slower bus would only increase
delays further. A highway situation with dense traffic and less frequent stops may be more
suitable for platooning, but this has not been explored.

Modeling autonomous vehicles in Vissim also proved to be challenging. The initial idea was to
use the IDM to simulate more realistic driving behaviors, as also done in the literature. While
the IDM was implemented on the Vissim network, there were issues making IDM vehicles
comply with signal controllers. The IDM is strictly a car-following model and was not designed
to comply with Vissim’s signal controllers. A temporary solution was devised to implement the
switch between IDM control and Vissim control for platoon leaders, but issues with switching
between behaviors produced undesired results, as discussed previously. As the main purpose
of the research was to develop a cooperative driving algorithm, the definition of autonomous
vehicles was discarded to focus on the primary task. Future research can fill this gap and work
to implement AVs with the cooperative driving algorithm.
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4. Chapter 4. Case Study

4.1. Study Area Simulation Model

The study area consisted of the arterial corridor Pioneer Road North, located in the western
part of Singapore. The entirety of the road is bounded by two expressways, the Pan Island
Expressway (PIE) and Ayar Rajar Expressway (AYE). Both industrial, commercial, and resi-
dential areas are accessible by the road section, supporting a variety of vehicles for a mixed
traffic environment. Ten bus lines are active along this road, traveling along different sections,
while an MRT station is also present nearby.

The study area was selected on the basis of the number of bus lines traversing the corridor,
the absence of exclusive bus lanes, and high traffic volumes with multiple lanes in both direc-
tions. Although Pioneer Road North consists of eight intersections, the final model represents
only four intersections due to the computational expense of simulating a large network. The
four modeled intersections stretch from Jurong West Avenue 4 in the North to the intersection
with Soon Lee Drive and Kian Teck Way in the South, with a total length of about 1200 meters.
The second and third intersections from the North, Jurong West Street 63 and Boon Lay
Way/Upper Jurong Road, respectively, both have different characteristics and are the reason
why the model was narrowed to these four intersections. The former, Jurong West Street 63,
has an MRT stop, which consequently contains many bus lines, while the latter intersection is
the largest in the corridor and must handle large traffic volumes. The entire study area is shown
in Figure 4.1.

The microsimulation software PTV Vissim was used to model the four intersections in Pioneer
Road North (PTV Group, 2018). The base model was designed to represent the situation that
is currently observed to provide a more complete understanding of the current traffic conditions
such as vehicle delays, travel times, and traffic volumes against which alternative scenarios
could be evaluated. Particular care was taken to ensure that the shape and scale of the net-
work represented the actual situation. Additional turning lanes that widened the roads near the
intersection were measured with GIS to make sure that available queuing lengths for these
movements would be accurate. Bus bays were also modeled in agreement with appropriate
bus stop specifications in Singapore (Land Transport Authority, 2019).

4.1.1. Private Vehicle Modeling

The Land Transport Authority (LTA) of Singapore provided data regarding vehicle counts from
inductive loop detectors located throughout the corridor during the morning peak hour (08:30
— 09:30). This information was used as traffic volume inputs for the model. From the inductive
loop detector data, turning movements at each intersection could also be determined. How-
ever, this data was incomplete, as many intersections in Singapore have unsignalized slip
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\ Pioneer Road North
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Figure 4.1. The study area of Pioneer Road North. The intersection codes were chosen by the
LTA and will be used for conciseness to reference specific intersections.
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roads for left-turning traffic. Vehicles turning with these slip roads only need to yield to oncom-
ing traffic and may proceed if there are no conflicts. Figure 4.2 of Intersection 8606 shows such
a situation where all four left-turn movements occur on slip roads. According to Singapore’s
traffic control system GLIDE (a variation of the SCATS traffic control system), detectors are
placed only to adjust signal timings according to vehicle demand (Keong, 1993). Because ve-
hicles turning left do not rely on signals, no detectors have been placed on slip roads. As a
result, some assumptions were needed with regard to traffic volumes for left-turning traffic.
These assumptions can have a significant impact on the accuracy of the model. The method-
ology for determining and calibrating these flows will be discussed in detail in the next section.

Vehicle compositions also needed to be defined for the model. As the study area consists of a
mixture of industry, residential, and commercial areas, a heavy goods vehicle (HGV) share of
5% of the overall traffic was assumed. Based on a study by Lum et al., the share of motorcycles
in the overall traffic ranges between 10-20% (Lum et al., 1998). A value of 10% was selected
based on the assumption that larger volumes of car and HGV traffic are supplied by the two
expressways. The remaining traffic composition (85%) was allocated for private cars.

Figure 4.2. Intersection 8605 of study area showing unsignalized left turn slip roads.
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4.1.2. Public Transport Modelling

Bus routes were added to the network based on each bus line’s stop sequence. Bus departure
time data was subsequently added. Buses were set to start entering the network after an initial
warm-up time of five minutes. Initialization of the buses into the network was staggered based
on the headways of each line to avoid overwhelming the model with simultaneous entries of
buses from multiple lines. The departure times and bus stop sequences were obtained from
Singapore’s Transit Link website, which contains bus stops and headway information for all
bus lines in Singapore (Transit Link Pte Ltd., 2016). On this website, headways for each bus
are defined in a particular range that varies with the time of day. A constant headway was
taken as the average between the minimum and maximum of this range for the corresponding
time of the traffic model.

Bus stop dwelling times were added for each bus line and stop based on CEPAS smart card
data from August to October 2013. The CEPAS dataset provides information about the time of
the first and last passenger boarding from the timestamp of the card reader. The temporal
difference between the first and last passenger boarding represents the time a bus is dwelling
at the bus stop. The averages of each line for each stop in the network were calculated for the
entire dataset. Only data that falls between the morning peak hour time during weekdays was
used for the calculation, as this matches the traffic volume data being modeled.

4.1.3. Signal Controllers

Four signal controllers were defined along the modeled corridor. Data obtained from the LTA
gave detailed information concerning signal group sequences and timings. All intersections in
the study area are coordinated under the same SCATS subsystem. Because of the coordina-
tion and variable cycle times of SCATS, a simplification of fixed-time signal control was done
by taking the average cycle time of each intersection. The average cycle time was then set for
all intersections to maintain coordination between each signal group. Percentages of green
times were kept constant between SCATS data and fixed signal control implementation. Signal
offsets between linked intersections were also preserved based on the SCATS data to main-
tain signal coordination along the corridor. The entire Vissim network is shown in Figure 4.3.

4.2. Model Calibration

Before the model can be used to evaluate alternative scenarios, it needs to be evaluated to
ensure that the model can accurately reproduce what is observed in the study area. The fol-
lowing subsections describe this calibration procedure.
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Figure 4.3. Vissim network model of Pioneer Road North study area
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4.2.1. Calibration Metric

Vehicle flow rate data was the most readily available data input for the model. Comparing the
actual traffic count data with the modeled traffic count data would thus provide the best metric
for understanding how well the model can reproduce the currently observed situation. Meas-
urement points were placed at all approaches of each intersection. Simulated data was col-
lected for one hour of simulation time and compared to the actual hourly traffic volumes.

4.2.2. Performance Measures

The GEH statistic was used as the main performance measure for calibration. This statistic is
commonly used in comparing modeled data with observed values (Balakrishna et al., 2007;
Chitturi et al., 2014; Ciuffo et al., 2008; Ma et al., 2007; Paz et al., 2012; Paz et al., 2015). GEH
values approaching zero represent modeled values that are increasingly more accurate to ob-
served data. As a general guideline, GEH values less than 5.0 indicate good performance,
values between 5.0 and 10.0 suggest that there are some minor issues with the model, while
any values greater than 10.0 clearly signify problems with the model (Chitturi et al., 2014). A
traffic model is considered to perform well when at least 85% of GEH values are below 5.0.
The following equation is used to calculate GEH:

/z( —q)?
Gy = % (4.1)

Where GH is the GEH value for hourly traffic, q is the observed traffic flow [veh/h], and § [veh/h]
is the modeled traffic flow. It is important to note that GEH can only be calculated using hourly
traffic flow values.

4.2.3. Calibration Approach

The GEH statistic was used to evaluate the fitness of the modeled traffic volumes, but because
of the unsignalized slip roads for many left-turn movements, assumptions were made about
the vehicle turning volumes making this turning movement.

The most critical of these assumptions was the traffic volume entering the network from the
northern intersection from the eastern approach. An initial left-turning ratio was assumed at
10%. However, by observing the vehicle counts in the simulation at the adjacent intersection
with Jurong West Street 63, it was clear that a large volume of vehicles was missing. As the
unsignalized slip road did not have any detector, it was assumed that the missing volume was
due to an inaccurate assumption of left-turning vehicles. The traffic volume and left turn ratio
of the slip road was therefore increased to match the observed detector counts of the down-
stream intersection.

A similar logic was applied for the remaining intersections in the study area. By comparing the
simulated and observed flows, volumes were adjusted for the unsignalized slip roads. Before
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any adjustments to vehicle flows were made, however, the simulation was run 30 times with
different random seeds. The average flow values at each intersection approach from these
runs were used for the evaluation of any necessary changes.

4.2.4. Calibration Results

The adjustment of vehicle volumes was done manually in an iterative process, only changing
one vehicle input for each iteration. This was done eight times, at which point the GEH statistic
showed that 95.8% of the simulated measurements matched the observed measurements with
GEH values of less than 5.0. Only the volumes from one link, the western input at Intersection
8606, did not fulfill the GEH criteria. However, this flow was mainly an input for the volume at
the next intersection. Because the flow for the adjacent intersection (8605) already showed
accurate performance, no action was needed to improve the overall accuracy of the traffic
volumes in the main corridor.

Table 4.1. Summary of calibration results for GEH statistic at each intersection approach per
intersection
Intersection Iterations

Approach 1 2 3 4 5 6 7 8
8514 _North 9.213 9.032 9.005 9.005 9.032 9.032 9.032 1.588
8514 South 1.179 1.146 1.146 1.146 1.179 1.245 0.783 0.783
8514 East 0.871 0.871 0.871 0.871 0.871 0.871 0.871 0.871

8604_North 15.603 3.824 3.849 3.849 3.849 3.875 3.849 4.485
8604_South 2.769 2.736 2.736 2.736 2.736 2.736 2.250 2.250
8604_East 2.254 2.254 2.254 2.254 2.089 1.922 1.922 1.922

8605_North 16.426 9.654 9.624 9.624 1.931 0.404 0.350 0.027
8605_South 0.645 0.706 0.706 0.706 0.706 0.706 1.284 1.284
8605_East 0.305 0.305 0.305 0.305 0.305 0.305 0.305 0.305
8605_West 0.206 0.206 0.206 0.206 0.206 0.206 0.206 0.206

8606_North 34.673 29905 17.109 17.109 12.244 3.122 3.034 2.923
8606_South 1.042 1.042 1.042 1.042 1.042 1.042 1.042 1.042
8606_East 6.116 5.958 5.958 5.958 5.958 5.958 4.401 4.401
8606_West 13.067 13.067  13.067  13.067 13.067  13.067 13.067 13.067

% Links w/

57.1% 64.3% 64.3% 64.3% 71.4% 78.5% 85.7% 92.9%
GEH < 5.0

4.3. Implementation of VROW and Cooperative Driving in Vissim

The VROW algorithm uses Vissim’s External Driver Model (EDM). The EDM enables the def-
inition of driving behavior that differs from the driving behavior models provided by Vissim.
Vehicles using the EDM can thus be designed differently with a user-defined behavior under
certain situations, such as in the presence of a bus or merging vehicle. The EDM is specified
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by vehicle class, so every vehicle in the network in the specified classes follow the EDM be-
havior. In each simulation second, the EDM calculates and executes the behavior for every
vehicle it controls.

With the EDM, each vehicle detected its six nearest-neighbor vehicles (front, behind, and
front/behind right/left). A multi-hop architecture was used to pass the information of a detected
bus to downstream vehicles. Vehicles within a 250-meter range of the detected bus change
their behavior from Vissim-controlled to EDM-controlled. Instead of modeling a vehicle com-
munication architecture to pass information between the relevant parties, the EDM was used
to provide a similar outcome with a more straightforward implementation. However, this as-
sumes a communication system without any communication losses, which can be challenging
to attain in a real-world scenario. The 250-meter restriction on the reaction of vehicles to the
presence of a bus was implemented to simulate a more realistic communication range.

4.4. Scenario Definition and Preparation

Five scenarios were defined for the simulation of the interaction of connected and non-con-
nected vehicles at different penetration rates with VROW. The penetration rates of connected
vehicles are as follows: 0%, 25%, 50%, 75%, and 100%. Each scenario was named after the
percentage of connected vehicles in the network. The 0% scenario represents the base sce-
nario, where there are no connected vehicles in the network. In the same manner, the 100%
scenario represents the case where all of the vehicles in the network are connected and com-
ply with the VROW signal. Within scenarios with mixtures of connected and non-connected
vehicles, percentages of each type of vehicle were set proportionally for each vehicle class.
For example, the 25% scenario had 25% connected cars, 25% connected motorbikes, and
25% connected HGVs. The remaining 75% of the traffic composition was left for each of these
vehicle classes. Public buses, traffic volumes, and turning ratios were not altered in any way
for the scenarios. Each scenario only changes the proportion of vehicles reacting to the VROW
signal. Each scenario was run for 20 iterations with a simulation time step of 0.2 seconds. One
iteration ran for 3900 simulation seconds, including 300 seconds of warm up time.
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5. Chapter 5: Results and Analysis

As previously discussed in Chapter 3, cooperative driving behavior has been classified into
four different functions. A summary of the control functions was given in Table 3.1. The results
presented in this section are outcomes of different connected vehicle penetration rates with
VROW operation on the case study area of Pioneer Road North in Singapore.

5.1. Gap Acceptance

The Wiedemann model calculates a required safety distance for each vehicle depending on
its current velocity and several other desired distance parameters, as explained by equation
2.4 in section 2.3.3. This equation was used to calculate an acceptable gap parameter for
vehicles attempting to change lanes due to a VROW request. The calculated acceptable gaps
from one complete simulation run with 100% driver compliance are shown in Figure 5.1.

Acceptable Gap Size [m]

Acceptable Gap Size vs. Velocity
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Figure 5.1. Acceptable gap related to velocity in the 100% Scenario. Different safety distance
functions were used based on certain conditions. The vehicles’ cooperative behav-
iors are also shown.
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Vissim’s External Driver Model calculates the distance to the preceding vehicle as a head-to-
head distance. Vehicle lengths are not considered and must be added to the safety distance
calculation for an accurate available merging gap. The effect of this is represented by the
spread of the data rather than single points that precisely follow the safety distance equation.
The horizontal lines near the bottom of the subplots of Figure 5.1 are the lengths of the pre-
ceding vehicle plus the desired standstill distance. Additionally, the minimum distance repre-
sented by these horizontal lines should only be reached at zero velocity. However, an addi-
tional condition was added for the vehicle to accept an adjacent gap with the minimum safety
distance (standstill distance plus vehicle length in the adjacent lane) if the adjacent vehicle
was traveling with an equal or greater relative velocity and a more considerable acceleration.
This is why the minimum safety distance forms a horizontal line across each subplot.

The gap acceptance was based on percentages of the safety distance value used in Vissim.
If a vehicle was within 100 meters of a signal head or changing lanes, the acceptable gap was
reduced to 60% of the safety distance. If both conditions were true simultaneously, the ac-
ceptable gap was reduced to 36% of the safety distance. This was taken from the default safety
distance reduction factor values in Vissim and used to plot the shorter safety distance functions
in Figure 5.1. From this figure, it is clear that Cooperative Algorithms 1 and 2 dominate the
cooperative behaviors to assist VROW. Cooperative Algorithm 3 is activated much less fre-
quently in comparison. There are two reasons for this. The first is that due to the high traffic
density, particularly for southbound traffic, there are few available gaps to perform cooperative
lane changes. Cooperating vehicles can then only adjust their acceleration. Secondly, vehicles
changing acceleration are acting for more extended periods of time than vehicles that are
changing lanes.

In the rightmost subplot, we can see the instances when vehicles are allowed to disregard the
cooperative driving requests to change into the correct turning lane. Once in the correct turning
lane, however, the vehicle then will comply with any VROW requests, provided itis a connected
vehicle. The change into the correct turning lane mainly occurs at higher velocities, indicating
that this occurs before any acceleration changes or signal controller queues from downstream
interfere with finding the correct turning lane. Should there be a conflict between multiple co-
operative algorithm calls, the vehicle will always prioritize finding the correct turning lane before
continuing with other cooperative behavior.

5.2. Acceleration and Jerk

5.2.1. Individual Vehicle Control

The proposed cooperative driving algorithm calculates required acceleration changes to assist
with merging when lane changes are not possible. Vehicles receive a signal to adjust their
acceleration based on the distances to the preceding and neighboring vehicles. Figure 5.2
shows the acceleration and jerk control of a cooperative vehicle to assist in the merging of a
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neighboring vehicle. In this instance, the vehicle created a larger front gap by decelerating.
The deceleration shown by the points in Figure 5.2 (a) is limited to a constant rate of 0.9 m/s®
to avoid any dangerous and sudden changes in the vehicle’s trajectory. Figure 5.2 (b) shows
the jerk of the same vehicle during the same simulation time. The horizontal line highlighted
by the green and blue points indicates the vehicle is decelerating with a constant jerk while
driving cooperatively.
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Figure 5.2. Gap creation through acceleration and vehicle control of an individual vehicle.

Through the deceleration phase, the vehicle’s front gap gradually increases, as depicted in
Figure 5.2 (c). During the initial cooperative deceleration, the front gap increases from 10 me-
ters to 25 meters in four seconds, but no vehicle was able to merge and fill this gap. The
second round of cooperative deceleration, occurring just after at simulation second 1855, was
able to successfully support a merging vehicle, which is indicated by the sudden drop in the
front gap and change in the leading vehicle’s identification number. The vehicle continued to
decelerate to accept another merging vehicle shortly after.
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But even as the cooperative acceleration is able to successfully create acceptable merging
gaps, the jerk values under Vissim’s control are excessively high, reaching higher than 10 m/s®
twice within a five-second interval. Jerk higher than 2.0 is already considered to be extremely
aggressive driving behavior. Values greater than 10 m/s® are well beyond the comfort and
safety levels for humans. The high jerk values occurred just after the driving behavior switched
from cooperative acceleration control to Vissim control. This is likely the result of how Vissim’s
EDM operates as well as how Vissim manages jerk of the vehicles. At the moment vehicle
3255 filled the front gap at simulation second 1866, there was a sudden jump in the ego vehi-
cle’s acceleration before continuing the cooperative acceleration algorithm. The switching of
the leading vehicles after a lane change may thus cause some instability in how the EDM
passes on the VROW and cooperative driving signal.

Even with this issue, however, Vissim does not factor in the vehicle’s acceleration in the pre-
vious time step before assigning a new acceleration. In other words, Vissim does not strictly
manage jerk. Vissim’s driving model assigns an acceleration based on the gap available in
front of a vehicle. Under exclusive Vissim driving behavior control, this is not a significant prob-
lem, as the continuous control of a vehicle with a changing gap size leads to gradual changes
in acceleration over time. But by introducing an external driving behavior under certain condi-
tions (i.e., the cooperative acceleration model), the behavioral continuity of the vehicle’s control
is disrupted. In Figure 5.2, the vehicle decelerates to create a larger gap, but when the vehicle
control switches back to Vissim’s driving behavior control, there is a sudden increase in accel-
eration since that newly created gap is associated with a certain acceleration. Even as the
cooperative driving algorithm proposed here was designed to limit jerk, more work needs to be
done to reduces the jerk caused by switching between driving control models. Provided that
this can be fixed, the performance of the model should improve as well, since the sudden
increase in acceleration negates the effectiveness of slowly decreasing the acceleration over
the past simulation steps.

5.2.2. Jerk and Acceleration Distributions

In order to evaluate the values that were output from the acceleration control algorithm, the
jerk of each vehicle at each simulation second in the 0% penetration scenario was compared
to that in the 100% penetration scenario. The base scenario relies entirely on Vissim’s
Wiedemann 74 driving behavior model. The acceleration and jerk values from this scenario
thus represent a range and distribution from a well-validated model. Figure 5.3 below com-
pares the distribution of the vehicles’ jerk for the 0% and 100% penetration rate scenarios.

The base scenario has nearly all of its jerk values within + 5 m/s3. Only 1.2% of the jerk values
fall beyond this range. In contrast, 5.2% of jerk values for the 100% scenario exceed + 5 m/s>.
The introduction of the acceleration control algorithm on the vehicle behavior has thus led to
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(a) Jerk Distribution - 0% Penatration (b) Jerk Distribution - 100% Penatration
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Figure 5.3. Comparison of jerk values of all vehicles in one simulation run in (a) the 0% pene-
tration scenario and (b) the 100% penetration scenario.

slightly more unstable vehicle control as a result of the alternation between cooperative accel-
eration control and Wiedemann 74 acceleration control. However, acceptable jerks for private
vehicles are within the range of + 0.9 m/s® for non-emergency situations. In the 0% scenario,
13.9% of jerk values exceeded this comfort threshold, while only 11.7% of jerk values did so
in the 100% scenario. This further supports the possibility that Vissim’s Wiedemann 74 model
does not rigorously consider jerk, which has contributed to the additional 4% of jerk values
beyond + 5 m/s® in the 100% scenario. The slight increase in jerk range in the 100% scenario
hence does not signify any concerning changes in the system’s stability.

This distribution of vehicle accelerations in the 100% penetration scenario, on the other hand,
maintained a strong resemblance to the base scenario. The two acceleration distributions in
Figure 5.4 are similar, but the 100% compliance scenario shows a higher occurrence of non-
zero acceleration values, particularly at around 1.5 m/s? and -2.8m/s2. The positive accelera-
tion of 1.5 m/s? aligns well with the target acceleration set in the cooperative acceleration al-
gorithm. Vehicles that can accelerate to create a gap target this value until a maximum speed
is achieved. However, the increased occurrence of the negative acceleration is not so easily
linked to the algorithm. A maximum deceleration threshold of -4m/s? was set, but vehicles
rarely approached this value. This can be attributed to two reasons. The first is that, with the
smoothing effect from constant jerk, the rate of change in acceleration was slow enough that
an acceptable gap for adjacent vehicles to change lanes was provided before reaching a max-
imum deceleration value. The second reason can be attributed to the unexpected switching
between cooperative acceleration control and acceleration control by Vissim’s internal model.
The brief discontinuity in acceleration control limits the possibility for vehicles to reach their
maximum cooperative deceleration, as discussed in section 5.2.1.
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(a)  Acceleration Distribution - 0% Penatration (b)  Acceleration Distribution - 100% Penatration
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Figure 5.4. Comparison of acceleration values of all vehicles in one simulation run in (a) the
0% penetration scenario and (b) the 100% penetration scenario.

5.3. Vehicle Travel Times

The times for the buses and general traffic to travel across the two central intersections of the
corridor were measured for northbound and southbound directions. The northbound direction
has a total distance of 857.7 meters, while the southbound direction has a slightly shorter
distance of 847.8 meters. Despite the shorter distance of the southbound measurement, this
direction showed significantly longer travel times for both buses and general traffic compared
to the northbound traffic. This is the result of the implementation of the signal controllers in
each direction. Data provided by the LTA included signal timing offsets, which coordinate to
form a green wave for northbound traffic through the corridor. As a result, the northbound
direction has mainly free-flowing traffic with low travel times. The southbound direction, on the
other hand, has no signal coordination benefits and suffers from high congestion levels and
longer travel times.

However, despite the green wave for northbound traffic, not all vehicles were able to travel in
this direction without stopping at a signal controller. This is due to the varying desired speed
for individual vehicles as well as some delays from discharge times at the intersections. The
southbound traffic, with no green wave signal optimization, faces multiple delays from signal
controllers and the resulting queues and congestion. The delays caused by the signal control-
lers resulted in the traffic forming into separate groups depending on the number of stops
experienced at each intersection for a particular vehicle. These different groups are shown in
the distributions of Figure 5.5 and Figure 5.6, along with their median value.
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The separation of travel times into different groups was done using the Jenks Natural Breaks
Classification Method (Declercq, 1995). It works similarly to K Means Classification but can be
applied to one-dimensional data. The Jenks Method reads a dataset and outputs the break-
points for different groups within it by minimizing the variance within a group and maximizing
the variance between groups. The number of breakpoints is set by the user, so the goodness
of variance fit (GVF), as defined in equation 5.1, is typically used to find how well the groupings
fit the data.

SDAM—SDCMgy;
SDAM

GVF = (5.1)

In the equation above, SDAM is the sum of squared deviations for the mean of the whole
dataset. SDCMpgy is the total of the summed squared deviations for the mean of each class, or
in other words, the sum of the SDCM for each class. For each scenario and direction, a GVF
threshold of above 0.95 was chosen because it is a standard value used in literature (Declercq,
1995).

5.3.1. Northbound Travel Times

The separation of vehicles into different groups was evident for both buses and private vehi-
cles. For the northbound direction, buses were divided into three distinct groups. Figure 5.5 (a)
shows the travel times of buses traveling northbound through in all 20 simulation runs for each
scenario (a total of 260 buses per scenario). The northbound buses have been divided into
three different groups with a gap of about 40 seconds between each group’s median travel
time. Group 1 has the fastest travel time and is what a majority of the buses were classified
as. These buses traveled without any delays through the corridor. Groups 2 and 3 were de-
layed by one or two signals, respectively, in the corridor because of their dwelling times at bus
stations and due to the occasional queueing of buses at the bus stop while passengers are
boarding preceding buses. Each station can accommodate two buses, but with a high bus
frequency of 30 buses per hour per direction along the corridor, an additional two buses can
end up waiting for the boarding area at the bus stop. All three bus groups traveling northbound
show no significant improvement in corridor travel times, despite increasing penetration of co-
operative vehicles. This is expected, as the delays induced on the buses are the direct result
of the signal controller or bus stop dwelling times. Further, in the free flow traffic condition,
general traffic can reach its desired speed of 60 km/h. This is much higher than the buses’
operational speed of 45 km/h, thus not providing many opportunities for the VROW signal to
request priority. However, VROW can be activated when a vehicle is expected to be delayed
at a signal controller. But with many vehicles in this direction able to pass in the green wave,
the benefits from VROW are minimal in this situation.
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Northbound (Free Flow) Travel Times
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Figure 5.5. Northbound travel time distributions and median group travel times for (a) buses
and (b) private vehicles at different penetration rate scenarios.

Northbound private vehicles were separated into four distinct groups, with the largest and fast-
est group representing the vehicles that passed through the corridor without any stops at the
signal controllers. This group shows the fastest possible travel time to pass through the 857.7
meters of the corridor, which is around 56.5 seconds. Northbound buses are not able to attain
this travel time due to dwelling times and lower operational speeds than private vehicles.
Groups 2, 3, and 4 are the result of one or more major stop delays due to signal controllers or
getting caught behind the bus queues at bus stops.

It is worth noting that even though the VROW and cooperative driving algorithms did not sig-
nificantly impact bus travel times in the northbound direction, there was still minor disturbance
to private vehicle travel times. In the 25%, 50%, and 75% penetration scenarios, private vehicle
travel times increase slightly by 3 to 5 seconds, depending on the group. This increase, again
multiplied over the length of the corridor as done for buses, may become significant for private
vehicles. However, it is difficult to quantify fully because few vehicles will precisely follow the
bus route and thus will not always be delayed in this way from VROW.

When cooperative vehicle penetration rates reach beyond 75%, however, private vehicle travel
times return to the initial times seen in the base scenario. Further research will be needed to
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determine exactly what percentage of cooperative vehicle penetration rate is needed beyond
75% to achieve this, but it is clear that a 100% vehicle cooperation rate will help to undo the
disturbances caused by VROW operation.

5.3.2. Southbound Travel Times

Buses in the southbound direction were classified into different groups, as seen in Figure 5.6
(a). But due to the congestion levels, only two groups are formed. It is difficult to ascertain the
exact reasons that caused the delays leading to the separation, but both groups must be influ-
enced by the extremely long queue lengths at intersection 8605, which can nearly spill back
into the intersection 8604 at some instances during the simulation run. Group 1, with the faster
travel time, therefore may have approached intersection 8604 at a time when the queue was
already discharging. Bus dwell times, as similarly mentioned for northbound buses, could also
have influenced the formation of the two different southbound groups.
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Figure 5.6. Southbound travel time distributions and median group travel times for (a) buses
and (b) private vehicles at different penetration rate scenarios.
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We can see that southbound bus travel times are able to show some improvements when
VROW and cooperative driving are introduced. Between 0% and 50% penetration rate of co-
operative vehicles, the bus shows no improved performance along the corridor. But when co-
operative vehicles in the network reach 75% or greater, buses in both groups show improved
travel times. Group 1 has a final travel time improvement of 11 seconds over then base sce-
nario, with group 2 showing a similar reduction of 10 seconds. Although these improvements
seem very minor considering the complex operation of VROW and cooperative driving, when
accounting for the short measurement distance of less than 1 km, the travel time improvements
for a bus over its entire route can be substantial.

It can also be seen that in the 100% scenario, Group 1 shows a significant shifting of buses
centered around the 200-second marker. While the median travel time decreased by only 11
seconds, 28 of the 58 buses (48.3%) in Group 1 had a travel time of 207 seconds or less. In
contrast, only 2 out of 47 buses (4.3%) in the same group of the base scenario had travel
times that were less than 207 seconds. Additionally, 10 of 213 buses (4.7%) in Group 2 were
reclassified into Group 1 from the 0% to 100% scenario, meaning that these buses experienced
enough travel time improvements to push them over the threshold set by the Jenks Method.

Southbound private vehicles show a relatively similar distribution to the northbound private
vehicles. Four distinct groups are again present, but travel times and distances between the
groups have changed because of the congested traffic state. And due to the congested traffic
state for this direction, Group 1 no longer represents vehicles that passed through the corridor
without any major stop delays. Instead, this group now represents the vehicles delayed by one
major stop (i.e., a signal controller or a long queue). Groups 2 and 3 are also very closely
related in terms of travel time but show two distinct peaks seen most clearly in the 0% and
25% scenarios of Figure 5.6 (b). The fourth group makes up a very small part of the distribution
and contains vehicles that experienced longer travel times than even most of the buses. How-
ever, with the small numbers in this group, these vehicles can be viewed as outliers of the
simulation, as high vehicle volumes can sometimes cause unrealistic driving behaviors in Vis-
sim when waiting to change lanes to continue on the desired path.

Similar to the northbound private vehicles, disturbances from VROW and cooperative driving
are also observed in the southbound direction for the 25% through 75% scenarios. Disturb-
ances also increased slightly on private vehicles as connected vehicle penetration rates in-
creased. In each of these three scenarios, Group 1 was the least affected of the four groups,
with only a 3-second increase in the median travel time. Groups 2 and 3 had a more significant
increase of 6 and 7 seconds, respectively. Group 4 showed some significant improvement in
the three scenarios, but as already mentioned, due to the small size of this group, the data is
not entirely reliable. The 100% scenario again shows that with the full cooperation of drivers,
the disturbance to the general traffic can be nearly eliminated despite acceleration adjustments
and requested lane changes to assist VROW buses. And although the southbound buses only
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formed into two groups instead of three in the northbound situation, the overall effects on the
surrounding traffic were very similar.

The benefits of applying VROW and cooperative driving are most evident for the southbound
traffic through the study area. As such, the potential benefits in terms of increased passenger
flows along the corridor were calculated for this direction. The changes in travel times were
multiplied by the number of passengers traveling south through the corridor per hour. Single-
deck buses have a maximum capacity of 90 passengers (Ministry of Transport, n.d.). Running
during peak hour with a mixture of single- and double-deck buses operating at or near capacity,
the 90 passengers per bus was used as a basis for the calculation, but depending on how
many double-deck buses run along this corridor, the actual value may be slightly higher. The
general traffic was assumed to have an average of 1.7 passengers per vehicle (Fwa and Chua,
2007). The resulting impacts in travel time changes from the base scenario on overall passen-
ger flow rates through the corridor are given in table 5.1 below.

Table 5.1. Changes in passenger flow rates at different compliance rates.

Compliance Southbound Changes in Passenger Flows [passengers/hr]
Rate
Buses Private Vehicles Net Change
25% -55.6 -21.4 -77.0
50% -59.2 -70.1 -129.3
75% 113.2 -56.4 56.8
100% 186.2 -3.5 182.7

The results combine the impacts on passengers in public and private vehicles for a complete
picture of how many people were able to pass through the southbound corridor in one hour.
With compliance rates at 50% and below, there a net drop in the flow through the corridor.
However, the 75% and 100% compliance scenarios show that the improvements in bus travel
times outweigh the disturbances caused by VROW and cooperative driving on the traffic. The
improvements for the bus in the 75% scenario show that the equivalent of over one single-
deck bus at full capacity is able to pass through the corridor, and two single-deck bus equiva-
lents can pass for the 100% scenario. The increased capacity from VROW and cooperative
driving could thus result in fewer buses required to travel along their routes. Additionally, these
benefits in the 75% and 100% scenario are only from the buses operating through the corridor
length of about 850 meters. A bus route with similar traffic conditions for even only several
kilometers of its route would significantly increase the route's capacity while also reducing the
number of buses required. A VROW and cooperative driving bus route with 5 kilometers of
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similar traffic, for example, could provide the same capacity with 7 fewer buses for a 75%
compliance rate and 12 fewer buses for a 100% compliance rate.

5.4. Number of Lane Changes

The average number of lane changes per scenario was calculated for all simulation runs in
each direction. Increasing the number of lane changes within the same road length from
VROW and cooperative lane changes can result in unsafe driving conditions should this stray
too far from the baseline average (i.e., the 0% scenario). Figure 5.7 shows the average number
of lane changes (NLC) per vehicle for connected and non-connected vehicles. Because of the
varying penetration rates of connected vehicles, there is no data for this vehicle type’s average
NLC in the 0% scenario. Similarly, there is no lane changing data for non-connected vehicles
in the 100% scenario.

For northbound traffic in the base scenario (Figure 5.7 (a)), the average NLC for non-connected
vehicles ranges between 2 and 2.75 lane changes per vehicle, depending on the vehicle class.
Non-connected HGVs have the lowest number of lane changes in this scenario, while motor-
bikes have the highest. This is expected, as the large size of HGVs requires larger gaps to
change lanes, but the gaps to accommodate these vehicles’ lane changes are less frequent
than gap sizes for other vehicle types. However, there is a significant increase in the average
NLC when comparing the 0% and 25% scenarios. This sharp increase is particularly surprising
when considering that non-connected vehicles should not have any particularly sharp increase
in the average NLC, as they do not receive any information regarding VROW.

Furthermore, as was established in section 5.3.1, northbound buses have no noticeable ben-
efits from VROW implementation due to the free-flow traffic, and thus disturbances caused by
sending VROW signals should be low. It also is evident that the average NLC for both con-
nected and non-connected vehicles is highest in the 25% and 50% scenarios, indicating that
the introduction of connected vehicles that comply with VROW signals in free-flow conditions
leads to some traffic disturbances which encourage more frequent lane changing. This disturb-
ance is also supported by the increase of private vehicle travel times in Figure 5.5. Although
performing an additional lane change may not pose significant safety concerns, the disturb-
ances to the general traffic for insignificant bus travel time improvements under free-flow con-
ditions is not justifiable.

Southbound traffic exhibits a similar pattern to the northbound traffic. Again we there is a large
increase in the number of lane changes for non-connected vehicles between the 0% and 25%
scenarios in Figure 5.7 (a), but this gradually decreases as more connected vehicles enter the
network.
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Figure 5.7. Average number of lane changes per vehicle class compared to buses for north-
bound (a and b) and southbound vehicles (¢ and d) for non-connected and con-
nected vehicles. Please note that the points within close proximity to one another
have been given a slight offset to improve clarity.

The behavior of connected vehicles, however, differs slightly from the northbound direction.
The average NLC for connected motorbikes increases from 3.6 to 3.9 between the 25% and
50% scenarios. The 75% scenario also keeps this high average NLC with a value of 3.8. Other
vehicle classes do not exhibit this behavior. As the VROW bus signal performs well for the
southbound direction, we would expect a higher number of lane changes for all vehicle classes.
The reason for this is that motorbikes have the smallest gap requirement due to their shorter
length. This allows them to more easily comply with VROW signals to change lanes.

Among all the subplots in Figure 5.7, a similar trend is evident in the average NLC per scenario.
Each direction and vehicle type has the sharpest increase in the number of lane changes be-
tween the 0% and 25% scenario. The remaining scenarios show a gradual decrease in the

53



Chapter 5: Results and Analysis

number of lane changes with the 100% scenario closely matching the 0% scenario. This is due
to the impact of connected vehicle lane changes from VROW lane change requests.

When connected vehicles respond to the VROW signal and change lanes, they impact the
traffic conditions in their new lane. And because non-connected vehicles receive no infor-
mation to proactively change lanes or adjust their acceleration, the addition of connected ve-
hicles into their lane leads to a lower lane utility and may prompt reactionary lane changes
from non-connected vehicles to improve their driving conditions. At 25% penetration of con-
nected vehicles, the negative effect on non-connected traffic is the most substantial, but with
a 50% road network penetration, the cooperative behavior of connected vehicles’ acceleration
control helps to mitigate these negative effects. Naturally, larger shares of connected vehicles
on the road increasingly limit the adverse lane changes of non-connected vehicles. With fewer
non-connected vehicles in the network, there are fewer vehicles that can perform these reac-
tionary lane changes. Additionally, increasing the number of connected vehicles in the network
provides more smoothing effects in acceleration control and coordinated lane changing, so the
remaining non-connected vehicles have less need to change lanes to improve their driving
situation.

5.5. Following Distance Distribution

The following distance measures the distance from the ego vehicle to the preceding vehicle.
While it is used to determine the driving behavior and acceleration of vehicles in Vissim simu-
lations, in the case of changing vehicle behavior for cooperative driving, following distance can
also be used as a safety indicator. The proposed cooperative driving algorithm changes vehicle
accelerations and executes lane changes based on a safety distance. And while these modi-
fications to the driving behavior have been designed to maintain a safe distance based on
speed and vehicle following distance, it still must be tested that vehicles within the simulation
are not colliding with one another while driving cooperatively. Figure 5.8 compares the distri-
bution of the vehicle following distances throughout the corridor under one simulation run for
the 0% and 100% scenarios. The 0% scenario maintains a vehicle following distance based
solely on the Wiedemann 74 model, while the 100% scenario is a mixture of cooperative driving
and Wiedemann 74 depending on the presence of a bus. Both scenarios have nearly identical
following distances, indicating that no collisions occurred despite the modifications made to
the driving behavior.
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(a) Vehicle Following Distances: 0% Scenario (b) Vehicle Following Distances: 100% Scenario
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Figure 5.8. Following distance distribution for 0% and 100% scenarios.

5.6. VROW and the Cooperative Driving Algorithm

To fully evaluate the impact of the cooperative driving algorithm on the performance of VROW,
a comparison was made within the 100% connected vehicle penetration scenario. VROW
travel time performance without the cooperative driving algorithm was evaluated in this sce-
nario and compared to the results of the 100% scenario with full cooperative driving. Results
are shown similarly to those in section 5.3, where bus and private vehicle travel times are
evaluated in northbound and southbound directions. The results for travel time performance
with and without cooperative driving are shown with the results of the 0% scenario for refer-
ence.

As expected, the northbound direction (Figure 5.9) showed no significant difference in travel
times for either buses or private vehicles. The reasons for this were discussed in section 5.3.1
as the result of unfavorable traffic conditions for VROW operation. Because the VROW algo-
rithm combined with the cooperative driving algorithm showed little improvements in this re-
gard, it was expected that the differences between the performance of only VROW and VROW
combined with cooperative driving would be minimal. Buses showed small travel time improve-
ments for all three groups with no cooperative driving scenario showing intermediate perfor-
mance improvements from the base to the cooperative driving scenarios. Private vehicles had
almost no changes in travel times among the scenarios. All groups showed changes in median
travel times of 1.1 seconds or less.

The cooperative driving algorithm in the southbound direction exhibited notable improvements
over the standalone performance of VROW. Figure 5.10 (a) shows that VROW was able to
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Northbound (Free Flow) Travel Times
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Figure 5.9. Comparison of bus (a) and private vehicle (b) performance for northbound traffic
for the 0% scenario, 100% scenario without cooperative driving, and 100% scenario
with cooperative driving.

improve the bus travel times by about 7 and 8 seconds for Groups 1 and 2, respectively, over
the base scenario while imposing no significant travel delays on private vehicles. Adding in the
cooperative driving algorithm to support VROW enabled bus travel times to further increase by
4 seconds for Group 1. Of this group, 28 buses (4.8%) had travel times below 207 seconds.
By comparison, only 17 buses (3.0%) in Group 1 for the standalone VROW situation were able
to attain travel times below 207 seconds. And despite the cooperative lane and acceleration
changes, the cooperative driving algorithm with VROW did not introduce any additional delays
for private vehicles. Bus Group 2, however, showed a travel time improvement of only 1 second
despite the added benefit of cooperative driving. This group experienced more delays than
Group 1 and had a higher traffic density as a result. The cooperative algorithm thus struggled
to perform well in the denser traffic state, as gaps available for cooperative lane changes be-
come less frequent. Additionally, the time required to create a suitable gap for vehicle lane
changes with acceleration adjustments also increased because the vehicles in denser traffic
traveled with shorter distances and lower speeds. Most private vehicle groups experienced
very minor changes in travel times across each scenario. Only Group 4 in the scenario with
cooperative driving showed a significant improvement. But as mentioned previously, the num-
ber of vehicles in this distribution is very low in comparison to the other three groups and may
not provide statistically reliable data.
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Southbound (Free Flow) Travel Times
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Figure 5.10. Comparison of bus (a) and private vehicle (b) performance for southbound traffic
for the 0% scenario, 100% scenario without cooperative driving, and 100% scenario
with cooperative driving.

A comparison between the total passenger flow rates on the southbound direction of the cor-
ridor was performed to compare the added benefit of cooperative driving against only VROW.
The calculations are the same as discussed in section 5.3.2. Using the 0% scenario as the
comparison scenario, VROW without cooperative driving showed a passenger flow rate in-
crease of 156.5 passengers/hr in buses along the 850-meter length of the corridor. Surpris-
ingly, passenger flows in private vehicles also increased slightly by 20.6 passengers/hr. This
was unexpected, as the forced lane changes and lack of cooperation were expected to disrupt
the general traffic. This may have been the result of the implementation of VROW without
cooperative driving. In testing the VROW only scenario, the modifications made to gap ac-
ceptance for lane changes based on the desired safety distance were kept. Only the coopera-
tive behavior of creating gaps was removed. This may have had a smoothing effect on traffic
by imposing more conservative lane changing characteristics than in Vissim’s driving behavior
or in the original VROW algorithm.

By adding in cooperative driving, the passenger flow rate on buses was able to increase to
186.2 passengers/h, a 29.7 passenger/h increase over the only VROW scenario. However,
there were more negative impacts on the general traffic as a result of the cooperative driving,
making the passenger flow rates fall just below that of the 0% compliance scenario. This was
to be expected, as cooperative driving, and cooperative acceleration in particular, led to more
disturbances in the traffic. Although these disturbances were managed in a cooperative way,
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the algorithm acted upon vehicles in more lanes than VROW. In dense conditions with vehicles
in multiple lanes reducing acceleration to form a gap, travel time will inevitably increase. The
added disturbance to private vehicles leads to a minimal overall increase of 5.6 passengers/h
when comparing VROW with and without cooperative driving.

Table 5.2. Changes in passenger flow rates with and without cooperative driving at a 100%
compliance rate

Southbound Changes in Passenger Flows [passengers/hr]

Compliance Rate

Buses Private Vehicles Net Change
100% (without Cooper-
) - 156.5 20.6 177.1
ative Driving)
100% (with rati
00% (with Cooperative 186.2 35 182.7

Driving)

This added capacity of buses benefiting from cooperative driving only represents only a third
of the capacity of a single-deck bus. But assuming a bus route will pass through 5 kilometers
of similar traffic conditions during the peak hour, the added benefit from cooperative driving
extends to an additional 175.2 passengers per hour on buses, which is equivalent to the ca-
pacity of 1.9 single-deck buses in Singapore. The overall throughput, when comparing the
differences of VROW with and without cooperative driving, shows a minor improvement for the
same 5-kilometer distance of only 33.0 passengers/h. Despite this, however, the cooperative
driving algorithm is able to further improve the performance of VROW operation under dense
traffic conditions without imposing considerable delays on private vehicles.
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6. Chapter 6: Conclusions

Virtual Right of Way offers the ability to improve the operational performance of public transport
buses while mitigating the negative effects of lane and capacity reductions for the general
traffic. However, the availability of gaps in lanes adjacent to the VROW lane is critical in ena-
bling this technology to operate successfully. In dense urban traffic, which is often seen during
peak hours, this can be a significant problem. Human driving behavior is also an essential
aspect of the ability of VROW to function as intended. Drivers who receive a VROW lane
change request may be unwilling to comply, as it negatively impacts their driving situation.
Even if drivers are willing to comply, they may find that the available gaps are unsafe to perform
a merging maneuver. The cooperative driving algorithm proposed in this report was designed
to incorporate with VROW to mitigate issues with gap availability through a combination of
cooperative lane changes and cooperative acceleration control.

VROW and the cooperative driving algorithm were applied to an arterial corridor in Singapore,
where the northbound traffic was in a mostly free-flow state, and the southbound traffic was in
a dense state. VROW failed to make any significant travel time improvements in the north-
bound free-flow state due to the slower speed of the buses compared to private vehicles. The
slower bus speeds meant that the very few VROW lane change requests were sent to private
vehicles. And as cooperative driving is only activated with VROW, the addition of cooperative
driving to VROW also showed no improvements for free-flow traffic. The dense southbound
traffic, on the other hand, had significant improvements in travel time when connected vehicle
penetration rates were at 75% and above. Minor improvements may occur between 50% and
75% penetration rates, but further simulation within this range is needed. In the best-case sce-
nario of 100% penetration, VROW plus cooperative driving were able to improve the bus line
capacity by 186.2 passengers/h over the base scenario. Extending these improvements to a
route with 5 kilometers under similar traffic conditions would increase capacity enough to save
12 single-deck buses in Singapore. Comparing the cooperative algorithm’s performance to the
performance of only VROW also showed some improvements. A similar 5-kilometer route us-
ing VROW and cooperative driving would increase capacity by almost 2 full single deck buses.

This research has shown that the proposed cooperative driving algorithm is capable of improv-
ing the performance and reliability of VROW bus operations. It also requires no additional in-
frastructure than needed for VROW, as it only uses V2V communication. While some issues
remain unresolved regarding how the driving behavior can be switched smoothly during simu-
lation, the results still show an ability for the cooperative algorithm to perform well under dense
traffic conditions. Further improvements made to improve the handoff between Vissim control
and algorithm control are expected to only further improve its performance.
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