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Abstract

Lane—drop bottleneck is a frequently observed bottleneck in a
freeway due to lane closures, work zones, and incidents. A potential
cause for a capacity drop at a lane-drop bottleneck is the critical
conflicts by mandatory lane changing near the lane—dropping point,
and the upstream inflow higher than the downstream capacity.
Therefore, the throughput is expected to increase by operating CAV
control strategy that can reduce disruption and keep the upstream
inflow under downstream capacity. CAVs in this study are assumed to
provide multiple gap settings, including the shortest and the longest
gap settings currently available in commercial AVs. A novel concept
that controls the gap setting of CAVs to increase throughput at a lane-
drop bottleneck is proposed. The proposed strategy consists of
merging control and inflow control. Merging control adjusts the gap
setting of CAVs to a proposed gap setting that can reduce disruption
caused by merging when applied to CAVs. Inflow control adjusts the
gap setting of CAVs to either the shortest or the longest gap setting
dynamically to regulate upstream inflow and keep bottleneck
occupancy at the target occupancy. Proportional-Integral-Derivative
(PID) controller was utilized for inflow control. To validate the
proposed strategy, the simulation experiment was conducted with
micro—simulation VISSIM. The results indicated that the proposed
strategy prevents capacity drop and improves traffic flow efficiency in
all demand scenarios under CAV environment. The proposed strategy
also 1mproved traffic flow efficiency under all simulated MPR
scenarios, and the gain in performance was marginal for MPRs higher
than 50%. Furthermore, the proposed strategy reduced €0, emissions

and the number of conflicts for all MPRs.

Keyword: Gap Setting, CAV, Lane—drop Bottleneck, Proportional—
Integral—Derivative Control, VISSIM
Student Number: 2019-27105
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Chapter 1. Introduction

Lane—drop bottleneck is a frequently observed bottleneck in a
freeway due to lane closures, work zones, and incidents (Jin and Jin,
2015; Guo et al., 2020). At a lane—drop bottleneck, the capacity of
the downstream is lower than that of the upstream as the number of
lanes decreases. Therefore, the upstream inflow of the bottleneck is
likely to exceed the downstream capacity during peak hours. This
situation may lead to a capacity drop; which refers to the state when
the maximum throughput is lowered than the downstream capacity
(Jin and Jin, 2015; Yuan et al., 2015; Zhang and loannou, 2016).
Another potential cause of a capacity drop is the critical conflicts by
mandatory lane changing near the lane—dropping point (Zhou et al.,
2017; Hu and Sun, 2019; Guo et al., 2020).

The capacity drop still occurs even in the existence of Automated
Vehicles (AVs). Commercial AVs provide multiple gap settings that
can be adjusted by drivers while driving. Tesla, for example, provides
seven gap settings and Hyundai provides four gap settings. All car
makers reviewed in this study including BMW, Mercedes—Benz,
AUDI, and Toyota also provide multiple gap settings. Shi and Li
(2021) found that compared to Human—Driven Vehicles (HDVs),
AVs with the shortest gap setting have a shorter average time gap,
and longer average time gap with the longest gap setting. Therefore,
the capacity is expected to be significantly increased when all AVs
drive with the shortest gap setting. However, the capacity drop may
still occur at the lane—drop bottleneck due to large upstream inflow
and lane changing, as mentioned above, meaning that the throughput
would still be lower than the downstream capacity. Consequently,
even with the technology of AVs that allows driving with a small gap
(Ren et al., 2020), there still is room for improvement in terms of
throughput at the lane—drop bottleneck with traffic management and

control.



To improve the operational efficiency of traffic flow, the
cooperation of individual vehicles based on the global condition is
required (Ren et al., 2020). Connected and Automated Vehicles
(CAVs) not only allow to operate in isolation with internal sensors
but can also make cooperative decisions via communication with the
surrounding vehicles and the infrastructures nearby (Wang et al.,
2018). Especially, the benefits of these technologies are even more
prominent in freeway bottlenecks where frequent lane changing,
merging, and yielding maneuvers occur (Hu and Sun, 2019).

Various studies proposed CAV control strategies that facilitate
smooth merging in freeway bottlenecks. Some studies proposed
optimization—based methods that optimize the accelerations of CAVs
to improve the efficiency at the bottlenecks (Chen et al. 2020; Karimi
et al., 2020; Min et al., 2020). Others proposed strategy—based
methods that design rules that can be applied to CAVs for smooth
merging (Lu and Hedrick., 2003; Zhou et al., 2016; Bang and Ahn,
2018). However, controlling individual vehicles can only benefit from
local and microscopic levels, since it does not consider macroscopic
control in traffic flow level (Zhu et al, 2022).

Another mainstream of traffic management at the freeway
bottleneck is regulating the upstream inflow of the bottleneck
considering the macroscopic traffic flow characteristics. The
upstream inflow can be indirectly controlled by adjusting the speed
limit of vehicles (Variable Speed Limit, VSL), or by controlling the
ramp metering rates (Ramp Metering, RM). However, these
algorithms only control macroscopic traffic flow characteristics in an
aggregate and inaccurate way (Hu and Sun, 2019; Zhu et al., 2022).
Therefore, the operation at the bottleneck is expected to be further
improved when CAVs are controlled appropriately with the
consideration of both microscopic merging maneuvers and
macroscopic traffic flow characteristics.

This study aims to develop a novel CAV gap setting control
strategy that can relieve or even prevent congestion at the lane—drop
bottleneck. The CAVs in this study are assumed to provide multiple

gap settings, including the shortest and the longest gap setyings
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currently available in commercial AVs. Also, it is assumed that the

gap setting of CAVs can be controlled by the traffic management

center by V2I communications. The proposed strategy consists of

merging control and inflow control. Merging control applies a new gap

setting to CAVs to reduce oscillation caused by merging. Inflow

control changes the gap setting of CAVs to either the shortest or the

longest gap setting dynamically to regulate the upstream inflow and

keep the bottleneck occupancy at the target occupancy. The main

contributions can be summarized as follows:

Car—following models for both the shortest and the longest
gap settings of commercial AVs were calibrated using real—
world data

A novel concept that controls the gap setting of CAVs is
proposed

The proposed strategy considers both microscopic merging
maneuvers and macroscopic traffic flow characteristics

A platform based on Python, VISSIM COM, and C++ is
developed to implement the proposed strategy

The results showed that the proposed strategy can prevent
capacity drop and reduce travel time in all simulated traffic
demand scenarios under CAV environment

The proposed strategy improved traffic efficiency for all
MPRs under mixed—traffic environment of CAVs and HDVs
The proposed strategy also reduced C0O, emissions and the

number of conflicts for all MPRs



Chapter 2. Literature Review

2.1. Microscopic Control Algorithms

Many studies that control CAVs located near a bottleneck to
facilitate smooth merging have been presented. These works can be
roughly classified into two types: strategy —based and
optimization—based methods (Hu and Sun, 2019).

In strategy—based methods, many rules that can be applied in
various circumstances are designed with a common goal to obtain a
smooth merging maneuver. First, some studies control the car—
following model parameters of CAVs near the merging area. These
studies assume that the car—following model parameters of CAVs
can be set differently depending on the situation. Zhou et al. (2016)
proposed CIDM—based AV that the car—following parameters are set
depending on the merging condition. They showed that the proposed
AV can relieve freeway oscillations. Bang and Ahn (2018) proposed
a method that can resolve a disturbance created by a merging vehicle
by controlling two parameters, the spring constant and the damping
coefficient, of the SMD-—based control model under a full CAV
environment. Ren et al. (2020) showed an appropriate gap can be
formed for the merging vehicle by controlling the VISSIM car—
following parameters. However, the parameters controlled in the
studies mentioned above may significantly differ from the commercial
AVs and may show unrealistic or uncomfortable behavior with the set
parameters.

Additionally, several studies tried to solve the on—ramp merging
problem with a virtual vehicle mapping technique. These works
converted on—ramp merging maneuvers to car—following tasks
(Liang et al., 2022). Lu and Hedrick (2003) proposed a virtual vehicle
following concept that can form a platoon effectively in two topologies
(i.e. either with or without an acceleration lane). Hu et al. (2021)
determined a merging sequence based on the estimated merging point

arrival time and proved that merging efficiency can be improved by



each vehicle following the preceding vehicle defined in the merging
sequence. Chen et al. (2021) converted the on—ramp merging
problem into a car—following problem at a virtual axle, that is based
on a virtual car—following sequencing through a virtual rotation
technique. Through numerical simulation, the authors showed that the
proposed control can reduce voids and guarantee to dampen traffic
oscillation. However, since the majority of strategy—based methods
are decentralized, optimal control for the merging system cannot be
achieved (Zhou et al., 2018; Hu and Sun, 2019; Zhu et al. 2022).

On the other hand, the majority of the works deploying
optimization—based methods assume that the acceleration of CAVs
can be controlled by the traffic management center. These studies
calculate the appropriate acceleration for each CAV to form a merging
gap to maximize or minimize the objective function. Cao et al. (2015)
proposed a predictive control—based optimization model that can
successfully generate a cooperative merging path in a typical traffic
situation. Karimi et al. (2020) calculated the appropriate acceleration
of CAVs in mixed traffic flow, depending on the combinations of CAVs
and HDVs in a merging triplet of the subject vehicle, lead vehicle, and
lag vehicle. The prediction has been made to predict the behavior of
HDVs. Other studies (Rios—Torres et al., 2016; Min et al., 2020;
Chen et al. 2020) also presented strategies for CAV acceleration rate
determination under CAV 100% environment and evaluated the
performance by numerical simulation. However, in an environment
where the traffic management center controls the acceleration rate
of all CAVs, the safety of the vehicles can be critically jeopardized
when communication is delayed or failed. Also, the assumption that
the acceleration of the CAVs can be controlled by the traffic
management center completely ignores the current decentralized
driving behavior of AVs that relies on internal sensor information.
Therefore, full acceleration rate control by the traffic management
center is expected to be possible in the very distant future.
Furthermore, controlling individual vehicles can only benefit from
local and microscopic levels, since macroscopic control in traffic flow

level is not considered (Zhu et al., 2022). .
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2.2. Macroscopic Control Algorithms

Other strategies implemented in a freeway bottleneck control the
upstream inflow of the bottleneck from a macroscopic viewpoint to
improve flow efficiency. The upstream inflow can be indirectly
controlled by controlling the speed limit of the vehicles (VSL), or by
controlling the ramp metering rate at the ramp located upstream of
the bottleneck (RM). The control of upstream inflow depending on
the traffic state has been proven to improve traffic flow efficiency.

Khondaker and Kattan (2015) used microsimulation VISSIM to
verify that travel time can be reduced by controlling the speed limit
of Connected Vehicles (CVs). Miiller et al. (2015) evaluated both
point VSL and space VSL, and concluded that both strategies can
improve traffic conditions where space VSL performs better than
point VSL. Jin and Jin (2015) controlled the upstream speed limit
using a PI controller and numerically showed that travel time can be
decreased by up to 86%. Wu et al. (2020) developed a deep—
reinforcement learning—based lane—specific speed limit selection
method and proved its effectiveness using microsimulation SUMO.
The aforementioned studies have verified the usefulness of
controlling the speed of the vehicles located upstream of the
bottleneck in relieving congestion.

Another strategy that controls upstream inflow is a well—known
RM system. Papageorgiou et al. (1991) presented ALINEA and found
that occupancy could be maintained near critical occupancy with the
metering rate calculated by the P controller. Also, Wang et al. (2014)
showed PI-ALINEA can effectively improve the traffic state with an
active bottleneck downstream of the merging area.

However, these algorithms only control macroscopic traffic flow
characteristics in an aggregate and inaccurate way (Hu and Sun, 2019;
Zhu et al., 2022). Therefore, the operation at the bottleneck is
expected to be further improved when macroscopic inflow control is

combined with microscopic merging control in CAV environment.



2.3. Impact of AV on Traffic Flow

Adaptive Cruise Control (ACC) systems, that control the
longitudinal behavior of AVs, are now largely available in commercial
vehicles. Changing the car—following dynamics can have a large
impact and therefore, there have been efforts to analyze the impact
of AV on traffic flow.

Many studies analyzed the impact of AVs based on the assumed
driving behavior. Davis (2004) assumed string stable AV and showed
that on—ramp jam is prevented with an AV penetration rate higher
than 20%. Kesting et al. (2010) found that AVs modeled by Intelligent
Driver Model (IDM), which adjusts the parameters depending on the
situation, can increase capacity. Talebpour and Mahmassani (2016)
analyzed stability and throughput in a mixed flow of HDV, CV, and AV
and claimed that both CV and AV improve stability and throughput.
Calvert et al. (2017) assumed AV modeled by IDM and found AV can
have a negative effect on flow with low MPR. Zhu and Zhang (2018)
found that when density is lower than the critical value, both
throughput and stability improve with the increase of AV. However,
AV may negatively affect throughput when density is higher than the
critical value. Although the aforenoted works quantitively analyzed
the effects of AV in a mixed environment, the results are highly
dependent on the assumed behavior of AVs so the results can change
significantly when the model is calibrated with commercial AV data.

To fill this gap, recent studies evaluated the impact of AVs by
utilizing the trajectory data of commercial AV datasets. Gunter et al.
(2020) analyzed the string stability using the trajectory data of seven
commercial AVs and concluded that they are all string unstable for
both the shortest and longest gap settings. Makridis et al. (2020)
evaluated the trajectory data of the platooning experiment with five
commercial AVs. 23 experiments all showed that the vehicles are
string unstable. Shang and Stern (2021) compared string stability and
capacity calibrated by theoretical AV and commercial AV. They found
that theoretical AV improves both string stability and capacity,

whereas commercial AVs are string unstable and can reduce
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bottleneck capacity with a high penetration rate. The findings of Shi
and Li (2021), evaluated with the commercial AV dataset, showed
that the shortest gap setting of AVs can increase capacity
significantly compared to that of HDV, and the longest gap setting
relatively reduces the capacity.

In summary, recent studies analyzing commercial AVs showed a
discrepancy between theoretically assumed AVs and commercial
AVs. Also, although most studies analyzing the impact of AV assumed
homogeneous longitudinal behavior of AVs, commercial AVs offer
multiple gap settings meaning that the longitudinal behavior of AVs
can differ significantly depending on the gap setting.

Therefore, this study aims to develop a realistic CAV control
strategy by considering the longitudinal dynamics of commercial AVs
depending on the gap settings. CAVs are assumed to provide gap
settings including the shortest and the longest gap settings currently
provided in commercial AVs. A novel strategy that controls the gap
setting of CAVs is proposed in this study so as to reduce disruption
caused by merging and to regulate the upstream inflow appropriately.
A detailed description of the proposed strategy is introduced in the

following chapter.
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Chapter 3. Methodology

3.1. Vehicle Modeling
3.1.1. Car—Following Models

This study focused on the fact that commercial AVs provide
multiple gap settings that perform significantly different longitudinal
behavior. To develop a realistic CAV control strategy, this study
calibrated a car—following model that can represent the longitudinal
maneuver of AVs with different gap settings, and assumed that CAVs
also provide multiple gap settings including those equipped in current
commercial AVs. For the car—following model selection, the models
that were frequently applied for modeling (C) AVs were compared.

In the previous studies, various car—following models were
adopted for modeling the longitudinal car—following behaviors of
vehicles, including HDV, AV, CV, and CAV. The car—following models
used in the previous studies for various types of vehicles are
summarized in Table 3.1.

Table 3.1 Car—following models used in previous studies

Authors (Year) Car—Following Models

HDV CV AV CAV
Kesting et al. (2010)  IDM - IDM -
Talebpour and Talebpour IDM Van Arem -
Mahmassani (2016) (2011) (2006)
Monteil et al. (2018) IDM - - IDM
Zheng et al. (2020) OVM - OVM —
Gunter et al. (2020) - - FVDM -
Yao et al. (2021) IDM - - IDM

Three car—following models (OVM, FVDM, and IDM) frequently
applied for (C)AV modeling were selected for commercial AV

modeling in this study.



Bando et al. (1995) developed the Optimal Velocity Model (OVM).

Mathematically, the model can be expressed as

X = a[Vopt (Xn-1 — %) — Xy (3.1
where,
X, = acceleration applied by driver n,
a = sensitivity constant,
Vope(s) = desired velocity function,

X, = the speed of vehicle number n,

X, = the coordinate of the vehicle number n,
Xp—1 = the coordinate of the preceding vehicle.

Various desired velocity functions, v,,.(s), were used in previous
studies, with the common fact that the desired velocity depends on
the relative position of the vehicle (Aghabayk et al., 2015). In this
study, the desired velocity function presented by Trieber and Kesting

(2013) shown in Equation 3.2 was chosen.

Xp{— Xy — S
Vope (S) = max [O, min (vo,%)] (3.2)
Where,
vy = desired speed,
Sp = minimum gap,
T = time gap.

The OVM, however, encounters the problems of generating
unrealistic acceleration and deceleration values (Jiang et al., 2001).
To present a more realistic model, Jiang et al. (2001) introduced
the Full Velocity Difference Model (FVDM) which takes both positive
and negative velocity differences into account. Mathematically, the

model can be expressed as

X = K[ Vopr (X1 — xn) — X | + A00—1 — %) (3.3)
Where,
X, = acceleration applied by driver n,
K = sensitivity constant,
A = sensitivity constant,
Vopt(s) = desired velocity of vehicle number n,

10 M =- ‘_]l (=1



X, = the velocity of vehicle number n,

Xn,-1 = the velocity of the preceding vehicle,
X, = the coordinate of the vehicle number n,
Xn—1 = the coordinate of the preceding vehicle.

For modeling the longitudinal behavior of commercial AV, the
desired velocity function in Equation 3.2 is also applied for the FVDM,
and the calibrated parameters are presented in the following section.

This model has a limitation in describing all traffic situations.
Specifically, since the term A(x,_; — x,,) is not dependent on the gap,
a slow preceding vehicle far away leads to significant unrealistic
decelerating behavior of the following vehicle (Trieber and Kesting,
2013).

The last car—following model considered in this study is the

Intelligent Driver Model (IDM). The model can be expressed as

/ . 5 /SO+ Tx, — xn(xn 1 Xn)\ \

Xp=al1- (V_o) - . (3.4)
Where

X, = acceleration applied by driver n,

vy = desired speed,

So = minimum gap,

s, = distance gap.

T = time gap.

= maximum acceleration,

B = comfortable deceleration,

6 = acceleration exponent,
X, = the velocity of vehicle number n,

Xn—1 = the velocity of the preceding vehicle.

IDM is an accident—free model that produces realistic
acceleration profiles, and each model parameters describe only one
aspect of the driving behavior which is favorable for the model
calibration (Trieber and Kesting, 2013). Thus, this model has been

11 '}"‘5 ui 1—l| =



implemented in micro—simulation in several studies (Guériau et al.,
2016; Talebpour and Mahmassani, 2016; Zhu et al., 2018; Rahman et
al., 2019).

3.1.2. Parameter Calibration

Recent studies showed that the car—following model parameters
can be calibrated with high—resolution trajectory data of the vehicles.
Punzo et al. (2021) reviewed objective functions for the previous
studies and found they varied widely. An objective function for the
car—following model calibration can be defined with the Goodness—
of—=Fit function (GoF) and Measure—of—Performance (MoP). The
authors compared possible combinations of 7 GoFs and 4 MoPs and
the results were consistent that regardless of the GoF, the model,
and the dataset, spacing is preferable as MoP. Also, focusing on
spacing, GoFs which are not based on percentage errors are always
preferable to percentage—based GoFs. Therefore, this study applied
spacing as GoF, and Root Mean Squared Error (RMSE) as MoP for
parameter calibration as in Equation 3.5, with a gradient—based

optimization method used for calibration.

minimize \/lzT [sest(t) — sobs(t)]? (3.5)
T £ap=1
Where,
T = number of time steps,
t = a time step,
s®t(t) = estimated spacing at time step t,
s°P$(t) = observed spacing at time step t.

12 A=



3.2. Gap Setting Control Strategy

The objective of the proposed strategy is to improve throughput
at a lane—drop bottleneck by controlling the gap setting of CAVs
located near the lane—drop bottleneck. The proposed strategy
consists of merging control and inflow control and is operated within

section 1 to section 3 (Figure 3.1).

ool __section1______ section2_ ___________ Section3 ______ \\ _____

Ly Ly

Figure 3.1. Overview of the control region

Merging control instructs CAVs, located in the center lane and
the merge lane in section 2 of Figure 3.1, to change gap setting to the
proposed gap setting. It is a microscopic control strategy that
relieves disruption caused by mandatory merging in section 2. Inflow
control is a macroscopic control strategy that controls the gap setting
of CAVs entering section 1 to regulate the upstream inflow and keep
bottleneck occupancy at the target occupancy. Outside the control
region, CAVs remain uncontrolled with a gap setting set by the

driver’ s preference.

3.2.1. Merging Control

Merging control changes gap setting of CAVs, located in the
center lane and the merge lane in section 2, to a proposed gap setting
to reduce disruption caused by merging. As shown in Figure 3.2,
when a proposed gap setting is applied, the CAV in the center lane in
section 2 follows both the preceding vehicle in the center lane and
the preceding vehicle in the merge lane. The same logic is applied to
CAYV in the merge lane, following both the preceding vehicle in the

merge lane and the center lane.
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(P CAV (Gap Setting Short) CAV (Proposed Gap Setting)

Center Lane (W P=——=~- P =
Merge Lane AN
- CAV accelerates to shorten the gap since adjacent vehicle considered

Figure 3.2. Conceptual diagram of merging control

A car—following model for the proposed gap setting that is
designed to be applied for CAVs on the center lane and the merge

lane in section 2 is described in Equation 3.6 and Equation 3.7.

Xn = min(asame Lane, Max(=2, QApdjacent Lane)) (3.6)
vpdv 2
a=al1- (v_n)a St Tt T . _( Same Lane 3.7)
J Vo Sn o) Adjacent Lane )
Where,
Vg = desired speed,
So = minimum gap,
s, = distance gap between preceding vehicle

and subject vehicle,
Av = relative speed between preceding
vehicle and subject vehicle,
= time gap,
= maximum acceleration,

comfortable deceleration,

S ™ KR M
I

= acceleration exponent.

In a case where there only exists a preceding vehicle in the same
lane within a detection range of CAV, the original car—following

model is applied (Equation 3.8).
2
v, Av
So+ Tv, + -2 \\
(504 e+ 2 e
|— 2
v

Likewise, in a case where there only exists a preceding vehicle

(3.8)

in an adjacent lane within a detection range of CAV, CAV would follow

¥ 2 @



a preceding vehicle in an adjacent lane with original car—following
logic with a minimum deceleration of —2m/s? for a comfortable

deceleration (Equation 3.9).

/ / /SO + To, + ;\’}i_’;\z\\

x’;lzmax -2, al 1- —) |\ 3 | )I (3.9)

Lastly, if no preceding vehicles exist for both current and
adjacent lanes, CAV would accelerate until the free flow speed is
reached (Equation 3.10).

i =a (1 - (Z—Z)5> (3.10)

By applying the proposed gap setting to CAVs on both the center
lane and the merge lane, a CAV would decelerate considering both
preceding vehicles when present, if one of the current time gaps with
the preceding vehicles is smaller than the desired time gap. Thereby,
enough gap for merging will be formed, so the oscillation caused by
a merging vehicle is expected to decrease. For all four situations
mentioned above, the corresponding parameters are set with the
calibrated shortest gap setting parameters of commercial AVs to
maximize throughput. Note that the proposed gap setting can also be
applied in a mixed traffic flow of CAVs and HDVs. Regardless of the
vehicle type of preceding vehicles, a CAV would follow two preceding
vehicles if preceding vehicles in both lanes exist.

The gap settings of CAVs in the median lane of section 2 and in
section 3 are switched to the shortest gap setting, maximizing the
capacity of the controlled regions near the lane—dropping point. If the
length of section 2 (L,) is too short, the desired gap for CAVs
considering the vehicles in the adjacent lane may not be formed
before merging. Finding a proper length for section 2, however, is
beyond the scope of this study. Despite the improvement in merging
behaviors through the operation of merging control, the control does
not guarantee the optimum operation in any sense since 1t does not
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consider macroscopic traffic flow characteristics.

3.2.2. Inflow Control

From a macroscopic traffic flow perspective, bottleneck flow
efficiency can be improved by keeping the bottleneck occupancy or
density at a target value, such as critical occupancy. Inflow control
tries to keep the bottleneck occupancy at the target occupancy by
adjusting the gap setting of CAVs entering section 1 to either the
shortest or the longest gap setting. To successfully control the inflow,
this study applied a Proportional—Integral—Derivative (PID)
controller, which is widely used in industrial control. As shown in
Figure 3.3, a PID controller determines the input value based on the

error between the output and the target value.

’—b P Kye(t)
+
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- e
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Figure 3.3. Conceptual diagram of PID control

This study applied a discrete time PID controller to determine
the desired short gap setting ratio, psges(k) (Figure 3.4). The gap
setting of a CAV is controlled to either the shortest gap setting
(namely, short gap setting) or the longest gap setting (namely, long
gap setting) to match the current short gap setting ratio in section 1
to the desired value, pgges(k). The equation for the discrete time PID
controller is as follows (Equation 3.11—3.15).

Ps, aes () = s, qes(k — 1) + Koe (k) + Kye(k — 1) +Kye(k—2)  (3.11)

e(k) = occrgrger — 0cc(k) (3.12)
Ko=Kp+ KT+ K,T™?! (3.13)
K, = —Kp —2KpT™1 (3.14)

K, = KpT™! (3.15)
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Where,

Ps aes(k) = desired short gap setting ratio at time kT,
T = discrete time step (e.g., 1 second),
k = sample time index (0, 1, 2, -+,
e(k) = error at time kT,
occ(k) = occupancy at time kT,
OCCrarger =  target occupancy,
Kp, K;, Kp =  PID parameters.
P
Input Error «— Qutput
(ps.aes(k)) D (oce(k))
______ | I__________S_eet_iqn_l____________S_eet_iqn_z___ ________§§c_ti_0_n_3‘________r\‘\_____
S —— |
N l;;»r Ly
< Ll > 4 L2 >

Figure 3.4. Conceptual diagram of inflow control

If the current occupancy is smaller than the target occupancy
(e(k) > 0), the controller would increase the desired short gap setting
ratio to increase upstream inflow. In the opposite situation, the
desired short gap setting ratio would be decreased to reduce
upstream inflow. The loop detector is located upstream of the lane—
dropping point to sensitively detect the formation of the queue and
the capacity drop. If L4, the distance from the lane—dropping point,
is too long, the controller would not be able to prevent the formation
of a queue. Finding the optimal location for the loop detector is not
considered in this study.

The gap settings of CAVs entering section 1 are adjusted via V21
communication with the traffic management center. Note that the gap
setting for each CAV is adjusted at most once in section 1. Also, lane
changing in section 1 is prohibited to allow CAVs to accelerate
without disturbance when the queue forms upstream of section 1. If
the length of section 1 (L;) is too short, the space for acceleration

may be insufficient. If the length is too long, a disturbance may occur
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frequently between the starting point of section 1 and the point where
the loop detector is located. The optimal value of L; is outside the

scope of this study.

3.2.3. Combination of Merging Control and Inflow Control

The proposed strategy that considers both microscopic and
macroscopic control themes at a lane—drop bottleneck is proposed.
First, merging control is always operated to reduce disruption caused
by mandatory lane changing. However, when upstream inflow
exceeds downstream capacity, the capacity drop that lowers the

throughput than the capacity can still occur, as shown in Figure 3.5.

q C}p, : Capacity with lane—drop downstream
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Figure 3.5. Theoretical MFD at the upstream section of the lane—drop
bottleneck

Inflow control is combined with merging control to regulate
bottleneck inflow when the capacity drop cannot be prevented by
operating merging control only. Inflow control is operated when
occ(k) > occy, and the target occupancy (occarger) 1S set between
occ; and occ, as in Figure 3.5. The objective of inflow control is to
keep occupancy at the target occupancy to keep throughput over
(1 —¢)C, without turning into a congested state. Note that adjusting
PID parameters and the target occupancy can further improve the

operational benefits of the proposed strategy. The optimal tuning for

those parameters is out of the scope of this study. Figure 3.§ shows _
¥ ) -11
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the flowchart of the proposed strategy.
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Figure 3.6. Flow chart of the proposed strategy
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Chapter 4. Simulation Analysis

4.1. Simulation Design

4.1.1. Vehicle Modeling

This study evaluated the performance of the proposed strategy
via microsimulation VISSIM, with a platform based on Python,
VISSIM COM, and C++ External Driver Model. Both macroscopic and
microscopic results can vary significantly depending on the behaviors
of CAVs and HDVs modeled in the simulation. Therefore, reasonable
modeling of CAVs is quite important.

As mentioned previously, this study assumed that the gap
settings of CAVs can be controlled by the traffic management center
in the control region to improve the efficiency of the traffic flow. It
was also assumed that CAVs provide gap settings, including short and
long gap setting. Since the longitudinal behavior of CAVs depending
on the gap setting differs significantly, the car—following model for
each setting was calibrated separately from high—resolution
trajectory data of commercial AVs.

To calibrate the commercial AVs" longitudinal driving behavior,
the AstaZero test track data included in the Open ACC database was
utilized in this study. The Open ACC database consists of car—
following experiments that involve vehicles with ACC systems.
Although there are 7 datasets available in the Open ACC database,
the car—following dataset that was tested on the 5.7km long AstaZero
test track in Sweden was chosen for two reasons. Firstly, unlike the
conventional dataset, this dataset includes both starting from a
standstill and stopping, allowing more precise calibration for the car—
following models. Secondly, unlike the other datasets that only
include the shortest gap setting, each high—end commercial AV was
tested with both the shortest and longest gap setting.

The car—following experiment taken in the AstaZero test track

was conducted in the second quarter of 2019. Five high—end vehicles
§
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were involved in the experiment, from four different makes and all
different models (Table 4.1). In all tests, the leader vehicle, AUDI
AR, was followed by the four vehicles in various order with the ACC

enabled with either the short or long gap setting available.

Table 4.1 Vehicle specification

Vehicle Model Max Power (kW) Drive—Fuel Model Year
AUDI A8 (Leader) 250 Diesel 2018
TESLA Model 3 150 Electricity 2019
BMW X5 195 Diesel 2018
MERCEDES A Class 165 Gasoline 2019
AUDI A6 150 Diesel 2018

The trajectory data of the vehicles were collected with the
system called RT—Range S multiple target ADAS measurements
solution by Oxford Technical Solutions Company. This system
provides a frequency higher than 100Hz, so the collected data was
processed with down sampling to achieve 10 Hz. The dataset includes

the speed, latitude, longitude, and distance gap as shown in Table 4.2.

Table 4.2 AstaZero data columns description

Columns Unit Description

Time S Common time frame for all vehicles

Speed m/s Raw Speed

Lat Rad  Latitude

Lon Rad  Longitude

Alt m Altitude

E m East (x) coordinate in the local ENU plane

N m North (y) coordinate in the local ENU plane

U m Up (2) coordinate in the local ENU plane

VS 0 Inter Vehicle Spacing computed from GNSS data

after bumper to bumper correction
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As mentioned in the previous chapter, spacing was selected as
GoF, and RMSE was selected as MoP for the parameter calibration of
three car—following models: OVM, FVDM, and IDM. Table 4.3
summarizes the calibration errors for three calibrated car—following
models. Root mean squared error for the estimated and observed
acceleration, RMSE(a), is shown in the table as a measure for the
calibration error. It should be noted that the two parameters that
could be extracted straight from the data were fixed before the
calibration. Specifically, the minimum gap (s,) was set by the shortest
distance measured in the test data for each vehicle with each gap
setting since the dataset includes the stopping of a platoon. Also, the
maximum acceleration (a) for IDM was calculated by the 99th
percentile value of the observed accelerations. 99th percentile was
selected to exclude the unreasonably high maximum acceleration

value.

Table 4.3 Calibration errors for car—following models

Vehicle Model (Gap Setting)  Calibration Errors (RMSE(a) [m/s?])

OVM FVDM IDM
AUDI A6 (Short) 0.51 0.59 0.46
AUDI A6 (Long) 0.38 0.17 0.19
BMW X5 (Short) 0.40 0.52 0.48
BMW X5 (Long) 0.31 0.25 0.22
MERCEDES A Class (Short)  0.36 0.43 0.51
MERCEDES A Class (Long) 0.24 0.28 0.22
TESLA Model 3 (Short) 0.54 0.46 0.46
TESLA Model 3 (Long) 0.35 0.22 0.31
Average 0.39 0.37 0.36

As mentioned previously, the short gap setting represents the
shortest gap setting provided by each vehicle, and the long gap
setting represents the longest gap setting provided. The average
calibration error for three vehicles shows that IDM has the smallest

error. In the following sections, IDM was implemented for modeling

-

2 2 M 2T



CAVs since it is the only model with the accident—free property
among the three models with the smallest calibration error.

To check whether the calibration result is reasonable, string
stability analysis is conducted and compared with the results from
the previous research. Recently, many studies assessed the impact
of AVs concerning string stability, which can be characterized by
local stability and string stability. Local stability refers to the stability
of a single vehicle’ s movement over time under the influence of a
small perturbation originating from the leading vehicle’ s movement
(Sun et al., 2018). The vehicle is locally stable if the magnitude of
the perturbation is smaller in the following vehicle compared to the
leading vehicle. In the meantime, string stability, also known as
asymptotic stability, focuses on the stability of a platoon of vehicles
over space (Sun et al., 2018). When a platoon of vehicles is string
unstable, the amplitude of the perturbation, initiated by the leader
vehicle, becomes larger as it propagates upstream in the platoon.

Sun et al. (2018) summarized the methods of determining the
string stability that can be applied to IDM. The methods include the
direct transfer function—based, the Laplace transform—based, and
the characteristic equation—based methods. All three methods end

up with the same string stability criterion as in Equation 4.1.

1
1w _f o (4.1)
2 fV fU
Where,
da da da
f;‘:gerv:a_ve» Av:me (42)

are the first—order Taylor expansion coefficients.
The formulation of IDM is shown in Equation 3.4. The Taylor
expansion coefficients shown in Equation 4.2 for IDM are formulated

as in Equation 4.3—4.5.

_2a(so+Tve z

f.= S_(S—) (4.3)
B 4 v,\3 2T(sq+ Tv,)

fo=—«a [U_O (U_()) +—S€2 ] (4.4)
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The calibrated parameters of IDM and the results of string
stability analysis are presented in Table 4.4. It shows that all vehicles
are string unstable for both short and long gap settings. Also, all

vehicles showed improved stability with long gap setting.

Table 4.4 Calibrated parameters for IDM

v T So Stable*
& s ¢ B om0

Vehicle Model (Gap Setting)

AUDI A6 (Short) 5008 0.96 139 500 227 1573 -2.88 (X)
AUDI A6 (Long) 3787 334 118 300 462 1152 -0.34 (X)
BMW X5 (Short) 4644 100 1.31 500 127 1541 -258 (X)
BMW X5 (Long) 3829 233 114 500 327 1236 -1.12 (X)

MERCEDES A Class (Short) 56.95 090 135 500 175 9.05 -3.02 (X)
MERCEDES A Class (Long) 37.38 207 100 500 374 992 -1.78 (X)
TESLA Model 3 (Short) 4719 097 122 500 125 13.23 —2.99 (X)

TESLA Model 3 (Long) 38.22 198 1.09 3.00 6.23 12.97 -1.50 (X)
* The value stands for the left—hand side of Equation 4.1

It is worth noting that the results of string stability correspond
to the previous studies. This supports that the result of the
calibration, conducted in this study, is reasonable. Milanés and
Shladover (2014) tested with Infinity M56s test vehicle and found
that string stability cannot be achieved for a platoon of vehicles using
ACC systems. Makridis et al. (2020) analyzed the field test data of
five vehicles equipped with ACC that were conducted in AstaZero in
Sweden. The study found that the results highlight the instability of
the car platoon. Gunter et al. (2020) assessed the string stability of
seven commercial ACC—equipped vehicles. All seven vehicles were
tested with both the longest and the shortest gap settings, and they
modeled the vehicles with FVDM. The results show that all seven

vehicles are string unstable under both gap settings. These results
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imply that the longitudinal behavior of AV needs improvement
regarding string stability. Otherwise, the impact of the string unstable
platoon on traffic flow needs to be closely examined, as the number
and the length of the AV platoons are expected to increase in the
future. More discussions on the string stability of the currently
available commercial AVs are out of the scope of this study.

In this study, CAVs with short and long gap settings were
modeled by IDM. The average values for each of the calibrated
parameters of four vehicles were applied as representative
parameters for short and long gap settings, respectively. Vehicles
with short and long gap settings were implemented in VISSIM by
C++ based External Driver Model. For the modeling of HDVs,
VISSIM default parameters (Wiedemann 97, Freeway) were applied.
Furthermore, the lateral movements of CAVs and HDVs were handled
by VISSIM, assuming the same lateral movements of CAVs as HDVs,
due to limitations of obtaining real—world AV data including lateral

movements.

4.1.2. Network

This study selected a 6km—long 3 to 2—lane hypothetical lane—
drop bottleneck to evaluate the proposed strategy (Figure 4.1). The
speed limit is set as 120kph, and the proposed strategy is operated
within a 1.5km section. The detector for the inflow control is located

100m upstream from the lane —dropping point.

6km

|
_____ Speed Limit =120kph ________ Sectionl _________Section2 __________Section3 _______________________
_p
N TR E s o R

I L;=500m 500m
Ly =500m L, =500m

Figure 4.1. Layout of the hypothetical network

As mentioned in the previous chapter, the gap settings of CAVs
are controlled in a control region. However, CAVs that are not located

in the control region remain uncontrolled and the gap setting is
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chosen by the drivers. To reflect the heterogeneity of the drivers’
preferences, this study reviewed related research (Nowakowski et
al., 2010). The experiment, described in the research, offered ACC—
equipped vehicles to the drivers for 13 days and asked the drivers to
use the ACC mode while driving. The test results showed that the
drivers chose the longest gap setting (2.2s) among the provided
three gap settings (1.1s, 1.6s, and 2.2s) 20% of the time. Therefore,
this study assumed that 20% of the drivers prefer long gap setting
while the other 80% of the drivers prefer short gap setting.

4.1.3. Scenarios

To evaluate the effectiveness of the proposed strategy, this
study compared the proposed strategy with uncontrolled case (no
control) and merging control only. Also, to evaluate the effectiveness
of the strategies on various demands, a simulation was conducted
with three demand scenarios with a length of 90 minutes (Figure 4.2).

The warm—up time was set as 5 minutes for all scenarios.
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Figure 4.2. Demand scenarios

Also, it should be noted that CAVs and HDVs are expected to
co—exist on the highway for a long time (Zhou et al., 2017; Karimi et
al., 2020; Chen et al., 2021). Therefore, to evaluate the effectiveness
of the proposed strategy in a mixed—flow, various market penetration
rates (MPRs) of CAVs are evaluated: 1%, 3%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 97%, 99%, and 100%.
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4.2. Results and Discussions

4.2.1. Results under CAV 100% Environment

To evaluate the operational benefits of the proposed strategies,
average travel time of all vehicles traveled within the simulation
network was calculated. Also, the standard deviation of speed was
analyzed with the detector data located 100m upstream from the
lane—dropping point. Note that each scenario was repeatedly
simulated 30 times in order to consider the random effects of the
simulation.

Table 4.5 summarizes the simulated results under three demand
scenarios. Clearly, the results show that operating the proposed
strategy can significantly improve the efficiency of the traffic flow in
terms of travel time, regardless of the demand levels. The benefit
increases with the increase in the demand level, and the results
indicate that combining inflow control is necessary when the demand
is high. Also, the standard deviation of speed is reduced by more than
50% for all demand scenarios when merging control is operated,
indicating that the disruption due to mandatory lane changing is

reduced significantly.

Table 4.5 Travel time and standard deviation of speed under CAV

environment
Demand Control Avg. Travel Time  Speed Std. Dev.
(sec/veh) (kph)
Value % change Value % change
Demand No control 190.2 - 17.8 -
1 Merging control only 183.6 -3.5% 6.9 —-61.0%
Proposed strategy 183.6 —-3.5% 6.9 —-61.1%
Demand No control 383.3 - 47.5 —
2 Merging control only 186.7 —51.3% 7.4 —84.4%
Proposed strategy 186.4 —-51.4% 6.8 —85.7%
Demand No control 736.7 - 39.5 -
3 Merging control only 486.0 —34.0% 145 —-63.2%
Proposed strategy 284.8 —-61.3% 7.9 —=79.9%

The density heatmap for each scenario is shown in Figure 4.3.
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For a high demand scenario (Demand 3), the queue forms from the
lane—dropping point for no control whereas the starting point of the
queue moves upstream, when the control is operated. Specifically,
for merging control only, the queue forms from the starting point of
section 2, and for the proposed strategy, the queue forms from the
starting point of section 1. As a consequence, the density is kept low
near the lane—dropping point. Both the maximum queue length and
the duration of the congestion are reduced by operating the proposed
strategy. Also, for Demand 2, operating merging control significantly
lowers the density by enhancing merging with reduced disruption.
For Demand 1, no difference can be found depending on whether the

strategy was operated or not.

(a) Demand 1

No control Merging control only Proposed strategy Density
(vel/km/In)
6000 6000 6000 120
5500 5500 5500
-=-==5000 5000 £ EEEEEEEE == = —— -~ —i= = 5000 = GEEEEEEE= = — - — - —— - - 100
--=-4500 4500 CoEEEEEEEEEE == ——— —— - —— 4500 - =~ —— — —— ——
~ E 4000 FA000 - L 80
< 3500 = 3500 Z 3500
S 3000 S 3000 S 3000 60
= = =
® 2500 T 2500 ® 2500
S 2000 S 2000 9 2000 40
1500 1500 1500
1000 1000 1000 20
500 500 500
]
10 20 30 40 50 60 70 80 90 % 10 70 30 40 50 60 70 80 90 %5 10 70 30 40 50 60 70 80 60
Simulation Time(min) Simulation Time(min) Simulation Time(min)
(b) Demand 2
No control Merging control only Proposed strategy Density
(velv/km/In)
6000 6000 120
5500 5500
50004 == === === === —mm 5000 == =========mmmmmmmmm e o 100
45007 ===========-—----eo--- 4500 - ==============---=---do
£ 40001~ —————— -~ E 4000 - Tl = =~~~ =~~~ ~ 80
= 3500 = 3500
.S 3000 S 3000 60
=] =]
T 2500 © 2500
S 2000 S 2000 10
1500 1500
1000 1000 20
500 500
0
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 05 10 20 30 40 50 60 70 80 %0

Simulation Time(min)

(¢) Demand 3

Simulation Time(min)

Simulation Time(min)

No control Merging control only Proposed strategy Density
(veh/km/In)
6000 6000 6000 120
5500 5500 5500
-==-5000{ == 50001 - - 5000 {=============-=====-oq 100
=== 4500 === 45001 - ===~ === 4500 = ===EEm==maman-aan-----
-~ E 4000 {- -~~~ -1 E40007------- Smm | E 4000 - - " 80
'I':' 3500 Z 3500 "E’ 3500
S 3000 S 3000 S 3000 60
g 2500 ® 2500 T 2500
5 2000 S 2000 3 2000 40
1500 1500 1500
1000 1000 1000 20
500 500 500 .
0 0 10 20 30 40 50 60 70 80 90 GU 10 20 30 40 50 &0 70 80 90 0 0 10 20 30 40 50 60 70 80 90

Simulation Time(min)

Simulation Time(min)

Simulation Time(min)

Figure 4.3. Density heatmap under CAV environment
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However, it should be noted that keeping the density low does
not guarantee an increase in throughput at the lane—drop bottleneck.
The time—occupancy plot shown in Figure 4.4 demonstrates the
result for the PID controller. The occupancy is collected every 10
seconds from the detector located upstream of the bottleneck. As
explained in the previous section, inflow control uses a PID controller
to keep the occupancy near the target occupancy and prevent the
capacity drop. When merging control is operated without inflow
control, it shows that the occupancy is not maintained at the target
occupancy. This is because merging control is a rule—based
microscopic control that does not guarantee optimized operation. For
the proposed strategy, however, inflow control successfully controls
the occupancy near target occupancy. As mentioned previously,
target occupancy is set so that the throughput exceeds the original
throughput without control. This guarantees the operational benefit

when the proposed strategy is operated.
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Figure 4.4. Occupancy—time plot under CAV environment
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Figure 4.5 shows the throughput collected from the detector
located 100m upstream from the lane—dropping point under demand
3. The throughput was aggregated every 60 seconds. The figure
shows that capacity drop occurs in no control scenario. When
merging control was operated without inflow control, capacity drop
was delayed compared to no control, but the throughput was kept
around 3,000vph before the queue dissipation. The proposed
strategy successfully prevented the capacity drop and also kept
throughput around 4,000vph, which is higher than the compared
scenarios. The result verifies that when the occupancy is controlled

properly by the PID controller, the throughput can be controlled high.
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Figure 4.5. Throughput under CAV environment (Demand 3)

Other than the operational benefit of the traffic flow, the
environmental benefit was also addressed (Table 4.6). Average CO,
emissions was calculated by the Comprehensive Modal Emission
Model (CMEM). The results show that the improvement in the
environmental aspect was significant in high—demand scenarios
(Demand 2, Demand 3), and the percent change was less than 1% in
the lowest—demand scenario. The result implies that the

environmental benefit increases with higher demands.
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Table 4.6 €0, Emissions under CAV environment

Demand Control C0, Emissions (g/km)
Value % change

Demand No control 197.8 -
1 Merging control only 197.7 —-0.0%

Proposed strategy 197.7 -0.0%
Demand No control 215.2 -
2 Merging control only 195.6 -9.1%

Proposed strategy 195.6 -9.1%
Demand No control 248.0 -
3 Merging control only 224.2 —-9.6%

Proposed strategy 196.5 —20.8%

Also, Surrogate Safety Assessment Model 3 (SSAM3) was used
to evaluate the safety improvement. In SSAM, the potential conflicts
are considered if the Time—To—Collision (TTC) and the Post
Encroachment Time (PET) values are lower than 1.5 seconds and
5.0 seconds, respectively (Rahman et al.,, 2019). The number of
conflicts when the proposed strategy is operated was calculated and
compared with that of no control and merging control only scenarios
(Table 4.7). The results show that the number of conflicts reduces
significantly when the proposed strategy is activated. Also, it should
be noted that under low—demand scenarios (Demand 1 and Demand
2), both merging control only and the proposed strategy show their
capability of nearly eliminating the conflicts caused by mandatory

lane changing.

Table 4.7 Number of conflicts under CAV environment

Demand Control Number of Conflicts
Value % change
Demand No control 214 -
1 Merging control only 0 —100.0%
Proposed strategy 0 —-100.0%
Demand No control 2,632 —
2 Merging control only 1 —100.0%
Proposed strategy 0 —100.0%
Demand No control 7,195 -
3 Merging control only 3,886 -46.0%
Proposed strategy 619 -91.4%
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4.2.2. Results under Mixed Traffic Environment

CAVs and HDVs are expected to co—exist on the highway for a
long time (Zhou et al., 2016; Karimi et al., 2020). Therefore, it is
necessary to further investigate the performance of the proposed
strategy in a mixed—traffic environment. For the evaluation under a
mixed traffic environment, Demand 3 is selected since it is the most
critical scenario. Various Market Penetration Rates (MPRs) were
evaluated with 30 random seeds for each scenario.

As shown in Figure 4.6 and Table 4.8, the travel time is reduced
for all MPR scenarios when the control is operated. For the proposed
strategy, the travel time reduction rate increases as the CAV MPR
increases. This indicates that the traffic efficiency at the lane—drop
bottleneck increases with more controllable CAVs. Furthermore,
when CAV MPR is higher than 50%, the gain in performance is
marginal. In other words, even with the coexistence of the
unpredictable HDVs, the proposed strategy successfully improves
efficiency with a minor loss in performance compared to a fully
controllable environment. It is also interesting that the travel time
reduction rate for MPRs lower than 50% does not show a difference
between the merging control only and the proposed strategy. This
implies that the inflow is not controlled sufficiently by controlling the
gap settings of a limited number of vehicles upstream. When MPR is
more than 50%, inflow control successfully further improves the

traffic flow efficiency when operated with merging control.
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Figure 4.6. Travel time reduction rate with different MPRs
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Table 4.8 Travel time and standard deviation of speed with different
MPRs

MPR Control Avg. Travel Time Speed Std. Dev.
(%) (sec/veh) (kph)
Value % change Value % change
1 No control 481.8 - 41.7 -
Merging control only 457.3 —-5.1% 40.9 —-2.0%
Proposed strategy 461.9 —4.1% 40.9 —-2.0%
3 No control 496.1 - 41.9 -
Merging control only 433.4 —12.6% 39.7 —5.1%
Proposed strategy 428.1 —13.7% 39.7 —5.3%
10 No control 523.2 - 41.9 -
Merging control only 389.7 —25.5% 37.8 —9.6%
Proposed strategy 387.6 —25.9% 37.7 -9.9%
20 No control 558.1 - 41.7 -
Merging control only 349.2 —-37.4% 35.8 —14.3%
Proposed strategy 346.0 —-38.0% 35.7 -14.4%
30 No control 590.8 - 41.5 -
Merging control only 328.1 —44.5% 34.2 —-17.5%
Proposed strategy 325.6 —44.9% 33.6 -18.9%
40 No control 615.6 - 41.3 -
Merging control only 311.4 —49.4% 32.3 —21.6%
Proposed strategy 314.4 —48.9% 31.9 —22.6%
50 No control 641.3 - 40.9 -
Merging control only 303.3 —52.7% 27.1 -33.6%
Proposed strategy 292.2 —54.4% 27.3 -33.2%
60 No control 666.6 - 40.5 -
Merging control only 321.6 —51.7% 20.9 —48.4%
Proposed strategy 287.0 —56.9% 15.7 -61.1%
70 No control 691.4 - 40.0 -
Merging control only 367.7 —46.8% 19.0 —-52.4%
Proposed strategy 288.4 —58.3% 11.2 —-72.1%
80 No control 713.5 - 39.7 -
Merging control only 399.5 —44.0% 17.3 —56.3%
Proposed strategy 292.7 —-59.0% 7.3 —-81.5%
90 No control 722.6 - 39.6 -
Merging control only 430.7 —40.4% 16.9 —57.4%
Proposed strategy 282.6 —-60.9% 7.2 —81.8%
97 No control 732.5 - 39.6 -
Merging control only 456.5 —37.7% 15.9 —59.9%
Proposed strategy 282.5 —61.4% 7.9 —80.1%
99 No control 731.2 - 39.7 -
Merging control only 470.2 —-35.7% 14.8 —62.6%
Proposed strategy 279.7 —-61.7% 7.6 —-80.9%
100  No control 736.7 - 39.5 -
Merging control only 486.0 —-34.0% 14.5 —63.2%
Proposed strategy 284.8 -61.3% 7.9 —=79.9%

33 s =z 1_'.|i '-ﬁ]l_ 5T



The effectiveness of the proposed strategy under various MPR
scenarios can be further discussed with a macroscopic fundamental
diagram shown in Figure 4.7. As shown in Figure 4.7(a), for no
control, the capacity drop occurs. Even when the input volume was
high, the capacity drop is perfectly prevented with the operation of
the proposed strategy. Also, when unpredictable HDVs coexist, the
capacity drop can still be prevented for MPRs over 70%. Moreover,
the red dots, indicating the operation of the proposed strategy,
located in the congested regime is significantly reduced for MPRs
higher than 50%. Figure 4.7(j) shows the effect of the proposed
strategy for the MPR 10% scenario. Although the capacity drop is not
prevented, the average density for the congested state is reduced
significantly with higher throughput. This trend applies to the other
MPR scenarios, which explains the reduction in travel time for all
MPR scenarios as presented in Table 4.8.

The environmental and safety effects are also presented in Table
4.9 and Table 4.10, respectively. Both merging control only and the
proposed strategy reduced €0, emissions, as well as the number of
conflicts significantly for all MPRs. The results suggest that the
proposed strategy is not only effective in improving traffic flow
efficiency, but also has positive effects on environmental

performance and safety.
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Table 4.9 €0, emissions with different MPRs

MPR Control C0, Emissions (g/km)
(%) Value % change
1 No control 223.4 -
Merging control only 223.0 —-0.2%
Proposed strategy 222.2 -0.5%
3 No control 229.2 -
Merging control only 221.1 —-3.5%
Proposed strategy 219.6 —4.2%
10 No control 233.3 -
Merging control only 211.3 —9.4%
Proposed strategy 211.2 -9.4%
20 No control 236.1 -
Merging control only 206.2 -12.6%
Proposed strategy 20.5 -12.9%
30 No control 241.2 -
Merging control only 203.2 —15.8%
Proposed strategy 200.8 —-16.7%
40 No control 242.4 -
Merging control only 200.8 -17.2%
Proposed strategy 199.1 -17.9%
50 No control 247.6 -
Merging control only 200.5 —-19.0%
Proposed strategy 197.8 -20.1%
60 No control 248.2 -
Merging control only 204.3 —17.7%
Proposed strategy 198.0 —20.2%
70 No control 250.8 -
Merging control only 210.1 —-16.2%
Proposed strategy 198.2 —20.9%
80 No control 253.0 -
Merging control only 215.2 -14.9%
Proposed strategy 198.1 —21.7%
90 No control 248.4 -
Merging control only 216.8 -12.7%
Proposed strategy 196.5 —20.9%
97 No control 250.1 -
Merging control only 221.4 -11.5%
Proposed strategy 197.1 -21.2%
99 No control 249.8 -
Merging control only 227.2 -9.1%
Proposed strategy 197.7 —20.9%
100 No control 248.0 -
Merging control only 224.2 -9.6%
Proposed strategy 196.5 —-20.8%
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Table 4.10 Number of conflicts with different MPRs

MPR Control Number of Conflicts
(%) Value % change
1 No control 5,515 -
Merging control only 5,086 —7.8%
Proposed strategy 5,054 —-8.4%
3 No control 5,955 -
Merging control only 4,249 —28.7%
Proposed strategy 4,170 —-30.0%
10 No control 6,523 -
Merging control only 3,237 —50.4%
Proposed strategy 3,204 -50.9%
20 No control 6,539 -
Merging control only 2,752 —57.9%
Proposed strategy 2,634 —59.7%
30 No control 8,755 -
Merging control only 2,744 —68.7%
Proposed strategy 2,378 -72.8%
40 No control 9,662 -
Merging control only 2,366 —75.5%
Proposed strategy 2,132 =77.9%
50 No control 11,666 -
Merging control only 2,771 —-76.2%
Proposed strategy 2,042 —82.5%
60 No control 12,414 -
Merging control only 3,679 —=70.4%
Proposed strategy 1,572 —87.3%
70 No control 13,118 -
Merging control only 5,191 —60.4%
Proposed strategy 1,680 —87.2%
80 No control 13,085 -
Merging control only 6,009 —54.1%
Proposed strategy 1,445 —89.0%
90 No control 10,805 -
Merging control only 5,465 —49.4%
Proposed strategy 811 -92.5%
97 No control 9,336 -
Merging control only 5,716 —38.8%
Proposed strategy 737 -92.1%
99 No control 8,640 -
Merging control only 5,412 -37.4%
Proposed strategy 826 -90.4%
100 No control 7194 -
Merging control only 3886 —46.0%
Proposed strategy 619 -91.4%
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Chapter 5. Conclusions

This study proposed a novel concept of controlling the gap
setting of CAVs to improve throughput at a freeway lane—drop
bottleneck. The proposed strategy consists of two parts: merging
control and inflow control. Merging control is a microscopic control
strategy that adjusts the gap setting of CAVs to a proposed gap
setting to reduce disruption due to merging. The CAVs with a
proposed gap setting not only follow the preceding vehicle in the
same lane but also follow the preceding vehicle in the adjacent lane
if the vehicle is present. Inflow control controls the gap settings of
CAVs dynamically to regulate the upstream inflow and keep the
bottleneck occupancy at the target occupancy. Proportional—
Integral—Derivative (PID) controller was utilized for inflow control.

The effectiveness of the proposed strategy was evaluated using
microsimulation VISSIM. The simulation results confirmed that the
proposed strategy improved traffic flow efficiency near the lane—
drop bottleneck under all demand scenarios in the CAV environment.
Merging control of the proposed strategy could reduce the speed
disturbance by more than 60% and inflow control could keep the
occupancy at the target. Consequently, the proposed strategy
successfully prevented capacity drop and improved flow efficiency.
The proposed strategy also reduced €O, emissions and the number
of conflicts under all demand scenarios.

The impact of the proposed strategy in a mixed—traffic
environment was further analyzed. The results showed that the
proposed strategy can improve the efficiency of the traffic flow for
all MPRs, and the gain in performance was marginal for MPRs higher
than 50%. The proposed strategy also reduced CO, emissions and
the number of conflicts under all MPRs.

It should be noted that the only property controlled by the traffic
management center for the proposed strategy is the gap settings of

CAVs. This minimized control by the center allows being easily
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implemented in the field in a technical aspect. Moreover, since the
CAVs are only controlled in the control region, another strong
advantage of the proposed strategy is its minimized need for

infrastructure for the operation.
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