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Abstract: Safety, mobility, and environmental sustainability are three fundamental issues that our
transportation system has been confronting for decades. Intelligent transportation systems (ITS)
aim to address these problems by leveraging disruptive technologies, such as connected and auto-
mated vehicles (CAVs). The cooperative potential of CAVs enable more efficient maneuvers and
operation of a group of vehicles, or even the entire traffic system. In addition, CAVs may couple
with other emerging technologies such as electrification to boost overall system performance and
to further mitigate the aforementioned issues. In this study, we propose a hierarchical eco-friendly
cooperative ramp management system, where macroscopically, a stratified ramp metering algorithm,
is deployed to coordinate all of the ramp inflow rates along a corridor according to the real-time
traffic condition; microscopically, a model predictive control (MPC)-based algorithm is designed
for the detailed speed control of individual CAVs. Using the shared information from CAVs, the
proposed ramp management system can smooth traffic flow, improve system mobility, and decrease
the energy consumption of the network. Moreover, traffic simulation has been conducted using PTV
VISSIM under various congestion levels for vehicles with different powertrain types, i.e., an internal
combustion engine and an electric motor. Compared to conventional ramp metering, the proposed
ramp management system may improve mobility by 48.6-56.7% and save energy by 24.0-35.1%.
Compared to no control scenarios, savings in travel time and energy consumption are in the ranges
of 79.4-89.1% and 0.8-2.5%, respectively.

Keywords: connected and automated vehicle (CAV); model predictive control (MPC); cooperative
eco-driving; ramp management

1. Introduction
1.1. Background

Traveling and freight shipping are the basic needs of modern society. As a result, the
size of the transportation network is rapidly enlarging, and the number of vehicles is also
fast growing. In such a huge system, a mass of issues threatens the health of the system
operation and can be condensed into three aspects: safety, mobility, and environmental
sustainability. To deal with such a difficult situation, optimizing the current transportation
system is imperative, and the rapid development of connected and automated vehicle
(CAV) technology is a promising solution. CAV technology enables vehicles to cooperate
with the environment using vehicle-to-everything (V2X) communication. By sharing the
vehicles’ status and sensing information, the agents of the transportation system may have a
better understanding of the whole environment and will be able to make decisions together.

Ramp merging on highways is one of the most commonly seen scenarios in the modern
traffic system. For conventional human-driven vehicles, merging at ramps is challenging
and can inevitably cause many traffic-related problems [1]. From the safety perspective,
the potential conflicts between on-ramp vehicles and mainline vehicles increase the risk
of having accidents. From the mobility perspective, the uncontrolled inflow traffic to the
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highway network results in congestion. From the environmental sustainability perspective,
due to the limited vision range (e.g., by obstructions) and uncoordinated merging behaviors,
frequent unnecessary acceleration/deceleration maneuvers may occur in the merging area,
which leads to excessive energy consumption and pollutant emissions.

1.2. Motivation

The traditional ramp management method is ramp metering, which regulates the
inflow rate of the traffic entering the mainline by using traffic signals located at the end
of the ramp (see Figure 1 [2]). By controlling the traffic light to change between red and
green, only a certain number of vehicles can enter the highway mainline during each
predefined interval. The controlled inflow rate is calculated based on traffic conditions.
Although ramp metering has been deployed in many real-world scenarios and has proven
to be a cost-effective operational strategy to reduce mainline congestion, it has a few
major drawbacks:

e Conventional ramp metering relies on traffic state estimation from loop detectors
that may not be accurate enough to represent real-time traffic conditions and provide
detailed guidance for merging maneuvers;

e  The traffic signals may introduce unnecessary stop-and-go maneuvers to the on-
ramp vehicles, which leads to extra travel time and excessive energy consumption,
particularly for heavy-duty trucks;

e The ramp metering system leaves ramp vehicles a much smaller space in which to
adjust their speeds to merge into the mainline stream (due to mandatory stops at the
meter), which increases the safety risks.

MAINLINE

Controdler .
Cabinet 40

Demand Loop

Loap Detector (TYPICAL)

Figure 1. Illustration of ramp metering [2].

Recently, with the emerging connected and automated vehicle (CAV) technology,
researchers have turned their focus to CAV-based cooperative ramp control algorithms
that have the potential to avoid the aforementioned drawbacks. CAVs that broadcast
information such as position and speed can improve traffic state estimation. Additionally,
by elaborately designing their trajectories, CAVs can drive in a cooperative manner (e.g., a
vehicle string with closely spaced gaps), which enables smooth merging. As a result, no
stop-and-go maneuvering is needed (improved fuel economy), and safety is guaranteed
by the automatic control algorithm. Additional benefits include the increased roadway
capacity as the headway can be reduced compared to human-driven vehicles. Despite all
the advantages of the CAV-based cooperative ramp control approach, many issues need to
be addressed to further improve system performance:

e  Most of the existing studies only focus on the control of an isolated ramp merging area.
The control effect on the down-/up-stream traffic is unknown. The uncoordinated
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traffic management across multiple ramps along a corridor may mitigate the benefit
provided by the local optimal controller;

e  Numerous CAV-based cooperative ramp control algorithms have been developed to
improve system mobility and to show environmental benefits, but very few of them
are energy-oriented. In addition, most of them assume the first-come-first-serve (FCFS)
sequencing strategy for simplicity, which cannot guarantee the system optimum;

e  Most of the research validates the system performance within a limited scope (e.g.,
using numerical simulation or applying the simulation with only a handful of CAVs).
However, such validation methods may not be able to explore the long-term impacts
on the traffic across a wide variety of scenarios.

1.3. Contributions of This Paper

In one of our previous works [3], we proposed the concept of the bilevel hierarchical
ramp management system for CAVs, which can coordinate traffic operation along a corridor
with multiple ramps. At the corridor level, the system-wide optimal inflow rate at each
on-ramp is calculated. At the ramp level, the movements of the CAVs on both the mainline
and the ramp are locally coordinated, while the regulation of the ramp inflow rate is
based on the output from the corridor-level management. This study is regarded as the
continuous effort to realize this concept and evaluate its respective performance. The major
contributions of our proposed system are listed below:

e To our best knowledge, this is the first of its kind corridor-wise cooperative ramp man-
agement system for CAVs, which can coordinate the merging maneuvers of vehicles
both macroscopically and microscopically along a corridor with multiple ramps;

e  The proposed system is fully energy oriented. The merging sequence is determined
directly and is based on energy consumption rather than FCFS. Energy-efficient speed
trajectories are developed to regulate the ramp inflow rate;

e  We evaluate the proposed system for both gasoline vehicles and electric vehicles, with
a real-world network coded in PTV VISSIM [4]. The system performance is evaluated
in terms of mobility, safety, and environmental sustainability.

1.4. Organization of the Paper

The rest of the paper is structured as follows: Section 2 presents a comprehensive
literature review of both traditional ramp metering approaches and CAV-based cooperative
ramp control strategies. Section 3 illustrates the problem formulation and introduces the
system architecture followed by a detailed description of each module in Section 4. The
results of a case study using the microscopic traffic simulation are elaborated in Section 5,
including a comparison with no ramp control and traditional ramp metering scenarios.
The last section concludes our work and discusses future directions.

2. Literature Review
2.1. Ramp Metering

Ramp metering has been studied for decades. The existing strategies can be divided
into two categories based on their scope: local ramp metering vs. system-wide ramp
metering. Local strategies are only concerned with the traffic conditions at an isolated
merging area, aiming to keep the balance between the mobility of the mainline traffic
flow and the queue on the ramp without considering the down-/up-stream effect. The
system-wide ramp metering strategies intend to balance the inflow rates of multiple ramps
simultaneously in order to achieve corridor-wise traffic efficiency. Based on the control
method, the existing system-wide ramp metering strategies can be further categorized
into three classes: rule-based, optimization-based, and learning-based [3]. The rule-based
approaches, such as the Bottleneck Algorithm [5] and the SWARM Algorithm [6], rely
on simple hierarchical logic to adjust the metering rates, starting from the critical or
downstream ramp merging areas. The optimization-based approaches, such as ALINEA [7],
use automatic control techniques to drive the key traffic states into the designed level by
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introducing feedback. The learning-based approaches, which have emerged recently,
construct end-to-end mapping between the metering rate and various traffic conditions
using a significant amount of data and advanced machine learning techniques such as
artificial neural networks (ANNSs) and reinforcement learning (RL) [8-10].

2.2. Cooperative Ramp Merging for CAV's

The CAV-based cooperative ramp merging algorithms can coordinate CAV motion
around the ramp merging area, including that of both the mainline and the on-ramp ve-
hicles, by designing the optimal speed and acceleration. The basic idea is to control the
longitudinal speeds of all of the vehicles in order to smoothly pass the merging zone with
the required minimum time gap (i.e., maximizing the throughput). Very few algorithms
consider the inflow rate regulation as ramp metering strategies do. Comprehensive re-
views about the existing cooperative ramp control algorithms have been performed by
Rios-Torres et al. [11], Scarinci et al. [12], and Zhao et al. [3] from different perspectives. In
the following, we further comb the most recent studies, provide a summary of up-to-date
algorithms, and elaborate on the recent research trends surrounding this topic.

The centralized approaches for the CAV coordination in the ramp area are defined if the
trajectory planning and control design of the vehicles are decided globally by a centralized
computing device such as roadside infrastructure and/or a transportation management
center (TMC). The philosophy of conducting vehicle coordination in a centralized manner
can be concluded as follows: (1) The on-board computer may not be able to provide
enough computing power to support real-time control; (2) sensing locally or collecting
information from a short range of the CAVs might not enough to understand global traffic
status; (3) it could be more efficient to optimize and control the vehicles globally. As such,
formulating the coordination of vehicles as an optimization problem is the most common
idea [13-22]. The objective of the optimization problem can be the Driving-Time-To-
Intersection (DTTI) [16], total travel time [11], and so on. Among these optimization-based
methods, Cao et al. [18] applied an MPC-based approach to generate optimal merging
paths for the vehicles in real-time. Jing et al. [19] proposed a cooperative multiplayer
game-based optimization framework to achieve the minimum values for the global pay-off
conditions. Rios-Torres et al. [20] presented an optimization framework and analytical
closed-form solution enabling the online coordination of CAVs. Zhou et al. designed a
trajectory planning algorithm based on the optimal control strategy under congested traffic
conditions [21], and they further proposed a framework that recursively implemented the
optimal control to accommodate the constantly changing external environment [22]. Other
than solving the global optimization problem, hierarchy strategy is also commonly used
for the centralized coordination of the highway merging vehicles [23-25]. For example,
Ding et al. [25] addressed the problem through a rule-based adjusting algorithm to achieve
a near-optimal merging sequence.

Different from centralized approaches that rely on roadside infrastructure and/or
the TMC with infrastructure-to-vehicle (I2V) communication, distributed approaches are
another way of coordinating CAVs in a ramp merging scenario. The distributed approaches
use vehicle-to-vehicle (V2V) communication and make decisions on individual vehicles
locally. Because distributed approaches do not rely on an exclusive computing center,
they are usually more flexible and robust to disturbance from the environment. The
idea of using distributed approaches for ramp merging control is to construct a platoon of
vehicles. Therefore, mapping vehicles from ramp to mainline or vice versa is essential to the
algorithm design [26-28], which uses the idea of virtual vehicle to realize such a mapping.
Besides virtual vehicle mapping, other distributed approaches were also developed by
different researchers. For example, Wang et al. proposed a distributed consensus-based
CAV coordination system [29], and Huang et al. applied a distributed controller based on a
feedback linearization method to ensure the inner-vehicle closed-loop stability of a virtual
platoon with derived feedback gains [30].
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While most aforementioned studies adopted a numerical simulation and/or micro-
scopic traffic simulation, some researchers turn to the use of a game engine simulation to
evaluate a cooperative ramp merging system, where more realistic vehicle dynamics can
be implemented, and human-in-the-loop simulation can be conducted and compared to
the proposed methodology [31]. For example, Liao et al. [32] proposed a co-simulation
platform that combined both a microscopic traffic simulator (SUMO) and a game-engine
(Unity). Specifically, Unity took over the sensing and control of all of the CAVs in the
simulation, while SUMO handled the behaviors of all of the legacy vehicles.

Although there is a fair amount of research on CAV-based ramp merging control, and
most of this research shows promising results via simulation tools, very few studies conduct
real world experimentation. Milanés et al. [33] implemented their fuzzy logic-based con-
troller to achieve Adaptive Cruise Control (ACC) at a low speed to emulate ramp merging
in a congested traffic scenario. Based on vehicle-to-cloud communication, Liao et al. [34]
applied their digital twin approach to the real world with three passenger vehicles. The
Federal Highway Administration (FHWA) conducted a field implementation of coopera-
tive lane change maneuvers with two CAVs and a human-driven vehicle [35]. Additionally,
using V2X communications, similar field tests on highway merging scenarios have been
conducted by the University of Minnesota [36], East Tennessee State University [37,38],
and the Technical University of Madrid [39].

Finally, despite the rapid development of CAV technologies, the gradual and com-
plex integration of automation and human-driving traffic systems will co-exist for in the
long term. Therefore, research on ramp management under mixed traffic conditions is a
challenging yet important topic. Sun et al. [40] proposed a cooperative decision-making
mechanism to properly capture cooperative and non-cooperative behaviors in mixed traffic
conditions and designed a bi-level optimization method to facilitate ramp merging. Rios-
Torres et al. [41] studied the impact of the partial penetrations of CAVs on fuel consumption
and traffic flow for ramp merging scenarios. Liao at al. [32] developed a game theory-based
strategy that a determined dynamic merging sequence for optimal merging coordination
between CAVs and human-driven vehicles.

3. Problem Formulation and System Architecture
3.1. Problem Formulation
3.1.1. Assumptions

In this paper, we make the following assumptions for system development. From the
connectivity perspective:

1.  All vehicles are Connected and Automated Vehicles (CAVs);

2. Vehicle information, such as position and speed, can be precisely captured and shared
with each other as well as with the central traffic management unit via vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) communications, respectively;

3. The communication delay and package loss are not considered.

From the control perspective:

1. Vehicles can receive and strictly follow the control instructions, i.e., acceleration or
deceleration, from the central traffic management unit, which may be a roadside unit
(RSU) deployed at each ramp. It can collect the data from CAVs within a certain range,
estimate the traffic conditions, communicate with other traffic management units
along the corridor, and calculate the detailed control instructions for the CAVs;

2. Cooperative maneuvers for ramp merging are only considered longitudinally. In the
simulation study, lateral control is handled by default model behavior.

3.1.2. Vehicle Dynamics
In this study, we assume that all the CAVs are governed by second-order dynamics:

pi = Vi, Vi = U; 1)
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where i (€ [1, 2,..., n]) is the vehicle index (from downstream to upstream); p and v
represent the position and speed of the vehicle, respectively; and u denotes the accel-
eration/deceleration of the vehicle, which acts as the system input. To improve traffic
efficiency, CAVs from on-ramp and/or mainline may be formed into a tight string (or
group) at the merging area. Therefore, the states of the overall dynamic system of a group
of CAVs can be defined as:

State: x = (p1, p2, -+, Pn, V1, V2, -+, vn)T;

If a reference vehicle exists in front of the whole group (e.g., the last vehicle in the
preceding group), then

Observation: y = (py — p1, P1— P2, =+ +Pn-1— Pn, 01, V2, -, vn)T

Otherwise,

Observation: y = (p1 — p2, *** , Pn-1— Pn, 01, U2, =+, vn)T

The state vector x includes the positions and speeds of all of the vehicles within the
group to be controlled, and the observation vector contains the variables to be tracked
using the reference signals. The first entry, p, — p1, is added when a preceding vehicle
exists in front of the whole group so that the group leader can track the position of the
preceding vehicle plus a certain time gap. Therefore, the whole group is able to follow the
preceding vehicle smoothly without collision. The system can be written as the following
linear form:

x = Ax+ Buy = Cx 2)

0,
O
and I is an n X n identical matrix; and

I (0 . . . .
where A = < >, B = ( Il ), O isan n X n zero matrix, O, is an n X 2n zero matrix,

1,0,...,0,0,0
1,-1,0,...,0,0,0

0,1,-10...,0,0,0

C= c RZnXZn

0,...,1,-1,0,0,0
O, 1

if a preceding reference vehicle in front of the whole group exists. Otherwise,

1,-1,0,...,0,0,0
0,1,-10,...,0,0,0
C= . c R(anl)XZI’l
0,...,1,—1,0,0,0

0, I

3.1.3. Optimization Problem Formulation

We seek to keep the balance between the convergence speed of observation and the
control effort. Therefore, we formulate an optimization problem in the quadratic form
as follows:

N-1
min ] = } kglo {(yk — 1) Qye — i) + MERMk} +1yn—rn)"Qlyn — )

s.t. Xgp1 = Axg + Buy, yr = Cxy 3)
Accmin < up < AcCmax

((Pi)x — (Pit1)x) = Gapmin

where 7, is the gap and speed reference to be tracked; Q and R define the weighting
matrices of the objective function to be tuned, respectively, for the system outputs and
inputs. [Accmin, Actmax] is a feasible input range that a vehicle can achieve, and the
boundary values can vary with respect to the vehicle speed. For example, Accmax at high
speed is smaller than that at low speed (considering the power limit). Gappin is the safety
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gap to avoid collisions. If vehicle i and vehicle i + 1 are in the same lane (i.e., either both
on the on-ramp or both on the mainline), this constraint should be strictly held. If vehicle
i and vehicle i + 1 are in different lanes (e.g., one is on the mainline while the other is on
the on-ramp), this constraint needs to be held when they arrive at (or very close to) the
merging area.

3.2. System Architecture

Figure 2 shows the bi-level system architecture of the proposed corridor-wise ramp
management system, which is consistent with the one presented in our previous study [1].
At the corridor level, the developed system can calculate the corridor-wise optimal inflow
rate at each on-ramp, which is based on the real-time traffic conditions and the estimated
traffic states, to guarantee the efficiency of networked traffic. At the ramp level, there are
three major modules: (1) grouping CAVs that are in spatial proximity (on both the mainline
and on-ramp) as well as satisfying the optimal inflow rate suggested by the upper-level
algorithm; (2) identifying the optimal merging sequence for the group of CAVs in terms of
energy consumption; and (3) controlling the CAVs’ speeds in an energy-efficient manner
with the model predictive control (MPC) approach to achieve the suggested metering rate
at the same time.

Position/Speed

Corridor-Level

y

Traffic State
Estimation

lTrafﬁc State

Cooperative Ramp
Infolw Rate
Estimation

(—) Suggested Metering Rate

\ 4 Ramp-Level

Position/Speed

CAVs » Vehicle Grouping
A ¢ Set of Selected Vehicles
Sequence
Determination

¢Sequence of Selected Vehicles

> Vehicle Control

\Control Instruction ‘Acceleratlon/Declerahon,»J

Figure 2. System architecture of the proposed ramp management system.

4. Methodology
4.1. Corridor-Level: Metering Rate Estimation

The corridor-level control strategy is to maintain the optimal operation of the corridor
by regulating the highway demand to be under the capacity. Therefore, the inflow rate
of each ramp needs to be determined for boundary control, which also serves as the
constraint for the ramp-level CAV motion control. In this paper, we consider the following
for metering rate determination:

1.  The free-flow condition of the mainline traffic should be maintained as much as possible;
2. The queue length at the on-ramps should be limited to avoid affecting the traffic on
adjacent arterials;
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The traffic condition should be able to recover from congestion (if any) as soon
as possible;

Many existing corridor-wise ramp metering algorithms may take traffic conditions
along the freeway into account and calculate coordinated metering rates for multiple
ramps simultaneously. In this study, we adopted the Next Generation Stratified Ramp
Metering Algorithm proposed by Geroliminis et al. [42] and applied it to the scenario
with full CAV penetration. The objective is to balance the ramp waiting time and
ramp inflow rate (or the demand and queue lengths at on-ramps) as well as the
level of congestion on the mainline to delay the operation of the breakdown and to
accelerate system recovery. The zone is defined as a segment of the highway between
two consecutive mainline detector locations (in the traditional freeway system). For
each section, there is a threat index that denotes the risk of becoming a bottleneck.
Based on the indices, a controlled ramp can be determined. Figure 3 depicts the flow
chart to identify the controlled ramp.

No No
»> P==1?
Not .
Contr?)llin Previous Yes Not Controlling
: section not Controllin;
ontrolling? g
No
Previous k Yes Not
section not .
ontrolling? Controlling
Not
Controlling

Controlling

Figure 3. Flowchart of corridor-wise ramp metering rate determination, where i in the current section
is ID; k is the number of consecutive downstream sections; P; is the congestion threat index of the
current section; M(i, i — k) is the net inflow between the two locations i and i — k, defined as the sum
of on-ramp volumes minus the sum of off-ramp volumes plus the capacity flow difference for all
ramps between the two locations.

Using the zone identification information, the metering action matrixes are then

defined in Table 1.

Table 1. Conditions to estimate the suggested ramp inflow rate [29].

Index =0, downstream  Index = 0/1, downstream Index = 1, downstream

Condition not controlled ramp controlled ramp not controlled ramp Index =2
Uncongested Ramp . Controlled Ramp Congested Ramp
Type Metering Controlled Ramp Metering Metering Metering
r—1(f) + Ky T (i),
Suggested Ramp ho . Atidi[d;—r,(7)] re—1 (1) =Ky (T (i) — ) if TV(i) <0
e (i) — q(i) d; — Sl ()] & e
Inflow Rate Atd; +K, T (i) 1 (i) + Ko T (i),
otherwise

where ¢ (i) is the uncongested capacity; q(i) is the mainline demand; d; is the ramp demand; j is the downstream controlling ramp id; 7¢(j)
is the current suggested metering rate of the location j; At; = T,y — wy (i), where T, is the ramp delay constraint, and w; (i) is the current
maximum waiting time at ramp i; K; and K; are contribution parameters depicting the importance of breakdown on the ramp and on
mainline; 7, is the safe time-to-breakdown defined for the ramp; T (i) and T} (i) are the estimated time remaining to congestion on the
mainline and ramp. The values of the parameters and the variables are calculated based on historical or real-time data.
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4.2. Ramp-Level: Movement Control and Rate Regulation

At the ramp-level control, three major modules are developed to enable the energy-
efficient cooperative maneuvers of CAVs, i.e., vehicle grouping, sequence determination,
and longitudinal speed control.

4.2.1. Vehicle Grouping

The vehicle grouping module is essential to ensure that the system can manage the
continuous flow of traffic. We first define the control zone and the buffer zone shown in
Figure 4. Both the mainline and the ramp have these two types of zones. The control zone
is a segment of road from upstream of the merging area to the merging point. In the control
zones, a roadside unit serves as a centralized traffic controller to receive and process the
incoming information from the CAVs and sends control signals back to CAVs. The CAVs
should then strictly follow the instructions such that a platoon with designed time gaps
can be formed. The buffer zone, on the other hand, is located at the upstream portion of
the control zone. In the buffer zones, the incoming vehicles are monitored and grouped.

-« Control Zone >

‘ ﬁ//.\‘\ Merging Point

«——— Buffer Zone > |
|

—

: 1 i 2
Control__} e |
Inflow Rate L2552 : 7 =
- \ puffer Zon€ Current RamP Leader RSU-Equipped Infrastructure
o e

Figure 4. Definition of the zones of the proposed ramp-level control.

Before describing the details of the event-based vehicle grouping strategy (see Figure 5),
we should define the concept of a ramp leader. A ramp leader is an on-ramp vehicle that
triggers the grouping process. A ramp leader is the first on-ramp vehicle that does not
pass through the buffer zone and has not been controlled. We first assume that a group of
controlled vehicles exists. The current ramp leader would then be the first vehicle on the
ramp that is following the group. Once the ramp leader passes the downstream boundary
of the on-ramp buffer zone or the trigger point, the grouping process is activated, and
the vehicles in the buffer zones of both the mainline and ramp are collected as a group.
At the same time, the current ramp leader is changed accordingly. If there is no group of
vehicles that is under control, the first on-ramp vehicle is then the current ramp leader
until it passes the trigger point. It should be noted that the control for a group happens
right after the group is determined and continues until all the vehicles in the group drive
through the control zone. It is possible that the new group is constructed while the previous
group is still driving within the control zone. As a result, there could be multiple groups in
parallel. Therefore, we use a pipeline architecture to store, process, and control the groups
of the vehicles.

For each ramp, the length of the control zone and buffer zone are predefined to better
adapt to the physical conditions. For the corresponding mainline area, the downstream side
of the buffer zone is fixed, while the length of these zone changes dynamically according to
real-time traffic conditions and the suggested metering rate from the corridor-level module.
It is in this way that the vehicle grouping module is able to collect an appropriate number
of mainline vehicles into a group. The length of the mainline buffer zone is determined
with the following equation:

Linain = M’n/dmain 4)
Gsuggested
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No

T next ramp leader passes
trigger point?

where ¢y, is the mainline traffic flow known from the corridor traffic condition; s, ggested
is the suggested on-ramp inflow rate assumed to be known; 7 is the number of on-ramp
vehicles currently in the buffer zone; and d,,,;;, is the mainline density. It should be noted
that a large number of vehicles in each group can affect the reliability of the centralized
controller due to the degradation of the CAVs in a real-world situation, as discussed
in [43]. This also exponentially increases the computational load for the control center (e.g.,
roadside equipment or traffic management center). Therefore, the proposed system limits
the length of the buffer zone along the ramp for each group, which is set to be 100 m in this
study. The length of the buffer zone along the mainline is designed to be adaptive.

Groups Pipeline
Enqueue

Vehicle Grouping

Mainline buffer zone Mainline vehicles
determination collection ——

Ramp Vehicles
"1  Collection No

Dequeue

all vehicles leave contrg End

Figure 5. Flowchart of the vehicle grouping.

4.2.2. Optimal Sequence Determination

After the CAVs are grouped, those within the same group will be controlled together.

To enable efficient merging maneuvers, it is critical to determine the merging sequence of
CAVs. In this research, we propose a three-step optimal sequence determination process
as follows.

1.

Feasible sequence generation: In this step, all of the possible entrance sequences of the
CAVs in a group are first generated. As we assume that the vehicles in the same lane
cannot overtake the preceding vehicles, the number of all of the feasible sequences
equals to P(m + n, n) where P(-) is the permutation operation, and m is the number
of mainline vehicles.

Linear quadratic tracking: The LQ tracking algorithm is applied to solve the opti-
mization problem (Equation (3)). Different merging sequences correspond to different
initial states of the system. Using the finite-horizon linear quadratic tracking algo-
rithm, we are able to calculate the control inputs and the specific trajectories of the
vehicles for each possible sequence. The Q and R are the weight matrices of the objec-
tive function. By tuning these two matrices, the convergence speed of observations
and the control effort can be balanced. The control input can be obtained by solving
the algebraic Riccati equation [44]:

Sy = CTONC
{ VN = CTQury ©)

S; =CTQC+ ATS;.1 — Sip1B(R +BSi1B) ' BTS; A
_ [ AT _ aTc. Tq. gy lpTly. T, (6)
Vi = {AT — ATS, 1B(R+BTS;.1B) 'BT LV, +CTQr;
-1
{ Ki= (B'Si11B+R) BTS04 -
K! = (BTS; 1B+ R) BT

where N is the predefined finite horizon; i is the discrete-time index for each it-
eration; K; is the feedback gain; and K} is the feed-forward gain. §;, V;, K;, and
K} can be found iteratively backward in time. The control input is then given
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by p; = —K;x; + K}'V;. Therefore, for each possible sequence, the speed profile can
be calculated.

3. Energy consumption estimation: Based on the calculated speed profile under each
possible sequence, the corresponding energy consumption can be estimated for the
vehicle with different classifications (such as passenger cars, transit buses, or trucks)
and powertrains (e.g., internal combustion engines or electric motors). In the sim-
ulation, we assume that all the vehicles are passenger cars and that the road grade
is trivial, and we will evaluate the system performance of both gasoline-powered
vehicles and electric vehicles. In addition, for gasoline-powered vehicles, we refer to
the model proposed by [45]:

fy = b+ b1o+ byo? + by® +a (co Yo+ czvz) ®)

where b; and c; are the model parameters calibrated by different driving conditions
and v and a are the speed and acceleration of the vehicles. Specifically, by = 0.1569,
by = 2450 x 1072, by = —7415x 1074, b3 = 5975 x 107°, ¢g = 0.07224,
c1 =9.681 x 1072, and ¢, = 1.075 x 103,

For electric vehicles, the model developed in our previous work [46] is used:
P = f(v,a) = lp+ livcos(a) + Lvsin(a) + l3va + I50% cos(a) + lgv? sin(a) +l;0%  (9)

where [; is the model parameter calibrated by different driving conditions, and « is the
road grade (rad). Specifically, Iy = —3.146, [; = —0.940, [, = —1.237, I3 = —1.521,
I, =4.104 x 1072, 15 = 3.289 x 1072, g = —4.427 x 107>, and I; = 0.677.

Finally, the sequence with the least aggregated energy consumption is selected as
the optimal scenario, and the control algorithm in the next section will be applied to
this sequence.

4.2.3. Longitudinal Speed Control

As mentioned previously, we focused on the longitudinal speed control to engage
the energy-efficient cooperative ramp merging of CAVs in this study. There are two parts
of this module. The first part is an MPC controller, which applies a receding-horizon LQ
tracking algorithm to control the vehicles in each group. To match the predicted energy
consumption in the optimal sequence determination step, the same control parameters are
used as in the associated finite-horizon LQ tracker. Additionally, multiple MPC controllers
are running in parallel to control multiple groups in the pipeline. The second part of the
speed control module is a ramp inflow rate controller. Based on the suggested inflow rate
from corridor-level control, the speed of the ramp leader within each group is regulated to
fulfill the boundary constraint. Towards this end, we first calculate the estimated time of
arrival (ETA) of the ramp leader, assuming it would follow the preceding vehicle without
any external control. The Intelligent Driver Model (IDM) [47] is used for the prediction of

its ETA. | N (v — Av) )
el (2) - (52

N vAv
s (v —Av) so+vT—|—2\/% (11)
where 1) = 30 m/s is the desired speed; sp = 2 m is the minimum spacing; T = 2 s is the
desired time headway; a2 = 0.73 m/ 2 is the maximum vehicle acceleration; b = 1.67 m/s? is
the comfortable braking deceleration; and o = 4 is the acceleration exponent.
We then compare the predicted ETA with the recommended time of arrival (RTA)
based on the suggested inflow rate from the corridor-level control, using the following equation:

Nramp (12)

texpect =
Gsuggested
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where 71,qp is the number of ramp vehicles within the previous group, and ggeesteq is the
metering rate from the corridor-level module.

If the ETA is smaller than the RTA, the ramp leader should be controlled to slow down
and pass the trigger point (i.e., the downstream boundary of the on-ramp buffer zone in
Figure 3) at the recommended time. If the ETA is larger than the RTA, the ramp leader is
not controlled. To achieve better energy consumption, we apply the dynamic eco-driving
strategy (given the target arrival time) from our previous work [48] for the speed control of
the ramp leader. Dynamic programming is used to obtain the least energy consumption
solution. Please refer to [48] for more details regarding the algorithm if interested.

Figure 6 presents an example to illustrate the proposed longitudinal speed control
strategy. As shown in the figure, the mainline CAVs in group 1 generate enough gaps for
the three on-ramp CAVs to merge in. The blue dash curve shows the predicted trajectory
of Ramp Leader 1. Because the ETA is earlier than the RTA, Ramp Leader 1 is controlled
to slow down. Once Ramp Leader 1 hits the trigger point, group 2 of both the mainline
and ramp vehicles are identified and controlled suing MPC. As for Ramp Leader 2, its
movement is not controlled before it passes the trigger point because its ETA is later than
the RTA. Similarly, group 3 is also constructed when Ramp Leader 2 reaches the trigger
point. At this time, CAVs from group 2 are still in the control zone. Therefore, CAVs in both
group 2 and group 3 are in the pipeline and are controlled by different MPC controllers
in parallel.

Position A Group 1 Group 2 Group 3
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1 1
1 1
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Figure 6. Illustration of the example vehicles’ trajectories.

5. Simulation Study

In this section, we evaluate our proposed ramp management system in a microscopic
traffic simulator, PTV VISSIM. Compared to a numerical simulation-based study, micro-
scopic traffic simulation can offer more realistic interactions between the agents and the
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environment. Additionally, the online simulation is able to consider the evolution of traffic
conditions and the accumulated effect of traffic management strategies.

5.1. Simulation Setup

We coded a real-world highway road segment along California State Route 91 (SR-91)
with two ramps (Serfas Club Dr. on-ramp and Paseo Grande on-ramp) in the simulation
environment (see Figure 7), where the total length of the highway segment was 1.5 miles.
Using the application programming interface (API) provided by VISSIM, we could access
the CAV statuses, which represent the shared information with the centralized traffic
management infrastructure, and we could also control the longitudinal dynamics of the
assigned CAVs by sending the desired acceleration/deceleration. As for those vehicles in
the buffer zones, the default car following model in VISSIM, Widemann99 [49], was used
to reduce computational loads. The lane change maneuver was controlled using the lateral
behavior model provided by VISSM with the default parameters. The desired speeds for
both the mainline and merging traffic were 74.6 mph (or 120 km/h), and the initial speed
of the on-ramp vehicles entering the network was set to be 11.2 mph (or 18 km/h). The
weight matrices for the quadratic objective function, i.e., Q and R, were tuned manually
to adapt to the road network. We set the Q and R to be diagonal matrices. The position
weight between both two mainline vehicles was 5, the position weight between both two
ramp vehicles was 30, and the position weight between one ramp vehicle and one mainline
vehicle was 6; the speed weight for the mainline vehicle was 50 and 30 for the on-ramp
vehicle; the acceleration weight of the mainline vehicles was 2800 and for the on-ramp
vehicles, it was 2500.

Figure 7. Simulation environment.

We also set two control groups (with human-driven vehicles) for comparison: the
first one applied the ramp metering strategy with the same metering rate at each ramp
as the test group, which was obtained from the corridor-wise SRM algorithm; the second
one had no external control for merging maneuvers (i.e., no metering). There was no
communication or driving assistance for the vehicles in either control group.

Simulation scenarios were set up to evaluate different traffic conditions by defining the
average input volume from each network entrance, including mainline, Ramp 1, and Ramp 2.
Within the 20-min simulation period, two phases of traffic demands existed. In Phase 1 (from
0 to 600 s), we set the mainline input to be 1200 passenger-car-unit/hour/lane (pcu/hr/In),
the Ramp 1 input to be 500 pcu/hr/In, and the Ramp 2 input to be 200 pcu/hr/In. In Phase 2
(from 600 to 1200 s), we set the mainline input to be 1200 pcu/hour/lane, the Ramp 1
input to be 300 pcu/hr/In, and the Ramp 2 input to be 200 pcu/hr/In. During each phase,
the incoming vehicles were randomly spawned into the network, and after Phase 2, the
simulation would continue running until the network cleared up.
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5.2. Results Comparison for Gasoline Vehicles

Figure 8 shows the example trajectories of the CAVs (from 200 to 500 s) generated
from VISSIM. In the top subplot, the proposed eco-friendly cooperative ramp management
system can not only smooth the speed profiles of the ramp vehicles but can also mitigate
the potential congestion of downstream mainline traffic by regulating the inflow rates of
both on-ramps. In the middle subplot, although the mainline traffic is not affected by the
merging vehicles, traffic on Ramp 1 significantly slows down and forms a long queue due
to ramp metering. In the case of no control, as shown in the bottom subplot, the merging
vehicles cause shockwaves on the mainline, which propagates upstream and eventually
results in congestion on both the mainline and Ramp 1.

Eco-friendly Cooperative
Ramp Management System

7 -
1500 /
B ~ =
7

Mainline Vehicles [
Ramp 1 Vehicles
Ramp 2 Vehicles

Merging Point

0

2000
==

T

Figure 8. Trajectories of the CAVs for the three cases.

To investigate the performance of the proposed system, mobility is measured by the

network efficiency

VMT

Q= vhr (13)

where VMT denotes the vehicle-miles traveled of all CAVs in the network, and VHT denotes
the vehicle-hours traveled in the network. The energy consumption for the gasoline vehicles
(with Equation (8)) is estimated in the unit of miles per gallon (mpg), and the results are
shown in the following table.

As it can be observed from Table 2, the overall mobility of the proposed system is
increased by 48.6% and 79.4% compared to the ramp metering case and no control case,
respectively. Additionally, vehicles can achieve higher mpg with the proposed ramp
management system compared to both cases (35.1% and 0.8%, respectively) due to the
mitigation of traffic congestion. In addition, it is the case that although ramp metering can
significantly mitigate mainline congestion, it is detrimental to on ramp traffic in terms of
both mobility and energy, particularly for Ramp 1.
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Table 2. Simulation results of mobility and energy performance for gasoline vehicles.

. Energy (mpg)
Mobility (mph) the Bigger the Better
Overall 59.10 (48.6%) (79.4%) 44.40 (35.1%) (0.8%)
Eco_friendly Cooperative Ramp Mainline 62.17 (74.90/0) (107.30/0) 41.45 (10.00/0) (74.00/0)
Management System Ramp 1 53.14 (210.0%) (—7.7%) 51.75 (119.2%) (8.4%)
Ramp 2 50.60 (—2.7%) (14.9%) 65.12 (112.1%) (56.0%)
Overall 39.76 32.87
. Mainline 65.40 37.67
Ramp Metering
Ramp 1 17.14 23.61
Ramp 2 52.03 30.70
Overall 32.95 44.05
Mainline 29.98 43.19
No Control
Ramp 1 57.55 47.73
Ramp 2 44.05 41.74

Safety performance is analyzed using the time-to-collision (TTC) distributions (ob-
tained from the Surrogate Safety Assessment Model [50]) as shown in Figure 9. The x-axis
denotes the TTC in second, and the y-axis denotes the number of events in the correspond-
ing bins. The figure shows that there is no event with TTC being less than 1.5 s for the
proposed ramp management system. This indicates that the proposed system would result
in a trivial amount of potential conflicts and significantly improve safety performance,
compared to the other two cases.

Eco-friendly Cooperative Ramp Management System
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Figure 9. Distributions of TTC.

5.3. Results Comparison for Electric Vehicles

The simulation of electric vehicles was also conducted in this study. For the EV
analysis, we used kWatt/100 mile as the energy consumption measurement. The results
are shown in Table 3.
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Table 3. Simulation results of mobility and energy Performance for electric vehicles.

o1e Energy (kWatt/100 mile)
Mobility (mph) the Smaller the Better
Overall 62.31 (56.7%) (89.1%) 40.91 (—24.0%) (—2.5%)
) Mainline 65.28 (—1.8%) (117.7%) 44.15 (—7.6%) (3.5%)
Optimal Control
Ramp 1 57.14 (233.4%) (—0.7%) 33.75 (—54.2%) (—13.0%)
Ramp 2 54.03 (3.8%) (22.7%) 29.04 (—44.9%) (—37.3%)
Overall 39.76 53.84
) Mainline 65.40 47.76
Ramp Metering
Ramp 1 17.14 73.68
Ramp 2 52.03 52.72
Overall 32.95 41.98
Mainline 29.98 42.64
No Control
Ramp 1 57.55 38.80
Ramp 2 44.05 46.33

The mobility performance of the scenario using EVs is similar to the Gasoline vehicles,
and the trend of energy performance is also the same. The major reasons that cause the
mobility differences between electric vehicles and gasoline-powered vehicles fall into two
categories: First, the different energy consumption models that were applied may change
the determination of the entrance sequence. Second, when controlling the ramp leader to
slow down, the energy models play role in the optimization process. Although proving
similar mobility improvement, due to the regenerative braking feature of electric vehicles,
a smaller level of energy saving can be achieved.

6. Conclusions and Future Work
6.1. Theoretical and Practical Implications

In this paper, we proposed a corridor-wise eco-friendly cooperative ramp management
system for connected and automated vehicles (CAVs). At the macroscopic level (corridor
level), the optimal inflow rate for each ramp along the corridor was calculated by the
Next Generation Stratified Ramp Metering Algorithm. At the microscopic level (ramp
level), we developed a dynamic control strategy for CAVs to achieve rate regulation, group
determination, and motion control in an energy-efficient manner. Using the microscopic
traffic simulation in VISSIM, the effectiveness of the system was demonstrated in terms
of safety, mobility, and environmental sustainability compared to cases of human-driven
vehicles with and without ramp metering control. To understand the robustness of the
proposed system with respect to different powertrain technologies, we also evaluated the
performance for scenarios using both gasoline vehicles and electric vehicles.

Compared to conventional ramp metering, the proposed ramp management system
may improve the mobility of gasoline-powered vehicles and electric vehicles by 48.6% and
56.7%, respectively. It may also reduce energy consumption by 35.1% (for gasoline-power
vehicles) and 24% (for electric vehicles). Compared to no control scenarios, the proposed
ramp management system may enhance the average travel speed of gasoline-powered
vehicles by 79.4% and electric vehicles by 89.1%. At the same time, energy can be saved by
0.8% and 2.5% for gasoline-power vehicles and electric vehicles, respectively.

From the implementation perspective, since the proposed system is targeted at
corridor-level traffic management, it should be adopted in a centralized manner (e.g.,
vehicle-to-cloud) or a hybrid manner (e.g., vehicle-to-roadside and roadside-to-cloud),
depending on the existing infrastructure and costs. To maximize the potential of the
system, all of the vehicles involved should be connected and automated (at least with
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level 1 automation) vehicles (CAVs), which may be considered as a strong assumption.
One possible solution is to further promote the adoption of CAVs and enhance digital
infrastructure while planning and deploying dedicated multi-ramp freeway stretches to
enable the proposed system.

6.2. Limitations and Future Work

There are several limitations of the current work which will serve as our future
research directions to improve this work:

e Asaforementioned, our current system requires all the traffic participants to be con-
nected and automated vehicles so that they are able to share the current status and
execute the designed command. As one of the future steps, the system will be ex-
tended to handle more complex and near-term scenarios and mixed traffic, where not
only CAVs but also legacy vehicles should be considered;

e Another limitation is the model of communication. To simplify this problem, the cur-
rent system assumes there is no communication delay. However, in the real world, the
delay and package loss may impact both the performance and reliability of the system.
Therefore, we plan to simulate the system with a more realistic communication model
(e.g., Omnet++) and investigate how the degradation of the communication quality
would affect the proposed system. If necessary, solutions to handle the scenarios with
low quality communication will be considered.
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