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ABSTRACT OF THE DISSERTATION

Connected Vehicles: An Integrated Analysis of Safety, Mobility, and Environmental
Sustainability (SME)

by

Danyang Tian

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, December 2018
Dr. Matthew J. Barth, Chairperson

Connected Vehicles (CVs) have the potential to serve as a valuable source of traffic
data in some transportation research areas from traffic state monitoring to transportation
management and control strategies, due to the low cost, wide coverage, and relative high
accuracy. CV technology also enables a variety of CV-based applications which present an
opportunity to provide vehicles and drivers with situational awareness and improve upon
the limited behaviors of conventional vehicles. Increasing efforts in the development and
deployment of CV-enabled applications are ongoing to improve traffic safety, mobility,
environmental sustainability, efficiency, and driving comfort. CVs have been analyzed
separately for safety, mobility, and environmental sustainability (SME), however, very few
studies evaluate these three performance measures holistically. There are important co-
benefits and tradeoffs among SME when evaluating impacts CVs bring.

In this dissertation research, an integrated holistic analysis framework has been

developed to evaluate CV applications from SME impacts both qualitatively and

vil



quantitatively. Furthermore, a unique innovative use of “entropy” has been developed and
applied in the transportation field to help evaluate CVs holistically. Under the developed
qualitative analysis framework for SME, a series of innovative CV-based applications have
been developed, taking the SME tradeoffs and co-benefits into consideration. These
developed CV-based applications include Lane Speed Monitoring (LSM), Optimal Lane
Selection (OLS) application, and Cooperative Smart Lane Selection (CSLS) application.
Specifically, the LSM guides the vehicle driver to the fastest lane by utilizing short-range
downstream vehicle information, helping the vehicle driver achieve mobility benefits. The
OLS adopts longer-range connectivity and guides the application-equipped vehicle driver
to go through a micro-route to reduce the travel time and the potential conflict risk of each
individual application-equipped vehicle, obtaining mobility and safety co-benefits. The
CSLS application is designed from the cooperative perspective which can be regarded as
an evolved version on top of LSM, to increase mobility for the overall traffic system. These
CV applications can be dynamically managed under various traffic conditions and users’
needs. As a future work, an ideal goal is to develop applications with all SME co-benefits

considered by using strategies such as combining different applications.
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1 INTRODUCTION
1.1 Motivation

1.1.1 Congestion Impacts on Road Transportation Systems

Ever-growing travel demand contributes to significant congestion on both
highways and major urban corridors during peak hours [1]. The U.S. Federal Highway
Administration’s Urban Congestion Report estimated that the average duration of daily
congestion in 2016 was more than four hours in more than fifty American metropolitan

areas and the hours of congestion keep increasing (see Figure 1-1).
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Figure 1-1. Year-to-Year Congestion Trends in the United States (2015 to 2016) (from [2])

Traffic congestion especially occurs in metropolitan cities, and causes negative
chain effects in other aspects of the society. Increased delay in travel time [1], accidents
(see Figure 1-2), air pollution, and noise pollution are some of the major problems that are
faced by people living in these areas. According to the National Highway Traffic Safety

Administration’s (NHTSA) report [3], over 30,000 people perish in crashes on U.S.



highways in 2016. The global status report on road safety 2015 indicates that worldwide
the total number of road traffic deaths has plateaued at 1.25 million per year [4]. Regarding
the environmental aspect impacts, according to the U.S. Environmental Protection
Agency’s (EPA) annual report [5], the transportation sector is one of the largest
contributors to nationwide greenhouse gas (GHG) emissions, which increased by 4.2% in

2015, the third successive year of increases in transport emissions [6].
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Figure 1-2. Road Traffic Deaths by Type of Road User (from [4])

Many long standing, traditional measures have been employed to provide traffic
management in roadways, in order to alleviate congestion and improve transportation
service capability. Data collection is undoubtedly the most important link in the whole

process chain, based on which traffic monitoring is obtained and able to be applied for



further traffic management strategies. For decades, the most commonly used methods for
traffic data collection usually include fixed sensors and infrastructure, for example, the
inductive loop detectors (ILD)) [7]. However, the ever growing nature of traffic makes it
difficult to purely use such traditional approaches to estimate (even predict) the traffic

status in real time thereby to make better management decisions [8].

1.1.2 Connected Vehicle Environment
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Figure 1-3. Connectivity Functionalities of the Connected Vehicle

Exploiting the innovative connectivity characteristics of vehicles as a source of
traffic data has drawn some attention, primarily due to the low cost, wide coverage and
high accuracy of the extracted data. Connected Vehicles (CVs) are also known as
Cooperative Intelligent Transport Systems (C-1TS), which refer to vehicles with increasing

levels of connectivity and allow them to communicate with their surrounding environment,



such as other connected vehicles and the roadside infrastructure. Connectivity among
vehicles can provide information to the driver about traffic, weather conditions, and even
assist with routing options, enabling a wide range of connectivity services, as shown in
Figure 1-3.

According to the work in [9], CV uptake is estimated to reach up to 25% of total
annual global vehicles sales (under a case where there is rapid technology development
and moderate global CV uptake). Although it is not necessary for vehicles with some levels
of automation to be connected, it is very likely that vehicles with autonomous capabilities
will increasingly rely on connectivity since they will also need the ability to receive and
transmit data to achieve full autonomy [9].

A variety of methods for Vehicle-to-Everything (V2X) data exchange has been
studied [10]-[12], mainly including two major types of communications: Wireless Access
in the Vehicular Environment (WAVE) based Dedicated Short-Range Communications
(DSRC) and cellular based communications. DSRC devices are capable of providing high
availability and low latency channels for critical safety applications [13] through the IEEE
802.11p standard [14] which was specifically designed for automobile communication, and
they require on-board units for every communication-capable terminal [15]. In contrast,
cellular-based devices (e.g., smartphones) can be integrated with different connectivity
services and applications by built-in sensors. In addition to smartphones, there are cellular-
based Vehicle-to-Everything (C-V2X) communications (developed in [16]-[17]) which
reuses upper layers defined by automotive industry and C-ITS established service and app

layers, which makes it well compatible with existing V2X technologies [16]. For the C-



V2X network communications, vehicles can send messages to server via unicast. C-V2X
can use LTE Broadcast to broadcast messages from a VV2X server to vehicles and beyond.
It has wide coverage networks communications and can be used by more latency tolerant

cases. More details on connectivity technologies background is introduced in Chapter 2.

1.1.3 Connected Vehicle Deployment

With the help of vehicular connectivity, traditional passenger vehicles have become
increasingly intelligent, which opens the door for the evolution of CV-based applications.
In combination with vehicle-equipped sensors (for example, GPS, radar, camera, and
Lidar, etc.), connected vehicle-enabled applications would significantly improve vehicle

safety, traffic efficiency and driving comfort [15], [18].

Smart city Challenge, | M-city. ) ) .| ecoDriver, )
U.S.DOT. University of Michigan Transportation | Fp7 European project,
USA. 2016 Research Institute, IFSTTAR-COSYS-LIVIC,
USA, 2016 | France, 2015
& ‘ 4 Robot Taxilne.,
Turning cars into robot managers; BN ! . 'Tl'hc Olympics of the future,
Machine leaming to help optimize traffic o Japan
and reduce pollution; FLOW project. D ¥
2017; T b 7
UC, Berkeley, CA, USA _— A o L
) N / / Vy 1 ool Lane-change warning system,
N Tsinghua University,
_ China, 2016
Eco-routing navigation system, 2012; ~ / N
AERIS, 2015, / / / /
UC, Riverside, CA, USA / / 4
Eco-Cooperative Adaptive Cruise / 2 / A \ Hybrid collision waming systems,
Control (CACC)-Q ; / | \, Korea Advanced Institute of Science and
Lamar University, / / 7 | X . Technology, Republic of Korea, 2016
TX, USA, 2016 / \ \
/
Advanced Forward Collision Wamning,
\&"‘émm EOI)TCChIIIC\IHS‘l'm‘[CT b / . Autonomous Passenger Vehicle, 2016;
US'_\‘HLCOIB“HS“W irginia Tech), / / . Emerging transport technologies, e.g.. CAVs
e \_ Smart Innovation Centre, Australia
(OCIONIC. . ive iv M 2030, 2016; *STAR SERC
SOCIONICAL. 2007: | Cooperative Adaptive REM 203 ) A*ST:
AUTOPIA. 2011 Cruise Control , Online Path Planning, 2016; | “Complex Systems”,
MINECO/FEDER Integrated Vehicle DLR, Institute of High
Project, 2013; Safety Department, Germany Performance Computing,
Spéin ' | TNO, Netherlands, 2016 ASTAR,
Singapore, 2016

Figure 1-4. Worldwide CV Applications/Projects

CV-based applications have emerged rapidly as a key component of Intelligent
Transportation Systems (ITS) and a major pillar of the Smart City Challenge in the U.S.

[19]. A great quantity of relevant applications have been developed by automobile



manufacturers, such as Volvo Cars’ autonomous driving mode research, Toyota Motor
Corporation’s investment in Artificial Intelligence (AI) to reduce car accidents and
showcase Vehicle-to-Everything (V2X) systems, BMW’s Enlighten application showing
traffic signal status ahead [20], and Honda’s early deployment and effectiveness evaluation
of V2X applications [21]. Also, the U.S. Department of Transportation (USDOT), with
support from both public and private sectors, has developed the Connected Vehicle
Reference Implementation Architecture (CVRIA) [22], which lays the foundation for many
CV application development and implementation. In Europe, the European Commission
has invested in CV research through programs such as seventh Framework Program and
Horizon 2020 [23]. At the same time, there have been significant research activities in the
area of CV technology in Asia as well. For example, Japan is setting up Robot Taxi Inc. to
operate driverless cars and an online service to transport passengers to stadiums of the 2020
Summer Olympics [24].

Moreover, a number of effort has been made by different agencies to advance and
promote CV research. For instance, the CVRIA summarized a large number of applications
developed under the Safety Pilot program [25], the Dynamic Mobility Application (DMA)
program [26], the Applications for the Environment: Real-time Information Synthesis
(AERIS) program [27], and the Road Weather Connected Vehicle Applications program
[28] funded by the U.S. Department of Transportation (USDOT). Also, the European
Union (EU) and other countries funded several projects on the development of CV

applications [29], [30].



1.1.4 Performance Measures

To evaluate the performance of various CV applications, a variety of conventional
Measures of Effectiveness (MOESs) have been proposed over the years, in order to inform
practitioners, researchers, and city and government planners of potential impacts of
implementing specific CV programs. Safety, mobility, and environmental sustainability
are the three cornerstones to evaluate the performance of the CV applications. In the
literature, a variety of performance indices (PIs) were used to gauge the relevant impacts.
For example, with regard to the safety MOE, Jiang et al. used time-to-collision (TTC) as
the surrogate measure of collision severity to address vehicle-to-pedestrian (V2P) conflict,
with the goal of providing databases for future CV development [31]. Fan et al. evaluated
traffic conflicts using the Surrogate Safety Assessment Model (SSAM) [32]-[33], in which
the TTC can be predicted according to relative speed and longitudinal offset between two
adjacent vehicles. As for mobility MOEs, Ernst et al. proposed the estimated travel time
distribution as a measure of effectiveness to conduct a comparative study on vehicle
identification methods [34]. Also, the corridor efficiency, i.e., the ratio of vehicle miles
traveled (VMT) to vehicle hours traveled (VHT), was used in traffic models to measure
highway congestion [35]. In addition to average speed, many other parameters, such as
Positive Kinetic Energy (PKE), Total Absolute second-by-second Difference (TAD) and
Coefficient of Variation, were investigated to evaluate the variability in velocity. These
parameters can reflect, to some extent, the “stop-and-go” pattern in traffic, where
acceleration and deceleration play an important role [36]. In terms of environmental MOEs,

Barth et al. used outputs from the Comprehensive Modal Emissions Model (CMEM) to



compare the fuel consumption and CO> emissions of eco-driving vehicles versus non-eco-
driving vehicles under a variety of conditions [37]. In this dissertation, we have analyzed
a number of Safety, Mobility, and Environmental MOEs, and have developed a

comprehensive list as described in Chapter 4.

1.2 Problem Statement

It is well recognized that Connected Vehicles (CVs) have great potential to improve
road network safety, efficiency, and the environment; as such, CVs are expected to account
for an increasing market share in the near future. Automobile and technology companies
are quite active in developing CVs and testing CV-based applications to improve safety,
mobility, and environmental sustainability (SME). However, very few studies evaluate
these three performance measures holistically. There are important co-benefits and
tradeoffs among SME when evaluating impacts CVs bring. | am one of the first who look
at the safety, mobility, and environmental impacts of CV-based applications holistically
rather than individually.

In this dissertation research, an integrated holistic analysis framework has been
developed to evaluate CV-based applications from SME impacts both qualitatively and
quantitatively. The co-benefit and tradeoff analysis framework for safety, mobility, and
environmental impacts is shown in Figure 1-5. Many CV-based applications fall into
different areas in this framework, representing tradeoffs and synergies (or co-benefits)

these CV-based applications can bring.
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Figure 1-5. Co-Benefit and Tradeoff Analysis Framework from Safety, Mobility, and Environmental
Impacts for CV-Based Applications

Under the developed qualitative analysis framework for SME, a series of innovative
CV applications were proposed and developed, taking safety, mobility, and environmental

impacts tradeoffs and co-benefits into consideration.

1.3 Contribution of the Dissertation

Safety, mobility and environmental sustainability are three major performance
metrics when evaluating CV-based applications. These metrics can be quantified by
various performance indicators, however, most of the existing CV research assesses the
CV applications on only one (e.g., safety) or two (e.g., mobility and environment) aspects,
without holistically evaluating the interactions among the three Measures of Effectiveness
(MOEs). Rarely exists the co-benefit and tradeoff analysis. The primary objective of this
dissertation is to develop a holistic evaluation environment for CV technology, analyzing
the tradeoffs and synergies between safety, mobility, and environmental impacts both
qualitatively and quantitatively. The dissertation has several major contributions as listed

below:



In this dissertation, an integrated holistic analysis framework of the safety, mobility,
and environmental sustainability (SME) impacts of CV-based applications has been
developed from both qualitative and quantitative aspects. A three-level
classification of CV-based applications has been proposed first, i.e., vehicle-centric,
infrastructure-centric, and traveler-centric applications. Based on both these three
categories and the whole concept of SME tradeoffs and synergies in Figure 1-5, the
qualitative analysis framework has been developed. Regarding the quantitative
evaluation environment, three performance indicators representing the SME
performance have been identified and used respectively, i.e., the conflict frequency,
the average speed, and the fuel consumption. The tradeoffs and co-benefits (or
synergies) among the SME impacts of CV-based applications have been analyzed
under the developed holistic evaluation environment. In combination with co-
benefit analysis of some typical CV-based applications, some key strategies have
been identified to improve system performance and achieve SME co-benefits.

In this dissertation, a unique innovative use of “entropy” has been developed and
applied in the transportation field to help evaluate CVs holistically. To be specific,
an innovative framework to evaluate the performance of CV-based applications has
been proposed and developed from the perspective of Speed Variation-Based
Entropy (SVE), which can accurately represent the speed variation of individual
vehicles and the overall traffic. The developed SVE (and the SVE-based
distribution) can be used as an MOE for CV applications in a more holistic way and

at different scales. It has been concluded that the speed variation-based entropy has
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a strong positive correlation with conventional MOEs (i.e., the conflict frequency
and the fuel consumption), therefore, conventional MOEs can be well explained
and/or estimated by the SVE as a unified measurement under a variety of scenarios.
In this dissertation, taking into consideration the important tradeoffs and co-
benefits of CV-based application, a series of innovative connected vehicle-based
applications have been designed, developed, and evaluated, i.e., Lane Speed
Monitoring (LSM), Optimal Lane Selection (OLS) application, and Cooperative
Smart Lane Selection (CSLS) application. Specifically, the Lane Speed Monitoring
application guides the vehicle driver to the fastest lane by utilizing short-range
downstream vehicle information, helping the vehicle driver achieve mobility-
benefits in terms of a faster travel speed. The Optimal Lane Selection adopts longer-
range connectivity and guides the application-equipped vehicle driver to go through
a micro-route (i.e., an optimal lane sequence) with the purpose of reducing the
travel time and potential conflict risk of each individual application-equipped
vehicle, obtaining mobility and safety co-benefits. The CSLS application can be
regarded as an evolved version on top of the Lane Speed Monitoring (LSM)
application, enabling multiple, application-equipped vehicles to cooperatively
change lanes, with the goal of increasing mobility for the overall traffic system and
the individual CV drivers. Finally, we aim to achieve corresponding dynamic

application management under various traffic conditions.
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1.4 Organization of the Dissertation

The dissertation is organized as follows: Chapter 2 describes vehicular connectivity
technologies, including Dedicated Short Range Communication (DSRC) and cellular-
based vehicle-to-everything technologies. Chapter 3 introduces conventional Measures of
Effectiveness (MOEs) for CV-based applications performance evaluation, a variety of
microscopic transportation simulation platforms and models which were used in the
development and evaluation of CV applications. In Chapter 4, a broad classification of CV
applications has been proposed, i.e., vehicle-centric, infrastructure-centric, and traveler-
centric. Based on a comprehensive literature review, a number of typical CV-based
applications have been examined in great detail, where a categorized analysis in terms of
MOEs tradeoffs and co-benefits is performed. Chapter 5 uses the interdisciplinary concept
and introduces the speed-variation-based entropy (SVE) and the SVE distribution, which
can be regarded as a novel performance measure indicators to help evaluate CV-based
applications holistically. Chapter 6 introduces the innovative connected vehicle
application, Lane Speed Monitoring (LSM), and its SME tradeoff analysis under the
developed integrated holistic SME analysis framework. Chapter 7 illustrates another
innovative connected vehicle application, Optimal Lane Selection (OLS), which can guide
the vehicle driver to go through an optimal lane sequence to reduce the travel time and
conflict risk, using the spatial-temporal traffic state prediction model and the online path
planning. In Chapter 8, an innovative lane selection algorithm has been designed,
Cooperative Smart Lane Selection, to encourage cooperative lateral maneuvers (lane

changes) and improve the network-wide mobility. We conclude the dissertation and
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describe potential future work in Chapter 9. In Figure 1-6, the red color represents novel
parts developed in the dissertation, and black color represents technologies that have

already been developed elsewhere.
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Figure 1-6. Organization of the Dissertation
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2 RESEARCH BACKGROUND 1: CONNECTIVITY
TECHNOLOGIES

The combination of information and communication technologies with the
vehicular system significantly modernizes the transportation scenarios and patterns,
enabling various Connected Vehicle (CV) based applications. Researchers around the
world have been working on a variety of solutions to provide vehicle connectivity, with
the goal of supporting Intelligent Transportation Systems (ITS) and CV deployments.
Typical examples include Dedicated Short Range Communication (DSRC), Cellular based
Vehicle-to-Everything (C-V2X) wireless communication technology, and non-standard
“LTE-V”, etc. Detailed descriptions of various connectivity technology models and

standards are provided as follows.

2.1 Dedicated Short Range Communication (DSRC)
2.1.1 A Brief Introduction of DSRC

Dedicated short-range communications (DSRC) are one-way or two-way short-
range wireless communication channels specifically designed for automotive use and a
corresponding set of protocols and standards [14]. 75MHz of licensed spectrum is allocated
to DSRC in the 5.9GHz bandwidth. The general name of the corresponding set of DSRC
protocols and standards is Wireless Access Vehicular Environment (WAVE), which
consists of IEEE 1609 standard family and IEEE 802.11p. Channel designation of DSRC
is from 5.85GHz to 5.925GHz, which has been reserved for vehicular standard WAVE. In
Figure 2-1, the division of time intervals include 50-millisecond Control Channel intervals

(CCHI) and 50-millisecond Service Channel intervals (SCH), i.e., the total DSRC sync

14
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time interval is 100 milliseconds, which means the normal frequency for the DSRC data

exchange is 10 Hz.
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Figure 2-1. DSRC Sync Time Intervals (from [14])
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Figure 2-2. Layered Architecture for DSRC (from [14])

Figure 2-2 illustrates the layered architecture for DSRC. At the lower layer, DSRC
utilizes IEEE 802.11p Wireless Access for Vehicular Environments (WAVE), which is a
modified version of the IEEE 802.11 standard. The IEEE 1609.2 standard is related to the

security topic in vehicular networks and responsible for security services of applications
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management messages. This standard defines mechanisms for authenticating and
encrypting messages, especially authentication of vehicle safety messages, i.e., a Basic

Safety Message (BSM) in a WAVE Short Message (WSM) (see Figure 2-3).

Data item name, Description

Element/Frame, and
length

DSRC_MessagelID The first element in every message,
clement, | byte used by the parser to determine how to
parse the rest of the message

MsgCount A sequence number, incremented with
clement, | byte each successive transmission of a BSM

by a given vehicle, used primarily to
cstimate packet error statistics.

TemporaryID A value chosen randomly and held

element, 4 bytes constant for a few minutes, it helps a
receiver correlate a stream of BSMs
from a given sender.

DSecond The current time, modulo one minute,

element, 2 bytes with resolution 1 millisecond.

Latitude, Longitude| (Geographic latitude and longitude,
2 clements, 4 bytes cach | with resolution 1/10 microdegree.

Elevation Position above or below sea level,
element, 2 bytes resolution 0.1 meter,
PositionalAccuracy | Conveys the one-standard-deviation
frame, 4 bytes position error along both semi-major

and semi-minor axes, and the heading
of the semi-major axis.
TransmisionAndSpeed| 3 bits encode vehicle transmission

frame, 2 bytes (gear) setting. 13 bits convey unsigned
vehicle speed, resolution 1 em/second.
Heading Compass heading of vehicle’s motion,
element, 2 bytes resolution 1/80 degree.
SteeringWheelAngle | Cyrrent position of the steering wheel,
element, | byte resolution 1.5 degree. Clockwise

rotation is a positive angle.
AccelerationSetdwWay | Provides longitudinal acceleration,
frame, 7 bytes lateral acceleration, vertical
acceleration, and yaw rate,
BrakeSystemStatus | Conveys whether or not braking is
frame, 2 bytes active on each of four wheels, also
conveys the status of the following
control systems: Traction Control,
Anti-Lock Brakes, Stability Control,
Brake Boost, and Auxiliary Brakes.

VehicleSize Vehicle length and width, resolution |
frame, 3 bytes cm.

Figure 2-3. SAE J2735 DSRC Basic Safety Message Part | (from [14])
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The BSM is perhaps the most important message in the J2735 standard, which
conveys the core state information about the sending vehicle, namely its position,
dynamics, system status, and size. It also has the flexibility to convey additional
information as needed [14]. The topmost layer is about the applications. Connected
vehicles-based communications serve for many applications, which imposes different
requirements on Vehicular Ad hoc NETworks (VANETS). Based on the descriptions
above, our major research work (CV application design and development) would be
conducted based on such DSRC model, which enables DSRC-equipped vehicles to
transmit and receive basic vehicle information within a short range (e.g., 300m to 500m)

at 10 Hz.

2.1.2 DSRC Model in Simulation

Two types of vehicular communication technologies, i.e., dedicated short range
communication (DSRC) and cellular based C-V2X wireless communication, were
simulated/used in this dissertation, mimicking the current real-world V2X technology
prototypes (with a few reasonable assumptions). Regarding the short range
communication, the Dedicated Short-Range Communication (DSRC) was modeled in
simulation based on the Packet Error Rate (PER) curves. Since Packet Error Rate (PER)
for DSRC is a widely used performance indicator (PI) that is available in reports and
papers, this communication model was built up in the traffic simulation tool based on such
Pl measured in the real world.

In the traffic simulation tool (e.g., VISSIM, note that, we introduce more details

about the microscopic transportation simulation platforms in Chapter 3), the distance
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distribution curve was used as the tool to collect basic information (such as vehicular
identity, position and kinematic information) of ego vehicle’s surrounding vehicles’ data.
This function returns a collection of vehicle objects containing all vehicles within the
range, and those vehicles were chosen stochastically based on the given distance
distribution curve, which defines the possibility of a vehicle is not detected in the
transmission range. Several other assumptions were made as follows:
1) As long as the Basic Safety Message (BSM) of a vehicle is correctly received within a
certain time window (e.g., a simulation time step), the basic information of that vehicle can
be detected.
2) The possibility P(d) of a vehicle not detected in the transmission range is
P(d) = (1 - PDR(d))" (2-1)
where PDR(d) is the packet deliver rate; d is the transmission range; n is number of packets
sent in a certain time window.
At each simulation time step (e.g., 0.1 sec or 1 sec), if n = 1, then
P(d) =1 — PDR(d) = PER(d) (2-2)
Therefore, we assume that the possibility P(d) of a vehicle not detected at certain
transmission range is the PER(d) at that certain distance.
PER can be affected by various factors, such as network conditions, the packet size,
the transmission rate, the transmission power, the transmission range, road conditions, the
vehicular density and fading, etc. A random number generator mimics the packet error rate

at certain distance in the microscopic transportation simulation software.

18



2.2 Cellular based Vehicle-to-Everything (C-V2X) Communication
In addition to the IEEE 802.11p based Dedicated Short-Range Communication

(DSRC), the cellular-based communication, e.g., 5G based LTE-V2X, is attracting more
and more worldwide attention as the essential technique that enables safe, reliable and
efficient transportation service capacities, which can be deployed both near- and long-term

and can meet the vehicular use case requirements of today and tomorrow [38].
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Figure 2-4. Combined (Both Long-Range and Short-Range Communication) Development Scenario
for Private Vehicles (from [39]).

2.2.1 A Brief Introduction of C-V2X

Cellular based Vehicle-to-Everything (C-V2X) (developed in [16]-[17]) is a typical
method for long range data transmission used in vehicular applications. To be specific, C-
V2X reuses DSRC/Cooperative Intelligent Transport Systems’ (C-ITS) established service
and app layers. C-V2X develops abstraction layer to interface with 3GPP lower layers (in
conjunction with 5GAA) and continuous enhancements to the radio/lower layers, which

makes it well compatible with existing V2X technologies (see Figure 2-5).
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Figure 2-5. C-V2X Layers and Architecture (from [16])

For the C-V2X network communications, vehicles can send messages to the server
via unicast communication, as shown in Figure 2-6. C-V2X uses LTE Broadcast to

broadcast messages from the V2X server to the vehicles.

V2X server
IP layer & above

LTE unicast I I Broadcast

(UL) ,

JI/ J/ N\ _\ l / (DL)
ﬁ Other inputs

Figure 2-6. V2X Communications via the Network (from [17])
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2.2.2 C-V2X Model in Simulation

Cellular based Vehicle-to-Everything (C-V2X) was selected as the real-world
prototype for the cellular based wireless communication model in simulation. As a
promising fifth generation (5G) technology, device-to-device (D2D) communication
through C-V2X technique allows physically similar devices to communicate directly
through a licensed cellular band [40]-[41]. Compared to 802.11p based communications,
cellular based communication can achieve higher data rates and longer transmission
ranges. Based on the use cases tested in [16] and the preliminary performance of C-V2X
(see Table 2-1), several assumptions were made when simulating cellular based V2X
communication in simulation as follows:

1) No packet loss in terms of Vehicle-to-Network (V2N). As shown in Table 2-1, C-V2X
can guarantee no packet loss, even at high densities. No packet loss is assumed in terms of

V2N in simulation, mainly due to the unavailability of real-world data or related references.

TABLE 2-1. COMPARISON: USE CASES AND PERFORMANCE [16]

802.11p C-V2X Rel-14/15 C-V2X Rel-16(expected design)
Day 1 safety only Day 1 safety & enhanced safety | Advanced use cases to assist in
use cases autonomous driving including,

ranging assisted positioning,
high throughput sensor sharing

& local 3D HD map updates

Use Cases
Target Use Cases

High density support
Packet loss at high densities | Can guarantee no packet loss at | Can guarantee no packet loss at
high densities high densities
High mobility v v v

support Up to relative speeds of 500 Up to relative speed of 500 Up to relative speed of 500

Transmission range
@ 90% error, 280
km/hr relative speed

Typical transmission
frequency for
periodic traffic

km/hr with advanced
receiver implementation
Up to ~225m

Once every 100msec (50ms
is also possible)

km/hr as a minimum
requirement.
-Over 450m using direct mode
-Very large via cellular
infrastructure

Once every 100ms (20ms is also
possible)
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2) Large coverage by evolved NodeBs (eNodeBs) and one app server. The evolved NodeB
is a complex base station that handles radio communications with multiple devices in the
cell and carries out radio resource management and handover decisions. In the simulation,
it was assumed that sufficient evolved NodeBs supported wide coverage of information
collection, and those data were transmitted to one application server for post-processing.
In other words, it was assumed that no blind area existed among eNodeBs coverage;
therefore, performance deterioration and impacts due to lack of network coverage were not
taken into consideration.

3) Delay. Since cellular-based wireless communication has a large range and needs certain
time for calculation and transmission, the delay for control plane and user plane needs to
be considered. A certain amount of lag (for example, 100 ms) was assumed between the
time the cellular tower disseminated the information and when the communication-capable

vehicle received the recommendation or command.

100 ms
o
5 5G
3 m A Tenth of 4G
‘ ‘ 4G 5G
‘ | n I1ms
ms ——

CONTROL PLANE

Figure 2-7. Demand to Delay in Control and User Planes for 4G/5G Networks (from [42])
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2.3 Other Wireless Communication Technologies

Before 5G is fully expanded, a variety of “Towards-5G” techniques exist in the
medium-term, such as the non-standard “LTE-V” that is already being explored by a
number of the industry’s mega vendors in China [43]. LTE-V allows vehicle-vehicle,
people-vehicle, and vehicle-network communications over the operators’ existing
networks, which is the application of vehicular connectivity over existing operator mobile

network infrastructure.
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3 RESEARCH BACKGROUND 2: CONVENTIONAL
MOEs AND MICROSCOPIC TRANSPORTATION
SIMULATION TOOLS AND MODELS

3.1 Measures of Effectiveness (MOEs) for CV-Based Applications
Performance Evaluation

Conventionally, SME (short for Safety, Mobility and Environmental sustainability)
are three key areas where different types of Measures of Effectiveness (MOES) have been
defined when evaluating the performance of CV-based applications. Since we develop an
integrated SME analysis for a series of CV applications, the corresponding SME
performance measure indicators used for application performance evaluation in this
dissertation are described in this chapter. (For more details about a variety of performance

indicators of CV applications in the literature, please see Figure 3-1.)

3.1.1 Safety MOEs

Minimum time to collision (TTC) is regarded as a surrogate measure of the
likelihood of a conflict occurring [44]. An occurrence when the minimum TTC drops
below a predefined threshold may be recognized as a potential conflict. In this dissertation,

safety performance is evaluated by the normalized conflict frequency defined below:
n .
CF = L= (3-1)
n
where cn; is the number of conflicts caused by vehicle i; n is the total number of vehicles.
It is noted that each conflict is herein only associated with the second vehicle (i.e., the one

occupying the conflict area at a later instant) which is assumed to be responsible for the

potential conflict.
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3.1.2 Mobility MOEs

Corridor efficiency or average speed, v, is used to evaluate mobility performance:

T Nt
Yi=12;-, VMTi¢

17 = N
iy X VHT

(3-2)
where VMT; . and VHT; . represent vehicle miles traveled and vehicle hours travelled,
respectively, for vehicle i in time step t; Nt is the total vehicle number in a range of road
network in time step t; T is the certain time duration of interest within the range of road
network.

Moreover, travel time is another indicator used in this dissertation to measure the

mobility relevant performance of specific CV applications.

3.1.3 Environmental MOEs

In this dissertation, the fuel consumption of an individual vehicle or fleet is used to
measure the environmental performance, which is positively proportional to the generated
greenhouse gas emissions (e.g., carbon dioxide equivalent). In addition, other
environmental impacts can include pollutant emissions and number of stops, etc.

There exist some main performance measures when evaluating CVs as shown in
Figure 3-1. Among them, safety, mobility, and environmental sustainability are the three
cornerstones of the performance measures. A lot of work has been done to identify and
define the indicators accordingly, shown in the corresponding boxes in Figure 3-1. Note
that the performance measures which were focused in this dissertation research is written
in red color.

In addition, there are also other key things regarding the social inclusion and land

use. As a part of the potential future work, tradeoffs can be made across different measures
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of effectiveness, for example, an integrated analysis can be conducted for different
performance measures in combination with the economic effects, by formulating

optimization problems, to better plan the community distance and other social resources

assignment.
Key MOEs Framework
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Level of service;

Volume to capacity ratio, etc.

Number of stops;
Average speed, etc.

occurrences;
Number of detected critical
and non-critical conflicts, etc.

Figure 3-1. Overview of the Performance Measurement Framework (We focused MOEs in Red in
This Dissertation) (from [45])

3.2 Microscopic Transportation Simulation Tools and Models

Characteristics of most existing traffic simulation tools are from microscopic,
macroscopic, and sometimes mesoscopic perspective, able to model real-world networks,
simulate vehicle or other objects movement in continuous space and discrete time, and

generate network-wide, vehicle-based, and detector-based outputs. According to the work
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in [46] and [47], the main features of a few microscopic traffic simulation models are
summarized and compared. Among them, two microscopic transportation simulation tools
(i.e., PARAMICS and VISSIM) were investigated and utilized in this dissertation to
establish various sophisticated traffic networks, simulate driver behaviors, and implement
different traffic control strategies.

The PARAMICS is a high-resolution traffic simulation tool capable of modeling
large-scale roadway networks and the movement of each individual vehicle [48]. The
behavior of each vehicle such as car following, lane changing and route choice can be
customized by users, via configuration of key parameters by Graphical User Interface (GUI)
or development of Application Programming Interfaces (APIs) using the Programmer
module. PTV VISSIM is based on a traffic flow model which considers driver-vehicle-
units as single entities and contains a Wiedemann-based car following model for
longitudinal vehicle movement and a rule-based algorithm for lateral movements [46], [49],
[50], and [51]. VISSIM provides add-on modules programming interfaces, to enable the
override of default behavior and development of various new functions or applications.
Both PARAMICS and PTV VISSIM can generate various trajectory files (one type at one
time) for further data analysis and post processing.

The Surrogate Safety Assessment Model (SSAM) is a post-processing model
designed for the safety analysis of traffic facilities, roadway designs, and operational
strategies [33]. SSAM can output the number of potential conflicts as aforementioned in
Section 3.1.1. Specifically, the outputs of SSAM include the vehicle IDs associated with

each conflict, severity and locations of simulated conflicts based on the predetermined
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threshold values of the maximum TTC, the maximum PET, the rear end angle, and the
crossing angle [52], [53].

EPA MOVES is a state-of-the-art modeling tool developed by the U.S.
Environmental Protection Agency (USEPA) for estimating the energy consumption and
emissions from mobile sources at different scales [54]. MOVES categorizes all vehicles
into over twenty source types and evaluates the emission rates of the vehicles in one source
type under specific operation mode [55]. Compared to the MOVES model that belongs to
data-driven models and generates the emission output of an individual vehicle by using the
average behavior of all vehicles in same source type, CMEM takes specific parameters of
the individual vehicle and is expected to be able to calculate the emissions and fuel
consumption with higher accuracy [56].

In this dissertation, fuel consumption/emissions of a large number of vehicles on
system level were evaluated, for example, aggregated data of application equipped
vehicles, unequipped vehicles, and overall vehicles, rather than one specific individual
vehicle. Thus EPA MOVES was herein used as the models for environmental evaluation.
For details of the interaction among different modeling tools and the corresponding MOEs

outputs, please see Figure 3-2.

28



Vehicle miles travelled(VMT),
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Figure 3-2. Interaction among Different Modeling Tools, and the Corresponding MOEs Outputs
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4 FRAMEWORK OF PERFORMANCE MEASUREMENT
AND MOEs CO-BENEFITS AND TRADEOFFS FOR
CONNECTED VEHICLES BASED APPLICATIONS

To better understand the different CV-based applications in a systematic way, we
have conducted an extensive survey of the literature, and have developed a framework to
classify them. In a broad sense, the CV-based applications may be classified into three
categories, depending on the type of objects targeted by the applications.

a) Vehicle-centric: Vehicle-centric applications are primarily driven by on-board
sensors and communication technologies, aimed at the ego-vehicle and/or the surrounding
traffic. This type of CV applications is mainly designed to adjust the ego vehicle’s
operations (e.g., longitudinal control), or to respond to its surroundings. Examples of
vehicle-centric applications include adaptive cruise control and lane departure warning.

b) Infrastructure-centric: Infrastructure-centric applications enhance roadway
performance by means of centralized surveillance, control, and analysis of roadway
infrastructure via inductive loop detectors, communication-capable roadside units, and
Traffic Management Centers (TMC). Examples of infrastructure-centric applications are
ramp metering and variable speed limit systems.

C) Traveler-centric: Other than vehicles, travelers can also supply and receive
information through connectivity to protect themselves from collisions and accidents or
receive valuable information, such as route guidance. These travelers include drivers,
transit riders, pedestrians, bicyclists, and even wheelchair users. Traveler-centric

applications connect a variety of travelers with information regarding other objects in the
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traffic network, e.g., vehicles and infrastructure. Examples include advanced traveler
information system and pedestrian collision warning.

There are numerous research activities all over the world focusing on CV-based
application development and a large number of studies on impact assessment and cost-
benefit analysis of CV-based applications have been conducted, especially in Europe.
However, there have been very few research effort looking into all possible benefits of
these applications simultaneously. In this chapter, we first present a benefit evaluation
framework for CV-based applications and a performance-oriented taxonomy based on key
performance metrics in Section 4.1. A category summary is then discussed in Section 4.2,
followed by the detailed analysis of potential co-benefits of some CV-based applications

in Section 4.3. Section 4.4 provides a summary of the research findings.

4.1 Performance-Oriented Taxonomy of CV-Based Applications

By incorporating advanced sensors, communication technologies and autonomous
control into today’s vehicles, CV-based applications are able to greatly benefit the
transportation systems and significantly enhance safety, improve mobility, and reduce
environmental impacts. Inspired by some existing performance measure analysis [57] and
surveys [58]-[59], we developed a comprehensive performance measure evaluation
framework, by including additional performance indicators used in other papers, of which
the overview has been shown in Figure 3-1. A brief description of the three major
performance metrics, i.e., safety, mobility and environmental impacts is provided below.
Examples of CV-based applications that target one or more of the three performance

metrics are given in Figure 4-1. Several of these applications are from the recent literature
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in 2015 and 2016. Some of these applications are also examined in detail in Section 4.3 of
the paper.
A) Safety

Safety is the primary goal of many ITS and CV-based applications. Safety-oriented
CV-based applications enable vehicles to mitigate movement conflicts on roadways.
Notifications or warnings for collision avoidance are issues through infrastructure-based
and/or vehicle-based cooperative safety systems [60]. Examples include forward collision
warning and lane keeping assistance.
B) Mobility

Mobility-oriented CV-based applications employ methods and strategies aiming at
increasing the operational efficiency of transportation systems and thus improving the
mobility of individual travelers. Transportation system efficiency is referred to as the good
use of transportation resources such as roadway capacity and travel time, with the objective
of producing an acceptable level of transportation outputs such as roadway throughput and
travel distance. Examples of mobility-oriented CV-based applications are platooning and
traffic signal coordination.
C) Environmental Impacts

The transportation sector has been a major contributor to air pollution and
greenhouse gas emissions. It has now been widely accepted that ITS and CV-based
technologies can help significantly reduce transportation-related emissions. Over the last
several years, a number of CV-based applications have been developed that are focused on

reducing energy and emissions associated with transportation activities. Examples include
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eco-routing navigation and eco-driving assistance.

4.2 Category Summary

According to Figure 4-1, most of the current CV-based applications are not
designed to be capable of achieving the three aims at the same time and most of the
applications listed are safety-oriented. While these applications are focused primarily on
avoiding crashes and accidents [61] or even detecting and predicting on-road irregular
driving behavior [62] resulting in direct safety benefits, many of them also provide indirect
or co-benefits (e.g., mobility improvement and/or pollutant emissions reduction). On the
other hand, some safety-oriented applications may result in negative indirect impacts on
mobility and environment, which can be viewed as tradeoffs among the different metrics.
These arguments also apply to the mobility-oriented and environment-oriented CV-based

applications as well.
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Figure 4-1. Taxonomy of CV-Based Applications (from [45])
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Table 4-1 summarizes these co-benefits and tradeoffs. It can be seen that safety is
the most common target among all the CV-based applications reviewed in this study.
Please note that the criteria of whether the aims are achieved also depends on what the
baseline is. The performance is usually compared under the same traffic situation with and
without such CV-based application. For instance, a queue-end warning application may
improve “safety” in highway work zones due to the potential reduction in rear-end
collision, even though the collision risk in work zones may still be higher than in other
areas.

TABLE 4-1. CATEGORY SUMMARY OF CV-BASED APPLICATIONS IN TERMS OF DIFFERENT MOES

s s S s
Safety focused ! ! 1 !
(25) 15 out of 25 6 out of 25 3 out of 25 1 out of 25
(60%) (24%) (12%) (4%)
S S S S
. ! ! ! !
Mobility focused (18) 7 out of 18 6 out of 18 4 outof 18 1 out of 18
(39%) (33%) (22%) (6%)
s s s S
Environmental ? 1 ? 1
|mpacg5f;>cused 7 out of 15 3 out of 15 4 out of 15 1 out of 15
(47%) (20%) (27%) (7%)

S: Safety; M: Mobility; E: Environmental impacts; 1 : Improvement;?: Unknown, Neutral or Deteriorate

There are very few studies that evaluate all three MOEs, and the co-benefits and
tradeoffs among the three MOEs of CV-based applications are rarely analyzed. Although
a portion of CV-based applications are designed to improve more than one MOE (usually
two), very few of them improve all the three MOEs. Several CV-based applications can be
combined to achieve a comprehensive performance. For instance, vehicle platooning
(increasing throughput) and collision avoidance functions (enhancing safety) can be
incorporated into the intelligent energy management function in hybrid electric vehicle or

plug-in hybrid electric vehicle platform (reducing fuel consumption). In terms of multiple

35



MOEs, this combined CV-based application will likely outperform the case where only
individual applications are applied. In general, multiple CV-based applications tend to be

combined to achieve improvements of transportation systems in a more holistic way.

4.3 Co-benefit Analysis of Typical V2X-Based CV Applications

All on-road communication-capable objects could share their information via
wireless connectivity technologies, such as the Dedicated Short-Range Communication
(DSRC) devices mounted on on-road units [14], and/or mobile devices enabled by cellular
technologies (e.g., smart phones with built-in sensors) [15], [63]. The exchange of
information between two terminals could supply users’ basic motion dynamics to the CV-
based applications and help increase the users’ environmental awareness to benefit the
transportation system, achieving the preset objectives in terms of transportation
performance improvement.

Some typical examples of various CV-based applications in the latest literature are
addressed herein. At the same time, co-benefits/tradeoffs among the three major MOEs are
analyzed, under the categories introduced at the beginning of this chapter. Table 4-3 lists
the vehicle-centric applications, and the symbols used in Table 4-3, Table 4-4 and Table

4-5 are listed in Table 4-2.

TABLE 4-2. SYMBOLS FOR MOES CO-BENEFITS AND TRADEOFFS IN THE LITERATURE REVIEW TABLES

Performance Validated Performance Non-validated
Improvement | Deterioration | Improvement | Deterioration | Unknown
Targeted o1 o D1 )
Non- © © o o ©
targeted ! l ! l
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4.3.1 Vehicle-Centric CV-Based Applications
4.3.1.1 Safety & Mobility Co-Benefits

Aimed at enhancing traffic safety, there are plenty of valuable research activities
on CV-based applications that have been carried out, focusing on road environment
awareness. Based on modern communications technologies, a lane closure alert has been
proposed by Fullerton et al., allowing drivers to be notified sooner to emergency situations,
e.g., a sudden lane drop or motorway vehicle breakdowns [64]. Based on the simulation
results of this warning system, the authors concluded that a gradual slow-down ought to be
enough to reduce the potential risk of follow-on rear-end collisions. For this safety-focused
driver advice system, the relief of bottlenecks congestion has great potential to increase the
capacity of lane closure areas to some extent, leading to mobility co-benefit. Another
typical example of CV-based applications which aims to improve both traffic flow and
safety is the Cooperative Adaptive Cruise Control (CACC) system [65]. Dey et al.
presented an overall review of CACC system-related performance evaluation. Besides the
front radar used to prevent potential conflicts, it was concluded that the CACC application
also has the capability of enhancing mobility by increasing the traffic capacity (improving
traffic flow) under certain penetration rates, and by harmonizing the speeds of platoons in

a safe manner [66].

4.3.1.2 Safety Benefits

The Forward Collision Warning application is a relatively mature application,
which is commonly used to improve situation awareness and enhance safety performance.

The effectiveness among several pre-collision system algorithms was examined using
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Time-to-Collision (TTC) as a surrogate collision risk evaluation in [67], where Kusano &
Gabler proved that performance of the conventional forward collision warning was
significantly improved by integrating a pre-crash brake assistance as well as an
autonomous pre-crash braking scheme. Likewise, Szczurek et al. presented an Emergency
Electronic Brake Light application-related algorithm, and showed safety benefits
represented by the lower average number of collisions [68]. However, besides potential
safety benefits, potential mobility and environmental impacts gains/costs still remain to be
shown in both [69] and [68], where safety benefits are probably achieved at the expense of
larger greenhouse gas (GHG) emissions due to increased stop-and-go behavior. This might
happen in other similar safety-oriented collision avoidance applications, e.g., intersection
collision warnings, curve speed warnings and pedestrian warning systems, where stop-and-
go activity will likely increase.

As the safety of the lane change operation is one of the most concern issues in the
transportation system, lane change warning systems and lane change assistance systems
have been attracting more and more attention. Schubert et al. fused on-board cameras and
a decision-making approach to execute automatic lane-change maneuvers, and tested the
algorithm on a concept vehicle Carai [69]. However, detailed quantitative effectiveness
evaluation regarding traffic safety was not evaluated in [69]. In addition, Dang et al. take
into account the drivers’ reaction delay and brake time and proposed a real-time minimum
safe distance model [12]. The simulation results obtained from Simulink show that this
system generate lane change warning with the assist of TTC analysis, however, no other

MOEs evaluation was mentioned other than potential safety improvements.
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4.3.1.3 Environmental Impacts & Safety Co-Benefits

As aforementioned, safety and environment protection are always the first two of
the most concerned issues concerning CV-based applications preset objectives. Some co-
benefits in terms of safety aspects can be well achieved by environmental impacts-oriented
CV-based applications. In this direction, an Android system based eco-Driving application
was developed by Orfila et al., comprising the integration of upcoming road features
recognition and crash relevant events identification modules, estimating the recommended
speed with the purpose of supplying drivers an eco-friendly speed [70]. Even though one
of the objectives was to improve the safety performance, potential safety effectiveness was
not evaluated other than fuel savings results. Furthermore, the speeds with the proposed
system are slower probably due to the safe eco-driving system that contributes to the
steady-speed, smooth-deceleration behavior, therefore resulting in reduced mobility with
longer travel times. Another approach was proposed by Li et al. with the aim of achieving
environment impacts improvement as well as safety improvement. A hybrid powertrain
was incorporated with the conventional Adaptive Cruise Control (ACC) in [71], aiming to
enhance traffic safety and to reduce the driver’s effort. By comparing velocity profiles of
vehicles without and with the proposed system, Li et al. show that vehicles’ velocity
profiles of the proposed system are smoother with lower overshoot. Moreover, since the
study takes advantage of the high fuel efficiency scheme of hybrid electric systems, the

engine torque and fuel improvement were investigated in [71] as well.
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TABLE 4-3. VEHICLE-CENTRIC CV-BASED APPLICATIONS

Categories Platform Project/Application MOE focus Contributions
name & Ref S M E
EU 7th Seventh An emergency situation alert system leading to reduced
Framework Programme a1t ° o and harmonized speed in the vicinity of motorway
research project T bottlenecks in order to ensure a smoother and safer
SOCIONICAL [64] traffic flow
An Android based application taking into account
FP7 European project > © upcoming events/evaluation and analysis of driver
ecoDriver [70] 1 ! .T behavior to advise drivers the best actions for lower
energy consumption
A stochastic model regarding the surrogate
IF\)/:(I)lj\IQEtC[Cl)g;I]EDER [ ] T O O measurement for accidents evaluation of cooperative
chain collision warning applications
. . An analysis on gap closing and collision avoidance
g?&gg%ﬁ;ﬁrﬁdﬁe’?}we 1 1 (o] functionality of the Cooperative Adaptive Cruise
Control system
A review of Cooperative Adaptive Cruise Control
Cooperative Adaptive systems Which.have the potential to improve_ traffic
Cruise Control [66] [ 1 (@) through_put by increasing the _roadway cap_acny and to
harmonize the speeds of moving vehicles in the platoon
in a safe manner
A pre-collision system integrating forward collision
. édx?r;cidvgomird[m] .T Ol (o)) warning, pre-crash brake assist and autonomous pre-
Vehicle- Non-EV offiston ¥varning crash brake to reduce severe highway crashes
centric Emergency A machine learning approach-based emergency brake
Electronic Brake Light [} T Ol Ol warnings relevance-decision estimation for safety
[68] applications
. A situation awareness-based automatic lane-change
glgt]omatlc Lane-Change [N (@] (@] scheme based on image processing, Kalman filtering
and Bayesian networks approaches
A V2V-based lane change warning system, analyzing
Lane Change Warning > o o safe distance between the ego vehicle and its
[12] 1 surrounding vehicles in both the original lane and the
target lane
Eco-routing navigation Ar_1 e_co—rou.tinQ na\_/igation system accqmmodating
system [72] (@) [ )} .T orlgm-destlr}atlon |r}puts through user |_nterfaces to
assist the driver to find the most eco-friendly route
Urban parking Online localized coope_:rative resource allocation
management [74] (o] Dt [N models for urban parking management to decrease
available parking spots search time
. A connected vehicle-based shockwave propagation
ﬁgprr:]eocnt;szder\/[%hsl]c les (o) OT o1 control system using an optimization program to
reduce travel time in the freeway work zone bottleneck
. A lane speed monitoring system using basic safety
I[_7a6r}e Speed Monitoring 0 .T 0 message exchange between communication-capable
vehicles to advise the driver faster lane to change to
An intelligent hybrid electric vehicle (i-HEV) platform
Adaptive Cruise Control o o incorporating a hybrid powertrain scheme with the
[71] 1 .T adaptive cruise control application to achieve
comprehensive performance
EV A real-time micro path planning algorithm tested on
Online Path Planning the robotic _electric vehic_le research ;_)Iatform
[73] (@] O L ROboMObil together with the velocity profile
generation to make the energy saving capabilities
achievable

S: safety; M: mobility; E: environmental impacts
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4.3.1.4 Environmental Impacts Benefits

As for the environmental impacts-focused CV-based applications, Eco-routing
system scheme turns out to be a very valuable algorithm that is beneficial to the
environment. Boriboonsomsin et al. proposed an eco-routing navigation system, fusing
multiple sources traveler information, incorporating the optimal route calculation engine
and the human-machine-interface to reduce fuel consumption and pollutant emissions [72].
The trade-off between mobility and environmental impacts of the proposed system was
described in [72]. The authors concluded that significant fuel savings can be well achieved
from eco-routes rather than the fastest route, leading to travel time increase, and the trade-

off between travel time and fuel consumption can be comparable, especially for long trips.

4.3.1.5 Environmental Impacts & Mobility Co-Benefits

Some mobility improvement-oriented CV-based applications are developed from
the angle of path planning. For example, Winter et al. presented an online micro geometric
path planning methodology using curvature minimization algorithm to decrease travel
time. Simultaneously the maneuverable robotic electric vehicle research platform
ROboMODbil was used to achieve the energy saving [73]. On the other hand, resource
allocation is another approach to improve both mobility and environmental impacts.
Zargayouna et al. proposed the resource allocation model to achieve the management of
parking spots in an urban area taking into consideration both the location and the resources
availability moment [74]. The urban parking management is expected to reduce fuel

consumption by decreasing parking spots search time.

41



4.3.1.6 Mobility Benefits

There are very few CV applications purely focusing on mobility improvement to
date. A freeway work zone harmonizer was proposed, which was mainly designed to
control shockwave propagation to reduce travel time delay [75]. The congestion duration
and travel time delay were evaluated and it turned out that a minimum penetration rate of
equipped vehicles must exist to guarantee the satisfactory efficiency of the proposed
system. Another application called Lane Speed Monitoring (LSM) system has been studied
in [76], which was proposed to estimate lane-level traffic state and to advise the driver to
change to a faster lane, targeting to improve travel time. The average speed of equipped
vehicles and unequipped vehicles were compared, and the fuel consumption and potential
conflict number were also investigated in [76]. Higher velocity is achieved for equipped
vehicles, whereas the fuel consumption and potential conflict of equipped vehicles are
higher as well due to the encouragement of more aggressive driving behaviors (e.g.,

frequent lane changes and higher speed).

4.3.2 Infrastructure-Centric CV-Based Applications

Infrastructure-centric CV application is another one of the key components
regarding the traffic performance improvement and is well studied in the literature. Those
infrastructure-centric applications can be further divided into two groups based on the
control strategy implemented: decentralized (controlled by a localized infrastructure) and

centralized (controlled by a traffic management center).

4.3.2.1 Safety & Mobility Co-Benefits

The fundamental task of localized infrastructure in the decentralized infrastructure-
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centric CV applications is to collect and relay the vehicles information within a certain
range. A number of studies have explored the decentralized control strategies. Yang and
Monterola proposed a self-organized approach where each individual vehicle approaching
the intersection governs its own motion dynamics by using the equipped intersection cruise
control device together with the beacon as the information relay of approaching vehicles
in the intersections of urban area [77]. Since fully stopping right before crossing the
intersection reduces the capacity of the intersection, the proposed decentralized traffic
control system smoothens the individual vehicle dynamics and actively helps eliminate
human driver errors to guarantee the overall safety when vehicles pass through the
intersections. Fundamental traffic flow diagrams were plotted and compared in [77], and
Yang and Monterola show the proposed control scheme’s positive effects to the
intersection capacity. Direct tests on safety, environmental impacts and other mobility-
related indicators were not investigated. However, based on our analysis, it is expected that
the fuel consumption likely decreases since there are smoother traffic flows in the
intersections and more efficient braking operations. Considering the lane merging control
schemes in the decentralized manner, Milanés et al. proposed an on-ramp merging system,
which consists of a reference distance decision algorithm and a fuzzy controller to operate
the vehicle’s longitudinal control, based on information acquired from the localized
infrastructure [78]. The study investigated the performance of the proposed system through
real-world experiments, and Milanés et al. showed how three vehicles coordinate in order
to alleviate the congestion and improve traffic flow in a merging situation by presenting

the trajectories, speed profiles and relative distances results. In the same direction, Pei and
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Dai presented an intelligent lane merge control system for freeway work zones [79]. Pei
and Dai used a traffic information collection system to comprehensively identify traffic
states (e.q., traffic volume, velocity and occupancy) and implemented a variable lane merge
strategy in VISSIM simulation software to produce mobility-related performance indices,
such as capacity, delay and queue length. Moreover, performance in terms of the observed

collisions number was compared among several merge control strategies.

4.3.2.2 Safety Benefits

As aforementioned, most reported infrastructure-centric applications are also
focused on safety benefits in terms of collision mitigation. A safety-oriented application
based on vehicle-infrastructure-driver interaction, an advanced curve warning system, was
proposed in [80] as speed limitation/harmonization scheme on sharp roadways. The
proposed system was tested in Matlab/Simulink, integrating the upcoming road geometry
feature and a safe speed implementation module. Similar to [64], a queue-end warning
system was presented in [81] where numerous sensors and an artificial neural network
model-based algorithm were used to predict queue-end location. The information was
displayed on portable variable message signs to avoid rear-end collisions in highway work
zones. VISSIM was utilized to test the queue formation and dissemination in highway work
zones. Another example of safety-focused applications has been presented in [82], where
a safety-critical situation awareness warning system based on lane occupying probability
estimation algorithm via vehicle-to-infrastructure communication was proposed with the

purpose of improving road users’ safety at intersections.
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TABLE 4-4. INFRASTRUCTURE-CENTRIC CV-BASED APPLICATIONS

i icati MOE focus
Categories Project/Applicati Contributions
on name & Ref S M E
A self-organized intersection control algorithm with
A*STAR SERC safe and efficient operations on individual vehicle
“Complex [N [} T (k) dynamics control to smoothen intersection traffic
Systems” [77] flow and to increase the intersection capacity in
urban area
th £;
The_ll F'V.e An intelligent lane merge control system using traffic
National Science information collection, state estimation and variable
and Technology ° T ° T o1 A : )
merge strategy to improve safety and traffic flow in
Research ltem
freeway work zones
[79]
A model predictive energy efficiency minimization
REM 2030 [89] o o .T system implemented on the electric vehicle
An intersection safety-critical situation awareness
SAFESPOT [82] [N O O application based on lane occupying estimation via
vehicle-to-infrastructure communication
An eco-speed harmonization scheme using V21 and
AERIS [85] (o) (o] .T 12V to smooth the individual vehicle’s speed profile
and to reduce the overall energy consumption
An eco-approach departure application which utilizes
AERIS [86] o1 o1 .T SPaT and preceding vehicles information to guide
drivers to pass through intersections smoothly
An automated on-ramp merging system which
consists of the distance reference system and a fuzzy
Decentralized AUTOPIA [78] 1 1 o1 control on vehicle’s longitudinal control to improve
traffic flow and congestion in a merging situation
A queue-end location prediction algorithm using
Queue-end > o o artificial neural network together with sensors and
warning [81] 1 on-road message signs to reduce rear-end collisions
in highway work zones
Infrastructur An eco-cruise control system using shockwave
e-centric Eco-CACC-Q o o ° prediction by SPaT messages and V2I information to
[87] 1 1 T refer the driver a fuel-optimal trajectory at the
signalized intersections
Connected eco- A vehicle’s longitudinal control system considering
- 1 O .T the inner driving operation and outer on-road factors
driving [88] . . .
to increase energy efficiency in a safe manner
Curve warnin A speed limitation algorithm integrating the
9 a1 O O upcoming road geometry and a safe speed decision
system [80] - S
scheme to achieve safe driving in sharp-curve roads
Platoon-based A multi-agent intersection management system based
MAS-IMA [91] o1 .T .l on the formation of platoons to increase mobility
performance
An optimal lane change selection algorithm using on-
Optimal lane > ° ° road information and desired speed of individual
selection [92] 1 T T vehicles to regulate traffic flow and reduce negative
impacts induced by uncoordinated lane changes
MA based A regulation scheme of the signal timing for the
Freight Signal o1 Y T .T priority of freight vehicles to decrease travel time and
Priority [93] reduce fuel consumption
ADIS/ATMC A dynamic traffic assignment model, seeking optimal
Applications (o] [ J T O assignment of vehicles to the network and supplying
[114] proper route guidance
A hybrid collision warning system with integration of
Hybrid collision NGSIM loop detectors data, vehicle-to-vehicle
) warning system .T (o]} (o)) information and the cloud center to offer the driver
Centralized [83] potential collision warnings in order to decrease
collision risks
e e
Warning System | ¢ O O g Y

[84]

alleviate further dangers caused by congestion, full
braking and tight bend

S: safety; M: mobility; E: environmental impacts
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As underlined in many studies, a management center tactic is inevitable in the
centralized control strategy. As reported in [83], a hybrid collision warning system,
integrating macroscopic data acquired from loop detectors and microscopic inter-vehicle
information data obtained from on-board smartphones, was proposed to describe potential
collision risks in divided road segments using a deceleration-based surrogate safety
measurement. Benefited from the cloud center tactic, the system efficiency can be
increased by loading computation tasks on individual smartphones. The collision risks,
herein defined as a ratio between the required deceleration and the representative maximum
braking performance, were compared among several collision warning systems. Tak et al.
concludedthat the proposed system outperforms other collision warning systems because
of higher accuracy due to data fusion from multiple sources [83]. Other than driving
behavior data (e.g., space headway difference, velocity difference and acceleration
difference between the subject vehicle and the lead vehicle), mobility and environment
impacts performance were not measured in [83]. Another typical example of safety-
focused CV application is the danger notification/dissemination application. Haupt et al.
presented a local danger warning system, which used a central information service and
equipped smartphones with built-in sensors to collect local abnormal situations (e.g.,
collective full braking behaviors, congestion and tight bend) to disseminate warnings to
app-enabled vehicles in the vicinity of hazards [84]. It was concluded that the potential
congestion and collision risks caused by the dangerous situations should be avoidable and

reduced, whereas no direct results were investigated in [84].
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4.3.2.3 Environmental Impacts Benefits

To achieve pollution emissions reduction of transportation systems, Wu et al.
proposed an eco-speed harmonization scheme to reduce the overall fuel consumption on
freeways using mutual vehicle-to-infrastructure communication [85]. In the proposed
method, individual vehicles communicate with infrastructure on the associated road
segment and calculate a safe eco-friendly speed based on a speed determination scheme. It
is interesting to note that even the proposed strategy was proposed with a focus on
environment protection, the rear collisions might be mitigated as well due to the
harmonized speeds. In the same direction, an environmental impacts-focused application,
namely the eco-approach departure system, was proposed in [86], where the signal phase
and timing information from the traffic signal controller together with preceding vehicles
information was utilized to supply speed and acceleration guidance to the driver in an eco-
friendly way. The fuel savings generated by the Comprehensive Modal Emissions Model
(CMEM) were compared, and results show that there are higher fuel savings as the
penetration rate of equipped vehicles increases. The mobility and safety performance were
not estimated specifically in [86], whereas the individual vehicle’s speed is smoothened
when passing through the intersection, possibly leading to a decrease of potential rear-end
collisions.

Yang et al. proposed an eco-CACC system to obtain fuel savings at signalized
intersections [87]. The proposed system used a queue length prediction algorithm and
formulated a fuel efficiency optimization problem, recommending the vehicle trajectory

and advising the driver when to approach the intersection stop bar (right after the last
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queued vehicle is discharged) and how to stop (e.g. supplying speed and acceleration
advice). A minimum penetration rate value is required for the overall fuel efficiency
improvement for the multi-lane intersection scenario. Besides trajectory and fuel savings,
safety-related and mobility-related results were not mentioned, however, potential conflicts
and congestion are supposed to be mitigated due to a decrease of the queue length. Another
eco-driving approach has been proposed in [88], where a longitudinal control approach
based on energy consumption-minimized was used, taking into account both the inner
vehicle’s operations and the outer traffic and roadway conditions to evaluate the fuel
savings. At the same time, a safe headway principle was embedded into this proposed
system as well to achieve safety benefits.

Saving fuel by taking advantages of (hybrid) electric vehicle is an emerging and
attractive research topic as well. A variety of research activities on electric vehicles and
electric buses have been carried out, with the purpose of increasing energy efficiency and
reducing emissions. Guan and Frey presented a model predictive energy efficiency
optimization system using a power-train model and traffic lights sequences information to

increase energy efficiency of the electric vehicles [89], [90].

4.3.2.4 Environmental Impacts & Mobility Co-Benefits

Multi-agent systems (MAS) approach turns out to be another frequently used
method to regulate traffic flow and to save fuel consumption [91]-[93]. A platoon-based
intersection management system was proposed in [91], aiming to improve mobility and
environmental sustainability by the formation of vehicle platoons using connected vehicles

technologies. The intersection capacity is increased due to the vehicle platoons, therefore
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the travel time is reduced compared to traditional traffic light control and non-platoon
intersection management schemes, and safety might be improved due to the formation of
platoons as well, however, slightly higher fuel consumption is introduced (validated). MAS
can be applied to not only longitudinal maneuvers but also lateral ones. Also, Jin et al.
proposed a real-time optimal lane selection algorithm which also regulates the
uncoordinated lane changes of vehicles on a localized road segment based on the lane
occupied, speed, location and desired driving speeds of individual vehicles [92]. The
overall conflict number was targeted to be zero in an optimization problem and it has been
validated that the average travel time and fuel consumption are reduced at the same time.
Making use of the freight signal priority on the basis of a connectivity-based signal control
algorithm, Kari et al. addressed the issue of high NOx emissions from freight vehicles at
intersections. Compared to fixed signal timing cases, both the fuel consumption and the
travel time have been saved due to better traffic regulation, which benefits not only freight
vehicles but also other vehicles [93]. Besides the freight vehicle priority algorithm, there
are also some studies conducted, leading to a safe and smooth traffic society by using signal
preemption systems for emergency vehicles [94], [95]. Table 4-4 lists some of the
infrastructure-centric CV-based applications from the angle of co-benefits and trade-offs

among different MOEs.

4.3.3 Traveler-Centric CV-Based Applications
4.3.3.1 Safety Benefits

Pedestrian protection is one of the urgent issues needed to be addressed, in order to

enhance pedestrian safety. An interesting survey in this direction was carried out by Gandhi
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and Trivedi, which mainly focuses on pedestrian detection using sensors in vehicles and
infrastructure, and collision avoidance based on collision prediction with pedestrian
dynamics and behavior analysis [96]. Other than those computer vision based pedestrian
detection techniques, there are also a few studies on pedestrian protection through V2X
communications [97]-[100]. An approach to avoiding accidents by making use of sensors
and communication technologies was discussed in [97]. The contributions focus on safety
enhancement of active vulnerable road users (pedestrians, cyclists or powered two-
wheelers) in a cooperative way. The proposed WATCH-OVER system can be triggered
when there is a certain risk level measured by collision trajectories and send an alert to
both the equipped vehicle and the active on-road traveler(s) to prevent any road accident.
Similar projects V2ProVu and WiFiHonk were investigated in [98], [99], using a
communication device NexCom (installed with the IEEE 802.11g and a conventional GPS
chip) and a smartphone-based beacon stuffed with a Wi-Fi based Vehicle-to-Pedestrian
(V2P) communication system, respectively. In [99], results are the probability of a
collision, defined as the ratio of the required time to stop and the time available for stop.
Results of systems with the proposed communication approach and with conventional Wi-

Fi communication method were tested and compared.

4.3.3.2 Mobility Benefits

In addition to the presented safety application, multimodal traveler information
based traffic situational awareness systems have been developed in order to detect user
modes of travel and provide further proper suggestion for routing. Zhang et al. proposed

an iPhone/Android-based Path2Go application which was designed to improve the
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mobility of equipped users, by fusing the GPS data from both transit vehicles and smart
phones/detecting mobile users’ activity/differentiating the user’s travel modes/supplying
proper routing advice (including mode choices) to users [101]. The performance test of the
proposed application was carried out on CalTrain and several local bus routes, and the
correction detection rate is as high as 92%. Table 4-5 lists some of the traveler-centric

applications from the different MOEs benefits perspective.

TABLE 4-5. TRAVELER-BASED CV-BASED APPLICATIONS

Project/Application MOE focus
name & Ref S M E

Contributions

Categories

A cooperative system framework integrating
sensors and V2X communications to prevent
WATCH-OVER [97] | 1 o o road accidents that involve vulnerable active
road users
A pedestrian protection application using Wi-Fi
o based NexCom devices for V2P
communication for vehicle presence informing
and/or hazard alarming
Traveler-based A context-awareness routing service based on
real-time Multi-Model traveler information to
Path2Go [101] O D1 O match proper travel modes and to provide users
further route information
A collision estimation algorithm between
WiFiHonk [99] [ ] T (@) O providing issue warnings using the beacon
stuffed Wi-Fi communication
A dynamic inductive power transfer lane
[110] O O D1 designed for electric bikes

V2ProVu [98] D1 (@)

S: safety; M: mobility; E: environmental impact
4.4 Summary

This chapter provides an in-depth literature review on CV-based applications
related research, and analyses the potential tradeoffs and co-benefits of three key MOEs
among various CV-based applications in detail. A broad three-level classification of CV-
based applications has been proposed, i.e., vehicle-centric, infrastructure-centric, and
traveler-centric applications. It is concluded that a trend exists that a portion of those CV-
based applications are being designed to improve more than one MOEs (usually two),

however, very few CV applications improve all the three major MOEs (i.e., safety, mobility
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and environmental impacts) simultaneously. Based on the literature reviewed, we identify
some influential factors on system performance. In combination with co-benefits analysis
of some typical CV-based applications, we can conclude and identify some key strategies
to improve system performance. Moreover, some CV applications may have co-benefits
by combining several different-MOE-focused applications, to improve a combination of
safety, mobility and environmental sustainability.

Furthermore, other than the application itself, many network-wide factors could
affect the performance of a specific application. For instance, penetration rate of
application-equipped vehicles is one important dimension that should be taken into account
when the performance is measured, especially when there is a growing trend toward mixed
traffic within the next decade. Other parameters we might also need consider include but
not limit to traffic demand, truck percentage and even communication transmission range,

etc.
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5 AN INNOVATIVE FRAMEWORK TO EVALUATE THE
PERFORMANCE OF CONNECTED VEHICLE
APPLICATIONS: FROM THE PERSPECTIVE OF
SPEED VARIATION-BASED ENTROPY

5.1 Introduction

To evaluate the performance of CV applications, a variety of conventional
Measures of Effectiveness (MOESs) have been proposed over the years, mainly covering
safety, mobility, and environmental sustainability. However, few studies have focused on
holistically evaluating CV applications in terms of safety, mobility, and environment [111].
Even fewer studies have attempted to examine the speed variation-based MOE and explore
its connection with conventional MOEs. In this chapter, Speed Variation-based Entropy
(SVE) is recommended as a way to evaluate the effectiveness of different CV applications
on application-equipped vehicles and unequipped vehicles in terms of the system’s degree
of order. Three CV applications, i.e., HSDW, ESH, and EAD, were selected and evaluated
in the framework of SVE.

The rest of this chapter is organized as follows: Section 5.2 presents three selected
CV applications, followed by the description of a developed framework for SVE-based
evaluation in Section 5.3. Section 5.4 briefly introduces the simulation model and
scenarios. In Section 5.5, simulation studies are conducted to evaluate the effectiveness of
target applications from the perspective of SVE as well as safety, mobility, and
environmental impacts. Section 5.6 concludes this chapter with a summary of the research

findings.
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5.2 Representative CV Applications

Three selected CV applications have been developed elsewhere and selected for
analysis, representing safety-and environment-focused applications, respectively. These
applications include High Speed Differential (HSDW), Eco-Speed Harmonization (ESH),

and Eco-Approach and Departure (EAD).

5.2.1 High Speed Differential Warning (HSDW) Application

A vehicle-to-vehicle (V2V) communication-based CV application, named High
Speed Differential Warning (HSDW), was recently developed [112]. Information (such as
instantaneous speed and location) can be obtained via V2V communication in the form of
Basic Safety Messages (BSM) [14]. By exchanging such information within the
communication range, this application can identify different scenarios (see Figure 5-1)
where high-speed differentials exist between the host vehicle and remote vehicles on the
current lane or adjacent lanes. Then the application will provide the driver with guidance

on deceleration or lane-changing operation, aiming to reduce the risk of collision [112].

Traffic Direction » @ Host (HSDW-equipped) Vehicle @ Remote (DSRC-equipped) Vehicle ) Classic Vehicle
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Figure 5-1. Possible HSDW Scenarios (from [112])

5.2.2 Eco-Speed Harmonization (ESH) Application

In addition to HSDW, another CV application developed by Wu et al. is Eco-Speed

Harmonization (ESH), which is able to advise the driver with the appropriate speed needed
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to reduce unnecessary stop-and-go maneuvers, and thus, regulate traffic flow based on
downstream traffic conditions, especially when approaching bottleneck/congestion areas
[22]. Connected vehicles and DSRC-equipped roadside equipment exchange information
with each other, and the average speed of road segments can be monitored and transmitted
to the associated connected vehicles to encourage smooth driving at energy-efficient speeds

for entire traffic flows [85].

5.2.3 Eco-Approach and Departure (EAD) Application

In addition to the two CV applications mentioned above, the Eco-Approach
Departure (EAD) application [27] is designed to reduce energy consumption for the vehicle
traveling along signalized corridors, by communicating with the signal phase and timing
(SPaT) information of the upcoming traffic signals. More specifically, the application-
equipped vehicle uses this traffic signal data, provides advisory speed profile to the driver
and allows the driver to adapt the vehicle’s speed to pass the next traffic signal in the most

eco-friendly manner.

5.3 Framework of Speed Variation-based Entropy (SVE)
5.3.1 Entropy

Entropy has been widely used in many branches of science, ranging from classical
thermodynamics to statistical mechanics and information theory [114]-[117]. In
thermodynamics, entropy has been loosely associated with the amount of order or chaos.
It can be understood as a measurement of molecular disorder within a macroscopic system
and the maximum entropy will be achieved as an isolated system spontaneously evolves

toward thermodynamic equilibrium. In his seminal paper, Shannon put forward the
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Shannon entropy and used it as a measure of the amount of information that is missing
before reception [118]. More specifically, the Shannon entropy of a discrete variable X

with a probability mass function (PMF) p(x) = Pr{X = x},x € X, is defined as

HX) = = Xxp(x) log,p(x) (5-1)

Further, Prigogine and Lewis et al. defined entropy as a measure of ignorance [119],
regarding the gain in entropy as loss of information [120]. In transportation-related
research, Baslamisli et al. proposed an approach to identify the surface type of road by
calculating the entropies of the sprung mass vertical acceleration of a vehicle running over
roads with different qualities [121]. Tan et al. used the entropy of driver steering angle to
measure discontinuity and to evaluate the effectiveness of drivers’ steering controls to

distinguish driving skill levels [122].

5.3.2 Speed Variation-based Entropy (SVE)

Fluctuations in vehicle speed have a significant impact on traffic operation. As
mentioned previously, a variety of MOEs have been developed to address the variability
in velocity. However, most of them rely on conventional statistics, such as mean and
standard deviation, which may not be able to capture enough spectrum of the speed
distribution. Inspired by the Shannon entropy (as described in Section 5.3.1), the Speed
Variation-based Entropy (SVE) has been proposed and developed in this study to evaluate
the performance of CV applications in terms of smoother maneuvering of equipped
vehicles and entire traffic when additional information is introduced via connectivity. A
three-step procedure to calculate the SVE from each individual vehicle’s trajectory is show

in Figure 5-2.
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Figure 5-2. Three-Step Procedure for SVE Calculation

Based on second-by-second trajectory data, a histogram of the speed data classifies
speed data into a certain number of bins, representing the distribution of sample frequency
over the speed range. The probability value in each bin can be calculated by dividing the
frequency per bin by the total size of the speed data. Equation (5-1) is applied to calculate
the entropy of speed variations. The entropy in this study is in units of bits, since base-2
logarithms are used.

By calculating the SVE-based MOE on speed trajectories, the speed variations
information can be grouped from a trip-by-trip perspective. For an individual vehicle, the
time-speed diagram is employed to describe its speed characteristics changing with time.
The 2-D time-speed information could then be reduced into one single entropy value,
which is the SVE defined above. Therefore, for each vehicle trip, there is an associated
SVE value to represent speed variations during the whole trip. Then, the SVE distribution
based on the SVE values of all trips can be obtained. It is expected that the trip-based SVE
distributions can well represent the effects of CV applications on traffic streams and the
degree of traffic smoothness/chaos.

As one example, Figure 5-3 illustrates the speed distribution of two trips of an
individual vehicle. The entropy of the high concentration distribution (red dash line) is
smaller than that of the more spread-out distribution (black solid line). This result is

consistent with the customized entropy “definition”: the less concentrated the speed value
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is, the larger customized entropy would be, leading to more uncertainties for complete
knowledge of the event or process, e.g., stop-and-go behaviors and relevant traffic
condition. Based on the definition of entropy as aforementioned, the corresponding trip-

by-trip-based SVE values are calculated.
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Figure 5-3. Time-Speed Diagram for Two Individual Trips

Moreover, based on the Fundamental Diagram (FD) [123] such as the
Greenshield’s one, as the traffic becomes denser, cars driven under constant time headway
have lower equilibrium speed. In the meanwhile, the smallest speed variations and the stop-
and-go behaviors can be amplified further by human drivers, causing traffic jam. It is
expected that relevant performance (e.g., potential conflict risk, average speed and fuel

consumption) in such traffic condition would deteriorate due to the increased stop-and-go
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behaviors. More insights relevant to the traffic jam propagation and the effects of driver
behavior can be found in [124]. In addition, the Connected Cruise Control algorithms have
been designed to control the longitudinal behavior of connected automated vehicles, in
order to reduce speed variations, mitigate traffic waves and improve energy efficiency,
which has been verified in field experiments [125]. Driving behavior control features such
as the Cooperative Adaptive Cruise Control (CACC) may regulate the traffic flows by
implementing the platooning of autonomous vehicles [126] and taking into consideration
the stability of the vehicle string [127], to increase the road throughput. The CACC
longitudinal control algorithm is robust against speed variations, therefore, the average
speed might not reduce as the SVE increases in this case. It is noted that the SVE measures
speed variations but not the average speed (i.e., high average speed and low average
velocity cases could have the same SVE value), which might lead to a complicated
relationship between SVE and the mobility performance. For example, driving behavior
control features such as cooperative adaptive cruise control (CACC) may regulate the
traffic flows, and then push traffic speed towards the peak of the fundamental diagram. In
this case, the average speed might not reduce as SVE increases. The relation between the

SVE and mobility performance (e.g., average speed) is relatively complicated.

5.3.3 Curve Fitting of Discrete SVE Distributions

When examining the empirical SVE distributions (i.e., using histograms), the
Weibull distribution was selected in this study for histogram fitting to gain further insight.
The Weibull distribution is widely used for weather forecasting [128], reliability

engineering, and failure analysis of systems.
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The probability density function (PDF) of a Weibull random variable is:

E(E)B"l e~C/F 5

f(x;A,B) =44\ (5-2)

0 x<O0

where B > 0 is the shape parameter, and A > 0 is the scale parameter of the distribution.

In a Weibull distribution, B > 1 exists for an “aging” system, which by this
hypothesis, means as time passes, the traffic system tends to be chaotic due to microscopic
(e.g., stop-and-go maneuvers and lane changes) and macroscopic (e.g., demand
fluctuations, vehicle mix, and roadway geometry) disturbances. Moreover, the mode and
inter-quartile range (IQR) of the fitted Weibull distribution can be regarded as potential
surrogate measures that indicate the traffic system degree of chaos. The smaller the mode
of SVE distribution is, the smoother the traffic system is, since the majority of vehicles in
roadway transportation have small speed variations. The larger the IQR of SVE distribution
is, the more unpredictable and chaotic the traffic condition is, due to the larger diversity of
SVE values.

For multi-modal distributions, the Weibull mixture [129] probability distribution

function is used to better fit the discrete SVE distribution, which is defined as

f&) =2Xipfi(x) (5-3)

where f;(x) is i-th component, which also follows a Weibull probability distribution; p is

the mixture parameter or weight.

5.4 Simulation Setup
5.4.1 Simulation Model

In this work, a segment of California SR-91E has been used for a simulation study,
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which consists of a 15-mile corridor between the Orange County Line and Tyler Street in
Riverside, California (see Figure 5-4). The number of lanes ranges from four to six, and
there are nine pairs of on-/off-ramps. The traffic conditions usually fall into levels of
service (LOS) C to E [130] during peak hours. Traffic demands, origin-destination (O-D)
patterns, and driving behaviors have been calibrated to match that of a typical weekday
morning in the summer [131]. The segment of California SR-91E is used to test HSDW,
ESH. In addition, EAD is designed for vehicles when they pass through signalized
intersections, therefore, the EAD application has been tested in a three-intersection
signalized corridor in Palo Alto, CA, with three lanes in each direction, where the traffic

patterns and signal control have been calibrated with field data.
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Figure 5-4. Road Network of the California SR-91E in Real-World and PARAMICS
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5.4.2

Simulation Scenarios

To better understand the effectiveness of applications, comprehensive simulation

tests have been conducted over the following system parameters:

1)

2)

Penetration rate of DSRC-equipped vehicles. In this study, a full range (8 total
levels) of penetration rates are examined for conventional MOEs, including 0%
(baseline), 10%, 20%, 30%, 40%, 50%, 80% and 100%, under the calibrated traffic
demand pattern (LOS D). The application-equipped rate is set the same as the
DSRC-equipped rate in this study.

Congestion level. For the highway scenarios, during a three-hour simulation period,
two levels of traffic volume are to be evaluated: 25,000 vehicles (calibrated), and
32,000 vehicles per simulation run. Further analysis on the average speed indicates
that these two cases represent the traffic conditions of LOS D (transitional flows)
and LOS E (unstable flows), respectively, according to the Highway Capacity
Manual (HCM) 2010 [130]. For the signalized intersection scenarios, there are two
levels of traffic volume: 5000 vehicles/run (v/c = 0.38, referred to as moderate

traffic), and 10000 vehicles/run (v/c = 0.76, referred to as relatively heavy traffic).

5.5 Simulation Results

5.5.1

SVE-based MOE Evaluation for CV Applications

5.5.1.1 CV Applications’ Effects on Traffic

The SVE-based MOEs of all three selected applications (HSDW, ESH, and EAD)

are first analyzed. All the four applications were first tested under the 20% penetration rate

for application-equipped vehicles. For the highway scenarios and signalized intersections,
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total traffic volume levels are 25,000 vehicles per run and 5000 vehicles per run,
respectively (both cases are moderate traffic condition). Figure 5-5 shows the SVE
distributions of application-unequipped vehicles (before) and application-equipped
vehicles (after) of corresponding applications, with the following key observations:

a) It can be observed that minor changes occurred in the SVE distributions between
the HSDW-equipped and HSDW-unequipped vehicles, and they have very similar
modes and IQRs. A potential explanation is that the HSDW application is not
triggered frequently enough in this moderate and relatively stable traffic condition
(25,000 vehicles/run).

b) In the ESH scenario, a significant left shift is observed in the SVE distribution of
ESH-equipped vehicles compared with that of the ESH-unequipped vehicles. The
mode of ESH-equipped vehicles and ESH-unequipped vehicles are 4.4 bits and 4.9
bits, respectively. Smaller modes and IQRs of ESH-equipped vehicles means they
do have smaller speed variations as well as travel in a more predictable way than
ESH-unequipped vehicles. In this case, ESH-equipped vehicles obtain smoother
velocity and then smaller SVE via additional information brought by roadside
infrastructure.

c) The SVE distributions in the EAD scenario are multi-mode. The reason could be
that there are interruptions from external factors (such as traffic signals). Note that
these disturbances affect the speed variations rather than the SVE distribution’s

performance. In fact, the multiple modes in the SVE distributions show that there
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exist disturbances in the speed variations (such as many stop-and-wait behaviors

caused by signalized intersections and/or highly congested traffic conditions).
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Figure 5-5. Time SVE Distributions of Three Different CV Applications (25,000 Vehicles/Run, 20%
Penetration Rate)

5.5.1.2 Sensitivity Analysis

a) Penetration rate:

The ESH and the EAD applications are taken as examples for penetration rate
sensitivity analysis in moderate traffic (25,000 veh/run for ESH and 5000 veh/run for
EAD), and three levels of penetration rate of application-equipped vehicles are selected:
10%, 50% and 80%. We can observe from Figure 5-6 that both the ESH and the EAD are
robust to the variation of penetration rate compared to the other applications: the safety
capability, mobility performance and fuel consumption have not changed much across
different penetration rate levels (see Table 5-1). Therefore we used these applications as
examples to verify that the entropy-based MOE (i.e., SVE) can be an indicator, showing

how the other MOEs change (or even hardly change), in order to demonstrate the
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consistency in SVE with other MOEs. The cases showing how SVE varies with other

MOEs as the number of application-equipped vehicles increases are presented in the

following traffic volume sensitivity analysis (i.e., for the EAD application).
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Figure 5-6. SVE Distributions of Different Penetration Rates in ESH and EAD Scenarios (25,000
Vehicles/Run)

TABLE 5-1. CONVENTIONAL MOES OF PENETRATION RATE SENSITIVITY ANALYSIS

Penetration Rate Sensitivity Analysis

ESH (25,000 veh/run) EAD (moderate traffic)
Penetration rate S? MP E¢ S? MP EC
Equipped 0.1504 58.3  4158.9 0.0973 22.1 4043.3
10%
’ Unequipped 0.1861 59.9 42953 0.0973 22.2 43325
E00t Equipped 0.1646 58.6  4168.4 0.0767 21.7 4139.0
0
Unequipped 0.1812 59.3  4276.0 0.0801 22.3 42735
800 Equipped 0.1711 59.0 4195.2 0.0616 21.7 4178.0
0
Unequipped 0.2129 59.5 42915 0.1028 22.2 43174

a Safety MOE: Conflict frequency. ® Mobility MOE: Average speed (mph). ¢ Environmental impacts MOE: Fuel
consumption (KJ/mile).

b) Traffic volume:

First, Figure 5-7 presents a comparison between two baselines (where there is a 0%
penetration rate of application-equipped vehicles) of different congestion levels. It shows
that a shift to the right of SVE distribution under the heavy traffic baseline case is observed
with respect to that of the moderate traffic baseline case, because higher traffic demand

may cause higher speed fluctuations/chaos on the road (See Figure 5-7(a)).
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Figure 5-7. SVE Distributions of Different Traffic Volumes in EAD Scenario (Baseline Cases and
20% Penetration Rate)

Second, as for the congestion level sensitivity analysis, the penetration rate of
application-equipped vehicles is fixed at 20%, and the EAD application are selected as the
sensitivity analysis scenarios. It can be observed that there already exist multiple modes in

the baselines of the SVE distributions under the signalized intersections scenarios, since
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the traffic light signals cause many stop-and-wait behaviors, leading to the fluctuations in
speed variations and the multi-mode SVE distributions. In addition, by comparing the
baselines in Figure 5-7, it can be concluded that the more congested traffic condition causes
the right-shift of the SVE distribution’ mode. The SVE values of the majority of vehicles

will become larger in the relatively heavy traffic condition.

TABLE 5-2. CONVENTIONAL MOES OF TRAFFIC VOLUME SENSITIVITY ANALYSIS

Traffic Volume Sensitivity Analysis

EAD (20% penetration rate)

Traffic volume S? MP EC
Equipped 0.0497 21.6 4120.3
Moderate
traffic .
Unequipped 0.1006 22.3 4338.6
Heavy Equipped 0.1742 20.9 4203.9
traffic ]
Unequipped 0.2144 21.6 4305.3

#Safety MOE: Conflict frequency. ® Mobility MOE: Average speed (mph). ¢ Environmental impacts MOE: Fuel consumption (KJ/mile).

5.5.2 Correlations between SVE and Conventional MOEs
5.5.2.1 Baseline SVE versus Conventional MOEs

Figure 5-8 shows the relationship between SVE and the other three conventional
MOEs in the case of baseline settings (i.e., 0% application-equipped vehicles, and 25,000
veh/run in the highway scenario):
a) Safety. The number of conflicts is minor when SVE is small. When higher SVE is
observed, vehicles are exposed to a higher conflict number;
b) Mobility. There is no strong correlation between SVE and the average speed. For
example, overall traffic that moves slowly but smoothly may have similar SVE as fast,

free-flow traffic;
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c¢) Environment. When SVE is higher, the fuel consumption increases, floating within a
certain bandwidth range, e.g., 300 KJ/mile (this testing scenario focuses on the region with

dense data samples).
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Figure 5-8. Baseline SVE Correlations with Three Conventional MOEs (0% Penetration Rate, 25,000
Veh/Run)

5.5.2.2 SVE versus Conventional MOEs for Three Selected CV Applications

It can be expected that the conventional MOEs of different CV applications can be
roughly obtained through the corresponding SVE. Table 5-1 and Table 5-2 list the three
conventional MOEs of sensitivity analysis cases in some CV application scenarios
(corresponding to the SVE MOE sensitivity analysis in Section 5.5.2.1) to explore the
correlations between SVE and conventional MOEs.

a) Penetration rate: Based on the general correlations between SVE and conventional
MOEs in Figure 5-8, the corresponding estimated conflict frequencies of ESH-equipped
and unequipped vehicles are 0.1638 and 0.1925, with estimated fuel consumption ranges

from 4000-4,300 KJ/mile and 4,200-4,500 KJ/mile, which are consistent with the
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numerical results in Table 5-1. The conflict frequency difference between estimation and
actual results is less than 0.02.

Moreover, the correlation between SVE and average speed, fuel consumption, and
conflict frequency are plotted and calculated, respectively (see Figure 5-9 and Table 5-3).
To be clear, in this case there are seven penetration rate levels for seven SVE samples, i.e.,
10%, 20%, 30%, 40%, 50%, 80%, and 100%. Every entropy value is available for each
penetration rate level under the moderate traffic (25,000 vehicles/run for the highway
scenario and 5000 vehicles/run for the downtown scenario), where each entropy value is
calculated based on the overall vehicle speed data in the entire network during the full
simulation time. The corresponding conventional MOEs are average values of overall
vehicles under the same scenarios.

In Figure 5-9, it can be concluded that SVE has a strong negative correlation with
average speed, and an obvious positive correlation with fuel consumption and conflict
frequency in the HSDW scenarios. This result meets the expectation that high entropy
values reflect more chaotic traffic in terms of high conflict frequency, low average speed,
and high fuel consumption. However, the ESH scenario is a special case where SVE versus
safety and SVE versus mobility do not show such a trend in correlation coefficients.
Several potential reasons are: a) for the safety aspect, since the traffic system is subject to
less fluctuation across different penetration rates in the ESH scenario (as mentioned in
penetration rate sensitivity analysis in terms of SVE MOE in Section 5.5.1.2), the
fluctuation in conventional MOEs (e.g., conflict frequency) is very small (note that to be

observed distinctly, the y-axis limit for safety in the ESH scenario is relatively small in
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Figure 5-9) across different penetration rates, which leads to the 0.3916 correlation
coefficient (see Table 5-3); and b) on the other hand, for the mobility aspect, it can be
concluded that the ESH system sacrifices the mobility to some extent in order to smooth
overall traffic flow and keep the speed within a certain range for energy saving, as the
penetration rate increases. The EAD application is designed to smooth the longitudinal
trajectories of the application-equipped vehicles and reduce the fuel consumption.
However, the impacts of such application on other unequipped vehicles/the overall traffic
could be amplified due to the signalized intersections. In Figure 5-9, we observe that the
overall SVE increases as the penetration rate of the EAD application increases, while the
EAD is robust against the surrounding variations (the three MOEs in the EAD scenario are
relatively stable). Please note that to be observed distinctly, the y-axis limits for the three
MOEs in the EAD scenario are relatively small. In this case, SVE versus conflict risk/fuel
consumption is not positively correlated any more (see Table 5-3). By combining the
conventional MOEs and the SVEs, we can understand how the application affects the
overall traffic (smoothing or causing chaos in speed variations) and whether the application

is robust against surrounding variations.

TABLE 5-3. CORRELATION COEFFICIENTS BETWEEN SVE AND CONVENTIONAL MOES (25,000
VEHICLES/RUN)

Application HSDW ESH EAD
MOE SVE SVE vs SVEvs | SVEvs SVEvs SVEvs SVE vs SVE vs SVE vs
vs S MmP E¢ S M E S M E
Correlation
coefficient 0.9811 -0.8950 0.9490 0.3916 0.9681 0.9941 -0.9499 -0.6765 -0.9131
a Safety MOE: Conflict frequency. b Mobility MOE: Average speed (mph). ¢ Environmental impacts MOE: Fuel consumption (KJ/mi).
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Figure 5-9. SVE versus Three Conventional MOEs across Different Penetration Rate Levels for
Three Different CV Applications (Moderate Traffic)

b) Traffic volume: Regarding the EAD, the SVE value increases as the traffic volume
increases, and the safety, mobility, and sustainability impacts performance deteriorate due
to the higher speed variations in the heavy traffic condition (see Table 5-2 and Figure 5-10
(i), (), (k), and ()).

Lastly, the correlation between SVE and the three conventional MOEs of the three

selected CV applications across two congestion levels is shown in Figure 5-10. Each
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entropy value is calculated based on the overall vehicle speed data on the entire network
during the full simulation time. A 20% penetration rate of application-equipped vehicles is
fixed herein. The results show that higher SVE is associated with higher conflict frequency,
lower average speed, and higher energy consumption for both HSDW and ESH. Again, as
mentioned in Section 5.3.2, as the traffic becomes denser, human drivers can amplify the
smallest speed variations into a full-on stop-and-go jam. This could well explain the
negative correlation results between the SVE and traffic mobility performance for HSDW,

ESH, and EAD in Figure 5-10.
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Figure 5-10. SVE versus Three Conventional MOEs across Two Different Congestion Levels for
Three Different CV Applications (20% Penetration Rate of Application-Equipped Vehicles)

5.5.2.3 Discussions

To draw a more general conclusion on the correlation between SVE and vehicle
performance, the conflict frequency, average speed and fuel consumption have been
estimated for each individual vehicle (application-equipped) during its whole trip. The
correlation coefficients between SVE values of individual vehicles and their safety,
mobility and environmental sustainability performance measures for all the four CV
applications are shown in Table 5-4. Comparing Table 5-3 with Table 5-4, the correlation
coefficients between the SVE and the conflict frequency/fuel consumption are still
positive. But the correlation of the SVE and the vehicle’s performance measures from the
individual vehicle perspective is not as strong as the correlation of the SVE distribution or
the entropy of overall vehicles and the overall performance measures (e.g., average conflict
number and average fuel consumption) (please also refer to Figure 5-8, as compared to all
the individual samples, the SVE shows stronger positive correlation with the average

conflict frequency).
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Table 5-4 Correlation coefficients between SVE and conventional MOEs (Heavy Traffic, 20%
Penetration Rate)

Application HSDW ESH EAD
SVEvs SVEvs SVE vs SVE vs SVE vs SVE vs SVE vs
MOE o o o . " . SVEvsS SVEwsM
Correlation 0.1040  -0.4092 0.1989 | 00812  -04362 01881 | 0.1589 0.0346 0.1435
coefficient

a Safety MOE: Conflict frequency. b Mobility MOE: Average speed (mph). ¢ Environmental impacts MOE: Fuel consumption (KJ/mi).

5.6 Summary
This chapter proposed and developed a Speed Variation-based Entropy (SVE) as a

new measure of effectiveness (MOE) for CV applications, at both on the individual vehicle
and the traffic levels. The SVE distribution (based on each individual trip) can be used as
an alternative MOE for traffic systems. Three representative applications were selected,
and the SVE distributions were analyzed in comparison to MOEs related to safety,
mobility, and environmental impacts.

The SVE has a strong correlation with conventional MOEs for CV applications
especially under freeway scenarios. For example, results from this study show that the
average conflict frequency and the average fuel consumption have a strong positive
correlation with the SVE especially under freeway scenarios. In addition, the SVE and its
distribution can be used as an alternative MOE for CV applications evaluation in a more
holistic way from the perspective of the entire traffic system status observation, which
otherwise needs to be jointly reflected and evaluated by several (usually more than one)
conventional MOEs. We can observe the entire traffic status through the SVE distributions
(mode and IQR): A system with a larger mode and a broader inter-quartile range (IQR) of
the SVE distribution is more chaotic and less predictable (usually with deteriorated

conventional MOEs simultaneously).
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However, the relation between the SVE and the average speed itself is relatively
complicated (either positive or negative correlation), depending on the design of CV
applications. Therefore the SVE might be not a proper indicator to evaluate the mobility
performance (e.g., average speed) for the type of applications with string stability (e.g.,
cooperative adaptive cruise control). Please note that even the SVE is not closely associated
with the speed values, but the noise in speed measurement could still affect the performance
of the SVE measure since the inaccurate speed measurement could cause errored

calculation of speed variations.
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6 DEVELOPMENT AND EVALUATION OF A V2V-
BASED LANE SPEED MONITORING APPLICATION

Acquiring the real-time traffic information is fundamental for many traffic research
problems and intelligent transportation system applications. Conventionally, such
information is collected from either fixed-location sensors (such as loop detectors [132],
wireless sensor network [133], and cameras) or mobile sensors (e.g., Global Positioning
System (GPS) enabled probe vehicles [134]-[135], radar, LIDAR [136]). However, these
conventional sensing technologies may suffer from: 1) constrained detection range in space
and time; 2) loss of information fidelity due to the inclement weather; or 3) high cost in
data storage and processing. As an emerging technology, connected vehicles (CV) have
shown great potential to significantly enhance roadway users’ safety, mobility, and
environmental sustainability.

In this chapter, a novel vehicle-to-vehicle (V2V) based application, Lane Speed
Monitoring (LSM), has been developed as a CV-based driver assistance system example,
to assist the vehicle driver in selecting the lane with the best traffic flow conditions. This
guidance relies on the estimate of downstream lane-level vehicle states (lane-level
recognition is a research problem in itself, some researchers proposed lane-level
positioning based on carrier offset [137] and computer vision [138]), i.e., instantaneous
speeds, obtained from Dedicated Short Range Communication (DSRC). The remainder of
this chapter is organized as follows: Section 6.1 and Section 6.2 describe in detail the
system architecture and the lane-level travel speed estimation of the developed LSM
application, followed by a description of a simulation setup (including the tools,

parameters, and test scenarios) for evaluating its performance in Section 6.3.
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Comprehensive analyses of simulation results are presented in Section 6.4, in terms of
Safety, Mobility and Environmental impacts (SME). Section 6.5 presents the SME tradeoff
analysis of the LSM application. Section 6.6 presented the test results for LSM under the
developed SVE performance measure framework. Section 6.7 concludes this chapter with

potential future work in this area.

6.1 System Architecture

Figure 6-1 presents the system architecture for the developed LSM application,

which includes three basic layers:
e Input layer: The position and speed information of downstream DSRC-equipped
vehicles can be obtained via V2V communication, e.g., in the form of Basic Safety

Messages (BSM);

e Estimation layer: The downstream traffic states (e.g., minimum speed and average
speed) are estimated at the lane level. A more detailed description of traffic state

estimation is presented further in Section 6.2;

e Output layer: By comparing the estimated traffic states between different lanes, the
application will provide the recommendation on which lane the driver should choose.
Such advisory (e.g., via in-vehicle display) provides the driver with sufficient
information for real-world implementation, i.e., the driver can decide whether or not

any lane-change maneuver should be performed.
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Figure 6-1. System Architecture for Lane Speed Monitoring

6.2 Lane-Level Traffic Speed Estimation

DSRC-equipped vehicles are defined as communication-capable vehicles with a
DSRC device. These vehicles can transmit/receive the speed/location information within a
specified transmission range. LSM-equipped vehicles are defined as vehicles with the in-
vehicle lane-speed-monitoring application. Based on the real-time information transmitted
from the downstream DSRC-equipped vehicles, lane-level traffic speed that may affect the
lane selection decision can be evaluated using two key metrics: 1) minimum speed; and 2)
average speed.

In the minimum speed based evaluation method, the system will continuously
monitor the slowest instantaneous speed of the equipped vehicles (if any) along each

downstream lane. Then, the system will compare the metric of other lanes with that of the
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current lane (i.e., where the host vehicle is traveling), and determine whether or not a lane-
change suggestion should be disseminated. More specifically, we define the Measurement
of Estimation (MOE) of traffic conditions for the minimum-speed based LSM as follows:

MOE1 = v (¢) (6-1)
where vim(t) is the instantaneous speed of the m-th downstream DSRC-equipped vehicle at
time t in lane i. By comparing the detected minimum speed (i.e., MOEL) of all lanes, the
system will recommend the lane with maximum value of MOEL1 to the driver.

However, the minimum speed based method may not be robust enough in real-world
deployment, due to the variation in driving behavior (e.g., random abrupt decelerations).
Some slow vehicles (or vehicles stopping suddenly) are considered as outliers on roads,
which may not reflect the traffic condition in a comprehensive way. When a slow vehicle
exists downstream, drivers usually overtake the slow vehicle and then still stay in the faster
lane. Therefore, with the aim of showing drivers the general traffic stream information
further downstream, we propose to use the lane average speed, v, in the estimation layer
instead, i.e.,

zig“t VMT(t)

MOE2 =V =—F—7¢77——
0 v Z:thVHT(t)

(6-2)

where At is the time window for information collection; VMT and VHT represent the
downstream (DSRC-equipped) vehicle-mile-traveled and vehicle-hour-traveled,
respectively. As shown in Figure 6-2, during the time period from t;to t,,where t, = t; +
At , instantaneous speeds of downstream DSRC-equipped vehicles are continuously
monitored and the lane average speed is calculated for each lane. Then, the system will

suggest the lane with maximum MOEZ2, i.e., the lane average speed.

83



~ Transmission range

t=t; \ /
‘ Lanei+l
. vt
‘ Lanei-1
Transmission
“/nge
t=t, \

[’i,j(tz) Lane i+l

- a» 0 -

Lanei-1

/
D:) : Host LSM-vehicle m : LSM-vehicle - DSRC-vehicle : Classic vehicle

Figure 6-2. Example of Speed Monitoring for Average-Speed-Based Algorithm

6.3 Simulation Setup

6.3.1 Simulation Tools

In this study, we use PARAMICS (PARAIllel MICroscopic Simulator), a
microscopic traffic simulation tool, to model the movement and behavior of individual
vehicles on road networks [48]. The PARAMICS model is used by a number of California
projects [139]. An Application Programming Interface (API) has been developed to
implement the LSM algorithm, collect vehicles’ data, and evaluate the corresponding
measures of effectiveness.

For safety performance evaluation, the Surrogate Safety Assessment Model (SSAM)
is used to perform statistical analysis of vehicle trajectory data (.trj files) output from
PARAMICS [33]. In this study, we analyze the number and type of conflicts. A 1.5s time-

to-collision threshold was chosen to consider a conflict in the analysis.
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To assess environmental impacts, we use the MOtor Vehicle Emission Simulator
(MOVEYS), developed by the U.S. Environmental Protection Agency (EPA), and have coded
the corresponding API for energy/emissions estimation [54]. The Vehicle Specific Power
(VSP) based approach used in this study is to link traffic model through link-specific vehicle
Operating Mode distribution, which is calculated based on the second-by-second vehicle
speed and acceleration, second-by-second VSP and second-by-second OpMode. The
second-by-second energy consumption can be obtained based on the energy consumption

rate look-up table for the associated vehicle type and OpMode [140].

6.3.2 Simulation Network Model

We use the California SR-91E simulation model, which consists of a 15-mile
corridor between the Orange County Line and Tyler Street in Riverside, California (see
Figure 6-3). The number of lanes ranges from 4 to 6 and there are 9 pairs of on-/off-ramps.
The speed limit is 65 miles per hour, and traffic conditions usually fall into level of service
C to E [130] during the peak hours. Traffic demands, origin-destination (O-D) patterns, and
driving behavior have been calibrated to match that of a typical weekday morning in the

summer of 2006. For more detailed information about the model, please refer to [131].

6.3.3 Simulation Scenarios

To better understand the effectiveness of the LSM application, we have conducted
a number of comprehensive simulation tests over the following system parameters:
1) Congestion level. During the 3-hour simulation period, there are three traffic volumes
that were evaluated: 16,000 vehicles, 25,000 vehicles (calibrated), and 32,000 vehicles.

Further analysis on the average speed indicates that these three cases represent the level of
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service (LOS) C (stable flow), D (transitional flow) and E (unstable flow), respectively,

according to the Highway Capacity Manual 2010 [130].

2) Market penetration rate of DSRC-equipped vehicles. In this study, we have investigated
a full range (a total of 8 levels) of penetration rate of communication-capable vehicles,
including 0% (baseline), 1%, 5%, 10%, 20%, 50%, 80% and 100%, under the calibrated
traffic demand pattern (i.e., LOS D). The LSM application equipped rate is set as 9% (out
of all DSRC-equipped vehicles) in this study, which for example, is consistent with the US
automobile market share of Honda vehicles in Year 2015 [141].

In addition to the aforementioned parameters, a 300 meters DSRC range is assumed.
Further, to better model the real-world driver behavior in response to the LSM application,
we have conducted a customer survey (including 1453 drivers as respondents) on: 1) the
preferred information update frequency; and 2) the maneuver (i.e., lane change or not) that
drivers will take. The survey results are shown in Figure 6-4 and Figure 6-5, respectively.
As can be observed in Figure 6-4, the majority of subjects prefer receiving the information
updates frequently. Therefore, we implemented a recommendation update period of 2
seconds in the LSM algorithm. Results from Figure 6-5 indicates that most of the drivers
will change to other lanes when facing congestion, which supports us to develop the driver
reaction model as following the lane change recommendations most of the time (if possible)
in simulation. It is worth noting that we use the default lane change function in PARAMICS
for LSM, which would operate lane changes in a certain compliance rate when safe and

possible.
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Figure 6-3. Road Network of California SR-91E in Real-World and Paramics

How often would you like to receive
information update from this app?

= Infrequently
= Every 30 seconds to 1 minute
m Every 5-20 seconds

H Constantly

Figure 6-4. Survey Results Corresponding to Parameters Selection in Algorithm
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What lane(s) would you consider
changing to?

H The next lane to the right
B The next lane to the left
= Either right or left lane

® Any lane to the right

H Any lane to the left

= Any lane

Figure 6-5. Survey Results Corresponding to Driver Behavior in Algorithm
6.3.4 Simulation Runs

Due to the stochastic nature of the micro-simulation, multiple runs were made using
different seed numbers which are the starting numbers for the random number generator
(RNG) used by PARAMICS.

Equation (6-3) provides a guidance on the recommended number of runs that may

quantify the allowable error.

2
N = (ts, %) (6-3)
where u and ¢ are the mean and standard deviation of the estimated metrics (e.g., average
speed) based on the completed runs; ¢ is the allowable error specified as a fraction of the
mean x; and t,» is the critical value of the t distribution at the significance level of a. In our

simulation, the significance level was set to 0.05. The allowable error was set at 5%. If the
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number of conducted runs is larger than the recommended number of runs, the simulation
for that scenario is finished. Otherwise, one more run is made and the recommended number
of runs is updated accordingly. Typically, 3-5 runs are needed for the 20% or higher

penetration rate cases.

The detailed flowchart of the developed Lane Speed Monitoring is shown in Figure
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(Everyti Start
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If LSM-equipped?

Yes

Check another one
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Based on detected speed and
calculate speed ratio

If more than two lanes
have available info?

Ye:

S
Calculate speed
ratios,respectively

If any ratio <= threshold ?
Yes

Compare and choose the
smallest one

Recommend the
corresponding lane

If head vehicle is
downstream
of the ego vehicle?

Calculate lane-level average speed and
reset related parameters

Calculate vehicle number in downstream
for each lane

If head vehicle is
downstream
of the ego vehicle?

heck vehicle number is less thar
downstream vehicle number?

No Point to one more vehicle behind the head
vehicle

_| Add total speed and vehicle number with
respect to each lane

No recommendation

If head vehicle is
within 300 meters from
the ego vehicle ?

Figure 6-6. Detailed Flowchart of the Developed Lane Speed Monitoring Application

6.4 Simulation Results and Analysis
6.4.1 Mobility

To evaluate the mobility benefits, we defined the average speed improvement of

equipped vehicles versus unequipped vehicles as:

% . 100% (6-4)

Un
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where Ve is the average speed of LSM-equipped vehicles; vn is the average speed of
unequipped vehicles. Other average speed improvement between two different types of
vehicles are defined similarly, where positive values in figures represent a reduction of the
latter compared with the former and negative values represent an increase of the latter
compared with the former. To be clear, all equipped vehicles defined in this study are LSM-

equipped vehicles and unequipped vehicles mean LSM-unequipped vehicles.

6.4.1.1 Sensitivity Analysis on Penetration Rate
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Figure 6-7. Average Speed Improvement Comparison at LOS D

According to Figure 6-7, as the penetration rate increases, higher average speed
improvements (up to 11% on average) for equipped vehicles can be witnessed under the

traffic condition with LOS D. When the penetration rate is high enough (i.e., greater than
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10%), the improvement tends to be stable with much less variation. We can also see that

overall traffic does not show any significant speed improvement beyond the baseline.

6.4.1.2 Sensitivity Analysis on Traffic Volume

Figure 6-8 shows that for all levels of service, equipped vehicles have positive
speed improvement compared to unequipped vehicles. This means that from a user’s
perspective, around 10% benefits in average speed will be gained from the developed
application. However, the performance of unequipped vehicles will be slightly negatively
impacted especially under the unstable traffic flow (LOS E or 32,000 vehicles). A potential
reason is that the LSM-induced lane change maneuvers may further delay the other

unequipped equipped in the congested traffic condition. Such behavior does not show for

LOS C and D.
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From the perspective of an operator (see Figure 6-9), the introduction of this
developed application will not affect the overall traffic performance significantly when the
traffic volume is below 25,000 vehicles (LOS D). However, if the traffic gets congested
(e.g., LOS E), the overall traffic performance will be degraded (20% of vehicles are
equipped with DSRC in this case). This is consistent with the observation in Figure 6-8, as

the unequipped vehicles dominate the entire traffic flow.

6.4.2 Safety
6.4.2.1 Sensitivity Analysis on Penetration Rate
The vast majority of conflict type are rear-end collision close calls, based on the

SSAM results. The number of conflicts per LSM-equipped vehicle and that of overall case
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are compared with the baseline, respectively, as can be seen in Figure 6-10. It is observed
that equipped vehicles have more conflicts than the baseline. A hypothesis is that as the
penetration rate increases, the number of lane change per LSM-equipped vehicle increases
and thus leads to an increase of the potential conflict frequency. Overall vehicles have more
or less the same conflict frequency at lower penetration rate. The conflict frequency of
overall vehicles increases a little bit as penetration rate increases. A hypothesis is that as
the penetration rate increases, unequipped vehicle is impacted by the disturbance caused
by the more frequent lane change maneuvers of LSM-equipped vehicles. The absolute

conflict number per vehicle for the baseline case is about 0.18.
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Figure 6-10. Relative Conflict Frequency under Different Penetration Rates at LOS D
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6.4.2.2 Sensitivity Analysis on Traffic Volume

As shown in Figure 6-11, across all different LOS, the number of conflicts per
equipped vehicle is relatively higher, while the number of conflicts for overall traffic is

almost the same as that of the baseline (0% penetration rate) scenario.
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Figure 6-11. Relative Conflict Frequency for Overall at 20 % Penetration Rate and Baseline Case

There is a turning point at LOS D (25,000 veh/hr) in Figure 6-11, e.g., the case of
equipped-vehicles versus baseline. The absolute conflict number per equipped
vehicles/baseline at LOS C (1,6000 veh/hr) is about 0.1209/0.0784, And the absolute
conflict number per equipped vehicles/baseline at LOS D (25,000 veh/hr) is about
0.2071/0.1714. This may result in the lower relative conflict number at LOS D even for

higher absolute conflict numbers.
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6.4.3 Environmental Sustainability

This section discusses environmental aspects of the LSM application. A penetration
rate and traffic volume analyses are provided in the following. Similar analysis were also

conducted in [142].

6.4.3.1 Sensitivity Analysis on Penetration Rate

It is interesting to observe from Figure 6-12 that the average fuel consumption of
equipped vehicles at higher penetration rate is slightly higher (i.e., up to 3%) than that of
the baseline. The overall vehicles, on the other hand, have little change in fuel consumption
compared to the baseline scenario. A hypothesis is that the under the LOS D traffic
condition, the application induced speed improvement and lane change maneuvers (thus
variations in vehicle activities) may result in additional fuel consumption for the equipped

vehicles.
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Figure 6-12. Average Energy Difference vs Penetration Rates at LOS D
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6.4.3.2 Sensitivity Analysis on Traffic Volume

As can be observed from Figure 6-13, when the traffic volume increases, the fuel
consumption of equipped vehicles is getting closer to that of unequipped vehicles and the
fuel consumption of unequipped vehicles is getting higher than the baseline. This may
mainly result from the degradation in the mobility of unequipped vehicles. A similar
explanation can be applied to the findings in Figure 6-14 (in connection with the results
from Figure 6-9). Future research may investigate optimizing the application’s lane change

suggestions taking into consideration the environmental aspects.
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Figure 6-13. Average Energy Difference vs LOS at 20% Penetration Rate
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Energy Diff (%)

The penetration rate of equipped vehicles is another dimension when evaluating the
traffic flow impacts and overall performance measure. Four penetration rate cases were
herein selected: 10%, 20%, 50% and 80% to generally observe the tradeoffs among three
MOEs, i.e., safety, mobility, and environmental sustainability. The numerical results are
listed in Table 6-1. Figure 6-15 shows radar plots, where the quantitative trade-offs among
different MOEs can be observed and compared, and each performance measurement in
radar plots is normalized for comparison purpose. To be specific, the normalized values in
Figure 6-15 are obtained by choosing the baseline data in Table 6-1 as one and the others

are calculated in accordance with the relative proportions. Moreover, the average speed
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Figure 6-14. Average Energy Difference vs LOS at 20% Penetration Rate

6.5 SME Tradeoff Analysis of the LSM Application
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indicator is replaced by the average trip travel time, and the bigger value in each radar plot
in Figure 6-15 represents the worse quality in terms of each MOE. The baseline case is 0%
penetration rate of application-equipped vehicles. Besides the baseline, the performance

measure results of the other scenarios in Table 6-1 are for application-equipped vehicles.

TABLE 6-1. NUMERICAL RESULTS OF THE LSM CASE STUDY

Baseline LSM
Penetration rate 0% 10% 20% 50% 80%
Average conflict number 0.1673 0.2841 0.3922 1.1029 2.8443
per vehicle
Average speed 60.6 65.5 65.5 59.6 34.8
(mph /vehicle)
Average fuel consumption 42753 4398.1 4502.1 5062.6 5917.2
(KJ/mile/vehicle)

Figure 6-15 illustrates the trade-off among travel time decreases, conflict number
increases and fuel consumption increases and shows:
a) 10% penetration rate: the mobility-focused LSM application provides lower travel time
due to faster-lane change behavior, but is exposed to higher potential conflicts and fuel
consumption because of the lane change operations and higher traveling speed. With regard
to the trade-off, LSM application would provide 8% travel time decrease while costing 3%
more fuel and introducing higher potential conflict risks;
b) 20% penetration rate: As the penetration rate of LSM-equipped vehicles increases to
20%, the trade-off is similar to the case where the penetration rate is 10%;
c) 50% penetration rate: Both the fuel consumption and average conflict number of the

LSM-equipped vehicles group continue increasing compared to the baseline, while the
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travel time barely decreases when the penetration rate increases to 50% because of highly
mixed traffic;

d) 80% penetration rate: As the penetration rate increases to 80%, where the majority of
the on-road users are LSM-application-equipped vehicles, all the performance of the LSM-
equipped vehicles deteriorates compared to the baseline since most vehicles in roadway
transportation were trying to operate lane changes, which leads to more traffic chaos. Since
the traffic system is disturbed by extra lane changes, the LSM application does not benefit

equipped vehicles any longer in this high-penetration-rate scenario.
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6.6 Speed-Variation Based Entropy Analysis for LSM
The LSM has been evaluated under the developed SVE framework (see Chapter 5)

as well. The segment of California SR-91E is used to test LSM across different penetration
rate levels and congestion levels. Figure 6-16 shows the SVE distributions of LSM
application-unequipped vehicles (before) and LSM application-equipped vehicles (after).
It can be observed that the SVE distribution of LSM-equipped vehicles shifts to the right,
compared with that of LSM-unequipped vehicles. A hypothesis is that LSM-equipped
vehicles always switch to faster lanes, and those extra lateral disturbances cause higher

velocity fluctuations.
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In comparison of Figure 6-16(b) and Figure 6-16(c), significant changes in SVE
distributions in the LSM scenario can be observed. The SVE distribution tends to be dual-
modal, instead of unimodal, under heavier traffic conditions. Figure 6-16(c) shows that
besides the vehicles that are subject to higher speed variations (the high mode), a certain
number of vehicles have smaller speed variations (the low mode). An explanation for the
dual-mode phenomena in Figure 6-16(c) is that the whole traffic flow slows down as
vehicle numbers keep increasing on the network in such a congested traffic condition, and
additional lane change behaviors induced by the LSM applications as extra disturbances to

the traffic lead to much slower speeds with smaller speed variations.

TABLE 6-2 CONVENTIONAL MOES OF TRAFFIC VOLUME SENSITIVITY ANALYSIS

Traffic Volume Sensitivity Analysis
LSM (20% penetration rate)

Traffic volume S? MP E°
Moderate  EdUipped 0.3922 65.5 4502.1
traffic Unequipped 0.2189 61.1 4315.6
Heavy Equipped 2.1334 21.3 6005.0
traffic Unequipped 1.4382 21.4 5733.0

#Safety MOE: Conflict frequency. ® Mobility MOE: Average speed (mph). ¢ Environmental impacts MOE: Fuel consumption (KJ/mile).

Based on Figure 6-17, it can be concluded that SVE has a strong negative
correlation with average speed, and an obvious positive correlation with fuel consumption
and conflict frequency in the LSM scenarios. This result meets the expectation that high
entropy values reflect more chaotic traffic in terms of high conflict frequency, low average

speed, and high fuel consumption.
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Figure 6-17. SVE versus Three Conventional MOEs across Different Penetration Rate Levels for
LSM (moderate traffic)

In combination with Figure 6-16(c), it can be concluded that average traffic speeds
drop dramatically from 47 mph (baseline) to 21 mph, and significant increases of fuel
consumption and conflict frequency are witnessed in the congested LSM scenario (see
Table 6-2). In addition, since the relation between the SVE and the average speed itself is
relatively complicated (see analysis in Chapter 5), the SVE is smaller in denser traffic and

the SVE distributions are used at the same time to evaluate the LSM scenario. The SVE
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distributions of the LSM scenario are associated with a more unpredictable and chaotic

traffic condition (the chaos can be determined from the dual-mode SVE distributions with

large variance) (see Figure 6-16(c)), indicating higher conflict risk, lower traffic speed, and

high fuel consumption (see Figure 6-18).
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Figure 6-18. SVE versus Three Conventional MOEs across Two Different Congestion Levels for
LSM (20% Penetration Rate of Application-Equipped Vehicles)
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6.7 Summary

In this chapter, we have developed and analyzed a novel connected vehicle
application, i.e., Lane Speed Monitoring, based on V2V communication. The application
collects all the available real-time information from downstream DSRC-equipped vehicles
and provides lane change guidance to the driver. Results from our comprehensive
simulation study show that the LSM-equipped vehicles can gain significant mobility
benefits (i.e., up to 11% improvement in average speed) under various scenarios (including
different penetration rate and congestion levels). A slight increase of potential conflict
frequency and fuel consumption was observed from simulation analyses which may be
explained by increased speed and lane changes. An attractive feature of the developed
application is that noticeable benefits in mobility can be achieved even under relatively
low penetration rate of DSRC-equipped vehicles (e.g., 20%) and much lower penetration
rate of LSM-equipped vehicles (i.e., 9% of DSRC-equipped vehicles).

After analysis on the LSM application’s MOE trade-offs, more related future
research direction can be inspired by the drawbacks of the current application. In general,
some applications can be combined together to overcome the disadvantage of one single
application, leading to some co-benefits. However, note that not all the applications can
take advantages from every MOE perspective, which is why we also need to choose the

most-focused-aspect application and make some trade-offs.
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7/ CONNECTED VEHICLE-BASED LANE SELECTION
ASSISTANCE

7.1 Introduction

Although a large number of CV applications have been proposed and developed for
driving assistance, only a small number of them are focused on lateral control assistance.
Examples include lane assignment [143]-[144] and optimal lane selection [145]. Dao et al.
presented a decentralized lane assignment approach for a group of single vehicles [143] or
vehicle platoons [144] within the vicinity of on/off ramps (entries and exits) via inter-
vehicle communication. Another research effort on lane selection was proposed to regulate
freeway uncoordinated lane changes via two-way Vehicle-to-Infrastructure (V2I)
communication, by minimizing potential vehicle conflicts [145]. The results in [145]
showed that, due to the regulated lane-changing behaviors, the mean average travel time is
reduced (by 0.57% to 3.79%) as compared to the non-lane selection scenario. These studies
all hold a strong assumption that all the vehicles on the freeway are application-equipped
vehicles (under control), which makes it challenging to implement these lane assignment
approaches in practice within the next ten years or more. Even so, mobility-focused lateral
control assistance applications still has not been very well studied yet so far.

On the other hand, traffic state prediction has been well studied for years using
statistical models, such as Kalman filtering, nonparametric regression models, or neural
networks [146]-[150]. Kwon et al. predicted travel times on freeway using a linear
regression model based on measurements from loop detectors [146]. Rice et al. proposed a
simple robust time-series model for travel time prediction for a section of a freeway [147].

At the same time, many model-driven and data-driven algorithms have been proposed for
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short-term traffic state prediction, such as Hidden Markov Models [151]-[152], K-nearest
neighbors approach for traffic state prediction [153], Particle Filter algorithm [154]-[155],
Kalman Filter [156], and deep neural networks [157].

A few Markov chain based traffic forecasting methods has been developed [152]
[158]. The Markov chain (discrete) model was mainly used to decide the traffic state of the
next interval based on the traffic model. For example, nearest neighbor classification in
combination with variable-length Markov chains was used to predict the traffic pattern
[152]. After the traffic state of each new time step is classified into a cluster, the specific
speed value is estimated using the appropriate locally weighted regression model which is
trained with data only from the relevant cluster. In addition, a combined forecasting method
based on Markov chain theory and Grey Verhulst model was proposed for high prediction
accuracy of short-term traffic flow forecasting method [158]. In order to improve the
accuracy of forecasting, the volatility of data is dealt with by Markov chain theory on the
basis of Grey Verhulst model. The results show that the relative error (between real-world
data and prediction data) of traffic flow of one road segment across 16 time steps (5 min
per time step) ranges from 0% to 13%.

At the same time, a short-term traffic prediction method based on spatial-temporal
correlations was also proposed. In [159], Pan et al. brought up that the traffic state of a
specific site is highly affected by its upstream and downstream traffic conditions; and free-
flow speeds are spatially correlated (cell-to-cell, lane-to-lane correlated). An extended
stochastic cell transmission model (SCTM) was used to support short-term traffic state

prediction, taking into account the spatial-temporal correlation of traffic flow. In [159], a
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section of 1210-W was divided into four cells, with about 0.5 mile per cell. The overall
mean absolute percentage error (MAPE) was calculated for effectiveness validation, which
was around 10.8%-14% [159]. In [160], a traffic state estimation approach was proposed,
which utilizes road network correlation and sparse traffic sampling to estimate the traffic
conditions of different road segments. This method derives Multiple Linear Regression
(MLR) based mathematical model to represent traffic relations and applies both the MLR
model and the compressive sensing technigue to achieve a city-scale traffic estimation via
tracking a small number of probe vehicles. The traffic estimation model was validated by
extensive trace-driven experiments with real-world traffic data (within a large network with
1826 road segments in Shanghai city). Results show that the absolute speed differences
between the estimated results and the pseudo ground truths over different traffic scenarios
are 5.2 km/h to 11.0 km/h (around 3.23 mph to 6.84 mph).

Another approach to traffic state estimation and prediction is to use an improved
Ensemble Kalman Filter to estimate and predict realistic large-scale freeway network,
whose computation time can be decreased due to smaller matrix inversions [156]. In [157],
a machine learning deep neural network was adopted to model the evolution of the traffic
state in a freeway. However, all these approaches mentioned are focused on link level
traffic state prediction instead of lane level. At the same time, studies of lane-based
methods have attracted more and more attention recently, including but not limit to vehicle
trajectory predictions, queue warning effectiveness analysis and lateral motion prediction
of autonomous vehicles [161]-[163]. In order to support the implementation of lane-level

applications in reality, there is also lane-level vehicle guidance technology, e.g., using
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enhanced GPS/multi-layer map model for ego-lane estimation and lane-level navigation
service [164]-[167]. Also, advanced sensing devices have been developed as the key
enabler for accurate position tracking, such as the Radio Frequency IDentification (RFID)
technology [168]-[169], which will support numerous applications in transportation in the
future [170]. Inspired by the work mentioned above, we developed a regression model for
lane-level traffic state prediction by utilizing traffic state correlations between adjacent
road segments along the same lane (intra-lane information) and across the adjacent lanes
(inter-lane information).

In this chapter, we proposed and developed a lane selection assistance application
to help the driver find an optimal lane-level “micro” route in terms of minimizing the travel
time. The decision making process is based on the prediction of traffic states at the lane
level via connected vehicle technology (e.g., cellular network). The rest of this chapter is
organized as follows: Section 7.2 presents the problem formulation, followed by the
detailed description of the lane selection algorithm, system architecture and the developed
spatial-temporal traffic state prediction model in Section 7.3. Simulation model and
scenarios are introduced in Section 7.4. In Section 7.5, simulation studies are conducted to
evaluate the performance of the developed application by varying different parameters,
such as traffic congestion level, penetration rate of communication-capable vehicles and

information update cycle. Section 7.6 concludes this chapter.

7.2 Problem Formulation

In the real world, drivers usually perform lane changes based on their observations

within sight distance, many of which are not well planned. For example, consider a target
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vehicle (the individual vehicle of interest) driving on a 5-lane freeway under heavy traffic
conditions (see Figure 7-1). Since the traffic downstream of the target vehicle (in lane 2)
is congested within the range of the driver’s vision, the target vehicle driver needs to make
a decision on which lane to change to (i.e., space 1 in lane 1 or space 2 in lane 3). Because
of the limited sight distance, it is hard for the driver to know exactly which lane has lighter
traffic. Assume that the driver changes to space 2 in lane 3 and he/she will face two
alternatives again, changing to space 3 in lane 4 or staying in lane 3. The driver would
probably change to space 3 in lane 4 rather than staying in lane 3 since there is more room
in space 3. However, a congestion shockwave could be propagating from the downstream
to the upstream in lane 4 (beyond the range of the driver’s vision) at the same time. In this
circumstance, staying in space 2 in lane 3 might be a better choice. Therefore, in order to
obtain mobility benefits, predicted information of downstream traffic at the lane-level is

essential for drivers to make smarter choices on lane selection.
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: Target vehicle @ : Communication-capable vehicle

Figure 7-1. An Example of the Problem Description

We define vehicles which could share their basic information (e.g., velocity and
position) as communication-capable vehicles, and define vehicles equipped with the
developed application as application-equipped vehicles. We assume cellular-based

connectivity for data collection is available (see Figure 7-2). We assume that sending
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messages over the cellular network in an end-to-end manner is technically feasible. An
application-equipped vehicle is always communication-capable, but a communication-
capable vehicle is not necessarily application-equipped. Communication-capable vehicles
can send their activity information to a centralized center via on-board smartphones with
built-in sensors for traffic/vehicle states prediction. Based on the data collected from on-
road communication-capable vehicles, the traffic state (e.g., average speed) can be
estimated and even predicted with certain models by an application server (or the traffic
management center, or the cloud center). The application server stores and broadcasts the
prediction results to the application-equipped vehicles so that the developed application
can support the decision-making process of lane changing. We also assume that vehicles
have complete knowledge of which lane it is in (this is a research problem in itself).

Note that the traffic state changes with time, therefore dynamic models are needed
to forecast the traffic state. The lane-level traffic state prediction can be conducted using
regression models. Aimed at searching for the best lane-level path for an application-
equipped vehicle, an optimization problem is formulated to determine which space (e.g., a

lane-level segment) the vehicle should occupy at certain time.
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7.3 Lane Selection Assistance Application

To solve this problem, a detailed three-step approach has been developed: 1)
spatial-temporal discretization of roadway network; 2) data-driven traffic state prediction
at the lane level; 3) optimal lane sequence identification based on dynamic programming

(DP).

7.3.1 Spatial-Temporal Discretization

As shown in Figure 7-3, the road network can be divided into K road segments and
K x I cells, where 1 is the total number of lanes of interest. To make this approach more
feasible and reduce the complexity for implementation, we did not include those
“discontinuous lanes of the mainline” as the lanes of our interest in this study. These
discontinuous lanes of the mainline include where mandatory lane changes have to be
performed, such as auxiliary lane(s) before lane-drop areas (e.g., lane m and lane n in
Figure 7-3). Another major assumption is that there exists speed difference across different
lanes especially in heavy traffic. Usually fluctuations of traffic may be caused by the
mainline vehicles which make mandatory lane changes to leave the freeway from the off-
ramp exit, or the influx of traffic from the on-ramp. These factors cause large speed
difference among lanes, especially in heavy traffic.

The spatial discretization method is more applicable to freeways where road
segments of same traffic direction are correlated with each other. It might be more
challenging for urban areas and intersections. Some details about the spatial segment
discretization are as follows:

e The length of each segment does not have to be the same.
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e A segment should have consistent geometric characteristics throughout.
e Optimal segment length, varying with traffic speed, balances between capturing the
variability in traffic state versus limiting the size of optimization problem.

The road stretch used in this paper is California SR91-E, a 15-mile corridor with 4
to 6 lanes and ten pairs of on/off-ramps (see Section 7.4.1 for more details). The spatial
discretization in this paper was done offline, splitting this freeway into 15 road segments,
almost each of which is about one mile long. The approach can be extended to different
freeways as a generalized method, however it could be slightly different for various road

ways, depending on the traffic direction and specific road geography.

Road Road Road Road
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Figure 7-3. Sketch Map of Spatial Discretization on Freeways

v

7.3.2 Lane-Level Traffic State Prediction

For each cell in Figure 7-3, we can further define the associated traffic state that
can be used to guide the lane change. We do not estimate the traffic state of the
discontinuous lanes (“non-of-interest” lane) of the mainline, such as auxiliary lane(s)
before lane-drop areas (e.g., lane m and lane n in Figure 7-3). We assume that the
communication-capable vehicles can transmit their state information such as instantaneous

speed and location (both longitudinal and lateral with lane-level accuracy) over the entire
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roadway network in real-time. Then the lane-level average speed of each road segment at

each time step can be estimated and used as the critical traffic state. More specifically,

_ VMT (D)
xi,k(n) = —VHTLk(n) (7-1)
Viel,LkeK

where x; . (n) is the average speed on lane i of road segment k within the n-th time interval,
n-AT. VMT and VHT represent the vehicle miles traveled and vehicle hours traveled,
respectively. Assuming the time interval AT at each step is uniform, the average speed can
be also estimated by the ratio of the sum of all sampled speeds to the total number of speed
samples for all vehicles of interest. In addition, we use a fixed average speed value (65
mph in this study) to represent the traffic state x; , (n), when no communication-capable
vehicle is available in the specific cell.

It has been brought up that the traffic state of a specific site is highly affected by its
upstream and downstream traffic conditions, and free-flow speeds are spatially correlated
(cell-to-cell, lane-to-lane correlated) [159]. Inspired by the aforementioned research, we
propose a linear regression model (referred to as Spatial-Temporal model or ST-model in
this paper) for traffic state (i.e., average speed) prediction at the lane level by utilizing
traffic state association between adjacent road segments along the same lane (intra-lane
information) and across the adjacent lanes of both sides (inter-lane information) during
consecutive time steps, in order to serve as the basis of the lane selection algorithm
developed in Section 7.3.3.

Considering the lane-based impacts on traffic state prediction, we herein utilize

both intra-lane and inter-lane traffic state information for traffic state prediction. Therefore,
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the linear regression model of one single lane is defined as

)?i(n) = Ai)?ml-(n - 1) + ﬁi Viel (7'2)
which can be extended as Equation (7-3).
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In Equation (7-3) the output variable matrix is )?l- (n)eRX¥*1: input variables matrix
is multiple lanes’ traffic state X,,;(n — 1)eR3¥*1; coefficient matrix is A;eRX*3K
(considering the impacts from immediate downstream and upstream segments of the
original lane and adjacent lanes); and intercept matrix is i; eR¥**. The coefficient and
intercept matrices of the above linear regression model can be trained by historical data. In
this study, we assume that the i-th lane traffic state on road segment k during the n-th time
interval, x; , (n), can be represented by a linear function of the lane-level traffic states on

road segments k-1 (immediate upstream), k and k+1 (immediate downstream) of the
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original lane and adjacent lanes of both sides, during the (n-1)-th time interval,
e, Xi_ik-1(n— 1), xi_x(m—1) , X )i — 1), x5 (0 — 1), x5, (n—1),
Xigs1(M— 1), Xjy1 1M — 1), X341, (n — 1) and x;41 41 (n — 1). Please note that the
Equation (7-3) is the general form, only one-side adjacent lane was considered for the left-
most lane (or the right-most lane).

The full linear regression model of the entire network with K segments and | lanes

of interest can be formulated as follows:

K] [4 [[Eman=D1 i
m|=| 4 ||)_(>m2(7‘l— 1)|+ Uy (7-4)
X (n) l A l)-()ml (" - 1)J U

For comparison purpose, we also evaluated another simple traffic state prediction
model (as a baseline), which used the traffic state in the last time step as the predicted state
in the current time step without considering the spatial interaction (similar estimation
model was also proposed in [76]), i.e.,

xix(M) = x;,(n— 1) (7-5)
Therefore, for lane i, the baseline can be simply written as
Xi(n) = X;(n— 1) (7-6)

and for the entire network,

[)_()1(71)] I[)?1(71 - 1)]|
X, (n) X, (n—1) ‘ (7-7)

X (n.— 1)

X,(n)
More details on the comparison results between the ST-model and the basic

estimation model in terms of traffic state prediction will be presented in Section 7.5.2.2.
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7.3.3 Optimal Lane Selection Algorithm

As previously mentioned, the objective of the proposed lane selection assistance
application is to improve the mobility performance of application-equipped vehicles. With
the spatial-temporal discretization of the entire roadway network, we formulate the
problem as dynamically searching a lane-level path that maximizes the sum of average
speed of each lane segment that the vehicle traverses. The variables of optimal solutions
are the binary variables w;,(n) given the system equations of lane-level traffic states
x; (n). The optimization problem is solved only for the next N-min (an information update
cycle). Assume that the ego application-equipped vehicle is on lane p of segment gq. To
obtain the optimal lane index solution for time step n, the objective function and constraints

of the ego application-equipped vehicle are shown as follows:

max ¥iy Tk=q @ik (W%ix (M) (7-8)
s.t.
rfml A X =D iy
X,(n)| = A, Xma(n = 1)| 4 17:2 (7-9)
)?,En) 4 )?mI(T;—l) o
w; . (M)ef0, 1} Vie[1,1], Vke[1, K] (7-10)
Yiiwi( =1, kelq K] (7-11)

If (,l)i‘k(n) =1, then wj'k+1(n)=1,
Vie[1,I],j =i—1,ori,ori+ 1,ke[q, K — 1] (7-12)

where | is number of lanes of interest, K is number of road segments, and n is the next N-
min time step (length of the prediction window). The aforementioned lane-level traffic

state prediction model is used as a constraint to drive the evolution of traffic states (see
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(7-9)). As mentioned above, w; , (n) is a 0-1 binary variable indicating if the target vehicle
is present (w; (n) = 1) or not (w;,(n) = 0) on lane i of road segment k during time
interval n (see (7-10)). Equation (7-11) guarantees that at any time step, the target vehicle
would be only present in one cell for each road segment k. The last if-then constraint (i.e.,
(7-12)) denotes that the solution (n) only allows adjacent lane changes within one N-min
time step. The solution Q(n) (i.e., optimal lane-level micro-routing from the current road
segment g to road segment K, within the next N-min) is obtained by Dynamic Programming
(DP) [171], based on traffic status of time step n-1.

The proposed lane selection assistance application is implemented through the
application programming interface (API) in PARAMICS microscopic traffic simulation
tool [48]. Figure 7-4 presents an illustrative example of optimal lane-level path (as time
elapses) calculated by the proposed lane selection assistance algorithm (with spatial
discretization of roadway network). The average speeds of each road segment in different
lanes are grouped into different levels: very low, low, medium and high, which are
represented by different colors in Figure 7-4. Since the lane-level speed is time-varying,
we don’t assign fixed speed partition range for each level. The purpose of defining different
levels in Figure 7-4 is to show the spatial discretization and the lane-level traffic state more
intuitively. Note that the speed levels of lanes in each road segment are updated every N-
min information collection cycle. Compared to the unguided path (baseline), the target
vehicle (application-equipped) follows the optimal lane sequence during the whole trip
based on the time-varying lane-level traffic state prediction results, aiming to minimize the

travel time over the same length of distance traveled. It is possible but not necessary that
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the application-equipped vehicles change lanes only at cell boundaries (Figure 7-4 is a
schematic diagram). After changing to the target lane, the target vehicle is restricted to the
corresponding target lane without performing any extra lane changes. The proposed lane
selection assistance algorithm is shown in Table 7-1.

TABLE 7-1. LANE SELECTION ASSISTANCE ALGORITHM

Algorithm Lane Selection Assistance Algorithm
Input: 1. Traffic state at (n-1)-th N-min
Output:2. Identify the Level of Service of current traffic state
. Apply corresponding regression model
. Predict the n-th N-min traffic state
. Update the optimal lane sequence
. Follow current optimal lane-level route
. Accumulate travel time ¢
. if in the middle of trip do
if > update period do
Update N-min step index n = n+1
Do step 1
else Do step 6
end if
end if

03N Lk~ W

In summary, with discretization of roadway network (in time and lane-level space),

the lane selection assistance application can be implemented as depicted in Table 7-1:

Road segment

Segment 1 Segment2 Segment3 Segment4 Segment5 Segment6 Segment7 Segment8 Segment9 Segment 10 Speed value levels:
Lane 4

Lane 3

Medium
Lane 2 Low
e [ Verylaw |
Target vehicle at the Recommended optimal lane Baseline natural route T nicl 1t
beginning of the trip sequence route arget vehicle (application-

Target vehicle at the end of the trip

equipped) at the end of the trip (baseline)
aseline

Figure 7-4. An lllustrative Example of the Optimal Lane-Level Path in a Discretized Roadway
Network

1) Model training for lane-level traffic state prediction. The linear regression model

(i.e., matrix A and vector 1) for state prediction can be trained (even offline) by
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2)

74.1

real-world traffic data and can be differentiated by various traffic conditions or
Level of Service (LOS) defined in Highway Capacity Manual [130]. In the
following simulation study, we trained different models for LOS C (free flow), LOS
D (transitional flows) and LOS E (unstable flows), respectively, to cover three
representative levels of congestion.

Online guidance of optimal lane for the next time steps. With the most updated
prediction of lane-level traffic state downstream, the optimization problem is
solved to determine the best lane for the target vehicle (following the steps
described in (7-8) through (7-12)). A table of the lane index sequence for every
road segment is generated/updated online for the application-equipped vehicles.
For online implementation, a rolling horizon technique [172] is applied where the
optimization problem is solved within every N-min information update cycle, based

on the updated prediction of downstream traffic states (at the lane level).

7.4 Simulation Setup

To validate the proposed application, we conducted a comprehensive simulation

study as described below.

Simulation Network Model

The simulation network is California’s SR-91(eastbound), consisting of a 15-mile

corridor located between the Orange County Line and Tyler Street in Riverside (see Figure
7-5). The number of lanes varies from 4 to 6, and there are ten on/off-ramp pairs. The traffic
demand (25,000 vehicles released in the network, stable traffic flow) and driving behavior

have been well calibrated against a typical weekday morning in the summer of Year 2006
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based on historical traffic data from California Freeway Performance System (PeMS) to
represent the network’s real-world conditions [132]. In this study, we use PARAMICS
(PARAIlel MICroscopic Simulator), a microscopic traffic simulation tool that is capable
of modeling the movement and behavior of each individual vehicle on road networks, to
generate detailed traffic data (i.e., to simulate as in a connected environment) for system

performance evaluation.

7.4.2 Implementation Details

Traffic state prediction model’s inputs were generated from the simulation network.
Those raw data were post processed by aggregating and averaging for different road
segments and lanes at different time horizons which were afterwards trained using the

regression model (“fitlm” function) with ordinary least squares in MATLAB.
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Figure 7-5. Road Network of the California SR-91E in Real-World and PARAMICS
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The optimization process is implemented online through the application
programming interface (API) in PARAMICS microscopic traffic simulation tool using
C++ language. In the PARAMICS API, the obtained prediction model coefficients are
applied to real-time collected data to acquire traffic state prediction results. After the
prediction was made, recursion method of dynamic programming algorithm is used to
obtain the optimal solution (i.e., the lane index sequence for the current road segment the
vehicle was traveling on and every road segment downstream). Within the N-min duration,
the target lane index is assigned to the application-equipped vehicle based on its optimal

lane index sequence.

7.4.3 Simulation Scenarios

To test the lane selection assistance application, we divided the road stretch into
about fifteen 1-mile road segments and chose a specified traffic information update cycle.
The simulation period is from 6:00 AM to 9:00 AM with a 15-minute warm-up period.
From 6:16 AM to 7:51 AM (to guarantee the last target vehicle can complete its trip by the
end of simulation) with 5- minute intervals (called a case), there are 20 cases corresponding
to 20 departure time intervals for each simulation run. At the start of each case (the first
ten seconds), a few application-equipped vehicles (usually 4-6, i.e., a case) with the same
Origin-Destination (OD) are randomly selected into the network for further effectiveness
evaluation purpose. All the selected vehicles are released from the left end of the mainline
and traveled to the right end of the mainline. In addition, since the number of lanes along
the mainline ranges from 4 to 6, the lanes of interest herein only consist of the four left-

most lanes (as conceptually illustrated in Figure 7-3).
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As mentioned above, 4-6 application-equipped vehicles in each case are released

into the network at certain frequency (i.e., every 5 minutes) to evaluate the effectiveness

of the proposed lane selection assistance application. Moreover, comprehensive sensitivity

tests are conducted over the following system parameters:

Congestion level. With a major focus on the traffic pattern, three networked traffic
volumes that represent free flow, medium and heavy traffic are evaluated: 16,000
vehicles/simulation run, 25,000 vehicles/simulation run and 32,000
vehicles/simulation run. An analysis on average traffic speed indicates that these
three levels of traffic demand correspond to LOS C (free flow), LOS D (transition
flows) and LOS E (unstable flows), respectively, according to the Highway
Capacity Manual (HCM) 2010 [130]. For LOS C, LOS D (calibrated) and LOS E
cases, results of 100% penetration rate of communication-capable vehicles are
investigated for the sensitivity analysis on congestion level.

Penetration rate of communication-capable vehicles. Ten levels of penetration rate
of communication-capable vehicles are studied in this paper, including 0.01%, 1%,
2%, 5%, 10%, 20%, 40%, 60%, 80% and 100% in the penetration rate sensitivity
analysis.

Information update cycle. As aforementioned, N-min is a specific traffic
information update cycle for the target vehicles, during which time real-time
information is collected. The traffic predict results are updated every N-min and the
optimal lane sequence is overwritten at the same time. A set of {1 min, 2 min, 3

min, 4 min, 5 min} is selected for the information update cycle sensitivity test in
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order to observe its impacts on travel time improvement. The information update
cycle is also related to the penetration rate of communication-capable vehicles. The
information update cycle may be shorter due to more sufficiently available data.
Under these simulation scenarios, a baseline case for each scenario is defined as the
case where the vehicles make lane changes as normal without any assistance. We use
PARAMICS default lane change model. The vehicles of the baseline would consider to
change to another lane when it needs to overtake a slow vehicle in front, taking into
consideration its accepted gap at the same time. For more detailed information, please refer
to [173]. On the other hand, the application-equipped vehicles would follow the lane
selection guidance and make lane changes to the target lane smoothly in the simulation
environment. As soon as the target lane was assigned, the optimal lane selection
application-equipped vehicles would follow the recommendation of the target lane number
and make lane changes as quickly as it can to get into its lane range but in a safe manner.
We conduct simulations with ten random seed numbers, generating 800-1200 (i.e.,
10 seeds*20 departure time* (4-6 vehicles/departure time)) vehicle samples for each
scenario and the corresponding baseline respectively. For every scenario, we compare the
application-equipped vehicles with the same amount of non-application-equipped vehicles
under the same environment (i.e., similar departure time, same OD and same traffic status).
Moreover, for the same seed, the traffic status for both application-equipped vehicles and
the corresponding baseline vehicles at the same departure time should be the same. “Travel
time baseline” is calculated by averaging those baseline vehicles with the same departure

time across ten seeds, and the average travel time of the application-equipped vehicles of
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ten seed of each departure time was compared with the corresponding “Travel time
baseline”. The performance of ST-model based traffic state prediction is evaluated in the

simulation as well.

7.5 Simulation Analysis
7.5.1 An Example of the Individual Vehicle

To give a general idea of how the proposed algorithm works, an example of the
driving is analyzed in detail. Figure 7-6 displays the driving features of one application-
equipped vehicle (green solid line on the left) and the corresponding baseline vehicle (blue
dashed lines on the right), respectively. Both vehicles start from the same lane with similar
speeds and departure time (the departure time difference is within 10 seconds), and are
assumed to get encountered the same traffic state. The time at each black vertical dashed
line (except those at the end of the trip) is the time when a lane-changing maneuver
happens. The individual vehicles are traveling under the relatively heavy traffic scenario
(32000 vehicles/simulation run).

In the example of Figure 7-6, the example vehicles are released at departure time 1
in the heavy traffic scenario. Figure 7-6 (a) shows that for the same distance, the vehicle
equipped with the proposed application spends less travel time than the baseline vehicle
whose driver changes lane without lane selection guidance. In Figure 7-6 (b), the overall
velocity of the application-equipped vehicle is higher than that of the baseline vehicle.
After the guidance starts, the application-equipped vehicle is assigned to target lane 6 (see
Figure 7-6 (c)). Note that the target vehicle might cross several lanes at its current road

segment to change to the target lane after the prediction results are updated.

126



In combination with Figure 7-6 (c), the lane changes of the baseline vehicle are
more event-based operations, i.e., changing to an adjacent left lane to pursue a faster speed.
On the other hand, we observe that, by taking full advantage of the long-range information,
the proposed application would help the driver ahead of time make a better decision (in
terms of lane index sequence) to obtain mobility benefits. Please note that non-adjacent
lane changes might still happen at the beginning of the vehicle’s trip or when the solution
updates at each N-min, such as the lane changing behavior from lane 3 to the target lane 6

at the beginning of the vehicle’s trip in Figure 7-6 (C).
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Figure 7-6. An Example of the Application-Equipped Vehicle (Left) and the Corresponding Baseline
(Right). (a) Trajectory. (b) Velocity. (c) Lane Index

7.5.2 Statistical Analysis of the Application Performance

In order to comprehensively test the robustness of the proposed lane selection

assistance application, simulation results were obtained statistically as well.

7.5.2.1 Measures of Effectiveness (MOES)

To assess the mobility benefits of the lane selection assistance application, two
types of performance measures were selected for statistical analysis as follows:
a) Forecast Accuracy

Mean Absolute Percentage Error (MAPE) was used to measure the forecast errors

from each trip of target vehicle:

1

A¢—F
MAPE = — ¥, [*=

A¢

X 100% (7-13)
where A; is the actual value, F; is the prediction value, and n is the total number of all
samples involved in the MAPE calculation. This MOE is used to evaluate the traffic
average speed prediction accuracy for all the cases. In addition, due to the fact that these

MOE:s are less influenced by low average speed, we also use Mean Absolute Error (MAE)
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and Root Mean Squared Error (RMSE) to evaluate the ST-model forecast accuracy under

specific scenarios (e.g., the heavy traffic scenarios).

1
MAE == ; ?=1|At - Ftl (7'14)

RMSE = [2SIL,(4, — R’ (7-15)
b) Performance of Application-Equipped Vehicles
Relative Travel Time Difference (RTTD) is used to evaluate travel time difference

between ST-model based scheme and baseline, i.e.,

RTTD; = % x 100% (7-16)
where RTTD; is the relative travel time difference between ST-model based scheme and
baseline at i-th departure time. ti, is the mean travel time of 40-60 target vehicles at i-th
departure time (as mentioned in Section 7.4.3), and t5 is the mean travel time of the
corresponding baseline case at i-th departure time (same amount of vehicles with the
application-equipped vehicles). This MOE shows mobility benefits in terms of individual
travel time for the application-equipped vehicles portion (target vehicles) over the baseline
(no-application). Again, to show the statistical significance, we ran simulation runs with
ten random seeds, generating 800-1200 (i.e., 10 seeds*20 departure time* (4-6
vehicles/departure time)) vehicle samples for each scenario and the corresponding baseline,
respectively.

In addition to RTTD, normalized conflict frequency is calculated for each

individual vehicle based on the conflict occurrence results obtained from the Surrogate

Safety Assessment Model (SSAM) [33], which is defined as potential conflict when the
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minimum time to collision drops below a predefined threshold (i.e., 3 seconds).

CF = Z=+C" (7-17)
where cn; is the number of conflicts caused by vehicle i; n is the total number of vehicles.
It is noted that in this study each conflict is only associated with the second vehicle (i.e.,

the one occupying the conflict area at a later instant) which is assumed to be responsible

for the potential conflict.

7.5.2.2  Sensitivity Analysis

As aforementioned, sensitivity analysis is conducted on three parameters:
congestion level, penetration rate of on-road communication-capable vehicles and N-min
information update cycle. We use ten random number seeds for simulation. The test results
are shown in boxplots, each of which contains 20 cases (i.e., 20 departure times) and there
were 4-6 vehicles released for each case, thus one seed generating 80-120 vehicle samples
for this scenario (ten seeds generating 800-1200 vehicle samples in total). The sample value
of each departure time is the mean value calculated from 40-60 sample vehicles of the same
case with similar departure time and the same origin/destination, so is the baseline case.
Therefore, for one scenario, the results were collected and compared between 800-1200
application-equipped vehicles, and 800-1200 vehicles of the corresponding baseline.

a) Sensitivity Analysis on Congestion Level

Figure 7-7 illustrates the results for three different traffic demands when the
penetration rate of communication-capable vehicles was 100% at 1-min information update
cycle. Every 1-min prediction cycle for each application-equipped vehicle has one MAPE

value. Each MAPE value is calculated based on a comparison between the forecast and
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actual traffic state value of each cell across the four lanes of interest and 15 road segments.
The final MAPE value for one application-equipped vehicle is calculated out by averaging
all the MAPE values from multiple prediction cycles during its whole trip. We then average
the MAPE values of application-equipped vehicles of each departure time, and draw the
MAPE boxplot using 20 departure times' MAPE samples (each sample is the mean value
of 40-60 target vehicles). It’s worthy to mention that only from departure 1 to departure 10
cases are shown in Figure 7-7 and Figure 7-8. Since there exists too much bump-to-bump
status (traffic breakdowns) after departure 10 in the heavy traffic scenario, the proposed
prediction method generates large MAPE, so in Figure 7-7 and Figure 7-8 we do not

include those vehicles which are beyond departure 10.
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Figure 7-7. Measures of Effectiveness for Different Congestion Levels. (a) Mean Absolute Percentage
Error (b) Relative Travel Time Difference

Figure 7-7 (a) displays the average speed prediction accuracy in terms of MAPE
for three congestion levels (across 20 different departure time cases), which ranges from
1%-2% (for LOS C and LOS D). Assume the highest speed is 70 mph in the 25,000 veh/run
case, the prediction error is less than 2 mph on average when traffic is stable and moderate,
which could provide good prediction for the lane selection assistance application.

From Figure 7-7 (b), we observe the travel time improvement of the target vehicles
is 5%-7% (median) compared with baseline under free flow and moderate traffic condition,
whereas the travel time improvement is less (the median is around 2%) in the heavy traffic

scenario.
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In order to mimic the real-world lane change behavior, a three-second lock between
two consecutive lane-changing operations for the application-equipped vehicles was set up
to prevent too frequent/abrupt lane change. Moreover, we observe that the actual lane
change number is less than the lane change recommendation number (see Table 7-2) due
to the limited time and space for performing lane changes, which could be the major reason
for the less mobility improvement under the heavy traffic scenario.

We also tested the relative travel time difference of the proposed application
without the three-second lane change lock (see Figure 7-8), and results show that the
relative travel time difference is significantly reduced in the heavy traffic scenario. The
proposed lane selection assistance application is able to take advantages of the traffic state
prediction scheme and be capable of dynamically guiding the driver for lane selection and

thus can help squeeze the individual travel time, even under such unstable flows condition.

TABLE 7-2. THE RECOMMENDED NUMBER AND THE ACTUAL LANE CHANGING NUMBER OF
APPLICATION-EQUIPPED VEHICLES (1200 APPLICATION-EQUIPPED VEHICLE SAMPLES, 1-MIN INFO
UPDATE CYCLE, 100% PENETRATION RATE OF COMMUNICATION-CAPABLE VEHICLES, 32,000
VEHICLES PER RUN)

Scenario Baseline 1-min info cycle
Recommendation number 34.55
Actual lane change 3.60 5.53
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In addition, the forecast accuracy (MAPE, MAE and RMSE) of departures 11-20
in the heavy traffic status was evaluated as well (see Table 7-3), in order to provide a more
comprehensive assessment of the ST-model. Since the ST-model becomes less effective
when there are too many traffic breakdowns, the prediction accuracy is lower, very likely

leading to no benefits in the travel time improvement any more.

TABLE 7-3. THE AVERAGE VALUES FOR MAPE, MAE, AND RMSE IN THE HEAVY TRAFFIC SCENARIOS
(100% PENETRATION RATE OF COMMUNICATION-CAPABLE VEHICLES, 32000 VEHICLES/RUN)

Departures 1-10 Departures 11-20
MAPE 4.64% 20.60%
MAE 2.49 4.36
RMSE 3.57 6.67
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b) Sensitivity Analysis on Penetration Rate of Communication-capable Vehicles

It is worthy to mention that, when the penetration rate is low, there may be not
sufficient communication-capable vehicles inside a cell. As aforementioned in Section
7.3.2, we set up a fixed average speed value for the cell with no communication-capable
vehicles. In this study, the value used in simulation is 65 mph, which is the speed limit on
most California highways. In the algorithm, once there exists one cell with no
communication-capable vehicles, no target lane would be assigned to the target vehicles
for that road segment. Moreover, we aim to show effects of a specific application at the
stage of early deployment of connected vehicles based applications, and only a minority of
vehicles were application-equipped in this paper. Specifically, there are about 4-6
application-equipped vehicles for each case (each departure time) for one run, appearing
within the vicinity of each other, where we thus assume these application-equipped
vehicles do not significantly affect each other.

In order to test the application reliability under various penetration rates, the
application performance under different penetration rate levels of communication-capable
vehicles was tested in the 25,000 veh/run case.

Figure 7-9 (a) summarizes the MAPE statistics results for ten levels of penetration
rates (each containing 20 different departure time cases). The MAPE (median) concentrates
on below 3% (starting from 20% penetration rate), which means that the performance of
the ST-model is robust to the variation of high penetration rate of communication-capable

vehicles which shows the application reliability to certain extent.
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In Figure 7-9 (b), it can be observed that the travel time (median) decrease is quite
stable as the penetration rate increases (starting from 10%), which can be still more than
5% even when only 10% vehicles on road could supply their information for the traffic
state prediction. Using the one-way analysis of variance (ANOVA) as the statistical
analysis method, we conduct statistical analysis for the last seven group data (i.e., 5%,
10%, 20%, 40%, 60%, 80%, and 100%) of different levels of penetration rate. The result
of a rather big p-value 0.81 (which is >0.05) indicates that the means between the seven
groups are not statistically significantly different from each other. The p-value turns out to
be small (0.02) when the 2% penetration rate case is added into the analysis. Therefore, we
conclude that there is no significant difference in travel time improvement, when
penetration rate of communication-capable is higher than 5%, due to relatively sufficient

information.

TABLE 7-4. THE AVERAGE VALUES OF MAPE, MAE, AND RMSE OF THE ST-MODEL AND THE BASIC
ESTIMATION MODEL UNDER MODERATE TRAFFIC (100% PENETRATION RATE OF COMMUNICATION-
CAPABLE VEHICLES, 25,000 VEHICLES PER RUN)

ST-model Estimation model
MAPE 2.06% 2.62%
MAE 1.28 1.64
RMSE 1.76 2.25

Moreover, to better assess the benefits of the ST-model, the forecast accuracy
(MAPE, MAE and RMSE) of both the ST-model and basic estimation model (see Equation
(7-5)-(7-7)) are compared (see Table 7-4). It can be seen that the accuracy of the proposed

ST-model outperforms the basic estimation model in every aspect.
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¢) Sensitivity Analysis on Information Update Cycle

Besides traffic demand and penetration rate, the N-min information update cycle
may also have impacts on the proposed application performance. Whereas, what is
different with the other two factors (traffic demand and penetration rate, whose impacts on
the traffic time decrease are relatively pure) is the information update cycle has more
combined impacts.

As displayed in Figure 7-10 (a), the longer information collection
duration/information update cycle (i.e., the lower information update frequency) leads to
higher prediction accuracy. To be specific, the 5-min case has better MAPE than 1-min
case as it aggregates the results of five 1-min error, i.e., |XI; x;|/N < XN |x;|/N, which
could clearly explain the MAPE results in Figure 7-10 (a).

From Figure 7-10 (b), we observe less relative travel time decrease (median) is
achieved as the information update cycle gets longer, even though the corresponding
MAPE gets smaller. Due to the longer information collection process, the lane change
recommendation generated from the proposed application is less frequent. Simultaneously,
due to the lagged real-time lane change guidance, it can be expected that the corresponding
lane-changing operation number induced by the proposed application drops as well,
leading to weakened application performance in terms of travel time decrease.

In addition, the traffic status of lane-level speed change even at every one minute.
1-min cycle can provide the target vehicle the more up-to-date information used for
updating the micro-routing compared to the 5-min cycle: the chances of application-

equipped vehicles staying at the correct target lane is increased.
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7.5.2.3 Safety Performance Analysis

Moreover, to evaluate the safety performance of the proposed application, we
analyzed the risk index in terms of the potential conflict frequency (mentioned in Section
7.5.2.1) using SSAM software [33]. The potential conflict frequency results (there are ten
simulation runs for each result) are summarized in Table 7-5.

There are slightly higher lane changes induced by the proposed application,
however, the potential conflict frequency is lower than the baseline. There are several
reasons: 1) The restriction strategy on extra lane changes within one lane/road segment
prevents the application-equipped vehicles from performing too frequent lane changes; and
2) only adjacent lane changes are allowed in the proposed application within N-min, which
helps reduce conflict risk as well.

TABLE 7-5. THE MEAN ACTUAL LANE CHANGE NUMBER AND POTENTIAL CONFLICT FREQUENCY FOR
THE PROPOSED APPLICATION (100% PENETRATION RATE OF COMMUNICATION-CAPABLE VEHICLES,
25,000 VEHICLES PER RUN) AND THE CORRESPONDING BASELINE

Scenario Baseline 5-min info cycle I-min info cycle
Mean actual lane 3 64 4.42 4.96
change number
Potential conflict 0.1446 0.0879 0.0800
frequency

7.6 Summary
Based on predicted lane-level traffic states enabled by CV technology, a CV

application called Lane Selection Assistance Application was developed and evaluated in
this chapter. This application can help drivers choose a relatively faster travel lane at any
point in time. The results can be summarized as: 1) the ST-model outperforms the basic
estimation model in terms of traffic state prediction accuracy; 2) for all the scenarios

simulated in this study, the lane selection assistance application does help the application-
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equipped driver reduce travel time, compared with the baseline case (i.e., normal driving
without any assistance); 3) results of traffic volume sensitivity analysis indicate that the
developed application can provide travel time benefits under various congestion levels.
Travel time improvements can be observed even under heavy traffic condition (i.e., LOS
E (unstable flow), or 32,000 vehicles/run); 4) the developed application performs robustly
and can be effective even in an early deployment of CV technology with relatively low
penetration; 5) different information update cycles have combined impacts on the travel
time improvements. Higher travel time improvements can be achieved if the real-time state
information of on-road vehicles is updated more frequently; and 6) the potential conflict
risk of application-equipped vehicles is reduced as well, due to the more strategic and
informed lane changes suggested by the developed application.

Furthermore, it should be noted that more advanced models can be explored in the
future to better predict the lane-level traffic states [174]. In addition, further tests on the
impacts of key spatial-temporal related parameters remain as future research topics.
Moreover, since this application can help vehicles in the traffic stream obtain mobility
benefits in terms of travel time reduction, unintended issues (e.g., oscillations in lane
changes) might happen if a significant number of vehicles use this application
independently and simultaneously. This will lead to the necessity of considering a priority
strategy, arbitration mechanism, or optimization methods of vehicle groups in the next
steps. To test the effectiveness in a more comprehensive way, it is also necessary to

consider a more realistic driver behavior (lane-changing) model [175].
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8 COOPERATIVE SMART LANE SELECTION
APPLICATION AND DYNAMIC MANAGEMENT
AMONG CV APPLICATIONS

8.1 Introduction

The CSLS application is designed from the cooperative perspective for lane
assignment, which can be regarded as an evolved version on top of LSM. Regarding the
lane assignment strategies, more and more probe vehicle-based or CV-based lateral control
schemes have been designed to enhance traffic system efficiency and stability, such as CV-
based driver assistance systems and traffic control strategies in [143], [144], [176]-[179].
Specifically, a lane assignment approach for highway vehicles was proposed to increase
traffic throughput and reduce travel time, while ensuring vehicles to exit successfully at
their destinations, by forming a distributed control strategy for cars to select lanes using
inter-vehicle communication [143]. In a study by Dao et al. [144], vehicles were organized
into platoons, to enhance traffic safety and increase road capacities, and a distributed
control strategy was used to select lanes in which the vehicle platoons would travel.
Simulation results show the control strategy for platooning vehicles could achieve greater
reduction in travel time than single vehicle lane assignments. Ramaswamy et al. [176],
defined lane assignments as the scheduling strategy of the vehicle path when the vehicle
entered an automated multi-lane corridor, which consisted of system-wide traffic flow
monitoring and advanced traffic management. An optimization problem was formulated
with the performance in terms of the combination of both total travel time for all vehicles
on a segment of the corridor and maneuver costs. In addition, Hu et al. proposed a novel

lane change maneuver called “politely change lane” (PCL), to achieve a compromise
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between traffic safety and efficiency [177]. The scheme was validated by extensive
simulations, showing improvement in the safety and efficiency of the overall traffic,
especially in heavy traffic. Other similar techniques include path assignment for vehicle
tracking [178]-[179]. In “Lane assignment using a Genetic Algorithm in the automated
highway systems” [179], the lane assignment problem was formulated as an optimal
problem to find proper positions of partitions on an itinerary matrix, using the partitioned
lane assignment strategies. The optimal problem was then solved with Genetic Algorithm
(GA).

Most current driver-assistance lane assignment strategies do not take into account
both network-wide parameters and drivers’ speed preferences simultaneously. Moreover,
with the emergence of more application-enabled vehicles, such as LSM (see Chapter 6),
the application may not provide the same level of effectiveness to improve the system’s
performance as a whole. To address this issue, we have developed herein an innovative
lane selection algorithm, enabling multiple, equipped vehicles to cooperatively change
lanes, with the goal of increasing mobility for the overall traffic system and the individual
CV drivers.

Flow equilibrium exists in a non-free-flow homogenous network [180], suggesting
that traffic flow can be further smoothed and regulated. In other words, there is still room
for network flow improvement between the unstable flow and the flow equilibrium. In this
regard, a lane assignment strategy should be investigated that absorbs and incorporates
vehicle heterogeneity (different vehicles’ desired speeds), to push the unstable traffic

toward network equilibrium and further improve network mobility. In “Validation of a
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macroscopic lane-changing model” [181], spontaneity in lane-changing traffic within the
vicinity of on-ramp /lane drop areas is mentioned. This spontaneity indicates that on-ramp
vehicles will be linearly distributed across all lanes at some point after they enter the
network. This means that the on-ramp traffic flow might be able to spontaneously produce
a reasonable per-lane flow distribution (where there may be oscillations depending on the
vehicles’ routes). This paper describes a lane assignment strategy, which does not
significantly change the original per-lane flow distribution, in order to follow the
spontaneity of per-lane flow distribution and avoid significant disparity in lane utilization.
This strategy can streamline lane selection by efficiently facilitating lane changes based on
vehicle drivers’ speed preferences, to improve the network throughput thus the mobility
performance. To determine the effects of the proposed strategy on the traffic network in
different scenarios, microscopic simulations runs have been performed for both a
hypothetical traffic network and a real-world traffic network with various traffic demands
and penetration rates. The remainder of this chapter is organized as follows:
e Section 8.2 describes the system architecture of the proposed cooperative smart lane
assignment application.
e Section 8.3 discusses the centralized lane assignment strategy in detail.
e Section 8.4 illustrates the simulation setup.
e Section 8.5 provides the results analysis on the algorithm performance by simulations
with different penetration rate levels and traffic demands.

e Section 8.6 concludes this chapter.
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8.2 System Architecture

The cooperative smart lane selection (CSLS) application is a centralized system,
which aims to leverage connected vehicle (CV) technology (mainly based on a cellular
network) and provide a cooperative protocol for the lateral maneuvers (lane changes) for a
group of application-enabled vehicles. The overall traffic is expected to benefit from such
lateral regulation due to improved network mobility performance. To achieve this, the
equipped vehicles are first grouped according to their spatial vicinity (see Figure 8-1 (a)).
Then, the downstream lane-level traffic states are estimated and used to determine the
(centralized) cooperative lane assignment strategy, which can dynamically guide the
application-equipped vehicles, via long-range cellular communication, to perform lane
changes to their target lanes over certain time periods. The CSLS algorithm includes three
key parts:

e Spatial discretization—The CSLS-equipped vehicles form a group near a certain
area (see “Cooperative lane assignment group #»” in Figure 8-1 (a)), in order to
follow the (centralized) cooperative lane assignment, which requires spatial
discretization of the traffic network.

e Lane-level estimation—Multiple factors could be selected to determine lane-level
traffic states downstream, such as average speed, flow, and density. In this study,
we use the downstream lane-level average speed of the road segment as the key
factor.

e Cooperative lane assignment scheme—A centralized lane assignment strategy is

conducted to dynamically guide the application-equipped vehicles to perform
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cooperative lane changes to their target lanes, based on the desired speeds of CSLS
users and lane-level downstream congestion. The goals of the lane assignment
strategy include: 1) to even up the number of vehicles in all lanes (not deteriorating
a single lane); and 2) to assist CSLS-equipped vehicles to drive at their desired
speeds, with the lowest speed difference as possible from the vehicles in the current
lane in the road segment downstream, resulting in the least number of disturbances

to overall traffic flows.
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(a) Schematic Diagram of the CSLS Groups
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(b) An Illustrative Example of the CSLS Lane Assignment Strategy

Figure 8-1. Schematic Diagrams for the CSLS Application
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Figure 8-1 (b) shows an illustrative example of the CSLS application lane
assignment strategy. CSLS application-equipped vehicles’ information within the
upstream road segment is collected, including their desired speeds, and the lanes in which
they are currently traveling. Every N seconds (e.g., 20 seconds), CSLS-equipped vehicles
of this group (the ones in the upstream road segment) are reassigned to corresponding target
lanes, depending on the downstream segment traffic status, obtained from the
communication-capable vehicles within the downstream segment, and the lane assignment
strategy. Figure 8-2 presents a high-level flowchart, showing the roles and functionalities
of CSLS-equipped vehicles and other types of vehicles (for example, legacy vehicles and

CVs without CSLS application).
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Figure 8-2. Flowchart of CSLS Application Algorithm
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8.3 Lane Assignment Strategy

We developed a lane assignment strategy with the aim to improve the network

output flow by efficient flow exchange on different lanes, so that the network mobility

improvements are achieved.

The steps of the lane assignment strategy at each time step are:

A group of CSLS-equipped vehicles near each other (e.g., inside the upstream road
segment, see Figure 8-1 (b)) are classified as the cooperative lane assignment group
n (see Figure 8-1 (a)). The number of CSLS-equipped vehicles in each lane n; (I €
[1, L]) in this segment is logged, and L is the total number of lanes.

All CSLS-equipped vehicles of the group n are sorted based on their desired speeds
(for example, from high to low).

All CSLS-equipped vehicles are clustered into L “similar-desired-speed” subgroups
(again, L is the total number of lanes). The number of vehicles in each “similar-
desired-speed” subgroup depends on n; (I € [1,L]).

Each “similar-desired-speed” subgroup is distributed to the matching lane in the
downstream road segment (it is assumed that each vehicle will try to drive at their
desired speed in the downstream road segment as far as possible).

The process of the lane assignment strategy within one road segment at one time

step t is described in detail as follows.

Initialization.
a. ct={ctCLCt, .., ClYis a set of clusters at the t-th time step. L is the

total number of the clusters (the total number of lanes). x| isa n; X 2 matrix
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(le[1,L]), where n; is the number of observations on lane [ within the
upstream road segment at the t-th time step. Note that the observation is a
CSLS-application equipped vehicle within the observed road segment. Each
row of X} represents an observation on lane [ within the upstream road
segment at the t-th time step, and each column represents one dimension in
the feature space. The two feature dimensions in X} include the current lane
[ in which the vehicle is traveling, and the vehicle’s desired speed.

b. All the observations within the upstream road segment at the t-th time step
are stored in set X¢, i.e.,

Xt ={o/|0feRV2, je[1,M] } (8-1)
where row vector 6} represents one observation; M = »¥_, n;, which is
the total number of observations within the upstream road segment.

Ii.  Assignment step.

a. Arrange the observations (row vectors) 5]? (j=1,2,..,M) according to
their desired speeds from big to small, where M = YI_ n, is the total
number of observations within the upstream road segment, then we have
matrix SteRM*2_ In St, we have:

Sk2>Ski1 k=12,..,M—-1 (8-2)
where Sj , represents the second element of the k-th row in matrix S*.
b. Sortn; (I =1,2,...,L) from big to small, then we have sequence ns; as

follows:
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ns; 2 nsjyq,j =12,...,L—1 (8-3)

C. Classify the row vectors of matrix S* into cluster C/, i.e.,

Stst LSkl =1
Clt — { {t 1,22 nil} (8-4)
{Shsii1r 0 Shs b 1=2,.0,L
where S%, represents the m-th row vector in St.
d. Calculate the lane-level average speed ¥} of the downstream road segment

on lane [ within timestep t, i.e.,

N t
_t _ L= VMTy;
Il — vN t
Y=, VHT};

(8-5)
where VMTY; represents vehicle miles traveled for communication-capable
vehicle i on lane [ in the downstream road segment within time step t; and
VHT/; represents vehicle hours traveled for communication-capable vehicle
i on lane [ in the downstream road segment within time step t.

e. Obtain matrix A'eR%*?, where column 1 represents the lane index and
column 2 represents the average speed o} of that lane. In Af,

A, =2 Al 1, 1=1,..,L—1 (8-6)
where A} , represents the second element of I-th row in A°.

f. Reassign target lanes to all observations, i.e., the lane Af,1 (the first element
of [-th row in A%) is assigned to the vehicles in cluster Cf (I =1, ...,L) as
their target lane.

iii.  Update step:

a. Update X¢, n;, and A® witht =t + 1.

150



8.4 Simulation Setup

In simulation, networks with different geometries and input traffic demands can be
provided to observe and verify the effects of the proposed CSLS application on various
traffic networks, which is difficult to realize with real-world traffic data. The microscopic
traffic simulation software VISSIM [182] is used to establish various sophisticated traffic

networks, simulate driver behaviors, and implement different traffic control strategies.

8.4.1 Network

Most lane assignment methods formulate optimization problems to improve
efficiency or reduce travel time (see Section 8.1), but very few differentiate the traffic state
(for example, heterogeneous or homogenous network and equilibrium or non-equilibrium
traffic) before applying these strategies. Results could be totally different when the same
approach is implemented on different traffic states or networks, since the macroscopic
characteristics (e.g., fundamental diagram shapes) are different for homogeneous and
heterogeneous traffic networks [183]-[185]. A traffic network equilibrium is a network
traffic state where the average traffic flow reaches and stays on the equilibrium point, if
the network flow input does not change. The traffic network can reach the flow equilibrium
if the network is free-flow, even if the network flows are heterogeneous; however, the
network flow equilibrium exists for non-free-flow traffic only if the traffic network flows
are homogeneous [180]. The homogeneity of a traffic network is an ideal situation;
however, traffic flows are heterogeneously scattered most of the time.

Since the structure of traffic networks, the traffic demands, and control strategies

are all factors that influence the network macroscopic characteristics, the tests in this study
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were conducted on both a hypothetical (homogeneous) network and a real-world

(heterogeneous) network to see the application’s effects on different types of networks,

under various traffic demands (see Section 8.4.3 for details).

(a) Hypothetical Network

- -
Cemmcrcll? " D™
oistrict ¥ ~

V2 (N

%| Rickenbacker intermodal Hub

(b) Real-World Network, Ohio 1-270 N (on Map and in VISSIM)
Figure 8-3.Traffic Networks under Study

The first test was conducted on a three-mile, five-lane hypothetical (homogeneous)
network, which consisted of one link with one origin-destination pair and no extra road
features (e.g., on-/off-ramps and lane drop areas) [180], to see how the proposed
application would work without disturbances caused by complicated road features. A real-
world network (i.e., Ohio 1-270 N) is selected for further tests, which is a 15-mile stretch

of road with three to six lanes and seven on-ramp/off-ramp pairs. The traffic demands have
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been well calibrated using real-world data in the City of Columbus. 1-270 N is a
heterogeneous network, since the traffic flows are not scattered evenly inside the network,

and the traffic densities on some links are different than others [180].

8.4.2 General Parameters Settings of VISSIM

The simulation was performed in the VISSIM 9.0 (X64) environment. In VISSIM,
the vehicles inside the network have different vehicle dynamics models. Examples include
the desired speed curves applied to vehicles. VISSIM provides typical default values for
desired speed distributions. Based on the desired speed distribution curve, each vehicle is
assigned a fraction number and a desired speed. If not hindered by other vehicles or
network objects, e.g. signal controls, a driver will travel at the desired speed. If the desired
speed is higher than the current speed, the driver will check if he/she can overtake other
vehicles without endangering anyone. Desired speed has an impact on link capacity and
achievable travel time. In this study, a VISSIM default curve was selected to model the
desired speed features of overall vehicles.

In addition, the detailed process to model latency in simulation was as follows:

In VISSIM, the time step(s) per simulation second can be set as a number between
1 and 20, which equates to the number of times the script will be executed per simulation
second. In this work, the script was executed every 100 milliseconds, 10 time steps per
simulation second. The purpose is to mimic the latency between the transmitters (app
server) and the receivers (vehicles). More specifically, the information is collected and

processed, then stored during a particular time step. Finally, it is used for assisting drivers

153



at the next consecutive time step (e.g., 100 ms later) at which time the status of vehicles

whose data were collected may have slightly changed due to vehicles’ motion.

8.4.3 Scenario

The simulation test was performed in a homogeneous hypothetical network and a
heterogeneous real-world network. Ten levels of penetration rate were simulated: 0%, 1%,
5%, 10%, 20%, 50%, 100% communication-capable vehicles (where CSLS-equipped
vehicles are 9% of the above penetration rate levels), and 20%, 50%, 100% CSLS-equipped
vehicles out of 100% communication-capable vehicles.

Mobility and safety performance were tested. The mobility performance indicator
is defined as the average speed of a collection of vehicles, which can be obtained through
the API in VISSIM. Safety performance information is obtained using conflict frequency
outputs from the transportation safety evaluation software SSAM [33]. The outputs are
produced in SSAM after it is fed by the specified trajectory files generated by VISSIM.
Details of such effectiveness evaluation approaches can also be found in [76] and [111]. In
addition to performance indicators, user and system benefits are also compared based on
application-equipped vehicles, unequipped vehicles, overall vehicles, and baselines. To be
specific, user benefits compare performance between application-equipped vehicles and
unequipped vehicles within the same scenario, while system benefits measure the
differences between overall vehicles inside a network with CSLS applications and the
baselines where there are 0% application-equipped vehicles.

Both user and system benefits were evaluated in terms of mobility (average speed

difference) and safety (conflict frequency difference) under three levels of traffic volumes
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(in the hypothetical network), stable flow traffic, approaching unstable flow traffic, and

unstable flow traffic , calculated based on the network’s macroscopic average travel speed

and flow [130].

8.5 Simulation Results and Analysis

This section presents the effectiveness evaluation for CSLS from three aspects: 1)

mobility and safety analysis of CSLS equipped, unequipped and overall vehicles in a

homogenous, hypothetical network; 2) mobility comparison between CSLS and LSM in a

homogenous, hypothetical network; and 3) mobility and safety analysis of CSLS equipped,

unequipped and overall vehicles in a real-world network.

8.5.1 CSLS Mobility and Safety Analysis in Hypothetical Network
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Figure 8-4. Influence of CSLS Application on Mobility and Safety

Figure 8-4 (a), (b), (c), and (d) shows the user and system benefits, respectively, in
terms of mobility, under different penetration rate levels and traffic demands. The
penetration rate sensitivity analysis was conducted under the “approaching unstable flow”
traffic condition. In addition, the user benefit results of traffic volume sensitivity analysis
in Figure 8-4 (a), (b), (c), and (d) are based on the scenario where all vehicles are
communication-capable vehicles, and the penetration rate of CSLS-equipped vehicles is
50%, while system benefit results of traffic volume sensitivity analysis in Figure 8-4 (a),
(b), (c), and (d) are based on the scenario where all vehicles are CSLS-equipped.

Based on the major findings of penetration rate sensitivity analysis (see Figure 8-4
(a) and (b)), regarding system benefits, average speed difference (median value of multiple
simulation runs) is increased by +2.07% when all the vehicles are CSLS vehicles (the
largest gain is +3.67% in one simulation run). As shown in Figure 8-4 (c) and (d), with the

change in traffic volume, trivial benefits (or even negative results) in mobility can be
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witnessed from the perspective of user benefits. In terms of system benefits, the average
speed difference (median) is increased by +2.07% to +3.36%.

According to the work in [180], the network flow equilibrium exists even under the
non-free-flow traffic since the traffic flows are homogeneous in this hypothetical network.
That is, CSLS application grasps this chance to push the traffic status toward the flow
equilibrium, which theoretically exists, with the purpose of improving network mobility.
The system benefits are achieved across all three non-free-flow traffic conditions in this
study (see Figure 8-4 (d)), however, the results were obtained under the 100% penetration
rate of CSLS-equipped vehicles. In the mixed traffic situations, the benefits may be
diminished.

As shown in Figure 8-4 (e), (), (g), and (h), for penetration rate sensitivity analysis,
conflict frequency difference (in median) ranges from -100% to +73.78% from the
perspective of user benefits. Regarding system benefits, the conflict frequency difference
is increased by 1.67 times to 3.17 times (median). Also, with the change in traffic volume,
the conflict frequency difference is increased by a factor of 0.73 to 2.02 (median value). In
terms of system benefits, the conflict frequency is increased by 1.58 times to 2.08 times.
The increase in the conflict risk may result from the periodic cooperative lane change

behaviors introduced by the CSLS application.

8.5.2 Mobility Comparison between CSLS and LSM in Hypothetical Network

CSLS application can be regarded as an evolved version of the Lane Speed
Monitoring (LSM) application (see Chapter 6), which is a distributed lane guidance

strategy, mainly designed from the user benefit perspective. Simply put, the LSM
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application is a selfish lane selection, decision-making, ego application-equipped vehicle,
collecting downstream vehicle information via inter-vehicle communication, always

changing to the fastest lane to achieve a higher speed. For more details, please refer to

Chapter 6.
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Figure 8-5. Influence of LSM Application on Mobility
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To further investigate the difference between CSLS and LSM, the LSM application
was tested in the hypothetical network under the same parameter settings and scenarios.
LSM can bring user benefits in terms of average speed increase (when the penetration rate
of LSM is small). For more LSM performance in terms of user benefits under low
penetration rates, please refer to the work in [76]. In this study, very high penetration rate
of LSM cases were tested as well, e.g., 20% LSM and 50% LSM. Comparing Figure 8-4
(@) and (b) with Figure 8-5, we see that LSM does not help achieve system benefits. In
contrast to CSLS, the LSM network mobility deteriorates, i.e., the average speed of overall
vehicles decreases by 8.2% when the LSM penetration rate is 50%, due to interference
caused by non-cooperative lane changes at very high connected vehicle and LSM

application penetration rates.

8.5.3 CSLS Mobility and Safety Analysis in Real-World Network

In addition to the hypothetical network, a heterogeneous real-world network Ohio
[-270 N was tested. Please note that the spatial discretization of Ohio 1-270 N followed a
few rules: inconsistent lanes were ruled out to reduce the extra impacts of irregular
geography. Since only the vehicles whose routes followed the mainline were selected, a
relatively small penetration rate of application-enabled vehicles was tested in the real-
world network, i.e., 9% of communication-capable vehicles were CSLS application-
enabled vehicles. Moreover, two levels of traffic demands were selected for traffic volume
sensitivity analysis: light traffic (free-flow and calibrated based on real-world data) and

moderate traffic. The purpose was to see how the small portion of application-enabled
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vehicles affected the network mobility under free-flow traffic status, where the flow

equilibrium is expected to exist in a heterogeneous network [180].
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Conflict Frequency Difference for Equipped Vehicles
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Figure 8-6. Influence of CSLS Application on Mobility and Safety (Real-World Network)

In Figure 8-6 (a), the mobility performance of CSLS application users is improved
under a different penetration rate, i.e., there is +0.64% to +1.87% average speed difference
between CSLS users and ordinary vehicles (when penetration rate of communication-

capable vehicles is 10% or higher). Regarding the traffic volume sensitivity analysis, the
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penetration rate of communication-capable vehicles was selected as 20% (close to reality
short-term market share of connected vehicles [9]), and the average speed difference is
+0.56% to +1.92% under different traffic volume levels. However, the system benefits are
negligible (there are -0.04% to -0.001% average speed differences between the CSLS
network with baselines). Reasons could be that: 1) the number of on-road CSLS vehicles
is not sufficient for the application to regulate the overall traffic; 2) the geographies of the
real-world features are complicated compared to a hypothetical network, leading to
difficulties in reaching flow equilibrium under such conditions. On the other hand, conflict
risk is increased due to the periodic lane change behaviors induced by the application (see
Figure 8-6 (e), (f), (9), and (h)).
8.6 Summary

In this chapter, a Connected Vehicle (CV)-based application, Cooperative Smart
Lane Selection (CSLS), was designed and comprehensively evaluated. To examine the
effects of CSLS on overall traffic, microscopic traffic simulations have been made for
different traffic networks with various penetration rates and traffic demands. A similar
mobility-oriented CV application, Lane Speed Monitoring (LSM), was tested for
comparison purposes. The simulation results show that a system with 100% CSLS-
equipped vehicles achieves network mobility benefits (in a homogenous, hypothetical
network) in terms of average speed improvement of overall vehicles, as compared to the
corresponding baselines; whereas, mobility of the traffic network system with high
penetration rates for LSM deteriorates due to the lane changes without cooperation. The

impacts on a real-world traffic network (i.e., Ohio 1-270 N) were assessed, and it was
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observed that when the penetration rate of CSLS vehicles is low, CSLS vehicles may cause
disturbances resulting from periodic lane changes; whereas, the average speed of CSLS
application users is increased.

Future work includes integration of vehicles’ routes in the real-world network with
the CSLS application, as well as improvements on the application design to enable its
functionality on a complicated real-world network at a high penetration rate.

In addition, we can achieve dynamic management of CV-based applications under
diversified development environment of connected vehicle applications by tuning

parameters of CV applications (see Figure 8-7).
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Figure 8-7. Parameters Tuning Strategy

167



Moreover, examples of dynamic application conversion include the proposed
innovative mobility-oriented connected vehicle-based applications: Lane Speed
Monitoring (LSM, see Chapter 6) and Optimal Lane Selection (OLS, see Chapter 7), and
Cooperative Smart Lane Selection (CSLS). Application switching pairs can include LSM
vs OLS (DSRC communication vs cellular communication); and OLS vs CSLS (minority
connected vehicles vs majority connected vehicles), depending on different traffic

conditions.
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9 CONCLUSIONS AND FUTURE WORK

In this dissertation, an integrated holistic analysis framework has been developed
to evaluate CV applications from three types of performance measures both qualitatively
and quantitatively. Under the developed qualitative analysis framework for safety,
mobility, and environmental sustainability, a series of innovative CV-based applications
have been developed, taking the tradeoffs and co-benefits into consideration. These
developed CV applications have been comprehensively evaluated, using microscopic
traffic simulation tools and effectiveness evaluation models. This chapter provides a brief

summary of the dissertation, as well as the possible future work.

9.1 Conclusions

A number of Connected Vehicle (CV)-based applications have recently been
designed to improve the performance of the transportation system. Safety, Mobility and
Environmental sustainability (SME) are three key performance metrics when evaluating
CV-based applications. Chapter 4 first presents a broad classification of CV-based
applications, i.e., vehicle-centric applications, infrastructure-centric applications, and
traveler-centric applications. Based on a comprehensive literature review, a number of
typical CV-based applications have been examined in great detail then, where a categorized
analysis in terms of the SME relevant co-benefits and tradeoffs has been performed. Some
key strategies to improve system performance have been identified, for example, better
trajectory planning, increased spacing, capacity increase, speeds/deceleration smoothing,
regenerative braking, vehicle’s dynamics and exogenous signal phase and timing

adjustment, etc.
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To better understand the influence of different CV applications on traffic in a
unified manner, a novel Measure of Effectiveness (MOE) called Speed Variation-based
Entropy (SVE) has been investigated in Chapter 5. An analytical study was carried out on
different types of CV applications by relating SVE with other conventional MOEs on
safety, mobility, and environmental sustainability. Three applications—the High Speed

Differential Warning (HSDW), the Eco-Speed Harmonization (ESH), and Eco—Approach

Departure (EAD)—were selected for detailed evaluation. Results from the sensitivity
analysis on the technology penetration rate and the congestion level reveal that SVE can
well represent the speed variation of individual vehicles and the overall traffic. The
proposed SVE has a strong positive correlation with conventional MOEs (i.e., conflict
frequency and fuel consumption). Therefore, conventional MOEs can be well explained
and even estimated and by SVE under a variety of scenarios.

In Chapter 6, a Lane Speed Monitoring (LSM) application based on vehicle-to-
vehicle (V2V) communication has been proposed and developed. This application takes
advantage of the Basic Safety Messages (BSM) transmitted from equipped vehicles via
dedicated short range communication (DSRC), to estimate the real-time traffic states at the
lane level. It then provides the vehicle driver with a recommendation on the fastest lane to
travel in. A comprehensive simulation study has been conducted to evaluate the
performance of the LSM application, including safety, mobility, and environmental
impacts, under various scenarios. Results indicate that the LSM application is beneficial to
the individual user even under a low market penetration rate. VVehicles equipped with the

application demonstrate up to 11% average speed improvement. Using the Lane Speed
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Monitoring application as one specific example, the in-depth relationship between different
types of Measures of Effectiveness (MOEs) under various scenarios (e.g., different
penetration rates of the LSM technology) has been explored, to investigate the association
between the application focus and tradeoffs to be made among different performance
measures.

Chapter 7 presents another CV-based application for online path planning, which
assists with lane selection, i.e., finding the best travel lane sequence in terms of travel time
based on predicted lane-level traffic states. The Spatial-Temporal model (ST-model) has
been developed, which utilizes spatial and temporal information of road cells to predict
future traffic states at the lane level. This information was used by the proposed lane
selection assistance application to select an optimal lane sequence for the individual
application-equipped vehicles, using the dynamic programming method. A comprehensive
simulation-based evaluation has been conducted under various scenarios then, e.g. with
different traffic volumes, penetration rates of communication-capable vehicles, and
information update cycles. We observe that the proposed ST-model outperforms the basic
estimation model in terms of traffic state prediction accuracy, and travel times of
application-equipped vehicles can be reduced by up to 8% with the use of the proposed
lane selection assistance application when compared with the baseline with 0% penetration
rate for the proposed application, under various traffic scenarios. It can be concluded that
the application can be effective in the early deployment stage of CV technology, where the
penetration rate of communication-capable vehicles is still low. This application can help

obtain mobility and safety co-benefits: both the travel time and the potential conflict risk
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of application-equipped vehicles are reduced. The safety benefits are achieved due to the
more strategic and informed lane changes suggested by the proposed application.

In Chapter 8, a CV-enabled application, Cooperative Smart Lane Selection (CSLS),
has been developed to encourage cooperative lateral maneuvers (lane changes) and
improve the network-wide mobility. This application includes both the vehicle drivers’
desired speeds and the network’s mesoscopic (link-level and lane-level) travel speeds in
its decision-making process. To examine CSLS effects on traffic, microscopic simulations
have been made for different road networks with various CV market penetration rates and
traffic levels. The performance of the proposed CSLS application has been compared with
another CV application, Lane Speed Monitoring (LSM), which was proposed, developed,
and evaluated in Chapter 6. The simulation results on a hypothetical network show that a
system with 100% CSLS-equipped vehicles achieves traffic network mobility benefits, i.e.,
the average speed of overall vehicles increases by 3.4% as compared to the baseline with
0% penetration rate for CSLS. In contrast, mobility of the traffic network with high
penetration rates for LSM deteriorates, i.e., the average speed of overall vehicles decreases
by 8.2% within the same scenario, due to its non-cooperative lane selection strategy.
Furthermore, impacts of CSLS on a real-world traffic network were assessed, and it was
observed that when the penetration rate of CSLS vehicles is low, the average travel speed
of CSLS users is increased. Finally, the dynamic application management among different
CV-based applications (e.g., LSM, OLS, and CSLS) can be achieved under various traffic
situations, for example, depending on the short- or long-range communication availability,

and users’ needs.
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Overall, there are a couple of key contributions from the PhD work. First, an
integrated holistic analysis among the three cornerstones of the performance measures has
been designed and developed when evaluating CV based applications. The innovative
structures and frameworks to evaluate the impacts of CV applications from safety,
mobility, and environmental impacts both qualitatively and quantitatively. Second, an
interdisciplinary concept "Speed Variation-based Entropy" is used in the transportation
field, to help evaluate the degree of traffic system chaos and the impacts that the CV
application brings in a more holistic way. Third, based on the similar thought process
between the wireless communication systems and the transportation systems, | proposed
and developed the Spatial-Temporal model for traffic state prediction and implemented
real-time online path planning for connected vehicles, by using correlations between
upstream and downstream lanes. Lastly, a couple of CV based applications have been
proposed and developed, taking the SME tradeoffs and co-benefits into consideration.
Dynamic management can be conducted under the developed integrated analysis
framework, depending on traffic conditions, availability of different wireless

communication technologies, and users' needs.
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9.3 Future Work

In combination with co-benefit analysis of some typical CV-based applications, we

can conclude and identify some key strategies to improve system performance. It is
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valuable to further investigate parameter-level tuning strategy to tune a CV-based
application, with the goal of achieving different functionalities depending on different
traffic situations. Moreover, several different types of CV-based applications may be
combined in the sense that they can improve different performance measures
simultaneously and obtain co-benefits.

In addition, this dissertation has explored various CV-based applications to achieve
benefits, based on traffic status estimation/prediction via short- and/or long-range wireless
communication technologies. However, fusion of other data sources such as on-board
sensors (e.g., radar and camera) may provide more accurate and reliable estimate of real-
time downstream traffic conditions, which will help improve the effectiveness of the
developed CV-based applications.

To test the effectiveness of the developed CV-based application in a more
comprehensive way, it is also necessary to consider a more realistic driver behavior model,
e.g., based on real-world human drivers’ experience about lane-changing behaviors. In
addition, the CV applications should be evaluated with field test. As a step toward the
potential real-world test, one way is the “hardware-in-the-loop” where one or two real
vehicles represent the model in the simulation and interact with other vehicles in the
microscopic simulation.

In addition to the Speed Variation-based Entropy (SVE), entropy calculation from
different perspectives (e.g., space-based and time-based SVE calculation) and its
relationship with other fundamental traffic system parameters (e.g., capacity, density, and

flow) remain as work for the future.
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