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Executive Summary

This document constitutes the Interim Report on the traffic-level simulation and performance analysis for
the Traffic Optimization for Signalized Corridors (TOSCo) Small-Scale Test and Evaluation Project. This
project was undertaken by the V2| Consortium of the Crash Avoidance Metrics Partners LLC (CAMP), in
conjunction with the University of Michigan Transportation Research Institute (UMTRI), the University of
California-Riverside (UCR) and the Texas A&M Transportation Institute (TTI). The United States
Department of Transportation (USDOT), through the Federal Highway Administration (FHWA), funded the
project under Cooperative Agreement No. DTFH6114H00002.

The TOSCo system uses a combination of infrastructure- and vehicle-based components and
applications along with wireless data communications to position the equipped TOSCo vehicles to arrive
during the “green window” at specially designated signalized intersections. TOSCo-equipped
intersections continually broadcast information about the geometry of the intersection (J2735 MAP
message), status of the signal phase and timing at the intersection (J2735 SPaT message) and the
presences of any traffic waiting in queues at the intersection. As TOSCo-equipped vehicles enter the
DSRC communication range of a TOSCo-supported intersection, the vehicle would receive the geometric
map, signal phase and timing and queue information. Using this information, the TOSCo-equipped
vehicles would then plan a speed trajectory that would allow them to either pass through the intersection
without stopping (either by speeding up slightly, maintaining a constant speed, or slowing down slightly to
allow the queued vehicles ahead of it to clear the intersection before it arrives) or to stop in a smooth,
coordinated fashion to reduce the amount of time stopped at the intersection. TOSCo vehicles that must
stop at an intersection would perform a coordinated launch maneuver at the start of a green cycle that
would allow them to clear the intersection in a more efficient manner. Once the TOSCo vehicles leave
the communications range of the intersection, they would then revert to their previous operating mode
(manual control, ACC, or CACC, depending where the TOSCo vehicle is in the string).

One significant outcome of this project has been the development of the TOSCo Simulation Environment.
As part of this project, the research team developed an innovative simulation environment to support the
development and assessment of TOSCo functionality. The environment consists of three platforms: a
vehicle simulation platform, an infrastructure simulation platform, and a performance assessment
platform. Using a series of three simulation models, the vehicle simulation platform gives the TOSCo
team the ability to test and verify algorithm code that will eventually reside in TOSCo-enabled vehicles.
The infrastructure simulation platform was developed to test and verify detection and processing
algorithms that reside on infrastructure devices. The team used this platform to simulate the detection
outputs of different queue detection devices and to access accuracy and precision-related impacts of
queue estimates on TOSCo processes. The TOSCo performance assessment platform was developed to
allow the team to quantify the potential intersection, corridor, and network-level benefits of deploying
TOSCo in the real-world. Using simplified vehicle and infrastructure logic, this platform gives the team the
ability to examine the environmental and mobility benefits associated with operating conditions and
scenarios.

Using the performance assessment simulation environment, the research team conducted simulation
experiments to assess the potential mobility and environmental benefits of deploying the TOSCo system
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in two corridors, a low-speed urban corridor in Michigan (Plymouth Road in Ann Arbor) and a high-speed
suburban corridor in Texas (State Highway 105 in Conroe). The research team incorporated the following
elements into the performance assessment.

The impacts of different market penetration rates of vehicles equipped with TOSCo functionality
on mobility and environmental benefits

The use of different infrastructure algorithms to estimate queuing: a basic safety message (BSM)-
and loop-detector approach on the low-speed corridor and a radar-based detector approach on
the high-speed corridor

Based on the simulation experiments, the research team identified the following findings related to
deploying TOSCo in the two simulated corridors.

TOSCo was able to produce substantial reductions in stop delay and number of stops in both
corridors. In both corridors, stop delay decreased on the order of 40% in the low-speed corridor
and 80% in the high-speed corridor after TOSCo was implemented. Similar reductions in the total
number of stops were recorded in both corridors.

TOSCo did not cause substantial changes in the total delay experienced by travelers in the
corridor

Total travel time and travel speed were not significantly impacted by implementing TOSCo in
either corridor

TOSCo did not have a substantial impact on vehicle emissions or fuel consumption. The TOSCo
system produced similar mobility benefit trends in both low-speed and high-speed corridors.
Emission benefits tend to be higher in the low-speed corridor. Because the changes in speeds in
the low-speed corridor in the range where environmental impacts are the greatest, emissions
benefits in the low-speed corridor are more sensitive to smaller changes in speed.

The string of TOSCo vehicles formed more easily as more penetration rates increased. This
caused more vehicles to drive in a cooperative fashion

With more strings, queues at intersections can clear faster due to TOSCo’s coordinated launch
feature

As the market penetration rate of TOSCo vehicles increased, the accuracy of the queue
prediction also increased.

The research team developed the following recommendations based on their experiences with modeling
the potential mobility and environmental benefits of the TOSCo System.

TOSCo parameters (e.g., maximum acceleration, CACC set speed) should be selected to match
the corridor characteristics and driving behaviors

TOSCo vehicles need to utilize profiles that accelerate different than the analyzed version.
Acceleration from a stop should incorporate a buildup of the acceleration, constant acceleration,
and a reduction of acceleration, so that a TOSCo vehicle is able to reach speed in a reasonable
amount of time and level of jerk.

TOSCo vehicles need to be coded to account for unexpected queues or vehicles changing lanes
in front of them

The simulations need to be revised with the final vehicle level algorithm and evaluated to
understand benefits of the revised TOSCo algorithm

Expand the TOSCo-vehicle algorithms to account for the following:
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1) Non-trivial initial acceleration for the trajectory planning
2) Inclusion of road grade change

3) Customization of different power-train characteristics

4) Imperfection of sensors (e.g., GPS) and communications

The simulation experiments assume that lateral and longitudinal position of vehicles can be
detected by sensors installed at an intersection. More research is needed to understand the
limitations of field equipment to better simulate the TOSCo Infrastructure component.

Data in this report indicates predictive queue estimation performs better with increased DSRC
range than current queue information used for the Green Window calculation. Additional
simulations should be run to analyze which queueing information is most helpful for TOSCo.

Results from both corridors show that TOSCo is less effective at low-traffic volume and low-delay
intersections. When the traffic volume is low, or signal coordination provides good progression,
most of the vehicles don’t need to stop or slow down at the intersection, which leaves very limited
space for TOSCo to adjust vehicle trajectories. In addition, low-traffic volume on side streets may
generate inaccurate SPaT information when the traffic signal of the TOSCo approach is under
green rest state, unless minimum recall is in place.

The remainder of this report is organized as follows:

Chapter 2 presents a high-level overview of the TOSCo functionality

Chapter 3 provides a discussion of the three simulation environments developed to support this
project, including the design of the simulation environments and descriptions of key simulation
model features, including both the infrastructure and vehicle components of TOSCo

Chapter 4 discusses the two real-world corridors, a high-speed corridor in Conroe, Texas and a
lower-speed corridor in Ann Arbor, Michigan. These corridors are used in the simulation analyses.

Chapter 5 describes simulation modeling assumptions and performance measures, including
mobility and fuel/emissions measures

Chapter 6 introduces verification simulation scenarios that allowed the research team to gain
confidence in the simulation tools, as well as providing examples of simulation performance that
are useful for readers to understand the TOSCo operations and advantages

o Chapter 7 presents the results of the simulation experiments for the low-speed corridor.
o Chapter 8 presents the results of the simulation experiments for the high-speed corridors.

e Chapter 9 summarizes the findings and identifies areas of future work to further understand
the benefits of TOSCo, including investigating characteristics of corridors that may benefit the
most from TOSCo.

A series of appendices then follow the main body of the report. These appendices support specific topics
that are within the main body of the report and are referenced where applicable.
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1 Introduction

The Traffic Optimization for Signalized Corridors (TOSCo) system is a series of innovative applications
designed to optimize traffic flow and minimize vehicle emissions on signalized arterial roadways. The
TOSCo system applies both infrastructure- and vehicle-based connected-vehicle communications to
assess the state of vehicle queues and cooperatively control the behavior of strings of equipped vehicles
approaching designated signalized intersections to minimize the likelihood of stopping. Information about
the state of the queue is continuously recomputed and broadcast to approaching connected vehicles.
Leveraging previous Crash Avoidance Metrics Partners LLC (CAMP)/Federal Highway Administration
(FHWA) work on cooperative adaptive cruise control, approaching vehicles equipped with TOSCo
functionality use this real-time infrastructure information about queues to plan and control their speeds to
enhance the overall mobility and reduce emissions outcomes across the corridor. This report focuses on
the development of the infrastructure-side algorithms and the design and use of traffic-level simulation
environments, which include both infrastructure and vehicle components, to estimate the mobility and
emissions advantages of TOSCo.

1.1 Project Description

This project was undertaken by the Vehicle-to-Infrastructure (V2I) Consortium of CAMP, in conjunction
with the main authors of this report who are from the University of Michigan Transportation Research
Institute (UMTRI), the University of California-Riverside (UCR) and the Texas A&M Transportation
Institute (TTI). The United States Department of Transportation (USDOT), Federal Highway
Administration (FHWA), funded the project under Cooperative Agreement No. DTFH6114H00002.
Participants of the V2| Consortium, which includes eight light vehicle manufacturers and one heavy-
vehicle manufacturer, guided and supervised the development of the processes and algorithms governing
the behavior of the vehicle-equipped the TOSCo system.

Building upon the FHWA'’s Eco Approach and Departure Concept (7, 2), the TOSCo system uses a
combination of infrastructure- and vehicle-based components and applications along with wireless data
communications to position the equipped vehicle to arrive during the “green window” at specially
designated signalized intersections. The vehicle side of the system uses applications located in a vehicle
to collect signal phase and timing (SPaT), and MAP messages defined in SAE standard J2735 using
vehicle-to-infrastructure (V2I) communications and data from nearby vehicles using vehicle-to-vehicle
(V2V) communications. The applications also introduced a new message set, a Road Safety Message
(RSM), which is computed on the infrastructure side and is used to convey information about the “green
window” to individual vehicles. The “green window,” computed by the infrastructure, is based on the
estimated time that a queue will clear the intersection during the green interval. Upon receiving these
messages, the individual vehicles perform calculations to determine a speed trajectory that is likely to
either pass through the upcoming traffic signal on a green light or decelerate to a stop in an eco-friendly
manner. This onboard speed trajectory plan is then sent to the onboard longitudinal vehicle control
capabilities in the host vehicle to support partial automation. This vehicle control leverages previous work
by CAMP, FHWA, and partners UMTRI and IAV to develop cooperative adaptive cruise control (CACC)
algorithms.
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Chapter 1: Introduction

1.2 Scope of this Report

This report presents the methodology and results of computer simulation activities supporting the
development of the TOSCo system, especially the infrastructure-based algorithms. The research team
also used computer simulation to evaluate the effectiveness and potential mobility and environmental
benefits that could be generated through the application of the TOSCo system in both low-and high-
speed corridor environments. The specific objectives of the performance analysis were to quantify the
potential mobility and environmental benefits of the TOSCo system in a variety of settings and with
different strategies as described below.

o Different operating environments: a low-speed corridor (Plymouth Road, Michigan) and a high-
speed corridor (SH 105, Texas)

o Different penetration rates of vehicles equipped with TOSCo functionality

o Different Connected-Vehicle (CV) market penetration rates where CV’s are not TOSCo-equipped
but do provide information via BSM. This report assumes the use of dedicated short-range
communications (DSRC), but other low-latency technologies could be used. One of the
infrastructure algorithms considered in this report is able to utilize BSM information regardless of
TOSCo functionality. Different infrastructure algorithms to estimate queue: a basic safety
message (BSM), loop-detector approach on the low-speed corridor, and a radar-based detector
approach on the high-speed corridor

o Different traffic control strategies: fixed-time control and coordinated actuated signal control

The simulation experiments consist of verification scenarios and evaluation scenarios. Seven verification
scenarios are designed specifically to test the TOSCo operating modes with or without traffic that does
not have the TOSCo functionality. The evaluation scenarios generate vehicles based on local traffic
patterns, which are calibrated from the field data. Simplified TOSCo algorithms described in Chapter 2
are implemented. The simulation experiments are conducted according to a defined test plan and both
mobility and fuel consumption and emission benefits are analyzed.

1.3 Organization of the Report

The remainder of this report consists of several chapters and appendices. Chapter 2 presents a high-
level overview of the TOSCo functionality. Chapter 3 provides a discussion of the three simulation
environments developed to support this project, including the design of the simulation environments and
descriptions of key simulation model features, including both the infrastructure and vehicle components of
TOSCo. Chapter 4 discusses the two real-world corridors, a high-speed corridor in Conroe, Texas and a
lower-speed corridor in Ann Arbor, Michigan. These corridors are used in the simulation analyses.
Chapter 5 describes simulation modeling assumptions and performance measures, including mobility and
fuel/emissions measures. Chapter 6 introduces verification simulation scenarios that allowed the team to
gain confidence in the simulation tools, as well as providing examples of simulation performance that are
useful for readers to understand the TOSCo operations and advantages.

The simulation platforms that are developed and verified in Chapters 4 and 5 are then used to analyze
the mobility and energy/emissions performance of TOSCo, at differing levels of penetration, relative to a
baseline of traffic without TOSCo. Chapters 7 and 8 present the results of these analyses for the low- and
high-speed corridors, respectively. These analyses include addressing single intersections as well as the
entire corridors. This represents hundreds of extended simulations with populated corridors to explore,
among other factors, the influence of market penetration and effects of different working ranges of the
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wireless communication between intersections and approaching traffic. An estimate of how benefits
might be expressed in monetary costs is also made for each corridor.

Chapter 9 summarizes the findings and identifies areas of future work to further understand the benefits
of TOSCo, including investigating characteristics of corridors that may benefit the most from TOSCo. A
series of appendices then follow. These appendices support specific topics that are within the main body
of the report and are referenced where applicable.
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2 TOSCo System Overview

This chapter provides a high-level overview of the TOSCo system, its concept of operations (ConOps)
and the different operating states of the TOSCo-equipped vehicles. For more information on the specific
algorithms and operations of the TOSCo system, the reader should consult the Vehicle-to-Infrastructure
Program Traffic Optimization for Signalized Corridors (TOSCo) System Requirements and Architecture
Specification (3).

2.1 TOSCo Concept of Operations

Figure 1 illustrates the basic concept of TOSCo system. When activated and outside of the
communication range, TOSCo-equipped vehicles would operate in a Free-flow mode. TOSCo-equipped
intersections are constantly broadcasting information about the intersection geometry, status of the signal
phase and timing at the intersection (J2735 SPaT message), and the presences of any traffic waiting in
queues at the intersection. Information about queue would be contained in a Signal Phase and Timing
(SPaT) Message. As a TOSCo-equipped vehicle enters the DSRC communication range at the
intersection, it would receive the intersection geometry, signal phase and timing and queue information.
Using this information, the TOSCo vehicle would then plan a speed trajectory that would allow it to either
pass through the intersection without stopping (either by speeding up slightly, maintaining a constant
speed, or slowing down slightly to allow the queued vehicles ahead of it to clear the intersection before it
arrives) or stopping in a smooth, coordinated fashion to lessen the amount of time stopped at the
intersection. TOSCo vehicles that must stop at an intersection would perform a coordinated launch
maneuver at the start of green that would allow them to clear the intersection in a more efficient manner.
Once the TOSCo vehicles leave the communications range of the intersection, they would then revert to
their previous operating mode (CACC).

Planning the appropriate trajectory requires information from the infrastructure, specifically, information
about the signal phase and timing and time estimates of when any queued traffic waiting at the stop bar
would clear the intersection. To provide this information, the infrastructure would need to be equipped
with technology not only to provide information of the signal status but also to detect the presence of
queues and predict when these queues would clear the approach. The movement groups for which this
information is provided are called TOSCo approaches. TOSCo approaches would typically include
through movements on the main street, under coordination, and are not intended to include turning
movements, since such a maneuver is outside of the scope for TOSCo operations. A TOSCo approach
could include through movements on a cross street facility. For the purpose of this simulation study, the
TOSCo approaches are always the through movements on the main street facility.
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Figure 1: The TOSCo Concept

The TOSCo concept of a string is the same as the CAMP CACC string, except of course a TOSCo string
is composed of vehicles with TOSCo engaged. Vehicles within a TOSCo string are divided to two
categories, “leader” and “follower.” The “leader” refers to the first vehicle in the string and all other
vehicles are “followers.” One key feature of the adopted CACC algorithm is its distributed communication
and control architecture, i.e., follower-predecessor(s), which means that the control of a follower only
depends on the information (such as instantaneous speed and acceleration) of the vehicles ahead.
Wireless BSMs are received and CACC filters those messages to identify any string members ahead (but
not behind). The CACC uses both radar and the BSMs to control the gap to the vehicle ahead,
sometimes using the preview provided by BSMs ahead of the immediate predecessor to anticipate
sudden decelerations and react even before the immediate predecessor slows. The CAMP CACC
assumes the use of an extension to the BSM which contains data elements that represent the ID of each
vehicle’s immediate predecessor (allowing other vehicles to construct a linked list of the string’s
participants), the host vehicle’s CACC commanded acceleration, and a time constant to help other
vehicles anticipate how that command will lead to speed changes.

A TOSCo vehicle will simply use CACC/ACC if it is the leader. It will automatically transition into ACC if it
begins to follow a vehicle that is not engaged in CACC or TOSCo. It will transition into CACC if it begins
to follow a CACC-engaged vehicle. It will transition into TOSCo following mode if it begins to receive
messages from an approaching intersection. CACC vehicles do not have the same capabilities as TOSCo
vehicles but can end up being at the front, middle, or back of a string that is partially CACC and partially
TOSCo. Like the CAMP CACC approach, the TOSCo algorithms onboard the vehicle decides the host
vehicle’s actions. There is no central coordination within the string, and there are no explicit control
recommendations from outside the vehicle that influence its motion.

To plan a trajectory, the TOSCo system onboard each vehicle uses an estimation of time-of-arrival (TOA)
for each vehicle. The TOA module is developed to estimate the TOA at the upcoming stop-bar for
TOSCo-equipped vehicles within a string. For the “leader,” the TOA is estimated based on the maximum
of: 1) the travel time to the stop-bar with its predefined speed profile; and 2) time elapsed to the start of
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the imminent green window (with consideration of queue length estimation). For the “follower,” its TOA is
estimated by first assuming it can follow its predecessor closely enough (with a user-defined time gap).
Then, it is scrutinized if its estimated leaving time from the stop-bar falls in a green phase or not. If yes,
then there is no update on the TOA. Otherwise, the TOA is set as the start of next green window. With the
same logic, it can be determined that if a vehicle in a TOSCo-string can pass the intersection or not. For a
“follower,” if it cannot pass the stop-bar within the same green widow as its predecessor, then its role will
transition to a “leader” and the original TOSCo-string will be split accordingly.

TOSCo vehicles use TOA estimates to the intersection stop bar to determine the appropriate operating
mode. Figure 2 illustrates the behavior of a TOSCo-engaged vehicle traveling from left to right and
encountering two TOSCo intersections. The dashed circles represent the distance at which vehicles can
receive RSM, SPaT, and MAP messages from the intersections. The TOSCo vehicle behavior can be
represented as one of the following operating states:

e Free Flow

e Coordinated Speed Control
e Coordinated Stop

e Stopped

e  Optimized Follow

e Coordinated Launch

o Creep

S —_ - ~ . _ -

Coordinated

Free-flow Region
(no car-following)

Optimized
Follow Region

Free-flow Region

(with car-following)

¢

Coordinated Speed
Control Region

Coordinated
Launch Region

Possible
Stopped Points

Stop Region

Creep Region

- \\ Communication

-/ Range

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure (V2I) Consortium

Figure 2: TOSCo Vehicle Operating States

The colored paths in the figure above show examples of operating states that might be active in the
different regions near the intersections. A brief description of each of these operating modes is provided
below. For more details about how the vehicle is expected to behave in these operations modes, the
reader should consult the Vehicle-to-Infrastructure Program Traffic Optimization for Signalized Corridors
(TOSCo) System Requirements and Architecture Specification (3). For purposes of the traffic-level
simulation, the behavior for TOSCo is modeled to reflect the aspects of TOSCo that are most important to

CAMP - V2| Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

9



Chapter 2: TOSCo System Overview

the purposes of the simulation, so that an exact version of the onboard TOSCo code is not necessarily
required.

2.1.1 Free Flow

The “Free Flow” operating mode may occur when a TOSCo vehicle is outside of the communication zone
(as indicated by the dashed circle) so that SPaT, MAP and RSM messages are not received. If the
TOSCo vehicle is the “leader,” then the ACC model is applied within the simulation as the driving
behavior. If the TOSCo vehicle is a “follower” within a TOSCo string, then the CACC model is applied as
the driving behavior.

2.1.2 Coordinated Speed Control

The “Coordinated Speed Control” operating mode only occurs within the DSRC communication range
where SPaT, MAP and RSM messages are received. This operating mode only applies to the “leader” of
the TOSCo string when it determines that it will pass through the intersection prior to the amber phase. In
this operating mode, the TOSCo vehicle will apply TOSCo trajectory planning to generate a CACC set
speed profile that allows the vehicle to pass through the intersection as early as possible after the start of
the green window by adjusting the CACC set speed to achieve optimization objectives. One of the three
possible speed profiles may be employed, depending on the available green window: slow down, speed
up, and maintain constant speed. Vehicles under TOSCo coordinated speed control are limited to a
maximum speed of the posted speed limit.

2.1.3 Coordinated Stop

The “Coordinated Stop” operating mode only occurs within the DSRC communication range where SPaT,
MAP and RSM messages are received. This operating mode only applies to the “leader” of the TOSCo
string when it determines that it can’t pass through the intersection prior to the amber phase. In this
operating mode, the TOSCo vehicle will apply TOSCo trajectory planning to generate a speed profile that
allows the vehicle to come to a stop at the stop bar or end of the queue while meeting optimization
objectives.

2.1.4 Stopped

The “Stopped” operating mode only occurs within the DSRC communication range where SPaT, MAP
and RSM messages are received. This operating mode can apply to both a “leader” and a “follower”
within the TOSCo string when the vehicle’s lower than a small threshold (0.01 m/s). When a TOSCo
vehicle stops outside the DSRC communication range, TOSCo remains in “Free Flow” state.

2.1.5 Coordinated Launch

The “Coordinated Launch” operating mode only occurs within the DSRC communication range where
SPaT, MAP and RSM messages are received. This operating mode only applies to the “leader” of the
TOSCo string. This operating mode is usually triggered when the traffic signal turns to green and the
vehicle queue starts to discharge.

2.1.6 Optimized Follow

The “Optimized Follow” operating mode only occurs within the DSRC communication range where SPaT,
MAP and RSM messages are received. This operating mode only applies to the “follower” of the TOSCo
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string. Under this operating mode, the TOSCo vehicle operates predominately as a member of a string
under CACC speed and gap control. The vehicle also employs information from SPaT, MAP and RSM
messages to determine whether it will be able to clear an approaching intersection before the next phase
change. If the vehicle determines that it will not clear the intersection, it will become the leader of a new
string and transition to other operating modes (e.g., Coordinated Stop).

2.1.7 Creep

The Creep operating modes represents the behavior of the vehicle after it is in a queue. In the Creep
mode, the vehicle is moving slowly towards the stop line or end of the queue at speeds generally less
than 5 mph. The vehicle would enter this mode to move up in the queue as vehicles vacate the queue up
ahead of the TOSCo vehicle. This type of behavior might occur as vehicles in the queue turn right-on-red,
causing the need for vehicles to move up in the queue.

The Creep TOSCo operating mode is not directly coded into the traffic level simulation because the
simplified models for CACC and ACC behavior sufficiently represent the behavior expected out of the
Creep operating mode.

2.2 Infrastructure Requirements

TOSCo is envisioned to function both at the individual intersection level and at the corridor-level where
multiple intersections would be equipped to accommodate TOSCo vehicles. TOSCo corridors would be
expected to support all types of vehicles, whether unequipped with connected-vehicle technology or not.
TOSCo-equipped vehicles are required to have CACC capability, and beyond that, to be TOSCo-
equipped. TOSCo operation does require an enhanced version of the CACC to perform coordinated
launch and creep functions. There are additional controller requirements for these modes. The driver
must engage TOSCo for their vehicle to be able to perform the TOSCo functions.

The following are critical components that the infrastructure needs to provide for the TOSCo system to
operate properly.

2.2.1 Signal Phase and Timing (SPaT) and Geometric Intersection
Description (GID) Data

The infrastructure is required to provide signal phase and timing (SPaT) and intersection geometry data
(GID) to the TOSCo vehicle. SPaT can be obtained from the traffic signal controller and provides
information about the current operating status of the traffic signal as well as information about the time
until the next change in the signal indication state. The GID information provides the vehicle with an
understanding of the intersection geometry and allows the vehicle to compute its position relative to the
stop bar of the approach. The GID information also allows the vehicle to determine the lane in which it is
located and what queue and signal timing information pertains to it. Both SPaT and GID message are
standard SAE J2735-2016. The SPaT message is broadcast at 10 Hz while the GID information is
broadcast at 1 Hz.

2.2.2 Green Window Data

One critical function of the infrastructure in the TOSCo system is to estimate the green window. The
green window is currently only defined for coordinated actuated operations. How the green window could
be defined for actuated and, perhaps, adaptive signals is being investigated. The challenge for actuated
or adaptive signals is that the cycle length is not defined. Without an expected cycle length and a
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guaranteed amount of green time, it is not possible to provide a satisfactory prediction of the green
window.

The end of the green window is more predictable for both coordinated actuated signal and adaptive
signal, since the end of the green time is (mostly) determined by either a coordination mechanism or
signal optimization. However, the start of the green window not only depends on the start of green (time
point when the queue begins to be discharged), but also the queue length and queue discharge time.
Under any type of signal strategy, due to variations of the traffic demand, the start of green window needs
to be estimated cycle by cycle. As shown in Figure 3, the “green window” represents the time during the
green interval when the last vehicle in the queue clears the stop bar of the intersection and the end of the
green interval. The “green window” is the time in the green interval in which a TOSCo vehicle can
traverse through the intersection without stopping. The TOSCo algorithms use the green window to
target the vehicle’s arrival to minimize the likelihood of having to stop.

A Intersection1 Intersection2

Time

Eco Arrival Continues

Saturation Flow \

TOSCo
Green
Window

Saturation Flow Rate

in Queue Discharge
TOSCo Trajectory

n >
Distance

Source: Texas A&M Transportation Institute (TTI)

Figure 3: Definition of Green Window

2.2.3 Road Safety Messages (RSMs)

Information about queues and the “green window” is envisioned to be broadcast to the vehicle through
CAMP’s Road Safety Messages (RSM) (30). As shown in Figure 4, the RSM follows a container-based
logic. The message structure allows different “containers” of data to be developed for different
applications. The TOSCo container would contain the following data elements.

e The current location of the back of the queue (in meters) for each lane relative to the stop bar of
the intersection

e An estimate of the predicted maximum location of the back of the queue for each lane

¢ An estimate of the time when the predicted maximum back of queue would clear the stop bar of
the intersection
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e The beginning and end time of the green window defining when the queue is expected to clear

the stop bar of the intersection

This information is used by the TOSCo vehicle to plan the vehicle speed trajectories. The infrastructure is
required to broadcast this information via the roadside unit (RSU) every second. Information about the
queue can be derived from infrastructure-based detection sensors. The infrastructure could also fuse
information from detected TOSCo and other BSM-broadcasting vehicles to refine the queue and green

window estimates.
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Figure 4: Use of CAMP RSM Structure for TOSCo Infrastructure-based Messages
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3 TOSCo Simulation Environments

Three simulation environments exist for evaluating the TOSCo system. Figure 5 shows the relationship
between the three environments labeled Vehicle Simulation, Infrastructure Simulation, and TOSCo
Performance Assessment Environments. This figure shows how the vehicle and infrastructure simulations
work off each other in development and feed into the performance evaluation.

= INFRASTRUCTURE
ALGORITHM SIMULATION
PRODUCTS ENVIRONMENT

VEHICLE SIMULATION SIMPLIFIED
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DSRC TOSCo Enabled
Vehicle

DSRC SPaT/MAP/RSM Enabled
Infrastructure

Source: Texas A&M Transportation Institute (TTI)

Figure 5: TOSCo Simulation Evaluation Environment

The research team selected VISSIM as the microscopic simulation tool for each environment because of
the flexibility the software provides to a user that needs to define vehicle behavior, in this case, to
introduce TOSCo behaviors to some or all simulated vehicles (5). VISSIM’s application programming
interface (API) for defining vehicle behavior allows a user to utilize C++ code to control vehicles, encoded
as a dynamic link library (DLL), which can communicate with other software on the machine, such as the
software running the infrastructure simulation. PTV VISSIM calls this application the DriverModel.dll API
and is what the research team used to represent the TOSCo vehicle behavior.

Each of the following sections briefly discuss the simulation environments.
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3.1 TOSCo Vehicle Simulation Environment

The purpose the TOSCo vehicle simuation platform is to test and verifty the software system embedded
in the vehicles. The vehicle simulation environment works with the infrastructure to verify system
functionality and assess adjustments to the vehicle control stystems. The vehicle simulation environment
was developed to simulate, in high detail, many of the low-level components that could impact a TOSCo
vehicle, such as speed control algorithm, radar sensors algorhtms, GPS error, and more. The vehicle
simulation environment acts as a platform for the testing and verifying the algorithms that will eventually
be used in TOSCo-enabled vehicles and evaluation of very specific vehicle behaviors at a low-level. More
information on the vehicle simulation environment can be found in Reference 6.

3.2 TOSCo Infrastructure Simulation Environment

The TOSCo evaluation team also developed an Infrastructure Test Environment. The purpose of the
TOSCo infastructure simulation environment was to develop and verify the infrastructure components to
be deployed as part of a TOSCo test deployment. Alongside the vehicle level simulation, the TOSCo
infrastructure simulation environment was developed to model and evaluate infrastructure algorithm
components needed for TOSCo deployments, particularly those associated with the RSM data elements.
The infrastructure simulation environment was also developed to assess how accuracy and latency
associated with the infrastructure-based algorithms might impacts performance of TOSCo-equipped
vehicles. In this environment, the research team is able to test varying levels of accuracy for measuring
the current queue, predicted maximum queue, and the green window so implementors can more easily
determine their capability to support TOSCo on a given corridor.

The infrastructure test enivornment models TOSCo vehicles at a higher level, replicating the typical
vehicle/string behavior and providing a simplified version of TOSCo in order to simulate hundreds of
TOSCo vehicles.

3.3 TOSCo Performance Assessment Environment

The TOSCo Performance Assessment Environment uses both simplified vehicle and infrastructure
simulations to evaluate the performance of TOSCo by estimating potential benefits at a single
intersection, corridor and network resolution. These benefits could include a reduction in emissions, fuel
savings, and improved mobility. These performance measures were collected for different market
penetration rates of TOSCo and DSRC-enabled vehicles.

Figure 6 shows the architecture of the TOSCo Performance Assessment Environment. The research
team developed the TOSCo Performance Assessment Environment to evaluate the potential mobility and
environmental benefits associated with TOSCo. The yellow block on the left contains all VISSIM
components. The Traffic Simulator Component is responsible for moving vehicles on the road network,
updating traffic signal status, and collecting performance measurements at the individual vehicle level,
intersection level, corridor level, as well as the network level. The Traffic Simulator Component transmits
vehicle information to the DriverModel.dll, where the vehicle information is packed to BSMs and sent to
the Infrastructure Algorithm Component. Meanwhile, a Virtual Traffic Controller transmits SPaT and
detector data to the Infrastructure Algorithm Component. In this project, the Econolite ASC/3 controller
was selected as a representative controller in part because software exists to simulate this controller
within VISSIM. Utilizing BSM, SPaT and detector data, the Infrastructure Algorithm Component predicts
queue length and estimates the green window. This information is packed into the RSM. In actual
practice, the RSM would be broadcast to nearby vehicles. The simulation sends the RSM packet to the
DriverModel.dll component along with the SPaT message. Based on signal timing and RSM, the
DriverModel.dll Component includes separate instances for individual vehicles approaching the
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intersection. These instances represent computations that are performed onboard for each vehicle. These
computations plan each TOSCo vehicle’s intended speed trajectory and represent the calculation of

onboard vehicle acceleration commands. All vehicle trajectories during the simulation run are sent to the

Emission.dll component for emission and fuel consumption estimation using the MOVES model.

VISSIM

Emission.dll

Veh. Traj.
Traffic
Simulator
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Comm.

Infrastructure Algorithm

AsC3 Vvirtual |Rhcl
Traffic Controller

v

Det. Data SPaT

DriverModel.dl|

Queue Estimator ya=

SPaT, RSM |

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 6: Overall Performance Assessment Architecture

Figure 7 illustrates the operation of the data exchange for a simulation run. Generally, VISSIM sends
commands to the DriverModel.dll and the ASC/3 controller at each simulation step, which interact with the
infrastructure algorithm software to perform the needed calculations to determine the RSM data elements

and the TOSCo vehicle behavior.

CAMP — V2I Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

16



Chapter 3: TOSCo Simulation Environments

DriverModel.dll

|
|
|
o !

|
|
o |

Alg orthms

Contller

|
|
o |

Create Vehicle Types and
Setup Vehicle Modeling

Initiate

>

Initialize Infrastructure Components

Load Traffic Controller and Timing
Plan for each Intersection

loop

For Each Time Step

Create vehicles in Manual,
CACC only, or TO5Co enabled

|
Share Detector Statuses

ForlEach TOSCo Intersection

|

= = — —  — — —Report Phase Status For Each Intersection
|
|

Share Vehicle output
Create BSMs (Transmit Internally)

- — . Transmit Vehicle Data (BSMs and sensor)- - 5

Vehicles Localize
with MAP data From VISSIM

— - — — Transmit SPAT and RSM — — —  —

Queue Determination

Create RSM Message

Determine Phase Status

Create SPAT Message

Report Each Manual Vehicle Acceleration

Move TOSCo Vehicles with Platooning
and Speed Optimization (if possible)

Move Manual Vehicles with VISSIM Driver Model

End Simulation |
»

End Simulation

————— Send Command/Data

- Simulated DSRC Communications
————————>Return

Source: Texas A&M Transportation Institute (TTI)

Figure 7: TOSCo Simulation Data Flows

Terminate

Terminate

CAMP - V2I Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

17



Chapter 3: TOSCo Simulation Environments

The following subsections describe the different algorithms incorporated into both simulations.

3.4 Modeling Vehicle Behavior

The TOSCo vehicle algorithm in the performance evaluation simulation is a simplified version of the more
detailed onboard sensing and computations of TOSCo, as developed by CAMP. Figure 8 shows the
process by which the VISSIM model through the DriverModel.dll controls vehicle entering the network.
The DriverModel.dll first checks to see if a vehicle generated by VISSIM is a TOSCo-equipped vehicle.
Non-TOSCo vehicles operate under manual control. This mode utilizes the VISSIM default driver model
for the vehicles driving behavior. The behavior of the TOSCo vehicles in the simulation model depends
on whether the vehicle is leading a string, following a non-TOSCo vehicle or following a TOSCo vehicle
and if the vehicle is within DSRC range of the upcoming intersection. If the vehicle is following a non-
TOSCo vehicle, the simulation will use the Adaptive Cruise Control (ACC) logic to control the movement
of the vehicle. If the TOSCo vehicle is following another TOSCo vehicle, the Coordinated Adaptive Cruise
Control (CACC) logic is used to control how the vehicle behaves in the simulation model. If the TOSCo-
equipped vehicle is the lead vehicle but outside of DSRC range of an upcoming intersection, it operates in
ACC control because it cannot plan a speed profile. If the TOSCo vehicle is at the head of a string of
vehicles and within DSRC range, it uses algorithms to speed up or slow down the vehicle, depending on
its identified operating state.

The following describes the logic used to control the vehicle’s behavior under the different control modes.

3.4.1 Manual Control Model

To model the behavior of vehicles under manual control, the evaluation team used the default VISSIM
driver model (the Wiedemann 74 model) developed by PTV to model vehicle under manual control (5).

3.4.2 Adaptive Cruise Control Model

To model the behavior of vehicles under ACC control, the evaluation team elected to use the Intelligent
Driver Model (IDM) developed by Treiber and Helbing (7,8). Compared to the Wiedemann 74 model (the
default car-following model in VISSIM), the IDM algorithm is widely used to model a more advanced car-
following behavior because it considers physical and psychological aspects of the drivers. The research
team also believes that the IDM algorithm uses more stable vehicle dynamics that best represent the
cruising behavior of ACC-equipped vehicles than other models.

3.4.3 Cooperative Adaptive Cruise Control Model

Over the years, numerous Cooperative Adaptive Cruise Control (CACC) algorithms have been proposed
(9,70). CACC is like Adaptive Cruise Control (ACC), except in addition to ACC’s use of a remote sensor,
for instance, a radar or a vision system to monitor the distance and relative speed of vehicles ahead,
CACC fuses the remote sensor information with information from connected vehicle BSMs to better
predict the motion of the vehicle ahead. The CAMP CACC approach employs an extension to the BSM
that includes lead vehicle acceleration commands and estimates of the time constants associated with
the lead vehicle response to those commands (77).
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Figure 8: Process for Determining Control Mode for Vehicles in the VISSIM Model.

Not all CACC schemes are the same. The CAMP CACC approach is a decentralized approach, in which
CACC is a driver-initiated feature, and the vehicle joins a string simply by approaching another CACC-
engaged vehicle or changing lanes behind a CACC-engaged vehicle. “Leaders” are those CACC-
engaged vehicles without another CACC vehicle ahead (within the CACC controllers headway of regard),
and “followers” are CACC-engaged vehicles that in fact do have another CACC-engaged vehicle in front.
A “string” is defined as two or more CACC-engaged vehicles, with one leader and at least one follower.
Note that in a CAMP CACC string, the vehicles make decisions and perform control without real-time
consideration of vehicles behind. The concept of a string is different than some definitions of a platoon, in
which a vehicle may need to request to join the platoon, with another platoon vehicle granting or denying
the request. Some platoon systems also give the leader special emphasis, for instance, with following
vehicles computing their longitudinal control using data broadcast by the leader, as well as consideration
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for the vehicle directly in front. Platoons therefore have a centralized aspect to them that a string does
not.

3.4.4 TOSCo Vehicle Speed Control

At each simulation time step, the TOSCo vehicles, after receiving the queue and signal status message
from the infrastructure, determine what operating state is best for the vehicle given the current conditions
in the network. TOSCo vehicles evaluate whether a change in operate state is needed and whether to
maintain its current speed, slow down, or speed up to arrive in the green window using the queue and
signal status information provided by infrastructure. A family of piecewise trigonometric-linear functions
govern the target speed profiles of the TOSCo vehicles due to their mathematical tractability and
smoothness (see Figure 91 and Figure 95 in Appendix A). Once a TOSCo vehicle selects an operating
mode, it evaluates a corresponding set of parameters to produce a speed profile (from the piecewise
trigonometric-linear function family) that aims to minimize the trip-level fuel consumption without
compromising the mobility of TOSCo-enabled vehicle. Appendix A provides a detailed description of the
piecewise trigonometric-linear functions that control the speed up and slow down behavior of TOSCo
vehicles approaching and departing the intersection.

3.4.5 Vehicle Lane-changing Behavior

To date, the TOSCo development at CAMP has assumed that lane choice is the driver’s decision, with no
support from TOSCo. The analysis of TOSCo benefits in this report assumes that TOSCo vehicles will
not perform discretionary lane changes, but, for mandatory lane changes, the traffic level simulation must
allow lane changes for TOSCo vehicles. However, the research team used the Driver Model DLL to
impose some control over the lane-changing behavior to help keep the strings together, which the
research team believes will be an objective of TOSCo users. The restriction prohibits TOSCo vehicles
from changing lanes unless the vehicle is in free-flow mode or the vehicle must change lanes to position
itself to make a turn at an intersection as dictated by its route. If a vehicle needs to turn at the next
intersection, it will perform a lane change; otherwise, lane changes were not allowed. The research
allowed lane changing in free-flow mode, so vehicles can perform a discretionary passing maneuver to
more accurately represent travel behavior on the corridor and avoid artificially raising the total delay
measurements.

3.5 Modeling Infrastructure Components

Infrastructure algorithms estimate the queuing profile and calculate a green window for TOSCo strings at
lane level, i.e., for each lane approaching the intersection. The estimated parameters such as current
queue length, predicted maximum position of the back of the queue, beginning time of the green window
and end time of the green window populate RSMs and transmit to approaching vehicles for their use in
trajectory planning. The following two sub-sections describe how the infrastructure algorithms generated
data required for TOSCo.

The infrastructure algorithms implemented in the low-speed corridor simulation tool and the high-speed
corridor simulation tool were designed differently according to different queue and approaching vehicle
data sources. The following two sub-sections describe the algorithms, respectively.

3.5.1 Generation of SPaT and MAP Messages

Both research teams used the Econolite ASC/3 software-in-the-loop controllers to operate each
intersection and produce SPaT information. The Econolite ASC/3 controllers operate the signal heads at
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each intersection in the VISSIM network via an API for the Econolite ASC/3 controller built into VISSIM.
The default version of the Econolite ASC/3 controller that comes with the VISSIM software is not capable
of producing SPaT packets, so the software must be replaced with an ASC/3 executable that can produce
SPaT packets for the TOSCo simulation to function. The ASC/3 controllers operate in coordinated-
actuated mode using detector statuses sent to the software from VISSIM. The team configured controllers
to send SPaT packets to the infrastructure algorithm which uses the information in the Green Window
calculation for the TOSCo vehicles.

The controller databases send SPaT information to the local IP address at a unique UDP address. The
research teams used the “enable SPaT” batch file, provided by Econolite, to activate the transmission of
SPaT data to the UDP address. The infrastructure algorithm opens and binds sockets to the UDP
addresses corresponding to each of the controllers. At each timestep the infrastructure algorithm listens
over each intersection’s socket to capture the SPaT information, which feeds into RSM data element
calculation. Data elements for the RSM are sent to the DriverModel.dlIl.

Note that the simulation architecture does not include the MAP message because vehicles use the
VISSIM internal mapping mechanism. In field implementation, the purpose of the MAP message is for
vehicle or infrastructure algorithms to locate the vehicle in the corridor and calculate corresponding
information (e.g., approaching lane, signal phase). However, each vehicle in VISSIM obtains this
information directly through data elements in the DriverModel.dll component. Therefore, the simulation
does not include the MAP message to simplify the simulation architecture and increase computation
speed.

3.5.2 Green Window Estimation

The research team modeled three different methodologies for estimating/predicting queue information.
The first methodology uses the type of queue information typically provided by a radar-based queue
monitoring system available to practitioners. These systems provide an estimate of the current queue
length during each sample period (73, 13). To simulate this methodology, the research team replicated
the data collection zone in each lane, covering approximately 500 feet upstream of the stop bar in the
simulation model. The team configured the data zone to provide the speed and position of all vehicles
(lateral and longitudinal) in the detection zone each simulation time step. The team prepared an algorithm
that compared each vehicle speed to a user-defined threshold speed. This value refers to the speed at
which a vehicle is considered low enough to be in a queued state. The research team made this value a
user-defined threshold since different agencies may choose different speeds to consider the vehicles
within the queue. The research team kept this value at 5 mph for the simulation work completed in Phase
| of the project. If the vehicle speed was less than the threshold speed, the algorithm declared the vehicle
to be in a queue state. The location of the vehicle was defined as being in a queue state farthest
upstream from the stop-bar plus an assumed vehicle length represented the current location of the back
of the queue. This methodology utilizes the current queue length for determining the start of the green
window.

In the second methodology, the research team developed a shockwave profile model that used BSM data
and signal timing information to predict queue length and green window. This methodology assumes all
vehicles can provide BSM-type data. The infrastructure collects all the BSMs from every approaching
transmitting vehicle and predicts the following.

e The point in time when the queue length will reach its maximum
e The time point when the back of the queue will begin to start moving
e The time point the back of the queue will clear the stop bar of the intersection approach
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The second methodology populates the start of green window using the time the estimated maximum
back of queue will clear the stop bar.

The research team also examined a third methodology for estimating/predicting queue length. In this
methodology, the research team considered only part of the vehicle stream connected (i.e., equipped with
either DSRC only or TOSCo functionality) and capable of broadcasting BSMs. To account for the non-
equipped vehicles, detection zones within the simulation in each lane upstream and downstream of the
intersection provided data to count the number of vehicles entering and exiting in each lane approaching
an intersection. The methodology uses an input-output model to estimate the number of vehicles queued
in each lane on an intersection approach. The algorithm used Newell’s linear car following model (75) to
estimate when a vehicle will reach the back of queue using data from input detectors, and optional data
from exit detector is used to estimate when the back of the queue will clear the intersection. If an exit
detector is not available, the shockwave profile model can be utilized to track the intersection output. This
methodology refines the predicted queue length using BSMs from both DSRC-and TOSCo-equipped
vehicles to account for errors caused by lane-changing behavior. The input-output, BSM, and signal
timing information are all used to determine the green window estimate utilizing the maximum estimated
queue length.

Appendix B provides a complete description of the three methodologies used to estimate queue
information used by the TOSCo system. Note, only the high-speed corridor simulation used the first
methodology for estimating green window information, while the low-speed corridor simulations tested the
second and third methodologies.
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4 Evaluation Corridors for TOSCo
Development

The research team selected two corridors to evaluate the potential benefits to be derived from the TOSCo
system, one a low-speed corridor located in Ann Arbor, Michigan and the other a high-speed corridor
located in Conroe, Texas. UMTRI was responsible for modeling the performance of the TOSCo system in
the low-speed corridor while TTI was responsible for modeling the performance of the TOSCo system in
the high-speed corridor. This section provides a brief description of these evaluation corridors.

4.1 Low-speed Corridor—Plymouth Road, Ann Arbor,
Michigan

The low-speed corridor (i.e., Plymouth Corridor) is located at the City of Ann Arbor, Michigan. The corridor
consists of eleven intersections from Barton Dr. on the west to Dixboro Rd. on the east. It includes nine
arterial intersections and two free interchanges. Figure 9 shows the signalized intersections in the
corridor.
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Figure 9: Plymouth Corridor Layout
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The total length of the corridor is approximately 3.9 miles. The speed limit in the corridor varies from
35mph on the west end to 50 mph on the east end. The corridor has two lanes in each direction and most
of the intersections have a dedicated left turn lane and shared through-right turn lane. Table 1 and Table
2 list the characteristics of each segment and each intersection. Six intersections from Barton Dr. to
Green Rd. are under SCOOT (Split, Cycle and Offset Optimization Technique) adaptive signal system.
Other five intersections are under either fixed-time signals or actuated signals. There are four mid-block

pedestrian crossing warning devices installed between Murfin Ave. and Green Roads.

Table 1: Characteristics of Road Segments on the Plymouth Corridor

Intersection One | Intersection Two Distance Speed Limit # of Lanes # of Driveway
(ft) (mph)
Barton Dr. Murfin Ave. 3320 35 2 7
Murfin Ave. Traverwood Dr. 2792 35 2 6
Traverwood Dr. Nixon Rd. 1327 35 2 3
Nixon Rd. Huron Pkwy. 777 35 2 3
Huron Pkwy. Green Rd. 3257 45 2 8
Green Rd. US23 SB 1220 45 2 3
Interchange
US23 SB US23 NB 1026 45 5 0
Interchange Interchange
US23 NB Earhart Rd. 2317 45 2 5
Interchange
Earhart Rd. Whitehall Dr. 1492 50 2 0
Whitehall Dr. Dixboro Rd. 3072 50 2 1

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 2: Characteristics of Intersections on the Plymouth Corridor

Intersection Name ExclusitinLeeft-Turn ExclusianI:Lght-Turn Traffic Signal
Barton Dr. EB' Only WB?2 Only Adaptive
Murfin Ave. EB and WB None Adaptive

Traverwood Dr. EB Only None Adaptive
Nixon Rd. EB and WB None Adaptive
Huron Pkwy. EB and WB None Adaptive
Green Rd. EB and WB WB Only Adaptive
US23 SB Interchange WB Only EB and WB Actuated
US23 NB Interchange None EB and WB Actuated

Traffic-level Simulation and Performance Analysis Report
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Intersection Name Exclusive Left-Turn Exclusive Right-Turn Traffic Signal
Lane Lane
Earhart Rd. EB and WB None Actuated
Whitehall Dr. EB and WB EB and WB Actuated
Dixboro Rd. EB and WB EB Only Actuated

'EB= Eastbound direction of travel. 2WWB=Westbound direction of travel
Source: University of Michigan Transportation Research Institute (UMTRI)

Table 3 shows the volume and volume divided by capacity (v/c) ratio analysis of each intersection for both
directions. The v/c ratios are calculated based on an 1800 veh/hour/lane saturation flow rate. The
saturation flow rate is not calculated directly from the field observations. A value of 2s/vehicle was
employed as the saturation flow headway because it is a commonly adopted value in research and
practice. On average, the eastbound direction has higher v/c ratios than the westbound direction.

Table 3: Plymouth Corridor Volume and V/C Ratio Analysis

Intersection Eastbound volume EastbOL_md vic | Westbound Volume Westboynd vic
(veh/hour) ratio (veh/hour) ratio
Barton 726 0.26 818 0.30
Murfin 830 0.44 1145 0.57
Traverwood 934 0.33 1123 0.40
Nixon 734 0.36 906 0.60
Huron 789 0.59 751 0.43
Green 1200 0.86 966 0.67
usS23w 1739 0.64 985 0.36
US23E 824 0.29 973 0.34
Earhart 956 0.77 429 0.47
Whitehall 1198 0.43 366 0.13
Dixboro 603 0.81 287 0.51
Overall — 0.53 — 0.44

Source: University of Michigan Transportation Research Institute (UMTRI)

4.2 High-speed Corridor—SH 105, Conroe, Texas

The corridor along SH-105 consists of 15 intersections between Montgomery, Texas and Conroe, Texas
covering about 12 miles. Figure 10 shows the location of the signalized intersections considered along
SH 105. The City of Conroe operates all the intersections on this length of SH-105. The posted speed
limits range from 45 mph on the east end to 55 mph to the west. Most of the corridor has a posted speed
of 55 mph. The easternmost quarter-mile has a posted speed limit of 45 mph. It takes about fifteen
minutes to drive from one end of the corridor to the other. Table 4 and Table 5 list the characteristics of
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each segment and each intersection in the SH 105 corridor. Table 6 shows the volume and volume
divided by capacity (v/c) ratio analysis of each intersection for both directions.

Legend
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Conroe

Figure 10: Location of Signalized Intersections Considered on the SH-105 Corridor

in Texas

The signals along SH-105 operate on three different timing plans. The section between Stewart Creek to
Old River are running in coordination, Marina to Old 105 Rd. are coordinated and La Salle to Loop 336
are on a third coordination plan. These three timing plans have cycle lengths of 90, 105, and 120

seconds, respectively.

None of the intersections on SH 105 are DSRC equipped.

Table 4: Characteristics of Road Segments on the SH 105 Corridor

. . . Speed Limit Number of Number of
Intersection One Intersection Two | Distance (ft) (mph) Lanes Driveway
(EB/WB)

Stewart Creek Rd. Walden Rd. 5578 55 2/2 34
Walden Rd. Cape Conroe Dr. 671 55 2/2 3
Cape Conroe Dr. Old River Rd. 3230 55 2/3 28
Old River Rd. April Sound Blvd. W. 11194 55 3/3 26
April Sound Blvd. W. | April Sound Blvd. E. 370 55 3/3 0
April Sound Blvd. E. Navajo Dr. 1139 55 3/3 0
Navajo Dr. Marina Dr. 1976 55 3/3 4
Marina Dr. Tejas Blvd. 1901 55 3/3 10
Tejas Blvd. McCaleb Rd. 4013 55 3/3 31
McCaleb Rd. Old 105 Hwy. 4477 55 3/3 28
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Speed Limit Number of Number of
Intersection One Intersection Two Distance (ft) P (mph) Lanes Drivewa

P (EB/WB) y
Old 105 Hwy. La Salle Ave. 11827 55 3/3 58
La Salle Ave. Highland Hollow Dr. 16315 55 3/3 29
Highland Hollow Dr. West Fork Blvd. 4066 55 3/3 18
West Fork Blvd. Fountain Ln. 4200 50 3/3 16
Fountain Ln. Loop 336 1200 50 3/3 5

Source: Texas A&M Transportation Institute (TTI)

Table 5: Characteristics of Intersections on the SH 105 Corridor

Intersection Name Exclusive Left Turn Exclusive Right Turn Traffic Signal Control
Lane Lane

Stewart Creek Rd. EB and WB WB Only Coordinated Actuated
Walden Rd. EB and WB WB Only Coordinated Actuated
Cape Conroe Dr. EB and WB None Coordinated Actuated
Old River Rd. EB and WB None Coordinated Actuated
April Sound Blvd W. WB Only None Coordinated Actuated
April Sound Blvd E. EB Only WB Only Coordinated Actuated
Navajo Dr. WB Only None Coordinated Actuated
Marina Dr. EB and WB None Coordinated Actuated
Tejas Blvd. EB and WB None Coordinated Actuated
McCaleb Rd. EB and WB None Coordinated Actuated
Old 105 Hwy. EB and WB None Coordinated Actuated

La Salle Ave. EB and WB None Actuated

Highland Hollow Dr. EB and WB WB Only Actuated

West Fork Blvd. EB and WB None Actuated
Fountain Ln. EB and WB None Coordinated Actuated
Loop 336 EB and WB EB and WB Coordinated Actuated

Source: Texas A&M Transportation Institute (TTI)

Table 6: SH 105 Corridor Volume and v/c Ratio Analysis

Intersection Eastbound Eastbound v/c Westbound Westbound v/c
volume (veh/hr) ratio Volume (veh/hr) ratio
Stewart Creek Rd. 905 0.39 937 0.40
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Intersection Eastbound Eastbound v/c Westbound Westbound v/c
volume (veh/hr) ratio Volume (veh/hr) ratio
Walden Rd. 647 0.46 524 0.38
Cape Conroe Dr. 1343 0.94 822 0.50
Old River Rd. 1297 0.61 907 0.43
April Sound Blvd. W. 1551 0.61 758 0.30
April Sound Blvd. E. 1871 0.73 762 0.30
Navajo Dr. 1763 0.43 1345 0.28
Marina Dr. 1858 0.40 1280 0.34
Tejas Blvd. 1852 0.52 1296 0.38
McCaleb Rd. 1820 0.53 1267 0.37
Old 105 Hwy. 1970 0.58 1401 0.41
La Salle Ave. 1826 0.56 978 0.25
Highland Hollow Dr. 2166 0.61 1010 0.28
West Fork Blvd. 1766 0.50 1407 0.39
Fountain Ln. 1913 0.54 892 0.25
Loop 336 748 0.26 388 0.23
Average - 0.54 - 0.34

Source: Texas A&M Transportation Institute (TTI
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5 Modeling Assumptions and
Performance Metrics

To assess the potential benefits and impacts of TOSCo vehicle behaviors on mobility and fuel/emission
performance, the research team compared TOSCo vehicle behaviors at different TOSCo market
penetration rates to a baseline. In the baseline case, VISSIM’s internal driving model controlled the
behavior of unequipped (or non-TOSCo) vehicles. The research team (UMTRI and TTI) assessed the
performance of the TOSCo simulation on their respective corridors. Although the research team
performed the assessment on two separate corridors, a common set of model assumptions and
performance metrics existed between both evaluations. This chapter describes the common modeling
assumptions and performance metrics used by the evaluation team.

5.1 Common Modeling Assumptions and Parameters

Table 7 summarizes the parameters and coding assumptions used by UMTRI and TTI/UCR to model
vehicle behaviors in the simulations. The assumptions and parameters differ at times from the intended
vehicle algorithms to simplify the simulations. The team only made simplifications that were not expected
to significantly impact the traffic-level performance outcomes. TOSCo only operates on the through
movement of major arterial. When TOSCo vehicles are planning trajectories, they only use information for
the immediate downstream intersection. The minimum cruise speed threshold parameter regulates the
minimum speed that a TOSCo vehicle can slow down to without stop. If the TOSCo vehicle cannot
maintain the minimum cruise speed, it needs to plan a complete stop trajectory. A very low-cruise speed
may be disruptive to other traffic and cause frequent lane changing and cut-in behaviors. In TOSCo
speed control assumption, “exact follow” means when a TOSCo vehicle is under optimized follow
operating mode, it can perfectly follow its leading vehicle without any delay in time or space.

Table 8 summarizes the model parameters and coding assumptions used to govern the behavior of
TOSCo vehicle strings. There is no limit for maximum string size in simulation to simplify the problem. It is
consistent with the assumption of “Exact Follow” in Table 7. CACC-engaged distance means when a
TOSCo vehicle is approaching another leading TOSCo vehicle from far away, the following TOSCo will
switch to optimized follow model when the distance is smaller than 50 meters. Clearance at stop indicates
the distance between two stopped vehicles. The CACC functionality assumes that each TOSCo vehicle
plans its own trajectory independently when it is operating in CACC mode. In addition, the lead vehicle
shares its estimated time-of-arrival with its following vehicle. The following vehicle uses this information to
decide whether it should remain in the following mode or transition to the leader of a new string (leader-
follower role transition).
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Table 7: Vehicle Model Parameters and Coding Assumptions

Item

Specification

TOSCo Approach

Through Movement

TOSCo Strategy

Intersection by Intersection

Control Logic Type

Manual and TOSCo

Minimum Cruise Speed Threshold

70% of Roadway Speed Limit

Maximum Cruise Speed Threshold

Vary with Network (equal to posted speed limit)

Onboard Radar Model

No

Vehicle Dynamics Model

As is in VISSIM (no powertrain modeling)

TOSCo Speed Control

Exact Follow

TOSCo Speed Profile Planning Cases

4 (speed up, slow down, cruise and stop)

TOSCo Operating Mode

7 (free-flow, stopped, coordinated speed control, coordinated
stop, optimized follow, coordinated launch, creep)

ACC Headway 1.3 (s)

Maximum Acceleration 1.5 (m/s?)
Maximum Deceleration -3.5 (m/s?)
Maximum Jerk 2.0 (m/s?®)
Stopped Speed Threshold 0.1 (m/s)
Start-up Speed Threshold 0.1 (m/s)

Source: University of California-Riverside (UCR)

Table 8: TOSCo String Model Parameters and Coding Assumptions

Item Specification
Maximum String Size No Limit
CACC Headway 0.9 (s)
CACC Disengaged Distance (to intersection) 50 (m)
Clearance at Stop 2.0 (m)
CACC Engaged Distance 50 (m)
V2V Communication Model N/A

CACC Functionality

Distributed Control (in predecessor-follower mode)

Leader-follower Role Transition

Time-of-arrival Shared by Predecessor

Source: University of California-Riverside (UCR)

Table 9 summarizes traffic-level model parameters and coding assumptions. The evaluation team
considered under saturated traffic conditions only, reflecting the measured traffic volumes of the actual
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corridors. The queuing patterns at each intersection depend on vehicle arrivals which are random.
According to the HCM definition, a vehicle is in the queued state when its speed is less than 5 mph
(~2.2m/s). Currently, the evaluation team did not model pedestrian interactions on system performance.
The research team based the vehicle composition on the real vehicle compositions that exists in each
corridor. For the low-speed corridor, UMTRI simulated only passenger cars because the percentage of
trucks are negligible in the modeled corridor, while TTI included trucks in simulating high-speed corridor.
Passenger vehicles were all modeled as having the same controllers and responses to control. Trucks
were never TOSCo-enabled, and, therefore, were not part of any TOSCo strings.

Table 9: Traffic Model Parameters and Coding Assumptions

Item Specification

Congestion Level v/c ratio between 0.2 — 0.9

Queuing Pattern Random
Queued Vehicle Speed less than 5 mph
Pedestrian Interaction No
Vehicle Mix Representative of Corridor (passenger cars)

Source: University of California-Riverside (UCR)

Table 10 summarizes infrastructure level TOSCo model parameters and coding assumptions. Both fixed
time (verification scenario evaluation) and coordinated-actuated traffic signal control (corridor evaluation)
strategies are considered. No communication and road grade are modeled in the simulation.

Table 10: Infrastructure Model Parameters and Coding Assumptions

Item Specification

Traffic Signal Operation

Fixed Time and Coordinated-actuated

V21/12V Communication Model

Simplified without Communication Delay

Intersection Spacing

Vary with Network

Roadway Speed Limit

Vary with Network

Model Road Grade No

Source: University of California-Riverside (UCR)

5.2 Performance Measures

To estimate the potential benefits of implementing TOSCo in an urban corridor, the research team
examined both mobility and environmental performance metrics. This section describes the performance
measures the team used in the performance assessments.

" The vic ratios of the intersections in the two corridors vary from ~0.2 to ~0.9, which is a very wide range. However, none of the v/c
ratio is above 1.0.
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5.2.1 Mobility

Each simulation recorded vehicle performance for several different performance measures aggregated by
vehicle type, so the research team can identify how TOSCo vehicles compare to and impact Non-TOSCo
vehicles. The performance measures utilized are as follows.

o Total Delay—Delay associated with vehicles slowing in advance of an intersection, the time spent
stopped on an intersection approach, the time spent as vehicles move up in the queue, and the
time needed for vehicles to accelerate to their desired speed. (716)

e Stop Delay—The amount of time when a vehicles speed equals zero (VISSIM)

e Number of Stops—The number of complete stops (speed equals zero) recorded by VISSIM

o Average Speed—Average speed of all vehicles in the network during the entire simulation period
in mph, including vehicles that travel only part of corridor and on side streets

e Total Travel Time—Total travel time of all vehicles in the network during the entire simulation
period in hours, including vehicles that travel only part of corridor and on side streets

The total delay, stop delay, and number of stops metrics are normalized on a per-vehicle basis.

5.2.2 Emissions/Fuel Consumption

Over the past years, the U.S. Environmental Protection Agency (USEPA) has been developing MOVES
(MOtor Vehicle Emission Simulator), a state-of-the-science emissions modeling system that estimates
emissions for mobile sources at the national, county, and project level for criteria air pollutants,
greenhouse gases (GHG), and air toxics (77). However, the model is comprehensive enough to be not
suitable for on-line interaction with microscopic traffic simulation (due to heavy computational loads).
Therefore, the research team has developed an alternative approach in this project to simplify the
application of MOVES for simulation while keeping reasonable fidelity of the original MOVES model.
Similar efforts were performed in Reference 18.
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Figure 11 depicts the proposed workflow for the MOVES plug-in development for VISSIM. There are two
maijor procedures (starting from the upper left corner), acquiring the emission rate tables from MOVES
and developing the code to calculate the operating mode (OpMode) for each vehicle at each time step in
the simulation. The following sections discuss each of these in detail.

5.2.2.1 Acquiring Emission Rate Tables from MOVES

To retrieve the customized (for specific projects) emission rate tables (from MOVES) for microscopic
simulation, the user needs to first input the network model information to the MOVES model, such as
geographic region (e.g., Montgomery in Texas), calendar month and year? to be modeled (e.g., January
2016). The user needs to prepare a set of configuration files (e.g., in the Excel format) that will be linked
to the MOVES database, including vehicle population/activity, fuel type/engine technology, vehicle
inspection/maintenance program and meteorological statistics. Once all the input data files are ready,
MOVES can be executed and provide output emission rate tables for different source types (e.g.,
passenger car, truck) defined by (USEPA) (77), considering various factors, such as vehicle model year
distribution, fuel type/engine technology market share, and temperature and/or humidity adjustment.
Using Application Programming Interfaces (APls), the microscopic simulation tool reads the emission rate
tables from header files.
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User Input & — s
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Source: Map data ©2017 Microsoft Corporation and University of California Riverside

Figure 11: Workflow of MOVES Plug-in Development for VISSIM
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5.2.2.2 Developing Code to Calculate Operating Mode (OpMode) in Simulation

In the microscopic simulation, APIs can be developed to access the second-by-second vehicle
trajectories (including both speed and acceleration). With this activity data for each vehicle as well as the
information on vehicle class and weight, the vehicle specific power? (VSP) characteristics (in kWatt/ton)
can be calculated using the formula shown in Figure 12 (79):

VSP = (4/yp) v+ (B/pyy) v* +(C/p) v* + (a+ g-sind) v

where A, B and C are the road-load related coefficients for rolling resistance (kW - sec/m), rotating
resistance (kW - sec?/m?) and aerodynamic drag (kW - sec3/m3), respectively; v is the vehicle speed
(m/sec); M is the mass of vehicle (metric tons); g is the acceleration due to gravity (9.8 m/sec?); a is the
vehicle acceleration (meter/sec2); and 6 is the (fractional) road grade.

Figure 12: Expression for Vehicle Specific Power (VSP)

Default values of these parameters are provided in Reference 16. After the VSP values are calculated,
they will be binned according to the MOVES’ vehicle operating mode (OpMode) bin definition given in
Figure 13. With the emission rate tables coded in the header files (Step 1), the energy consumption and
pollutant emissions can be estimated in either in disaggregate (e.g., second-by-second for each vehicle)
or aggregate (in both space and time) manner.

2 The calendar year could be some time in the future, since the MOVES database also contains the projected vehicle
fleet’s information.

3 For medium- and heavy-duty vehicles, the Scaled Tractive Power (STP) concept will be used instead of VSP where
a fixed mass factor, f, is adopted.
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Operating Modes for Running Exhaust Emissions
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Source: University of California-Riverside (UCR)

Figure 13: Operating Mode Binning Scheme in MOVES
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6 Verification Scenarios Analysis

Each research team (TTI and UMTRI) was responsible for programming the TOSCo vehicle control logic
into the DriverModel.DLL API used by VISSIM. To ensure that each team modeled the behavior of the
TOSCo vehicles accurately, the research team identified the following eight vehicle scenarios which
represented different situations that the TOSCo vehicle might encounter.

e Scenario 1: TOSCo string cruise without queue

e Scenario 1a: TOSCo string speed up to arrive at the green window as early as possible
e Scenario 2: TOSCo string speed up and split without queue

e Scenario 3: TOSCo string slow down without queue

e Scenario 4: TOSCo string stop without queue

e Scenario 5: TOSCo string speed up and split with queue

e Scenario 6: TOSCo string slow down with queue

e Scenario 7: TOSCo string stop with queue

The research team analyzed TOSCo vehicle trajectory, speed, acceleration and operating mode in each
of the scenarios. In each scenario, the simulation generated a five-vehicle TOSCo string on an approach
to an intersection at an appropriate time and distance to correspond with behavior expected in each
scenario. Based on different signal timing and queue status, the TOSCo string may behave differently. In
scenarios 1 through 4, there was no other traffic, so the green time window was the same as the green
signal interval. In scenarios 5 through 7, the simulation generated four non-TOSCo vehicles in front of the
TOSCo string serving as a queue and reducing the green window.

Appendix C shows the results of this verification process for both the low-speed and high-speed corridors.
The observation from the verification process was that similar results were generated by the two
simulation tools. The responses of the simulated vehicles were consistent with the expected behaviors,
e.g., vehicles decided to come to a stop when arrival within the green window was not attainable. See
Appendix C for an explanation of the differences between the UMTRI and TTI tools.

CAMP - V2| Consortium Proprietary
The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report 36



Chapter 6: Verification Scenarios Analysis

6.1 Low-speed Corridor Performance Assessment

UMTRI was responsible for assessing the performance of the TOSCo system in the low-speed corridor.
To assess the performance of TOSCo in the corridor, UMTRI compared the TOSCo vehicle behaviors
and associated mobility and fuel/emission performances to a baseline, where VISSIM’s internal driving
model controlled the non-equipped vehicles. This chapter presents the findings from the low-speed
corridor performance assessment.

6.1.1 Low-speed Corridor Specific Parameters

To reflect the real-world driving behaviors and operational environment in the low-speed corridor better,
UMTRI calibrated the vehicle acceleration profiles and DSRC communication range for the low-speed
corridor using naturalistic driving data (NDD). UMTRI analyzed the NDD from the Safety Pilot Model
Deployment (SPMD) Program (20) at University of Michigan (UM) to calibrate the parameters. The SPMD
database is one of the largest databases in the world which has recorded naturalistic driving behaviors
over 34.9 million miles from 2,842 equipped vehicles in Ann Arbor, Michigan.

To construct the acceleration distribution, UMTRI selected 2,593 acceleration events on Plymouth Rd.
from the database. Only the acceleration rates of the lead vehicle in the queue were selected because
the accelerations of the following vehicles may be limited by its leading vehicle, so that the true desired
acceleration cannot be reflected. Figure 14 shows the calibrated acceleration profile distribution. The x-
axis represents the vehicle speed ranging from 0 km/h to 80 km/h, which is within the boundary of the
speed limit on Plymouth Rd. (50 mph). The y-axis shows the acceleration values in m/s2. The red dots are
mean acceleration values under different speeds, the green dots above the red dots are the 95th
percentile of acceleration values while the green dots below the red dots are the 5th percentile of
acceleration values. It shows a general pattern that the acceleration rate decreases with the increase of
vehicle speed. UMTRI applied the same calibrated acceleration distribution to non-TOSCo vehicles in the
simulation.
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Figure 14: Acceleration Profile Calibrated from Naturalistic Driving Data

UMTRI also calibrated the DSRC communication range from the same database. To determine the
communication range, UMTRI queried the NDD database to determine when the RSUs at each
intersection received BSMs from SPMD vehicles. Figure 15 shows the distributions of the maximum
communication range of the eastbound and westbound directions at Huron Parkway Intersection from ten
days of data (those approaches supporting TOSCo). UMTRI used the 95th percentile value to represent
the maximum DSRC communication range. As a result, the eastbound direction has a range of 558.85
meters while the westbound direction has a range of 382.91 meters. These figures show that the
communication range is not symmetric. The possible reasons for not having a consistent communication
range include road slope, road curvature, surrounding buildings and trees.
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Figure 15: Field DSRC Communication Range of Huron Pkwy. Intersection

However, the SPMD Project only equipped six intersections from Barton Drive to Green Road. The other
five intersections on the east side of the corridor are not equipped. Based on similar road geometry
profiles, UMTRI used the average DSRC communication range of the six equipped intersections to
represent the range of the five unequipped intersections (i.e., 500 m). Furthermore, some intersections on
Plymouth Road are closely spaced intersections where the links length between the intersections are
shorter than the DSRC range. Figure 16 shows an example. The distance between the Nixon Intersection
and Huron Parkway intersection is only 200 meters, while the estimated communication rage is 558.85
meters from NDD. In this case, UMTRI limited the communication range in simulation to be the shorter
one between the link length and the range from NDD.

i8]

71\

.'-:LL
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L

Source: Imagery ©2019 Google. Map Data ©2019 Google and UMTRI

Figure 16: Close Spacing Intersections on Plymouth Corridor

Table 11 shows the calibrated DSRC range of each intersection on Plymouth Rd. About 65% of the
roadway is covered within the DSRC range and which TOSCo functions are active.
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Table 11: Calibrated DSRC Ranges of Plymouth Corridor

Intersection DSRC Range Eastbound (m) DSRC Range Westbound (m)
Barton 647.09 556.09
Murfin 316.47 499.40

Traverwood 346.25 338.42
Nixon 338.42 200.00
Huron 200.00 382.91
Green 577.55 241.10

US23 W. 241.10 208.00
US23 E. 208.00 500.00
Earhart 320.00 364.00
Whitehall 364.00 500.00
Dixboro 500.00 500.00

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.2 Model Calibration

A VISSIM simulation model is built for the eleven-intersection corridor at Plymouth Road, Ann Arbor as
shown in Figure 17. Plymouth Road consists of two lanes for each direction and is one of the busiest
commuting routes serving US23 to the north campus of the University of Michigan and downtown Ann
Arbor. Some crossing roadways are major arterials which carry large volumes of traffic (e.g., Green and
Huron) and others are side streets with less traffic demand (e.g., Whitehall). The road geometries are
calibrated with the satellite maps from Google Earth.

The following road geometry and traffic attributes are modeled explicitly in VISSIM:

*  Vehicle Inputs

* Lane Assignments and Connections

« Traffic Signals and Loop Detectors

+  Stop Signs and Reduced Speed Areas for Turning
« Conflict Areas

* Route Choice Decision

» Zones to Collect Travel Time/Delay Measurements
+ Data Collection Points

UMTRI calibrated the VISSIM model for the low-speed corridor using data from two sources, video data
collected in the corridor and the SPMD Project. The video data were collected from each of the
intersections simultaneously at PM peak hours (4:00 PM-5:00 PM) on May 16, 2017. UMTRI used the
video data to obtain vehicle counts for each movement, turning ratios at each approach and signal phase
and timing data. The SPMD data was used to calibrate the acceleration profiles.
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Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 17: VISSIM Simulation Model of Plymouth Road

UMTRI used the vehicle volumes and turning ratios collected at each intersection as an input to the
VISSIM model. To quantitatively evaluate the accuracy of the calibration, the GEH value, a value
developed by transportation planner Geoffrey E. Havers (GEH) for comparing the differences between
modeled and observed volumes, each movement is calculated (27). The GEH value is defined in Figure
18 as:

GEH = Z(VO lsim —Vo lreal)z
(VO lsim + VOlreal)

Figure 18: Expression for GEH Value

A general rule to determine whether a simulation network is well calibrated is that GEH values for more
than 85% of the traffic volume at selected movements are less than 5 (22). A total number of 113
movements along the corridor were identified. Figure 19 shows the comparison of simulated volume and
field volume of each movement while Figure 20 shows the GEH value of each movement. One hundred
and eight out of 112 movements (96.4%) have the GEH value less than 5 which indicates a well-
calibrated network.
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Figure 19: Traffic Volume Comparison at Each Intersection
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Figure 20: GEH Values at Each Movement

6.1.3 Evaluation Scenarios Analysis
The experimental setup of the evaluation scenarios for the low-speed corridor is described below.

o All traffic follows local traffic patterns. Traffic patterns including vehicle volume, turning ratio, and
vehicle origin and destination are calibrated from real-world data. As a result, TOSCo vehicles may
not go through the entire corridor. Each TOSCo vehicle follows a specified route, which is determined
when the vehicle is generated.

e Coordinated actuated signal control is applied to the corridor. The signal plan is generated from
VISTRO, a traffic analysis and signal optimization tool from PTV (23). UMTRI modeled the entire
Plymouth corridor in VISTRO in terms of intersection geometry, lane groups, volume, and signal
phase sequences. Figure 21 shows the generated signal timing plan for the Huron and Plymouth
intersection. The cycle length is 150s and the offset is 27s.

e The acceleration profile of non-TOSCo vehicles is calibrated from naturalistic driving data as shown in
Figure 14.

e UMTRI calibrated the DSRC communication range of each intersection from NDD. TOSCo vehicles
start to receive SPaT, MAP and RSM and plan their trajectories once they enter DSRC range.

e The baseline for comparison is set to be the volume from the local traffic pattern with all non-TOSCo
vehicles
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o Three different types of vehicles are considered: regular vehicle, DSRC-equipped vehicle without
TOSCo (CV) and TOSCo active vehicle

o Six different DSRC vehicle penetration rates are considered: 10%, 20%, 30%, 60%, 90%, and 100%

e Two different TOSCo penetration rates within the DSRC-equipped vehicles are considered: 50%, and
100%. A complete vehicle composition list of all cases is shown in Table 15.

o Each case is repeated with 5 random seeds (simulation runs). Five seeds is the recommended
starting number of seeds for a simulation. After running a statistical test with the results, the team
found that additional simulation seeds were not needed.

e Each simulation run takes 4500s with 900s network warm-up time and 3600s data collection time

Approach Northbound | Southbound | Eastbound | Westbound
Sl alle | alF | 4k | 4lF
Turning Movement Left Thr Rig|Left Thr Rig|Left Thr Rig|Left Thr Rig
Base Volume Input [veh/h] 196 240 2641192227 13| 11 735 159(194|731 103
Total Analysis Volume [veh/h] 196 240 264|192 227 13| 11 735 159|194 731 103
Controller ID 5

Signal Coordination Group 1 - Coordination Group

Cycle Length [s] 150

Coordination Type Time of Day Pattern Coordinated

Actuation Type Fully actuated

Offset [s] 270

B~ B
B~ B

Source: © 2017 Microsoft Corporation and UMTRI

Figure 21: Coordinated Actuated Signal Timing Plan Generation by VISTRO

6.1.3.1 Performance at a Single Intersection

UMTRI selected three intersections from the corridor to illustrate the impact of different intersection
geometries, traffic-volumes levels and signal progression qualities on TOSCo mobility benefits.

6.1.3.1.1 Intersection 1: Barton Drive and Plymouth Road

Barton Dr. and Plymouth is a T-intersection with low traffic demand on the side street. In addition, left turn
volume on the main street is also low. As a result, most of the green time is allocated to the TOSCo
approaches. Figure 22 and Table 12 show the mobility measures of TOSCo approaches (eastbound and
westbound through movement of Plymouth Rd.). Results show that the average stop delay and number of
stops per vehicle decreased as TOSCo penetration rate increased. However, the average total delay did
not have a clear pattern. At this intersection, most of the vehicles can pass the intersection without
stopping even without TOSCo active. The average total delay is less than 4 seconds at 0% penetration
rate. The mobility benefit from TOSCo is not significant. However, TOSCo is still able to smooth the
vehicle trajectory and reduce the number of stops per vehicle.
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Figure 22: Mobility Measures at Barton Intersection

Table 12: Mobility Comparison at Barton Intersection
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MPR (%) T(Z t::: B:La)y % Change'’ S(tsoelill?lzl:)y % Change'’ # (\Zﬁ:zl‘: s/ % Change'
0 3.66 — 1.17 — 0.09 —
10 3.85 5.19 1.18 0.85 0.09 0.00
20 4.62 26.23 1.19 1.71 0.10 11.11
30 4.00 9.29 1.19 1.71 0.08 -11.11
60 4.55 24 .32 1.13 -3.42 0.09 0.00
90 4.27 16.67 0.89 -23.93 0.07 -22.22
100 4.04 10.38 0.66 -43.59 0.06 -33.33

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure.

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.1.2

Intersection 2: Earhart Road and Plymouth Road

Different from the Barton intersection, the Earhart Road and Plymouth intersection experiences high
volumes on all approaches including TOSCo approaches (through lanes), left turn pockets and side
streets. As a result, the average total delay at the baseline case is as high as 51.28 seconds. From Figure
23 and Table 13, all three mobility measures are improved as the TOSCo penetration rate increased. The
results suggest that at high-delay intersections, TOSCo generated greater benefits. One possible reason
is that the coordinated launch feature can significantly increase the saturation flow rate and discharge the
queue more quickly.
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Figure 23: Mobility Measures at Earhart Road Intersection

Table 13: Mobility Comparison at Earhart Road Intersection

—

100%

=0=Number of Stops

1.00

0.80

0.60

0.40

0.20

0.00

Average Number of Stops (#/veh)

0 51.28 — 30.72 — 0.8 —
10 47.05 -8.25 27.08 -11.85 0.74 -7.50
20 47.91 -6.57 27.44 -10.68 0.74 -7.50
30 44.02 -14.16 23.75 -22.69 0.71 -11.25
60 41.68 -18.72 22.3 -27.41 0.67 -16.25
90 42.49 -17.14 22.16 -27.86 0.67 -16.25
100 404 -21.22 19.7 -35.87 0.62 -22.50

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure.

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.1.3

Intersection 3: US23 East Ramp and Plymouth Road

US23 East Ramp and Plymouth is also a T-intersection with very high volume of traffic on the TOSCo
approaches, where most of the green time is allocated. The average total delay is also very low as shown
in Figure 24 and Table 14. However, both average total delay and number of stops increase with the
TOSCo penetration rate. The reason is explained in Figure 25. At this intersection, a portion of vehicles
need to enter the ramp (the orange circle location) and get onto the freeway. As a result, vehicles in the
left lane need to make a mandatory lane change before arriving at the ramp location. However, due to the
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CACC feature of the TOSCo operation, the headway between TOSCo vehicles are very short, which
blocks the lane change entirely. For example, in Figure 25 the leading vehicle of a string (in the red circle)
had to stop to wait for the gap, which influenced all the vehicles behind. When TOSCo penetration is
increasing, more CACC strings are formulated which has a negative impact on lane-changing behavior
and further overall mobility benefits.
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Figure 24: Mobility Measures at US23 East Intersection

Table 14: Mobility Comparison at US23 East Intersection

0.04

100%

=0— Number of Stops

Average Number of Stops (#/veh)

MPR (%) T(os t:clzlszll'na)y % Change'’ S(ts:}::ll\lel:)y % Change' # (\)lfei:zlpe s/ % Change'’
0 7.66 — 1.42 — 0.1 —
10 7.9 3.13 1.46 2.82 0.1 -9.09
20 7.36 -3.92 1.3 -8.45 0.1 -9.09
30 7.75 1.17 1.28 -9.86 0.1 -9.09
60 8.38 9.40 1.36 -4.23 0.12 9.09
90 8.34 8.88 1.11 -21.83 0.14 27.27
100 9.91 29.37 1.19 -16.20 0.15 36.36

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
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(

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 25: TOSCo String Blocks Lane Change

6.1.3.2 Corridor Performance

UMTRI assessed the performance of the TOSCo algorithm under two different implementation scenarios.
In the first implementation scenario (Scenario 1), UMTRI assumed two types of vehicles, TOSCo and
non-TOSCo vehicles. In Scenario 1, all TOSCo vehicles at each market penetration level were equipped
with a DSRC radio and contributed information to the queue prediction algorithm and performed all
TOSCo functions. In the other implementation scenario (Scenario 2), UMTRI assumed three types of
vehicles, DSRC-only equipped vehicles, TOSCo-equipped vehicles, and non-equipped vehicles. In this
implementation scenario, only half the vehicles at each market penetration level were TOSCo vehicles.
For the other half of the equipped vehicles, UMTRI assumed these vehicles to be equipped with only
DSRC radios. This means that they could provide information to the queue prediction algorithm but were
not capable of performing TOSCo functions. Scenario 1 represents cases 3, 6, 7, 11, 12, and 13 in Table
15 and Scenario 2 represents cases 2, 4, 5, 8, 9, and 10 in Table 16. The two scenarios share the same
base line (case 1). The infrastructure algorithm version 1 is applied to Scenario 1 and version 2 is applied
to Scenario 2.

Table 15: Vehicle Composition of Implementation Scenario 1

Case # TOSCo (%) DSRC only (%) |Non-Equipped (%)
1 (Baseline) 0 0 100
3 10 0 90
6 20 0 80
7 30 0 70
11 60 0 40
12 90 0 10
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Case #

TOSCo (%)

DSRC only (%)

Non-Equipped (%)

13

100

0

0

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 16: Vehicle Composition Modeled in Implementation Scenario 2

Case # TOSCo (%) DSRC only (%) |Non-Equipped (%)
1 (Baseline) 0 0 100
2 5 5 90
4 10 10 80
5 15 15 70
8 30 30 40
9 45 45 10
10 50 50 0

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.2.1

Scenario 1 Results

The following section describes the results of the simulation of Scenario 1.

6.1.3.2.1.1

Figure 26 and Table 17 show the mobility benefits in terms of the entire network. The entire network
includes all vehicles on both TOSCo approaches and non-TOSCo approaches, which reflect the local

Cumulative Delays and Stops

traffic patterns. Similar with previous results, at network level, mobility benefits increase with the increase
of TOSCo penetration rate.
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Figure 26: Mobility Measurements of the Entire Network (Scenario 1)

Table 17: Mobility Comparison of the Entire Network (Scenario 1)

MPR (%) T(ost:clzll\:/’ee;?)y % Change' S(tsli/l‘)::la)y % Change' # %‘;ﬁ:z&s ! % Change'
0 109.78 — 69.45 — 1.48 —
10 107.83 -1.78 67.12 -3.36 1.43 -3.24
20 108.75 -0.94 67.14 -3.33 1.44 -2.84
30 107.73 -1.87 66.05 -4.90 1.42 -3.92
60 106.39 -3.09 64.01 -7.84 1.39 -5.81
90 103.83 -5.43 61.76 -11.07 1.33 -9.86
100 102.72 -6.43 60.61 -12.73 1.32 -10.68

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 27 and Table 18 show the mobility measurements of the corridor eastbound direction. The corridor
mobility measurements represent the summation of the TOSCo approaches of all intersections on the
corridor. All simulated intersections along the facility were equipped to enable TOSCo. Although different
types of intersections show different patterns, at the corridor level, the mobility benefits increase as the
TOSCo penetration rate increases. At 100% TOSCo penetration rate, the total delay, stop delay and
number of stops decrease by 8.69%, 41.80% and 28.69%, respectively, in the eastbound direction.
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Figure 27: Mobility Measurements of Corridor Eastbound (Scenario 1)

Table 18: Mobility Comparison of Corridor Eastbound (Scenario 1)

MPR (%) T(ost:cl:ll\:/’::\a)y % Change' S(tsl‘::/l‘)::la)y % Change' # (\)/Lﬁ:::&s ! % Change'
0 205.96 — 95.46 - 3.36 —
10 206.47 0.25 90.56 -5.13 3.27 -2.62
20 209.03 1.49 90.27 -5.44 3.32 -1.25
30 203.05 -1.41 82.99 -13.06 3.23 -3.99
60 192.18 -6.69 70.01 -26.66 291 -13.33
90 188.26 -8.59 59.48 -37.69 2.52 -25.12
100 188.05 -8.69 55.56 -41.80 240 -28.69

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 28 and Table 19 show the mobility measurements of the corridor westbound direction. The general
pattern in westbound direction is the same as the eastbound direction but with less benefits. At 100%
TOSCo penetration rate, the total delay, stop delay and number of stops decrease by 3.35%, 27.22% and
13.05%, respectively. One potential reason is that eastbound traffic has higher volume than westbound
traffic, and TOSCo has more benefits when the v/c ratio is higher (and below saturation).

Mobility Measurements for All Vehicles (Corridor WB)
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Figure 28: Mobility Measurements of Corridor Westbound (Scenario 1)

Table 19: Mobility Comparison of Corridor Westbound (Scenario 1)

MPR (%) T(Z t::: /I\:/’:::;y % Change' S(tsl‘::/l‘)::la)y % Change' # (\Zﬁ:zl‘: s/ %Change’
0 222.06 — 129.91 — 3.39 —
10 219.76 -1.03 124.16 -4.42 3.31 -2.36
20 222.87 0.37 123.26 -5.12 3.33 -1.65
30 220.21 -0.83 118.10 -9.09 3.28 -3.13
60 220.84 -0.55 110.62 -14.85 3.22 -5.02
90 213.61 -3.80 97.06 -25.29 294 -13.22
100 214.62 -3.35 94.55 -27.22 2.95 -13.05

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

While the previous results show the mobility benefits of TOSCo approaches, Figure 29 and Table 20
show the mobility benefits from non-TOSCo approaches, meaning left turns, right turns on the main street
and all approaches on side streets. Results show that as the TOSCo penetration rate increases, benefits
of non-TOSCo approaches also increase. This suggests that enabling TOSCo on the through movements
of the main street improve the overall traffic condition, which helps improve the performance of other

approaches.
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Figure 29: Mobility Measurements of Non-TOSCo Approaches (Scenario 1)

Table 20: Mobility Comparison of Non-TOSCo Approaches (Scenario 1)

MPR (%) T(ost:clzll\:/’::\a)y % Change' S(tsli/l‘)::la)y % Change' # %1;?‘:2:;5 ! % Change'
0 54.04 — 39.76 — 0.70 —
10 52.52 -2.81 38.42 -3.37 0.67 -4.29
20 53.13 -1.68 38.71 -2.64 0.68 -2.86
30 52.98 -1.96 38.53 -3.09 0.68 -2.86
60 52.72 -2.44 38.12 -4.12 0.67 -4.29
90 51.75 -4.24 37.85 -4.80 0.67 -4.29
100 50.79 -6.01 37.37 -6.01 0.66 -5.71

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.2.1.2 Travel Time and Average Speed

Figure 30 and Table 21 show the mobility benefits in terms of total travel time and average vehicle speed.
Total travel time is defined as the summation of travel times of all vehicles through the entire simulation
period in hours. This index implies the overall traffic condition in the traffic network. From 0% TOSCo to
100% TOSCo, the total travel time decreases about 3.9% while the average speed increases about
5.55%, which are consistent with delay measures. These results indicate TOSCo has a network-wide
mobility benefit.
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Total Travel Time and Speed (Network)
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Figure 30: Average Speed and Total Travel Time Measurements of the Entire Network
(Scenario 1)

Table 21: Average Speed and Total Travel Time Comparison of the Entire Network
(Scenario 1)

MPR (%) Avg Speed (mph) % Change' | Total Travel Time (veh-hrs) | % Change'
0 19.19 — 639.48 —
10 19.39 1.02 634.47 -0.78
20 19.35 0.84 635.92 -0.56
30 19.47 1.45 633.68 -0.91
60 19.75 291 625.74 -2.15
90 20.10 4.75 616.93 -3.53
100 20.25 5.55 614.51 -3.90

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.2.1.3 Emissions and Energy Consumption

Fuel consumption and emissions measurements are other important indexes to evaluate the performance

of TOSCo functions. Figure 31 and Table 22, Figure 32 and Table 23 are measurements and indicate

comparisons of energy-related performance indexes including CO2 emissions, total energy, HC emissions
and NOx emissions. Results show that TOSCo can also achieve environmental benefits by reducing both

energy consumption and different types of emissions. The patterns are the same as mobility
measurements, increasing benefits with increasing TOSCo penetration rate.
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CO2 and Total Energy Measurements (Network)

400 5000

) 4000 @
g 300 o———o Oo———0— —0— ——9 £
5 =
= 3000 £
>
2 200 b0
Ko} )
£ 2000 k=
i J—
~ 100 3
S 1000 8

0 0

0% 20% 40% 60% 80% 100%

TOSCo Market Penetration Rate
—o—CO02 Total Energy

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 31: CO: and Total Energy Measurements of the Entire Network (Scenario 1)

Table 22: CO- and Total Energy Comparison of the Entire Network (Scenario 1)

MPR (%) CO; Emission (g/mi) % Change’ Total Energy (kJ/mi) % Change’
0 298.22 — 4107.69 —
10 296.31 -0.64 4081.35 -0.64
20 296.20 -0.68 4079.88 -0.68
30 294.62 -1.21 4058.13 -1.21
60 290.93 -2.45 4007.23 -2.45
90 286.73 -3.85 3949.45 -3.85
100 285.13 -4.39 3927.35 -4.39

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
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HC and NOx Measurements (Network)
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Figure 32: HC and NOx Measurements of the Entire Network (Scenario 1)
Table 23: HC and NOx Measurements of the Entire Network (Scenario 1)
MPR (%) HC Emissions (g/mi) % Change' NOyx Emissions (g/mi) % Change'
0 0.00284 — 0.00921 —
10 0.00282 -0.72 0.00918 -0.36
20 0.00281 -1.11 0.00914 -0.80
30 0.00279 -1.95 0.00907 -1.55
60 0.00272 -4.09 0.00891 -3.32
90 0.00265 -6.81 0.00873 -5.27
100 0.00262 -7.81 0.00866 -5.99

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.3.2.2 Scenario 2 Results

The following section describes the results of the simulation of Scenario 2.

6.1.3.2.2.1 Cumulative Delays and Stops

Figure 33 and Table 24 show the mobility benefits of Scenario 2 at the network level. The performance
indexes are the same as in Scenario 1. Compared to Scenario 1, results from Scenario 2 have the same
pattern but less effective than Scenario 1. Note that the 100% market penetration rate in Scenario 2
means only 50% vehicles are TOSCo-equipped vehicles. The results indicate that the penetration rate of
TOSCo-equipped vehicles is critical to the system performance, while the penetration rate of DSRC-
equipped vehicles only has marginal effects.
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Mobility Measurements (Network)
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Figure 33: Mobility Measurements of the Entire Network (Scenario 2)

Table 24: Mobility Comparisons of the Entire Network (Scenario 2)

MPR (%) T(ost:clzll\:/’::"la)y % Change’ S(tsoeill\)/::"la)y % Change’ # (\);e?\:zl‘:zs ! % Change'
0 109.78 — 69.45 — 1.48
10 108.25 -1.40 67.22 -3.21 1.43 -3.24
20 107.72 -1.88 66.86 -3.74 1.43 -3.24
30 108.23 -1.42 67.02 -3.49 1.44 -2.97
60 107.52 -2.06 65.93 -5.07 1.42 -3.78
90 106.79 -2.73 64.50 -7.12 1.40 -5.27
100 107.67 -1.93 64.98 -6.43 1.41 -4.59

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
6.1.3.2.2.2 Travel Time and Average Speed

Figure 34 and Table 25 show the mobility and environmental benefits of Scenario 2 at the network level.
Compared to Scenario 1, results from Scenario 2 have the same pattern but are less effective than
Scenario 1. Note that the 100% market penetration rate in Scenario 2 means only 50% of the vehicles are
TOSCo-equipped vehicles. The results indicate that the penetration rate of TOSCo-equipped vehicles is
critical to the system performance, while the penetration rate of DSRC-equipped vehicles only has
marginal effects.
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Total Travel Time and Speed (Network)
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Figure 34: Average Speed and Total Travel Time Measurements of the Entire Network
(Scenario 2)

Table 25: Average Speed and Total Travel Time Comparisons of the Entire Network
(Scenario 2)

MPR (%) Avg Speed (mph) % Change’ Total Travel Time (veh-hrs) % Change’
0 19.19 — 639.48 —
10 19.33 0.75 635.45 -0.63
20 19.39 1.06 633.89 -0.87
30 19.38 1.00 634.61 -0.76
60 19.49 1.57 633.14 -0.99
90 19.64 2.36 627.19 -1.92
100 19.57 1.97 630.53 -1.40

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
6.1.3.2.2.3 Emissions and Energy Consumption

Figure 35 and Table 26 show the CO2 and total energy benefits of Scenario 2 at the network level, while
Figure 36 and Table 27 show HC and NOx benefits associated with Scenario 2 at the network level.
TOSCo functions reduce both total energy consumption as well all types of emissions.
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Figure 35: CO. and Total Energy Measurements of the Entire Network (Scenario 2)

Table 26: CO- and Total Energy Comparison of the Entire Network (Scenario 2)

MPR (%) CO. Emissions (g/mi) % Change' Total Energy (kJ/mi) % Change'
0 298.22 — 4107.69 —
10 297.04 -0.39 4091.52 -0.39
20 296.35 -0.63 4081.95 -0.63
30 296.24 -0.66 4080.51 -0.66
60 294 .44 -1.27 4055.66 -1.27
90 291.94 -2.10 4021.25 -2.10
100 292.78 -1.83 4032.72 -1.83

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
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Figure 36: HC and NOx Measurements of the Entire Network (Scenario 2)

Table 27: HC and NOx Comparisons of the Entire Network (Scenario 2)

MPR (%) HC Emissions (g/mi) % Change' NOx Emissions (g/mi) % Change'
0 0.00284 — 0.00921 —
10 0.00283 -0.32 0.00921 -0.06
20 0.00282 -0.69 0.00918 -0.31
30 0.00282 -0.86 0.00917 -0.50
60 0.00278 -1.99 0.00907 -1.60
90 0.00273 -3.75 0.00892 -3.18
100 0.00275 -3.32 0.00895 -2.89

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.4 DSRC Range Sensitivity Assessment

All results presented above assumed the calibrated DSRC communication range from NDD shown in

Table 11. To analyze the impact of DSRC communication range further, UMTRI assumed the maximum
range of the DSRC communications at all intersections to be 300 meters, which is much shorter than the
range from NDD. To be consistent with previous assumption, if the spacing between two intersections is
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less than 300 meters, then UMTRI used the actual intersection spacing as the range. Table 28 shows the
modified DSRC communication range of each intersection.

Table 28: Modified DSRC Communication Range

Intersection DSRC Range Eastbound (m) DSRC Range Westbound (m)
Barton 300 300
Murfin 300 300

Traverwood 300 300
Nixon 300 200
Huron 200 300
Green 300 241

us23w 241 208
US23 E 208 300
Earhart 300 300
Whitehall 300 300
Dixboro 300 300

Source: University of Michigan Transportation Research Institute (UMTRI)

With modified communication range, Scenario 1 of the simulation is executed again with one random
seed (44). Results are compared to those with the original communication range using the same random
seed as shown in the tables below. Table 29 and Table 30 show the impact of different DSRC ranges on
total and stopped delay, respectively, while Table 31 and Table 32 show the impact of different DSRC
ranges on the number of stops and average speeds, respectively. Table 33 and Table 34 show the
impact of different DSRC ranges on total travel time and CO:2 emissions. In these tables, if the
performance with calibrated DSRC range was better than the 300-meter DSRC range, the net effect of
change to the DSRC range was positive. Likewise, if the performance with calibrated DSRC range was
worse than 300-meter DSRC range, the net effect of changing the DSRC ranges was negative. Among all
performance indexes and penetration rates, only CO2 emission under 20% penetration rate and average
speed under 20% penetration were negative. The results suggest that benefits of TOSCo increases with
DSRC communication range.

Table 29: Effects of DSRC Range Sensitivity on Total Delay (Sec/Veh) - Low-speed
Corridor

Total Delay for Total Delay for Imbrovement on
MPR (%) 300 m DSRC % Change' |Calibrated DSRC| % Change’ P 2
Total Delay?
Range Range
0 108.24 — 108.24 — —
10 105.79 -2.26 104.48 -3.47 Yes
20 104.66 -3.31 104.59 -3.37 Yes
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Total Delay for

Total Delay for

Improvement on

MPR (%) 300 m DSRC % Change' |Calibrated DSRC| % Change'’ Total Delay??
Range Range
30 105.72 -2.33 103.18 -4.67 Yes
60 104.56 -3.40 102.43 -5.37 Yes
90 98.17 -9.30 97.67 -9.77 Yes
100 100.31 -7.33 98.78 -8.74 Yes

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

2. This column compares total delay in seconds per vehicle for DSRC ranges of 300 meters and a calibrated range. Total delay is
considered to be improved if the total delay for the calibrated range is less than the total delay for the 300 m DSRC range.

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 30: Effects of DSRC Range Sensitivity on Stop Delay (Sec/Veh) - Low-speed

Corridor
Stop Delay for Stop Delay for Imbrovement in
MPR (%) 300 m DSRC % Change' |Calibrated DSRC| % Change’ P )
Stop Delay?
Range Range

0 68.66 — 68.66 — —

10 65.36 -4.81 64.54 -6.00 Yes

20 64.5 -6.06 64.47 -6.10 Yes

30 64.94 -5.42 63.64 -7.31 Yes

60 63.5 -7.52 61.32 -10.69 Yes

90 58.03 -15.48 57.73 -15.92 Yes

100 60.27 -12.22 59.1 -13.92 Yes

"From 0% MPR. A positive value implies an increase in stop delay while a negative value implies a reduction in stop delay

2. This column compares stop delay in seconds per vehicle for DSRC ranges of 300 meters and a calibrated range. Stop delay is
considered to be improved if the stop delay for the calibrated range is less than the stop delay for the 300 m DSRC range.

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 31. Effects of DSRC Range Sensitivity on Number of Stops (Stops/Veh) - Low-
speed Corridor

# of Stops for # of Stops for Improvement in
MPR (%) 300m DSRC % Change' |Calibrated DSRC| % Change’ P )
# of Stops?
Range Range
0 1.47 — 1.47 — —
10 1.42 -3.40 1.4 -4.76 Yes
20 1.42 -3.40 1.4 -4.76 Yes
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# of Stops for # of Stops for Imbrovement in
MPR (%) 300m DSRC % Change' |Calibrated DSRC| % Change’ P )
# of Stops?
Range Range
30 1.4 -4.76 1.37 -6.80 Yes
60 1.38 -6.12 1.35 -8.16 Yes
90 1.29 -12.24 1.28 -12.93 Yes
100 1.29 -12.24 1.26 -14.29 Yes

"From 0% MPR. A positive value implies an increase in the number of stops while a negative value implies a reduction in the

number of stops

2 This column compares the number of stops for DSRC ranges of 300 meters and a calibrated range. The number of stops is
considered to be improved if the number of stops for the calibrated range is less than the number of stops for the 300 m DSRC

range.

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 32: Effects of DSRC Range Sensitivity on Average Speed (mph) - Low-speed

Corridor
Average Speed 1 Averagt.e Speed . | Improvement in
MPR (%) for 300m DSRC | % Change for Calibrated % Change Avg Speed??
Range e DSRC Range
0 19.25 19.25 — —
10 19.49 1.26 19.61 1.87 Yes
20 19.65 2.07 19.65 2.07 None
30 19.56 1.61 19.78 2.78 Yes
60 19.82 297 20.07 4.29 Yes
90 20.58 6.94 20.65 7.27 Yes
100 20.40 5.97 20.57 6.88 Yes

"From 0% MPR. A positive value implies an increase in average speed while a negative value implies a reduction in average speed

2 This column compares the average speed for DSRC ranges of 300 meters and a calibrated range. The average speed is
considered to be improved if the average speed for the calibrated range is greater than the average speed for the 300 m DSRC

range.

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 33: Effects of DSRC Range Sensitivity on Total Travel Time (Veh-Hrs) - Low-speed

Corridor
Total Travel T?:::\:;i\:el Improvement in
MPR (%) Time for 300m % Change' . % Change'’ Total Travel
Calibrated DSRC . 2
DSRC Range Time?
Range
0 629.72 — 629.72 — —
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Total Travel .
Total Travel Time for Improvement in
MPR (%) Time for 300m | % Change' . % Change' Total Travel
Calibrated DSRC . 2
DSRC Range Time?
Range
10 626.33 -0.54 621.83 -1.25 Yes
20 617.16 -1.99 616.65 -2.08 Yes
30 620.79 -1.42 613.04 -2.65 Yes
60 615.31 -2.29 608.23 -3.41 Yes
90 598.96 -4.88 597.53 -5.11 Yes
100 605.85 -3.79 602.36 -4.34 Yes

" From 0% MPR. A positive value implies an increase in total travel time while a negative value implies a reduction in total travel
time

2 This column compares the total travel time for DSRC ranges of 300 meters and a calibrated range. The total travel time is
considered to be improved if the total travel time for the calibrated range is less than the total travel time for the 300 m DSRC range.

Source: University of Michigan Transportation Research Institute (UMTRI)

Table 34: Effects of DSRC Range Sensitivity on CO; Emissions (g/mi) - Low-speed
Corridor

CO; Emissions CO; Emissions Improvement in
MPR (%) | for 300m DSRC | % Change' for Calibrated % Change' CO:
Range DSRC Range Emissions??
0 297.64 — 297.64 — —
10 295.60 -0.69 294.57 -1.03 Yes
20 293.69 -1.33 293.83 -1.28 No
30 293.87 -1.27 292.04 -1.88 Yes
60 289.86 -2.61 288.16 -3.18 Yes
90 283.23 -4.84 282.64 -5.04 Yes
100 283.86 -4.63 282.13 -5.21 Yes

" From 0% MPR. A positive value implies an increase in CO, emissions while a negative value implies a reduction in CO, emissions

2 This column compares the CO, emissions for DSRC ranges of 300 meters and a calibrated range. CO, emissions is considered to
be improved if CO, emissions for the calibrated range is less than CO, emissions for the 300 m DSRC range.

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.5 Discussion of Performance Results

Results from the previous section show that TOSCo brings both mobility (total delay, stop delay, number
of stops and average speed) and environment benefits (total energy, CO2z emissions, HC emissions, and
NOx emissions) and the benefits increase as the TOSCo penetration rate increases.
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TOSCo brings environment benefits because it can smooth vehicle trajectories and reduce fluctuations
incorporating traffic signal and vehicle queue information into trajectory planning. Figure 37 shows the
comparison of vehicle trajectories through the eastbound of the entire corridor with and without TOSCo

by

activation. Figure 37(a) shows the speed profile while Figure 37(b) shows CO2 emissions. TOSCo greatly

reduces speed fluctuations (e.g., 50s-100s) and reduces unnecessary or abrupt decelerations (e.g.,
around 180s and 250s) by planning a smoother trajectory ahead. With smoother trajectories, the
corresponding emissions are reduced.
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Figure 37: Sample Vehicle Trajectory Along the Corridor
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TOSCo brings mobility benefits mainly because the coordinated launch function increases the saturation
flow rate because of shorter headways. The benefits are more obvious at high-volume and high-delay
approaches. To verify this assumption, simulation results from the eastbound approach of the Green and
Plymouth intersection were selected because this approach is the highest v/c ratio in the network. A
capacity analysis was performed. Because the v/c ratio is still under 1.0, which is under saturated, the first
20s of green time was chosen to estimate the number of vehicles that pass the stop bar. Because of the
long queue at the intersection, the first 20s were fully utilized to discharge vehicles and no capacity drop
needs to be considered. Since the cycle length is150s and the data collection time is one hour, there are
24 cycles in one simulation run. Figure 38 shows the box plot and average number of vehicles (mean)
that pass the intersection with different penetration rates of TOSCo vehicles. Results show that with an
increase in TOSCo penetration rate, the number of vehicles that pass within the first 20s of green time
increases more than 60%, which indicates that coordinated launch is able to discharge more vehicles
within in the same time interval, thereby substantially increasing the capacity of the intersection. When
the TOSCo penetration rate is lower (e.g., <30%), the benefit is minimal and when the TOSCo
penetration rate is higher (e.g., =60%), the benefit increased significantly. The reason is because only a
TOSCo string (i.e., = 2 TOSCo vehicles together) can perform coordinated launch. When the penetration
rate is low, it has lower probabilities to form a TOSCo string. In many cases, TOSCo vehicles are
scattered in a larger group of vehicles in which TOSCo strings are unable to form. Under these
circumstances, all vehicles in that group will launch with non-TOSCo headways. Figure 39 shows
examples of headways from a vehicle string (one cycle) under different penetration rates. The bar graphs
clearly show how TOSCo-equipped vehicles reduce headways.
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Figure 38: Number of Vehicles Passing the Intersection Under Different TOSCo
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Figure 39: Vehicle Departure Headway Analysis

6.1.6 Monetization of Results
Cost of travel time (delay) and fuel consumption are used to quantify monetary benefits of TOSCo.

To quantify travel time cost, parameters from USDOT Value of Travel Time Guidance is adopted (24).
The value of travel time is calculated by the trip type, trip purpose, trip distribution and value of the trip.
Figure 41 summarizes the travel time values of different trip purposes and trip types. Thirteen dollars
($13) per hour value is used, which represents all purposes local travel.

To quantify fuel consumption cost, the total energy is transferred to per-gram fuel and the equation shown
in Figure 40 is used to calculate the fuel mass (25):

Fuel mass = Energy / Q
Where Q = 44.0 KJ/g is the lower heating value for gasoline.
Figure 40: Expression for Fuel Mass

Since the travel time value survey was conducted in 2013 and to make a fair comparison, the average
gasoline price in the year of 2013 in the US is used for calculation. The average price is $3.51 per gallon
(23), which is about 0.124 cents per gram.

6.1.6.1 Corridor Travel Time Cost Analysis

The low-speed corridor can be divided into three segments based on different speed limits, 35 mph, 45
mph and 50 mph. The length of each segment is 1.55 miles, 1.46 miles and 0.85 miles, respectively. As a
result, the free-flow travel time of the entire corridor is the sum of the product of speed limits and segment
length, which is about 0.09373 hours (337s). Table 35 and Table 36 show the benefit of TOSCo in terms
of the travel time value eastbound and westbound, respectively. Results show that the eastbound
direction receives higher benefit than the westbound direction, which is consistent with the mobility
analysis.
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Recommended Hourly Values of Travel Time Savings

(2013 U.S. S per person-hour)

Surface Modes*

Air and High-Speed

Category (except High-Speed Rail) Rail Travel
Local Travel -
Personal $12.50 Personal
Business $24.40 Business
All Purposes ** $13.00 All Purposes **
Intercity Travel —
Personal $17.50 $33.20
Business $24.40 $60.70
All Purposes ** $19.00 $44.30

Source: 2015 Revised Value of Travel Time Guidance, USDOT

* Surface figures apply to all combinations of in-vehicle and other time. Walk access, waiting, transfer and standing time should be
valued at $25.00 per hour for personal travel when actions affect only those elements of travel time.

** Weighted averages, using distributions of travel by trip purpose on various modes. Distribution for local travel by surface modes:
95.4% personal, 4.6% business. Distribution for intercity travel by conventional surface modes: 78.6% personal, 21.4% business.
Distribution for intercity travel by air or high-speed rail: 59.6% personal, 40.4% business. Surface figures derived using annual
person-mile (PMT) data from the 2001 National Household Travel Survey. http://nhts.ornl.gov/. Air figures use person-trip data.

When projecting future benefits of travel time savings, values should be augmented by 1.0 per year before discounting to present

values.

Figure 41: Value of Travel Time

Table 35: Travel Time Cost Eastbound (Low-speed Corridor)

MPR(6) | " Ceiveh) | Time (socivehy | Time (sechieh) |  Cost(s) | % Change
0 205.96 337 542.96 1.960689 —
10 206.47 337 543.47 1.962531 0.09
20 209.03 337 546.03 1.971775 0.57
30 203.05 337 540.05 1.950181 -0.54
60 192.18 337 529.18 1.910928 -2.54
90 188.26 337 525.26 1.896772 -3.26
100 188.05 337 525.05 1.896014 -3.30

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
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Table 36: Travel Time Cost Westbound (Low-speed Corridor)

WPR(%) | ety | Time (seciveh) | Time (sechveh) |  Gost(s) | % Change
0 222.06 337 559.06 2.018828 —
10 219.76 337 556.76 2.010522 -0.41
20 222.87 337 5569.87 2.021753 0.14
30 220.21 337 557.21 2.012147 -0.33
60 220.84 337 557.84 2.014422 -0.22
90 213.61 337 550.61 1.988314 -1.51
100 214.62 337 551.62 1.991961 -1.33

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)

6.1.6.2 Network Total Cost Analysis

At the network level, not all vehicles travel through the entire corridor. The total delay represents the
average delay of all vehicles coming from different origins and going to different destinations. As a result,
total travel time is used as the indicator for travel time cost calculation. Similarly, total miles traveled is
used to calculate the fuel consumption cost. Table 37 shows the travel time cost, fuel consumption cost
and total cost of the network. Both travel time cost and fuel consumption cost reduce with the increase of
the TOSCo penetration rate. The total combined cost is changed from $9,735.43 at 0% penetration to
$9,367.37 at 100% penetration, with a reduction of 3.78%.

Table 37: Network Level Cost Analysis (Low-speed Corridor)

Total Total Miles Total Fuel Total Travel | Total Travel Total
MPR (%) Energ.y Travele.d Cost ($) Time (veh- | Time Cost Cost ($) % Change’
(KJ/mi) (veh-mi) hr) (%)
0 4107.69 12285 1422.14 639.48 8313.28 9735.43 —
10 4081.35 12312 1416.16 633.20 8231.62 9647.78 -0.90
20 4079.88 12316 1416.11 635.92 8266.90 9683.01 -0.54
30 4058.13 12348 1412.25 633.68 8237.84 9650.09 -0.88
60 4007.23 12368 1396.80 625.74 8134.60 9531.41 -2.10
90 3949.45 12413 1381.70 616.93 8020.05 9401.75 -3.43
100 3927.35 12456 1378.71 614.51 7988.66 9367.37 -3.78

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: University of Michigan Transportation Research Institute (UMTRI)
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6.2 High-speed Corridor Performance Assessment

The TTI team was responsible for developing the simulation model to evaluate the potential impacts and
benefits of the TOSCo system in a high-speed corridor. The high-speed corridor used many of the same
simulation parameters as the low-speed corridor (see Chapter 7). For the high-speed corridor, the
research team focused specifically on the AM peak period for the assessment to ensure that all the
intersections operated in an under-saturated condition.

TTI performed the corridor analysis using data from 15 intersections along the SH 105 corridor. At the
time of this report, the simulation was complete for the AM peak period only. The corridor analysis used
the same market penetration rates as the low-speed corridor; however, the infrastructure algorithm for the
high-speed corridor does not distinguish between vehicles that are transmitting BSMs and those that are
not. Therefore, the only relevant market penetration rate for the high-speed corridor is the TOSCo market
penetration rate.

6.2.1 High-speed Corridor Specific Parameters

This section discusses the TTI methodology for simulating TOSCo behavior and calculating the RSM
elements. The TTI team used the same representation for simplified ACC and CACC control as the
UMTRI team used in the low-speed corridor. To represent TOSCo, the TTI team wrote several functions
within the DriverModel.dll to represent modules within the TOSCo algorithm. Some of the key
simplifications of the TTI TOSCo representation are that perfect detection of inter-vehicle spacing,
instantaneous DSRC communication, and the sharing of each TOSCo vehicle’s estimated time of arrival
(ETA) at the stop bar.

TTI programmed each controller with the existing AM peak signal timing plans used by the City of Conroe.
Additionally, TTI configured each ASC/3 controller to send SPaT information to the local IP address at a
unique UDP address. The TTl infrastructure algorithm receives and organized the SPaT data internally,
without a distributer. Furthermore, since the TTI infrastructure algorithm does not include a very robust
queue prediction, the algorithm uses the current queue length to calculate the green window RSM data
element in the high-speed corridor.

The Drivermodel.dll was built to simulate the scenario where one of the sensors on the vehicle
determines that the TOSCo trajectory would result in a collision and cause the vehicle to exit the
simulation. This is done through a time-to-collision (TTC) parameter. If the vehicle detects that it is on a
collision course, the vehicle will exit the TOSCo trajectory and use ACC to prevent a collision.

One of the major assumptions for the originally proposed trajectory planning algorithm is that the vehicle
can complete the entire transition stage from current speed to the target speed before it reaches the stop-
bar. However, this condition does not always hold when a vehicle’s current speed is low and close to the
intersection. In such a case the constraint on acceleration and deceleration limit lead to illogical
accelerations. Therefore, the research team coded a module for traffic simulation to check if the
optimization problem is feasible or not before attempting to perform the speed profile. The vehicle uses
the VISSIM default car-following logic if the trajectory is not solvable
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TTI built the queue measurement algorithm to represent a system that an Infrastructure Owner Operator
(100) would be able to install with off-the-shelf equipment. Specifically, the team assumed that equipment
capable of determining a lane-level queue length could be installed at an intersection and set up to feed
the queue length data into the infrastructure algorithm. For simulation purposes, the queue length
equipment needed to be simulated. Modules to calculate the queue length and the RSM data elements
were created separate and treated as if they were to be deployed in the field. Appendix B discusses the
methodology TTI used to simulate how an infrastructure-based sensor system might measure queues.

Unlike UMTRI, TTI did not have information on the acceleration behavior from DSRC vehicles. Instead,
TTI used the default desired acceleration distribution provided in VISSIM. Figure 42shows this default
acceleration distribution. The graph is organized to show that the default accelerations for the non-
equipped vehicles were more aggressive (averaging a 3.0 m/s? acceleration from a stop) and have a
wider range of speeds for the accelerations (providing acceleration data up to 250 kph, or 155 mph) than
those used in the low-speed corridor. Note the maximum acceleration for TOSCo vehicles was set to 1.5
m/s2.

Marme: |Car_‘u‘ISSIM_Default |

0.0 km/h km/h

IS

\\ mys2

30.0

Source: Texas A&M Transportation Institute (TTI)

Figure 42: VISSIM Default Acceleration Distribution to Model Accelerations of Non-
TOSCo Vehicles in SH105 Model

TTI selected the DSRC reception range for each intersection based on intersection spacing, assuming
the roadside unit could have the transmission power adjusted to vary the distance of the transmission.
Table 38 provides the DSRC ranges the TTI team assumed for each intersection. Because the curves on
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SH 105 are gradual and the terrain is relatively flat around the intersections, TTI selected the ranges to
allow some distance between intersections for TOSCo vehicles to gain speed, since the TOSCo algorithm
assumes that the vehicle is traveling at an acceptable speed when it enters communication range of an
intersection and plans a trajectory. Because TTI does not expect the roadway geometry to affect the
omnidirectional transmission from the DSRC radio, the research team assumed the DSRC ranges to be
equal in eastbound and westbound directions.

Table 38: Assumed Range of DSRC Radio Reception at Each Intersection in
SH 105 Corridor

Intersection DSRC Range Eastbound (m) DSRC Range Westbound (m)

Loop 336 300 300
Fountain 300 300
FM 3083 1000 1000
Highland Hollow 1000 1000
La Salle 1000 1000
Old 105 1000 1000
McCaleb 1000 1000
Tejas 500 500
Marina 500 500
Navajo 300 300
April Sound 300 300
Old River 800 800
Cape Conroe 300 300
Walden 300 300

Stewart Creek 1000 1000

Source: Texas A&M Transportation Institute (TTI)

6.2.2 Model Calibration

The TTI team calibrated the SH 105 model based on traffic volumes at several locations along the
corridor and travel times in both directions on the corridor. The calibration involved placing data collection
tools in the simulation to count the vehicles crossing the same locations at the tube counts and travel time
measurements to record the travel times of vehicles traveling the same route as the travel time study.
This calibration effort involved running the simulation and checking the difference between the
performance measures and the field data.

Calibration started with the volumes known from the turning movement counts at each intersection
serving as the input volumes for the model. The TTI team collected volume and mobility data to
characterize SH 105 for the traffic simulation. The data collection crew placed the tube counters in five
locations along the SH 105 corridor for a week to collect volume data to aid the TTI team in determining
the proper analysis period and volumes for the simulation. The research team used data from the tube
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counts to calibrate the volume inputs into the model. The purple icons in Figure 43 represent the

locations of the tube counts.
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Figure 43: Tube Count Locations on SH 105

6.2.2.1 Calibration for Traffic Volumes

Figure 44 through Figure 49 show the simulated volumes and the field volumes in both eastbound and
westbound directions of the simulation counted locations shown in Figure 43. Generally, the simulation
counted more vehicles west of Walden Road than observed in the field. The east end of the corridor
needed higher volumes than were generated with the initial volume inputs entered into the network. The

@l

Conroe

overall eastbound volumes were increased to adjust the volumes recorded in the simulation, which led to

some overestimation of eastbound traffic at SH 105 and Walden Road intersection. The Lake Conroe
Village Blvd. count location had less eastbound vehicles and more westbound vehicles than the field
data. The research team deemed these differences acceptable. The eastbound direction of traffic near

Tejas Blvd. did not achieve the same peak flow as the field data recorded but has a good fit for
westbound volumes. The Blake Rd. location showed a very close fitting of the simulation to the field data.

Like the Tejas count location, the La Salle Drive location does not achieve the same peak flow in the
eastbound direction and has a good fit for the westbound volumes. The FM-3083 count location has

slightly less eastbound vehicles and a good fit for westbound vehicles.
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Figure 44: Comparison of Simulated to Field Measured Traffic Volume West of
Walden Road
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Figure 45. Comparison of Simulated to Field Measured Traffic Volume West of Lake
Conroe Village Blvd.
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East of Tejas Blvd
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Figure 46: Comparison of Simulated to Field Measured Traffic Volume East of
Tejas Boulevard
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Figure 47: Comparison of Simulated to Field Measured Traffic Volume West of
Blake Road
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Figure 48: Comparison of Simulated to Field Measured Traffic Volume East of
La Salle Drive
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Figure 49: Comparison of Simulated to Field Measured Traffic Volume East of
La Salle Drive
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6.2.2.2 Calibration for Travel Times/Stops

TTI conducted a travel time study to characterize the mobility during the peak periods. This travel time
study used one vehicle and a floating car method, where the study vehicle attempts to pass the same
number of vehicles that pass the study vehicle. The travel time study was able to accomplish six runs in
both eastbound and westbound directions in the AM and PM peak periods. The travel time study
produced data for trip durations and number of stops in each direction. The speed profile of the baseline
traffic was the key parameter changed to match the simulation and field data. Table 39 shows the mobility
calibration results.

Table 39: Comparison of Simulated versus Observed Travel Times and Number of Stops
for Calibration of SH 105 Corridor

Direction of Travel Simulation Field Data Difference

Travel Time (sec/veh)

Eastbound 883.7 803.0 80.7

Westbound 875.3 842.9 324

Number of Stops Per Vehicle

Eastbound 2.5 1.8 0.68

Westbound 2.6 2.5 0.06

Source: Texas A&M Transportation Institute (TTI)

The travel times in the simulation are higher than the field data in both directions but are within about a
10% difference. The stops in each direction were each within the target difference of one stop from the
field data.

6.2.3 Evaluation Scenarios Analysis

This section discusses the simulation results from evaluation for a single intersection and the whole
corridor. The experimental setup is very similar to the low-speed corridor experimental setup, using the
same penetration rates and local traffic patterns and volumes. There are some differences in the
experimental setup described below.

e The high-speed corridor uses signal timing from the City of Conroe to represent the SH 105
corridor

e The non-TOSCo vehicles use the VISSIM default acceleration profile. Analysis was conducted
and is incorporated in Figure 74. The VISSIM default acceleration is typically accepted as a
given. Over the course of the TOSCo Phase | Project, the research team discovered that it would
be best to calibrate the acceleration behavior since a key project objective was to evaluate a
system that controls acceleration behavior of some vehicles in the network.

e The high-speed corridor analysis is done with 18 seeds to obtain statistical significance between
some of the scenario performance measures

e The high-speed corridor included truck volumes in the analysis to represent SH 105. The truck
percentage on SH 105 in the AM peak is about 3% of the traffic.
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e The Infrastructure algorithm used for the high-speed corridor analysis does not distinguish
between DSRC-equipped and non-DSRC equipped vehicles. Therefore, the high-speed corridor
analysis does not have differences between TOSCo and DSRC penetration rates.

e Each simulation run on SH 105 is 8100 simulation seconds, with a 900 second warm-up period
and a 7200 simulation second data-collection period.

6.2.3.1 Performance at a Single Intersection

This section discusses selected intersections along SH 105 that have unique geometries, more extreme
queues and delays, or different qualities of signal coordination. Figure 50 shows the location of the three
intersections selected, Walden Road, Cape Conroe Drive, and Loop 336. Notice that Walden Road and
Cape Conroe Drive are only about 800 feet apart. This creates some very good coordination between
these two intersections.

-0

Walden Rd

High Delay Intersection A Loop 336

Cape Conroe Dr o High Delay Intersection

Peak Direction v/c ratio: 0.94 0 N
Good Coordination i ~ 0

Conroe

Source: Map data ©2018 Google and Texas A&M Transportation Institute (TTI)

Figure 50: Locations and Conditions of Selected Intersections for High-speed Corridor

6.2.3.1.1 Intersection 1: Walden Road and SH 105

The intersection of Walden Road and SH 105 has 1 mile between the upstream intersection in the
eastbound peak direction and an 800 ft. distance between the next intersection in the westbound
direction. The research team selected Walden Rd. as an intersection of interest because it has some of
the higher delays seen on the corridor. The delay measurements and stops recorded for eastbound
Walden Rd. are given in Figure 51 and Table 40.
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Walden Rd - Mobility Measurements for Eastbound
(Peak Direction)
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Figure 51: Mobility Measures at Eastbound at the Waldon Rd. Intersection
Table 40: Mobility Comparison at Eastbound at the Waldon Rd. Intersection
Total Delay Stop Delay # of Stops /
() () 1 () 1 () 1
MPR (%) (seciveh) % Change (sec/veh) % Change Vehicle % Change
0 22.9 — 12.1 — 0.71 —
10 23.6 3.0 11.7 -3.6 0.76 7.0
20 23.9 4.1 10.7 -11.6 0.86 21.1
30 24.4 6.4 9.7 -20.0 0.98 38.0
60 24.7 7.8 6.0 -50.9 1.06 49.3
90 24.5 6.9 24 -80.5 0.53 -25.4
100 24.2 5.7 14 -88.9 0.24 -66.2

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

As market penetration increases, there is an increase of total delay of 1.3 seconds per vehicle and a
decrease in stop delay of 10.7 seconds per vehicle. There is an increase in stops per vehicle in the
eastbound direction until 60% market penetration rate and then there is a decrease in stops per vehicle at
90% and 100% market penetration rate compared to the baseline.

The average queue lengths for five-minute intervals were also recorded and plotted in boxplots. The
boxplots show the maximum, minimum, mean, and 25th and 75th percentiles of queue lengths for the
different market penetration rates. The average eastbound queues are shown in Figure 52. As market
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penetration of TOSCo increases, the means for the average queue lengths go down and the variance,
shown by the height of the blue box, decreases.
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Figure 52: Average Queue Lengths for Eastbound Walden Rd.

Figure 53 and Table 41 show the westbound delays and stops at the Walden Rd. intersection. The
westbound total delay for Walden does not change much with market penetration rate, and all differences
in total delay are less than half a second. Stop delay drops 3.6 seconds per vehicle, and the number of
stops drops significantly. However, there are not many stops for westbound Walden because of the good
coordination from Cape Conroe Drive, which is only 800 ft away.

Figure 54 shows a boxplot chart for westbound queues at Walden Rd. The figure shows that while
average queue length remains relatively constant across all market penetration levels, queue length
becomes more predictable as market penetration increases. The queues for the westbound direction of
Walden Road do not change much with the market penetration rate due to the good coordination from
Cape Conroe Drive. The queueing at this location in the AM peak is also very low in the westbound
direction.
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Walden Rd - Mobility Measurements for Westbound
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Figure 53: Mobility Measures at Westbound at the Waldon Rd. Intersection
Table 41: Mobility Comparison at Westbound at the Waldon Rd. Intersection
MPR (%) T(Z teacl: /I\:/)::Ia)y % Change’ S(tsoer::/I‘JIt:Iha)y % Change' # (\)/2?1:2& s/ % Change’
0 14.3 — 44 — 0.38 —
10 14.6 2.5 4.0 -10.0 0.34 -10.5
20 14.7 29 3.4 -22.5 0.30 -21.1
30 14.6 2.2 29 -33.9 0.26 -31.6
60 14.6 2.2 1.9 -57.5 0.16 -57.9
90 14.0 -1.8 1.1 -75.7 0.08 -78.9
100 14.0 -1.8 0.8 -82.0 0.05 -86.8

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
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Figure 54: Average Queue Lengths for Westbound Walden Rd.

6.2.3.1.2 Intersection 2: Cape Conroe Drive and SH 105

Cape Conroe Drive is in the middle of a coordination plan with an 800 ft distance from Walden for
eastbound traffic and a 3,000 ft distance from Old River Road for westbound traffic. The eastbound delay
measurements and stops are shown in Figure 55 and Table 42.
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Cape Conroe - Mobility Measurements for Eastbound
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Figure 55: Mobility Measures at Eastbound at the Cape Conroe Intersection

Table 42: Mobility Comparison at Eastbound at the Cape Conroe Intersection

MPR (%) T(os t:::ISZLa)y % Change'’ S(tsoeil?:ll:‘)y % Change' # %Lﬁ:gli s/ % Change'

0 4.9 — 1.1 — 0.09 —

10 5.3 9.1 1.1 -4.4 0.09 0.0

20 5.5 12.8 1.0 -15.9 0.09 0.0

30 5.7 16.5 0.8 -26.5 0.09 0.0

60 5.3 9.5 0.5 -58.4 0.05 -44.4
90 4.8 -0.8 0.2 -80.5 0.01 -88.9

100 4.7 -3.3 0.2 -86.7 0.01 -88.9

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

Notice that there are not any substantial changes in total delay, stop delay, or number of stops per
vehicle. This approach already has good performance in each of these performance measures because
of the good progression. Progression refers to the ability for vehicles to travel through multiple
intersections without stopping. Poor progression means that many of the vehicles on the coordinated
phase of one intersection must stop at the coordinated phase of the next intersection. Good progression
means the opposite. Vehicles using the coordinated phase at these intersections do not need to stop.

The average queue length boxplots are shown in Figure 56. There does appear to be some consistent
reduction in queue length variance as the TOSCo market penetration rate increases, but the queues at
this location are not very large.
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Figure 56: Average Queue Lengths for Eastbound Cape Conroe Drive

Figure 57 and Table 43 show the westbound direction delay measurements and stops. Like the
eastbound direction, there are not any substantial changes in the performance measures considering that
the total delay only increased by 1.2 seconds and the stop delay decreased by only 1.7 seconds between
the baseline and 100% market penetration rate scenarios.

Figure 58 shows the average queue lengths boxplot for westbound traffic at Cape Conroe. The average
westbound queues show a slight increase in average queue length variation but are still small enough
that the impacts of TOSCo on the westbound queues at Cape Conroe Dr. are negligible.

Cape Conroe Dr. is an example of an intersection that is well coordinated and has low enough volumes
that TOSCo cannot have much of an impact on mobility.
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Cape Conroe - Mobility Measurements for Westbound
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Figure 57: Mobility Measures at Westbound at the Cape Conroe Intersection
Table 43: Mobility Comparison at Westbound at the Cape Conroe Intersection
Total Delay Stop Delay # of Stops /
o, o, 1 o, 1 o, 1
MPR (%) (sec/veh) % Change (sec/veh) % Change Vehicle % Change
0 6.7 — 2.9 — 0.24 —
10 7.0 4.9 2.9 0.7 0.24 0.0
20 7.2 7.0 2.7 -6.6 0.23 -4.2
30 7.3 8.3 2.5 -12.5 0.23 -4.2
60 7.6 13.1 2.0 -30.0 0.21 -12.5
90 7.8 16.7 1.5 -48.4 0.16 -33.3
100 7.9 18.0 1.2 -57.1 0.13 -45.8

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
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Figure 58: Average Queue Lengths for Westbound Cape Conroe Dr.

6.2.3.1.3 Intersection 3: Loop 336 and SH 105

Loop 336 is the farthest east intersection of the study section of SH 105. This intersection has high
volumes because all the vehicles going eastbound, to Houston, have accumulated from the rest of the
study section. Figure 59 and Table 44 show the delays and number of stops per vehicle for the
eastbound traffic on Loop 336.
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Loop 336 - Mobility Measurements for Eastbound
(Peak Direction)
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Figure 59: Mobility Measures at Eastbound at Loop 336
Table 44: Mobility Comparison at Eastbound at Loop 336
Total Delay Stop Delay # of Stops /
o o 1 o 1 o 1
MPR (%) (seciveh) % Change (sec/veh) % Change Vehicle % Change
0 194 — 12.3 — 0.37 —
10 20.0 3.0 12.0 -2.3 0.45 21.6
20 20.3 4.6 11.2 -8.6 0.56 51.4
30 20.6 5.8 10.3 -15.9 0.62 67.6
60 20.0 29 6.1 -50.4 0.67 81.1
90 20.3 4.3 2.0 -83.7 0.31 -16.2
100 21.3 9.4 1.0 -92.3 0.11 -70.3

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

There is a 1.9 second increase in total delay per vehicle and an 11.3 second decrease in stop delay per
vehicle between the baseline and 100% market penetration rate scenarios. The number of stops per
vehicle increases until 60% market penetration rate and then shows decreases compared to the baseline
in the 90% and 100% market penetration rate scenarios. Notice that there is a decrease in stop delay in
every scenario, even when there is an increase in number of stops.

Figure 60 shows the boxplot for average eastbound queues at Loop 336. The queues show some
reductions in maximum queues, variance, and means.
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Figure 60: Average Queue Lengths for Eastbound Loop 336

Figure 61 and Table 45 contain the Loop 336 westbound delays and stops per vehicle. The westbound
Loop 336 total delays do not change more than one second, but the stop delays reduce by 21.9 seconds
and the number stops ultimately decrease significantly after an initial increase.
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Loop 336 - Mobility Measurements for Westbound
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Figure 61: Mobility Measures at Westbound at Loop 336
Table 45: Mobility Comparison at Westbound at Loop 336
Total Delay Stop Delay # of Stops /
o 1) 1 o 1 o 1
MPR (%) (seciveh) % Change (sec/veh) % Change Vehicle % Change
0 341 - 25.7 - 0.68 -
10 34.4 0.9 24.6 -4.5 0.75 10.3
20 34.6 1.5 22.9 -11.0 0.82 20.6
30 34.6 1.5 21.0 -18.4 0.88 294
60 34.3 0.8 14.2 -44.8 0.79 16.2
90 33.6 -1.3 6.5 -74.8 0.42 -38.2
100 33.2 2.7 3.8 -85.1 0.28 -58.8

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

The average westbound queues at Loop 336 boxplot are shown in Figure 62. The average queue length
means go down with increased market penetration up to about 10 feet and the variance appears to
remain constant.
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Figure 62: Average Queue Lengths for Eastbound Loop 336

6.2.3.2 Corridor Performance

This section discusses the performance measures from the standpoint of a commuter traveling from one
end of SH 105 to the other in both directions. The performance measures shown are the summation of
the performance measures at each intersection to narrow the data collection locations so that areas
where TOSCo vehicles would function in Free Flow mode are minimized.

6.2.3.2.1 Cumulative Delays and Stops

Figure 63 shows the total delay, stop delay, and number of stops per vehicle aggregated over all
intersections in the corridor in the eastbound direction for various levels of market penetration, while
Figure 64 shows the changes in the same performance measures aggregated over all intersections in the
westbound direction for various levels of market penetration. Note that these figures are for all vehicle
types, including both TOSCo and non-TOSCo vehicles combined. Table 46 and Table 47, respectively,
show the values and percent changes for Figure 63 and Figure 64.
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Figure 63: Corridor-level Mobility Measures for SH 105 (Eastbound)—All Vehicle Types

Table 46: Mobility Comparison at the Corridor Level — All Vehicle Types
(Eastbound Direction)
MPR (%) T((')s.t:::lez:\a)y % Change' s(t;‘::l'\),:?ha)y % Change' # %Zﬁfglzs / % Change'

0 136.4 — 47.2 — 2.99 —
10 141.4 3.7 44.8 -5.1 3.19 6.7
20 144.9 6.2 411 -12.8 3.47 16.1
30 149.2 9.3 37.3 -20.9 3.69 23.4
60 153.6 12.6 23.8 -49.6 3.36 124
90 160.0 17.3 12.5 -73.6 1.60 -46.5
100 162.3 19.0 9.1 -80.7 0.75 -74.9

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

CAMP - V2| Consortium Proprietary
The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

92



Chapter 6: Verification Scenarios Analysis
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Figure 64: Corridor-level Mobility Measures for SH 105 (Westbound)—All Vehicle Types

Table 47: Mobility Comparison at the Corridor Level — All Vehicle Types (Westbound
Direction)

MPR (%) T(Zt:llez:;y % Change' S(ts:}::ll\J:La)y % Change' # %Lﬁ:zlis ! % Change'
0 1401 — 59.6 — 3.60 —
10 143.3 23 55.9 -6.3 3.54 -1.7
20 146.1 4.3 511 -14.3 3.42 -5.0
30 148.1 5.7 46.9 -23.1 3.29 -8.6
60 152.8 9.1 294 -50.8 2.45 -31.9
90 154.5 10.3 12.5 -79.1 1.10 -69.4
100 154.5 10.3 6.8 -88.6 0.56 -84.4

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure
Source: Texas A&M Transportation Institute (TTI)

These figures and tables show that the general trend that exists in the corridor is that the average total
delay per vehicles increases slightly in both directions of travel as market penetration increases. In the
eastbound direction, total delay increased from 136.4 seconds to 162.3 seconds in the eastbound
direction and from 140.1 seconds to 154.5 seconds in the westbound direction. This is a 25.9-second
increase in the eastbound direction and a 14.4-second increase in the westbound direction. These
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increases in total delay were expected as the TOSCo algorithm is designed to slow vehicles approaching
in intersections further upstream to minimize their likelihood of stopping at the intersection. It should also
be noted that these increases are spread over 15 total intersections in a 12-mile long corridor.

The greatest benefits to deploying TOSCo are in stop delays and in the average number of stops per
vehicle in the corridor. Table 46 and Table 47 show that average stop delay and number of stops per
vehicle in the corridor decreased substantially by activating TOSCo. Stop delays decreased by 38.1
seconds and 52.8 seconds in the eastbound and westbound directions of travel, respectively. The
average number of stops per vehicle decreased from 2.99 stops per vehicle to 0.75 in the eastbound
direction and from 3.60 stops per vehicle to 0.56 stops per vehicle in the westbound direction.

6.2.3.2.2 Travel Time and Average Speed

Figure 65 and Table 48 show the total travel time and average speeds on SH 105. There are slight
decreases in average speeds and increases in total travel time up to 4.6% as the market penetration of
TOSCo vehicle increased. These changes are not very large and are causes by TOSCo’s design to lower
speeds to either avoid a stop or adhere to the speed limit.
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Figure 65: Total Vehicle Hours Traveled and Average Speeds for High-speed Corridor

Table 48: Total Vehicle Hours Traveled and Average Speed Values for High-speed
Corridor

MPR (%) TOt(?,IeKi\gi:rZi)me % Change' Avg Speed (mph) % Change'

0 918 — 454 —

10 922 0.5 451 -0.6

20 927 1.0 44.9 -1.1

30 933 1.6 44.6 -1.6

60 942 26 44.4 -2.0

90 955 4.0 441 -2.7
100 960 4.6 44.0 -3.0

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
6.2.3.2.3 Emissions and Energy Consumption

Figure 66 and Table 49 show the CO2 emissions and Total Energy results in grams per vehicle mile. The
results show that the emissions rates remain relatively constant. There are slight decreases in the
emissions at high market penetration rates.
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CO2 and Energy Emissions
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Figure 66: CO; Emissions and Energy Usage Rates for High-speed Corridor

Table 49: Emission and Energy use across TOSCo Market Penetration Rates

MPR (%) CO; Emissions (g/veh-mi) | % Change' |Total Energy (kJ/veh-mi)| % Change’

0 701 — 9656 —

10 696 -0.7 9593 -0.7

20 702 0.2 9672 0.2

30 710 1.3 9784 1.3

60 705 0.6 9713 0.6

90 694 -1.0 9560 -1.0
100 687 -1.9 9468 -1.9

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

6.2.4 DSRC Range Sensitivity Assessment

TTI assessed the DSRC range impacts by comparing the results from the analysis to another data set
where the research team limited the DSRC range to 300 meters for all intersections. The TTI team also
used one seed per DSRC range scenario. Table 50 through Table 56 show how the DSRC range
impacted the performance of the TOSCo system in the SH 105 corridor. The tables show only the results
for the AM peak direction of travel (eastbound) on SH 105. In these tables, if the performance with 1000-
meter DSRC range was better than 300-meter DSRC range, the net effect of change the DSRC range
was positive. Likewise, if the performance with 1000-meter DSRC range was worse than 300-meter
DSRC range, the net effect of changing the DSRC ranges was negative.
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Table 50: Effect of DSRC Range Sensitivity on Total Delay (Sec/Veh) - High-speed

Corridor’
Total Delay for Total Delay for Imbrovement in
MPR (%) 300 m DSRC % Change? 1000 m DSRC % Change? P 3
Total Delay?
Range Range

0 146.4 — 146.4 — —

10 148.9 1.72 152.5 4.18 No

20 166.8 13.89 153.1 4.59 Yes

30 165.8 13.25 161.8 10.47 Yes

60 167.1 14.15 166.1 13.46 Yes

90 155.4 6.10 175.8 20.08 No

100 157.7 7.70 172.2 17.60 No

" Eastbound direction only

2 From 0% MPR. A positive value implies an increase in total delay while a negative value implies a reduction in total delay

3, This column compares total delay in seconds per vehicle for DSRC ranges of 300 and 1,000 meters. Total delay is considered to
be improved if the total delay for the 1,000 m DSRC range is less than the total delay for the 300 m DSRC range,

Source: Texas A&M Transportation Institute (TTI)

The increased DSRC range does not have a clear impact on TOSCo performance. The total delay
initially increases more than the shorter range, then increases less in the intermediate penetration rates,
and finally produces much more delay at higher market penetration rates.

Table 51 presents the stop delay results for the two DSRC ranges for the eastbound direction.

CAMP - V2| Consortium Proprietary
The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report 97



Chapter 6: Verification Scenarios Analysis

Table 51: Effects of DSRC Range Sensitivity on Stop Delay (Sec/Veh) — High-speed

Corridor’
Stop Delay for Stop Delay for Imbrovement in
MPR (%) 300 m DSRC % Change? 1000 m DSRC % Change? P 3
1 1 Stop Delay?
Range Range
0 45.5 — 45.5 — —
10 39.8 -12.52 425 -6.61 No
20 40.4 -11.16 40.0 -11.99 Yes
30 374 -17.79 35.9 -20.99 Yes
60 20.2 -55.54 22.4 -50.76 No
90 6.4 -85.99 12.3 -72.87 No
100 3.2 -93.06 7.5 -83.41 No

" Eastbound direction only

2From 0% MPR. A positive value implies an increase in stop delay while a negative value implies a decrease in stop delay

3

This column compares stop delay in seconds per vehicle for DSRC ranges of 300 meters and a calibrated range. Stop delay

is considered to be improved if the stop delay for the calibrated range is less than the stop delay for the 300 m DSRC range.

Source: Texas A&M Transportation Institute (TTI)

The stop delays between the two DSRC ranges are similar. The 20% and 30% penetration rate
scenarios technically have less stop delay in the 1000-meter DSRC range, but the larger differences
between the two DSRC ranges in the 10%, 90%, and 100% scenarios indicate that there are less stop
delays with less DSRC ranges in this simulation.

The number of stops per vehicle results across market penetration rates for the two DSRC ranges are in

Table 52.
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Table 52: Effects of DSRC Range Sensitivity on Number of Stops — High-speed Corridor’

# of Stops with # of Stops with Imbrovment in #
MPR (%) 300 m DSRC % Change? 1000 m DSRC % Change? P 3
of Stops?
Range Range

0 2.85 — 2.85 — —
10 3.04 6.51 2.95 3.39 Yes
20 3.10 8.70 3.34 17.27 No
30 3.62 26.80 3.58 25.73 Yes
60 3.80 33.36 3.45 20.87 Yes
90 1.16 -59.29 1.71 -40.09 No
100 0.59 -79.24 0.65 -77.24 Yes

" Eastbound direction only

2 From 0% MPR. A positive value implies an increase in the number of stops while a negative value implies a decrease in the
number of stops

3 This column compares the number of stops for DSRC ranges of 300 meters and a calibrated range. The number of stops is
considered to be improved if the number of stops for the calibrated range is less than the number of stops for the 300 m DSRC
range.

Source: Texas A&M Transportation Institute (TTI)

The number of stops results for the two DSRC ranges do not show any clear trend for increased DSRC
range performing better than the limited range. Rather, some of the penetration rate scenarios perform
better with increased range and other scenarios perform worse. Note that the largest difference in the
number of stops per vehicle between the DSRC ranges is the 90% scenario with a 0.55 stops per vehicle
difference which is not a very large value.

Table 53 contains the differences in average speeds between the two DSRC ranges.
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Table 53: Effects of DSRC Range Sensitivity on Average Speed (mph) — High-speed

Corridor’
Average Speed , Average Speed , | Improvement in
MPR (%) | for 300 m DSRC | % Change for 1000 m % Change Avg Speed? ?
Range DSRC Rang

0 41.9 — 41.9 — —

10 42.0 0.13 41.7 -0.56 No

20 415 -1.03 414 -1.25 No

30 411 -1.87 411 -1.89 None

60 40.9 -2.54 40.7 -2.99 No

90 41.2 -1.82 40.4 -3.69 No
100 411 -2.05 40.5 -3.50 No

" Eastbound direction only

2 From 0% MPR. A positive value implies an increase in average speed while a negative value implies a decrease in average speed

3 This column compares the average speed for DSRC ranges of 300 meters and a calibrated range. The average speed is
considered to be improved if the average speed for the calibrated range is greater than the average speed for the 300 m DSRC

range.

Source: Texas A&M Transportation Institute (TTI)

The average speeds for the increased DSRC range are consistently lower than the lower DSRC range.
This makes sense because with increased DSRC range TOSCo vehicles have additional space to travel

at a speed equal to or less than the speed limit to arrive at the intersection during the green window. This
also means that with increased DSRC range, the vehicles with a set speed above the speed limit must

reduce speeds so that their travel speeds are within the speed limit, contributing to lower average speeds
on SH 105. Note that the differences in average speeds due to increased DSRC range are not very large

and do not ever exceed one mile per hour in magnitude.

The impacts that DSRC range has on total travel times are shown in Table 54. Increased DSRC range
shows less of an increase in Total Travel Time at lower market penetrations than the lower range DSRC.
However, at higher market penetrations the total delay experiences a larger increase with larger DSRC

range.

Table 54: Effects of DSRC Range Sensitivity on Total Travel Time (vehicle-hours) — High-
speed Corridor’

Total Travel Total Travel Improvement in Total
MPR (%) | Time for 300 m | % Change? | Time for 1000 m | % Change? pTraveI Time?2®
DSRC Range DSRC Range ’
0 1486 — 1486 — —
10 1506 1.32 1494 0.50 Yes
20 1519 2.19 1507 1.40 Yes
30 1540 3.59 1516 1.97 Yes
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Total Travel Total Travel Improvement in Total
MPR (%) | Time for 300 m | % Change? | Time for 1000 m | % Change? pTraveI Time??
DSRC Range DSRC Range ’
60 1552 4.38 1542 3.76 Yes
90 1545 3.92 1565 5.31 No
100 1550 4.30 1566 5.37 No

' Eastbound direction only

2 From 0% MPR. A positive value implies an increase in total travel time while a negative value implies a decrease in total travel

time

3 This column compares the total travel time for DSRC ranges of 300 meters and a calibrated range. The total travel time is
considered to be improved if the total travel time for the calibrated range is less than the total travel time for the 300 m DSRC range.

Source: Texas A&M Transportation Institute (TTI)

Table 55 shows the impacts of CO2 emissions.

Table 55: Effects of DSRC Range Sensitivity on CO; Emissions (g/mi) — High-speed

Corridor’
CO; Emissions CO-; Emissions Imbrovement in
MPR (%) | for 300 m DSRC | % Change? for 1000 m % Change? P .. 3
CO; Emissions?
Range DSRC Range
0 313.6 — 313.6 — —
10 307.7 -1.87 310.3 -1.07 No
20 308.6 -1.60 312.8 -0.27 No
30 317.2 1.14 319.1 1.74 No
60 316.9 1.05 3171 1.1 No
90 314 .4 0.24 311.1 -0.78 Yes
100 309.2 -1.40 313.8 0.07 No
' Eastbound direction only
2 From 0% MPR. A positive value implies an increase in CO, emissions while a negative value implies a decrease in CO,
emissions
8 This column compares the CO; emissions for DSRC ranges of 300 meters and 100 meters. CO, emissions is considered to

be improved if CO, emissions for the 1000 m range is less than CO, emissions for the 300 m DSRC range.

Source: Texas A&M Transportation Institute (TTI)

The DSRC sensitivity analysis for the high-speed corridor shows that increased DSRC range does not
consistently improve TOSCo function. Increased DSRC range tends to have worse performance than the
300-meter range at high market penetration. The research time attributes this to how the Infrastructure
algorithm does not use a predicted queue length to determine a green window but the current queue
length. This means that with increased DSRC range TOSCo vehicles receive information that may not be
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relevant to the vehicle because the queue lengths might grow, or the signal actuation may gap out* the
side street while the TOSCo vehicle is approaching.

6.2.5 Discussion of Performance Results

Overall total delay increases for the traffic on SH 105 as market penetration of TOSCo goes up.
However, this is because TOSCo vehicles have more delay inherently. They accelerate gradually, to
conserve fuel, and they will decelerate earlier than non-TOSCo vehicles on an approach. The trends for
TOSCo and non-TOSCo individual vehicle classes identifies no change in total delay or a slight decrease
in total delay. This means that TOSCo vehicles are not affecting total delay for non-TOSCo vehicles in
low market penetrations and are reducing the delay for non-TOSCo vehicles at higher market
penetrations.

TOSCo significantly reduces stop delay for all vehicle types at market penetration increases. This is one
of the primary functions of the TOSCo system, therefore, the research team expected reductions in stop
delay.

As TOSCo market penetration increased, the emissions rates at high speed remained constant. Figure
67, from a UCR study, shows that at average speeds of about 40 mph the emission rates tend to be
constant as the average speeds change.
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Source: Barth and Boriboonsomsin (24)

4 Gap out refers to the terminating of a green phase due to an excessive time interval between the actuations of vehicles arriving on
the green, so green may be served to a competing phase.
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Figure 67: CO. Emissions Rates Across Average Speeds

Some of the trends between the high-speed corridor and the low-speed corridor do not match. The
emissions rates on SH 105 reside in a speed range where the real-world activity curve in Figure 67 is
horizontal. This means that five or ten mph changes on average, will not drastically impact the emission
rate for SH 105. For this reason, the research team crafted an additional simulation experiment to better
understand the impacts of TOSCo on a higher speed corridor. This experiment involved using a
modification of the Coordinated Stop Verification Scenario, which includes vehicles accelerating from a
complete stop. However, this is not a coordinated stop. This experiment involves completely stopped
vehicles accelerating to their desired speed. The modification enabled the research team to observe the
differences between the non-TOSCo vehicles using the VISSIM default acceleration and TOSCo vehicles
as they accelerate to a low set speed, 15 meters per second (34 mph), and a high set speed, 25 meters
per second (56 mph). Figure 68 shows the speed profiles for the two driving speeds in this experiment.
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Figure 68: Speed Profile Comparison Between TOSCo and Non-TOSCo at Different
Speeds

At both set speeds TOSCo vehicles require more time to accelerate than the non-TOSCo vehicles.
However, at the low-set speed, the difference in time for the TOSCo vehicles to reach speed compared to
the Non-TOSCo vehicles is not as extreme as the high set speed. TOSCo vehicles require eight and over
20 additional seconds than the baseline traffic to accelerate to the low and high set speeds, respectively.
The research team determined that this experiment revealed two future research needs. First, the non-
TOSCo vehicles are accelerating too aggressively. The VISSIM default acceleration profile (shown in
Figure 42) produces high accelerations early in the acceleration process, when compared with recent
research on the topic of typical acceleration levels (28). Second, the TOSCo algorithm for launching
behavior does not provide sufficient acceleration as currently designed, especially with high set speeds.
The research team must revisit the TOSCo algorithm to accelerate vehicles to their set in less time than
the trigonometric functions used in this study.
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The TTI team performed an initial analysis of the impacts of using a faster launch algorithm by
implementing the Intelligent Driver Model (IDM) (7,8) to control the Coordinated Launch behavior. Figure
69 shows that the IDM accelerated faster than the TOSCo launch method used for the primary analysis in
the beginning of the acceleration process, even though both methods did not bring the TOSCo vehicle
completely to speed as fast as the non-TOSCo vehicles.
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Figure 69: Comparison between TOSCo, Non-TOSCo and TOSCo Launch Revision at
High Speeds

The TTI team conducted some preliminary simulations to observe the potential impacts of improving the
TOSCo launch speed, using a single seed for each market penetration rate. Figure 70 and Table 56
contain the results for the eastbound, peak, direction for SH 105 using the revised TOSCo launch.

Corridor Level Mobility Measurement for Eastbound
Direction (All Vehicles, Revised TOSCo Launch)
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Figure 70: Corridor Level Measurement of Mobility in Eastbound Direction with Revised
TOSCo Launch (All Types)

Table 56: Mobility Comparison at Corridor Level — Eastbound Direction with Revised
TOSCo Launch

MPR (%) T(c::é/e::,a)y % Change’ S(tsc:::lli)’::‘a)y % Change' # (\)/ﬁ:zﬁ: ! % Change'
0 126.7 — 43.3 — 2.84 —
10 1171 -7.5 39.2 -9.6 2.83 -0.3
20 136.1 7.4 40.6 -6.3 3.42 20.4
30 138.2 9.1 36.6 -15.4 3.7 30.7
60 132.1 4.3 20.3 -53.1 3.64 281
90 126.4 -0.2 7.4 -82.8 1.46 -48.6
100 123.7 -2.3 2.8 -93.4 0.60 -78.7

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

With the IDM Coordinated Launch, the TOSCo vehicles experienced a slight increase in total delay in the
intermediate market penetration rates and slight decreases in total delay at low and high market
penetration rates. The trends for stop delay and number of stops are like the results from the primary
analysis. Since this experiment only used one seed for each scenario, these results only represent a
ballpark estimate of the decreases and increases in total delay. However, these results show that revising
the TOSCo launch behavior can reduce the total delay TOSCo vehicles experience compared to the
primary analysis. Furthermore, the revision shows that revising the Coordinated Launch behavior can
lead to similar total delay values as the baseline traffic.

For brevity, the research team excluded the results from this experiment for the westbound mobility, travel
time, average speed, and emissions. The westbound mobility results were very similar to the eastbound
mobility results with reduced total delays at higher market penetration rates and no difference in the stop
delay and number of stops compared to the primary analysis. The trends in travel time and average
speed in this experiment were the same as the primary analysis. Total travel time increased and average
speeds decreased as market penetrations increased. Finally, the emission results remained constant
across market penetration rates, like in the primary analysis.

This experiment confirms that adjusting the TOSCo launch behavior to something that provides more
acceleration early in the process than the trigonometric functions will aid in addressing the magnitude of
total delay increases seen in the high-speed corridor. TOSCo vehicles should not necessarily use the
IDM model to accelerate from a stopped position. Instead, the research team should work together to
determine the most appropriate methodology for TOSCo vehicles to accelerate from a stop.
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6.2.6 Monetization of Results

The high-speed corridor utilized the same methodology for assessing the user costs at different market
penetration rates as the low-speed corridor. However, the research team used $2.01 per gallon, which
was the average fuel costs in Texas in December 2018 (26). Table 57 contains the costs of total travel
time and fuel for the SH 105 Corridor.

Table 57: SH 105 Corridor User Cost Analysis

Penetration Rate Value Of.r-:-;t:I Travel Ganl:)e:ilnio::ig?;:?I 8) Total User Costs

0 $12,858.15 $6,650.95 $ 19,509.10
10 $12,925.13 $6,601.89 $19,527.02
20 $ 12,987.86 $6,658.21 $ 19,646.07
30 $ 13,066.87 $6,740.56 $ 19,807.43
60 $13,192.81 $6,726.21 $ 19,919.02
90 $13,375.54 $6,663.22 $ 20,038.76
100 $13,447.03 $6,617.34 $ 20,064.37

Source: Texas A&M Transportation Institute (TTI)

The user costs steadily increase between the baseline and the 100% market penetration rate up to about
a $550 user increase in costs. The increases are caused by increased travel time and the minimal
changes in fuel costs with the evaluated version of TOSCo.

6.2.7 Traffic-level Simulation Reassessments and Refinements

As part of the initial infrastructure simulations, the research team reevaluated some of the results and
made some refinements associated with the default acceleration profile governing vehicle behaviors by
enhancing the representation of non-TOSCo vehicles on the high-speed corridor. To accomplish this, the
team designed an acceleration study to collect acceleration behaviors on the State Highway (SH) 105
corridor and provide data needed to generate a revised acceleration distribution for the non-TOSCo
vehicles within VISSIM. The team used this revised acceleration distribution to evaluate the impacts of
TOSCo compared to the refined representation of baseline traffic.

6.2.7.1 SH 105 Acceleration Profile Development

Information on the acceleration behavior from DSRC vehicles was not available for the high-speed
corridor, leading the team to use the default desired acceleration distribution provided in VISSIM. Figure
71 shows the VISSIM default acceleration distribution and Figure 72 shows the calibrated vehicle
acceleration profile by UMTRI from acceleration events on Plymouth Rd. using naturalistic driving data
(NDD) [19]. The VISSIM default accelerations for the non-equipped vehicles is more aggressive than the
naturalistic data from Plymouth Rd. The VISSIM profile averages at 10 ft/s? acceleration from a stop
while the NDD profile averages at 5.5 ft/s2. This large difference in the acceleration behaviors from a stop
suggested to the research team that the acceleration behavior by the vehicles on SH 105 is different than
the VISSIM default acceleration profile. However, as the posted speed limit on SH 105 is 55 mph, the
NDD profile does not cover speeds high enough to represent SH 105. The research team determined
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that more work needed to be done to better represent the acceleration behavior of the traffic on SH 105 to
compare to the simulated TOSCo behavior, so the research team designed a study to collect the
acceleration data needed to create a profile to represent SH 105 acceleration behavior.
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Figure 71: VISSIM Default Acceleration Distribution to Model Accelerations of Non-
TOSCo Vehicles
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Figure 72: Acceleration Profile Calibrated from Naturalistic Driving Data [19]

The graphs in Figure 71 and Figure 72 describe the acceleration behavior of a VISSIM controlled vehicle
that wants to gain speed to its randomly assigned desired speed. As VISSIM controls vehicles it will
follow either minimum, median, or maximum acceleration pattern until the vehicle reaches its desired
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speed and the acceleration drops to zero. If the acceleration profile extends beyond a vehicles desired
speed, which is the case for the simulated SH 105 vehicles using the VISSIM default acceleration profile,
the vehicle tracks the acceleration profile until reaching its desired speed and then stops accelerating.
Therefore, the VISSIM default acceleration profile allows simulated vehicles on SH 105 to reach their
desired speeds above 50 mph, but the NDD profile does not because all of the desired acceleration
trends reach zero at 50 mph.

The research team designed and conducted an acceleration study to collect the representative
acceleration behaviors on SH 105. The study used a segment of SH 105 between Old River Road and
April Sound Boulevard shown in Figure 73. The research team selected this segment for the 2.5 mile
interval between these two intersections, which allowed traffic to accelerate completely to their desired
speed without an upstream intersection affecting their behavior.

6 Cape Conroe Dr

9 0ld River Rd

(55

April Sound Bivd

e Navajo Rd
e Marina Dr
e Tejas Bivd

Source: Imagery ©2019 Google. Map Data ©2019 Google

Figure 73: Study Segment on SH 105

This acceleration study used two vehicles, each equipped with a Xsens’ MTi-G-710 sensor package. The
Xsens’ MTi-G-710 is a high-performance sensor system with accuracies surpassing conventional Attitude
and Heading Reference System (AHRS) and Micro-Electro Mechanical Systems (MEMS) inertial sensors.
It measures the acceleration and speed directly. To complement the data recorded by the sensor, each
driver kept a field log. In the field log, each driver noted if they approached an intersection during a red
phase, reached a completed stop and position in the queue. When the signal turned green the study
driver accelerated so that they paced with the vehicle ahead. If the study vehicle was the leading vehicle
in the queue, they could either accelerate to pace with the leading vehicle in the adjacent lane or
accelerate at their own comfort. Twenty three hours of data were collected during this study between the
two vehicles amounting to about 150 acceleration events recorded.

The sensor measured acceleration and speed in three axis on a fixed coordinate system defined with the
x-axis positive to the East, y-axis positive to the North, and z-axis positive pointing up (see Figure 74).
The device recorded data at a rate of 400 Hz.
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sgn(agg) = sgn(ay)

North

West \

sgn(awg) = —sgn(ay) ‘/J
Source: Texas A&M Transportation Institute (TTI)
Figure 74: Acceleration Sensor Orientation Compared to SH 105

The team calculated the acceleration and speed of the vehicle using the following equations:

v = ’v§+v§

Figure 75: Vehicle Speed

agp = /a,% + af * sgn(ay)

Figure 76: Acceleration Eastbound

ayg = — ’a,zc + a? x sgn(a,)

Figure 77: Acceleration Westbound

Where, v,, vy, ay, a, are speed and acceleration in the x and y axes of the fixed coordinate system. Note
that, the sensor measures acceleration from the texture of the road and changes in grade in the z-
direction, which is not valuable data for the acceleration profile. The rotation across the z-axis indicated
the vehicle changing directions and orientation indicated the direction of travel within the data so the
algorithm used to analyze the data could select the appropriate equation for calculating the acceleration.
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The research team cleaned the acceleration data to reduce the noise in the data and smooth out human
error in the data set. The team tried several methods to reduce noise and concluded that local weighting
with a 0.05% sampling yield properly smoothed the data and removed human error within the data set
while maintaining enough sensitivity to changes in acceleration to capture the acceleration behavior well.
The team created a script to automatically identify acceleration events from a stop and clean the data.
Next, an analyst cross checked each acceleration profile that was with the field logs to use only events
where the study vehicle was the first or second vehicle in the queue. The acceleration distribution for
VISSIM was based on the maximum, median, and minimum accelerations at different speeds from the
resulting 73 valid profiles. The resulting calibrated SH 105 VISSIM acceleration distribution is shown in
Figure 78.
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Figure 78: Acceleration Profile Calibrated from SH 105 Field Study

The profile is similar in shape to the calibrated acceleration profile from the NDD [19]. This profile has less
acceleration from a stop but greater accelerations at higher speeds than the low speed corridor. The
team did not allow the minimum desired acceleration to reach zero, so vehicles that follow the minimum
acceleration behavior are always able to accelerate, if desired. Additionally, the team extended the
minimum, median, and maximum curves up to 150 mph to allow vehicles to accelerate to desired speeds
beyond the acceleration profile. These two edits ensured that all VISSIM controlled vehicles could
accelerate to their desired speed.

The calibrated VISSIM acceleration profile has a wider range of speed compared to the profile for the low
speed corridor, due to the higher speeds on SH 105. Moreover, the calibrated VISSIM acceleration is
different from the VISSIM default acceleration profile at every speed range demonstrated in Table 58.
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Table 58: Comparisons on Averaged Acceleration for VISSIM Default and SH 105
Acceleration Profiles

Speed Range Af!?fuee:t?fr:“?fg:f;"t Acé:‘:;::t?o?:f:l(;?‘Z) Difference (ft/s2)
0-30 mph 8.9 6.2 26
30-50 mph 5.6 5.9 0.3
50-70 mph 43 3.6 0.7
70-100 mph 3.6 1.3 2.3
100+mph 16 0.7 1.0

Source: Texas A&M Transportation Institute (TTI)

The revised VISSIM acceleration profile has an average of 2.9 ft/s? acceleration from stop, which builds
up to 7.5 ft/s? as the vehicle gains speed, similar to the NDD profile. The revised profile reflects behavior
observed from the field study where vehicles accelerated gradually from a stop and maintained
acceleration until reaching their desired speeds.

6.2.7.2 Model Recalibration for Travel Times

Travel time was a calibration parameter for this model, so the research team checked to see how much
this performance measure changes and recalibrated the model. The research team found that travel time
results from the SH 105 model are larger with the revised acceleration distribution than with the default
acceleration distribution. The travel time values from the original travel time study conducted for TOSCo
in 2017, the revised simulated travel times through the corridor, and the differences in percentage are
tabulated in Table 59. The travel times in the simulation are larger than the field data in both directions,
especially for the eastbound direction, which exceeds the calibration target of a 10% difference from the
field data. Therefore, the team needed to recalibrate the SH 105 model to bring the simulated travel times
closer to the field data.

Table 59: Comparisons between 2017 Field Data and Simulated Travel Times before
Recalibration in the AM Peak

Direction of Travel 2017 Field Data Simulated Travel Tlme Wlt.h Revised Difference (%)
(sec) Acceleration Profile
Eastbound 803.0 998.7 24 .4*
Westbound 842.9 909.9 7.9

* Difference exceeds 10% threshold for recalibration.
Source: Texas A&M Transportation Institute (TTI)

The research team decided to do another travel time study since the previous travel time data was
collected before two intersections modeled on the SH 105 corridor were signalized, which could affect the
travel times on the facility. The travel time study in 2019 used one vehicle and a floating car method in
the AM and PM peak periods, like the study in 2017. The travel time measurements from the field are
documented in Table 60.
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Table 60: Summary of AM Peak Travel Times from 2017 and 2019 Studies

Direction of Travel | 2017 Field Data (seconds)
Eastbound 803.0

Westbound 842.9
Source: Texas A&M Transportation Institute (TTI)

2019 Field Data (seconds)
879.0
893.3

Difference (sec)
76.0
50.4

The travel time study conducted in 2017 had six runs in both eastbound and westbound directions for the
AM and PM peak periods while the 2019 study has three runs in both directions for the AM peak, and four
runs in both directions for the PM peak. The research team performed a statistical analysis to test if the
mean travel times for the 2017 and 2019 studies are different. The analysis showed that the differences in
travel times recorded in 2017 and 2019 are not statistically significant despite increased travel times for
both directions in the 2019 data—i.e., 76-second increase in the eastbound and 50.4-second increase in
the westbound directions. However, the simulated travel times still exceeded the 10% calibration
threshold with the 2019 field data, (see Table 61). When calibrating a microscopic model, a goal must be
defined to determine if the model is sufficiently representative for the data to be valid. The research team
endeavored to remain within the 10% calibration threshold to ensure that the model is realistic.

Table 61: Travel Times Before and After Recalibration

2019 Field Simulated Travel Simulated Travel
Direction of Measured Times with Default | Difference | Times with Revised | Difference
Travel Travel Time | Acceleration Profile (%) Acceleration Profile (%)
(sec) (sec) (sec)
Eastbound 879.0 998.7 13.6 908.4 3.3
Westbound 893.3 909.9 1.8 904.3 1.2

Source: Texas A&M Transportation Institute (TTI)

To decrease the travel time from simulation for recalibration, the research team then modified the desired
speed profile in VISSIM for the baseline traffic as shown in Figure 79. The recalibration effort increased
the average speeds of vehicles to match the travel times recorded in the field. Both AM and PM peak
simulations used the recalibrated desired speed distribution in Figure 79.
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SH 105 VISSIM Desired Speed Distribution
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Figure 79: Speed Profiles for Before and After Recalibration

With the recalibrated model, the travel times from simulations are close to the travel times collected in
field study and within the 10% difference (See Table 61).

6.2.7.3 Revised AM Peak Performance Results

The research team selected a reduced number of Market Penetration Rates (MPR) and simulation seeds
to run to expedite the process. The team decided to use the baseline, 30, 60, and 100% TOSCo MPRs
because previous simulation delay results were typically flat between these MPRs. Each scenario used
the same parameters as before, with a 900 second warm-up period and a 7200 second evaluation period
for each of the five simulation seeds in these refined results. The eastbound and westbound AM peak
revised results are shown in Figure 80, Figure 81, Table 62 and Table 63, respectively.
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Figure 80: AM Peak Revised Corridor-Level Mobility Measures for SH 105 (Eastbound)—
All Vehicle Types

Table 62: Revised Mobility Comparison at the Corridor Level in the AM Peak- All Vehicle
Types (Eastbound Direction)

MPR (%) T((; t:l /I\:/)::Ia)y % Change' s(t;izilha)y % Change' # %‘;ﬁ:g& s/ % Change'
0 153.2 - 45.6 - 2.82 -
30 199.9 30.5 42.6 -6.6 5.33 89.0
60 205.6 34.2 26.7 -41.5 4.39 55.5
100 2131 391 9.9 -78.4 0.87 -69.3

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
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AM Peak Revised SH 105 Corridor-level Mobility Measurements
for Westbound Direction
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Figure 81: AM Peak Revised Corridor-Level Mobility Measures for SH 105 (Westbound)—
All Vehicle Types

Table 63: Revised Mobility Comparison at the Corridor Level in the AM Peak- All Vehicle
Types (Westbound Direction)

MPR (%) T((; t:cl; /B:La)y % Change' S(ts:F:;/I\J/(:E)y %Change’ # %‘;ﬁ:gr‘: s/ % Change'
0 126.9 - 46.4 - 2.820213 -
30 145.8 15% 351 -24% 2.483973 -11.9
60 157.2 24% 20.9 -55% 1.493351 -47.0
100 162.2 28% 44 -90% 0.342429 -87.9

"From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

The AM peak results for total delay, stop delay, and number of stops follow the same trends as they did
before revising the model. In the eastbound direction, total delay increased from 153.2 seconds to 213.1
seconds and from 126.9 seconds to 162.2 seconds in the westbound direction. The differences are 59.9
seconds and 35.3 seconds, respectively which are greater increases than before the revision. These
increases are caused by the recalibration bringing the desired speeds of the corridor to values higher
than before. Many simulated vehicles have desired speeds above the speed limit, which causes TOSCo
vehicles to reduce their speeds when they enter communication range as the algorithm currently forces
TOSCo vehicles to adhere to the speed limit, their delays increase (recall delay is defined as the
difference between a vehicle’s theoretical uninterrupted travel time at its prevailing speed during the peak
period and its simulated travel time). In addition, TOSCo vehicles require a longer time to accelerate to
their desired speeds from a stop because this simulation uses the first generation TOSCo speed profiles,
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which accelerate to large speeds by increasing time spent building up to the maximum acceleration
instead of increasing the amount of time at the maximum acceleration.

The trends observed in stop delay and number of stops are similar to the previous AM peak period results
for SH 105 and have the same explanation. Increased stops in the eastbound direction are a result of
non-TOSCo vehicles stopping briefly in response to TOSCo vehicle driving behavior. There is a steady,
and significant, decrease in stop delay as MPR increases.

Figure 82 and Table 64 show the total travel time and average speed results from the AM peak SH 105
revision. There are slight decreases in average speed and increases in total travel times across all
MPRs. The changes in total travel time and average speeds for all vehicles in the network are slight.
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Figure 82: Total Vehicle Hours Traveled and Average Speeds for High-speed Corridor AM
Peak Revision

Table 64: Total Vehicle Hours Traveled and Average Speeds for High-speed Corridor AM
Peak Revision

MPR (%) Total Travel Time (veh-hrs) %Change’ Avg Speed (mph) % Change'
0 889 - 46.2 -
30 902 1.5 45.6 -1.3
60 936 5.2 44.2 -4.4
100 918 3.3 45.5 -1.7

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
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The emissions results for the AM peak revision are in Figure 83 and Table 65. Emissions and energy
rates increase slightly in the 30% and 60% MPRs and return to values similar to the baseline at the 100%
MPR scenario. These changes are likely caused by the increases in stops and the slight changes in
average speed, since the MOVES model is very sensitive to changes in speeds. The team needs to
investigate environmental impacts in the high-speed corridor further in future work.
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Figure 83: CO;Emissions and Energy Usage Rates for High-speed Corridor AM Peak
Revision

Table 65: Emissions and Energy use across TOSCo MPRs for High-speed Corridor AM
Peak Revision

MPR (%) CO; Emissions (g/veh-mi)| % Change' |Total Energy (kJ/veh-mi)| % Change'
0 710 - 9,786 -
30 748 5.3 10,305 5.3
60 743 4.6 10,235 4.6
100 714 0.4 9,830 0.4

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
6.2.7.4 PM Peak Performance Results

The research team also used the revised acceleration distribution in the PM peak simulation for the SH
105 corridor. The PM peak conditions are over saturated in both directions at several intersections along
SH 105. The traffic volumes in eastbound and westbound directions are more evenly distributed, and the
eastbound direction is still the direction with the peak flow. Eastbound traffic remains the peak direction
because the PM peak period involves trips to shopping locations along SH 105 in addition to commuter
traffic. The PM peak simulation calibration for travel time is show in Table 66. Note, the eastbound travel
time measurement exceeds the calibration target of 10% change from the field measurement and the
westbound travel time measurement is within the calibration target.

CAMP - V2| Consortium Proprietary
The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report 117



Chapter 6: Verification Scenarios Analysis

Table 66: Field Measured Travel Times and Travel Times After Recalibration

Direction of | 2019 Field Measured Simulated Travel Times w/ Revised % Change
Travel Travel Time (sec) Acceleration Profile (sec) ° 9

Eastbound 951.7 1,108.8 16.5

Westbound 972.0 995.3 2.4

Source: Texas A&M Transportation Institute (TTI)

The PM peak simulation also used the baseline, 30, 60, and 100 MPRs and has one simulation seed for
each scenario. The delay and number of stop results for eastbound and westbound directions of travel
are shown in Figure 84 and Figure 85 and the values are shown in Table 67 and Table 68.
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Figure 84: PM Peak Revised Corridor-Level Mobility Measures for SH 105 (Eastbound)—
All Vehicle Types

Table 67: PM Peak Mobility Comparison at the Corridor Level — All Vehicle Types
(Eastbound Direction)

MPR (%) T(Z t:llez:;y %Change’ S(tsc;illi),:La)y %Change’ # ?lfe?\:zli s/ % Change'
0 376.0 - 1371 - 9.3 -
30 317.4 -15.6 67.0 -51.1 7.8 -15.9
60 304.3 -19.1 34.4 -74.9 6.5 -30.6
100 312.2 -17.0 11.2 -91.8 1.5 -84.0

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)
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PM Peak SH 105 Corridor-Level Mobility Meaures for Westbound Traffic
(All Vehicle Types)
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Figure 85: PM Peak Revised Corridor-Level Mobility Measures for SH 105 (Westbound)—
All Vehicle Types

Table 68: PM Peak Mobility Comparison at the Corridor Level — All Vehicle Types
(Westbound Direction)

MPR (%) T(Z t:llez:;y % Change' S(tsoei /I\)/::f)y % Change' # %Li:g:: s/ % Change'
0 260.7 - 123.0 - 5.2 -
30 259.5 -0.4 75.9 -38.3 5.8 11.0
60 247.9 -4.9 34.2 -72.2 4.0 -23.1
100 230.6 -11.5 104 -91.6 0.8 -85.6

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

The similar volumes and conditions in the two directions lead to similar results in the two directions in the
PM peak scenario. Both directions experience gradual reductions in stop delay and number of stops as
the market penetration of TOSCo increases. The westbound direction experiences a slight increase in
number of stops between the baseline and 30% MPR and then consistently decreases in the other
scenarios. Total delay per vehicle decreases significantly between the baseline and the 30% MPR
scenario in the heavier eastbound direction and remains constant for the remaining scenarios.

The westbound direction experiences a slight increase in the number of stops between the baseline and
30% MPR and then consistently decreases in the other scenarios. The westbound stop delay gradually
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decreases as MPR goes up. Total delay remains approximately constant between the baseline and the
30% MPR scenario and then gradually decreases in the 60% and 100% MPRs.

Figure 86 and Table 69 show the total travel time and average speed results from the PM peak. These
measurements remain constant across increased TOSCo MPR, despite reductions in total delay for
vehicles traveling from end-to-end of the corridor. This measurement includes vehicles on cross streets
and turning movements, which indicates that, although there are marginal increases in travel speed for
vehicles going end-to-end on SH 105, the overall average speeds for all users on SH 105 remains
constant with increasing TOSCo MPR.
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Figure 86: Total Vehicle Hours Traveled and Average Speeds for High-speed Corridor PM
Peak Revision

Table 69: Total Vehicle Hours Traveled and Average Speeds for High-speed Corridor PM
Peak

MPR (%) Total Travel Time (veh-hrs) | % Change’ Avg Speed (mph) % Change'
0 984 - 40.6 -
30 997 1.3 40.2 -0.9
60 1011 2.7 40.1 -1.3
100 1016 3.2 40.3 -0.7

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

CAMP - V2| Consortium Proprietary
The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report 120




Chapter 6: Verification Scenarios Analysis

The emission results for the PM peak period are in Figure 87 and Table 70. There is a slight reduction in
emission rates and energy consumption at higher TOSCo MPR in the PM peak period. Like the AM peak
emissions, these changes are small compared to the magnitude of the emission rates. The reduction in
emissions for the PM peak simulation is consistent with the reductions in stops.
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Figure 87: CO; Emissions and Energy Usage Rates for High-speed Corridor PM Peak
Revision

Table 70: Emissions and Energy Use across TOSCo MPRs for High-speed Corridor PM
Peak

MPR (%) CO; Emissions (g/veh-mi) | % Change' |Total Energy (kJ/veh-mi)| % Change'
0 643 - 8860 -
30 645 0.2 8879 0.2
60 638 -0.8 8786 -0.8
100 620 -3.6 8538 -3.6

" From 0% MPR. A positive value implies an increase while a negative value implies a reduction in the performance measure

Source: Texas A&M Transportation Institute (TTI)

6.2.7.5 Discussion of Differences between AM and PM Peak Results for SH 105

The AM and PM peak periods have different trends in mobility measurements. This is primarily due to all
intersections during the AM peak period being undersaturated and some intersections in the PM peak
being saturated. None of the intersections during the AM peak period have average queue length
behavior that indicate saturated conditions, meaning queue lengths continually grow longer over time until
eventually demand decreases enough that the queue length begins to decrease. The PM peak does
have saturated conditions at intersections, meaning that some vehicles in an eastbound or westbound
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queue on SH 105 are not able to clear the intersection in the allotted green time for that phase. Figure 88
shows the queueing behavior for each MPR for a saturated movement in the PM peak period at Old River
Rd. in the eastbound direction. There is a large reduction in delay and reduction in delays for vehicles
across all the intersections were observed. The total travel time metric shows the travel time for all
vehicles on the facility, including cross streets and turning movements. The cross street and turning traffic
are one of the factors including potential increases in delay at unsaturated intersections that explain the
change in saturated conditions and the total travel time results.

Average Queue Length of Eastbound Traffic Old River Rd. in the
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Figure 88: Average Eastbound Queue Lengths Across PM Peak Period at Old River Road

TOSCo was able to provide enough increased capacity, via reduced headways between vehicles, in the
30 MPR scenario to address the saturated conditions in the eastbound direction at Old River in the PM
peak period. There is a possibility that the saturated conditions at Old River Rd could be addressed at
lower MPRs since this analysis did not consider incremental MPRs between the baseline and 30%.
There is marginal difference in the queueing behavior between the 30%, 60%, and 100% MPRs, since
each case is now undersaturated. Figure 89 shows the average eastbound queue across the simulation
at Old River Rd in the AM peak baseline. The horizontal line near zero of average queue lengths for the
baseline indicate that the AM peak period does not have any saturated conditions, therefore there is no
potential for benefit from the reduced headways of TOSCo. Since none of the intersections in the AM
peak period are saturated, there are no locations in the AM peak period where increased capacity from
TOSCo is observable. The research team observed TOSCo increasing capacity in both directions in the
PM peak period.
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Average Queue Length of Eastbound Traffic Old River Rd. in the
AM Peak Period Baseline
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Figure 89: Average Eastbound Queue Lengths Across AM Peak Period Baseline at Old
River Rd.

The research team explored the differences in the average travel speeds per direction for both peak
periods. Figure 90 presents the average speeds for each direction in the AM and PM peak periods. The
figure depicts AM speeds and PM speeds with solid and dashed lines, respectively. The team observed
that TOSCo brought the travel speeds in both directions and peak periods toward the same average
value.
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Average End-to-End Travel Speeds For Both Peak Periods
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Figure 90: Average End-to-End Travel Speed Results on SH 105 for AM and PM Peak
Periods

6.2.7.6 High-speed Corridor Reassessment and Refinement Conclusions

The following are the key takeaways from the reassessment of the High-Speed corridor TOSCo
simulation work:

e The research team developed a calibrated VISSIM acceleration profile for baseline traffic on SH
105 and recalibrated the model. Revised representation of baseline vehicles results in a better
comparison between TOSCo vehicles and non-TOSCo vehicles.

¢ Inthe AM peak simulation with completely undersaturated conditions:

o TOSCo reduces stop delays and the number of stops with slight increases in total delay.
TOSCo vehicles experience more total delay because they take more time to reach their
desired speed and will slow to the speed limit, if necessary, while in communication
range of an intersection.

o Total travel times and average speeds across the network had slight increases and
decreases, respectively, as TOSCo penetration increased.

¢ Inthe PM peak, with some saturated conditions:

o TOSCo vehicles have a greater degree of progression (fewer stops and less time
stopped) which reduces the occurrence of saturation at intersections

o Nearly all increases in capacity from TOSCo in the eastbound direction were attained by
the 30% TOSCo MPR

o Total travel times and average speeds across the network had remained constant as
TOSCo penetration increased. The speeds are referred to as constant since the changes
are at most 3 mph on average, which is not considered a substantial change. A 3 mph
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change would amount to less than a 10 second change in travel time for the length of the
corridor.

o The AM peak (unsaturated conditions) and PM peak (saturated conditions) experience slight
increases and decreases in emission rates, respectively. These changes correspond to number
of complete stops recorded by the simulation for the two periods. The team needs to investigate
emission impacts further in future work.
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TOSCo is an innovative connected vehicle application that has the potential to generate substantial
mobility, environmental, and fuel-savings benefits. Vehicles equipped with TOSCo functionality use signal
phase and timing and queue information from the infrastructure to plan speed trajectories that allow them
to reduce the likelihood of stopping at TOSCo-supported intersections. TOSCo vehicles use this
information to automatically speed up or slow down to reach the stop bar at the intersection during the
“green window,” the time in the signal cycle when all the queued traffic in the travel lane ahead of the
TOSCo vehicle has cleared the intersection. If a TOSCo vehicle must stop at the intersection, the control
algorithm in the vehicle gradually slows the vehicle to reduce the amount of idle time at the intersection.
The TOSCo system also includes a coordinated launch function, which allows a string of TOSCo-
equipped vehicles to leave an intersection simultaneously, in a coordinated fashion, to reduce the start
lost time which, in turn, increases the capacity through the intersection.

This report presented the methodology and results of computer simulation activities supporting the
development of the TOSCo system, especially the infrastructure-based algorithms. The research team
developed a computer simulation environment to evaluate the effectiveness and potential mobility and
environmental benefits that could be generated through the application of the TOSCo system in both low-
and high-speed corridor environments. The research team developed a computer simulation environment
to represent the TOSCo system in both low-and high-speed corridor environments. The research team
used this simulation evaluation environment to:

+ Assess the potential mobility and environmental benefits of using TOSCo in different operating
environments: a low-speed corridor (Plymouth Road, Michigan), and a high-speed corridor (SH
105, Texas)

* Quantify the impacts of different market penetration rates of vehicles equipped with TOSCo
functionality on mobility and environmental benefits

» Assess different infrastructure algorithms for estimate queuing: a basic safety message (BSM)-
and loop-detector approach on the low-speed corridor, and a radar-based detector approach on
the high-speed corridor

One significant outcome of this project has been the development of the TOSCo Simulation Environment.
This innovative environment has proved to be an invaluable tool in supporting the development and
assessment of TOSCo functionality. The environment consists of three platforms, a vehicle simulation
platform, an infrastructure simulation platform, and a performance assessment platform. The vehicle
simulation platform was built specifically to test and verify vehicle decision and control processes. Using
a series of three simulation models, the vehicle simulation platform gives the TOSCo team the ability to
test and verify algorithm code that will eventually reside in TOSCo-enabled vehicles. The infrastructure
simulation platform was developed to test and verify detection and processing algorithms that reside on
infrastructure devices. The team uses this platform to simulate the detection outputs of different queue
detection devices and to access accuracy and precisions impacts of queue estimates on TOSCo
processes. The TOSCo performance assessment platform was developed to allow the team to quantify
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the potential intersection, corridor, and network-level benefits of deploying TOSCo in the real-world.
Using simplified vehicle and infrastructure logic, this platform gives the team the ability to examine the
environmental and mobility benefits associated with operating conditions and scenarios. All three of these
platforms have greatly enhanced the team’s ability to explore innovations, identify issues, and speed the
development of systems and processes towards actual implementation. The research team plans to
continue to use the simulation environment platforms to develop, refine, and evaluate the infrastructure
and vehicle algorithms throughout the life of the project.

7.1 Summary of Findings

The following provides a summary of the benefits produced by the simulation experiments.

7.1.1 Mobility and Environmental Benefits

The following provides a summary of the mobility and environmental benefits observed by implementing
TOSCo in the two corridors.

e TOSCo was able to produce substantial reductions in stop delay and number of stops in both
corridors. In both corridors, stop delay decreased on the order of 40% in the low-speed corridor and
80% in the high-speed corridor after TOSCo was implemented. Similar reductions in the total number
of stops were recorded in both corridors.

e TOSCo did not cause substantial changes in the total delay experienced by travelers in the corridor.
As TOSCo vehicles were slowing down further upstream of intersections, minor changes in total
delay were expected, but these changes are not likely to be noticeable to travelers.

e Total travel time and travel speed were not significantly impacted because of implementing TOSCo in
either corridor

e TOSCo did not have a substantial impact on vehicle emissions or fuel consumption. One potential for
not seeing significant changes in air quality benefits is because average speed was not significantly
impacted by TOSCo.

e TOSCo did result in minor reductions in hydro-carbon and NOx in each deployment

7.1.2 High- vs Low-speed Corridors
The following provides a summary of the impacts that different corridors had on TOSCo performance.

e The TOSCo system produced similar mobility benefit trends in both low-speed and high-speed
corridors

e From an emissions standpoint, low-speed corridors tend to be more sensitive to changes in travel
speed. Changes in emissions were greater for smaller changes in speed.

7.1.3 Impacts of Market Penetration

The following provides a summary of the effects of market penetration on the expected TOSCo
performance.

e The string of TOSCo vehicles formed more easily as more market penetration rates increased. This
caused more vehicles to drive in a cooperative fashion. With more strings, queues at intersections
can clear faster due to TOSCo’s coordinated launch feature.

e As the market penetration rate of TOSCo vehicles increased, the accuracy of the queue prediction
also increased
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7.2 Recommendations for Future Study

The following are recommendations developed by the research team based on their experiences with
modeling the potential mobility and environmental benefits of the TOSCo System.

7.2.1 Selection of TOSCo Parameters

Due to different roadway characteristics and driving behaviors, the traffic environments at the two
corridors differ significantly. For example, non-TOSCo vehicles at the low-speed corridor have moderate
acceleration profiles while non-TOSCo vehicles at the high-speed corridor have more aggressive
acceleration profiles. The differences in surrounding traffic have great impact on TOSCo vehicles’
behaviors, especially in a mixed traffic condition. TOSCo vehicles under coordinated launch couldn’t
catch up with leading non-TOSCo vehicles because of the limitation of maximum acceleration settings.
Non-TOSCo vehicles which have higher desired speeds are also blocked by TOSCo vehicles in the same
lane. As a result, TOSCo parameters (e.g., maximum acceleration, CACC set speed) should be selected
to match the corridor characteristics and driving behaviors.

7.2.2 TOSCo Vehicle Recommendations

e TOSCo vehicles need to utilize profiles that accelerate different than the analyzed version.
Acceleration from a stop should incorporate a buildup of the acceleration, constant acceleration, and
a reduction of acceleration so that a TOSCo vehicle is able to reach speed in a reasonable amount of
time. Such an algorithm needs to provide desirable behavior in both low and high desired speed
scenarios. This is a limitation of the TOSCo algorithm.

e TOSCo vehicles need to be coded to account for unexpected queues or vehicles changing lanes in
front of them. In these simulation experiments, manually driven vehicle could change lanes in front of
a TOSCo vehicle thereby forcing a reaction.

e The simulations need to be revised with the final vehicle level algorithm and evaluated to understand
benefits of the revised TOSCo algorithm

e Speeds in all modes of TOSCo, except for Free-flow Mode, were limited to the posted speed limit.
Thus, when comparing TOSCo operations to the baseline traffic (which is not limited to the speed
limit), the mobility benefits may be underestimated. Future work is recommended to examine the
impact of this constraint.

e Expand the TOSCo-vehicle algorithms to account for the following:

1) Non-trivial initial acceleration for the trajectory planning
2) Inclusion of road grade change
3) Customization of different power-train characteristics
4) Imperfection of sensors (e.g., GPS) and communications
7.2.3 TOSCo Infrastructure Recommendations
e The simulation experiments assume that the lateral and longitudinal position of vehicles can be

detected by sensors installed at an intersection. More research is needed to understand the
limitations of field equipment to better simulate the TOSCo Infrastructure component.
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o Data in this report indicates predictive queue estimation performs better with increased DSRC range
than current queue information used for the Green Window calculation. More simulation should be
run to analyze which queueing information is most helpful for TOSCo.

7.2.4 Implementation of TOSCo

e Results from both corridors show that TOSCo is less effective at low traffic volumes and low-delay
intersections. When the traffic volume is low, or signal coordination provides good progression, most
of the vehicles don’t need to stop or slow down at the intersection, which leaves very limited space for
adjusting vehicle trajectories. In addition, low traffic volumes on side streets may generate inaccurate
SPaT information when the traffic signal of a TOSCo approach is under green rest state, unless
minimum recall is in place. For those intersections with minimal benefits, it may not be necessary to
activate the TOSCo function.
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9 Appendix A. TOSCo Trajectory
Planning

The idea behind the TOSCo trajectory planning is to minimize the TOSCo-enabled vehicle’s acceleration
and/or deceleration when traveling through the TOSCo-enabled intersection (7,2). In other words, it is
desired that the vehicle can pass the intersection at the target speed that is closest to the driver’s set
speed (or free-flow speed) and minimize any excess fuel consumption due to unnecessary acceleration
and/or deceleration maneuver(s). It is noted that there are numerous ways to accelerate and/or
decelerate from one speed to another, such as constant acceleration and/or deceleration rates, and
constant power rates. In this study, the family of piecewise trigonometric-linear functions are selected as
the target speed profiles due to their mathematical tractability and smoothness (see Figure 91 and Figure
95). Once the operating mode is selected, the right set of optimal speed profiles (from the piecewise
trigonometric-linear function family) can be identified and the best function parameters can be chosen to
minimize the trip-level fuel consumption without compromising the mobility of TOSCo-enabled vehicles.

9.1 Speed Up

In this scenario, the host vehicle may accelerate to a higher speed (see below) to pass through the
signalized intersection to catch up with the end of the current green window. After it clears the
intersection, the vehicle may revert to the current speed (or the driver’s set speed). The departure portion
may be set as the mirror symmetry of the approach portion for simplicity. The expression used to define
the speed-up profile shown in Figure 91 is shown in Figure 93.

Speed A

0 t, t, t Time

where, t,, = pi/(2m); t, = pi/(2n)+ty; " = do/ vy,

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure (V2I) Consortium

Figure 91: lllustration of Speed-up Speed Profile (Approach Portion)
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More specifically, without compromising the travel time, the time-to-arrival is given as shown in Figure 92.

tY" = min{[t%,t“" N T}

Figure 92: Expression for Vehicle Time to Arrival When Speeding Up

the target speed, v, = f(t|vyy, v;,), Where

v — V4 - cos (mt) teo,t,,)
vh—vd-%-cos[n-(t+%—t1)] t €ty ty)
v+ Vg t € [t, t¥T)

f(tlvgy,vp) = . 3

vh—vd-;-cos[n-(t+§—t2)] tetv,t;)
v, —vg-cos[m- (t—t3)] t €[ty t3)

\ Vyy t e [t3, +00)

and n (>0) is chosen as the maximum that satisfies:
( In-v4| < Qpax
In-vg| < dmax
In2-vy| < jerkmg, (1)
T Vh
> (= — i 3
n= (2 1) do

and,

where vy = vy, — vy vy = do/tYT; 6 =/2m+1/2n; t, = do /vy + /20 t; = dy /v, + T/2m 4+ w/2n;
Amax @nd d,,, are the maximum acceleration and deceleration, respectively; jerk,,,, is the maximum
jerk whose value can be chosen. The parameters m and n define the family of trigonometric functions,
whose values control the rate of change in acceleration and deceleration profiles. In addition, the
parameters m and n are coupled to guarantee the smoothness of the entire speed profile (especially at
those break points) and the area under the curve being the distance to the stop-bar, d,. To avoid the host
vehicle’s decelerating in the crossing area of the intersection, the constant speed portion (i.e., v, + v4 -%)

may last until the vehicle’s clearance of intersection.
Figure 93: Expression for Vehicle Target Speed Profile for Speeding Up

As the proposed speed profile is differentiable, the target acceleration profile can be obtained by simply
taking the derivative of speed profile as shown in Figure 94.:
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Vg4 - m - sin (mt) te(0,t,)
vd-m-sin[n-(t+%—t1)] tE [ty ty)
0 t € [t, tYT)
a; = . 3
Vg -m-sin [n- (t+§—t2)] t € [t"7,ty)
vg-m-sin[m- (t —t3)] t €[ty t3)
\ 0 t € [t3, +o0)

Figure 94: Expression for Vehicle Target Acceleration Profile for Speeding Up

It is noted that the Cruising scenario defined in previous study (2) has been integrated into the Speed-up
Scenario in this document, without compromising the system mobility.

9.2 Slow Down

As illustrated in Figure 95 below, the host vehicle may decelerate in this scenario to a lower speed
(greater than the user-defined minimum control speed threshold) to pass through the signalized
intersection at the beginning of the green window. After it passes the stop-bar, the vehicle may revert to
the current speed (or the driver’s set speed). The departure portion is set as the mirror symmetry of the
approach portion for simplicity. The expression used to define the slow-down speed profile are shown in
Figure 97.

(%2}
e]
D
(0]
o
| -
Ll

0 tm

where, t,, = pi/(2m); t, = pi/(2n)+ty; t7" = do/Vp.

Source: Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to Infrastructure (V2I) Consortium

Figure 95: lllustration of Slow-Down Speed Profile (Approach Portion)
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More specifically, without compromising the travel time, the time-to-arrival is given as shown in Figure 96.
t9" = min{[t", t!] n I’}
Figure 96: Expression for Vehicle Time to Arrival When Slowing Down

It is noted that the target velocity, v, = h(t|vyy,v), shares the same format of f(t|vyy, v), but vy < 0. In
other words, the target speed, v, = h(t|vyy, vy), Where

v — V4 - cos (mt) teo,t,,)
vh—vd-%-cos[n-(t+%—t1)] t €ty ty)
m
v+ vg— t €[t,, tT
h(tlvc,vh)=< h d n [n )

vh—vd-%-cos[n-(t+2—::—t2)] tetv,t;)
v, —vg-cos[m-(t—t3)] t €[ty t3)
\ Vyv t e [t3, +00)

and n (>0) is chosen as the maximum that satisfies
( In-v4| < Qmax
In-vg| < dpax
In? - vy| < jerkmq, (2)
T Vh
> (= — i 3
n= (2 1) do

and,

Figure 97: Expression for Vehicle Target Speed Profile for Slowing Down

By taking the derivative of above equation, the target acceleration profile can be obtained which has the
same form as Figure 94 in the Speed-up Scenario.
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10 Appendix B. Details of Queue
Estimation/Prediction Infrastructure
Algorithm

10.1 Low-speed Corridor

Version 1: When the CV penetration rate is 100%, a shockwave profile model (SPM)-based algorithm
(30) is developed to predict the queue length using data from BSMs. Traffic signals are assumed to
operate under fixed timing plan. Note that CV penetration considers any vehicle broadcasting BSMs,
including simulated vehicles not equipped with TOSCo.

Version 2: When the CV penetration rate is less than 100%, an input-output model-based algorithm (31)
is developed to predict the queue length using data from both loop-detectors and BSMs. Traffic signals
are assumed to operate under a coordinated actuated plan.

10.1.1 Queuing Profile Prediction Model Version1

The objective of queuing profile prediction is to make a real-time prediction of the vehicle queue dynamics
at the intersection and calculate a green window for TOSCo-equipped vehicle’s trajectory planning.
Currently, the following assumptions are made to simplify the problem:

e All vehicles are connected and broadcast BSMs
o Traffic signals operate under fixed timing plan
e Traffic demand is not oversaturated

The shockwave profile model (SPM) is implemented to predict the queuing profile with the consideration
of vehicle acceleration and deceleration process. The SPM tracks and estimates different types of
shockwaves and their speeds at a signalized intersection, and therefore the queuing dynamics can be
constructed. The SPM is modified to consider the vehicle acceleration and deceleration process and
make predictions of queuing dynamics instead of estimating after the queue has been discharged. The
entire queuing process within a signal cycle is shown in Figure 98. Four critical time points are defined:

e t,: Current time when the prediction is made

e t;: Predicted time point that the maximum queue length Q,,,, is reached (stop time of the
preceding vehicle)

e t,: Predicted time point that the end of the queue starts to move (launch time of the preceding
vehicle)

e t;: Predicted time point that the end of the queue reaches at the intersection (departure time of
the preceding vehicle). This is also the start time of the green window.

Note that the preceding vehicle is defined as the immediate downstream vehicle of the TOSCo-equipped
vehicle in the same lane. The end of the green window is the end of the green signal.
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Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 98: Shockwave Profile Model Based Queuing Profile Prediction

The primary purpose of the queuing profile prediction algorithm is to determine the start of the green
window (t3). Four different types of shockwaves are identified in Figure 103 to calculate t; step by step.
w0 is the queuing shockwave speed until current time. w1 is the predicted queuing shockwave speed until
the maximum queue is reached. w2 is the discharge shockwave speed. w3 is the departure shockwave
speed. t; is also the time point that the departure shockwave w3 arrives at the intersection.

With the assumption of 100% penetration rate of connected vehicles, the current queue length Q. is
known by checking each vehicle’s speed and location from the BSMs. If the vehicle’s speed is lower than
5 mph, we consider it is in queuing state based on the Highway Capacity Manual definition (716). To
predict the point in time when the maximum queue length is reached, we consider the vehicle
deceleration rate and the stopping distance of the lead vehicle as shown in Figure 99 below:

2
dgtop - 217_1 f v?
ﬂ an ; l

t, = bt e, T tf dstop > 2a,

f
sttop .
to+— otherwise

1

Figure 99: Time of Arrival at the End of the Queue

Where v, is the current speed of the lead vehicle, a,, is the average vehicle deceleration rate, a constant

parameter, dpr is the predicted stopping distance of the lead vehicle, from its current position to its stop

location, which can be calculated by the number of downstream vehicles multiplied by an average vehicle
length.

When the signal turns to green, the discharge shockwave speed w, is determined by the saturation flow
rate, which is usually assumed to be a constant (e.g., 12 mph). As a result, critical time point t, can be
predicted from Figure 100 as:
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= 4+ Qmax/W2

Where, ¢, is the start time of the green signal.

Figure 100: Launch Time of the Preceding Vehicle

The departure time t5, defined in Figure 101, is estimated based on t, assuming the last queuing vehicle
accelerates to free flow speed and then keeps constant speed until passes the intersection. Based on the

stopping location of the vehicle, t; can be calculated as:

2_.2

( —a 2 2
V-V 2a . V-]

ty +~— +—2" if dy >
— P f ap

t; =
v+ /vlz+2apdl

ty + —M—M otherwise

ap
Figure 101: Departure Time

and

— Qmax

Waop =
3 t3—t;

Where, a, is the average vehicle acceleration rate.

Figure 102: Speed of the Shockwave at which the Queue Disperses

The descriptions above provide a general approach to estimate the departure time t;. However, the
TOSCo-equipped vehicle may arrive at the intersection at any time with any number of downstream

queuing vehicles. Vehicles downstream of the TOSCo-equipped vehicle may or may not stop based on

current signal status and remaining timing of the signal phase. As a result, four different cases are

identified as shown in Figure 103.
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Figure 103: Four Cases in Queuing Profile Prediction

In Case 1, the signal is red, and there is no stopped vehicle at the downstream of the TOSCo-equipped
vehicle. This case usually happens when the signal just turned to red. Whether the TOSCo-equipped
vehicle stops or not depends on whether its lead vehicle can pass the stop bar when the green signal
starts (e.g., a very short red time). If the lead vehicle stops, then Case 1 turns to Case 2.

In Case 2, the signal is red, and there are stopped vehicles at the downstream of the TOSCo-equipped
vehicle. This is the most common case when vehicles are waiting in the queue for the green light. The
time of arrival at the end of the queue is compared with the time of discharge of the last vehicle in the
queue, to determine whether the TOSCo-equipped vehicle stops or not.

In Case 3, the signal is green, and there are stopped vehicles at the downstream of the TOSCo-equipped
vehicle. It occurs when an existing queue is dissipating. All stopped vehicles are discharging according to
the saturation flow rate, and the approaching TOSCo-equipped vehicle is checked whether it joins the
queue by comparing its arrival time with the discharge time of the last queuing vehicle.

In Case 4, the signal is green, and there is no stopped vehicle downstream of the TOSCo-equipped
vehicle in the same lane. Whether the TOSCo-equipped vehicle stops or not depends on whether the
preceding vehicle can pass the stop bar before the red signal starts. The TOSCo-equipped vehicle stops
if the preceding vehicle stops. Otherwise, the time of arrival at the stop bar is compared with the
remaining time of the green signal.

10.1.2 Queuing Profile Prediction Model Version 2

Due to lower CV penetration rate, not all vehicles are observable. An input-output model-based algorithm
is designed which utilizes both loop-detector and BSM data for queuing profile prediction. In addition,
coordinated actuated signal control is assumed to increase the uncertainty of the prediction. The following
assumptions are made in this problem.

¢ Only some vehicles are connected and broadcast BSMs
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e Loop detectors are installed at upstream of the intersection (entrance detector) and can provide
lane by lane detection

e Loop detectors installed at downstream of the intersection (exit detector) is optional

e Traffic signals operate under coordinated actuated control

o Traffic demand is not oversaturated

The input-output model (28) is used to estimate the number of vehicles within the link, shown in Figure
104. When a vehicle passes by the entrance loop detector, it updates the number of vehicles entering the
link. When a vehicle passes by the exit loop detector, it updates the number of vehicles exiting the link. In
this way, the number of vehicles in the link can be counted precisely. If the exit detector is not installed,
the number of vehicles exiting the intersection during green time can be estimated by the shockwave
speeds w, and w; from the SPM model.

Arrival Departure

mber rumber

of veh of weh lJ—,_
t 1

loop detector

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 104: The Input-output Model

However, the input-output model can only count the number of vehicles within a link, detailed vehicle
speed trajectories between the two detectors cannot be directly obtained from the data (e.g., whether a
vehicle is stopped or not). Newell’s linear car following model (29) is implemented to predict vehicle speed
trajectories. By applying the car following model, when a vehicle passes the entrance detector, time of
arrival at the end of the queue t;is calculated and compared with t,, the launch time of the lead vehicle, to
determine whether the vehicle will stop or not. Here, d,,, is the distance to the stop bar from the
entrance loop detector. q is the predicted queue length and vy, is the free-flow speed. A constant value,
t4, has been added to capture the deceleration process because Newell's model assumes infinite
acceleration and deceleration rate. Once the algorithm knows whether a vehicle will stop or not,
equations (15) through (17) can be used to calculate t,, t,, and t5;. The superscript of f denotes the lead
vehicle and t, is the start time of the green signal.

BSMs from DSRC-equipped vehicles and TOSCo vehicles are used to update the predicted queue length
to capture the lane changing behavior. The distance between two stopped vehicles does not vary a lot in
the queue. When a DSRC-equipped vehicle or TOSCo vehicle stops, its distance to stop bar is compared
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with the predicted distance. The positive difference indicates the number of downstream vehicles
changing to this lane, and the negative difference indicates the number of downstream vehicles leaving
this lane.

f
P T
Vfree

Figure 105: Expression for Time of Arrival at the End of the Queue
t =ty + Quax/W2

Figure 106: Expression for Launch Time of Preceding vehicle
t3 =ty + Qumax/W3)

Figure 107: Expression for Discharge Time of End of Queue

Coordinated actuated signal control implemented in the software version 2, which brings uncertainty to
the signal data (i.e., remaining green time). It is assumed that TOSCo functions are only enabled on
coordinated phases, which reduces the uncertainty. When the signal is green, the remaining time is
accurate since the end of the green is the reference point, which is the beginning of the cycle. When the
signal is red, the remaining time t,. is unknown because of actuation (e.g., early return to green), but it is
bounded, as shown in equation (18). Y. t2*" is the summation of minimum green time of non-coordinated
phases, and Y, t3" is the summation of maximum green time of non-coordinated phases. The lower
bound (t, = ¥ t24") is now used when planning trajectory, so TOSCo vehicles are more likely to pass the
intersection to improve mobility. To guarantee safety, when the TOSCo vehicle is planning an over-
aggressive trajectory, an ACC model will be triggered to bring the vehicle to a stop. Basically, the TOSCo
vehicle will choose a more conservative acceleration rate between the trajectory planning and the ACC
model.

other other
Z tmin = tr < Z tmax

Figure 108: Expression for Time Remaining in Red Cycle

To test the performance of the proposed algorithm, an experiment was designed at the Huron Pkwy.
intersection as shown in Figure 109. The red vehicles are non-TOSCo vehicles and the white vehicles are
DSRC-equipped vehicles. The green vehicle is the TOSCo vehicle. At the time point that the TOSCo
vehicle enters the DSRC communication range, there are two stopped vehicles at the intersection,
shaded with black, and several approaching vehicles. Note that this link has two lanes and each lane is
equipped with entrance and exit loop detectors, respectively.
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Source: Imagery ©2019 Google. Map Data ©2019 Google and Crash Avoidance Metrics Partners LLC (CAMP) Vehicle to
Infrastructure (V2l) Consortium

Figure 109: Queue Prediction Algorithm Evaluation Experiment Setup

Figure 110 shows the results of the prediction of the green window start time t5. The orange line is the
prediction of t;, and the blue line denotes the true value of t;. Figure 110 (a) shows the whole queuing
process obtained by the input-output model. When a vehicle passes the entrance loop detector, the green
window start time is extended for two seconds. When a vehicle exits the exit loop detector, the green
window start time is reduced by two seconds. This reduction generates the step-shaped fluctuation in the
prediction. Figure 110 (b) shows the prediction after the TOSCo vehicle enters the link (35s). At 45s of
simulation time, the predictions of t; suddenly increases a few seconds because of the actuated signal
control. At this time point, a vehicle actuated the detector on the slide street which changes the minimum
remaining time.
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Figure 110: Prediction of Green Window Start (t3)

Figure 111 shows the comparison between the prediction of the green window start time t; with BSM and
with loop detector. The green (crossed) line shows the value of the green window start time. The orange
line denotes the prediction of t; with loop detector data under mixed traffic condition, and the blue line
denotes the prediction with BSM under 100% penetration rate. These three lines overlay with each other
a lot, which means that the infrastructure algorithm that uses the loop detector under mixed traffic
conditions has similar performance as the algorithm using BSM under 100% penetration rate. Both
algorithms perform well compared to the ground truth. The prediction with BSM seems to be smoother at

the queue discharge stage, because with BSM data, the acceleration of each vehicle can be obtained at
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every time step and the acceleration process is considered in the departure shockwave estimation.

However, the loop detector data (exit detector) can only provide discontinuous counts when vehicles pass
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the detector. An aggregated departure shockwave speed is used, without considering the acceleration of

each vehicle.

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 111: Comparison Between the Prediction with BSM and with Loop Detector Data

Prediction results from the previous experiment show the impact of actuated control on the prediction

accuracy. For example, the “jump” at simulation time 45s. Note that current, minimum remaining time is
used for trajectory planning. The actual remaining time is closer to minimum remaining time when the side

street volume is low. If the side street volume is high, then using minimum remaining time may not be
accurate for most of the cases. To further analyze the impact of side street, volume on the prediction
accuracy, a sensitivity analysis, was performed, and the results are shown in Figure 112. The orange
lines denote the truth value of green window start time and the blue lines denote the predicted value.
Figure 112(a) shows the results when the side street volume is 300 vph and Figure 112(b) shows the

results of 1500 vph. When the volume of the side street is high, the green signal phase of the side street

keeps extending due to actuation, as does the red signal phase on the main street, shown in Figure

112(b). Thus, the prediction underestimates the green window start time at first, and it becomes more and

more accurate as the predicted remaining green time is closer and closer to the actual green time. This

result indicates that for different side street volumes, different types of remaining time from the SPaT data

should be used.
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Figure 112: Sensitivity Analysis on Different Volumes on the Side Street

10.2 High-speed Corridor

Figure 113 shows the process that TTI used to simulate the output produced by a hardware-based queue
measurement system. The queue measurement system uses data from simulated radar sensors mounted
at the intersection to measures the presence and speed of vehicle approaching the intersection.

The flow chart above shows the process that TTI used to simulate the output produced by a hardware-
based queue measurement system. The queue measurement system uses data from simulated radar
sensors mounted at the intersection to measures the presence and speed of vehicle approaching the

intersection.

The first input is a serialized vehicle output generated to represent data collected from a radar-based
vehicle detector. This simulated a radar detector installed at an intersection on a pole either upstream or
downstream of the queue. The function of this radar detector is to record the speed and distance of each
vehicle approaching the queue in each lane. To simulate the detector, TTI created modules within the
DriverModel.dIl application user interface to simulate the data stream produced by the radar detection
system. At each simulated time step, the module creates a new serialized detector output with the speed
and distance each vehicle is from the stop bar and places this data, along with the vehicle ID, and lane ID
into a packet sent to the Infrastructure algorithm.

The algorithm works by first setting the back-of-queue to zero for each lane. Reinitializing the back-of-
queue enables the queue detection algorithm to capture when the queue decreases in length.
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Figure 113: Flow Chart to Describe Queue Sensor Simulation in High-speed Corridor

The next input is the configuration file used for defining the queue, which contains three variables. The
MaxRadarRange range variable is used to bound the data considered to the maximum range of a
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detection radar, typically 500 feet. The QueuedSpeed is the speed at which the algorithm considers a
vehicle in a queued state. The VehLength is the assumed length of a vehicle, applied to all vehicle
regardless of its type. The algorithm needs the vehicle length because the detector radar output
measures the distance from the stop bar to the rear of the vehicle.

Next, the algorithm begins to read each line of vehicle data from the detector radar packet. The
infrastructure algorithm needs to convert each line of text to usable variables and is used to determine if
the vehicle is queued.

The algorithm first checks the distance of the vehicle to the stop bar. If this value is greater than the
MaxRadarRange, the input from that vehicle is not included in the queue length determination. For those
vehicles determined to be within range of the radar detector, the algorithm then uses the speed of the
vehicle to determine whether the vehicle is in a queued state. If the vehicle’s speed is less than or equal
to the QueuedSpeed threshold, the algorithm considers the vehicle to be in a queued state. The
algorithm determines the index corresponding to the vehicle’s lane and saves it. The back-of-queue
value for the vehicle’s lane is updated to the maximum of two values, the distance to the stop bar of the
subject vehicle plus the VehLength or the existing back-of-queue measurement for that lane. The
algorithm repeats this process until all the vehicle data from the detector radar is evaluated. In the end,
the returned value is a queue length for each lane represented by the detector radar output file.
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11 Appendix C. Verification of Coding
of TOSCo Algorithms in the VISSIM
Driving Model

The TOSCo team designed seven verification scenarios to analyze the TOSCo vehicle trajectory, speed,
acceleration and operating mode in detail and verify appropriate behaviors for TOSCo vehicles. In each
scenario, a five-vehicle TOSCo string is generated and tries to pass the intersection. Based on different
signal timing and queue status, the TOSCo string may behave differently. In scenarios 1 - 4, no other
traffic is present, so the green time window is the same as the green signal interval. In scenarios 5 - 7,
four non-TOSCo vehicles are generated in front of the TOSCo string and serve as the queue.

11.1 Low-speed Corridor

UMTRI used the seven scenarios to verify the coding of the TOSCo algorithms in simulation model for the
low-speed corridor. The following provides a summary of this verification process.

11.1.1 Scenario 1: Cruise Without Queue

In this scenario, the TOSCo string cruises through the intersection without any speed change. Figure 114
shows the trajectory, speed, acceleration and TOSCo state of the TOSCo string. The speed and
acceleration of all vehicles remain unchanged. In the state profile, the leading TOSCo vehicle enters the
coordinated speed control state from free-flow state when it enters the communication range. The
following TOSCo vehicles enters optimized follow state when they enter the communication range. When
they pass the intersection, all five vehicles change back to free-flow state.

In the previous case, due to independent decision making, the leading vehicle of the string doesn’t
consider whether its followers can pass the intersection or not. If the green window is within the time of
arrival with cruise, the best strategy for the leading vehicle is to keep a constant speed to minimize fuel
consumption and emission. However, it is possible that the leading vehicle may pass the intersection
close to the end of the green window so that its followers may need to stop. Consequently, the mobility
and environmental benefits of the entire string are reduced. Figure 114 shows another strategy for the
cruise scenario that considers the benefits of the entire string. In the modified scenario, the leading
TOSCo vehicle speeds up to the speed limit and arrives at the intersection as early as possible to allow
as many as following vehicles to pass the intersection within the current green window. The modified
strategy consumes more fuel for the leading TOSCo vehicle, but in some circumstances, it brings higher
benefits in terms of all vehicles.
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Figure 114: Verification Scenario 1 Profiles—Low-speed Intersection

CAMP - V2| Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

149



Chapter 11: Appendix C — Verification of Coding of TOSCo Algorithms in VISSIM Driving Model

Trajectory Profile (UMTRI) Sc51 Speed meﬂe (UMTRI) Sc51

(5}
=1
S

Veh 1 \
180 Veh2 14k , \
Veh 3 y \
160 Veh 4 7 \_
— Veh & 27 !
E 0t — e
5
@ 120 - 7z
g E
0 100 o B
£ ]
@ [=%
E‘- 80 @ gl
@
2 60
o 4 veh 1
40 Veh 2
Veh 3
20 25 Veh 4
Veh 5
0 . 0
60 65 70 75 80 85 90 95 100 60 85 70 75 80 85 a0 95 100
Simulation Time (s) Simulation Time (s)
(a) Trajectory Profile (b) Speed Profile
15 Acceleration Profile (UMTR) Sc51 TOSCo State Profile (UMTRI) Sc&1
{ . Coord. Launch
. o
Veh 2
0.5 ven3 Creep | Veh 3
- i Veh 4 Veh 4
. o— - - S— 7& L Veh 5
T §‘ | Stop |
E-05 | @
= 8
S @0
5 §  Coord. Stop |
a @
g 15 g
< Opt. Follow
2l | ] pt. Follow
I
25 I
Coor. Spd. Con. |
3r
35 ' : ! - Free Flow
60 65 70 75 80 85 a0 95 100 60 B8 70 75 80 85 90 95 100
Simulation Time (s) Simulation Time (s)
(c) Acceleration Profile (d) State Profile

Source: University of Michigan Transportation Research Institute (UMTRI)

Figure 115: Verification Scenario 1.1 Profiles—Low-speed Intersection

11.1.2 Scenario 2: Speed Up and Split Without Queue

In this scenario, TOSCo string speeds up and splits without queue. Figure 116 shows the trajectory,
speed, acceleration and TOSCo state of the TOSCo string. The figure shows that the first two TOSCo
vehicles speed up and pass through the intersection while the other three TOSCo vehicles stopped for
the red signal. The string split happens around 89s when the third vehicle changes its state from
optimized follow to coordinated stop, because it finds out that it can’t pass the intersection within the
current green window.

The sudden speed drop of the first two TOSCo vehicles around 105s happens when they pass the
intersection. The TOSCo vehicles want to return to their set speed, which is 30 km/h in this case when
they are in free flow mode. Note that there is a discontinuity of the three stopping TOSCo vehicles in the
speed profile around 110s. It is caused by a trajectory re-planning. Currently it is assumed that at the
beginning of the trajectory planning, the vehicle acceleration is zero, which is not true in some cases. This
issue will be addressed in later updates of the trajectory planning algorithm.
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Figure 116: Verification Scenario 2 Profiles—Low-speed Intersection

11.1.3 Scenario 3: Slow Down Without Queue

In this scenario, the TOSCo string slows down and passes the intersection without queue. Figure 117
shows the trajectory, speed, acceleration and TOSCo state of the TOSCo string. When the leading
TOSCo vehicle enters the DSRC range, the traffic signal is red, and its estimated arrival time is before the
start of the green window. The leading vehicles slows down and arrives at the intersection just at the
beginning of the green window. The vehicle state transition is similar as in Scenario 1.
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Figure 117: Verification Scenario 3 Profiles—Low-speed Intersection

11.1.4

Scenario 4: Stop Without Queue

In this scenario, the TOSCo string makes a complete stop before passing through the intersection. Figure

118 shows the trajectory, speed, acceleration and TOSCo state of the TOSCo string. The differences

between this scenario and Scenario 3 is that in this scenario, the TOSCo string enters the communication
event earlier. The leading TOSCo vehicle figures out that it can’t slow down and maintains a cruise speed
that is more than 70% of the speed limit. It changes from free flow to coordinated stop state and the entire

string stops. When the signal turns to green, the leading vehicle enters coordinated launch state while
other vehicles enter optimized follow state.
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Figure 118: Verification Scenario 4 Profiles—Low-speed Intersection

11.1.5 Scenario 5: Speed Up and Split with Queue

In this scenario, the TOSCo string speeds up and splits with four non-TOSCo vehicles in front. Figure 119
shows the trajectory, speed, acceleration and TOSCo state of the TOSCo string. The profiles are very
much like Scenario 2 in that two vehicles speed up to pass the intersection while three vehicles stop for
the red light. When the leading TOSCo vehicle arrives at the intersection, the other vehicles already left
the intersection, so that the impact of non-TOSCo vehicles on TOSCo behaviors is minimal.
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Figure 119: Verification Scenario 5 Profiles—Low-speed Intersection

11.1.6 Scenario 6: Slow Down with Queue

In this scenario, the TOSCo string slows down and passes through the intersection where a queue is
present. Figure 120 shows the trajectory, speed, acceleration, and operating modes of the individual
vehicles in the string. This scenario is different from the slow down Scenario 3. Because of the queue of
regular vehicles in front, when the lead TOSCo vehicle enters the communication range, it transitions to
coordinated stop mode first, and plans a stop trajectory, because the minimum cruise speed is not
satisfied. However, when the TOSCo leading vehicle’s speed is decreased to a lower value (around
11.5m/s at 75s), trajectory re-planning is triggered, and the strategy is modified to coordinated speed
control due to the update of green window estimation. This design tries to improve mobility performance
by not creating large gaps between TOSCo string and non-TOSCo vehicle.
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Figure 120: Verification Scenario 6 Profiles—Low-speed Intersection

11.1.7

In this scenario, the TOSCo string make a complete stop before passing through the intersection with
queue in front. Figure 121 shows the trajectory, speed, acceleration and TOSCo state of the TOSCo

string. The profiles are similar as in Scenario 4.

Scenario 7: Stop with Queue
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Figure 121: Verification Scenario 7 Profiles—Low-speed Intersection

11.2 High-speed Corridor

TTI used the same scenarios to verify the coding of the TOSCo algorithms in the simulation model for the
high-speed corridor. The following provides a summary of this verification process.

11.2.1 Scenario 1: Cruise Without Queue

Scenario 1 represents constant speed. However, the methodology transitioned to TOSCo accelerating to
the speed limit if under the speed limit. This strategy should help maximize the number of vehicles that
can travel through the intersection. Both the original behavior and the refined behavior were verified in
Scenarios 1 and 1a, respectively.

Figure 122 shows the results of the constant speed verification scenario while Figure 123 shows the
results of the verification scenario where the vehicles can accelerate to clear the intersection. These
plots show that a TOSCo string entered communication range, properly selected coordinated speed
control as the lead vehicle operating mode and remained at a constant speed through the intersection.
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Figure 122: Verification Scenario 1 Profiles—High-speed Intersection
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Figure 123: Verification Scenario 1a Profiles—High-speed Intersection

11.2.2 Scenario 2: Speed Up and Split Without Queue

Figure 124 shows the TOSCo string accelerating to the speed limit within communication range of the
intersection and returning speed to the original set speed after crossing the stop bar. The behavior
observed in the following vehicles at approximately second 83 on the speed profile graph can be
attributed to the CACC model used to represent following vehicles. Note that the CACC model used for
the traffic-level simulation is based on literature and not the CACC controller developed by CAMP.

CAMP - V2| Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report 158



Chapter 11: Appendix C — Verification of Coding of TOSCo Algorithms in VISSIM Driving Model

200 T = T 16

W Veh [
180 W Vehz

Wehd I/ \
Wehd I |

-
.

Wehs

-
%]

E 10 |
E ||;.
@ 120 z 10 .
8 £ —_— o
2 - - —
% 100 T8 ™~
2 £ N
g 80 w
5 \ E N
w \ %
o 60 \
\ 4 Veht | 4
40 N Weh2
AN Veh3
N 2 \ Veha | ]
20 :
\‘ — \ Wehd
0 1 i D 1 L 1 L AN 1 1 L
B0 a0 100 110 120 130 140 150 160 80 90 100 110 120 130 140 150 160
Simulation Time (s) Simulation Time (s)
(a) Trajectory Profile (b) Speed Profile
15 A Claunch
f Veht
1 Veh2
Creep Veh3
0.5 Veht
Wehs
. or = i B
a4 } Stopped
E s S £
g <73
g 1 § CStop
@
T w
g 15 =
< OptFollow
2
Veht
-2.5 Veh2
Weh3 csc 1
-3 Vehd
Vehs |
3.5 FreeFlow
B0 a0 100 110 120 130 140 150 160 80 an 00 110 120 130 140 180 160
Simulation Time (s) Simulation Time (s)
(c) Acceleration Profile (d) State Profile

Source: Texas A&M Transportation Institute (TTI)
Figure 124: Verification Scenario 2 Profiles—High-speed Intersection

To make the string break in Scenario 2, the TTI verification needed to generate vehicles slightly later.
Nonetheless, the TOSCo string successfully performed a speed up to the speed limit for vehicle 1 and
vehicle 3 and identified the need to stop once entering communication range.

11.2.3 Scenario 3: Slow Down Without Queue

Figure 125 shows the results of the verification scenario where the TOSCo vehicle must slow down to
avoid stopping at the intersection. In this scenario, the TOSCo string does not completely stabilize before
entering communication range, which is the cause of the increases in speed between simulation second
30 and 60 for the following vehicles. This scenario shows the lead vehicle determine that it can travel at
some speed above the 70% of the speed limit threshold and below the speed limit to arrive at the stop bar
right after it turns green. There is a momentary acceleration when the lead vehicle in the string crosses
the stop bar. Each of the following vehicles in the string experience the momentary acceleration to a
lesser extent in the following time intervals. This is caused by a simplification in the state machine which
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was deemed acceptable. After crossing the stop bar, the TOSCo string returns to the set speed, as

expected.
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Figure 125: Verification Scenario 3 Profiles—High-speed Intersection

11.2.4

Scenario 4: Stop Without Queue

Scenario 4 was scripted for the TOSCo string to come to a complete stop and depart the intersection
when the signal turns green. Figure 126 shows the results of this verification scenario. At simulation

second 35, the first vehicle enters communication range and begins a stop trajectory. At approximately

simulation second 62, the lead vehicle completes the stop and enters a stop mode. At simulation second
77, the light turns green and the lead vehicle accelerates up to the maximum acceleration rate until it
reaches the set speed. The following vehicles successfully enter Optimized Follow and Stopped modes

when appropriate.
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Figure 126: Verification Scenario 4 Profiles—High-speed Intersection

11.2.5 Scenario 5: Speed Up and Split with Queue

In Scenario 5, the TOSCo string performs a split maneuver after a queue clears. Figure 127 shows that
vehicles 1 and 3 of the TOSCo string successfully determine that they should be in Coordinated-Speed-
Control and Coordinated Stop, respectively, upon entering communication range of the intersection.
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Figure 127: Verification Scenario 5 Profiles—High-speed Intersection

11.2.6 Scenario 6: Slow Down with Queue

In Scenario 6, the TOSCo string is to determine that it can slow down to arrive at the intersection at the
beginning of the green window, which is accounting for a four-vehicle queue. Figure 128 shows the
results of this verification scenario. The vehicles in the queue are not graphed. Vehicles are generated
between second 40 and 44, and you can observe the string attempt to stabilize until simulation second
70, when the lead vehicle enters communication range. The lead vehicle determines a speed to arrive at
the green window. There is a momentary acceleration for the lead vehicle, similar to the one that occurs
in Scenario 5, which is also caused by the simplified state machine. It appears that all vehicles
experience the momentary acceleration, not just the lead vehicle. Notice that the wavy acceleration and
speed profile is caused by the lead vehicle operating in ACC mode, within the Free-flow state, and
following the wavy acceleration of the VISSIM controlled vehicles in this scenario.
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Figure 128: Verification Scenario 6 Profiles—High-speed Intersection

11.2.7 Scenario 7: Stop with Queue

In Scenario 7, the TOSCo string comes to a stop behind a four-vehicle string. The lead TOSCo vehicle
enters communication range at about simulation second 36. Figure 129 shows the results of this
verification scenario. The lead TOSCo vehicle enters a Coordinated Stop model immediately. The TTI
Infrastructure algorithm changes the green window based on the current queue information, which
impacts the behavior of this verification by causing the lead vehicle to re-plan the stop trajectory at about
simulation second 42 and 50. At simulation second 42 and 50 the acceleration for the lead vehicle returns
to zero and the speed profile becomes flat for a timestep. These adjustments are caused by the third and
fourth vehicle in the queue being detected as queued at the intersection and the green window updating.
When the queue cleared, after the signal changed green, the TOSCo string performed a coordinated
launch.
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Figure 129: Verification Scenario 7 Profiles—High-speed Intersection
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API
ACC
ASC/3
BSM
CACC
CAMP
cv

DLL
DSRC
EB
FHWA
GEH Value
GHG
GID
HCM
HV

IDM

100

ITS JPO
MOVES
NDD
OpMode
RMSE

RSM

Application Program Interface
Adaptive Cruise Control

Advanced Signal Controller/3 version
Basic Safety Message

Cooperative Adaptive Cruise Control
Crash Avoidance Metric Partners LLC
Connected Vehicle

Dynamic Link Library

Dedicated Short-Range Communication
Eastbound

Federal Highway Administration
Geoffrey E. Havers Value
Greenhouse Gases

Intersection Geometry Data

Highway Capacity Manual

Host Vehicle

Intelligent Driver Model

Infrastructure Owner Operator

Intelligent Transportation Systems Joint Program Office

Motor Vehicle Emission Simulator
Naturalistic Driving Data
Operating Mode

Root Mean Square Error

Road Safety Message

CAMP - V2| Consortium Proprietary

The information contained in this document is interim work product and subject to revision without notice.

Traffic-level Simulation and Performance Analysis Report

165



Chapter 12: List of Acronyms

RSU
SCOOT
SPaT
SPMD
STP
TOA
TOSCo
TTC
TTI
UCR
UM
UMTRI
USDOT
USEPA
v/c
VISSM
V2I
V2v

wWB

Roadside Unit

Split, Cycle and Offset Optimization Technique
Signal Phase and Timing

Safety Pilot Model Deployment

Scaled Tractive Power

Time-of-Arrival

Traffic Optimization for Signalized Corridors
Time-to-Collision

Texas A&M Transportation Institute

University of California, Riverside

University of Michigan

University of Michigan Transportation Research Institute
United States Department of Transportation
United States Environmental Protection Agency
Volume to Capacity ratio

Verkehr In Stadten — SIMulationsmodell
Vehicle-to-Infrastructure

Vehicle-to-Vehicle

Westbound
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