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EXECUTIVE SUMMARY

Recent breakthroughs in wireless communication have led to several new technological
advances in traffic control, among which connected vehicle (CV) technology is believed to be
one of the most promising. CV technology is a combination of wireless communication, on-
board unit (OBU) processing, and global positioning system (GPS) navagation that is used to
construct a connected environment. Through a variety of communication technologies such as C-
V2X, Wi-Fi, and dedicated short-range communication (DSRC), CVs are able to communicate
with each other (vehicle to vehicle or V2V) and with the infrastructure such as traffic signals
(vehicle to infrastructure or V21). Such communication technology enables system users and
operators to make informed decisions. Moreover, the safety and operational efficiency of the
transportation system will be improved accordingly. To leverage this new technology, engineers
at the Utah Department of Transportation (UDOT) launched a project to build a full-scale DSRC
CV corridor beginning in 2016. The initial application equipped all transit vehicles with onboard
processors and GPS to enable V21 communications, which can provide transit signal priority

(TSP) to buses that are running behind their published schedules.

TSP has great potential to reduce bus delays at intersections, improve operational transit
reliability, and consequently increase transit ridership due to improved service. However,
activated TSP control may also have a negative impact on intersection traffic due to changed
signal timings (e.g., red truncation, green extension, and phase insertions). To evaluate the
performance of the Redwood Road CV corridor, UDOT officials hired Avenue Consultants to
collect and compare all generated data. In the research project described in this paper, our
research team assisted UDOT in conducting an in-depth evaluation of the Redwood Road CV
corridor. Based on analysis of data from various sources, the first goal of this project was to
examine the system performance before and after the signal retiming that was put into place in
October 2018.

Despite the myriad benefits associated with TSP, it may cause additional delay to minor
street traffic, which is not avoidable in most cases. However, this delay can be minimized if the

base signal control plan is properly designed. For example, one useful strategy is to decrease the
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frequency of TSP control activation. From an operational aspect, the best way to achieve this
goal is to support bus progression along the corridor, taking into account their unique travel
characteristics (e.g., slower travel speed compared to cars and significant dwell time at stops),
which is different from conventional passenger car progression plans. Therefore, another primary
goal of this project was to develop a web-based tool to assist UDOT designers to create a signal
progression plan that would benefit both buses and passenger vehicles. In addition, this tool can
also visualize the related system performance of TSP, including travel time, running time, bus
status (critically early, early, on time, late, critically late), bus served/requested ratios, and

trajectories.



1.0 INTRODUCTION

1.1 Problem Statement

Due to rapidly increasing travel demand and the limited capacity of existing roads,
current transportation systems are facing tremendous challenges such as traffic congestion, high
energy consumption, and severe environmental pollution. According to Schrank et al., 8.8 billion
hours of time and 3.3 billion gallons of fuel were wasted while sitting in traffic in 2017 (Schrank
etal., 2019). The U.S. Environmental Protection Agency (USEPA) estimated that approximately
34% of carbon dioxide emissions and 28% of total greenhouse gas emissions were produced by
daily transportation (Hockstad and Hanel, 2018). In response to this environmental crisis, large
transit buses with the ability to transport considerable numbers of passengers have been
introduced in many cities. Also, according to the literature, TSP strategies have been
demonstrated to be efficient techniques for improving the quality of bus service by reducing
travel time. TSP is often achieved by giving control preference to buses at signalized
intersections and adjusting signal timing based on bus arrival information. Although this
technology provides many benefits, conventional TSP has been associated with several
challenges such as difficulty in predicting bus arrival time accurately. To address these
challenges, a new TSP control logic based on CV technology is proposed later in this report. This
new type of TSP will enable traffic signals and buses to communicate, allowing several types of
data including signal status and accurate bus travel information to be obtained in real-time.
Hence, the effectiveness of TSP will be greatly improved.

In late 2014, UDOT and Utah Transit Authority (UTA) officials planned to utilize CV
technology to improve the reliability of bus service. In 2017, an approximately 11-mile long CV
corridor with 30 signalized intersections was built along Redwood Road in Salt Lake County,
Utah. As of 2016, DSRC radios have been installed at these intersections to broadcast/receive
messages to/from UTA buses which are also equipped with DSRC OBUs to provide intelligent
TSP to buses. When a bus comes into DSRC communication range at an intersection, the V2I
function will gather CV information, which activates TSP control algorithms if the bus is behind

schedule.



The effectiveness of TSP is subject to several factors, such as signal timing plans and
TSP implementation rules. In order to provide more effective TSP service and minimize the
corresponding negative impacts to the minor street traffic, it is essential to evaluate the
performance of CV-based TSP along the deployed corridor under various scenarios. Therefore,
the purpose of this project was to evaluate the system’s performance under two different signal
timing plans. Moreover, in order to assist UDOT employees to design signal progression and
evaluate related performance more conveniently, the other goal of this project was to design a
web-based tool that can visualize the bus progression and their transit operation performances

(e.g., travel time, trajectories, etc.).

1.2 Objectives

The primary objective of this research project was to compare the bus travel times and
reliability, the number of TSP activations, and intersection delays before and after signal

retiming, which took place in the summer of 2018.

The secondary objectives of this research project were to develop a web-based tool that
can assist in the design of integrated signal coordination plans (for both buses and cars) along
signalized corridors and evaluate the related TSP system performances.

1.3 Scope

1: Data Collection

TSP data was collected on Redwood Road from UDOT Automated Traffic Signal
Performance Measures (ATSPM) and DSRC records. Bus dwell times were collected from UTA.

2: Comparison of System Performance

The system performance (e.g., bus travel time and reliability, number of TSP activations,
intersection delays, etc.) before and after the signal retiming in October 2018 was compared
based on the collected field data from both UDOT and UTA.
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3: Website Frame Design

The web-based tool was designed and improved based on feedback from UDOT.

4: \Web-Based Tool Development and Testing

The tool functions were designed and its performance was tested.



2.0 CONNECTED VEHICLE TECHNOLOGY AND TRANSIT SIGNAL PRIORITY

2.1 Overview

This chapter introduces the current state-of-the-art CV technology. We first present an
overview of TSP and then discuss the most recent developments of CV technology. Lastly, we

provide a review of its applications.

2.2 An Overview of Transit Signal Priority

TSP is a set of technologies that provide buses with control preference at signalized
intersections (Lin et al., 2015). By providing extra green time to buses based on their arrival
information, TSP has been found to effectively improve transit service quality and increase
ridership due to fewer delays and a reduction in travel time. TSP strategies can be broken into
two categories: passive and active TSP (Urbanik, 1977). The former is based on knowledge of
bus routes and ridership patterns without the use of detectors. Its purpose is to improve the
performance of TSP operation by utilizing pre-timed signal plans, including splitting signal
phases, implementing dedicated bus lanes, or extending green times for buses (Sunkari et al.,
1995). Compared to passive TSP, active TSP operates priority controls using detectors, sensors,
or other technologies. Active TSP can be further classified into unconditional and conditional
controls. In the case of unconditional active TSP, signal priority is based on the presence of
buses at signalized intersections and does not take into account bus lateness (Lin et al., 2015).
However, the conditional active TSP uses rules to provide signal priority based on the lateness of
buses. Hence, the level of service at intersections was not severely impacted after

implementation.

TSP was first studied in 1975 by Ludwick and John using a microscopic simulation
model known as UTCS-1 to evaluate the initial Urban Traffic Control System-Bus Priority
System (UTCS-BPS) in Washington, D.C. Since then, it has become a popular research topic.
Several strategies, including adjustment of cycle length and signal timings (Zhang et al., 2004; Ji

et al., 2004; Feng et al., 2007), splitting phases (Garrow and Machemehl, 1999), and metering of
6



vehicles (Urbanik, 1977), have been proposed as the most effective implementation of TSP. The
early studies focused on passive TSP control. As technology has progressed, a great many
scholars have proposed several active TSP strategies or rule-based TSP (Ludwick and John,
1975; Francois and Hesham, 2005; Zhou and Gan, 2009; Evans and Skiles, 1970; Allsop, 1977;
Hounsell et al., 1996; Hounsell et al., 2000; Skabardonis, 2000; Janos and Furth, 2002;
Satiennam et al., 2005; Ma and Bai, 2008; He and Head, 2011; Altun and Furth, 2009), and
model-based TSP (Lin et al., 2013; Head et al., 2006; Ma et al., 2010; Chang et al., 1996;
Mirchandani et al., 2001; Liu et al., 2003; Li et al., 2011). Although this apporoach has been
demonstrated to be one of the most effective methods for decreasing bus travel time and delays,
it is not fully responsive to traffic conditions and bus status due to limited information (Hu et al.,
2015). However, the emergence of CV technology shows promise for solving these challenges
since it permits traffic controllers and buses to communicate with each other, allowing the bus
arrival information to be obtained accurately in real-time. Until recently, only a few scholars
have conducted simulations or field tests for TSP utilizing CV technology (Ma et al., 2010; Hu et
al., 2015; Wang et al., 2014; Ahn et al., 2015; Hu et al., 2014). However, as previously
mentioned, there is a large body of research on traditional TSP control. A summary is given in
Table 2.1.

Table 2.1 Summary of the effectiveness of TSP applications.

Scenario selection Method Measurements and results Reference
Newark, New ] ) Bus travel time reduced by12% to
Simulation (Hu et al., 2014)
Jersey 21%
Snohomish

) ) Bus travel time reduced by 5% and )
County, Simulation (Smith et al., 2005)
_ the average person delay decreased
Washington

Average bus delay decreased by
(Muthuswamy et

Jinan, China Field test 34.7% and the average motor
al., 2007)

vehicle delay increased by 8.9%

) ) ) Average bus delay reduced by 50%
Tucson, Arizona Simulation ) ) o (Wang et al., 2007)
in congestion conditions
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] ] Bus travel time reduced by 6.1%-
Arizona Field test (Maetal., 2010)
8.2%
Fairfax, Virginia | Simulation | Average bus delay reduced by 59% | (Heetal., 2011)
Ann Arbor, ] ) ] (Khasnabis et al.,
o Simulation Bus travel time reduced by 13.5%
Michigan 1996)
Central Avenue, ) ) )
_ _ Field test Bus travel time reduced by 3-6% (Liao et al., 2007)
Minneapolis
Vancouver, ) ) ) )
Simulation Bus travel time reduced by 33% | (Ekeila et al., 2009)
Canada
Atascadero, ) ) CO2 emissions of all vehicles (Yelchuru et al.,
o Simulation
California reduced by about 1% 2014)
Taicang City, ] Bus travel time reduced by 33 —
) Field test (Wang et al., 2014)
China 40%
) ) ) (Kimpel et al.,
Portland, Oregon | Simulation Bus travel time reduced by 10%
2005)
Total crashes reduced by 13%,
King County, roperty-damage-only crashes
: _ Y Field test Property ’ Y (Ahn et al., 2015)
Washington reduced by 16%, and fatal crashes
reduced by 5%

2.3 Connected Vehicles

CV technology refers to a series of state-of-the-art equipment that enables information to
be transmitted between vehicles and roadway infrastructures. In a fully CV-deployed
environment, vehicles can broadcast a variety of traffic information, such as their location and
speed, to the surrounding infrastructure. Simultaneously, information transmitted by the
infrastructure, such as the current traffic status, can also be received by vehicles. Full
implementation of CV technology can alleviate traffic congestion, reduce crashes, improve

mobility, and decrease the environmental impacts of traffic. Moreover, it helps travelers to make
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more informed decisions by warning them of potential hazards and giving advice about the

speeds at which they should enter and exit intersections with the least number of stops.

Wireless Communication Technology

The most distinctive feature of CV is wireless communication with other vehicles and

infrastructures by transmitting or receiving real-time information. Without the help of any

physical medium like cables and wires, it can transmit information between two or more

locations via electromagnetic waves. Due to the flexibility and convenience, a wide variety of

wireless communication systems are now on the market and play a significant role in our daily

lives. Although these wireless technologies vary significantly from each other, communication

range (the distance the communication signals can travel) and latency (the time interval between

the stimulation and response) remain universal concerns. The range is affected by several factors

and may vary significantly from the design phase to implementation and from one point to

another (Zeng et al., 2012). Table 2.2 summarizes the characteristics of several commonly used

wireless technologies (Crash Avoidance Metrics Partnership-CAMP Vehicle Safety

Communications Consortium, 2005).

Table 2.2 Comparison of wireless technologies.

Wireless Communication )
) Latency Advantage Disadvantage
Technologies Range
Improved
) flexibility and .
DSRC 1000 m 200 micro sec o Low scalability
collision
avoidance
) _ Massive
High capacity )
infrastructure
. and less
Digital cellular ~4—-6km 1.5-3.5sec o and more
transmission
complex
power
management




) o Low security
High availability
Bluetooth 10m 3-4sec o and lower
and efficiency )
bandwidth
_ Easy loss of
o Better picture ) )
Digital signals and high
o ~ 40 km 10— 30 sec and sound )
Television ) devices
quality )
requirement
Radar can ]
The time to
penetrate and see o
Radar 2km NA distinguish an
through the o
i object is long
medium
High cost and
Coverage over
Two-Way ) large
) NA 60+ sec geographical )
Satellite ] propagation
area is large
delay
Higher _
IEEE 802.11 Traffic
) 1000 m 3-5sec frequency range ] ]
Wireless LAN disruptions
and less cost
DSRC

DSRC is the predominant wireless communication technology in the CV market today. It

was implemented in 1997 when the American Intelligent Transportation Association requested
that Congress deploy a 75 MHZ spectrum in the 5.9 GHz band for ITS. Since 2004, the Federal

Communications Commission (FCC) has dedicated itself to using this spectrum to increase

communications between vehicles and infrastructure. Figure 2.1 shows the integration of the

DSRC vehicle infrastructure network (Zeng et al., 2009).
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Field

Vehicle Vehicle
V-V —— V-R .
RSUD s GPS
ARigAA ARtea DSRC radio Antenna
Traffic
signals
Driver Human-machine | 0BU RSU GPS
interface Signal .
Onboard equipment roll processor receiver
(another vehicle) controtler
Body - L
/ Vehicle Application
chassis i ] Local 1/0
services processors Router
system processor controller
E-payment
service

Other C/L CustomersD

communication thernet Network database
systems (message switcl

Traffic probes

Traffic management
center

Figure 2.1 The DSRC network of vehicle infrastructure integration.

Compared to other wireless technologies, the unique technological advantages of DSRC
make it ideal for transportation applications. Specifically, it has its own designated licensed
bandwidth that ensures the safe transmission of information and can prevent the abuse of
communication resources. For example, its low latency can ensure messages are transmitted with
little delay. Another advantage of DSRC is that it is not affected by adverse weather conditions
or illumination, ensuring system stablity. Moreover, DSRC is capable of long-distance
perception between vehicles, which is critical in cases when vehicles must maintain hundreds of

feet of headway for safety.
Hardware

To guarantee successful V2V and V21 communication, two types of in-vehicle and
infrastructure-based devices must be installed. In-vehicle devices, commonly referred to as
OBUs, are mounted on vehicles to allow communication with other devices. These mainly
include the original equipment and aftermarket devices. The original equipment includes the
devices integrated into the vehicle during its production. Aftermarket devices refer to those
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added to the vehicle after it is sold. With regard to functional capability, aftermarket devices can

be categorized into three types (Harding, 2014):

e Vehicle awareness devices connected to the vehicle as a power source and able to transmit
information to surrounding vehicles.

o Aftermarket safety devices that provide vehicles with power sources, transmit information to
surrounding vehicles, and receive information from other vehicles to comply with safety
regulations.

e Retrofitted safety devices connected to vehicle databases to offer additional applications.

The infrastructure-based devices, known as roadside units (RSU), communicate with
vehicle on-board devices via DSRC radio communications. RSUs can be installed in various

transportation facilities, such as traffic signals and road signs.

2.4 CV Applications

Over the past few years, scholars have proposed a set of CV applications and industry
oversight groups. According to the USDOT, they can be grouped into six areas based on the
following operational objectives: safety, mobility, environmental factors, agency data, weather
on the road, and smart roadsides. Each area has multiple subcategories. This section provides an

overview of the applications of three main areas: safety, mobility, and environmental factors.
Safety Applications*?

e Red-light violation warning allows RSUs to transmit information regarding signal phase and
timing (SPaT) and other data to warn of impending red-light violations.
e Curve speed warning informs drivers of potentially dangerous driving conditions.

e  Stop sign gap assist transmits warnings to drivers of potential collisions at stop sign

intersections.

Ihttps://www.its.dot.gov/pilots/pilots_v2i.htm
2https://www.its.dot.gov/pilots/pilots_v2v.htm
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Spot weather impact warning occurs when RSUs broadcast warnings of local hazardous
weather conditions to nearby vehicles.

Reduced speed/work zone warns drivers to slow down, change lanes, or come to a stop
within work zones.

Pedestrian in signalized crosswalk warns bus drivers that pedestrians are in their path.
Emergency electronic brake lights alert drivers of hard braking in the traffic stream ahead,
which offers them additional time to assess the situation.

Forward collision warning occurs when OBUs broadcast information to help drivers avoid
or mitigate the severity of rear-end crashes.

Intersection movement assist sends warnings to drivers when it’s not safe to enter an
intersection.

Left-turn assist helps drivers to avoid crashes when making unprotected left turns.

Blind spot/lane change warns drivers about the presence of same-direction traffic in an
adjacent lane or of host vehicle lane changes.

The application for turning right in front of a bus informs bus drivers when a vehicle is

attempting to go around the bus to make a right turn when the driver departs from a bus stop.

Mobility Applications®

Advanced traveler information system acquires, analyzes, and sends information to help
drivers prepare for various hazardous road conditions.

Intelligent traffic signal system is an optimization application that can accommaodate signal
priority, preemption, and pedestrian movement.

TSP provides signal priority to buses at individual intersections or along a corridor.
Emergency vehicle preemption gives priority to emergency vehicles.

Dynamic speed harmonization application recommends optimal speeds for drivers under
various traffic conditions such as in congested areas and near crashes.

Queue warning sends real-time information about existing and impending queues.

3https://www.its.dot.gov/pilots/pilots_mohility.htm
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e Cooperative adaptive cruise control enables vehicles to drive in groups with small gaps to
increase throughput and dynamically adjust their speeds to improve traffic stability.

e Dynamic transit operations links travelers with transportation service resources.

e Dynamic ridesharing enables riders to connect with drivers through their smartphones and
utilize traveler information for real-time carpooling decisions.

e Drayage optimization application can increase the efficiency of truck movement between

freight facilities and balance early and late arrivals.
Environmental Applications*

e Eco-approach and departure application broadcasts current signal states and sends
recommendations to drivers to approach and depart intersections for minimum
environmental impact.

e Eco-traffic signal priority gives precedence to buses and freight vehicles based on several
environmental factors such as vehicle type and passenger count.

e Eco-traffic signal timing uses data collected from vehicles to optimize the signal timing as
well as to reduce fuel consumption and emissions.

e Connected eco-driving application provides real-time driving advice, such as suggesting an
optimal speed and when to accelerate and decelerate to reduce the drivers’ environmental
impacts.

e Eco-speed harmonization application takes environmental impacts into consideration by
recommending driving speeds in response to various traffic conditions, such as congestion.

e Eco-ramp metering uses collected data to optimize the operation of traffic signals at freeway
on-ramps to manage vehicle entries and reduce fuel consumption and emissions.

e Eco-smart parking application decreases search time and emissions by providing real-time
information about parameters such as location availability and price.

e Dynamic eco-routing analyzes real-time traffic conditions to provide the most eco-friendly

route in order to minimize fuel consumption and emissions.

“https://www.its.dot.gov/pilots/pilots_environment.htm
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3.0 PERFORMANCE EVALUATION OF CV-BASED TSP BETWEEN TWO SIGNAL
PLANS

3.1 Overview

This chapter provides a description of the deployment of DSRC along the Redwood Road
corridor in Salt Lake County, Utah. Then, TSP performance is analyzed using collected data
from both UDOT and UTA. Finally, TSP performance of two different signal timing plans is
compared.

3.2 Introduction of the DSRC Corridor in Utah

Connected Vehicles have great potential to enhance safety, improve mobility, and
alleviate the environmental impact of road travel (Hill and Garrett, 2011). To achieve these
benefits, many CV applications have been tested over the past several years in locations such as
New York City and at the Tampa-Hillsborough Expressway Authority. From their humble
beginnings as pilot participants in the CV Pooled Fund, the American Association of State
Highway Transportation Officials and UDOT began to discuss the potential of deploying CV
technology and V21 systems late in 2014. The steps of the original deployment included:

e  Obtaining experience in purchasing and installing DSRC equipment.
e Identifing the installation costs of deploying a program that could generate tangible benefits.

e Building a test CV corridor with multiple CV applications (Leonard et al., 2019).

For the initial application, UDOT and UTA deployed the TSP system along Redwood
Road in Salt Lake County to enhance schedule reliability. Several transit vehicles were equipped
with onboard processors, GPS systems for communicating with traffic signals, and DSRC radios.
Such V21 communication can enable transit vehicles to request TSP at intersections if a bus is
behind its published schedule. This conditional control system provides a good opportunity to

assess the potential benefits of this technology.
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The 11-mile long deployment site with 30 signalized intersections extends from 400
South Redwood Road to 8040 South Redwood Road in Salt Lake County, as shown in Figure
3.1. This corridor runs through commercial/retail areas, residential areas, and near educational
institutions (Leonard et al., 2017). Bus Route 217 travels along this corridor. It, like other buses
along this route, operates with a 30-minute headway in the early morning and late evening hours,

a 60-minute headway after 9:00 PM, and a 15-minute headway during the rest of the day.
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Figure 3.1 DSRC corridor for transit signal priority in Salt Lake County.

3.2.1 Application Hardware

For this CV-based TSP application, DSRC radios from four vendors (Savari, Arada,
Cohda, and Lear) were installed at 30 intersections along the corridor for testing. Those four
types of radios were also fitted on several buses to allow support information to be transmitted

between buses and roadside infrastructure. According to the Society of Automotive Engineers
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(SAE), there are four types of transmitted basic safety messages (BSM): SPaT, MAP, Signal

Request Message (SRM), and Signal Status Message (SSM) (SAE, 2016). A

introduction of those messages is provided in Table 3.1.

Table 3.1 Introduction of V21 broadcasted messages.

detailed

Message type Function Message information

Information related to the real-time

operating status of vehicles
_ Intersection
Information about the current status of
traffic signals
Geometric information of the

MAP intersection defined at the lane level

Information sent by several types of

request sent by the SRM message

Vehicle positions; speed; heading;
BSM brake status; windshield wiper
status; headlight status

ID; signal status;

SPaT active priority and preemption

state data

Intersection ID; Refpoint; lane

number; lane width

Vehicle type; time of service; type

SRM vehicles (e.g., transit) to request signal
o of request
priority.
_ ) All active priority and preemption
Information to reply to a service ) _
SSM states; all pending requests; signal

state

Since the selected four vendors manage the transmitted messages in different ways, yet

remain compatable with each other, UDOT installed small stand-alone Linux computers at each

intersection to collect information. BeagleBone Black industrial-grade Linux boards with 1GHz

CPU with 4GB of flash memory were selected due to excellent performance and processing

capability (Leonard et al., 2019).
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3.2.2 Application Software

The software supporting this TSP application along the DSRC corridor is based on the
Multi-Modal Intelligent Traffic Signal System (MMITSS), which was developed for the CV
Pooled Fund Study by the University of Arizona and the University of California Partners for
Advanced Transportation Technology (PATH) program. MMITSS is a general system capable of
accommodating TSP, emergency vehicle preemption, and pedestrian movement to maximize
network performance along signalized corridors. Only TSP was selected for the initial
deployment in Utah. According to the standards of MMITSS, agencies can manage bus service
by granting bus drivers priority based on arrival time and occupancy. More specifically, if the
arrival time to a bus station is more than five minutes behind schedule and the bus occupancy is
over 20%, the bus will receive priority to help it get back on schedule. Since various
modifications were made to the original MMITSS software to accommodate the Utah traffic
system, the version that was applied in this deployment is called MMITSS-Utah.

3.3 Data Description and Processing
3.3.1 Data Description

In this project, assessing TSP performance required various datasets from three distinct
sources (DSRC, ATSPM, and UTA), which are shown in Figure 3.2 (Leonard et al., 2019). The
figure includes the available field data and describes how they were used to correlate the various
datasets. The labels on the arrows indicate the fields that were used to link the table and join
records between the datasets. It must be noted that the UTA datasets were used independently of
the others. In this study, the four months in 2018 (August, September, November, and

December) were selected for evaluation