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METRIC CONVERSION CHART

APPROXIMATE CONVERSIONS TO SI UNITS

SYMBOL | WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in2 square inches 645.2 square millimetamam?
ft2 square feet 0.093 square meters | 2 m
yd? square yard 0.836 square meters | 2 m
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers 2km
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft3 cubic feet 0.028 cubic meters 5m
yd? cubic yards 0.765 cubic meters 5m
NOTE: volumes greater than 1000 L shall be showmdin
MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or /Mg (or "t")
"metric ton")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candeladm cd/n?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in 2 poundforce per square|6.89 kilopascals kPa
inch

*Sl is the symbol for the International System afitd. Appropriate rounding should be
made to comply with Section 4 of ASTM E380.



TECHNICAL REPORT DOCUMENTATION PAGE

1. Report No. 2. Government Accession No. | 3. Recipient's Catalog No.

4. Title and Subtitle 5. Report Date

Connected Vehicle Vehicle-to-Infrastructure Suppbdrictive October 2019

Traffic Management
6. Performing Organization
Code

7. Author(s) Mohammed Hadi, Md Shahadat Igbal, féang, Yan |8. Performing Organization

Xiao, Mahmoud Arafat, and Sohana Afreen Report No.

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

Lehman Center for Transportation Research

Florida International University 11. Contract or Grant No.

10555 W. Flagler Street, EC 3680, Miami, FL 33174 BDV29-977-41

12. Sponsoring Agency Name and Address 13. Type of Report and Period
Covered

Office of Research and Development Final Report

State of Florida Department of Transportation February 2018 — May 2019

605 Suwannee Street, MS 30, Tallahassee, FL 32350-0 14. Sponsoring Agency Code

15. Supplementary Notes
Mr. Javier Rodriguez and Dr. Raj Ponnaluri from Eherida Department of Transportation served ag
the project managers for this project.

16.Abstract

Connected vehicle (CV) technologies promise transformative chamgesive Traffic Management (ATM
of freeways and arterials and have the potential to suppegraied Corridor Management (ICM). The g
of this project was to provide information to suppbg Elorida Department of Transportation (FDOT) &
other transportation agencies in their decisions to imple@¥rtased applications to improve mobility al
safety of system performance on urban arterials. This rppvides a review of the needed ATM functio

functions, the experience with the applications, and an egim@ftthe impacts of the applications on mobil
and safety. A methodology is then developed for the selecdébmeln CV-based applications and ot
applications, based on stochastic return on investment anatygsisiulticriteria decision analysis (MCDA
This report also demonstrates the application of the develop#tbd for the pre-deployment assessmer
system impacts and the selection between alternatives forextpeajse study and the use of microscg
simulation modeling to assess CV-based applications. ¥irtak report identifies the steps needed
planning post-deployment evaluation of CV-based applicatmirdorm future evaluation efforts.

pal
\nd
nd

ns

for urban arterials, the existing and CV-based applicatiomisddin support the provision of the requined

ty
ner

t of
pic
for

17. Key Word 18. Distribution Statement
Connected Vehicle, Vehicle-to-Infrastructure SupporUnrestricted

Active Traffic Management, Return-on-investment,
Benefit-Cost Analysis, Decision Support Tools

19. Security Classif. (of this report)|20. Security Classif. (of this page) |[21. No. of 22.
Unclassified Unclassified Pages Price
269

Form DOT F 1700.7(8-72)Reproduction of completed page authorized



EXECUTIVE SUMMARY
E1l. BACKGROUND

Connected vehicle (CV) technologies promise tramsébive changes in Active Traffic
Management (ATM). The United States Departmentm@insportation’s (USDOT) Dynamic
Mobility Applications (DMA) Program identified highpriority DMA applications that utilize
Vehicle-to-Infrastructure (V2I) technologies. Maaf/these applications are directly related to
ATM. ATM strategies have been shown to providengigant benefits for both freeways and
arterials (Yelchuru et al., 2017b). There is aoggution that the emergence of CV V2I
technologies and their use to support ATM will legusignificant positive impacts beyond what
can be achieved with current technologies (Yelchetral.,, 2017b). V2l will support existing
applications and will also allow new applicatiohattare not possible with existing technologies.

The Transportation System Management and Operafid®81&0) program and the Statewide
Arterial Management Program (STAMP) of the Floridapartment of Transportation (FDOT)
have recognized that ATM strategies are vital tdrasksing safety, mobility, and reliability
elements in the transportation system. FDOT hiizad a systems engineering approach for the
deployment of Intelligent Transportation SystemS)Tiechnologies to support the TSM&O
program. FDOT’s 2017 TSM&O Strategic Plan ideatlfCV as one of the six primary focus
areas. Also, the FDOT Districts are interestedxiplaing the use of CV to support TSM&O to
monitor and improve the performance of the systemasaged and operated by FDOT or local
partner agencies. Inthe short term, it is expktitat CV-based technologies will complement the
existing ITS infrastructure elements. However, he tmedium to long term, depending on the
specific application and CV market penetration, BAsed technologies may replace some
components of the existing ITS solutions. Thus,GMebased technologies may be a:

Complementary solution— CV technologiesnay not provide equivalent
functionality butcan enhance existing solutions.

Supplementary solution —CV technologiesan enhance and partially replace
existing solutions.

Alternative solution - CV technologies can enhance and fully replace iexgjst
solutions.

E2. GOALS AND OBJECTIVES

The goal of this project was to support the FDOT ather transportation agencies in their
decisions to implement V2I-based ATM strategiesrtprove mobility and safety performance on
urban arterials. The specific objectives of thigjgct were:

Identify CV applications that can be used to mbetrieeds and objectives of arterial
ATM in Florida,

Identify methods that can be used to select betwi@érapplications and traditional
applications as part of the systems engineeringcgs® associated with ATM
deployment,

Identify the steps needed for post-deployment etmlo and performance
measurements of CV applications to support arté&Ta¥, and



Identify various technical and institutional coresigtions in the planning, design, and
deployment of the identified CV applications.

E3. CV APPLICATIONS TO SUPPORT URBAN ARTERIALS ATM

This project started with a review of documentsedéited initiatives and deployments to inform
the project activities in planning ATM on urbaneaials. The review included the systems
engineering process, planning for operations, edlaervice packages of the ITS architecture, the
2017 FDOT TSM&O Strategic Plan, the 2018 FDOT STARKRion Plan, and the 2019 FDOT
Connected and Automated Vehicles (CAV) Business.Plahe project then identifies existing
ATM applications and CV-based applications thatlsamsed to support the goals and objectives
of the FDOT TSM&O program on urban arterials. Theiew was based on the services and
applications identified in the national ITS archttere, United States Department of Transportation
(USDOT) CV Dynamic Mobility Applications (DMA) pragm, USDOT Safety Applications
program, the Federal Highway Administration (FHWAGgtive Transportation and Demand
Management (ATDM) program, the three CV pilots euntly funded by the USDOT (the New
York City, New York; Wyoming; and Tampa, Floridand existing and planned deployments by
FDOT around Florida. The existing and emerging G¢dud applications were then mapped to the
goals and objectives of the FDOT TSM&O program aede related to typical functions required
to address needs associated with arterial opegtiokxisting methods to select between
deployment alternatives were then reviewed andnmeeendations were given related to the
development of a method to support the investnme@M-based deployment to support TSM&O
on urban arterials, based on this review.

E4. EXISTING AND CV-BASED SOLUTIONS TO PROVIDE THE REQUIRED
FUNCTIONS

A summary of the identified required functions topport urban arterial management and
operations and the existing and CV-based solutioaiscan provide these functions are shown in
Table E-1. The estimates of the mobility and saiebdification factors for the identified solutions
are provided in Table E-2. Since CV-based sahgtiare still in the early stages of development
and deployment, limited information was availaldbewat their impacts. It should be noted that the
values in Table E-2 were estimated for the purpmisase in the return on investment analysis
based on a limited amount of data, particularly @s-based applications. The identification
involved a high level of judgement and was basedvperfect information. Thus, these values
should be carefully reviewed. The use of thesaasln the benefit-cost analysis should involve
conducting sensitivity analysis or risk analyssgdascribed later in this document.
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Table E-1 Existing Solutions and CV-Based Solution® Provide the Required Arterial ATM

Functions

Function

Existing Solutions

CV-Based Solutions

Data Collection to Support System Management

Data Collection to Support
Performance Measurementg

Point detectors for volume
measurements and AVI (e.g
Bluetooth or Wi-Fi readers)
or third-party vendor data for
travel time and partial O-D
estimation.

CV as probes can be used to
,estimate travel time. Other
potential measures,
depending on data availability
from vehicles, can include
vehicle classification,
acceleration/deceleration,
number of stops, number of
brakes, potential for crashes,
emission, fuel consumption,
and weather and lighting
conditions.

Automatic Incident Detectior

Based on point detecty
travel time measurements
based on AVI or private-
sector data.

Based on travel time
estimated from CV data;
potentially other new
measures based on CV data,
such as
acceleration/deceleration,
braking, and changing lanes.

Support of Off-line Signal
Control

Based on historical traffic
counts, field observations,
and optimization tools.
Recently, high-resolution
controller data has been use

CV combined with high-
resolution controller and
other available data sources.

d.

Provision of Signal Control to Accommodate Varyir@gpnditions

Adaptive Signal Control

A number of off-the-shelf
adaptive signal control
systems are available.

Systems based on fused data
from CV and existing
detectors are in the
development and pilot
deployment stages. CV-
based applications and
additional features, including
using vehicle trajectories to
support timing, multimodal
control, under-
saturation/over-saturation
consideration, dilemma zone
protection, etc.
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Table E-1 (Continued)

Function

Existing Solutions

CV-Based Solutions

Transit Signal Priority (TSP)

Local and central TSP
strategies (conditional and
unconditional) can be
implemented using current
signal control systems.

Extend existing TSP by
potentially considering it as
part of multimodal signal
optimization. Detection of
buses at a distance from the
signal allows better control
and consideration of nearside
bus stops. Bus-specific status
information can be used in
priority decisions. Additional
strategies are possible, such
as queue clearance ahead of
buses making left turns.

Freight Signal Priority (FSP)

FSP can be impleménte
using current signal control
systems.

Same extensions as with TSP.

Pedestrian Signal Control

Walk signal can be pledi
based on push buttons.

Pedestrian detectors or
information from pedestrian
mobile devices can be used as
part of the multimodal signal
optimization with potential
consideration of special needs
pedestrians.

Emergency Vehicle
Preemption (ESP)

Central and local ESP are
possible with current signal
control.

Early detection of emergency
vehicles to allow better
control and queue clearance
ahead of the signals.

Speed Adjustment to Suppo

rt Arrival on Green

Green Light Optimal Speed
Advisory (GLOSA)

Cellular-based applications
by private sector companies
to provide traffic signal
information to drivers who
subscribe to their services,
usually in coordination with
the original equipment
manufacturers (OEMS).

CV-based applications
providing information and
guidance to drivers as they
approach traffic signals to
allow them to adjust their
speeds to reduce the
probability of stopping at
downstream intersections.
More advanced applications
combine adaptive signal
control with GLOSA.
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Table E-1 (Continued)

Function

Existing Solutions

CV-Based Solutions

Glide Path (Involving Partial
Automation)

Not supported by existing
solutions.

This application
automatically adjusts the
speeds of vehicles to allow
them to arrive on green.

Support of Incident and Emergency Response

Increasing Incident Zone Sit
Emergency Responder and
Vehicle Safety and Mobility

el imited site information,
such as merging and speed
guidance for drivers or
limited warnings about
approaching vehicles to
emergency responders.

CV-based applications
involve providing in-vehicle
messages that guide drivers in
their merging and speed
decisions and alerts to
responders about vehicles
approaching in an unsafe
manner.

Emergency Vehicle Staging
and Routing

Computer-aided dispatch
(CAD) and automatic vehiclg
location (AVL) provide
significant resource tracking
and routing support.
However, there is limited
dynamic routing based on
real-time information. Site
staging is largely human-
driven.

CV-based application will
provide continuous en-route
information, support
establishing incident scene
work zones, and support
additional dispatching and
staging. The decisions will be
based on data and modeling
analytics.

Evacuation Support

Limited routing information
and limited support of the
functional needs of people.

CV-based applications will
provide routing, shelter, and
gas information to all
evacuees and dispatch and
route resources to the
functional needs of people.

Dynamic Information and Guidance to Support Managemt

Provision of Traveler
Information

Travel time and incident
information provided by

public and private sector
platforms.

Pre-trip and en route
predictive multi-modal
information.

Provision of Guidance

Mainly route information by
private sector phone apps.

y Route guidance potentially

combined with time shift and
mode shift guidance.




Table E-1 (Continued)

Function

Existing Solutions

CV-Based Solutions

Optimization of Guidance
Combined with Signal and
Other Management System
Optimization

NA

Optimize guidance combined
with transportation system
management optimization.

Support of Signalized Intersection Safety

Permissive Left Turn and
Right Turn on Red Support

Protect turns and improve
geometry to improve sight

distance.

To prevent a side collision,
the application will provide
guidance in accepting safe
gaps in opposing traffic and
possibly alerts of red
violation and a dynamic all-
red clearance interval when
an opposing vehicle is about
to violate the red interval.

Red Light Violation and
Rear-End Collision
Reduction

Red light violation cameras.
Signs with flashing lights.

The application warns drivers
who are approaching a
signalized intersection if they
are on a trajectory to violate a
red signal.

Reduce Pedestrian-on-
Crosswalk Crashes

Onboard vehicle sensors,
such as Mobileye image

processing devices.

CVs receives information
from the infrastructure
(roadside units) that indicates
the possible presence of
pedestrians in a crosswalk at
a signalized intersection.

Support of Visually Impaired
Pedestrian in Crossing the
Street

Accessible pedestrian signa
and pushbutton (e.g., using

audible tone).

Allows "automated pedestrian
call” from smartphones for
visually impaired pedestrians
and provides information to
the visually impaired to
support crossing.

Support of Unsignalized Intersection Safety

Warn Drivers of Potential
Stop Sign Violation

No existing solution.

Although the general warnin
of a stop sign has been give
using signs with flashing

lights.

Application warns the driver
pif the vehicle is predicted to
nviolate a stop sign.




Table E-1 (Continued)

Function

Existing Solutions

CV-Based Solutions

Support Gap Acceptance at
Stop Sign

aFew rural intersections in the
nation have been equipped {
warn drivers of conflicts
(insufficient gaps).

2 Application provides
aadvisory information to cross-
street drivers at a stop-sign
controlled intersection to
support their gap selections at
the intersection.

Hazard Warning

Warning Drivers of Unsafe
Speeds

Speed police enforcement
Speed sign beacons
Speed violation cameras
Private sector phone apps
indicate when driver is over
the speed limit.

Reduced Speed/Work Zone
Warning (RSWZ) warns
drivers that they are operating
at speed higher than the speed
limit and/or provides
information regarding

changes in lane configuration.

Warning Drivers of Unsafe
Speeds on Curves

Infrastructure-based warning
systems.

CV-based Curve Speed
Warning (CSW) system that
warns drivers of unsafe
speeds.

Warning Drivers of Oversize
Vehicles

Infrastructure-based warning
systems.

CV-based Oversize Vehicle
Warning (OVW) system that
warns drivers when the size
of vehicle exceeds the limit at
the location.

Warn Drivers of Bad Weathe
and Pavement Conditions

rinfrastructure-based warning
systems.

CV-based Spot Weather
Information Warning
(SWIW) application.

Railroad Crossing Warning

Active Rail Crossing
Warning systems, including
existing warning devices,
such as flashing light signal,
automatic gate, warning bell
and additional flashing light

CV-based application warns
drivers if they are on a crash-
imminent trajectory to collide
with a train at a railroad
5£rossing.

signals.
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Table E-2 Summary of Mobility and Safety Impacts ofExisting and CV-Based Solutions to
Address Arterial Management Needs

Function

Existing Solutions

CV-Based Solutions

Data Collection to Support System Management

Travel Time Estimation

80% to 90% accuracy and
reliability of travel time baseq
on AVI or third-party data.

85% to 95% accuracy for 5%
I and 10% CV market
penetrations, respectively.

Incident Detection Time

4-8 minutes with full
deployment of point sensors

2-4 minutes with 10% market
penetration of CV.

Support of Off-line Signal | 7.5% retiming coordinated | TBD
Control signals and 11.5%

coordinating isolated signal.
Provision of Signal Control to Accommodate Varyirgpnditions

Adaptive Signals

5% for saturated conditions
and 10% for undersaturated
conditions over time-of-day
control.

Congested:
5% without CV
15% with 100% CV MP
Linear interpolation
between 5% and 15% for
lower market penetration
Uncongested:
10% without CV
25% with 100% CV MP
Linear interpolation
between 10% and 25% for
lower market penetration

Transit Signal Priority

12% reduction in travel &m
applied to buses that are not
on time. Increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.

Congested:

12% decrease in bus travel
time with an increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion level.
Uncongested:

15% to 25% decrease in bus
travel time, depending on CV
market penetration. Increase
in cross-street delay by 6-15
seconds per vehicle,
depending on congestion

level.
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Table E-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Freight Signal Priority

12% reduction in travel &m
applied to trucks that are not|
on time. Increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.

Congested:

12% decrease in freight travel
time with an increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.
Uncongested:

15% to 25% decrease in
freight travel time, depending
on CV market penetration.
Increase in cross-street delay
by 6-15 seconds per vehicle,
depending on congestion
levels.

Pedestrian Control

NA

TBD

Emergency Vehicle
Preemption

15-45 seconds per intersecti
and 10% reduction in the

probability of death for each
one-minute faster response.

pmBD

Speed Adjustment to Support Arrival on Green

Green Light Optimal Speed
Advisory (GLOSA)

No current applications.

3% to 5% improvement in
fuel consumption and delay

Glide Path (Involving Partia
Automation)

No current applications.

10% to 20% improvement in
fuel consumption and delay.

Support of Incident and Emergency Response

Increasing Incident Zone Sit
Emergency Responder and
Vehicle Safety and Mobility

eNA (Limited existing
applications)

14% reduction in network-
wide travel time, 8% increase
in speed, 1% to 90%
reduction in hard
deceleration.

Emergency Vehicle Staging
and Routing

NA (Limited existing
applications)

Emergency vehicle travel
time reduced by up to 23%
and number of stops by up to
15%. Overall reduction in

incident duration by 15%.
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Table E-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Evacuation Support

Dynamic Information and
Guidance to Support
Management.

The application decreases the
congestion time by 20%; and
the wait time for transit
services by 90%. On average,
evacuees seeking lodging
experienced a 2-hour travel
time benefit.

Dynamic Information and Guidance to Support Managemi

Provision of Traveler
Information

5% to 20% diversion,
depending on incident impag
severity.

15% to 50% diversion,
tdepending on incident impact
severity.

Provision of Guidance

15% to 35% diversion,
depending on incident impac
severity.

25% to 80% diversion,
tdepending on incident impact
severity.

Optimization of Guidance
Combined with Signal and
Other Management System
Optimization

NA

TBD

Support of Signalized Inters

ection Safety

Permissive Left-Turn and
Right-Turn on Red Support

10% to 55%

With 100% CV market
penetration:

Signalized Left-Turn Assist
(SLTA): 36% to 70%
reduction in intersection
crashes;

Signalized Right-Turn Assist
(SRTA): 25% to 50%
reduction in intersection
crashes.

Red Light Violation and
Rear-End Collision
Reduction

20% to 40%

With 100% CV market
penetration, Red-Light
Violation Warning (RLVW):
25% to 50% reduction in
intersection crashes.

Reduce Pedestrian-on-
Crosswalk Crashes

7% to 45%

50% to 100% reduction in
pedestrians-on-crosswalk
crashes with 100% market
penetration.

Support of Visually Impaireq
Pedestrian in Crossing the
Street

| Accessible pedestrian signal
is expected to significantly
reduce visually impaired
incidents.

Expected to reduce visually
impaired incidents more than
the accessible pedestrian

signal.

Xiv



Table E-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Support of Unsignalized Intersection Safety

Warn Drivers of Potential
Stop Sign Violation

9% to 67%

Reduce 50% to 100% of this
type of crash with 100%
market penetration.

Support Gap Acceptance at
Stop Sign

NA

Reduce 28% of this type of
crash with 100% market
penetration.

Hazard Warning

Warning Drivers of Unsafe
Speeds

5% to 41%

Reduce up to 50% of this type
of crash with full deployment.

Warning Drivers of Unsafe
Speeds on Curves

2% of this type of crash.

Reduce 20% to 30% of this
type of crash with full
deployment.

Warning Drivers of Oversizg
Vehicles

2 50% of this type of crash.

Reduce 75% to 90% o thi
type of crash with full
deployment.

Warning Drivers of Bad
Weather and Pavement
Conditions

15% of this type of crash.

Reduce up to 50% of type
of crash.

Railroad Crossing Warning

45% to 50% of this type o

crash.

Reduce 50% of this type of
crash.

ES. CONCEPT OF OPERATIONS OF THE USE OF CV ON URBANARTERIALS

As indicated in Section E1, there are options abédl to agencies to provide the required functions
for managing and operating arterial streets. Sdiection between these options and planning for
their deployments and operations must start wiloacept of Operations (ConOps) according to
the systems engineering process. This documenida® information and methods that support
agencies in their development of a ConOps as p#resystems engineering process for a typical
urban arterial in Florida with the consideratiorGd applications. The document presents a vision
of the system after CV-based implementation, ctrsgnation of ITS deployments, stakeholders
associated with the deployment, nature, and jaatifin of the required changes, an overview of
the system, including the hardware and softwarepmomants, and a method for assessing system
impacts and selecting between alternatives.

VISION

The 2019 FDOT Connected and Automated Vehicle (CBU3iness Plan is aimed a&¥ision
Zero with a fatality-free roadway network and a gestion-free transportation system in Florida
using CAV technologiegFDOT, 2019)Thus, the vision of implementing CV-based techn@sg

on Florida’s arterials can include improving thebility, reliability, and safety of all users of the
system (passenger cars, transit, commercial vehipkdestrians, and/or bicycles, depending on
the facility) and supporting transportation agegadrethe planning, management, and operations
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of the systems. In any event, the implementatghld be related to the needs of the project
stakeholders and related to the goals and objectf¢he 2017 FDOT TSM&O Strategic Plan,
2018 FDOT STAMP Action Plan, and 2019 FDOT CAYV Buess Plan.

The investment in CV-based applications will beestdd based on multi-criteria analyses that
consider other solutions for the identified isstesng the facility. In addition to the positive
impacts of CV-based deployments beyond what caacheved with existing technologies, the
implementations of the CV-based solutions will hatie added benefits of contributing to
increasing the capability maturity of the transptian agency with respect to emerging technology
applications and, according to the 2019 FDOT CA\iBess Plan, the possibility of contributing
to the growth of the economy. Thus, transportatigancies may be willing to accept the initial
risks associated with the CV deployment to acqtiieecapability and demonstrate the technology
performance and impacts.

GOAL AND OBJECTIVES

The 2019 FDOT CAV Business Plan states thidie’' CAV technologies have the potential to
significantly reduce highway crashes that resultraific fatalities. This is consistent with FDOT’s

vision and that of Vision Zero. The CAV technolsgiéso have the potential to improve travel
time, increase vehicle and person mobility, enhanaéimodal operations, and positively affect
the economy in Florida(FDOT 2019).

Thus, a potential example of a goal for CV-basq@aleanent on an arterial facility in Florida can
be to improve the mobility, reliability, and safety the arterial’s facility in a cost-effective
manner, while increasing the capability maturitytheg agency in using emerging technology and
supporting the growth of the economy in Floridge8fic objectives will have to be stated that
are related to the goal based on the identifiedsi@ad issues of the facility. Output and outcome
performance measures will then have to be sefatieatelated to the project’s objectives for pre-
deployment and post-deployment assessment of systefiormance.

DESCRIPTION OF THE CURRENT SYSTEM OR SITUATION

According to the systems engineering approach, @ayment concepts should be needs-driven.
Since each site has different needs, the focusagptications of CV deployments should be
different for each site. Section E4 provides aiied description of the typical needed functions
of arterial streets, existing solutions, and CVedahapplications that are used or can be used to
support these needs.

PROJECT STAKEHOLDERS

As with other ITS deployments, there is a needtolve the stakeholders from the beginning to
the end of projects that contain CV-based appboati An important lesson learned from the
USDOT CV pilot projects is the benefit of successturly and regular involvement, as well as the
buy-in of the stakeholders (USDOT, “Connected ViehRilot Deployment Program Connected
Vehicle Pilot Deployment Program Success Storigslassons Learned,” accessed April 2019.)
Based on these pilots, it was reported that theeaenieed to not only engage stakeholders early but
to also educate them early. Another lesson leaimédat formalized agreements with private
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partners take time. Thus, there is a need to engegrurement and contract personnel early in
the process. lItis also important to identify address stakeholders’ concerns and priorities, such
as their concerns about privacy, liability, fleXity, security, experience, funding, etc. Thisaep
presents a list of typical stakeholders of arte@isltbased applications.

RISKS AND CONSTRAINTS

Deployments of CV-based applications are complekraquire the integration of a large number
of existing and new infrastructure and mobile eletee There are technical, security, privacy,
institutional, financial and procurement issueg tieed to be considered. Some of the issues and
concerns have been or are being addressed bylsecemipleted or ongoing FDOT, USDOT, and
as well as other national efforts. Additional ansswveill be provided as more experience and
results are obtained from the connected vehict# geployment and research projects funded by
FDOT, USDOT, and other ongoing and upcoming effoftsese issues should be tracked and
reassessed as more knowledge is gathered, anthasl&gy, policies, and procedures advance in
the coming years. An overview of these issuesdsgnted in this document and can be used as a
starting point to identify the risks and constrainthen developing the ConOps.

SYSTEM OVERVIEW

An overview of the system’s concept and associatedponents were identified to support the
development of the ConOps and the related feayikifialyses. The information provided in this
document makes use of a review of national CV depémnts and the information presented in the
ARC-IT 8.2 (Architecture Reference for Cooperatwvel Intelligent Transportation). ARC-IT can

be accessed at https://local.iteris.com/arc-ité Sérvice packages and associates physical objects,
functional objects, and information flows, and tber views of the architecture can be used as an
important source of the initial information for adeping the system’s concept.

METHODOLOGY FOR THE EVALUATION OF SOLUTION ALTERNATVES

This report presents a methodology to support eney decision to adopt a new technology
based on agency objectives and local conditiomsagsessment of criteria, such as those presented
in the 2019 FDOT CAV Business Plan, will have tonb@de and continuously monitored for the
validation or refinement of decisions. The setectof ITS and other conventional types of
deployment alternatives requires that the evalonaticthese alternatives be relative to each other
and to other more conventional improvement altéraat The methodology is applied to the case
study corridor of this project, as discussed intiSad=6.

Identification of Selection Criteria: The first step is to identify performance metiacsl criteria
that can be used by agencies to compare existitigganerging technologies. The performance
measures should be assessed and tracked for denpead future years. This assessment should
then be used as input for the final decision-makinocess. The selection criteria can include
outcome performance measures, output measureQrammeasures, feasibility, and risks and
constraints. The 2019 FDOT CAV Business Plan ifledt criteria for CAV-based project
selection. These criteria can be used in the sissad of this project. However, other criteria
should be considered and potentially used to reflee specific regional and local needs and
consider project stakeholder inputs.
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Provision of Required Functionalities: The provision of required functionalities is exfgeLto

be one of the main criteria in the selection precd$e provision of a solution according to a
systems engineering approach will need to be basedentified functionalities of the system that
are related to local needs and issues. Thisstgbves identifying the functions needed to address
the needs and issues for the corridor and exiatigemerging technology alternatives that support
the delivery of the functions (see Section E4). 8aifithe functions can be supplied by both CV-
based solutions and non-CV based solutions. Odagrde supplied only by CV-based solutions.
For example, support for performance measuremedt @arformance-based planning and
operations includes a wide range of existing dali@ction technologies and sources, such as point
detectors, high-resolution controller data, autamethicle re-identification, and private sector
crowdsourcing, among others. Connected vehiclésgas probes, data generated from travelers,
and possibly data generated from automated vehieles the potential to replace or complement
these existing technologies and provide additidnattionalities, data elements, and improved
performance measurements. Both existing and engetgchnologies will need to be assessed
utilizing the methods presented in this study. Aleotexample is supporting gap acceptance at
signalized and unsignalized intersections, whiahaay be provided by CV-based applications.

Return on Investment Analysis: An important criterion in the selection of a CV-bdssolution

is return on investment. Traditionally, the retusn investment analysis is conducted by
calculating deterministic point estimates of thepresent value (NPV) or benefit-cost ratio of the
project’s alternatives. This involves determiicigstimates of the present values of the current
and future benefits and costs over the projecttmemic life. A discount rate is used to calculate
the present values of the cash flows. This conweat method may not be able to capture the
uncertainty and risks associated with a CV projéldte analyst must recognize that a great amount
of uncertainty is associated with the parameteasdhe used to calculate the impacts and costs of
the alternatives.

Multi-Criteria Decision Analysis: Measures that are difficult to assesse in dolldwescannot

be accounted for using the economic return on invest analysis methods. Thus, these methods
are not fully adequate for use in assessing tecdgyohlternatives. Multi-Criteria Decision
Analysis (MCDA) methods have been proposed to adctar both qualitative and quantitative
factors in the decision-making process.

E6. DEMONSTRATION OF THE PRE-DEPLOYMENT EVALUATION
METHODOLOGY

The method described in Section E5 to select betw®ébased and other alternative solutions
was demonstrated by applying the methodology tmgegt case study. The case study focused
on SR-924/NW 119 Street from NW 32 Avenue to NW\eAue in Miami, Florida. FDOT is
currently deploying an adaptive signal system as @fathe SR-924/NW 119 Street Adaptive
Signal Control Technology (ASCT) Pilot Project. stated in Section E5, the method utilizes a
stochastic return on investment analyses and roudéria decision analysis (MCDA).  The
stochastic return on investment considers the taio¢y and risks associated with the benefits and
costs of the solutions. The MCDA method is useadcount for both qualitative and quantitative
factors in the decision-making process. The appbn method was demonstrated for the
project’s case study, which is SR-924/NW ¥ Breet ASCT Pilot Project in Miami-Dade County.
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IDENTIFICATION OF SELECTION CRITERIA

The first step is to identify performance metriasd criteria that can be used by agencies to
compare existing and emerging technologies. Thiegmeance measures should be assessed and
tracked for the present and future years. Thiesassent should then be used as input for the final
decision-making process. The selection criteaiaioclude outcome performance metrics, output
metrics, and economic metrics. The 2019 FDOT CA\iBess Plan identified the criteria in
Table E-3 as the measures used for CAV-based prsgézction. These criteria were used in the
assessment of this project; however, other cri@rabe used.

Table E-3 Project Selection Criteria Presented inlte 2019 FDOT CAV Business Plan

Categories

Criteria

Self-
Score

Accelerate the
CAV Program

Does this project accelerate the deployment anteimgntation of CAV
technologies in Florida?

Safety

Does this project directly reduce or haweegbtential to reduce fatal, serious

injury and/or secondary crashes?

Mobility

From a mobility perspective, does this jer directly benefit all modes,
including pedestrians, bicyclists, disabled, ecoicafly disadvantaged, and
aging road users?

Efficiency and
Reliability

Does this project directly benefit (or have potaintto impact) efficiency
and/or reliability for all travelers, freight, treibriders, aging road users,
pedestrians, and bicyclists?

Feasibility

Is this project implementable (techrgyleeady), scalable, and portable for
statewide deployment?

Do proposed technologies comply with or have themal to comply with
relevant state and federal safety laws?

Is the proposed project interoperable and/or daesvie the potential to
become interoperable with the existing or prograch@aV Projects?

Funds

Does this project leverage federal, local/@rprivate funds? Are there any
private organizations and/or local agency partndrgés, what are their
match types and roles? Is there an agreement ookéemium of
Understanding (MOU) in place?

Benefit/Cost

Does this project offer benefits wathigh B/C and a good return on
investment?

Data and
Security

Does this project collect, disseminate, and usktiraa traffic, transit,
parking, and other transportation information t@iove safety and mobility,
and reduce congestion? Explain how the projectsafiéguard data privacy
and deploy a cybersecurity platform.

Operations
and
Maintenance

Does this project address staffing, funding, armtedures for operations,
maintenance, and replacement of CAV infrastructieehnologies, and
applications?

Project
Evaluation

Does this project have pre-defined performance orea® What and how are
these outcomes measured?

Will there be a before and after analysis perfornaed lessons learned
documented? If yes, how will this be documented strated?

Is there a systems validation and verification pescin place? Explain how
this will be performed.

Total Score
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NEEDED FUNCTIONS

Table E-4 shows the identified needs and issuds thé operation and safety of the case study
corridor, the required ATM functions, and the exigtand CV-based solutions to provide the

required functions.

Table E-4 Needs of NW 119 Street and Related Existing and CV-Based Solutions

Needed Potential CV-based
Need _ Potential Existing Solution
Function Support
Improve Data Collection to | Bluetooth readers have beerCV data can be used
mobility and Support System installed on SR-924 to support
safety based on Management segments. New 2070LX | performance measure
performance controllers will provide high| estimation (travel
measurements resolution controller data. | time, arrival on
green, movement
delays, etc.). The
data can also be used
for incident
detection.
Improve Provision of Signal | FDOT District 6 has already I-SIG may not be
mobility and Control to selected an adaptive signal justifiable because an
safety for all Accommodate control that is being adaptive signal
modes (car, Varying Conditions | implemented on the SR-924control is being

truck, transit,
and pedestrian
by providing
optimal

signal control

corridor.

installed on the
facility. The vendor
and contractor of the
system should be
contacted to
determine if I-TSP, I-
FSP), PED-SIG, and
I-EVP can be
implemented in
conjunction with the
installed adaptive
control.

High left-turn
crashes at the
intersections of
Nw 32
Avenue, NW
27" Place, and
Nw 27"

Avenue

Left-Turn Movement

Support

Implement protected-only
WBL and EBL movements
at the three intersections.

Implement
Signalized Left Turn
Assist (SLTA) at the
three intersections.
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Table E 2 (Continued)

Needed _ - _ Potential CV-based
Need _ Potential Existing Solution
Function Support
High right-turn | Right-Turn Implement no right-turn-on{ Right Turn Assist

crashes Movement Support | red at the subject (RTA) system at the

between NW intersections between NW | subject intersections

27" Avenue to 27" Avenue to NW 1

NW 7" Avenue Avenue.

22 red light Red Light Violation | Potentially install Red Lightl Red-Light Violation

violation Warning Violation Camera. Warning (RLVW)

crashes from system

Nw 27" Dilemma Zone Increase the yellow plus allt

Avenue to NW | Protection red interval. Dilemma Zone

7 Avenue Protection as part of
Multi-Modal
Intelligent Traffic
Signal Systems
(MMITSS)

Pedestrian Pedestrian on Cross-Provide pedestrian warning Pedestrian in

crashes Walk Warning signs (W11-2) for the Signalized Crosswalk

observed at a signalized pedestrian (PSCW) application

number of crossing at E Golf Drive. A| at E Golf Crossing,

intersections new signalized intersection| Miami-Dade

with is being implemented. Community College

moderately Intersection, and NW

high level of 17" Intersection. A

pedestrian new signalized

activities intersection is being

observed at or implemented.

near NW 17

Avenue

intersection

The Warning of Potentiall Static sign with flashing Stop Sign Gap Assist

unsignalized | Stop Sign Violation | beacon warning of stop sigh(SSGA) and Stop

intersection of
NW 14
Avenue/NW 15
Avenue showeq
high crash
concentration

and Assistance in
Accepting Gaps

Sign Violation
Warning (SSVW)
can be considered.

A large number
of speeding ang
aggressive-

driver-related

Warning of Unsafe
| Speeds

Speed enforcement

crashes

Reduced Speed
Warning
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BASE CONDITION PERFORMANCE

The first step in pre-deployment evaluation invelvestimating the safety and mobility
performance for the base conditions without thelem@ntation of improvement alternatives.
Please note that there may be existing solutioptaite for the base conditions. If this is theegas
the CV solution could complement, supplement, ptaee the existing solutions. The base safety
condition can be estimated, preferably using readdvcrash statistics for a three-year period at
minimum. Another option is to estimate the safeged on safety performance functions (SPF).
Such functions have been developed and calibrateitié¢ state of Florida. In this study, the base
safety performance was estimated using crash ddlected from the “Signal Four Analytics”
system, which is a statewide crash database. IgBiynimobility and reliability can be based on
real-world measurements or using a model like tighway Capacity Manual (HCM) facility
procedures or simulation. In this study, the HGMan street facility procedure as applied in the
Highway Capacity Software (HCS) was used to esentiae mobility and reliability for the base
conditions.

RETURN ON INVESTMENT (ROI) ANALYSIS

To conduct return on investment (ROI) analysis,dhiety and mobility benefits of improvement
alternatives, including CV-based applications, ab¢ained by first estimating the Base (Do-
Nothing) mobility and safety performance, as disegsabove. Then, the estimates are multiplied
by mobility modification factors (MMF) and crash dification factors (CMF). The modification
factors are estimated based on a comprehensivew@fithe literature and should be updated as
more information becomes available based on th@tsefom future CV implementation and
research efforts. Cost estimates are another esjgomponent of the ROI analysis. The cost
estimation requires the initial cost, operation amaintenance cost, estimated interest rate, and
equipment lifetime. In this study, the cost esties for the CV-based deployment were identified
based on what is reported in the literature. @ilmeent and future deployments of CV-based
applications in Florida and other parts of the ¢doushould provide better cost estimates for use
in future analyses.

The mobility and safety benefits, costs, and retam investment (ROI) of implementing
alternative applications to address the needs vadcalated for the study corridor. These impacts
were converted to dollar values and used in cotijoimevith the costs in the return on investment
analysis. A central concept of the calculationhaf benefits, costs, and benefit-cost ratio ia thi
project is the consideration of the stochasticitycertainty, and associated risks using the Monte
Carlo analysis. This is done by expressing theebieand cost input parameters as probability
distributions rather than deterministic valuess avesult, the output benefit-cost ratio (BCRdals
follows a probability distribution. To do the aysils, the input parameter distributions have to be
defined. Commonly used distributions for this pgg are the uniform, normal, and lognormal
distributions. The normal distribution follows gnsmetrical bell-shaped curve and is simply
described using the arithmetic mean (m) and standeviation (v). However, it is important to
consider the skewness of the distribution whenyaival the benefits, and this consideration can
be provided by the lognormal distribution. For thisject, the lognormal distribution was selected
for estimating benefits while considering unceryainThe parameters of the lognormal
distributions were estimated based on the highedtl@vest values of the benefits and market
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penetration reported in the literature. The co$t¥2| deployments were estimated based on a
uniform distribution between the highest and lowigsits reported in the literature.

The results from 1,000 Monte Carlo simulation rumse used to determine the benefit-cost ratio
(BCR) distributions for CV-based safety and mopitiblutions, as shown in Figure E-1 to Figure

E-6.
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MULTI-CRITERIA DECISION ANALYSIS

Traditional return on investment analyses of ahéwes do not capture the priorities and
preferences of the decision makers in relationh® decision criteria. In addition, return on
investment analyses do not capture the benefitscrnot be quantified in dollar values. Thus,
Multi-Criteria Decision Analysis (MCDA) methods haeen used in lieu of or in conjunction
with the return on investment. In this projecg MCDA is used in combination with the return
on investment analysis described in the previousme

The Analytical Hierarchy Process (AHP) is the MCbBwthod selected for use in this study. This
method has been used in various fields, includnagsportation engineering, in supporting
complex decisions as it provides a comprehensieatghyfor structuring project goals, criteria,
and representing alternative solutions. It evaku#te project alternatives against each other and
provides the best potential solution to achievedbjectives. Utilizing AHP to select between
alternatives requires the input of stakeholdersldgelop a pairwise comparison between the
priorities of different criteria. A typical fouelel hierarchic structure consists of the main goal
that lies at the top of the hierarchy, criteria ao-criteria in the middle hierarchy levels, and t
decision alternatives at the final level (Saaty8)9

In this project, a four-level decision-making hiefay was defined based on the AHP, as shown
in Figure E-7. The first level of the decisionraiehy is the main goal of selecting between CV-
based solutions and non-CV-based solutions. Ttmnskevel of the hierarchy includes the high-
level objectives that are mapped to the goal. difjectives used in this study were based on those
identified in the 2019 Florida’s Connected and Aun&ted Vehicles (CAV) Business Plan
program. These objectives were used in the asseswhthis project, but other objectives and
criteria can be used based on agency prioritiespagigrences. The third level of the hierarchy
includes the sub-criteria required for detailedeasments that are associated with the higher-level
criteria. The selection criteria can include anycome performance measures, output measures,
economic measures, feasibility, and risks and caimés selected by the users. The last level in
the hierarchy is the available alternatives forfgrening the upper-level tasks. The stochastic
BCR analysis is applied using the Monte Carlo satiah and is included as one of the selection
sub-criteria in the AHP analysis.
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Analytic Hierarchy Process

CV- BASED
SOLUTIONS

EXISTING
SOLUTIONS

Criteria for Selection Between Different ITS Alternatives

Accelerate
CAV Improve Performance Feas&ihty Funding
0.182 0.227 0.227 0.182 0.182
Lack of
Scalable to : Local / 15th i
- Safety | Mobility | Reliability :Easc(:jﬁ the rest of RJI' ke_n_ccf T(a:chm.)lqu gedrdal ]?0 ;if Private | Percentile MNPV
Hopkmeniann | e | s ||l e R NPV
implementatio
0.182 0.38 0.31 0.31 0.33 0.27

CV-BASED SOLUTIONS 0.63 EXISTING SOLUTIONS 0.37
:;Q.I?SQ. 0.71 0.78 0.53 0.56 0.50 0.29 0.29 0.50 0.56 0.50 0.554 0.548
0.29 0.22 0.47 0.44 0.50 0.71 0.71 0.50 0.44 0.50 0.446 0.452

Figure E-7 AHP decision-making levels
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E7. FITSEVAL TOOL IMPLEMENTATION

A tool is needed to facilitate the pre-deploymesiiurn on investment and MCDA methods
described in this document. The research teamlhesdy developed such a tool as part of another
project funded by the FDOT Research Center. Tlmegr title is “Estimation of System
Performance and Technology Impacts to Support Eutear Planning” and is funded under grant
number BDV29-977-37. The tool can estimate the ilitpbreliability, and safety impacts of
advanced strategies on system performance andectomm the return on investment and MCDA
analysis. The tool is an enhanced version of astieg tool referred to as the Florida ITS
Evaluation Tool (FITSEVAL), which was initially deloped in 2008 for the FDOT. The
following are the applications evaluated in the neswsion, but additional applications can be
added to the tool as needed:

Adaptive signal control with and without connectethicle (CV) support
Transit signal priority with and without CV support

Freight signal priority with and without CV support

Speed adjustment of CV to support arrival on green

CV applications to support signalized intersecsafety

CV applications to support unsignalized intersetsafety

CV applications to support hazard warning

Vehicle automation.
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Mobility based on Cube X

Florida Intelligent Transportation Systems Evaluation Tool (FITSEVAL)

¥ |Inputs

Performance Measure:
® Mobility
© Reliability
© Safety
© Benefit/ Cost

Data Source:

O Data

© Sketch Planning with Cube

O Hes

Data files | Estimation Methods | Time Period | Technologies |
Technologies: -
[¥] with Connected Vehicles
[¥] Adaptive Signal Control

[2] Transit Signal Priority

[Z] Freight Signal Priority

Speed Adjustment of CV to Support Arrival On Green

CV Applications to Support of Signalized Intersection Safety

[E] cv Applications to Support of Unsignali ion Safety

CV Applications to Support Hazard Warning

Vehicle Automation ¥

Figure E-8 Comparison of Mobility with and without CV-based Adaptive Signal Control

XXX




The new version of FITSEVAL produced as part ofi@bBDV29-977-37 is a standalone desktop
tool that reads files from multiple sources as l@sgthe files are provided in acceptable file
formats. The currently acceptable formats are Gil®and Highway Capacity Software (HCS).
The source of the data can be any model (simulaticanalytical models) or real-world data, as
long as it is converted to one of these two formatgure E-8 is an example of the screens of the
updated FITSEVAL, which show a comparison of theeased mobility of a corridor with and
without connected vehicle (CV)-based adaptive sigoatrol implementation.

E8. SIMULATION APPLICATIONS

Simulation modeling can play a major role in supipgrthe pre-deployment and post-deployment
assessment of CV-based applications, particulanyeng the limited deployment of these
applications and the low market penetrations ofGhethat are expected in the near future. For
example, this project demonstrates the use of aitmonl modeling to assess the safety and mobility
of one CV-based application, which is the Signaiteft Turn Assist (SLTA). The benefits of
SLTA include the reduction in left-turn crashespmwvement of left lane capacity, and reduction
in left-turning vehicle delay. The mobility bersfican be assessed based on the examination of
the output of a utilized microscopic simulation rehdwhich, in this project, is the VISSIM
(VerkehrIn Stadten SIMulationsmodell; Planung Transport Verkehr AGP — Rarlsruhe,
Germany). The safety benefits of SLTA can be deiteed using surrogate safety measures
through a combination of the micro-simulation moddiSSIM and the Surrogate Safety
Assessment Model (SSAM).

An important aspect of simulating CV-based appiorat is the need for more detailed calibration
based on microscopic measures estimated usingfmergrained data. This project demonstrates
how such calibration is performed to support therosimulation-based modeling of SLTA. This
calibration is based on a real-world gap acceptdigtabution for a permissive left-turn phase at
a signalized intersection.

Simulation runs were performed to assess the immdi¢che SLTA for different market penetration
rates (10%, 20%, 50%, 80%, and 100%). The impiaesing SLTA on left-turn vehicle delay is
shown in Figure E-9. It can be inferred from tigeife that the SLTA can reduce the average left-
turn delay significantly as the market penetratirmreases. With a 100% market penetration, the
average delay for all vehicles could be reducedfproximately 38%. These results indicate the
potential operational benefits of SLTA in increagthe left-turn capacity and reducing the delays.
In addition, results show the importance of calioga VISSIM for driver's gap acceptance
behavior.
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Figure E-9 Relationship between Left-Turn Delay and Opposing faffic with Different CV
Market Penetration (MP)

E9. POST-DEPLOYMENT EVALUATION

The previous sections have addressed the pre-depliyassessment of CV-based applications
based on return on investment and multi-criterialysis. This section addresses the post-
deployment evaluation. The post-deployment evalnails an important part of the systems
engineering process used in intelligent transportagystem (ITS) projects. The output from the
evaluation can support the decisions made regarchiagges and upgrades to the systems. In
addition, post-deployment evaluation is importaetduse it helps decision makers understand the
actual return on investment, and whether the depémt objectives have been met. Results from
the post-deployment evaluation of advanced streseglso provide critical inputs to the pre-
deployment assessments of the types discusseereasliwell as to the development and validation
of sketch planning tools and modeling tools useassess the advanced strategies.

The evaluation should be based on a plan thatisldged with project stakeholder involvement.
The plan should include:

Identification of the Goal, Objectives, and Perfoance Metrics of the Evaluation
This identification should be based on stakehoidguts and be related to the project
objectives that in turn should be related to thatsgic objectives and key performance
indicators of the organization. The metrics shdoddidentified for each operation
scenario or use case and can include output amdmet performance metrics. When
identifying the metrics, consideration should beegi to the available data. If the
needed data to measure a performance metric igvadable, then this metric should
not be included. The evaluation plan should atdegorize the evaluation metrics and
associated hypotheses into evaluation analysis dna& are related to the evaluation
objectives.

Identification of Evaluation Targets and Hypothese3he targets and associated
hypotheses should be defined relative to intereachmarks (e.g., exceeds the post-
deployment performance) or external benchmarks‘pieaiform better than national set
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values,” or achieve global best practice (e.gidet clearance time equal to or better
than other districts in the state). The post-ogplent assessment presented earlier in
the report can be also used as the basis for géltntargets.

Identification of Threats and ChallengesThe evaluation plan should identify
challenges, constraints, and threats associatédtiatevaluation. Several factors or
threats can affect the validity of the evaluatidimus, the evaluation plan should
identify these factors, how they affect the evaargtand how they are accounted for.
For example, the findings and the results frompibst-deployment evaluations are at
risk of being biased due to the influence of otlvauses, such as exogenous
confounding factors. Another example of a threatdhdity is what is referred to as
“selection bias,” in which there is a differenceaviaeen the group receiving treatment
(e.g., CV technology) and the control or comparigooup that is not receiving the
treatment (e.g., not receiving the CV technolodiy)this case, the selected group for
the evaluation may have specific socio-economiaatdtaristics like age, income,
education, gender, etc. that may not be represeamtaf the whole population of
drivers.

Evaluation Design: The evaluation plan should also include a desoripbf the
utilized experimental design. In general, the eaabn designs can be categorized into
three types: Random Experimental Designs, Quasekxgental Designs, and Pre-
Experiment Designs. When choosing the experimeletsign, several factors will need
to be considered, including the ability to addrpsgential threats to validity, data
availability, budget, and time.

Analysis Plan:The analysis of the collected data should be baseth Analysis Plan
that is included as part of the evaluation plahe @nalysis plan will detail the methods
and calculations used to assess the impacts alegpleyment on system performance.
The analysis plan will discuss the statistical mdthused to describe, categorize, and
cluster the data, in addition to the methods ueddsdt the hypotheses of meeting the
specified targets. The analysis plan will alsocepestatistical methods to address any
identified threats or biases. Visualization teguas, such as graphs and dashboards
can be great tools to communicate the evaluatisulise

Data Plan and Collection: The data for the evaluation need to be collected
processed according to a data plan that ensurethéheollected data are sufficient and
do not add biases to the evaluation. The datarestjin the plan must be based on the
evaluation performance metrics, and the evaluatesign must be as discussed in the
previous sections. The data plan will includedb& elements required to collect each
performance metric, including the data source(sg¢ézh data element; data resolution;
spatial and temporal coverage; frequency; and dptality metrics, such as
accuracyl/validity, completeness, availability/aciedity, and timeliness. The data
plan should also include a data management plardészribes how the data will be
treated, archived, and preserved.

Use of Modeling and Simulation in Post-Deploymenv&uation: In some cases, it
is difficult to estimate the impacts of real-woddployment, particularly in the case of
connected vehicles where the market penetratigdhasfe vehicles is small. In such
cases, there is a potential for using analysis,atmogl and simulation (AMS) tools
similar to those used in the pre-deployment evalnatas discussed earlier to
supplement the field evaluation.
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1. INTRODUCTION

This chapter presents a background statement,gbipgectives, and document organization.

1.1 BACKGROUND STATEMENT

Connected vehicle (CV) technologies promise tramsétive changes in Active Traffic
Management (ATM). The United States DepartmenfT@nsportation (USDOT) Dynamic
Mobility Applications (DMA) Program identified highpriority DMA applications that utilize
Vehicle-to-Infrastructure (V2I) technologies. Maakthese applications are directly connected
to ATM. ATM strategies have been shown to prosamificant benefits for both freeways and
arterials (Yelchuru et al., 2017b). There is aoggution that the emergence of CV V2I
technologies and their use to support ATM will legusignificant positive impacts beyond what
can be achieved with current technologies (Yelchetral., 2017b). V2l will support existing
applications and will also allow new applicatiohattare not possible with existing technologies.

The Transportation System Management and Operafid®sl&0) program and the Statewide
Arterial Management Program (STAMP) of the Floridapartment of Transportation (FDOT)
have recognized that ATM strategies are vital tdreslsing safety, mobility, and reliability
elements facing in the transportation system. FD@F utilized a systems engineering approach
to the deployment of Intelligent Transportation téys (ITS) technologies to support the TSM&O
program. FDOT’s 2017 TSM&O Strategic Plan ideatlfCV as one of the six primary focus
areas. Also, the FDOT Districts are interestedxipl@ing the use of CV to support TSM&O to
monitor and improve the performance of the systarasaged and operated by FDOT or partner
local agencies. In the short term, it is expedhed CV-based technology will complement the
existing ITS infrastructure elements. However, he medium- to long-term, depending on the
specific application and CV market penetration, BAsed technology may replace some
components of existing ITS solutions. Thus, CV-basehnology may be a:

Complementary solution— CV technologynay not provide equivalent functionality
but can enhance existing solutions.

Supplementary solution —CV technologycan enhance and partially replace existing
solutions.

Alternative solution — CV technology can enhance and fully replace exgstin
solutions.

1.2 GOALS AND OBJECTIVES

The goal of this project was to support the FDOT ather transportation agencies in their
decisions to implement V2I-based ATM strategiesrtprove mobility and safety performance on
urban arterials. The specific objectives of thigjgct were to:




Identify CV applications that can be used to mbetrieeds and objectives of arterial
ATM in Florida,

Identify methods that can be used to select betwi@érapplications and traditional
applications as part of the systems engineeringcgs® associated with ATM
deployment,

Identify the steps needed for post-deployment etmlo and performance
measurements of CV applications to support arté&Ta¥, and

Identify various technical and institutional coresiations in the planning, design, and
deployment of the identified CV applications.

1.3 DOCUMENT ORGANIZATION

This section includes a description of the rema@rihapters of this document.

Chapter 2 includes a review of documents of relaédhtives and deployments to inform the
project activities in planning ATM on urban artdsia

Chapter 3 first provides a review of ATM functiotts meet the needs of a project, as well as
existing and CV-based applications that can supperfprovision of the required functions and
the performance of the existing and CV applicationproviding the required functions. This
chapter also introduces the method developed ¢éatdeétween deployment alternatives, including
the identification of selection criteria, assesdimg ability of the alternative solutions to prowid
the required functionalities, assessing the mobdmd safety performance of the alternatives,
conducting return on investment analysis, and cotialy multi-criteria decision analysis.

Chapter 4 provides information that supports agenan their development of a Concept of
Operations (ConOps) as part of the systems enggeprocess for an urban arterial in Florida
with the consideration of CV applications.

Chapter 5 demonstrates the application of the naditrahe pre-deployment assessment of system
impacts and selection between alternatives outline@hapter 3 to the project case study as
outlined in Chapter 4. Then, a demonstration af Bomulation modeling can be used to support
the assessment of CV-based applications is praseRiaally, information is provided regarding
planning and conducting a post-deployment evalnaiiocCV-based applications.




2. CV APPLICATIONS TO SUPPORT URBAN ARTERIAL
ATM

This chapter begins with a review of documentsetdted initiatives and deployments to inform
the project activities in planning ATM on urbaneaials. The review included the systems
engineering process, planning for operations, edlaervice packages of the ITS architecture, the
2017 FDOT's TSM&O Strategic Plan, the 2018 FDOT $MRAAction Plan, and the 2019 FDOT
Connected and Automated Vehicles (CAV) Business.Plarhe chapter then identifies existing
ATM applications and CV-based applications that lbamused to support the goals and objectives
of the FDOT TSM&O program on urban arterials. Theiew was based on the services and
applications identified in the national ITS archtigre, United States Department of Transportation
(USDOT) CV Dynamic Mobility Applications (DMA) pragm, USDOT Safety Applications
program, the Federal Highway Administration (FHWAGgtive Transportation and Demand
Management (ATDM) program, the three CV pilots eatly funded by the USDOT (the New
York City, New York; Wyoming; and Tampa, Floridalgis), and existing and planned
deployments by FDOT around Florida. The existing amerging CV-based applications were
then mapped to the goals and objectives of the FDSW&O program and were related to typical
functions required to address the needs assoocidtbdarterial operations. Existing methods to
select between deployment alternatives were thelewed and recommendations were given
related to the development of a method to supp@tinvestment in CV-based deployment to
support the TSM&O of urban arterials based on ringew.

2.1 RELATIONSHIP TO THE SYSTEMS ENGINEERING PROCESS

The Federal Highway Administration (FHWA) publish&lile 940, and the Federal Transit
Administration (FTA) published a policy for utilizg systems engineering analyses for ITS
projects that use highway trust funds. The systengsneering approach has also been strongly
recommended for use in other ITS projects. Theesys engineering Guide produced by the
United States Department of Transportation (USD@0Q7; Hadi, 2017) provides guidance to
agencies on how to use the systems engineering@agpiduring the various stages of the ITS
project life cycle. This report provides infornatito support the FDOT in the early stages of the
systems engineering process, as shown in FigurefaZke deployment of ATM on urban arterial
streets with the consideration of CV technologiésparticular, the information provided in this
document is related to the Regional Architecture Beasibility Study/Concept Exploration steps
for pre-deployment analysis. The report also pressenformation on supporting the system
validation step utilizing a post-deployment evailomt
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Figure 2-1 Systems engineering Approach

Among other elements, the systems engineering apbroequires the analysis of alternative
system configurations and technology options baseddentified stakeholder needs, goals,
objectives, issues, and requirements. A main compoof the systems engineering approach
related to the subject of this research is the neecbnduct a feasibility study, in which the
technical, economical, and political feasibilit@fsthe considered strategies and technologies are
assessed, benefits and costs are estimated, amgkewrnd constraints are identified.

As shown in Figure 2-2, according to the USDOT &yst Engineering Guide, the feasibility study

will need to consider alternative solutions to Sgtthe identified needs and select and justify the
most viable option. The alternatives analysisxiseeted to be repeated during the project’s life
cycle as more information becomes available aldwaifptroject. If emerging technologies are to
be considered, either in lieu of or in combinatieith existing ITS technologies, methods and

guidance will be needed to support their selectbmmsidering the existing solutions and

conditions. As stated earlier, the objective @f firoject is to provide this type of support.
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Figure 2-2 Basic Trade Study Techniques in the Coept Exploration as Presented in the
Systems Engineering Guide (USDOT, 2007)

2.2 RELATIONSHIP TO THE ITS ARCHITECTURE

An important aspect of the systems engineeringga®¢s the compliance with the regional ITS
architecture. The regional ITS architectures orifla have been developed as part of the Florida
State ITS Architecture (SITSA) development efforigmally implemented in 2005. SITSA
consists of seven regional architectures: FloridaeS/ide, Florida District 1, Florida District 2,
Florida Districts 4 & 6, Florida District 5, Flo@dDistrict 7, and Florida’s Turnpike Enterprise.
SITSA governs the planning, design, developmertggnation, implementation, maintenance, and
operation of Florida's ITS projects. The most réeension of SITSA (FDOT, 2016) was released
in stages from late 2015 to early 2016, dependimthe specific regional architecture. This latest
release is based on Version 7.0 of the NationalAfichitecture. The architecture was developed
and updated using inputs from interviews, documentd stakeholder workshops.

SITSA includes service packages that are relatediTtd and a few service packages that are
related to crash avoidance vehicle safety. An ¢tarnof these related service packages, as
included in the Southeast Florida ITS Architect(FBOT District 4 regional ITS architectures),

are displayed in Table 2-1. Unfortunately, howew&arsion 7 of the ITS Architecture, on which

the current release of SITSA is based, does nbtdedCV applications. These applications were
included later in Version 8 of the architecturerrently referred to as the Architecture Reference
for Cooperative and Intelligent Transportation (ARG (USDOT, 2018a). ARC-IT merges,

unifies, and enhances Version 7.1 of the Natioh@lArchitecture and is an architecture developed
specifically for CV applications and is referrecaConnected Vehicle Reference Implementation
Architecture (CVRIA). Table 2-2 presents the seeypackages in ARC-IT related to the subject




of this study that are not included in SITSA andwgt be included in future releases of SITSA.
With regard to the safety applications, Table 2@udes Vehicle-to-Vehicle (V2V) applications
and autonomous vehicle applications (in italic Jom addition to V2I applications that are of
main interest to this project.

Table 2-1 ATM and Vehicle Safety-Related Service R&ages in the SITSA Southeast
Florida ITS Architecture

Area Service Package Name
Traffic Management ATMSO01 Network Surveillance
ATMS02 Traffic Probe Surveillance
ATMSO03 Traffic Signal Control
ATMSO06 Traffic Information Dissemination
ATMSO07 Regional Traffic Management
ATMSO08 Traffic Incident Management System
ATMS09 Transportation Decision Support and
Demand Management
ATMS13 Standard Railroad Grade Crossing
ATMS15 Railroad Operations Coordination
ATMS19 Speed Warning and Enforcement
ATMS20 Drawbridge Management
Maintenance and Construction.  MCO08 Work Zone Management
MCO09 Work Zone Safety Monitoring
Transit Management APTS09 Public Transport Signal Priority
Traveler Information ATISO1 Broadcast Traveler Information
ATISO02 Interactive Traveler Information
ATIS05 ISP Based Trip Planning and Route
Guidance
Emergency Management EMO02 Emergency Routing
EMO04 Roadway Service Patrols
Archived Data Management AD2 ITS Data Warehouse
Vehicle Safety Systems AVSSO05 Intersection Safégyning
AVSS10 Intersection Collision Avoidance




Table 2-2 Additional Relevant Service Packages frolARC-IT

Area Short Name Name
CVO CVvO06 Freight Signal Priority
Data Management DMO02 Performance Monitoring
PS03 Emergency Vehicle Preemption
Public Safety PS06 E]rc;;igregn;nscc):/eggsi’)roer;ﬁgri;/al Staging Guidance for
PSO07 Incident Scene Safety Monitoring
SUO1 Connected Vehicle System Monitoring and
Management
Su02 Core Authorization
Su03 Data Distribution
SuU04 Map Management
SuU05 Location and Time
Support SU06 Object Registration and Discovery
SuU07 Privacy Protection
SuU08 Security and Credentials Management
SuU09 Center Maintenance
SU10 Field Equipment Maintenance
Su1l1l Vehicle Maintenance
SU12 Traveler Device Maintenance
TMO04 Connected Vehicle Traffic Signal System
Traffic Management | TM12 Dynamic Roadway Warning
TM21 Speed Harmonization




Table 2-2 (Continued)

Area Short Name Name
VS01 Autonomous Vehicle Safety Systems
VS02 V2V Basic Safety
VS03 Situational Awareness
VS04 V2V Special Vehicle Alert
VS05 Curve Speed Warning
VS06 Stop Sign Gap Assist
VSO07 Road Weather Motorist Alert and Warning
VS08 Queue Warning
Vehicle Safety VS09 Reduced Speed Zone Warning / Lane Closure
VS10 Restricted Lane Warnings
VS11 Oversize Vehicle Warning
VS12 Pedestrian and Cyclist Safety
VS13 Intersection Safety Warning and Collision Avoidance
VS14 Cooperative Adaptive Cruise Control
VS15 Infrastructure Enhanced Cooperative Adaptive Cruise
Control
VS16 Automated Vehicle Operations
VS17 Traffic Code Dissemination
Weather WX03 Spot Weather Impact Warning

2.3 RELATIONSHIP TO PLANNING FOR OPERATIONS

Advancing Metropolitan Planning for Operations D&ference (Wortht al., 2010) provides a
recommended process to build a transportation ptah is based on operation objectives,
performance measures, and related strategiesrtheglavant to the region, considering the values
and constraints associated with each alternatiidne process (see Figure 2-3) utilizes an
objectives-driven, performance-based approachaienphg for operations. As shown in Figure 2-
3, the process starts with identifying regionallg@ad motivations, followed by related operation
objectives. A systematic process is used to selactagement and operation (M&O) strategies to
meet the identified objectives. These strategiestlaen provided as inputs to the metropolitan




transportation planning process and associatedi@vah process for possible selection and then
consideration to be included in the transportatimprovement program and other funding
programs for implementation. This approach has beemmmended to be utilized as part of the
Congestion Management Process (CMP) (Wettl., 2010).

An important foundation of the process is the depelent of operations objectives. Operational
objectives must reflect what the region would likeachieve and what stakeholders believe can
be achieved within a certain timeframe. The tiregqal(s) and area for which the objective is to
be met also need to be specified. The Desk Refenpresents examples of operations objectives
and their associated performance measures, datss,n@ed other related information that are
presented and organized in application categoriéise identified operations objectives will then
need to be used to influence the selection betwdemative solutions. An operations objective
should have the SMART characteristics defined below

The objective iSpecific (e.g., decrease travel time delay).

The objective isvleasurable (e.g., by 10 percent).

The objective iAAgreed on byplanners, operators, and relevant planning pagitg
The objective iRealistic and can reasonably be accomplished within thediions
of resources and other demands.

The objective iFime-Bound (e.g., achieved within 5 years).

Regional goals and motivation

Define performance measures
Determine operations needs
5 Identify M&O strategies
'_5 Evaluate M&O strategies
CMP uses this ] Select M&O strategies for the plan
approach with a focus E [ _—
on congestion o
.§
5
=

Figure 2-3 Steps of the Planning for Operations Press (Worth et al., 2010)




2.4 RELATED FDOT STRATEGIC PLANS AND ACTION ITEMS

This section presents a review of the goals, obestand performance measures of the TSM&O
program and the FDOT Statewide Arterial ManagerReogjram (STAMP) that provide important
inputs to the systems engineering process and iplgior operations processes discussed in the
previous section.

2.4.1 FDOT TSM&O Strategic Plan

The FDOT TSM&O Division developed the 2017 TSM&Qé&egic Plan (FDOT, 2017). The

plan includes the vision, mission, goals, objedjvand priority focus areas of the TSM&O
program. It also identifies action plans to becaaplished over the next three to five years.
Elements of the Strategic Plan that are relateddsubject of this study are reviewed below.

The identified vision in the plan is to “increase tdelivery rate of fatality-free and congestion-
free transportation systems supporting the FDOToriand Florida Transportation Plan goals.”
The mission is to “identify, prioritize, developpplement, operate, maintain, and update TSM&O
program strategies and measure their effectivef@ssmproved safety and mobility." In
accordance with the vision and mission of the 20EM&O Strategic Plan, this project will
support the FDOT activities to identify and prica& CV-based applications on urban arterials.

The plan identifies paths to achieve the goalsluding active arterial management (AAM),
adaptive signal control, incident management, staehdperation procedure changes, and
performance monitoringdutcome-based goals in tB817 TSM&O Strategic Plaare related to
the vision and mission with the identified performa areas of mobility, safety, and system up-
time. The selected performance metrics for mabiliiclude planning time index (PTI),
throughput, and delay reduction for all users,ddion to all lanes cleared times. Districts may
select other performance metrics to supplement Zrash rate and severity are selected as the
measures for safety. The Strategic Plan spedifiasbefore the end of FY 18/19, the FDOT
districts will set PTI and optional throughput atelay reduction goals by route and route segment,
with the PTI Goals possibly ranging from 1.1 inaluareas to much higher values in congested
urban aeas. These performance measures, in addition to possthbr measures, will be used in
the assessment approaches of this study.

The Strategic Plan specifies a Project-Performdieancement Goal (P-PEG) for TSM&O
strategy planning and implementation to achievetgadnd mobility goals in a cost-effective
manner. The P-PEG guidance for safety and molgktyormance metrics includes at least 5%
improvement in throughput, PTI, and speed duedatiplication of strategies selected to improve
mobility. Thresholds for crash rate and seveniptiovements will be set in a future update to the
plan.

The Strategic Plan identifies six TSM&O strategias statewide focus areas: TSM&O
Mainstreaming, Arterial Management, Connected Mebkic Express Lanes, Freeway
Management, and Information Systems. Three ofetliesus areas are related to these project
activities, which are listed below:




Arterial Management, including strategies, suchegsilar retiming and coordination,
Adaptive Signal Control Technology (ASCT), Integ@htCorridor Management
(ICM), Active Arterial Management (AAM), and SignBlerformance Measurement
(SPM).

Connected Vehicles (CV), including dedicated shange communications (DSRC)
for V21 communication, SPaT, Basic Safety Messa(@SM), transit, pedestrian,
freight and emergency vehicle priority.

Information Systems, including SunGuide® Softwdfes11, Data Integration and
Video Aggregation System (DIVAS), data archival teyss, and performance
assessment tools.

2.4.2 STAMP Action Plan

The STAMP Action Plan (FDOT, 2018a) was develogedéentify action items to advance the
FDOT Statewide Arterial Management Progranihe Action Plan supports the 2017 TSM&O
Strategic Plan vision, mission, and priority foewsas, as described in the previous section, with
advancing the deployment of field technologiesfficracontrol strategies, Traffic Management
Center (TMC) technologies, operations, and maimteea The STAMP Action Plan is meant to
be a living document and will be updated annually.

The identified actions were classified into fiveeggories: leadership, safety, mobility, system
availability, and mainstreaming. As part of theM&0O Capability Maturity Model (CMM)
Workshops, the FDOT Districts identified severalfpenance measures. Figure 2-4 shows the
number of votes received for each measure by tleaddnce of workshops. As shown in the
figure, the highest number of votes were receieednfiproving travel time, travel time reliability,
and throughput. The improvement in performanc¢oide attended by all roadway users,
regardless of travel mode choice. The Action Rlan identifies action items to support achieving
the vision of zero fatality, including reducing pate and pedestrian-related crashes.

Reduce Travel Time

Improve Travel Time Reliability
Reduce Open-road Clearance Time
Increase Throughput

Reduce Secondary Crashes
Improve Uptime Availability

Emergency Vehicle Preemption

Transit
Freight Routing
Incident And Evacuation Planning

Special Event Planning

Inter-agency Collaboration

Figure 2-4 Number of Votes Received for Each Measarby the Attendants of the FDOT
CMM Workshops (FDOT, 2018a)




The assessment parameters of the action items BTAMP Action Plan include the time-bound
category (four categories from short-term to loegyt), effectiveness, cost implications, and
accountability. Based on the assessment, the STAM@N Plan identified the following early
initiatives related to the subject of this study:

Evaluating and deploying detection devices and&® probe data for performance
measures.

Upgrading agency controllers for the collection Atitomated Traffic Signal
Performance Measures (ATSPM) and to support CVsieed

Evaluating and deploying emerging technologiedaffield and TMC levels.

The STAMP Action Plan stated that the early in@$ should be tied to the District's
performance goals and that a return on investnraiysis should be performed before considering
any of the elements for deployment.

2.4.3 Connected and Automated Vehicles Business Plan

The 2019 Business Plan of the Connected and Autzméathicles (CAV) Program of the Florida
Department of Transportation (FDOT) was developasked on an extensive coordination effort
that includes internal and external meetings andkstwps. The business plan includes an
institutionalized framework and timeframes to supmiatewide deployment using expedited
planning and outcome-centric goals. The plan iflestspecific CAV short-term to long-term
action items. The Business Plan addresses therptepaof Florida’s infrastructure for CAV
deployment by taking into consideration the lesdeasned from the FDOT project plan. The
following categories were identified as key elensesftCAV activities:

“ldentify policies and governance with a goal to elep and communicate an
institutionalized framework for planning, designira;d deploying CAV in Florida to
maximize the SME benefits. Leverage program fundmd) identify other funding
opportunities for implementation, operations, angimenance.

Identify education and outreach program objectiwt a goal to create awareness of
CAV Program deployments and develop the current fatute CAV workforce in
Florida.

Develop industry outreach to implement SME outcbased CAV technologies
through active partnerships with the industry, @msities, and stakeholders.

Identify and develop technical standards and spatibns to create a framework for
CAV infrastructure preparedness including geneaailfties design, software updates,
and hardware upgrades.

Establish a platform for CAV implementation readimen terms of technology
implementation, infrastructure improvements, anddseidentification.

Move towards full-scale CAV deployment and implaatem using the most relevant
CAV applications that have the potential to achithaee SME benefits




2.5 ACTIVE TRAFFIC AND DEMAND MANAGEMENT (ATDM) ON ARTE RIALS

As stated in the previous section, Active ArteNllnagement (AAM) is an important focus of the
FDOT TSM&O program. It is important to provide aick review of existing Active Traffic and
Demand Management (ATDM) strategies that are aplpléc to arterials before starting the
investigation of CV-based strategies. This idgne with the TSM&O Strategic Plan and STAMP
requirements of the performance-based selectiostrategies, which include existing ATDM
strategies and emerging CV-based strategies. asdsin Chapter 1, CV technology can act as
Complementary, Supplementary, and/or Alternativieit8ms to the existing ATDM technology.

Active Transportation and Demand Management (ATD®grs to strategies “to improve trip
reliability, safety, and throughput of the surfdc@nsportation system by deploying operational
strategies that dynamically manage and controktramd traffic demand and available capacity,
based on prevailing and anticipated conditions” \((/& 2017). Active Traffic Management
(ATM) is one of the three categories of strategiesler ATDM, along with Active Demand
Management (ADM) and Active Parking Management (APAM'M strategies that are applicable
to arterials include:

Adaptive Signal Control Technology (ASCT),

Dynamic Speed Limit,

Queue Warning,

Transit Signal Priority (TSP), and possibly

Dynamic Lane Use (particularly, if the conceptxsemded to include dynamic lane
assignment to intersection turning movements).

On the other hand, ATM approaches focus on influendravel behavior with respect to
lane/facility choices and operations. ATM stragsgihat are most relevant to this research project
include:

Predictive Traveler Information,

Dynamic Routing, and possibly

Dynamic Managed Lanes (in cases when managed daeésplemented on urban
arterials, such as what was considered for thehseoutsegment of US 1 in Miami-
Dade County by the Miami-Dade Expressway Autharit2013).

FHWA has developed an ATDM Implementation and Opana Guide (Dowling et al., 2013) to
support the implementation and operation of ATMallow more efficient use of their networks
through the implementation and operation of ATMitgies. A step-by-step Highway Capacity
Manual (HCM)-related analysis methodology to eveduthe impacts of ATDM, as well as
measures of effectiveness, were presented in thdeGult is emphasized in the developed
methodology that the ATDM strategies should be ss=® under varying demand and capacity
conditions.




2.6

DYNAMIC MOBILITY APPLICATIONS

As stated earlier, the USDOT DMA Program identifibegh-priority dynamic mobility
applications that utilize V2I technologies to impeomobility. Table 2-3 shows the identified

DMA bundles and applications

(USDOT, 2018b). Thaestrrelevant applications to this project

are INFLO, MMITSS, R.E.S.C.U.M.E, and possibly Ele#¥1S. The following are brief

descriptions of the applications.

Table 2-3 USDOT Program DMA Bundles and Applicatiors

Bundle

Applications

Freight Advanced Traveler
Information System (FRATIS)

Freight Specific Dynamic Travel Planning and
Performance, Drayage Optimization (DR-OPT)

Integrated Dynamic Transit
Operation (IDTO)

Connection Protection (T-Connect), Dynamic Transit
Operations (T-DISP), Dynamic Ridesharing (D-RIDE)

Response, Emergency Stagin
and Commutations, Uniform
Management, and Evacuation
(R.E.S.C.U.M.E.)

yIncident Scene Pre-Arrival Staging Guidance for
Emergency Responders (RESP-STG), Incident Scenk Wor
Zone Alerts for Drivers and Workers (INC-ZONE),
Emergency Communications and Evacuation (EVAC)

Multimodal Intelligent Traffic
Signal System (MMITSS)

Intelligent Traffic Signal System (I-SIG), Transamd
Freight Signal Priority (TSP and FSP), Mobile Acibke
Pedestrian Signal System (PED-SIG), Emergency \ehic
Preemption (PREEMPT)

Intelligent Network Flow
Optimization (INFLO)

Dynamic Speed Harmonization (SPD-HARM), Queue
Warning (Q-WARN), Cooperative Adaptive Cruise Coitr
(CACC)

Enable Advanced Traveler
Information Systems (Enable
ATIS)

EnableATIS (Advanced Traveler Information Syste®) 2.

The Intelligent Network Flow
applications (Mahmassani et al

Q-WARN provides a

Optimization (INFLO)onsists of three different but related

., 2012):

vehicle operator with sufficient warnofgan impending queue

backup, thereby minimizing the occurrence and impétraffic queues by using CV
technologies. This application should be considiéoe locations with a high potential
for rear-end crashes resulting from significant dstkeam speed reductions or stopped

traffic.

The conceptual Q-WARN application perf@arnwo essential tasks: queue

determination (detection and/or prediction) andugumformation dissemination. In
order to perform these tasks, Q-WARN solutions dam vehicle-based or
infrastructure-based or utilize a combination aflea

SPD-HARM dynamically adjusts and coordinates vehicle speedsler to maximize
traffic throughput and reduce crashes. By reduspeed variability among vehicles,




traffic throughput is improved, flow breakdown faation is delayed or even
eliminated, and the number and severity of colflisios reduced. Although this
application has been mainly tested for freewayss ielated in certain aspects to the
Eco-Driving speed approach to signalized intersecti

CACC or Cooperative Adaptive Cruise Control dynamicallyd automatically
coordinates cruise control speeds among platooveicles, coordinates in-platoon
vehicle movements, reduces drag, maximizes theahwh green, and reduces startup
lost time at signalized intersections. Infrastauetinformation could be used as inputs
to the CACC control, in infrastructure-based CACC.

CACC SPD-HARM Q-WARN

(OO 1 T O g

® ® @ ®

CACC initiated for upstream Dynamic speed harmoniza- Queue alert immediately Freeway collision
traffic in order to maximize tion initiated for upstream provided to following occurs and queue
carrying capacity of the road traffic to reduce speed. vehicles to prevent forms

as crash is cleared secondary crashes

Figure 2-5 Combined Q-WARN/SPD-HARM/CACC lllustrati on (Mahmassani et al., 2012)

The Multi-Modal Intelligent Traffic Signal Systen@8IMITSS) is a next-generation traffic signal
system that provides service to all modes of trartgapon utilizing CV technology (see Figure 2-
6). MMITSS consists of five different applicatio@shn et al., 2015):

I-SIG aims to maximize the throughput of passemgdicles and minimize the delay

of priority vehicles under saturated conditions amdimize the total weighted delay

during undersaturated conditions.

TSP allows transit agencies to manage bus seryicting the capability to grant

buses priority.

PED-SIG integrates information from roadside oeliséction sensors and new forms
of data from pedestrian-carried mobile devices.

PREEMPT integrates with V2V and V2| communicatigetems in preempting signal

phases for emergency vehicles.

FSP provides signal priority near freight facigti®ased on current and projected
freight movements.
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Figure 2-6 lllustration of the MMITSS Concept (University of Arizona et al., 2012)

The Response, Emergency Staging and Communicatimifgrm Management, and Evacuation
(R.E.S.C.U.M.E.) bundle consists of the four amtlmns listed below (Battelle, 2012), as listed

below.

INC-ZONE is an incident zone application. It wartisvers that are approaching
temporary work zones at an unsafe speed and/ectoay. It also warns public safety
personnel and other officials working in the zone.

RESP-STG is a responder staging application thaviges situational awareness
information to public safety responders while eateoto an incident. It can also help
establish incident work zones that are safe fquaeders, travelers, and crash victims
by providing input regarding routing, staging, aselcondary dispatch decisions;
staging plans; satellite imagery; GIS data; curvegdther data; and real-time modeling
outputs. This new information is expected to ptdevimore accurate and detailed
information to support decisions and actions madeebponders and dispatchers.
EVAC10 supports region-wide evacuations by prowgdiynamic route guidance and
information to identify and locate people requirgspistance.

Advanced Automated Crash Notification Relay (AACNRELAY) applications are
anticipated to help transmit a range of data vieeotehicles and roadside hot spots
that can help enhance incident response.

EnableATIS consists of four different applicatigBsirgess et al., 2012):

ATIS - Multimodal Real-Time Traveler Informationahintegrates data from different
sources and disseminates it to users via differeaia.




S-PARK - Smart Park and Ride that monitors and niepihe occupancy of parking

spaces in real-time, calculates the average trdisthnce and time to the parking
facility and suggests alternative locations.

T-MAP - Universal Map Application that enables sportation agencies to place real-
time information on a universal map.

WX-INFO - Real-Time Route Specific Weather Informat

2.7 V2] SAFETY APPLICATIONS

There are a number of Vehicle-to-Vehicle and VehitokInfrastructure applications that are
utilized to improve safety. This project focus@su®| applications to improve safety. V2I safety
applications utilize a combination of data from th&astructure with data from the vehicle to
identify crash likelihood and the need for the daly of hazard warnings to drivers. These V2I
safety applications include (USDOT, 2018C; Richetrdl., 2015a):

Applications enabled by Signal Phase and Timing (SH), MAP (intersection
geometric description), and possibly GPS correctiordata messagesent from
Roadside Units (RSU). These applications alslude

o0 Signalized Left Turn Assist (SLTA): The SLTA system supports drivers who
make permissive left turns at signalized intergaati This system identifies the
location and speed of vehicles traveling on theospp thru movement and
provides the driver making a left turn with infortioa to assist in selecting an
adequate gap when turning. The objective of thesesy is to help reduce driver
errors related to detecting traffic and judginggap

0 Red-Light Violation Warning (RLVW): This system provides a warning to
drivers who may potentially enter the intersectiorviolation of the signal
control. The objective of this system is to redtlce frequency of red-light
violations.

0 Right Turn Assist (RTA): This application is similar to SLTA but warns
drivers making a right turn on red with the potahtor a collision.

0 Pedestrian in Signalized Crosswalk (PSCW): An application that warns
vehicles of a potential conflict with pedestriahattare within the crosswalk of
a signalized intersection.

0 Mobile Accessible Pedestrian Signal System (PED-S)GThis application
provides pedestrian information about crossing aigmrming and improves
safety for visually impaired pedestrians.

Stop Sign Gap Assist (SSGA)This is a system that supports drivers on minads
who are attempting to either cross or enter therseicting major road. SSGA provides
drivers with information about oncoming vehicleavieling on the major road. The
objective of this system is to help drivers satefyel through or turn onto a highway
from a stop-controlled intersection.

Reduce Speed/Work Zone Warning (RSWZW) andRoad Hazard Warning:
Information is provided to the vehicle to enabler or warnings relating to a specific
situation, such as warning drivers to reduce speleange lanes, or come to a stop




within or approaching work zones and other hazartie. data can be obtained from
multiple sources, including vehicles, field devicesanagement and information
centers, and third-party data sources.

Curve Speed Warning (CSW): The CSW application supports motorists when
driving through a roadway curve at a safe speed.slstem provides an alert/warning
to drivers if their current travel speeds exceasafa/advisory speed for the curve. In
arterial environments, this application is simtia@a ramp curve warning.

Rail Crossing Application (RCA): This application includes equipping Railroad (RR)
Grade Crossings with Roadside Equipment (RSE)ptatides warnings to vehicles
about approaching and crossing trains. The warmangge of communication
technologies, such as Dedicated Short-range Conuations (DSRC) increases
compared to conventional equipment. The data cabtaned from multiple sources,
including vehicles, management and information @exffield devices, and third-party
data sources.

Spot Weather Information Warning (SWIW): This system provides drivers with
information about potential weather-related hazart$ appropriate precautions, such
as reduced travel speed. The data can be obtloradnultiple sources, including
vehicles, management and information centers, fieldces, and third-party data
sources.

The USDOT focuses their efforts on five V21 safapplications, including Red Light Violation
Warning (RLVW), Stop Sign Gap Assist (SSGA), CuBmeed Warning (CSW), Reduced Speed
Zone Warning (RSZW), and Spot Weather Informatioariihg (SWIW). The Concept of
Operations (Stephens, 2012a and 2013a) and theewunts (Stephens, 2012b and 2013b) for
the five V2I safety applications have already bdeweloped.

2.8 PROBE-ENABLED TRAFFIC MONITORING

The traffic monitoring and data collection functsomre required for transportation system
management, operations, and planning. Connecthitleetechnologies promise to provide
transformative changes in traffic monitoring antbedaollection,ncluding those related to traffic,
events, weather, and emissions monitorinfhe collected data for real-time and off-line
applications will have higher fidelity, more compessive coverage of geography, new data types
that allow new measures, and a potentially reduneed for infrastructure investments. In general,
traffic monitoring and data collection functionsncae categorized into the following three
categories (Hadi, 2017; Hadi et al., 2017):

Off-line system performance analysis and modelifigis category includes measuring
or estimating various performance measures foliméfuse by planners, modelers, and
analysts to support general planning and planronggperational decisions.

Real-time system performance monitoring: This gaitg includes measuring or
estimating various performance measures in rea-fonuse by a system operator or
an automated system to support transportation rayst@anagement and operation
decisions. Some of the information is also dissamed to travelers, third-party




traveler information service providers, and othgerecies (such as transit, emergency,
planning, and other traffic management agencies).

Incident detection and verification: This involveletecting and verifying the
occurrence of the incident and incident attributegsh as the exact location of the
incident, number of lanes blocked, identificatidrihe blocked lane(s), the number and
types of the vehicles involved in the incident,ident severity, lane clearance, and
incident clearance.

Connected vehicle, traveler opt-in and potentiallfomated vehicle technologies promise to

provide several parameters currently provided Inewotechnologies, as well as parameters that
cannot be collected by other technologies. The parameters that cannot be obtained using
connected vehicle technologies are volume and géosctupancy/presence unless the market
penetration of connected vehicle technologies B%d@Hadi et al., 2017). However, there is a

potential to utilize algorithms that estimate thpasameters at a relatively low market penetration
by combining data from a limited point detector ldgment with connected vehicle data. The

following are measures that are expected to bedeltl using existing and future technologies:

Travel Time/reliability

Volume

Density/occupancy/presence
Origin-destination

Vehicle classification

Queue length/back of queue

Stops, accelerations, and decelerations
Shockwave speed

Intersection movement-level measures
Potential for crashes

Platoon stability/probability of breakdown
Emission

Traveler behaviors and choices
Infrastructure-oriented data

Another critical function of traffic monitoring stems is the fast detection and validation of
incident occurrence and attributes to reduce larteshoulder blockage duration, as well as to
allow fast notification by responding agencies. affic management centers currently detect
incidents utilizing a number of methods, includithg processing of data collected from point
detectors (and in some cases AVI data), video #ngJyand external notifications, including
notifications from police and service patrols. Bweity, FDOT also obtained third-party private
sector incident feeds, which are important, paldidy when dealing with incidents occurring on
segments that are not well covered by incident mament activities, such as urban arterials and
rural freeways.




2.9 FLORIDA AND USDOT PILOT DEPLOYMENT APPLICATIONS

To assess the level of experience and issues Withpplications, it is important to review existing
implementations of these applications. This sectiesents a review of the types of CV-based
arterial applications implemented in Florida andsthimplemented as part of USDOT CV pilots.

2.9.1 USDOT CV Pilots

The Connected Vehicle Pilot Deployment Program spoed by the USDOT is a national effort
to deploy, test, and operationalize connected \ehigplications (USDOT, 2018d). The program
aims to accelerate deployment, promote interopkngland support the use of associated data.
In September 2015, the USDOT awarded more thanrdlion to three sites to pilot CV
deployment. These sites are New York City, NewKky®/yoming; and Tampa, Florida. The
Wyoming deployment focuses on a rural freeway &g ts not considered further in this report.

The USDOT specifies the following requirementstfo pilots (Vadakpat, 2018):

Needs-driven planning and investment to be used

Multiple connected vehicle applications to be dgptbtogether

Pilot deployments should leverage USDOT-sponsagedarch

Pilot deployments include the capture of data froaitiple integrated sources
Pilot deployment data protecting privacy and iretibal property

Dedicated Short-Range Communications (DSRC) 5.9 6Hte utilized
Well-defined, focused, quantitative performance soeas

Support an independent evaluation effort

Security and credentialing management system tdileed

The New York City Connected Vehicle Pilot deployrmenimplementing CV technologies to
improve the safety of travelers and pedestriatisarcity. Led by the New York City Department
of Transportation (NYCDOT), the pilot aims to reducrash frequency and severity, reduce
violation of the speed limit, and evaluate the lfighef deploying connected vehicle technology
in a dense urban environment with frequent intevastamong participating vehicles (Walker,
2018; USDOT, 2017a). The deployment provides grodpnity to evaluate CV technology in
dense urban transportation systems. The pilot @eaists of three distinct areas in Manhattan
and Brooklyn. The project will equip up to 8,008¢t vehicles with after-market safety devices,
5,850 taxis, 700 MTA buses, 1,050 Sanitation andlr @hicles, and 400 UPS vehicles). The
project also includes 100 pedestrian personal mmétion devices (PIDs). The infrastructure
components include installing 353 roadside uniSR) at high-crash rate arterials and upgrading
239 traffic signals along these arterials.

The Tampa Connected Vehicle Pilot will equip busgseetcars, and privately-owned vehicles
with CV technology to enable them to communicatermation with each other, as well as with
infrastructure and pedestrians who use a smartphyom€Vadakpa018; USDOT, 2017b). The
expected safety and mobility benefits to motoriséglestrians, and transit operations include crash
prevention, enhanced traffic flow, and greenhouse m@ductions. The project is deploying a




variety of connected vehicle technologies on anthévicinity of reversible express lanes and
three major arterials in downtown Tampa to addmessning peak hour queues, wrong-way
entries, pedestrian safety, bus rapid transit (B&gdnal priority optimization, trip time and safety
streetcar trolley conflicts, and enhanced signakdmation and traffic progression. The pilot is
deploying onboard CV units on 1,600 privately owmeticles, 10 buses, and 10 streetcars. Forty
roadside units will be installed at the busiesgiiséctions of the pilot area. The goal is to have
500 or more pedestrian participants.

Table 2-4 lists the applications that are beindalegal in the New York and Tampa pilots, as well
as the associated identified needs, and the isgial of the identified performance measures. The
performance measures were updated in the evalyalaos of the pilots, which will be discussed

in Chapter 3.

Table 2-4 The CV Applications Deployed in the New &tk and Tampa Pilots

New York Tampa
Identified o .
Application | Identified Potential ldentified | 'dentified Potential
Performance
Need Performance Need
Measures
Measures
Intelligent Mobility in Average speed Reduce Congestion Impact
Traffic Signal Heavily Average wait time | Queue Incident Rates
System (I-SIG) | Congested at stops Backup on | Travel Time and
Areas Average travel timeg Curve and | Reliability of Travel
Average throughput Improve Time
at intersections Signal Emission and Fuel
*Number of hard | Timing Consumption

accelerations/decel
rations

eProgression

Transit Signal Improve bus| Transit Ridership
Priority On-schedulg Travel Time and
Performance Reliability of Travel

Time

Bus Headway / On-
Schedule
Performance

Bus Tailpipe
Emissions

Fuel Consumption




Table 2-4 (Continued)

New York Tampa
Identified o .
Application |  Identified Potential Identified | 'dentified Potential
Need Performance Need FETSENIEE
Measures
Measures
Pedestrian in Improve Pedestrian Improve Application
Signalized Pedestrian collisions with Pedestrian | Acceptance
Crosswalk Safety on transit buses Safety at Transit/
Warning Heavily Mid-Block | Auto/Pedestrian
Traveled Bus | Number of Crossing Conflicts
Routes warnings generated Locations Pedestrian Behavior
(e.g., Jaywalking
behavior)
Mobile Improve Waiting time at Provide Application
Accessible Safety of intersections for Pedestrian | Acceptance
Pedestrian Visually crossing Crossing Transit/
Signal System | Impaired Signal Auto/Pedestrian
Pedestrians | Number of Timing Conflicts
pedestrian crossing Pedestrian Behavior
violation reductions (e.g., Jaywalking
behavior)
Curve Speed Improve Accident at ramps | Warn Incident Rates
Warning Truck Safety | Number of Vehicles of
on Curves (on| warnings generated Queue
ramps) Backup in
Curve
Alerts the Accident rate
Oversize driver of
Vehicle restricted
Warning roadways and
impending
height-
restricted
infrastructure,
such as bridge
or tunnel
clearance
Red Light Reduce Signal violations
Violation accidents at
Warning high-incident | Accidents at

Intersection

intersections




Table 2-4 (Continued)

New York Tampa
Identified o .
Application |  Identified Potential Identified | 'dentfied Potential
Need Performance Need FETSENIEE
Measures
Measures
Reduced Speed/ Improve Work| Average speed at
Work Zone Zone Safety | work zone and
Warning and alert other zones
drivers of compared to poste(
speed limit speeds
violation
In-vehicle Provide Acceptance and
information evacuation driver interviews
and unusual
situation alerts
Warns Incident rate
Intersection driver when
Movement it is unsafe
Assist (IMA) to enter
intersection
Probe-enabled Effectively | City Traffic
Traffic Monitor Management Center
Monitoring Peak (TMC) Operation
Queuing Enhancements
and Transit Agency
Congestion | Scheduling

Travel Time and
Reliability of Travel
Time

Fuel Consumption




2.9.2 Florida CV Implementations

There are currently several CV projects in the enpntation, development, and planning stages
statewide (FDOT, 2018b), as shown in Figure 2-fesE deployments have included Signal Phase
and Timing (SPaT) and pedestrian safety applicatiofhe following is an overview of these
deployments.

PROJECTS/INITIATIVES

PLANNING

US 41 Florida’s Regional Advanced Mobility Elements (FRAME)
Central Florida Autonomous Vehicle (AV) Proving Ground
Driver Assistive Trucking Platooning (DATP) Pilot

Pinellas County Signal Phase and Timing (SPaT)

-

NN FLORINS
vumut

Managing the Unexpected Every Day Broward County
US 1 Keys COAST
I-4 Florida’s Regional Advanced Mobility Elements (FRAME)

DESIGN/IMPLEMENTATIO!

I-75 Florida's Regional Advanced Mobility Elements (FRAME) Gainesville
|-75 Florida’s Regional Advanced Mobility Elements (FRAME) Ocala
Florida’s Turnpike Enterprise (FTE) SunTrax

Gainesville AV

Gainesville Bike and Pedestrian Safety

City of Orlando Greenway/Pedestrian Safety
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7 ~— | (DISTRICT 4

SR 434 Connected Vehicle Deployment
Downtown Tampa Autonomous Transit
Orlando Smart Community 2017 ATCMTD
Voyage at The Villages

Implementing Solutions from Transportation Research and Evaluation of
Emerging Technologies (I-STREET)
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Gainesville Signal Phase and Timing (SPaT) Trapezium 12

OPERATIONAL
US 90 Signal Phase and Timing (SPaT) Tallahassee 1 w 5

Osceola County Connected Vehicle Signals 2
. Tampa Hillsborough Expressway Authority (THEA) Connected Vehicle Pilot 3

Figure 2-7 Current (Accessed May 2019) CV Deploymeéim Florida

In addition to the Tampa Hillsborough Expresswayhduity (THEA) Connected Vehicle Pilot,
the current operational projects include:

The SPaT project is a partnership between the F@R@Gd City of Tallahassee to
broadcast SPaT information to vehicle onboard wsilsg CV DSRC technology. The




goal is to gain experience to support the advanonerok V2| capabilities around
Florida. The deployment is at 22 signalized irgetons equipped with DSRC
technology on U.S. 90 Mahan Drive in Tallahassémjda. The project was initiated
in response to the AASHTO SPaT challenge for aliestto utilize DSRC technology
to support SPaT deployment at 20 signals by the3@20 to gain experience with CV
technology.

Osceola County deployed RSUs at two signalizedsetgions. The deployment was
sponsored by the Federal Highway Administratioa @dot project to test DSRC and
intersection processing equipment to gain expeeeard compile lessons learned in
the deployment of CV infrastructure and applicationhe RSUs were deployed at the
intersection of Osceola Parkway and Orange BlosB@ih, and at the intersection of
Orange Blossom Trail and Poinciana.

The projects that are in the planning stage aredibelow:

U.S. 41 Florida's Regional Advanced Mobility Elertse(FRAME)
Driver Assistive Trucking Platooning (DATP) Pilot

Pinellas County Signal Phase and Timing (SPaT)

Managing the Unexpected Every Day Broward County

U.S. 1 Keys COAST

The projects that are in the design/implementatiage are listed below:

I-75 Florida's Regional Advanced Mobility Eleme(fERAME) in Gainesville
I-75 Florida's Regional Advanced Mobility Eleme(FRAME) in Ocala
Florida's Turnpike Enterprise (FTE) SunTrax

Gainesville AV

Gainesville Bike and Pedestrian Safety

City of Orlando Greenway/Pedestrian Safety

SR-434 Connected Vehicle Deployment

Downtown Tampa Autonomous Transit

Orlando Smart Community 2017 ATCMTD

Voyage at the Villages

Implementing Solutions from Transportation Reseantd Evaluation of Emerging
Technologies (I-STREET)

Gainesville Signal Phase and Timing (SPaT) Trapeziu

2.10 METHODS TO SUPPORT ITS DEPLOYMENT DECISIONS

Decisions to invest in alternative ITS technolod@support TSM&O are expected to increase in
complexity, particularly with the introduction obenected vehicles (CV) and automated vehicles
(AV) in the coming years.




The National CV Field Infrastructure Footprint Aypsis document produced by the American
Association of State Highway and Transportationiciffs (AASHTO) (Jill, 2013) pointed out
that public agencies will need to assess the us®mfiected vehicle probe data versus existing
methods of data collection.

This section reviews what is known about the factmnsidered by agencies when investing in
ITS and CV and proposed methods to support thesidecito deploy ATM and CV-based
technologies. This review will provide input tovédéop a method in this study to support the
decision to invest in CV. This review includes ttlecision factors influencing investment
decisions and previous methods used in assessntirn on investment and the utility of an
ITS solution for a transportation agency.

The USDOT Connected Vehicle Impacts on TransporatPlanning Project documents
(Krechmer et al., 2015) mentioned that since then@oted and Automated Vehicle (CAV) is an
emerging technology, it may be difficult to quaatively rank CAV projects using traditional
evaluation metrics, such as benefit-cost ratio.e EStimates for costs and benefits are still
preliminary and depend on many factors, such akehgaenetration, industry competition, and
regional coordination. This will be consideredsasiethod is developed to support the decision-
making process.

2.10.1 Decision Factors Influencing ITS and CV DeploymenDecisions

To develop methods to support agency decisionsneghrd to CV deployments on arterials, it is
important to understand the factors consideredgenees when deciding to deploy specific ITS
or CV technologies.

A survey that was done as a part of the UnitedeStaepartment of Transportation (USDOT) ITS
Deployment Tracking Project (Khazraeian, 2017) idex safety and mobility benefits,
integration with existing technologies, availalyilaf funding, and equipment price as the major
factors in the decision-making process for investmITS technologies.

In another study, the USDOT conducted the “LongitabStudy of ITS Implementation: Decision
Factors and Effects” to identify the above-mentwfectors (Shah et al., 2013). The study used
an interview-based approach to analyze the decfactors of the public sector and the trucking
and automobile manufacturer decision makers. Resdicate that for the public sector, the most
important factor was quality and reliability, folled by interoperability considerations, and the
demonstration of benefits. The most important mkefactor was budget and funding sources.
For the trucking industry, the most important fastéor adopting a new technology were the
cost/return on investment, compatibility with eiigt systems, readiness and maturity of the
technology, quality and reliability, and productngee and support. The study investigated
whether the importance of the factors changes thghphase of ITS implementation. During the
initiation phase, budget and funding were the ma#ical factors (rating of 7.8). The
demonstration of benefits and involvement in theggmt by stakeholders was second, with a rating
of 7.2. At the development phase, budget and fmdiad a rating of 8.4 out of 10, and
interoperability came in second, with an averagmgeof 7.9. In the deployment phase, quality




and reliability (8.9 rating) and end-user awarenhesterstanding (8.4 rating) exceeded budget and
funding (8.3 rating). During this phase of ITS lempentation, organizational factors become
important with an 8.0 rating, including staff kn@dbe and expertise, clarity in division of
responsibilities, and having partners onboardwith an 8.0 rating). Specified barriers include
legal and regulatory, financial and economic, aacision-making barriers. It has been noted that
many of these factors are expressed in the framevaorthe Capability and Maturity Model
developed for the TSM&O. Decision makers wantedeniaformation about CV applications and
on the business cases of CV-based deploymentskelftigers expressed that the federal
government needs to provide more demonstraticeigjrig, and direction to local and state DOTSs.

A study by the Michigan Department of Transportattonducted a survey of public agencies to
identify their views of the challenges of variossues to the broader adoption of connected vehicle
technologies (MDOT 2012) (Hadi, 2017). Figure 2t&ws the level of different challenges
according to the survey responses. The identifisdas with different challenge levels include:

Funding

Driver distraction

Liability concerns

Maintaining proper system functionality
Security

Privacy

Standard maturity

- Costs
Chapter 4 provides a further discussion of thesrigikd constraints associated with CV
applications.

How challenging are each of the following issues to broader adoption of connecied vehicle technology?
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o 12 1 7 m\Very challenging
%10 | -— B Somewhat challenging
e 8 + B Slightly challenging
& 6 - e S @ Not at all challenging
4 4 |
2 - E L
0 kK | L,
Personal Data Driver Funding for Vehide Standards Liabilty Maintaining
privacy security  distraction roadside equipment concerns proper system
concerns infrastructure  costs functionality

Figure 2-8 Survey Response to the Question of théh@llenges of Various Issues to Broader
Adoption of Connected Vehicle Technologies (MDOT,®12)




2.10.2 ATM Screening Guide Method

The Active Traffic Management Feasibility and Scieg Guide (Neudorff and McCabe, 2015)
presented a recommended process to follow wherid=yitey ATM deployment to help identify
the specific roadway segments that are most stote®lTM and the appropriate ATM strategies,
the expected costs, and range of benefits. Theepso supports an “objectives-driven,
performance-based approach to planning for operstipromoted by the FHWA and the Federal
Transit Administration (FTA). The process is sumized in Figure 2-9.
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Define performance measures

Determine operations needs

8 Identify operations strategies
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approach with
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! Select operations strategies
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o '“"]:""‘ TR Initial ATM
feasibility screening
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Figure 2-9 Process Recommended in the Active TraffiManagement Feasibility and
Screening Guide (Neudorff and McCabe, 2015)
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The following are the steps of the process mentd@ab®ve:

Preparation step: This step involves ensuring that the selected Aftidtegies support
agency goals, identifying relevant objectives fofM\ linking ATM Strategies with
goals and objectives, defining the network to bedymed, identifying and collaborating
with stakeholders, conducting data collection, sevilewing recent literature.
Assessment of Agency Policies and Capabilities féctive Traffic Management:
This step involves confirming the existence of tleeded supporting institutional
framework.

Identification of Major Roadway Segments for Potenial Active Traffic
Management: In this step, major segments that will likely behé&fom deploying
ATM (e.g., safety problems, recurrent congestiord aon-recurrent congestion) are
identified.




Analysis and Prioritization of Individual Roadway Links and ATM Strategies:
This step includes ranking based on traffic operatind safety analysis.

Estimate Benefits and CostsThe final step is to estimate the return on investim
utilizing sketch planning tools, highway capacityamal procedures, and/or other
methods.

2.10.3 NCHRP 20-07/376 Method

Traditionally, ITS technology and associated sgrgtalternatives were assessed using return on
investment analyses that involve deterministicestes of the present values of current and future
benefits and costs over the project’s life. Digdaates are used to calculate the present value of
cash flows. However, these methods are unablapgture the risks and uncertainties associated
with the investment problemin addition, these methods cannot account for agpreferences
and constraints that cannot be converted to dedihres.

The authors of this study in an NCHRP report (Ha81.7) utilized a combination of a stochastic
return on investment analyses and the Monte Caitaul&tion and Multi-Criteria Decision
Analysis (MCDA) to select between ITS deploymentemdatives considering emerging
technologies. The study used the Monte Carlo sitiarl to account for uncertainty by expressing
cost and benefit parameters as probability distioing rather than as fixed valuds addition, the
study used MCDA to account for both qualitative guodntitative factors in the decision-making
process. The MCDA requires stakeholder input in terms ofrtipgeferences and priorities, with
respect to various decision criteria and an assa#saf each alternative to meet each criterion.
The Analytical Hierarchy Process (AHP) MCDA metheds selected for use in that study. The
objectives included in the AHP process are theigrow of the required functions (which can be
linked to the goal, objectives, and performance suess), achieving the required performance,
minimizing the risks and constraints, and maxingzime return on investment. The approach was
applied to the selection of CV-based technologsupport traffic data collection and monitoring
service, which includes incident detection and éfgime estimation and traveler information
dissemination. The study noted that these appitatwere used as examples and the
methodology can be applied to other ITS servicébe results of the selection between the
alternatives are expected to be dependent on plu¢ rarameters, which vary throughout different
agencies and locations.

A four-level decision making hierarchy accordinghe AHP method was defined for the purpose
of alternative selection. An example of the ci&tedteveloped to select between emerging and
existing traffic monitoring and data collection he@ologies is shown in Table 2-5. As shown in
Table 2-5, the top level of the decision hieraronyoal for the case study service is “To select
between CV and existing detection technologies gooviding traffic data collection and
monitoring service.” The two middle levels of thierarchy include the overall objectives and the
sub-criteria associated with each of the objectivAad the lower level is the alternative level.
The monetizable measures are assessed in the iodd&V analysis using the Monte Carlo
simulation, and the NPV results are included agiteron in the AHP analysis. The non-
monetizable measures are included as additionasunesin the AHP analysis.




Table 2-5 Criteria for Selection between Emerging rad Existing Traffic Monitoring and
Data Collection Technologies

Goal Objectives Sub-Criteria Alternatives

Selecting between CV and 1-Provision of | 1.1- Ability to measure travel time CV data
existing detection technologiesthe required | 1.2- Ability to measure volume

for providing traffic data functions and/or density
collection and monitoring 1.3- Ability to measure new
service measures (acceleration noise,

stops, breaks, windshield wipers
on/off, light on/off, emission,
potential for crashes, etc.)
2-Achieving | 2.1- Mean absolute error in

the required | measurement

performance | 2.2- Standard deviation of error of
measurement

2.3- Detection timeliness
3-Minimizing | 3.1- Technology uncertainty
the risks and | 3.2- Standard stability
constraints 3.3- Uncertainty in business modgl
3.4- Data archiving and processing
and technical skill concerns
3.5- Funding (initial and recurring
3.6- Data availability and sharing
concern

3.7- Security and privacy concerns
4-Maximizing | 4.1- Median present worth (based
the return on | on Monte Carlo analysis)
investment 4.2- 15% present worth (based o
based on NPV| Monte Carlo analysis)

Point
detectors

-

2.10.4 SPaT Challenge Resource Team Method for Corridor Section

The goal of the SPaT Challenge is to encourage stdbcal agencies throughout the United States
to deploy SPaT message broadcasts at approxim2@elptersection locations, typically in a
corridor or network setting The SPaT Challenge Resource Team was formed byw2he
Deployment Coalition to support the National CoriadcVehicle SPaT Deployment Challenge
(National Operations Center of Excellence, 20I8)e Resource Team has developed guidelines
for selecting corridors to implement SPaT technigsgalthough it realized that often the final
selection of early technology deployments dependsnstitutional decision as much as on a
technical or cost-based decision. Thus, the Guieglstated that it is expected that each agency
will select corridors/networks for SPaT implemematbased on their own decision-making
process.

The Guidelines identified at least two high-lewgdds of decision criteria:




Need for V21 Applications.This involves selecting a corridor with a need ¥1-
based applications. Examples of the needs include:

o

Need for transit signal priority - TSP functionsthvivV2l applications may
include more sophisticated priority algorithms lthsen more detailed
information provided by SPaT and could include fesak sent to the driver
regarding whether the priority request was acconatest]

Signalized corridors operating at or near capatiutyng peak periods - A SPaT
deployment in the short term could enable Intetiig8ignal Systems in the
future that benefit from the additional informatigumovided through V2I
communications.

Urban arterials that can be part of an Integratedi@or Management (ICM)
deployment.

A corridor or a network with heavier than normalexgency vehicle traffic that
currently utilizes emergency vehicle preemption.

A corridor with higher than normal red-light vialans and/or crashes related
to red light violations.

A corridor with higher than normal commercial vdaifreight traffic to enable
applications, such as the Freight Signal Priority.

A corridor with a major special event venue - A SREeployment can now
support adaptive or reactive special event sigmahgyy and traveler information
dissemination systems.

Infrastructure Compatibility. This involves selecting a corridor with infrastruet that
is ready and compatible for SPaT deployment now éne near future, and whether
or not the infrastructure includes:

(0]
0]

Traffic signal controller and software that outptite SPaT message.

Traffic signal controller and software are abledoeive and process messages
for applications that require this capability, s@shTSP and Intelligent Signal
Systems.

The signal controller cabinet has a space for addgquipment, as needed for
the application.

There are available ports in the traffic signaltcolfer to connect to the DSRC
antennae (or intermediate server), as needed.

There is backhaul communication or capability tod athe required
infrastructure to support backhaul communicati@nthé signal controller.

The positions of the DSRC antennas have been faghitonsidering the
needed line of sight visibility to vehicles.

Cable communications between the controllers arel BISRC Antenna
locations are possible, and power can be madead@ito the pole where the
DSRC antennae would reside.

GPS coverage at the candidate intersection(shable and has good coverage
with limited “urban canyons” effects or errors mduced by atmospheric
conditions.

Traffic signal controller operating with a high-ditiatime source (i.e., +/-250
milliseconds or more)?




2.10.5 FHWA Near-Term V2I Transition and Phasing AnalysisTools

AASHTO has developed a set of tools for assistiaggportation agencies with decision making
and preparing/planning for connected vehicle dapkayts. The tools include the Application
Prioritization Tool (APT), Lifecycle Cost Model (L@&M), and Infrastructure Planning Tool (IPT).

The Application Prioritization Tool (APT) (Booz Adh Hamilton, 2014) identifies
relevant CV V2l applications based on needs, issaesl impacts for a given
deployment. Table 2-6 presents the intended imfpaetd) specification input by the
user to the APT tool for an urban arterial.

The LCCM (Platte, 2016) prompts the user to speeHich application is to be costed
out, as well as the quantities of specific comptsieT he tool considers overlays as
percentages of the total capital costs. Thesergdnde Operating & Maintenance
(O&M) costs, Systems engineering and installatiasts which are captured as
overlays that are applied annually. Table 2-B@nés a list of the inputs to the LCCM
for an urban arterial.

The Infrastructure Planning Tool (IPT) (Walker, 3D$imultaneously compares up to
five applications based on four dimensions: 1l)iahitapital (equipment) cost; 2)
number of corridors/locations/road segments; 3)olseéary advantages of an
application, and 4) replacement interval of theigopent. The objective of the IPT is
to provide users with a top-level overview of th&astructure components required to
establish a CV V2| application. Additionally, thE°T helps users compare
infrastructure trade-offs between multiple V2I apations at once. The raw scores for
each dimension are presented in Table 2-8. Theckplures the raw score and
multiplies it with the dimension weight to arriveatotal weighted score. Table 2-9
shows an example of the application of the todel@ct deployment alternatives.




Table 2-6 Need Specification Input to the APT Todior an Urban Arterial

Select options by indicating Y (Yes) or N (No) in front of each possible impact

Improved queue detection

Improved queue warning and response strategies

Improved driver warning and alerts

Reduced queue severity

Reduced intersection queues

Reduced crashes

Reduced congestion

Improved traffic throughput y

Improved speed harmonization Yy

Enhanced data-driven operational strategy implementation

Improved communication of roadway, vehicle, and incident data

Optimized signalized intersections

Reduced pedestrian related incidents at signalized crosswalks y

Reduced incidents at non-signalized intersections y

Reduced incidents at non-signalized intersections with stop signs

Improved adherence to stop sign right of way

Improved driver warning and alerts




Table 2-7 Input to the LCCM Tool

ep App atio

Please select application

Dynamic Speed Harmonization - Cellular (SPD-HARM)

Please select application

Dynamic Speed Harmonization - DSRC (SPD-HARM)

Please select application

Step 2. Select Application Building Block Quantities

Dynamic Speed Harmonization - Cellular (SPD-HARM) Application Building Block

Key Yariable
How many Drivers for Transit Vehicles will be included in this deployment?

How many Drivers for Trucks will be included in this deployment?

How many Transit Vehicles will be included in this deployment?

How many Trucks will be included in this deployment?

—t |t ] ] 2

Step 2. Select Application Building Block Quantities
Dynamic Speed Harmonization - DSRC (SPD-HARM) Application Building Block

Key Yariable
How many Drivers for Transit Vehicles will be included in this deployment?

How many Drivers for Trucks will be included in this deployment?

How many Road Segments will be included in this deployment?

How many Signalized Intersections will be included in this deployment?

How many Transit Vehicles will be included in this deployment?

How many Trucks will be included in this deployment?

—h | d | | | A

Table 2-8 Raw Score for Each Dimension Used in tHBT Tool

Scoring Initial Capital Cost Scoring # of Corridors
1 {Best} $0-$100,000 1 {Best} 1 Carridor
2 {Slightly Above Average} $100,001-$150,000 2 {Slightly Above Average} 2 Carridors
3 {Average} $150,001-$170,000 3 {Average} 3 Carridars
4 {Slightly Below Average} $170,001-$200,000 4 {Slightly Below Average} 4 Corridors
5 {Warst} $200,001+ 5 {Worst} S5+ Corridars
Scoring Replacement Interval Scoring Secondary Application Feature
1 {Best} 21-25+years 1 {Best} 2+ Additional Impacts
2 {Slightly Above Average} 16-20 years 2 {Slightly Above Average}
3 {Average} 11-15 years 3 {Average} 1 Additional Impact
4 {Slightly Below Average} 6-10 years 4 {Slightly Below Average}
5 {Warst} 1-5 years 5 {Warst} 0 Additional Impacts




Table 2-9 Example of IPT Tool to Select AlternativeScenarios

Connected Eco-Driving - Cellular (CED)
Weight Weighted | Initial E ment Cost (Taken
Evaluation Criteria '8 Raw Score € qu’\p - = Additional Notes
%] Score from LCC)
@ nitial Capital Cost 35% 1 035 @ $67,336 User-defined:S0-5100k
[ Improve Safety
A 1 025
/4\ Improve Mobility a
: 1 L =7 1 b
30% 5 185 L 2 C
100%
Tetal Score [ (2 ) | 2.2 |
o/

2.11 POTENTIAL PROCESS TO SUPPORT DEPLOYMENT ALTERNATIVE
SELECTION

This section presents an overview of a procesgdedito assist with deciding on investing in
ATM and CV-based technologies. The steps of tliegss are identified below. The following
chapters of this document will present additiorethds about these steps and the application of
the methodology to a project case study.

Identifying the Needs, Functions and Alternative Sltions: The first step involves
identification of the needs of the corridor undensideration and the associated functions to
address these needs as related to the goal ardasparational objectives. Then, alternative
solutions to address these needs are identifiegorbyiding the associated functions. The
alternative solutions to be considered can incledesting and/or emerging strategies and
applications that provide the functions. The egmgy technologies, however, can provide
additional functions not provided by the existitiganatives. A catalog of the required functions
and solutions are provided in Chapter 2.

Identifying the Performance of Each Alternative Solition: This step determines the
performance of each alternative solution based datailed review of current knowledge base,
data analysis, sketch planning-level modeling, @nather levels of analysis and modeling. This
report presents a review of what is currently knoabout the performance of existing and
emerging ATM and CV-based solutions and providdsstaof mobility modification factors
(MMF) and crash modification factors (CMF) for usghe assessment of alternative solutions.

Evaluating the Return of Investment of Deployment Aternatives: This step utilizes
information from the previous steps to estimate db#ar value of the impacts of alternative
deployments. These estimates are then combinddtingt estimates of the deployment cost for
the estimation of return on investment for eaclraktive.




Conducting Multi-Criteria Assessment of Deployment Alternatives:  This study will
investigate the use of a Multi-Criteria Decisionalysis (MCDA) method to account for both
gualitative and quantitative factors in the decisimaking process. The MCDA requires
stakeholder inputs regarding their preferences famtities, with respect to various decision
criteria and an assessment of each alternativeet mach criterion. It is anticipated that the
objectives included in the process will include grevision of the required functions, achieving
the required performance, minimizing the risks aondstraints, and maximizing the return on
investment. Examples of the risks and constramats include uncertainty in the benefits,
protecting the existing investment, technology utaiety, technology and standard immaturity,
cost uncertainty, security and privacy, and datlability and sharing concerns.




Table 2-10 Catalog of Functions and Alternative Sakions to Support the Mobility and Reliability of All Users Goal Area of
the FDOT TSM&O Strategic Plan (FDOT, 2017)

_ Existing Solutions Curr'ent Plan in Re_lated Related Additional
Function (Non-CV Solutions) CV-Based Support Florl_da ar_md Ccv SE Florida SITSA ARC-IT Packages
Pilot Sites Packages not in SITSA
Optimize signal Retime signals using| I-SIGCVDAT Tampa and New ATMSO01 Network SUO01- Connected
timing control data collected CV Data for York pilots Surveillance, Vehicle System
manually or using Intelligent Traffic ATMS02 Monitoring and

existing detection
technologies. High
resolution controller
data have started to
be used to support
retiming.

Signal System

-CV will provide data
that will replace some
of the existing data
collection sources
(travel time at
relatively low market
penetration and
volume at high
market penetration.
In addition, CV will
provide trajectory

data that can be used

by itself in
conjunction with high
resolution data to
allow more advanced
signal retiming.

SR-434 Connected
Vehicle Deployment

City of Orlando
Greenway/Pedestriaf
Safety

Traffic Probe
Surveillance, and
ATMS03

Traffic Signal

n Control

AD2
ITS Data Warehouse

Management

DMO02- Performance
Monitoring




Table 2-10 (Continued)

_ Existing Solutions Curr_ent Plan in Re_lated Related Additional
Function (Non-CV Solutions) CV-Based Support Florl_da and CcVv SE Florida SITSA ARC-IT Packages
Pilot Sites Packages not in SITSA
Utilize signal control | Adaptive signal MMITSS I-SIG - ATMSO01 Network TMO04
that accommodate | control. It is one of | Traffic conditions Surveillance, Connected Vehicle
varying conditions | the FDOT STAMP | data can be collected ATMS02 Traffic Signal System

focus areas. There ig
an increasing interes
in these strategies in
Florida.

through CV-based

I technologies, initially
in combination with
sensors. New
measures, such as
vehicle trajectories
can be used as part ¢
the adaptive signal
control. There is a
potential to optimize
timing and
trajectories.

Traffic Probe
Surveillance, and
ATMS03

Traffic Signal
Control

Allow safe and
efficient pedestrian
signal control

Pedestrians request
walk signals. In
addition,
infrastructure-based
detection has been
used to detect
bicycles and
pedestrians, but is ng
widely used.

MMITSS PED-SIG
Integrates
information from
roadside or
intersection sensors
and new forms of

tcarried mobile
devices. Disabled or
senior pedestrians c§
request a walk signal
and/or extended
green time through
mobile devices.

data from pedestriant

AN

Tampa and New
York Pilot

ATMSO01 Network
Surveillance and
ATMS03

Traffic Signal
Control

TMO04
Connected Vehicle
Traffic Signal System




Table 2-10 (Continued)

_ Existing Solutions Curr_ent Plan in Re_lated Related Additional
Function (Non-CV Solutions) CV-Based Support Florida and CV SE Florida SITSA ARC-IT Packages
Pilot Sites Packages not in SITSA
Maximize the Eco-arrival and New York Pilot STO08: Eco-Approach
utilization of green Infrastructure-based and Departure at
with a given set of CACC to inform Signalized
signal timing vehicles regarding the Intersections
parameters beginning of green o
automates their speed VS15
selection to allow Infrastructure
drivers to arrive on Enhanced
green. Cooperative Adaptive
Cruise Control
Improve emergency | Central software- MMITSS PREEMPT EMO2 TMO04

vehicle response timg

b pbased and field-base)
signal preemption

d- CV communication
supports the
preemption requests
and provides a
response to the
vehicle to advise
whether priority has
been granted.

Emergency Routing

Connected Vehicle
Traffic Signal System

Improve transit and
freight measures.
Improve Bus On-
schedule
Performance

Transit Signal
Priority (TSP Transit
vehicle requests
extend green or
provide early
termination of red
using central softwar
or field-based

priority.

MMITSS TSP and
FSP - CV
communication
support priority
requests and provide
a response to the

e vehicle by advising
whether priority has

been granted.

TSP in Tampa

APTS09
Public Transport
Signal Priority

CVvO06
Freight Signal
Priority

TMO04
Connected Vehicle
Traffic Signal System




Table 2-10 (Continued)

Function

Existing Solutions
(Non-CV Solutions)

CV-Based Support

Current Plan in
Florida and CV
Pilot Sites

Related
SE Florida SITSA
Packages

Related Additional
ARC-IT Packages
not in SITSA

Utilize connected

Probe-enabled Traffi

L4

AD2

SUO01- Connected

vehicle data for off- Monitoring ITS Data Warehouse Vehicle System

line planning and Monitoring and

real-time monitoring Management
DMO02- Performance
Monitoring

Provide information | Dynamic message | Evacuation ATISO1

to travelers to signs, 511 traveler Information Broadcast Traveler

influence their phone and website. | (EVACINFO) Information

behavior in support | Potential for delivers messages tg ATISO02

of management and | predictive traveler travelers in connected Interactive Traveler

provide evacuation | information and vehicles and other Information

and unusual situatiory dynamic routing. mobile devices in an ATISO05

alerts

integrated and
coordinated manner.
Possibly, jointly
optimize route
diversion and signal
optimization.

ISP Based Trip
Planning and Route
Guidance EM10
Disaster Traveler
Information




Table 2-11 Catalog of Functions and Alternative Sakions to Support the Safety of All Users Goal Areaf the FDOT TSM&O

Plan

Function

Existing Solutions
(Non-CV Solutions)

CV-Based Support

Current Plan in Florida
and CV Pilot Sites

Related ARC-IT
Packages not in SITSA

Improve queue detection,
warning, and response
strategies

Possibly, using point
detection and
infrastructure-based DMS

Queue Warning (Q-
WARN)

VS08
Queue Warning

Improve driver warnings
regarding the need to slo
down due to hazardous
conditions, lane closures,
and work zones

Reduced Speed/ Work
Zone Warning

New York Pilot

VS09
Reduced Speed Zone
Warning / Lane Closure

VS10
Restricted Lane Warnings

VS15

Infrastructure Enhanced
Cooperative Adaptive
Cruise Control

Reduce pedestrian and
bicycle crashes at
intersection crosswalks

Pedestrian in Signalized
Crosswalk Warning

Tampa and New York
pilots

US 90 Mahan Drive in
Tallahassee, FL

Gainesville SPaT
Trapezium

City of Orlando
Greenway/Pedestrian
Safety

VS12
Pedestrian and Cyclist
Safety




Table 2-11 (Continued)

Function

Existing Solutions
(Non-CV Solutions)

CV-Based Support

Current Plan in Florida
and CV Pilot Sites

Related ARC-IT
Packages not in SITSA

Reduce red light
violations and associated
crashes

Red light Violation
Warning

New York pilot

VS13

Intersection Safety
Warning and Collision
Avoidance

VS15

Infrastructure Enhanced
Cooperative Adaptive
Cruise Control

Improve pedestrian and

bicycle safety on heavily
traveled bus routes and

midblock crosswalks

Pedestrian in Signalized
Crosswalk Warning

Tampa and New York
pilots

VS12
Pedestrian and Cyclist
Safety

Provide pedestrian
information about crossin
signal timing improve
safety of visually impaired
pedestrians

Mobile Accessible
Pedestrian
Signal System

Tampa and New York
pilots

VS12
Pedestrian and Cyclist
Safety

Improve truck safety on
curves (on ramps) and
warn approaching vehicle
of queue backup in curve

Curve Speed Warning

VSO05
Curve Speed Warning

Reduce permissive left-
turn crashes

VS13

Intersection Safety
Warning and Collision
Avoidance

Alerts the driver of height
restricted infrastructure

Height Restriction
Warning (using vehicle
height detectors)

VS11
Oversize Vehicle Warning




Table 2-11 (Continued)

Function

Existing Solutions
(Non-CV Solutions)

CV-Based Support

Current Plan in Florida
and CV Pilot Sites

Related ARC-IT
Packages not in SITSA

Reduce right-turn crashes

VS13
Intersection Safety
Warning and Collision
Avoidance

Reduce wrong way Wrong-Way Driving VS03

driving Warning and Control Situational Awareness
Increase the safety of Various TIM and work INC-ZONE PS06

work zones and incident | zone strategies and MOT| and Incident Scene Pre-Arrival

investigation sites

RESP-STG warn
drivers that are
approaching work zones at
an unsafe speed and/or
trajectory. It also warns
responders and workers in
the zone. It also provides
input regarding routing,
staging, and secondary
dispatch decisions.

Staging Guidance for
Emergency Responders

PS07
Incident Scene Safety
Monitoring

Route emergency vehicle

n

RESF-STG provides
emergency vehicles with
the best route to incident
locations.

PS02 Routing Support for
Emergency Responders

PS03 Emergency Vehicle
Preemption




3.

IDENTIFICATION OF NEEDED FUNCTIONS AND
ASSOCIATED IMPACTS

This chapter includes a review of the ATM functiosaguired to meet project needs, existing
applications to provide each of these functions;l&2ged applications that can support the
provision of the required functions, and the pearfance of the existing and CV applications in
providing the required functions.

3.1

ARTERIAL STREET APPLICATIONS AND ASSOCIATED PERFORM ANCE

Safety and mobility needs can be addressed byituradities that can be provided by existing

and/or emerging technologies, applications, aratesgies. This section includes a review of the
required functions, existing applications to praviehch of these functions, CV applications that
can support the provision of the functions, andoxdormance of the existing and CV applications
in providing the required functions. The identifjaequired ATM functions addressed in this

section fall into the following categories:

Data collection to support system management, @netu probe data collection to
support segment performance measurements, autan@tient detection, and support
of off-line signal control.

Provision of signal control to accommodate varyoumditions, including adaptive
signal control, transit signal priority (TSP), fgai signal priority (FSP), pedestrian
signal control, and emergency vehicle preemption.

Speed adjustment to support arrival on green, ety green light optimal speed
advisory (GLOSA) and Glide Path (involving par@aitomation).

Support of incident and emergency response, inotudicreasing incident zone site
emergency responder and vehicle safety and mqglalityergency vehicle staging and
routing, and evacuation support.

Dynamic information and guidance to support managegmncluding the provision of
traveler information, provision of route, mode anp time guidance, and optimization
of guidance combined with signal and other managesyestem optimization.
Support of signalized intersection safety, inclgdpermissive left and right turns on
red support, red light violation and rear-end sodin reduction, reduce pedestrian on
crosswalk crashes, and support of visually impaedestrian in crossing the street.
Support of unsignalized intersection safety, inolgdvarning drivers of potential stop
sign violation and support gap acceptance at asstp

Hazard warning, including warning drivers of unssppeeds, warning drivers of unsafe
speeds on curves, warning drivers of oversize \&higvarning drivers of bad weather
and pavement conditions, and warnings at railroadsings.
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3.1.1 Data Collection to Support System Management

3.1.1.1Provided Functions

Probe data can be collected and fused with data &iher sources to determine segment level,
intersection level, and intersection movement I@esformance measurements to support better
control and management of traffic. The functiorm de classified in the following three
categories.

Performance Measurement: This includes measuring or estimating segment
performance measures, such as volume and speddcahabe used by a system
operator, planner, or an automated system to stugg@nning, management, and
operational decisions. The measurements can @&sosed as the bases to derive
information for dissemination to travelers, thirdrfy data aggregators, traveler
information service providers, and other agenaesh as transit, emergency, planning,
and other traffic management agencies.

Incident and Congestion Detection: This involves detecting and verifying the
occurrence of congestion, incident and associatathwtes, including the exact
location of the incident, number of lanes blockddntification of the blocked lane(s),
the number and types of vehicles involved in thedent, incident severity, lane
clearance, bottleneck attributes, back of queug jrazident clearance.

Support of Off-Line Signal Timing Control:This function provides probe data to
support signal timing control. The probe data barused in combination with high-
resolution controller data, data from other souraed modeling to derive signal timing
parameters and provide time to switch between signang plans.

3.1.1.2Existing Solutions

Performance MeasurementPoint detectors have been used to measure tsakieds

at a point, and these speeds are then used taéstine travel times between segments.
For urban arterials, point detectors at midbloekwseful in providing segment volume
and possibly free-flow speed. However, they aré agupropriate for measuring
segment level travel time on arterials. For theppse of travel time estimation,
automated vehicle identification (AVI) technologieparticularly those utilizing
Bluetooth and Wi-Fi readers, have been used. fbatathird-party vendors have also
been used for travel time measurements. AVI aird-ffarty vendor data can also
provide partial origin-destination (O-D) matricelsat are particularly useful for
transportation engineering and planning studiegh+desolution controller data have
recently been used to estimate intersection anc&ement level performance measures.

Incident and Congestion DetectionA critical function of traffic monitoring systems
is the fast detection and validation of incidentwcence and attributes to reduce lane
and shoulder blockage durations, as well as tovafést notification of responding
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agencies. Traffic management centers currentigad@icidents utilizing a number of
methods, including processing of data collectethfpmint detectors (and in some cases
AVI data) and external notifications, including ffications from the police, service
patrols, and video analytics. Recently, agenciée® lalso obtained third-party private-
sector incident feeds (from WAZE), which are impaoitt particularly when dealing
with incidents occurring on segments that are redt @overed by incident management
activities, such as urban arterials and rural fiagey

Support of Off-Line Signal Timing Control: For decades, traffic signal management
agencies have used signal timing optimization toolebined with the fine-tuning of
signal timing based on a limited amount of dataféld observations in their updates
of time-of-day signal timing plans. Traditionallgignal control optimization and
management processes have been based on turnurgevdhta collected for one day
and approach volumes collected for three to sewss.d The data are then used to
prepare inputs to signal optimization models. Ames normally fine-tune the signal
timing after implementation to account for the eiinces between the model results
and the real-word measurements and observatidms agencies then update the signal
timings either at predetermined intervals or whettigg complaints from the public.
In recent years, new data collection technologagtemerged, including the use of
high-resolution controller data and other data stneate Automated Traffic Signal
Performance Measures (ATSPM) (Sharma et al., 200&key, 2014; Day et al.,
2015). Such data can be used to fine-tune sigmahg parameters to improve
progression and minimize delay.

3.1.1.3CV-Based Solutions

CV technology allows for the collection of data anfbrmation that can be used with data from
other sources to provide the functions outlinedSiection 3.1.1. CV will provide vehicle
trajectories, or more likely partial vehicle traj@ges since the vehicle ID will be updated at five
minute intervals according to the CV Society of émbtive Engineers (SAE) J2735 standards
(SAE, 2016) to protect privacy. This data can Ilseduas an important source to support
transportation system management, including deigaticidents, estimating network and segment
performance measures, and estimating intersecaweal Imeasures to support off-line signal
control optimization. The intersection level measucan be derived based on a combination of
high-resolution controller data and CV data. Sahthe parameters that can be better estimated
with CV vehicle data rather than high-resolutiontroller data include queue length, delay, arrival
on green/progression, number of vehicles in thenaltha zone when the service phase maxes out,
arrivals on yellow and red, transit and freightageland pedestrian delay. These measures can be
used by transportation agencies to assess theitmaitl safety performance of the system and
support system management and control.

Depending on the type of data that will be avagdbbm the Controller Area Network (CAN bus)
of a vehicle and what is specified in the CV messaandards, CV data will allow for the
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estimation of a number of other segment and tryelleneasures that cannot be estimated by
existing technologies or require additional detatti These measures can be used as inputs for a
new generation of traffic management and operattoategies, as well as to provide additional
support for the planning, design, and operatiotrarisportation systems. The measures include
vehicle classification, acceleration/deceleratimmnber of stops, number of brakes, potential for
crashes, emission/fuel consumption, and weatheligimthg conditions.

3.1.1.4Reported Performance of Existing Solutions

Estimating segment travel times is particularlyfidifit on arterial streets due to lower volumes
(thus lower sample sizes), interrupted flow operaithat cause variations in travel times in time
and space, driveways, adjacent land uses, andtiasithat may affect the data collection effort.
As stated earlier, there has been an increasingfasgomatic vehicle re-identification techniques,
such as Bluetooth, Wi-Fi, and electronic toll cotlen—based systems, for travel time estimation
for performance measurements. A study conductetheénstate of Washington evaluated the
accuracy of these methods to measure the travektwh an urban arterial (Wang et al., 2014).
The tested commercial products were an automagadsie plate reader (ALPR) system, matching
based on vehicle signatures using magnetometersBlwetooth and Wi-Fi-based systems, and a
third-party feed. The ALPR system was used asocargt truth system becuase it had been
previously evaluated and proven to be accurategintuserve as the source of ground truth data.
The study found that the mean absolute percentaige (MAPE) of the data collected from the
Bluetooth devices and the combined Bluetooth—Widdavice compared to the ALPR
measurements ranged between 13% and 20%. The Mé&fPEhe magnetometer-based
measurements ranged between 18% and 25%. The mat®rof the third-party vendor
measurements ranged between 15% and 48%. Somesefreported errors are surprisingly high.
An evaluation of probe data for the 1-95 coalition2013 found that third-party probe data can
adequately detect congestion on arterial streeenvilie number of signalized intersections per
mile is less than or equal to one on principalraate with an annual average daily traffic (AADT)
of 40,000 vpd or more (Young et al., 2015). Howetlee study found that the data increasingly
underestimates congestion as the number of intewaescincreases. This is because with an
increased number of intersections there is a iser@athe variations in travel times, decrease in
volume, and a smaller sample size than statisficatjuired (Young et al., 2015). In general, the
sample sizes of Bluetooth data, Wi-Fi data, andltharty vendor data are not sufficient for low
traffic volume conditions. In addition, the Blueth and Wi-Fi readers cannot be placed a short
distance apart due to the inaccuracy of the ideatibn of the position of the vehicles within the
detection radius. Thus, they cannot be used &rahte travel time on short urban arterial links
between intersections.

Martin et al. (2009) presented a comprehensiveevewf previous studies that assessed various
incident detection algorithms based on point detsct The conclusion was that for most
algorithms, the maximum mean detection time wastnnutes. However, it should be mentioned
that such a conclusion should be considered withiaasince the incident detection performance
is expected to depend on the congestion level eftictdemands. Most existing incident

a7



detection algorithms cannot detect the incidenil timt queue caused by the incident reaches the
upstream detector and/or there are significant atgpan throughputs, which may take a long time
or may never happen if the demands are low andjikees due to incidents are short or do not
exist.  On arterial streets, the detection is darafed by the queues due to signal control
operations that may not allow for the fast detecbbadditional queues due to incidents.

With regard to retiming signal control based onseRg data collection technologies (excluding
high-resolution controller data), Hadi et al. (2D@3timated, based on an extensive review of
literature, that retiming coordinated signal cohtimproves performance by 7.5% and
coordinating isolated signals improves performamnecé1.5%.

3.1.1.5Reported Performance of CV-Based Solutions

There are a number of studies in the literaturé tbeus on travel time estimation utilizing
connected vehicle data. Zou et al. (2010) estidhttarel time based on CV data using the traffic
simulation of a hypothetical network that simulatesicles broadcasting Probe Data Messages
(PDM) data according to the Society of Automotivegileers (SAE) J2735 standarf@SAE,
2016). They found an average error percentag&.6£2, 12.5%, and 8.2% for 1%, 5%, and 10%
CV proportions, respectively. The researcherghed study (Igbal et al., 2017 and 2018)
developed a method to assess the impact of cortheekécle market penetration on the accuracy
of travel time estimation. As shown in Figure 3tie errors in travel time estimation for arterial
segments are reduced with the increase in CV maekatration. Market penetrations of about
5% and 10% produce a Mean Absolute Percentage BVFAPE) of about 9% and 5%, and a
Standard Deviation of Percent Error (SDPE) of ald@96 and 6%, respectively. However, large
errors can be observed when examining tHea8% 9% percentile error figures when CV market
penetration is low. For planning purposes, a loarkat penetration of about 3%-4% on urban
arterials are sufficient to produce required datality, especially when averaged over multiple
days. However, a CV market penetration that istgrahan 10%-15% is required for a higher data
quality. It should be noted that these CV markatgtration numbers may vary with segment
roadway configurations and traffic characteristics.

Connected vehicle data has also been used by seesearchers to detect incidents. Utilizing
microscopic simulation, Crabtree and Stamatiadi@072 examined the use of CV data
communicated using DSRC to detect freeway incideritke utilized algorithm was based on
comparing measured travel time and “normal” tratisle estimated based on no-incident
condition data. The results showed that the pregadgorithm can rapidly and reliably detect
incidents. The study concluded that for a CV prapo of 30% (25% of the connected vehicles
were trucks and 5% were cars), the mean time &ctd@TTD) ranges from two to four minutes

1 The Society of Automotive Engineers (SAE) J273fdards defines the format and structure of message
frames, and data elements for exchanging data bete@nnected vehicles (vehicle to vehicle or V2if) between
the vehicles and the infrastructure (V2I).
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for a DSRC roadside unit (RSU) spacing of 2.0 méed 2.5 minutes to 14 minutes for a reader
spacing of 10 miles. The analysis conducted byélearchers of this study indicated that even
with a 3% market penetration on a congested fregtheyqueue buildup due to incidents can be
detected about four minutes earlier than pointalets, on average. This conclusion was based
on simulating a freeway segment with heavy traffladi et al., 2017).
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Figure 3-1 Travel Time Accuracy as a Function of C\WMarket Penetration for an Arterial
Segment (Igbal et al., 2017)

No research has been found regarding the quawéitbgnefits of using CV and high-resolution
data to support signal retiming. An additionalieswis currently being conducted for this purpose.
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3.1.2 Provision of Control to Accommodate Varying Conditons

3.1.2.1Provided Functions

This function involves the use of detailed datarfrmultiple sources for a better adaptation of
signal control to multi-modal demands and changimditions.

3.1.2.2Existing Solutions

There has been an increasing interest in utilizaagptive signal control to improve the
performance of urban arterials. In fact, adapsigmal control is one of the six focus areas in the
FDOT Transportation System Management and Opes{ibBM&O) Strategic Plan, as stated in
Chapter 2. These systems provide significant atBments over commonly used time-of-day
control. Adaptive Signal Control Technology (ASCQIgs been proposed since the 1980s as an
alternative to time-of-day operations to bettercmemodate varying traffic conditions. These
systems utilize traffic sensors to provide inpuistiie associated algorithms and have seen a
considerable increase in their deployment in regeats. In fact, ASCT is one of the FDOT
Statewide Arterial Management Program (STAMP) foaxesas and there is an increasing interest
in these strategies in Florida.

However, there are some limitations in existing Aystems. In addition to the need for sensors,
these systems utilize aggregate traffic data fromtgletectors, such as volumes and occupancies.
Existing adaptive systems and associated algoritdmstill constrained by the low fidelity of data
available from current point detection technologidgese constraints limit the system’s awareness
of the state of traffic, which reduces the perfonceof adaptive signal control. Overall, existing
signal control systems have focused on generdidrafithout consideration of the multi-modal
aspect of traffic streams. In some cases, railandrgency preemption, transit signal priority
(TSP), and to lesser degrees, freight signal pyi¢gSP) and advanced pedestrian detection and
signal control have been implemented. Howeversdhgystems have not been integrated in a
multi-modal adaptive signal control and suffer frime low fidelity of the available data.

TSP and FSP use technology to detect approachgigphniority vehicles and alter signal timings
to provide priority to transit vehicles. The pitgrprovisions are classified into two categories:
conditional and unconditional. To obtain condiabpriority, when detected, the bus must meet
the specified conditions, such as the number cgagers, route schedule adherence, or the time
since the last priority was awarded. Utilized ptiostrategies include green extension, early
green, and to lesser extents actuated transit pphaase insertion, and phase rotation (Urbahik
al., 2015).

Different approaches have been used to addresdildrema zone issue, including the use of
infrastructure-based warning flashers to warn dsva& vehicles at risk, extending the all-red

phase to avoid side-angle crashes, providing andila zone protection system that is capable of
extending or early terminating the green phase jmpiementing a detection control system that
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finds the minimum green phase duration to minintieenumber of vehicles in the dilemma zone
and vehicle delays in the other phases based ampgteeam detection zones and detection zones
close to the stop line (Park and Chung, 2017).

3.1.2.3CV-Based Solutions

CV technology provides the opportunity for multi-dad adaptive control that utilizes detailed
data based on approaching vehicle trajectorieg. niddes can include general passenger vehicles,
pedestrians, transit, freight, rail, and emergemneljicles. Connected vehicles will be able to
provide detailed information about vehicle positispeed, acceleration, and so on, that will enable
more adaptive signal control that takes full adagetof this data. Since it will take some time for
CV market penetration to reach a level that isicugffit to fully support adaptive signal control,
algorithms that utilize existing data, as well asmected vehicle data, will be potentially used in
the near to mid-term future. There are many rebeafforts on utilizing CV technologies for
adaptive signal control. These efforts are neiesged in this report since they are not ready for
implementations. The effort reviewed in this répsithe Multi-Modal Intelligent Traffic Signal
System (MMITSS) originally developed by the Univgrof Arizona. This application will be
evaluated as part of the Tampa CV deployment. Néw York City CV Pilot has an application
referred to as I-SIGCVDAT-CV, which involves theeusf CV data. This application utilizes CV
data as an input to the existing Adaptive ContretiBion Support System (ACDSS) in the city to
supplement or replace the existing data from thetednic toll tag reader system, which provides
travel time and speed information to the system.

The University of Florida developed a system th@toizes automated vehicle trajectories when
the traffic stream consists of autonomous, condeeted conventional vehicles. This system was
tested in Tallahassee with the involvement of tBOF Traffic Engineering Research Laboratory

(TERL).

The MMITSS software was developed as part of thep@oative Transportation System Pooled
Fund Study for the use of CV data for signal cdntfnm important and new capability of MMITSS
is the management of multiple requests for priattigt may be received from multiple vehicles.
These requests can come from emergency vehictassittivehicles, freight vehicles, bicyclists,
and/or pedestrians, and there are different ledfgdsiority for eligible vehicles of different mode
or within the same mode. This can facilitate regigolicies and preferences for priority control.
The priority decisions can be centralized for ardowated priority strategy for a section of signals
or localized at the intersection level. One of tbported advantages of MMITSS is its ability to
place the call and extension of phases with varatasses of vehicles. This can be accomplished
since the request for a service message contdorsnation about the mode, vehicle class, priority
level, and desired time of service. MMITSS hasimber of applications:

I-SIG: The Intelligent Traffic Signal System (or ISIGppides adaptive control and
connectivity with the traffic signal control. Withthe MMITSS ConOps, I-SIG is
supposed to provide four classes of functionalitieBasic Signal Actuation,
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Coordinated Section of Signals, Congestion Conaio Dilemma Zone Protection.
MMITSS is supposed to use CV data and data frold §ensors (e.g., loop detectors
or pedestrian push buttons) to provide these fansti CV-equipped vehicles provide
information about their position and speed whery thiee within the communication
range. A maximum DSRC communication range of 2,800 3,300 ft has been
specified (Siemens, 2018; Tennessee DOT, 20185 iffflormation is used to improve
basic traffic signal operations, as well as indesessment of performance. The signal
control system has the ability to inform traveleysknow their status in the priority
request scenarios. MMITSS can also be used totdbkesignal timing parameters for
better capacity utilization and coordination betwesggnals. Another advantage of
MMITSS is the ability of the system to accuratektimate phase failures and the
persistence of congested conditions and spillbadkss allows the system to apply
signal timing plans that can accommodate overs@ti@nditions. MMITSS also has
the ability to address the dilemma zone issue gh-Bpeed approaches. A dilemma
zone occurs when a vehicle cannot stop safely vitweriraffic signal changes from
green to yellow and can be further impacted by es#veveather conditions and the
presence of heavy vehicles. The Basic Signal Aicman MMITSS can manage the
dilemma zone situation. MMITSS I-SIG has been glesil to maximize the
throughput of passenger vehicles under saturatedittmns and minimizes the total
weighted delay during under-saturated conditiofi$iese objectives can be set as
variables, depending on agency goals.

Intelligent Transit Signal Priority (I-TSP) and Intelligent Freight Signal Priority
(I-FSP): Because CV-equipped priority vehicles can be trdckiea relatively long
distance upstream of the intersection (a distangetou 3,000 ft upstream), the
downstream signals can recognize the need to praki&priority earlier than what can
be currently done with local priority implementatgo This allows the controller to
better prepare for the priority, such as serving phases with non-priority calls to
reduce the delays for the vehicles served by tfeess. Another extension of the basic
priority application in MMITSS is dynamically mogihg signal timing to allow transit
vehicles making a left turn that are blocked byeita short left-turn pocket or long
gueue for the through movement that blocks thesscoéthe left-turning bus to the
left-turn pocket. When such a condition is detéctbe system grants priority for the
through movement to clear the queue to allow thesit vehicle to access the left-turn
pocket sooner and grant priority for the left-tumovement to reduce delay of the
transit vehicle. In addition, onboard CV units deused to inform priority drivers
that their priority requests will be met. Anotharallenge that faces existing TSP
implementations is the uncertainty of dwell tims@sated with nearside bus stops.
The nearside stop issue can be addressed by inglbds door open/close status in the
priority request messages combined with MAP infdramaat the near side stop. The
gueue between the bus and the nearside stop is@isalered.

Intelligent Pedestrian (I-PED): MMITSS can also improve pedestrian mobility at
intersections by integrating traffic and pedestimdarmation from pedestrian detectors
and pedestrian-carried mobile devices, referredassanomadic devices (Lee et al.,
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2012). The system uses this information to prodgeamic pedestrian signals or to
inform pedestrians when to cross by using real-t8igmnal Phase and Timing (SPaT)
messages. In some cases, a higher priority idv@edestrians, such as for persons
with disabilities that need additional crossing dirar in special conditions (e.g.,
weather or special events). MMITSS will also bkedb manage pedestrian crosswalks
when certain conditions occur, such as overcrowgaagstrians at curbs.

Intelligent Emergency vehicle preemption (I-EVP): Emergency vehicle preemption
(EVP) allows safe and efficient movement of emecgenehicles through the
intersections. Since MMITSS provides additionadl &imely information regarding
the queue lengths and arrival times at the signagn clear the queues and hold the
conflicting phases to facilitate emergency vehitlevement. This should provide
better performance of EVP compared to the legack Bpplications under congested
conditions.

3.1.2.4Reported Impacts of Existing Solutions

Hadi et al. (2008) conducted an extensive reviewt@fature on adaptive signal control, which

estimated that adaptive signal control will resmla 10% additional reduction in travel time over
time of day control. However, the improvements ddaptive signal control provide are expected
to diminish for oversaturated conditions.

Figure 3-2 shows the ranges of reported benefis fadaptive signal control systems across
several measures, including safety, mobility andrenmental improvements (Hale et al., 2017).
The Colorado Department of Transportation (CDOTaleated two different adaptive signal

systems on two different corridors. The mobilignefits for both corridors combined included a
9-19% improvement in travel times and an increaseghe average speed by 7-22%. The
environmental benefits found by CDOT included a%¥r&duction in fuel consumption and a

reduction of pollution emissions by up to 17% (Hheticet al., 2017).
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Figure 3-2 Adaptive Signal Control Benefits Foundn the Knowledge Resource Database
from 2003 to 2016 (ITS Knowledge Resources)

Hadi et al. (2008) conducted an extensive revieWSR benefits that estimated that the reduction
in bus delay per intersection can range from 130@ercent, depending on the red time that the
bus encounters, which is a function of the congaskevel in the system for the period under
investigation. For cross-street traffic, the delas estimated to increase by 6 percent during the
peak periods, and by 0 percent during the off-geakods. In addition to reducing the person-
hour of delay at the signalized intersection, #guction in the travel time of buses due to TSP
can have a secondary benefit of decreasing the euwmibrequired buses for the same bus
frequency.

A comprehensive Transit Cooperative Research PmodfEeCRP) report from 2010 on TSP
provides a set of benefit ranges that may be espeeid by an agency deploying TSP based on
case studies from a few dozen cities. Transielrime savings were between 2 and 18 percent,
with Los Angeles and Chicago observing a 7.5 angerent reduction, respectively. Overall,
the implementing agencies indicated that the blesydeas reduced between 15 and 80 percent.
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Figure 3-3 shows ranges of benefits from seleatdxiles in the Intelligent Transportation Systems
(ITS) Knowledge Resource database at the following link:
http://www.itsknowledgeresources.its.dot.gov/. &@s of TSP systems include travel time
savings, reduced delay for buses at intersectamyeduced emissions.
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Figure 3-3 Benefits of Transit Signal Priority Sysems (ITS Knowledge Resources)

Hadi et al. (2008) conducted an extensive reviewhefliterature and concluded that the savings
in emergency vehicle travel time is 15 secondgpssed intersection. However, this value could
be significantly higher, depending on the congesliswel in the network. A 10% reduction in the
probability of death was also assumed for eachnoinete of faster response.

3.1.2.5Reported Impacts of CV-Based Solutions

MMITSS I-SIG has been designed to maximize the ughput of passenger vehicles under
saturated conditions and minimize the total weidhtielay during undersaturated conditions
(Cordahi et al., 2016). These objectives can baseariables, depending on agency goals. The
ability to switch objectives, if it works as intezdi should provide significant benefits during
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congested conditions, for which existing adaptigeal control based on minimizing delays is not
expected to produce good results.

As with other CV-based deployments, very limiteébimation on the benefits of MMITSS is
currently available. The 2015 MMITSS impact wasessed in a Virginia simulation testbed, a
Phoenix, Arizona simulation testbed, a San Matewukition testbed, and an Arizona field test
(Ahn et al., 2015). The Arizona field study fout I-SIG marginally improved travel times for
both equipped and unequipped vehicles compardtetbdse case scenarios. However, the study
found that I-SIG considerably improved travel tireability by up to 56 percent compared to the
base case.

Table 3-1 shows results from the Arizona simulatstndy, which found that I-SIG achieved
vehicle delay reductions of 20 percent comparedxisting actuated control. The simulation
results imply that I-SIG reallocates signal phases to reduce system-wide intersection delays.
The Virginia simulation study demonstrated thai®&3educed vehicle delay by up to 35% and
increased the average traffic stream speed by 8%a

Table 3-1 System-Wide Benefits of I-SIG in Terms oAverage Vehicle Delay (Ahn et al.,
2015)

Arizona I-SIG Simulation Results Virginia I-SIG Simulation Results
V/C(0.5) V/C(0.85) V/C(1.0) V/C(0.5) V/C(0.85) V/C(1.0)

13.9% 11.5% 10.1% 16.7% 35.5% 23.5%
17.3% 20.0% 10.4% 24.1% 23.3% 3.4%
16.2% 20.6% 9.5% 25.2% 23.0% 2.9%

Ahn et al. (2015) reported a 15% to 30% improveime truck and bus travel times when
simulating I-TSP and I-FSP based on Arizona and@i¥ia simulation studies. In some cases,
increases in other movement delays were observed.

The I-SIG was also assessed at various levels dkahpenetration as part of the San Mateo
simulation testbed (Walker and Galgano, 2015).G-84as used for the evaluation with the goal
to optimize the signal timing based on minimizihg travel time. The results for four operation
scenarios (combinations of demand level, incideartd, rain conditions) are shown in Figure 3-4.
As shown in Figure 3-4, the improvement in artetialel time due to MMITSS increases as the
CV market penetration level increases. For exampider medium demands and high incident
operation conditions, the reduction in arteriavélatime increases from 2.8%at a 10% market
penetration to 7% under a 95% market penetratiore impressive is the impact of I-SIG on
side street queues by initiating phase transitemst receives advanced calls from connected
priority vehicles. The application showed thathwat 10% market penetration, the system is able
to reduce the maximum queue by over 20%. At a 9&fket penetration, up to an 80% reduction
in arterial side-street queues was observed.
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Reduction in Arterial Travel Time due to MMITSS
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3.1.3 Speed Adjustment to Support Arrival on Green

3.1.3.1Provided Functions

This application supports drivers by allowing thémnarrive on green through vehicle speed
adjustment based on real-time signal control inftrom.

3.1.3.2Existing Solutions

There have not been pure infrastructure applicataeployed to provide information to support
the arrival on green. Private sector companies hapglied business models and made
arrangements to provide traffic signal informatimndrivers who subscribe to their services,
usually in coordination with Original Equipment Mdacturers (OEMs). In such arrangements,
private sector companies enter into agreementspuiliic sector signal management agencies to
access real-time signal control information andizgtianalytics based on data to predict the
required speed to arrive on green. Thereby, thesepanies collect the data without major
infrastructure investments on their part. Thislapgion can be considered a private sector-based
connected vehicle-based application that useslaetommunication technology. However, the
service is mainly offered to the customers of SpeCEMSs.

3.1.3.3CV-Based Solutions

Green Light Optimal Speed Advisory (GLOSA)C&-based application, provides information
and guidance to drivers as they approach traffjoads to allow them to adjust their speeds to
reduce the probability of stopping at the downstré@aersection. The speeds are calculated based
on the vehicle’s location, and SPaT messages anencmicated to the vehicle using dedicated
short-range communication (DSRC) or cellular comization. A more advanced application,
referred to as Glide Path automatically adjustssiteeds of the vehicles to allow them to arrive
on green. An extension of this application is dmbine adaptive signal control with GLOSA to
optimize the signal control.

3.1.3.4Reported Performance

The USDOT evaluated the support of an eco-appraadhdeparture at signalized intersections in
a 2012 USDOT experiment at their test facility e tWashington, D.C. area. Drivers were
provided with speed recommendations using onbo&plays. The results were promising;
however, the experiment also identified potentielvet distraction issues. The evaluation
indicated that this application can provide a 5-1f084 reduction benefit for an uncoordinated
corridor (Hatcher et al., 2017). For a coordinatedidor, the application provided up to 13%
fuel reduction benefits. However, only 8% of tlenéfits were attributable to signal coordination,
while 5% was attributed to the application. Theults suggest that there is up to a 5%
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improvement in fuel consumption and environmentalasures at 100% connected vehicle
penetration, with a 1-4% improvement at lower magenetrations.

In 2014, realizing the potential distraction isstie USDOT initiated another project referred to
as the GlidePath Prototype Application Project, which automated longitudinal control
capabilities are provided, along with the eco-applo and departure algorithm. The
experimentation showed up to a 22% reduction ih ¢o@sumption and carbon dioxide (CO2)
emission for a single vehicle at a single fixedathintersection of uninformed drivers. Informing
drivers of the optimal speed without the partiad@&Path resulted in a 7% fuel savings. Thus, the
GlidePath application provided a 15% improvemergrakie GLOSA information provision. This
improvement occurred by minimizing the lag in spebdnges to keep the optimal speed and
approach.

3.1.4 Support of Incident and Emergency Response

3.1.4.1Provided Functions

The support of incident and emergency managemespdse function includes the utilization of
technologies to support incident responders sothiggtrespond safely, effectively, and promptly
to incidents and to warn drivers approaching tlogdent scene. The provided functions will also
include supporting emergency-response agenciethargkneral public during evacuation events.

3.1.4.2Existing Solutions

Incident response is an important aspect of tradficd emergency management that greatly
influences the mobility and safety of the transation system. The National Unified Goal (NUG)
agreed upon by the National Traffic Incident Marmagat Coalition (NTIMC) is to achieve
responder safety, safe and quick clearance, andnpgtro reliable, and interoperable
communications. These goals are currently achidyedctivating a “planned” strategy for the
personnel and resource deployment to the incideemes It has been realized that information
management technology is needed to support incidesgonse by providing time-sensitive
information to determine the level of the requiredponse. This information may include the
location, traffic impacts, type of the vehiclesahwed, presence of an injury or fatality, and other
special conditions. Currently, the level of reegdirresponse is determined by an on-scene
responder or by a dispatcher at the center, pgsshrough communication with traffic
management centers (TMC) with the associated sgstemuiring a large degree of human
interaction.

There is a need to provide incident site infornratio increase vehicle and emergency responder
safety. Incident information is usually provideditavelers en route or pre-trip by using methods,
such as dynamic message signs, 511 traveler plavees traveler information websites, and
smartphone apps. This information delivery is galie designed to influence strategic traveler
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decisions, such as route diversion, mode shift, tapdime shift. However, there is currently
limited information provided to drivers to suppdineir tactical decisions in the vicinity of the
incident, such as the provision of merging and dpgeidance for vehicles approaching an
incident. In addition, there is also no wide dgpte@nt of warning systems for on-scene emergency
responders.

ITS technologies currently support responderseir tiouting to the incident scene, which includes
signal preemption, computer-aided dispatch (CAD)d automatic vehicle location (AVL)
systems. CAD provides mapping capabilities, resdlwcations and availability, and routes to
the incident scene. However, only limited realdimouting information is provided to the
responder. AVL allows tracking of the dispatchezhicles. However, the current responder
staging process is human-driven based on the irgtom received through communication with
responders on the scene.

3.1.4.3CV-Based Solutions

The Response, Emergency Staging and Communicatiorfgrm Management and Evacuation
(R.E.S.C.U.M.E.) is a bundle of the Dynamic MolyiliApplications (DMA) program of the
USDOT that utilizes CV technologies to support deeit management and evacuation under
emergency conditions. It consists of the followapplications:

Advanced Automatic Crash Notification Relay (AACN-RELAY) allows vehicles to
automatically transmit an emergency message thtdas key incident data. The transmission
can be sent through cellular communication to aargency management center or a short-range
wireless transmission to other CV-equipped vehiclHsis application is particularly important in
rural or remote areas. The AACN capability is euntly provided by private subscription services
whose level of information of an incident variesddhe percentage of the participating vehicles
is relatively small. In addition, the capabilities current AACN systems are impacted by the
unavailability of cellular coverage at the crashrsx, including damage to the infrastructure by a
hurricane or by some other area-wide catastropleate DSRC-based communications can be
used to relay the information with the CV-basedli@ppion. No current AACN system has the
ability to communicate with other vehicles or withadside equipment to relay information on
incidents. The CV-enabled AACN-RELAY will also pide the ability to access important
information, such as medical records of vehicleupemts or Hazardous Materials (HAZMAT)
vehicle information. However, the R.E.S.C.U.M.EBnCept of Operations document points to the
advancement of the in-vehicle “infotainment” systend the increase in the cellular coverage and
suggests that the need for AACN-RELAY is diminighiparticularly in urban areas.

Incident Scene Pre-Arrival Staging Guidance for Emegency Responders (RESP-STG)The
RESP-STG application will provide continuous enteounformation, support establishing
incident scene work zones, and support additioisgladiching and staging. The decisions will be
based on data and modeling analytics. The RESP-&pbcation will require comprehensive
information to be made available electronicallyetoergency responders dispatched to the scene
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of a crash. Madifications to emergency responseciee computers will allow more information
to be included in the decision support systemdh siscdigital mapping, weather conditions, local
population densities, and Electronic Patient Cagedrds (ePCRs). Still or video images of an
incident scene, surrounding terrain, and trafficdibons will be available to guide responder and
dispatcher decisions and actions.

Incident Scene Work Zone Alerts for Drivers and Wokers (INC-ZONE): The INC-ZONE
application is designed to improve safety and nitylalt the incident sites. INC-ZONE involves
providing in-vehicle messages that guide drivertheir merging and speed decisions. In-vehicle
incident scene alerts are also provided to incrdaser safety and incident zone personnel. Alerts
are provided to drivers who are exceeding the parars for safe driving. The application uses
the vehicle’s location relative to the incident e@nd the vehicle speed and trajectory to determine
the need for the alert. The system also providaswgs to workers when a vehicle is being
operated in an unsafe manner as it approachesid¢ident zone. The warning systems can be
based on advanced roadway sensors and/or CV dataadditional aspect of the INC-ZONE
application would be to also notify law enforcemgetrsonnel of excessive speeds and other
dangerous conditions.

Emergency Communications for Evacuation (EVAC): The purpose of the EVAC application
is to facilitate the evacuation for the non-funoiband functional needs of people and those who
support them. For the functional needs people rgemey management agencies will have the
ability to push information, such as evacuationeosdy evacuation zone to registered users. To
assist with a functional needs evacuation, avalabinsportation resources will also be dispatched
and routed, and traveler information will be pradd For non-functional needs evacuees, the
EVAC application will provide dynamic evacuatiorutes. The EVAC application will be also
able to provide shelter availability and capabjlapd food and fuel locations along the evacuation
route.

3.1.4.4Reported Performance

As stated above, INC-ZONE and RESP-STG warn dritheasare approaching work zones at an
unsafe speed and/or trajectory. In addition, INCNE warns responders and workers in the work
zone of vehicles approaching in an unsafe manmet,RESP-STG provides information and
guidance to support emergency resource routinginggaand secondary dispatch decisions. It is
expected that these applications improve respoaddrdriver safety and efficiency. These
benefits are expected to increase with the increa€& market penetrations. Unfortunately, the
assessment of the benefits of these systems doappear to be adequate at this time.

A simulation study that utilized an 8.5-mile segmehthe U.S. 101 corridor in San Mateo,
California as a case study found that the averag@wark-wide delay was reduced by up to 14%
during the incident when INC-ZONE was applied, dialidion to an increase in the average speeds
by up to 8%. There was also a decrease in thellraikdng events in the incident zone. A
reduction in maximum deceleration was found to bawben 1-89% for different operational
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conditions, with the highest improvement in thersa@s with dry conditions and a long incident.
The simulation study found that RESP-STG can pa@iytreduce an emergency vehicle’s travel
time by up to 23% and their number of stops by wd5% (Cordahi et al., 2015a). For short
incident scenarios, the reduction in network delag between 1-7%, and the increase in average
speeds was between 0.25-3% for rainy conditior®. Idhg incident scenarios, the reduction in
network delay was between 1-14%, and the increafieei average speed was between 1-8% for
dry conditions. These benefits were calculatedragsy a 15% reduction in clearance times under
dry conditions.

The R.E.S.C.U.M.E. prototype was developed and detnated in Columbus, Ohio and
Sykesville, Maryland. Twelve scenarios were usatlustrate the functionality of the RESP-STG
and INC-ZONE applications. The Maryland site cortdd interviews with test participants. The
majority of traffic management and emergency mamege agencies recognized the potential of
the R.E.S.C.U.M.E. applications to reduce totalpoese and clearance time, delays, and
secondary incidents once these applications beeadedy adopted.

The Emergency Communications for Evacuation (EVA@plication provides functionalities,
such as route guidance, communications about tregsiices, and lodging and fueling assistance.
It is expected that this application is benefidialreducing travel time and overall network
congestion and reducing evacuee stress. EVAC s&ssed using simulation modeling based on
the Greater New Orleans evacuation model. Thikiatian of EVAC was conducted by assuming
the Hurricane Katrina evacuation of New Orlean2005. The modeled functionalities included
the provision of traveler information on trafficcamad conditions, location of available lodging,
and location of fuel, food, water, cash machinesl ather necessities. The sensitivity of the
potential benefit of the EVAC functionality was eximed by simulating it under three levels of
EVAC market penetration: 15%, 25%, and 50%. TRelts indicate that the application decreases
the congestion time by 20% (Cordahal., 2015b). The wait time for transit servieess reduced

by over 90%for EVAC-equipped transit vehicles. #te 50% penetration, fuel-related
breakdowns were reduced by more than 50%. On aweeagcuees seeking lodging experienced
a two-hour travel time benefit.

3.1.5 Dynamic Information and Guidance to Support Managenent

3.1.5.1Provided Functions

The Dynamic Route Guidance to Support Managementtifons includes the provision of
information to travelers to improve the mobilitydareliability of their trips. It includes the
provision of route guidance information to traveldo help divert them to less congested
conditions. An extension of this application isdptimize the signal control considering the
provision of route guidance information.
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3.1.5.2Existing Solutions

Traveler information can be disseminated using gghane applications, onboard vehicle units,
dynamic message signs, public and private sectonglapps, TV and radio stations, websites,
onboard navigation systems, and/or other media.yMé&mhe existing platforms are provided by
the public sector. However, the decreasing opegdtudgets and the fast advancements in private
sector applications motivate public agencies torera the performance of their platforms to
determine if investing in these platforms is juabife (Adler et al., 2014; Shuman et al., 2015).

Alternative route information is currently mainlyrgvided by private sector applications.
However, such routing information is not used feptimizing transportation management and
operations and is not integrated with other appbea, such as signal control, ramp control,
managed lane, and incident management.

3.1.5.3CV-Based Solutions

The rapid growth in smartphone ownership and theduction of the smartphone and social
media applications that provide context-specifidoimation services to mobile users is
significantly changing the outlook and usage ofétar information systems. The introduction of
smartphone-vehicle integration applications (sushCarplay and Android Auto, vehicle 4G
cellular, and possibly satellite and future 5G amstivity) and DSRC technologies will further
allow transformative changes in traveler informatgystems.

EnableATIS is a USDOT-defined CV application thab\ypdes a time-dependent shortest path
from origin to destination for travelers (pre-tnqgdanning) or from the current location to a

destination (en route rerouting). Two future cqisevere outlined in the FHWA EnableATIS

documents, as listed below (Adler et al., 2014;g8ssk et al., 2012).

The Laissez-Faire operational scenario (see Fi@tBgis a continuation of current
advancements, with an incremental enhancementtower assuming an increasing
level of data and data processing and use, andncedt innovation in delivery
mechanisms. The Laissez Faire operational enviemncan be considered the
continuation of the current trend of having privaéztor innovations lead the
advancements of traveler information systems. T&pigroach tries to improve the
individual traveler experience without much considien of the impacts on the
system. There are a limited number of incentivekiciv concerns private sector
application developers in terms of improving systperformance. As market
penetration rates for traveler information devidesrease, overreactions to the
information provided by individual private sectoppdications will result in the
deterioration in system performance.

The Preferred Ultimate Scenario (see Figure 3a6gording to the EnableATIS
document, is the robust operational scenario. $henario assumes a public and
private sector leadership in delivering a comprehan multisource and multimodal
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data environment to enable an advanced travelernrtion services that consider
achieving optimal system conditions, as well asno@lt user conditions.

The operational scenarios will allow multimodalegtation, facilitated sharing of data, end-to-
end trip information and planning, and the use mdlgics and logic to generate predictive
information specific to users. EnableATIS utiliZesed real-time and historical data from multiple
sources, including probe and infrastructure traffata, transit data, road-weather data, traveler
choice data (e.qg., origin, destination, desirechd®gje time, arrival time, mode, and route), pagkin
data, construction data, control data, and evetat d&he system uses this data to predict travel
times for different trip alternatives and providadgo-end planning information, including
suggesting potential departure times, routes, mpaeking, and other trip-related information.
The information could include travel times, tratigie reliability, and costs for each alternative.
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Laissez-Faire Scenario
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Figure 3-5Laissez-Faire EnableATIS Operational Scenario (Burgss et al., 2012)
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3.1.5.4Reported Impacts of Existing Solutions

The improvements in system performance, whichtréated to information and route guidance
provision, are due to traveler diversion, whicldige to the provision of information. Previous
efforts have utilized stated preference, prefeprafierence, and sensor data to estimate diversion.
It is recognized that stated preference surveysestienate diversion. Thus, the results from these
surveys will not be reviewed further in this documne

Chatterjee and MacDonald (2004) conducted an exerssirvey in six European countries to
examine the impact of Dynamic Message Signs (DM8)raffic diversion and found with the
driver questionnaire results that the diversioesatre 0% to 7% for incident messages and 0% to
35% with route guidance informatiorAn Enterprise Pooled Fund Stu(@eeter 201pfound an
increase in the diversion rate that ranges fromt@%2% due to DMS. A study in Maryland
(Haghani et al., 20)3found that the diversion rate ranged between 5% %6 based on
Bluetooth detector data. Foo and Abdulhai (20G8iheated a diversion rate of 5.55% with the
provision of DMS on Highway 401 in Toronto, Ontaridanada, which was based on traffic
detector dataHadi et al. (2013) conducted a study on the diearof traffic in incident conditions
based on detector data and found that the diveraterranges from about 8% for one out of five-
lane blockages to about 25% when four out of the knes were blocked

The above review indicates that based on a revegakfdrence survey and data collected from
field sensors, 5% to 20% of traffic can be estirdatedivert during incidents that impact the travel
time on freeway facilities, depending on the inaidenpact severity. The corresponding diversion
rates due to route guidance that uses privatefsagps can be assumed to be 15% to 35% of those
accessing the apps, depending on the severityeohtidents. It should be mentioned that due to
the rapid changes to traveler information systentdyding the wider utilization of private-sector
apps and the advancement in public agency systdrans veviewing past studies on the subject,
more weight should be given to more recent studies.

3.1.5.5Reported Impacts of CV-Based Solutions

EnableATIS was assessed as part of the USDOT AMNibBed, which is a part of the USDOT
effort (Yelchuru et al., 2017b). The applicati® Supposed to use path-specific travel-time
information to guide travelers to use the optinmaltes. The evaluation was done utilizing the
Phoenix transportation coded in a mesoscopic stmuakbased Dynamic Traffic Assignment
(DTA) tool called DTALite. Several scenarios ofmgecurrent congestion were modeled. Both
pre-trip and en-route information are includedhe evaluation. The research also evaluated the
effectiveness of EnableATIS in comparison to dyramiessage signs (DMS), referred to as
variable message signs (VMS) in the project docuatem and in the figures presented in this
section. The baseline is the “Do Nothing Case,emmo information is provided to travelers and
travelers selected routes according to recurr@fifidrconditions. As shown in Figure 3-7, the
simulation results indicate that the simulated D8§Stem may increase the system-wide travel
time since travelers may divert to a non-optimaiteoor to routes that improve their individual
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experience without considering system-wide impadtsstated above, the CV-based EnableATIS
technologies will route vehicles in an optimal mann It was found, however, that the average
travel distance may increase significantly since tbuting was based on travel time and not
distance. As shown in Figure 3-7, increased mapgatetrations of pre-trip and en route

EnableATIS result in a significant reduction inveatime. However, beyond certain penetration
levels, the study reported an increase in traveé tivhen the pre-trip ATIS market penetration

increases without an increase in en route ATIS foatien. This points to the need for en route
information to continuously update dynamic routinfprmation. Overall, the study reported up

to a 40%reduction in travel time when the Enable®3ystem is used at the right pre-trip/en route
market penetration. However, the study cautiohadih reality, the baseline condition will cause

some travelers using pre-trip information to adjbsir routes, and thus the savings in travel time
due to EnableATIS may not be as much as 40%.

Based on the above review, it will be assumedupdb 85% of travelers that access the CV-based
information will divert, change mode, or shift ttime either at their origins or en route, depegdin
on the severity of impacts and whether informaboguidance is provided.

Average Savings in Travel Time from Baseline (EnableATIS)

VMS Only
u VMS + 20% PreTrip
= 50 % PreTrip Only {Baseline)
W 509 PreTrip + 20% CV Enroute
® 50% PreTrip + 30% CV Enroute
= 80% PreTrip + 30% CV Enroute
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Legend: HD High Demand/Low Incident; HD-HI = High Demand/High Incident

| = Low Demand/Low Incident and MI-WW = High Den /Mediun ident/Wet Weather

Figure 3-7 Performance of Traveler Information unde Different Operational Conditions
(Yelchuru et al., 2017a)
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3.1.6 Support of Signalized Intersection Safety

3.1.6.1Provided Functions

The provided functions assist drivers making pesiesleft turn or right turn on red and warn the
driver if the vehicle is predicted to violate a rigght or if they are at risk for colliding with
pedestrians at a crosswalk of a signalized intémsecThe functionality can also assist pedessrian
with crossing the street safely.

3.1.6.2Existing Solutions

Traditionally, left-turn safety problems at inteztens have been addressed with solutions, such
as replacing a permissive left turn with a protédedt turn, which may have negative impacts on
mobility. If the left-turn crashes are due to sigtistance limitation, geometric design
improvements may be introduced.

Red light violations have been addressed usingearfoent techniques, such as red light violation
cameras, although such cameras have faced poligsidtance. Signs with a flashing light
displaying “Prepare to Stop When Flashing” havenbased to warn drivers about the light
changing to yellow.

Solutions have also been proposed to address lbrda zone problem to reduce red-light
violations and rear-end crashes due to sharp datiele. One option is to use a different formula
to calculate the clearance interval. This optienally results in a one to three second increase in
the clearance interval, depending on the speedi. liffine disadvantage of this solution is that it
will reduce the efficiency of the intersection. elbther disadvantage is that drivers may feel more
comfortable driving through the yellow light becaus its longer duration. Another solution that
has been proposed is to paint a line on the appraiae safe braking distance. In addition, attleas
one sensor vendor has introduced a feature totdeepresence of each vehicle at the approach
and measure its speed and location. This infoonas then used to estimate the time of arrival
at the stop line for each vehicle, and the gregint ican be extended to accommodate this arrival.

Onboard vehicle sensors have been proposed fallaigin, particularly on truck and transit, to

detect pedestrians and cyclists crossing the stieetexample is the Mobileye image processing
product that is currently being tested in Miamprida and Gainesville, Florida. These products
do not require connectivity to the infrastructurdlowever, they require clear line-of-sight and
additional sensors to be installed in the vehicles.

An accessible pedestrian signal and pushbutton b been implemented. These devices
communicate information about the WALK and DON'T WK intervals at signalized
intersections in non-visual formats (e.g., audiblees) to visually-impaired pedestrians.
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3.1.6.3CV-Based Solutions

The applications provided by the CV-based signdlingersection safety warning includes
Signalized Left Turn Assist (SLTA), Red Light Vidlan Warning (RLVW), Right Turn Assist
(RTA), Pedestrian in Signalized Crosswalk (PSCW)Y &lobile Accessible Pedestrian Signal
System (PED-SIG). This latter application also udes signalized midblock crossings.
Obviously, these applications should be considéoedbcations with higher than normal crash
types that can be countered using the abovemeadt@pyications. The application concept is to
provide information to equipped vehicles for usethg onboard units that determine whether
under given current operating conditions there reed for an alert. The information includes
signal and phase timing information, intersectieometry, and position correction information.
The driver is issued a warning if the vehicle pssteg platform determines that there is a need
for such a warning. These applications are supgdry SPaT, MAP, and position correction
messages, which also support other V2I connectédtieeapplications, such as GLOSA and
GlidePath at signalized intersections.

Signalized Left Turn Assist (SLTA) and Signalized Rght Turn Assist (SRTA): SLTA will
provide assistance to drivers with making permessaft turns (and although not specified in the
USDOT description of the application, right turnrexl) at locations where drivers have cognitive,
time pressure, or obstruction challenges to mafelsé-turn decisions (Richard, et al., 2015a).
The system provides guidance in accepting safe gepgpposing traffic based on opposing
vehicles that are approaching and their speed® system can also provide red light violation
alerts and a dynamic all-red clearance intervalmdreopposing vehicle is about to violate the red
interval to prevent a side collision. In additimits safety benefits, the system may be able to
reduce the number of safe gaps in opposing trefaic are rejected by left turning drivers, thus
increasing the efficiency of the turning moveme&ansidering the low market penetrations of CV
in the initial deployments, SLTA will have to repartially on infrastructure-based sensors to
detect the trajectories of approaching vehicles $pecific type of sensor or combinations of
sensors that provide these trajectories will haveetidentified.

Red-Light Violation Warning (RLVW): The RLVW application warns drivers who are
approaching a signalized intersection if they are drajectory to violate a red signal (Stephens et
al., 2012a). The application monitors vehicle si@ed deceleration rate and compares it with the
required rate for a safe stop at a traffic signehe warning is given prior to the point where the
vehicle would be unable to safely stop for thelrghit (i.e., prior to entering the dilemma zone).

In addition to reducing the conflicts within theersection, rear-end crashes may be reduced due
to the reduction in sudden and sharp brakes akial@@pproaches the intersection on yellow or
an all-red interval. These systems are more dyndrased on roadway and vehicle operating
conditions than current systems that employ st&gos that warn a driver to “Prepare to Stop
When Flashing.”

Pedestrian in Signalized Crosswalk (PSCW)With this application, connected vehicles receive
information from the infrastructure that indicatde possible presence of pedestrians in a
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crosswalk at a signalized intersection. The infrettire-based indication could include the
outputs of pedestrian sensors or simply be an atidic that the pedestrian call button has been
activated. The application could also provide wagnnformation to the pedestrian regarding
crossing status or potential vehicle infringemed ithe crosswalk.

Mobile Accessible Pedestrian Signal System (PED-S)GThis application allows for an
"Automated pedestrian call” from smartphones feueily impaired pedestrians. The phones can
also communicate wirelessly with the traffic signadntroller to obtain real-time SPaT
information. The application can inform the vidyampaired pedestrian as to when to cross and
how to remain aligned with the crosswalk.

3.1.6.4Reported Performance

Claros et al(2016) found that the implementation of red lightlation cameras reduced overall
angle crashes by 11.6%, whereas rear-end crastreased by 16.5%. The net economic crash
cost-benefit of the implementation of the cameras $35,269 per site, per year in 2001 dollars
(approximately $47,000 in 2015 dollars). Thus,ithplementation produced a positive net present
dollar value.

Eccles et al. (2012) analyzed four years of cragh ttom 2005 through 2008 in order to estimate
the number of crashes that could be potentiallget&d or reduced by different V2I signalized
intersection safety applications. Based on thaahysis, the Running Red Light safety application
can target 234,881 annual national crashes with% reduction in fatalities or injuries, and an
estimated annual dollar benefit value of more th@rbillion dollars. In addition, Driver Gap
Assist safety application, such as SLTA can tag§€,212 annual national crashes with 44% of
fatalities or injuries, and an estimated annudkddienefit value of more than 10.3 billion dollars
Najm et al. (2010) reported that V2| systems, sagRLVW could address 25% of all light-duty
vehicle crashes in the U.S. It has also been tegdhat left-turn crashes that can be prevented
with the SLTA application account for 27% of intection crashes (Ragland & Zabyshny, 2003).

Lindman et al. (2010) indicate that full deploymehpedestrian collision auto brake features has
the potential to reduce pedestrian fatalities byo2dased on a Volvo Cars Traffic Simulator

(VCTS). Pecheux and Kennedy (2015) reported,dasea study in Portland, OR, that 23% of

pedestrians reported that a crosswalk transit ehicn warning system helped them avoid a
collision with a bus.

3.1.7 Support of Unsignalized Intersection Safety

3.1.7.1Provided Function

These applications are intended to improve safesgogp-controlled intersections. The provided
functions warn drivers if the vehicle is predictedsiolate a stop sign. The provided functionality
can also assist drivers in selecting gaps in tip@sipg traffic stream.
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3.1.7.2Existing Solutions

Presently, there is no widely deployed technologystap signs that detect the speed of an
approaching vehicle and provide warnings to driadasut possible violations. At some locations,
stop signs have been equipped with small flasheagrbns that flash on either a continuous basis
or based on motion detection at a pre-set distanoethe sign.

There are currently also a few real-world deploytaesf systems to warn drivers of conflicts
(insufficient gaps). These systems have been geglamainly at rural, stop-controlled
intersections. With these systems, static signk flashing beacons or dynamic message signs
(DMS) are installed on major and minor approachesint detection is used to detect vehicles in
the intersection and warn vehicles on the majoraggh.

3.1.7.3CV-Based Solutions

Stop Sign Violation Warning (SSVW): SSVW warns drivers if their vehicle is predicted to
violate a stop sign (Stephens et al., 2012a). Waraings are to be provided at distances to allow
a driver to take action to safely stop at the stigm. The application will reduce crashes with
cross-street traffic and may also reduce the nunalbeear-end collisions. SSVW onboard
warnings will be based on data from multiple sosycmcluding current roadway, vehicle
operations, and weather conditions by calculatimg tehicle trajectories versus the required
stopping distance.

Stop Sign Gap Assist (SSGA)The SSGA provides advisory information to crossettdrivers

at a stop-sign controlled intersection to suppwetrtgap selections at the intersection (Stephens e
al.,, 2012a). The recommendations may vary, dependin the intersection geometry,
environmental conditions, identified needs, ancepthsues. In addition to vehicle displays, the
information may be displayed using an infrastruetdisplay, such as a DMS. The infrastructure-
based signs will provide warnings of unsafe gapdriwers of both equipped and non-equipped
vehicles.

3.1.7.4Reported Performance

Eccles et al. (2012) found that the SSVW applicatian target 44,424 annual national crashes
with a 45% reduction in fatalities or injuries aad estimated annual dollar benefit value of 2.0
billion dollars. The results of before and aftgal@ations of the installations of infrastructure-
based SSGA systems showed a 28% reduction in @adhes, and a 54% reduction in traffic
conflicts at intersections, such as sudden bralsndden acceleration or swerving (Stephens et
al., 2013a). Stephens et al. (2013a) showed atiedun right-angle crashes at three different
intersections from 17 to 8 crashes from 11 to 3lwa, and from 19 to 3 crashes. Driver Gap
Assist safety applications at Stop-Controlled isgetions, such as (SSGA) can target 278,886
annual national crashes with 38% of fatalitiesmpuries and an estimated annual dollar benefit
value of nearly 18.3 billion dollars.
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3.1.8 Hazard Warning

3.1.8.1Provided Functions

A number of CV-based safety applications can be tsénprove road safety by warning drivers
of approaching queues, work zones, excessive speexkize vehicle warning, restricted lane, and
railroad crossing warnings.

3.1.8.2Existing Solutions

Currently, there are a number of infrastructureelaapplications that have been implemented to
increase safety. For example, speed warnings lese disseminated using DMS or static signs
with flashers to warn drivers to reduce their speeding school zone activation or when
construction workers are present. Portable tiileiwork zones, school zones, and other areas
have also been used for this purpose. Radar awtdtds been used to detect speed. However,
these systems do not consider dynamically changiaffic conditions and specific vehicle
trajectories.

Oversize vehicle warning (OVW) signs have also bemtalled to provide warnings to help
drivers of oversize vehicles avoid collisions withw- or narrow clearance bridges or tunnels.
Infrastructure-based detection systems and DMS baea installed to support these systems.
Current Curve Speed Warning (CSW) applications ladse been used to provide speed warnings
based on roadside infrastructure detection andagess

Active Rail Crossing Warning systems have been lyideployed and proven effective in
improving safety and operations at highway-railrgaade crossings. Existing warning devices
include flashing light signals, automatic gatesynireg bells, and additional flashing light signals
(Stephens et al., 2013a).

Infrastructure Road Weather Information Systems [8Wave also been deployed to provide
automated warnings to drivers, including fog, m@ow, and flooding conditions.

3.1.8.3CV-Based Solutions

This section describes the proposed CV-based haranging systems. Compared to existing
deployments, the advantage of CV-based hazard mgsystems can include driver-specific
accommodation of all vehicle classes and drivarsluding inexperienced and older drivers,
functionality in all weather and lighting conditien effective performance in different
environments, accuracy and precision in issuingsilgarnings, and the ability to integrate with
connected and automated vehicle applicat{Stsphens et al., 2013a).

Reduced Speed/Work Zone Warning (RSZW):The objective of the RSZW is to help drivers
avoid crashes in reduced speed zones and work bgnearning the drivers that they are operating
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at a speed higher than the speed limit and/or ghayiinformation regarding changes in lane
configuration, along with considering traffic an@ather conditions, when the driver is at risk of
an incident. The purpose of RSZW is to increagestifety of drivers, construction workers in
work zones, and children in school zones. Botliwegy and onboard warnings will be provided
to the driver based on real-time roadway conditions

Curve Speed Warning (CSW): The CV-based application provides a more dynamiming
specific to each driver and vehicle to reduce tlobability of a vehicle speeding around a curve
(Stephens et al., 2013a). Additional infrastruetgensors may be needed to detect traffic
congestion and visibility.

Oversize Vehicle Warning (OVW): The CV-based OVW application provides a two-stage
alert/warning system that is able to warn vehidlether upstream to provide enough time to
reroute and avoid the roadway clearance obstacle.

Spot Weather Information Warning (SWIW): SWIW warns drivers that are in extreme weather
conditions where precautions are needed, sucheasetd to reduce speed or seek an alternate
route. The Road Weather Information System (RVg)sors are used to support the system
(Stephens et al., 2013a). An equipped vehicleagmhing an equipped roadway segment will
receive onboard messages, such as advisory ofwalering regarding speed, or diversion to an
alternate route as recommended by the infrastrei@pplication. The SWIW is expected to be
deployed at locations that experience frequenttyming weather-related issues.

Railroad Crossing Warning: This application alerts and/or warns drivers ifytla@e on a crash-
imminent trajectory to collide with a train at alm@ad crossing. An equipped vehicle approaching
an equipped railroad crossing receives messages tisintersection geometry and the presence
of atrain. The vehicle processing platform wétermine the need to issue messages given current
operating conditions. The distance at which thermation is provided can vary, depending on
the vehicle, weather, and other parameters. Tp&cagion monitors vehicle deceleration rates
and compares it with the rate required for a stifp at a railroad crossing with an approaching or
crossing train.

Restricted Lane Warnings: The Restricted Lane Warnings application providesdonnected
vehicle with restriction information about travelnks, such as if the lane is restricted to high
occupancy vehicles (HOV), transit, or public safethicles only, or has defined eco-lane criteria.
A connected vehicle can use this information tedeine if the vehicle is in a lane that has lane
restrictions.

3.1.8.4Reported Impacts

The ITS Benefits, Costs, and Lessons Learned: 20ddate Report identified the potential
population of crashes that can be addressed bgusai2| safety applications (Hatcher et al.,
2017). In general, it was reported that Colliskwoidance Systems are expected to reduce
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fatalities by 4-16% and driver injuries by 19-57%.was reported that an over-height warning
system at a bridge in Maryland decreased the nuoflteactor-trailer incidents by 75%. It was
also found that roll-over advisory systems redunig type of crash by 20% and speed warning
systems by 2-15%. A study on the effect of forweotlision warning (FCW) alarms by Fitch et
al. (2008) determined that a nationwide deploynwifCW in heavy vehicles could reduce the
number of rear-end crashes by 21% (Smith et aL5P0A simulation study in Australia showed
the CV warning systems and automated emergencyinigralan reduce fatalities by 57%, as
reported in the United States DOT ITS Knowledgedreses database.

Based on the FHWA report results by Eccles et24112, the Curve Speed Warning safety
application (CSW) can target 168,993 annual natioreshes, with 44% of fatalities or injuries
and an estimated annual dollar benefit value o 28llion dollars. In addition, the Reduced
Speed/Work Zone Warning (RSZW) application tarddis364 annual national crashes, with a
33% reduction in fatalities or injuries and an mstied annual dollar benefit value of 1.3 billion
dollars. The Spot Weather Information Warning (S8VWYlapplication was reported to address
211,304 annual national crashes, with 44% of fiaalior injuries and an estimated annual dollar
benefit value of 13.0 billion dollars.

3.2 SUMMARY OF EXISTING AND CV-BASED APPLICATIONS AND | MPACTS

This chapter has identified typical mobility andetg functionalities for the management and
operations of urban arterials. It identifies e@rigtand CV-based solutions to provide these
functionalities. A summary of the identified exngf solutions and associated CV-based solutions
are shown in Table 3-2.

The performance of the identified solutions in teraf mobility modification factors and crash
modification factors has also been estimated basetie information available in the literature.
A summary of the estimates is provided in Table 3A3 stated earlier, since CV-based solutions
are still in the early stages of development an@ajenent, limited information is available about
their impacts. An additional review is being coottal to refine and add to these estimates and
additional simulation and analyses will be condddtesupport the estimation. It is expected that
these factors will have to be updated as more teebigicome available from CV deployments.
Some impacts were not identified in this study arelhighlighted as TBD in. It should be noted
again that the values in Table 3-2 are estimateth®purpose of use in the return of investment
analysis based on a limited amount of data, pdatigufor CV-based applications. The
identification involves a high level of judgememnidebased on imperfect information. Thus, these
values should be reviewed with caution. The usbhede values in the benefit-cost analysis should
also involve conducting sensitivity analysis okraalysis. This will be addressed in Chapter 4.

75



Table 3-2 Existing Solutions and CV-Based Solutiont® Provide the Required Arterial ATM

Functions

Function

Existing Solutions

CV-Based Solutions

Data Collection to Support System Management

Data Collection to
Support Performance
Measurements

Point detectors for volume
measurements and AVI (e.g
Bluetooth or Wi-Fi readers)

travel time and partial O-D
estimation

or third-party vendor data for

CV as probes can be used to
,estimate travel time. Other
potential measures, depending on
data availability from vehicles can
include vehicle classification,
acceleration/deceleration, number
of stops, number of brakes,
potential for crashes, emission,
fuel consumption, and weather and
lighting conditions.

Automatic Incident
Detection

Based on point detectors or

travel time measurements th
are based on AVI or private

sector data

Based on travel time estimated
atrom CV data; potentially other
new measures based on CV
trajectory data, such as
acceleration/deceleration, braking,
and changing lanes

Support of Off-line
Signal Control

Based on historical traffic
counts, field observations, af
optimization tools. Recently
high-resolution controller dat
has been used.

CV combined with high-resolution
n@ontroller and other available data
sources

a

Provision of Signal Con

trol to Accommodate Varyirigpnditions

Adaptive Signal Control

A number of off-the-shelf
adaptive signal control
systems are available

Systems based on fused data from
CV and existing detectors are in
the development and pilot
deployment stages. CV-based
applications and additional
features, including using vehicle
trajectories to support timing,
multimodal control,
undersaturation/oversaturation
consideration, dilemma zone
protection, etc.

76



Table 3-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Transit Signal Priority
(TSP)

Local and central TSP
strategies (conditional and
unconditional) can be
implemented using current
signal control systems

Extend existing TSP by potentially
considering it as part of
multimodal signal optimization.
Detection of buses at a distance
from the signal allows better
control and consideration of
nearside bus stops. Bus-specific
status information can be used in
priority decisions. Additional
strategies are possible, such as
queue clearance ahead of buses
making a left turn.

Freight Signal Priority
(FSP)

FSP can be implemented
using current signal control
systems

Same extensions as with TSP.

Pedestrian Signal
Control

Walk signal can be provided
based on push buttons

Pedestrian detectors or information
from pedestrian mobile devices
can be used as part of the
multimodal signal optimization

with potential consideration of
special needs pedestrians.

Emergency Vehicle
Preemption (ESP)

Central and local ESP are
possible with current signal
control

Early detection of emergency
vehicles for better control and
gueue clearance ahead of the
signals.

Speed Adjustment to Support Arrival on Green

Green Light Optimal
Speed Advisory
(GLOSA)

Cellular-based applications I
private sector companies to
provide traffic signal
information to drivers who
subscribe to their services
usually in coordination with
OEMs

VCV-based applications providing
information and guidance to
drivers as they approach traffic
signals to allow them to adjust
their speeds to reduce the
probability of stopping at
downstream intersections.

Glide Path (Involving
Partial Automation)

Not supported by existing
solutions

This application automatically
adjusts vehicle speeds to arrive on
green.
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Table 3-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Support of Incident and

Emergency Response

Increasing Incident
Zone Site Emergency
Responder and Vehicle
Safety and Mobility

Limited site information, sucl
as merging and speed
guidance for drivers or
limited warnings about
approaching vehicles to
emergency responders

1 CV-based applications involve
providing in-vehicle messages that
guide drivers in their merging and
speed decisions and send alerts to
responders about vehicles
approaching in an unsafe manner.

Emergency Vehicle
Staging and Routing

Computer-aided dispatch
(CAD) and automatic vehicle
location (AVL) provide
significant resource tracking
and routing support.
However, there is limited
dynamic routing based on
real-time information. Site
staging is largely human-
driven.

CV-based application will provide
continuous en-route information,
support establishing incident scene
work zones, and support additional
dispatching and staging. The
decisions will be based on data
and modeling analytics.

Evacuation Support

Limited routing information
and limited support of
functional needs people

CV-based applications will
provide routing, shelter, and gas
information to all evacuees and
dispatch and route resources to
functional needs people.

Dynamic Information and Guidance to Support Mana

@mit

Provision of Traveler
Information

Travel time and incident
information provided by

public and private sector
platforms

Pre-trip and en route predictive
multi-modal information

Provision of Guidance

Mainly route information by
private sector phone apps

Route guidance potentially
combined with time shift and
mode shift guidance

Optimization of
Guidance Combined
with Signal and Other
Management System
Optimization

NA

Optimize guidance combined with
transportation system management
optimization
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Table 3-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Support of Signalized Intersection Safety

Permissive Left Turn
and Right Turn on Red
Support

Protects turns and improves
geometry to improve sight
distance

to prevent a side collision, the
application will provide guidance
in accepting safe gaps in opposing
traffic and possibly send alerts of
red violation and a dynamic all-red
clearance interval when an
opposing vehicle is about to
violate the red interval.

Red Light Violation and
Rear-End Collision
Reduction

Red light violation cameras
and signs with flashing lights

The application warns drivers who
are approaching a signalized
intersection if they are on a
trajectory to violate a red signal.

Reduce Pedestrian on
Crosswalk Crashes

Onboard vehicle sensors, su
as Mobileye image processir
devices

c@Vs receives information from the

gnfrastructure (Road Side Unit)
that indicates the possible presence
of pedestrians in a crosswalk at a
signalized intersection.

Support of Visually
Impaired Pedestrian in
Crossing the Street

Accessible pedestrian signal
and pushbutton (e.g., using
audible tone)

Allows "automated pedestrian
call” from smartphones for
visually impaired pedestrians and
provides information to the
visually impaired to support safe
crossing.

Support of Unsignalized

Intersection Safety

Warn Drivers of
Potential Stop Sign
Violation

No existing solution, althoug
general warning of a stop sig
has been given using signs
with flashing light

hApplication warns the driver if the
nvehicle is predicted to violate a
stop sign.

Support Gap
Acceptance at a Stop
Sign

Few rural intersections in the
nation have been equipped {
warn drivers of conflicts
(insufficient gaps)

Application provides advisory
oinformation to cross-street drivers

at a stop-sign controlled

intersection to support their gap

selections at the intersection.
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Table 3-2 (Continued)

Function

Existing Solutions

CV-Based Solutions

Hazard Warning

Warning Drivers of
Unsafe Speeds

Speed police enforcement

Reduced Speed/Work Zone
Warning (RSWZ) warns drivers
that they are operating at a speed
higher than the speed limit and/or
providing information regarding
changes in lane configuration

Warning Drivers of
Unsafe Speeds on
Curves

Infrastructure-based warning
systems

CV-based Curve Speed Warning
(CSW) system that warns drivers
of unsafe speeds

Warning Drivers of
Oversize Vehicles

Infrastructure-based warning
systems

CV-based Oversize Vehicle
Warning (OVW) system that
warns drivers when the size of a
vehicle exceeds the limits at the
location

Warn Drivers of Bad
Weather and Pavement
Conditions

Infrastructure-based warning
systems

CV-Based Spot Weather
Information Warning (SWIW)

Railroad Crossing
Warning

Active Rail Crossing Warning
systems, including existing
warning devices, such as
flashing light signal,
automatic gate, warning bells
and additional flashing light

) CV-based application that warns
drivers if they are on a crash-
imminent trajectory to collide with
a train at a railroad crossing

\"ZJ

signals
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Table 3-3 Summary of Mobility and Safety Impacts ofExisting and CV-Based Solutions to
Address Arterial Management Needs

Function

Existing Solutions

CV-Based Solutions

Data Collection to Support System Management

Travel Time Estimation

80% to 90% accuracy and
reliability of travel time based
on AVI or third-party data

85% to 95% accuracy for 5%
I and 10% CV market
penetrations, respectively

Incident Detection Time

4-8 minutes with full
deployment of point sensors

2-4 minutes with 10% market
penetration of CV

Support of Off-line Signal | 7.5% retiming coordinated | TBD
Control signals and 11.5%

coordinating isolated signal
Provision of Signal Control to Accommodate Varyirigpnditions

Adaptive Signals

5% for saturated conditions
and 10% for undersaturated
conditions over time-of-day
control

Congested:

- 5% without CV
15% with 100% CV MP
Linear interpolation
between 5% and 15% for
lower market penetration

Uncongested:
10% without CV
25% with 100% CV MP
Linear interpolation
between 10% and 25% for
lower market penetration

Transit Signal Priority

12% reduction in travel 8m
applied to buses that are not
on time. Increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.

Congested:

12% decrease in bus travel
time with an increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.
Uncongested:

15% to 25% decrease in bus
travel time, depending on CV
market penetration. Increase
in cross-street delay by 6-15
seconds per vehicle,
depending on congestion

levels.
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Table 3-3 (Continued)

Function

Existing Solutions

CV-Based Solutions

Freight Signal Priority

12% reduction in travel &m
applied to freights that are nc
on time. Increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.

Congested:

t12% decrease in freight travel
time with an increase in cross-
street delay by 6-15 seconds
per vehicle, depending on
congestion levels.
Uncongested:
15% to 25% decrease in
freight travel time, depending
on CV market penetration.
An increase in cross-street
delay by 6-15 seconds per
vehicle, depending on
congestion levels.

Pedestrian Control

NA

TBD

Emergency Vehicle
Preemption

15-45 seconds per intersecti
and a 10% reduction in the

probability of death for each
one-minute faster response

omBD

Speed Adjustment to Support Arrival on Green

Green Light Optimal Speed| NA 3% to 5% improvement in
Advisory (GLOSA) fuel consumption and delay
Glide Path (Involving Partial NA 10 to 20% improvement in

Automation)

fuel consumption and delay

Support of Incident and Emergency Response

Increasing Incident Zone Sif
Emergency Responder and
Vehicle Safety and Mobility

eNA

14% reduction in network-
wide travel time, 8% increase
in speed, 1% to 90%
reduction in hard deceleration

Emergency Vehicle Staging
and Routing

NA

Emergency vehicle travel
time reduced by up to 23%,
and their number of stops by
up to 15%. An overall
reduction in incident duration

by 15%.
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Table 3-3 (Continued)

Function

Existing Solutions

CV-Based Solutions

Evacuation Support

Dynamic Information and
Guidance to Support
Management

The application decreases the
congestion time by 20%; and
the wait time for transit
services by 90%. On average,
evacuees seeking lodging
experienced a 2-hour travel
time benefit.

Dynamic Information and Guidance to Support Managemt

Provision of Traveler
Information

5% to 20% diversion,
depending on incident impag
severity

15% to 50% diversion,
tdepending on incident impact
severity

Provision of Guidance

15% to 35% diversion,
depending on incident impag
severity

25% to 80% diversion,
tdepending on incident impact
severity

Optimization of Guidance
Combined with Signal and
Other Management System
Optimization

NA

TBD

Support of Signalized Inters

ection Safety

Permissive Left Turn and
Right Turn on Red Support

10% to 55%

With 100% CV market
penetration:

Signalized Left Turn Assist
(SLTA): A 36% to 70%
reduction in intersection
crashes;

Signalized Right-Turn Assist
(SRTA): A 25% to 50%
reduction in intersection
crashes

Red Light Violation and
Rear-End Collision
Reduction

20% to 40%

With a 100% CV market
penetration, Red-Light
Violation Warning (RLVW):
25-50% reduction in
intersection crashes

Reduce Pedestrian on
Crosswalk Crashes

7% to 45%

50% to 100% reduction in
pedestrians on crosswalk
crashes with 100% market

penetration
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Table 3-3 (Continued)

Function

Existing Solutions

CV-Based Solutions

Support of Visually Impaireq
Pedestrian in Crossing the
Street

impaired incidents.

| Accessible pedestrian signal
is expected to reduce visuall

Expected to reduce visually

yimpaired incidents more than

the accessible pedestrian
signal

Support of Unsignalized Intersection Safety

Warn Drivers of Potential
Stop Sign Violation

9% to 67%

Reduce 50% to 100% of this
type of crash with 100%
market penetration

Support Gap Acceptance at
Stop Sign

NA

Reduce 28% of this type of
crash with 100% market
penetration

Hazard Warning

Warning Drivers of Unsafe
Speeds

5% to 41%

Reduce Up to 50% of this
type of crash with full
deployment

Warning Drivers of Unsafe
Speeds on Curves

2% of this type of crashes

Reduce 20% to 30% ef thi
type of crash with full
deployment

Warning Drivers of Oversizg
Vehicles

2 50% of this type of crashes

Reduce 75% to 90%isf th
type of crash with full
deployment

Warning Drivers of Bad
Weather and Pavement
Conditions

15% of this type of crashes

Reduce Up to 50% af thi
type of crash

Railroad Crossing Warning

45% to 50% of this type o
crash

Reduce 50% of this type of
crash
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3.3 PROJECT CASE STUDY

The procedure to select between deployment aligesaits applied to a case study to demonstrate
its use. The case study focuses on SR-924/NW frgé@tSrom NW 32 Avenue to NW 5 Avenue
in Miami, Florida. FDOT is currently deploying auaptive signal system as part of the SR
924/NW 119" Street Adaptive Signal Control Technology (ASCTpPProject. The goal of this
project is as follows: The project goal is to improve the efficiency of IVg" Street between
NW 329 Avenue and NWBAvenue and NW J7Avenue between NW 118treet and NW 119
Street to all users, using sustainable signal tetbgy to minimize congestion and increase vehicle
and person throughput where possible, without campsing safety for all users.The intent is

to provide safety, mobility, and reliability imprements for commuters, freight, and transit users
along the corridor and also manage fluctuationstduspecial regional events, traffic incidents,
and the impacts from proposed regional developments

Metric Engineering, Inc., conducted a study for FAD@ perform an arterial analysis for the
facility, and the final operational analysis repeas produced in March 2018 (Metric Engineering,
2008). Prior to implementing the ASCT ProjectHCPerez & Associates Consulting Engineers,
Inc., (P&A) was retained by the FDOT District Sixaffic Operations Office to perform a
Resurfacing, Restoration, and Rehabilitation (3R Review along SR-924/NW 119 Street
from NW 27 Avenue to NW 7 Avenue. The 3R SafetyiBe report (P&A, 2017) was produced
in February 2017 to identify existing safety comseand recommended countermeasures targeted
at the crash patterns found within the 3R Roadwajept limits. Choice Engineering Consultants,
Inc., was retained by the HNTB Corporation for FiRROT District Six Traffic Operations Office
to perform a crash analysis of the SR-924/NW 118e$study segment from east of the Gratigny
Parkway Expressway terminus (west of NW 32 Avemnoiepst of NW 5 Avenue. A crash analysis
technical memorandum (Choice Engineering 2017)praduced in April 2017 to identify crash
patterns and associated probable causes to doctimeestisting safety conditions of the corridor.
All of these studies were utilized in the curreasearch project to identify the needs of the
implementation of CV technology for the corridordatte required functions to be provided by
the CV V2I applications for the facility.

Based on the operational analysis report produgedvbtric Engineering, Inc., the Annual
Average Daily Traffic (AADT) on the intersectiontoag the corridor varies from 87,000 vpd
(vehicle per day) at NW 27 Avenue to 22,400 vpN\at 5 Avenue. The 4-hour turning movement
counts indicate that the AM and PM peak hours oetu#:30 AM and 5:00 PM, respectively.
Eastbound traffic is slightly heavier than westhdumnaffic during the morning peak, and
westbound traffic is heavier than eastbound traffictng the afternoon peak. An analysis of travel
time runs reveals that the majority of delays ameleps occur between NW 32nd Avenue and NW
22nd Avenue during the AM peak period and near NYWvénue and 1-95 during the PM peak
period. Long queues, blocking off intersectioms] delays were observed on the segment between
NW 32nd Avenue and NW 22nd Avenue during both nmagrand afternoon peaks and on the
segment between NW 7th Avenue and 1-95 during tlegreoon peak.
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The segment between NW 32nd Avenue and NW 27th de/ewhich includes closely spaced,
major signalized intersections, has a particuldrigh crash frequency. In particular, the
westbound left turn on NW 27th Place and to a ledsgree the westbound left-turn movement
on NW 32th Avenue and the eastbound left-turn mammn NW 27th Avenue have high crash
rates. These movements do not get gaps in thboesmt traffic flow to perform the left-turn
movement during the permissive phase. The turs heye often blocked by the through queues
along the corridor. Some of the factors for thghHeft-turn crashes are listed below:

High left-turning volume

Exposure of left-turn traffic across four opposiages
Thru queue from adjacent NW 2th Avenue

Signal limiting visibility

Excessive speed

Limited left-turn storage

Poor left-turn lane alignment

Sight distance restricted by trucks

To improve the mobility and safety performance gl 119" Street, the operational analysis

report recommended implementing better signal doatibn to address crashes related to
congestion and poor signal progression (varyindeckangths), especially on the identified high

crash segment from NW 10th Avenue to NW 5th Avenltealso suggested to examine signal
timing offsets for the NW 27th Avenue, NW 22nd Auvenand NW 7th Avenue corridors prior to

the implementation of signal timings for potentabss-street coordination impacts.

The high crash location segments mentioned abowe lnigh rear-end crashes that were
attributed to the following factors:

Congestion/Signal progression
Excessive speed

Pavement conditions (low friction)
Signal conspicuity (visibility)

The high crash locations at NW™2venue and NW 27 Avenue have high sideswipe crashes
that were attributed to the following factors:

Aggressive driving
Abrupt lane changing
Congestion

Trap lane conditions

At NW 5" Avenue, vehicle collisions with bicyclists wereseloved due to bicyclists crossing at
the north or south legs within the crosswalk magkinThis was attributed to poor lighting, careless
driving, and violation of right-of-way.
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The implementation of adaptive signal control wageeted to help to reduce crashes caused by
congestion and poor signal progression, such agrehand sideswipe, which are two of the major
crash types along the study corridor as revealethby3R safety review report and the crash
analysis technical memorandum. Since improvingnledility of transit, freight, and pedestrian
movements, the main objectives of ATM, TSP, FSH, asivanced pedestrian control should be
examined to determine if they can be implementezbmjunction with the adaptive signal control
system currently being implemented.

Based on the crash analysis technical memorandwduped by Choice Engineering, the
percentage of left-turn crashes at the intersestaMW 329 Avenue, NW 2% Place, and NW
27" Avenue along NW 119Street in three years (from 2012 to 2014) are 1624, and 24%,
respectively.

Therefore, one of the recommendations in the ojper@t analysis report is to implement the
protected-only phase for the WBL and EBL movemahtbese three intersections to reduce angle
and left-turn crashes. A potential CV-based adBve deployment is to use the Signalized Left
Turn Assist (SLTA) system at the three interseditm support drivers making permissive left
turns at the signalized intersections. The 3Rtgakview report revealed that the right-turn
crashes at the NW T0Avenue and NW % Avenue intersections are abnormally high. Rigintvt
crashes, especially at NW lAvenue, accounted for 10% of the crashes. Ano@¥rV2I
application, Right Turn Assist (RTA), can be apglie warn the drivers making a right turn on
red of the potential for collision.

Based on the 3R safety review report, there wet@ad of 22 red light violation crashes that
occurred at the segment from NW'2&venue to NW % Avenue along NW 119 Street, from
2012 to 2014. It accounted for 4.0% of the crashethe segment. The potential CV V2I
application that can help reduce the frequencyedflight violations in the study area is the Red
Light Violation Warning (RLVW) system. It provideswarning to drivers who may potentially
enter the intersection in violation of the signahtrol.

The 3R safety review report also revealed thaktheare three pedestrian crashes at the NW 22
Avenue intersection and two pedestrian crashdseaditV 17" Avenue intersection. A moderately
high level of pedestrian activity was observedratear the NW 17 Avenue intersection. There
was also one pedestrian crash at the NW 7 Averteesettion and one pedestrian crash at the
NW 30" Place intersection. The crash analysis techm@horandum revealed that there were
two collisions with a bicyclist at the NW"sAvenue intersection. Both bicycle crashes invdlve
bicyclists crossing at the north or south legs wwithe crosswalk markings. While the percentage
of pedestrian and bicycle crashes were not highpeoed to other crash types, vulnerable
pedestrians and cyclists are at higher risk of fataevere injury in the event of a collision wih
motor vehicle. The Pedestrian in Signalized CradsyPSCW) is the CV V2I application that
can warn drivers of a potential conflict with pewliesms within the crosswalk of a signalized
intersection.
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The CV V2| applications can help improve the safdtyot only the signalized intersections but
also the unsignalized intersections. There arensignalized intersections along NW Street
between NW 3% Avenue and NW B Avenue, which is only one less than the number of
signalized intersections. The crash analysis ieehmemorandum revealed that the unsignalized
intersection of NW 14 Avenue/NW 15 Avenue showedigh crash concentration. To help
improve the safety of this unsignalized intersattithe Stop Sign Gap Assist (SSGA) and Stop
Sign Violation Warning (SSVW) application can basimlered.

Another potential CV V2l application that can beplemented in the study area is Reduced
Speed/Work Zone Warning (RSZW). This applicatian determine a safe speed based on traffic
and environmental conditions and provide a warmingdrivers about excessive speeds.

Table 3-4 includes a summary of the identified sefed SR-924/NW 119 Street, the necessary
functions to address these needs, and the CV-Isasatibns for each identified need based on the
above discussion. The identified needs and saisitiall be further revised and updated based on
discussions with FDOT District 6 and other SR-9@#idor stakeholders.
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Table 3-4 Needs of NW 119Street and Related Existing and CV-Based Solutions

Need F'\lljiiﬂgﬂ Potential Existing Solution Potengﬁlpgc\J/r-tBased
Improve Data Collection to | Bluetooth readers have beerCV data can be used
mobility and Support System installed on SR-924 to support
safety based on Management segments. New 2070 performance measure
performance controllers will provide estimation (travel
measurement high-resolution controller | time, arrival on

data. green, movement
delays, etc.). The
data can also be used
for incident
detection.
Improve Provision of Signal | The Design-Build Firm has| I-SIG may not be
mobility and Control to already selected an adaptivgustifiable since an
safety for all Accommodate signal control that is being | adaptive signal
modes (car, Varying Conditions | implemented on the SR-924control is being

truck, transit,
and pedestrian
by providing
optimal

signal control

corridor.

installed on the
facility. The vendor
and contractor of the
system should be
contacted to
determine if I-TSP, I-
FSP, PED-SIG, and
I-EVP can be
implemented in
conjunction with the
installed adaptive
signal control.

High left-turn
crashes at the
intersections of

Left-Turn Movement
Support

Implement protected-only
WBL and EBL movements
at the three intersections.

Implement
Signalized Left Turn
Assist (SLTA) at the

NW 32 three intersections.
Avenue, NW

27" Place, and

Nw 27"

Avenue

High right-turn | Right-Turn Implement no right-turn-on{ Implement Right
crashes Movement Support | red at the subject Turn Assist (RTA)
between NW intersections between NW | system at the subject
27" Avenue to 27" Avenue to NW 1 intersections.

NW 7" Avenue Avenue.
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Table 3-4 (Continued)

Need F[\lljiittjigg Potential Existing Solution Potengilpgc\J/r-tBased
22 red light Red Light Violation | Potentially installing Red | Red light Violation
violation Warning Light Violation Camera. Warning (RLVW)
crashes from system.
NwW 27" Dilemma Zone Increase the yellow plus all
Avenue to NW | Protection red interval. Dilemma Zone
7" Avenue Protection as part of

MMITSS.

Pedestrian Pedestrian on Cross- Provide pedestrian warning
crashes Walk Warning signs (W11-2) for the Pedestrian in
observed at a signalized pedestrian Signalized Crosswalk
number of crossing at E Golf Crossing. (PSCW) application
intersections A new signalized at E Golf Crossing,
with a intersection is being Miami-Dade
moderately implemented. Community College
high level of Intersection, and NW
pedestrian 17" Intersection. A
activities new signalized
observed at or intersection is being
near the NW implemented.
17" Avenue
intersection
The Warning of Potentiall Static sign with flashing Stop Sign Gap Assist
unsignalized | Stop Sign Violation | beacon warning of the stop| (SSGA) and Stop

intersection of
NW 14
Avenue/NW 15
Avenue showeq
high crash
concentrations

and Assistance in
Accepting gaps

sign.

Sign Violation
Warning (SSVW)
can be considered

A large number
of speeding ang
aggressive

driver-related

Warning of Unsafe
| Speeds

Speed enforcement.

crashes

Reduced Speed/Work

Zone Warning
(RSZW).
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3.4 SUMMARY

This chapter has identified typically needed maoypdind safety functionalities for the management
and operation of urban arterials. It also ideatifexisting and CV-based solutions to provide these
functionalities. The performance of the identifisolutions in terms of mobility modification
factors and crash modification factors has alsm lestimated based on the information available
in the literature. Additional reviews were beingnducted to refine and add to these estimates,
and additional simulation and analysis was condlitiesupport the estimation. It is expected that
these factors will need to be updated as additi@msailts become available from CV deployments.

The results from this chapter was used in the nuetlogy developed in this study to conduct a
return on investment analysis. The performanceamrgment information from this chapter was
used as inputs to the model and in data analysistearmine the benefits for the case study corridor
(a segment of SR-924/NW 1% treet in Miami, Florida). Then, the costs ass@d with the
deployments was estimated.

In addition to the return on investment analysismtiomed above, the use of a multi-criteria
decision-making method is discussed later in tbsudhent. The method considers, in addition to
the benefit-cost ratios, other factors that cara@fFDOT'’s decision-making process in selecting
between existing and CV-based technologies. Facsorch as those related to minimizing the
risks and constraints, may be included, for examiplehe uncertainty of the benefits, and in
protecting the existing investment, technology utaiety, technology and standard immaturity,
cost uncertainty, security and privacy, and datlability and sharing concerns.
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4. CONCEPT OF OPERATIONS OF THE USE OF CV ON
URBAN ARTERIALS

This chapter discusses the information that suppagencies in their development of a Concept
of Operations (ConOps) as part of the systems ergimg process for an urban arterial in Florida
with the consideration of CV applications basedomal needs and issues. The document presents
a vision of the system after CV-based implementaticurrent situation of ITS deployment,
stakeholders associated with the deployment, natmcjustification of the required changes, an
overview of the system, including the hardware anttiware components, and a method for
assessing system impacts and selecting betweenaites.

41 VISION

The ConOps of ITS deployments should start withstom. The vision is a definition of the

ultimate system and represents stakeholder consgnsiluding buy-in from senior management.
It is a non-technical narrative description of lg#er the final ITS implementation viewed from
multiple stakeholder perspectives (USDOT 2007)he Vision for a street ITS/CV deployment
will be different, depending on local conditiondapriority.

The vision of the 2019 FDOT Connected and Automatelticle (CAV) Business Plan id/fsion
Zero with a fatality-free roadway network and a gestion-free transportation system in Florida
using CAV technologie¢FDOT 2019). Thus, the vision of implementing @¥sed technologies
on Florida arterials can include improving the ntibgireliability, and safety of all users of the
system (passenger cars, transit, commercial vehipkdestrians, and/or bicycles, depending on
the facility) and to support the transportationrages in the planning, management and operations
of the systems. In any event, the implementatglrild be related to the needs of the project
stakeholders and related to the goals and objectf¢he 2017 FDOT TSM&O Strategic Plan,
2018 FDOT STAMP Action Plan, and 2019 FDOT CAYV Buess Plan.

In addition to the positive impacts of CV-basedldgments beyond what can be achieved with
existing technologies, the implementations of thvelfased solutions will have the added benefits
of contributing to increasing the capability matyiof the transportation agency with respect to
emerging technology applications and, accordingéd2019 FDOT CAV Business plan, possibly

contributing to the growth of the economy. Thuansportation agencies may be willing to accept
the initial risks associated with the CV deploymenacquire the capability and demonstrate the
technology performance and impacts. The investnme@t/-based applications will be selected

based on MCDA, which considers other solutionditlentified issues facing the facility.
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4.2 GOAL AND OBJECTIVES

The 2019 FDOT CAV Business Plan states thidie’' CAV technologies have the potential to
significantly reduce highway crashes that resultraific fatalities. This is consistent with FDOT’s

vision and that of Vision Zero. The CAV technolsgiéso have the potential to improve travel
time, increase vehicle and person mobility, enhanaéimodal operations, and positively affect
the economy in Florida(FDOT 2019).

Thus, a potential example goal for CV-based depkaynon an arterial facility in Florida can be:
“The project goal is to improve the mobility, rddity, and safety of the arterial facility in aste
effective manner, while increasing the capabilitatanity of the agency in using emerging
technology and supporting the growth of the econamiylorida.” Specific objectives will have
to be stated that are related to the goal basdtiedentified needs and issues of the facility.
Output and outcome performance measures will hatleein be set that are related to the project
objectives for pre-deployment and post-deploymeseasment of system performance.

4.3 DESCRIPTION OF THE CURRENT SYSTEM OR SITUATION

According to the systems engineering approach, €Mayment concepts should be needs-driven.
As each site has different needs, the focus ankicapipns of CV deployments should be different
for each site. Earlier portions of this report\pded a detailed description of the typical needs o
arterial streets, existing solutions, and CV-baapglications that are used or can be used to
support these needs. The following is a summatiie@heeds.

Data collection for the purpose of performance aeasent and prediction, automatic
incident detection, and support of off-line signahtrol retiming.

Provision of signal control to improve performanaed accommodate varying
conditions for all modes of traffic.

Support of vehicles for arrival on green on ariesieeets.

Support of incident and emergency response aetsvédnd response personnel.
Dynamic traveler information and guidance to supgiee management of the facility’s
performance.

Support of signalized intersection safety, inclgdpermissive left turn and right turn
on red support, red light violation and rear-enidision reduction, reducing pedestrians
and bicycles on crosswalk crashes, and supporisofally impaired pedestrians in
crossing the street.

Support of unsignalized intersection safety, inolgdvarning drivers of potential stop
sign violation and support of gap acceptance &b@sgn.

Hazard warnings, including warning drivers of uessfpeeds, unsafe speeds on curves,
oversize vehicles, bad weather and pavement condjtand at railroad crossings.
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For the specific facility case study of this prajeghich is a segment of SR-924/NW 1MStreet
in Miami-Dade County, the following are the iderd needs:

Improve mobility and safety based on better perforoe measurements.

Improve mobility and safety for all modes (car,clky transit, and pedestrian) by
providing optimal signal control.

Reduce the high left-turn crashes at the intersestof NW 32nd Avenue, NW 27th
Place, and NW 27th Avenue.

Reduce the high right-turn crashes of the segmetwtden NW 27th Avenue to NW
7th Avenue.

Reduce the red-light violation crashes from NW 2&#enue to NW 7th Avenue.
Reduce pedestrian crashes observed at a numbgerddactions.

Address the safety of the unsignalized interseaiodW 14 Avenue/NW 15 Avenue
that showed a high crash concentration.

Reduce the large number of speeding and aggredsier-related crashes.

44 PROJECT STAKEHOLDERS

As with other ITS deployments, there is a needhtolve the stakeholders from the beginning to
the end of projects that contain CV-based appboati An important lesson learned from the
USDOT CV pilot projects is the benefit of successfarly and regular involvement, as well as
buy-in of the stakeholders. Based on these piibtgas reported that there is a need to not only
engage stakeholders early but to also educatee¢hdsn Another lesson learned is that formalized
agreements with private partners take time. Thuse is a need to engage procurement and
contract personnel early. It is also importanidientify and address the stakeholders’ concerns
and priorities, such as their concerns about pyivéability, flexibility, security, experience,
funding, etc.

Typical project stakeholders of an Active TrafficaWagement and integrated corridor
management on arterial streets in Florida include:

Florida Department of Transportation, including T&®| Planning, Transit, and
Freight Offices, in addition to the Public Inforrnmat Officer (P10)

Traffic signal control maintaining agencies

Transit agencies

Port authorities

Metropolitan/Transportation Planning Organizations

Toll authorities

Emergency and public safety agencies
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In addition to these stakeholders, other stakehsldeay have to be involved in CV-based
deployments, including:

Municipalities that will have the authority to pide the permits for installation

Utility owners for possible installation on themnfiastructure or for running power
Federal Communications Commission (FCC) to givéauty to broadcast messages
from the Roadside Equipment (RSE).

If there is a need to install CV equipment on Bedhe stakeholders may include fleet
managements like commercial vehicle carriers, &ud limousine service providers,
and mail services (UPS, FedEx, U.S. Postal Serdte), waste management, and
ridesharing providers like Uber and Lyft, amonger# for potential installation of the
Onboard Equipment (OBE).

Toll authorities for the potential provision of emtives to their users for installing the
OBE

Drivers

Pedestrians and bicyclists

Colleges, schools, and employers in the area

Event providers (stadiums, arenas, convention cgrec.)

Private-sector industry partners

Freight distribution centers

Trucking Association

Local community groups

Disadvantaged group representatives

4.5 JUSTIFICATION FOR AND NATURE OF CHANGES

This section lists the CV-based applications tlaat icnprove the mobility and safety on urban
arterials and the justification for implementingth in general and for the case study for the
project (a segment of SR-924/NW MStreet in Miami-Dade County). It should be notieat
further analysis of the selected improvements mekd to be conducted to select between CV-
based and other types of solutions, as discustadiethis document.
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Table 4-1 Existing Solutions and CV-Based Solution® Provide the Required Arterial
Functions in Relation to SR-924/NW 119 Street Segment Needs

Needed
Change

General Justification

Justification for SR-924/NW
119" Street Segment in Miami-
Dade County

Data Collectio

n to Support System Management

CV Use for CV as probes can be used to estimate Travel time data collected from
Data travel time. A number of existing third-party vendors and Bluetooth
Collection to | technologies and sources can provide| vendor, which are currently used
Support this measurement. However, CV-basedo measure performance on the
Performance | can complement these sources, and gsstudy segment and can be
Measurements the market penetration of CV increasescomplemented by data from CV
and they can be replaced. Other potential| technology to provide additional
Automatic measures not possible with existing | measures and enhancements to
Incident technology can include vehicle existing measures and
Detection classification, acceleration/deceleration¢alculations. CV data can also be

number of stops, number of brakes, | used for incident detection along

potential for crashes, emission/fuel the corridor.

consumption, and weather and lighting

conditions; all depending on data

availability from vehicles.
Support of CV combined with high-resolution Existing video detection based
Fine-Tuning | controller data and other available dataadaptive signal control could be
Signal sources could be used to support the | fine-tuned using CV data
Control fine-tuning of signal control. combined with high-resolution

controller data. With the detailed
measures per turning movements,
better decisions can be made
regarding signal control
effectiveness and necessary
updates.

Provision of Signal Control to Accommodate Varyirgpnditions

Efficient
Adaptive
Signal
Control

Adaptive signal control systems that u
a combination of CV data and
infrastructure sensor data have the
potential to provide better performancs
compared to existing systems.

s€his option is not recommended
for SR-924 in the near future since
a new adaptive signal control

2 system is being installed.
However, as the installed adaptive
signal control reaches the end of
its life-cycle and the CV-based
adaptive signal control matures in
a few years from now, this will be
a very viable option.
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Table 4-1 (Continued)

Needed
Change

General Justification

Justification for SR-924/NW
119" Street Segment in Miami-
Dade County

Transit Signal

Local (distributed) and central TSP

Transit and freight mobility can be

Priority (TSP) | strategies (conditional and improved by utilizing TSP/FSP
and Freight | unconditional) can be implemented | technology. CV data can assist the
Signal using current signal control systems. | detection of buses/trucks at a
Priority (FSP) | However, CV-based multimodal distance from the signal allowing
applications like in the Multi-Modal better granting of priority and
Intelligent Traffic Safety System consideration of nearside bus
(MMITSS) can better accommodate | stops. Bus-specific status
multiple priority requests from multiple information transmitted to
fleets and consider the specific real-timRoadside Units (RSU) can be used
situation of an approaching vehicle, | in priority decisions considering
such as the ability of a truck to SPaT information. The TSP
decelerate by considering its breaking application is being implemented
ability and the SPaT information about and tested in the New York CV
phase and timing status. pilot (https://www.cvp.nyd, and
lessons learned from that
implementation can be used.
Pedestrian In the majority of cases, currently, the| CV-based pedestrian control can
Signal walk signal is only provided based on | be used at locations with high
Control push buttons, although some crash frequencies, particularly at

applications use infrastructure-based
detectors to extend the Walk signal.
Vehicle to Pedestrian (V2P)
Communication is another way for
pedestrian crossing detection that has
the ability to reduce the pedestrian de
and crashes. Pedestrian detectors or
information from pedestrian mobile
devices can be used as part of the sig
control.

intersections with a moderately
high level of pedestrian activities,
such as the NW 17th Avenue
intersection.

ay

nal
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Table 4-1 (Continued)

Justification for SR-924/NW

NEELER General Justification 119" Street Segment in Miami-
Change
Dade County
Emergency | Central and local EVP are possible witffEmergency vehicle preemption
Vehicle current signal control. Early detection can be implemented in conjunction
Preemption | of emergency vehicles based on CV andith TSP and FSP. This has to be
(EVP) more detailed information on vehicle | coordinated with the fire and

trajectory relative to signal phase statt
allows for better control and queue
clearance ahead of the signals.

Igescue agencies.

Speed Adjustment to Support Arrival on Green

Green Light
Optimal
Speed
Advisory
(GLOSA)

Currently, cellular-based applications
private sector companies provide traff
signal information to drivers who
subscribe to their services, usually in
coordination with OEMs. If applied by,
the public sector, this application has 1
potential to reduce travel times by 5%

b¥he study corridor has high

dntersection density. Therefore, the
application of GLOSA could
potentially reduce the probability
of stopping at the downstream
hatersection and reducing rear-end
crashes.

Glide Path
(Involving
Partial
Automation)

This application automatically adjusts
the speeds of the vehicles to allow the
to arrive on green. It has the potential
reduce the travel time by a 15% increg
in the traffic propagation along the
corridor.

This application is not a near-
rfuture application since it requires
@ level of automation not currently
svailable in existing vehicles.

Support of Inc

ident and Emergency Response

Increasing
Incident Zone
Site
Emergency
Responder
and Vehicle
Safety and
Mobility

Currently, limited site information is
provided to drivers to encourage their
behaviors to increase safety and
mobility at the incident site. Such
information can be provided with this
CV-based application, including optim
merging out of the closed lane, speed
guidance, and warnings about
approaching vehicles in an unsafe

This application can support
mobility and reduce secondary
crashes at the crash (and work
zone) sites. The implementation
of this application is recommended
ato be coordinated as part of a
regional implementation.
However, piloting it as part of the
CV deployment of the corridor is

manner to emergency responders.

beneficial.
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Table 4-1 (Continued)

Justification for SR-924/NW

NEELER General Justification 119" Street Segment in Miami-
Change
Dade County
Emergency | Currently, there is limited dynamic This application will reduce the
Vehicle routing of emergency vehicles based omesponse time to incidents and
Staging and | real-time information, and site staging|isesult in safer and more efficient
Routing largely human-driven. Thus, CV-basedncident scenes that result in a
applications will provide continuous en-smaller reduction in capacity. The
route information, support establishing implementation of this application
incident scene work zones, and supparis recommended to be coordinated
additional dispatching and staging. Thes part of a regional
decisions will be based on data and | implementation. However,
modeling analytics and will result in | piloting it as part of the CV
better responses to incidents. deployment of the corridor is
beneficial.
Evacuation Currently, there is an additional need forhis is a regional application and
Support routing information and for support of | is not applied to SR-924 in

individuals with functional needs. CV-
based applications will provide routing
shelter, and gas information to all

isolation.

evacuees and dispatch and route

resources to individuals with functiona‘l

needs.

Dynamic Information and Guidance to Support Managemt

Provision of
Traveler
Information
and guidance

Travel time and incident information is
currently provided by public and privat
sector platforms. This CV-based
application has the potential to provide
more integrated management and
routing strategies.

This application has the potential
eto be applied to SR-924,
particularly if it is integrated with
» the operations on the adjacent I-
95, SR-826, and Gratigny
Expressway, I-75, and adjacent
arterials to account for the
diversion from these corridors to

SR-924 during incident conditions
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Table 4-1 (Continued)

Justification for SR-924/NW

NEELER General Justification 119" Street Segment in Miami-
Change
Dade County

Optimization | Currently, routing and traffic control areThis application, although it may
of Guidance | conducted independently. There is a | not be ready for immediate
Combined potential to jointly optimize the application, should be researched
with Signal guidance and transportation system | for future implementation. For
and Other management optimization, such as example, having messages on
Management | signal control and metering. dynamic message signs on SR-924
System combined and/or 1-95 with
Optimization changes to 1-95 ramp metering and

signal control.

Support of Signalized Intersection Safety

Permissive

Left Turn and
Right Turn on
Red Support

Conventional alternatives to high cras
rates associated with permissive turng
protect the turns and improve
geometry/sight distance. Protecting
turns will result in higher delays. The
CV-based application will provide
guidance in accepting safe gaps in
opposing traffic and possibly alerts of
red violation and a dynamic all-red
clearance interval when an opposing
vehicle is about to violate the red
interval to prevent a side collision.

NThis application can provide
significant benefits in reducing the
high left-turn crash rate at the
intersections of NW 3% Avenue,
NW 27" Place, and NW 27
Avenue, and for the high right-turn
crashes between NW 2 Avenue
to NW 7" Avenue. However, this
application has not been
implemented and tested as much
as the other applications in
practice. Thus, it should be
considered with caution.

Red Light
Violation and
Rear-End
Collision
Reduction

Currently, red light violation cameras
are used to reduce crashes; however,
such cameras have political challenge
The CV-based applications will involvg
signs with flashing lights, in addition ta
messages on the OBE that warn drive
who are approaching a signalized
intersection if they are on a trajectory
violate a red signal.

This application will provide
benefits for the high red light
sviolation crashes from NW 87
> Avenue to NW ¥ Avenue. ltis
one of the applications being
remplemented and tested in the

New York CV pilot
[(https://www.cvp.nyd, and

lessons learned from that

implementation can be used.
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Table 4-1 (Continued)

Justification for SR-924/NW

NEELER General Justification 119" Street Segment in Miami-
Change
Dade County
Reduce One conventional alternative is to Locations that can benefit from
Pedestrian on| provide pedestrian warning signs (W1[Lthis application include the Miami-
Crosswalk 2). Non-CV alternatives also include | Dade Community College
Crashes onboard vehicle sensors, such as Intersection and NW 17Avenue
Mobileye image processing devices. | Intersection. This application is
However, these applications are limitedbeing implemented and tested in
by line-of-sight. CV—-based applicationghe New York CV pilot
do not have this issue and will receive| (https://www.cvp.nyd, and
information from the infrastructure that lessons learned from that
indicates the possible presence of implementation can be used.
pedestrians in a crosswalk at a
signalized intersection.
Support of Accessible pedestrian signal and The need for this application for
Visually pushbutton (e.g., using audible tone). | SR-924 needs to be investigated to
Impaired Allows "automated pedestrian call” determine if there is a high number

Pedestrian in
Crossing the
Street

from smartphones for visually impaire
pedestrians and provides information
the visually impaired to support safe
crossing.

J of visually impaired pedestrians in

[dhe area. This application is being
implemented and tested in the
New York CV pilot
(https://www.cvp.nygd, and
lessons learned from that
implementation can be used.

Support of Unsignalized Intersection Safety

Warn Drivers

Currently, there is no existing solution

Potential for implementation at the

of Potential | Although the general warning of a stop unsignalized intersection of NW

Stop Sign sign has been given using signs with | 14 Avenue/NW 15 Avenue, which

Violation flashing light, this CV application warnsshowed a high crash concentration
the driver if the vehicle is predicted to | based on crash statistics data.
violate a stop sign.

Support Gap | Currently, only a few rural intersectionsPotential for implementation at the

Acceptance at in the nation have been equipped to | unsignalized intersection of NW

a Stop Sign | warn drivers of conflicts (insufficient | 14 Avenue/NW 15 Avenue, which

gaps). This application provides
advisory information to cross-street
drivers at a stop-sign controlled
intersection to support their gap

showed a high crash concentration
based on crash statistics data.

selections at the intersection.
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Table 4-1 (Continued)

Needed - Justification for SR-9.24/l\.IW.
General Justification 119" Street Segment in Miami-
Change
Dade County
Hazard Warning
Warning Speed police enforcement. Reduced | This application can reduce the
Drivers of Speed/Work Zone Warning (RSZW) | large number of speeding and
Unsafe warns drivers that they are operating ataggressive driver-related crashes
Speeds speed higher than the speed limit and/ayn the corridor, as confirmed by
providing information regarding the safety studies of the facility.
changes in lane configuration. This application is being
implemented and tested in the
New York CV pilot
(https://www.cvp.nyd, and
lessons learned from that
implementation can be used.
Warning CV-based applications have the Previous safety studies did not
Drivers of potential of reducing crashes due to | identify such conditions for SR-
Unsafe unsafe driving conditions, such as high924/NW 119" Avenue. Further
Driving speeds on curves, oversize vehicles, bakamination of this issue may be
Conditions weather and pavement conditions. needed.
Railroad Active Rail Crossing Warning systemg No railroad crossings near the
Crossing have been implemented, including subject corridor.
Warning existing warning devices, such as
flashing light signals, automatic gates,
warning bells, and additional flashing
light signals. This CV-based
application warns drivers if they are on
a crash-imminent trajectory to collide
with a train at a railroad crossing.
46 CONSTRAINTS AND CHALLENGES

Deployments of CV-based applications are complekraguire the integration of a large number
of existing and new infrastructure and mobile eletee There are technical, security, privacy,
institutional, financial and procurement issueg tieed to be considered. Some of the issues and
concerns have been or are being addressed bylsecempleted or ongoing FDOT, USDOT, and
other national efforts. Additional answers will ppovided as more experience and results are
obtained from the connected vehicle pilot deploytsemd research projects funded by FDOT,
USDOT, and other ongoing and upcoming efforts. sehesues should be tracked and reassessed
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as more knowledge is gathered and as the technopmiigy, and procedures advance in the
coming years.

Figure 4-1 shows the responses of public agenciassurvey of their views of the challenges of
various issues to the broader adoption of conneatditle technologies (MDOT 2012). The
identified issues in the survey that were ratedhieyresponders are:

Funding

Concern about driver distraction
Liability concerns

Maintaining proper system functionality
Security

Privacy

Standard maturity

Costs

Figure 4-1 shows that the most challenging issaethe broader adoption of connected vehicles
are funding for roadside infrastructure, liabiligoncerns, and maintaining proper system
functionality. Personal privacy concerns, datauggg and driver distraction are considered
somewhat challenging. vehicle equipment costsstantblards are considered slightly challenging.
It should be pointed out that this survey is sex&ars old, and the views of the agencies may have
changed since then.

g j— arze
o . .
g 8 B Slightly challenging
= 6 mNot at all challenging
4 |
2
0 |1 - ‘ , . .
Personal Data Driver  Fundingfor Vehicle Standards Liabilty Maintaining
privacy security  distraction roadside equipment concerns proper system
concerns infrastructure  costs functionality

Figure 4-1 Survey Response to the Question of théh@llenges of Various Issues to Broader
Adoption of Connected Vehicle Technologies (MDOT 2(2)
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In another study, Barbaresso and Johnson (2014)ducted interviews with agency
representatives involved in connected vehiclefegects to identify the technical and institutibna
challenges in connected vehicle infrastructure @@pent. Based on the survey, most agencies
expected that the technical issues would be adelitesshe next few years but they did not specify
how many years is unknown. Obviously, the reatitthat these issues will have to be resolved
gradually as part of research and development arg @eployment efforts. How long this will
take depends on the complexity of the issue andatieus influencing factors that affect the issue.
The identified technical issues include:

Maturity level of connected vehicle equipment, iofeerability, and standards
Technical obsolescence and changing requirements

Data management

Communications and network management

Network security

Application support need and consideration

Optimization of roadside unit deployment

In addition to the technical challenges, six ingiitnal challenges were identified, including:

Funding (capital, maintenance, and operation costs)

Required technical skills

Lack of benefit-cost information

How data will be accessed and the associatedutistial environment
Standard backward compatibility

Uncertainty in the business model of connectedclesi

In an NCHRP study conducted by the researchersisfstudy, Hadi et al. (2017) used the
following factors as risks and constraints of usilg technologies for CV-based monitoring and
data collection and for traveler information disgeeion:

Technology uncertainty

Standard stability

Uncertainty in the business model

Data archiving and processing; technical skillsossns
Funding

Data availability and sharing concerns

Security and privacy concerns

The remainder of this section discusses some ofsthees facing CV-based deployment. An
important source of some of the materials in tleistion are deliverables from the USDOT CV
pilots and associated webinars. A large numbedootiments and webinar materials are available
from the effort conducted as part of the CV pilomnd can be found at
https://www.its.dot.gov/pilots/. The concepts gfecations of the Tampa and New York City
pilots were developed by Waggoner et al. (2016)@aldjano et al. (2016), respectively.
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4.6.1 Achieving the Required Market Penetration

The impact of CV technologies will depend on itske& penetration in coming years. In a mature
CV environment, government agencies will not b@oesible for supplying or procuring the on-
vehicle devices and the onboard and smart appitsiti However, in the near future, for pilot and
early implementations of CV, public agencies wilvk to recruit and train participants in the
projects and be responsible for installing and ma&ing the devices and apps, as has been done
in the USDOT and state pilot projects. Leveragiggncy-owned fleets of vehicles, other vehicle
fleets in the region, and working with businessed amployers will provide support for this
process.

Many CV-based applications usually assume thaguipported vehicles will be equipped with CV
technology. However, the traffic is expected éoadbmix of CV and non-CV for many years to
come. Thus, these applications will have to bemd¢d to allow them to function in a mixed
environment, requiring additional investment irastructure-based sensors and displays.

There have been attempts to forecast CV marketzgiod. The National Highway Traffic Safety
Administration (NHTSA) has been expected to mandatmected vehicle technologies on all new
vehicles. Apart from this mandate, after-marketigph equipment will be available for
installation on older cars, yet this is not expddtebe mandated. However, this CV mandate on
new vehicles was supposed to be issued in thd@astears, and it has not been issued yet, and
its status is not certain. Wright et al. (2014ygested three different scenarios for probable CV
implementation. The most conservative scenariorgnboe three is called the “15-year organic”
scenario, which assumes that the CV will cometinédfleet as organic sales of the new capability.
The “5-year mandate” scenario is categorized asenade, in which manufacturers would include
Onboard Units (OBUSs) in the new vehicles over a{year period. The best-case scenario is the
“1l-year mandate” scenario, where all of the newialeh will be equipped with OBUs, starting
from the year that the CV is mandated. Figureilu&trates the fraction of connected vehicles
within the vehicle fleet under different assumpsipas presented by Wright et al. (2014).
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Figure 4-2 Equipped Vehicle Population Over Time (Wight et al., 2014)

Another study (Hill and Garrett, 2011) considereddifferent possible scenarios to predict the
connected vehicle market penetration. Figure Aedvs the future market penetration of CV for
those different scenarios. The x-axis is the fuy@a&r, and the y-axis is the proportion of CV’s in
the vehicle fleet. The Step Application Rate scen@onsiders 100% market penetration from the
very first year of CV deployment, which is presehby a straight line. This scenario represents
the situation when the NHTSA agency decision resut a mandate to install DSRC radios in all
light vehicles (new vehicles are already equippaad existing vehicles are equipped with
aftermarket units). The Step Population Ratiotstirom around 10% and rises linearly to 90%
by approximately year 15. This scenario would beslt of the NHTSA agency decision to
mandate DSRC in all new light vehicles. The otfuer scenarios follow a typical “S-curve”
application rate starting from 0%. The 10-year Kggtion Rate shows a penetration that reaches
a peak of 100% by year 17. The 10-year Populd®@aino scenario also shows an increase with a
slower rate to 85% in approximately 23 years.hin¥2V Probability (10-yr) scenario, the market
penetration reaches to peak 70% in approximatelyea8s. The last scenario, the V2V Probability
(Step), considers the increase of a CV market patinat to 83% by approximately year 13.
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Figure 4-3 Connected Vehicle Market Growth (Hill ard Garrett, 2011)

Previous attempts did not consider the variatidmsarket penetrations between regions and zones
in each region. In a previous study (Igbal et2018), the researchers of this project presented a
methodology to account for these variations. Tle¢hod uses data on the distribution of new car
ownership as a function of the income in a region.

4.6.2 Experience with CV-based Devices and Applications

A main concern of agencies is the limited expemendth and lack of maturity of CV-based
devices and applications. Per the 2019 FDOT CAMiBess Plan (FDOT 2019), FDOT will
“explore the need for developing the educationatemath program to inform transportation planners,
managers, engineers, local agencies, and usersdliiag public, motor carriers, other road userd)aut
the CAV Program. Outreach will assist in providegetter understanding of how CAV infrastructuré wi
be deployed and operated, while also addressingnfin@structure requirements, standards, implicago
and challenges with CAV deployments.”

It is expected that FDOT will leverage lessonsredrand guidance from previous deployment
and evaluation efforts, including those from theeehUSDOT CV Pilots, Safety Pilot Model
Deployment, FDOT, and other state deployments. appdications developed, updated, and tested
as part of these efforts should have a higher densiion for implementation since it is expected
that the associated issues have been resolvede &aimese applications have been developed by
USDOT as open-source applications. They were assthrting points for CV pilot teams to build
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their Concept of Operations (ConOps) around. THal€vice and in some cases signal controller
vendors have developed applications that can hizadiand tested, as was done for example in
the New York City Pilot. A systems engineering eggeh should be used for procuring the
devices, including the production of all systemgieeering process documentation to identify the
needs, requirements, specifications, traceabéity,

The USDOT pilot teams found that the applicationtunity is lower than what was initially
expected and that the development of verifiableesysrequirements is challenging as the
standards are evolving. The teams found no availadustry application performance
requirements available. Additional recommendatioos the pilot teams are to leverage existing
device vendor experience, perform technology saadson-the-road testing to identify promising
suppliers who can meet system, cost and projeatgimAlso, it was reported that the applications
should allow the users to manage (tune) the CViegtpdns to accommodate different congestion
traffic levels and conditions.

Another important finding from the USDOT pilot teais that devices, such as the Roadside Units
(RSU) and Pedestrian Detection, are relatively nea&und less risky to procure. However, the
applications on the Onboard Equipment (OBE) andgdtal Information Device (PID) are less
mature and need further reviews and tests.

4.6.3 Privacy

Privacy is a critical issue for the various stakdbrs. Throughout the meetings with the USDOT
pilot project stakeholders, these stakeholderscatdd that privacy must be met to continue
participation in the program.Another concern related to privacy that has beesedaby
participants is the potential use of the data fdoeement or driver performance assessment.
Although the USDOT has policies stating that suatadvill not be used for these purposes, there
is the potential that stored data could be sultgeatsubpoena or a request based on the Freedom
of Information Act (FOIA)

Connected vehicle data, in accordance with J27%8%lsrds, does not have any data elements that
identify specific drivers or vehicles. Howeverdita is to be collected and archived, this issue
can become more complex at the present stage etapauent and will need additional time to
understand and determine solutions.

The USDOT pilots have developed documents on tha Bavacy Plan (DPP), which provides
guidance regarding the privacy for deployment pgréint data. The documents discuss the
policies and procedures required to assure theegroh of Personally Identifiable Information
(PIl). Examples of solutions applied in the USD@ilots include having Memorandums of
Understanding (MOUSs), onboard data encryption,ectibn time limits, in addition to Data
obfuscation, sanitization, and normalization. ®béuscation process is applied to scrub precise
time and location data from the logs for privacyile/inetaining relative details. This results in re
anchoring time/location data to protect the drioperator while preserving vehicle trajectory
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details. The non-obfuscated data will be destrdg#dwing the obfuscation process. This whole
process, including the parties responsible foriaestprocess, and access the data, is detailed in
the DPP, along with data management plans develapearding to the USDOT guidance. The
various steps to protect privacy are automatedcanducted by the CV pilot research teams.

4.6.4 Liability

Liability can be another potential issue with thé €afety-based application. The New York City
legal staff expressed concerns about the deployofesfety-focused applications that may not
provide warnings to drivers/operators. It is recoended to develop requirements and associated
testing to ensure a high level of accuracy andlpdity of the safety alerts. Also, there is acem
about not giving a warning to the driver/operatdrew operating the devices in stealth modes for
use as a baseline during the evaluation, knowimg #ctivating the devices could result in
mitigated crashes. However, this has been accdptede evaluating agencies considering the
needs for the evaluation.

4.6.5 Distraction

An important requirement is to avoid distractingvdrs with too many audio and visual alarms.
The availability of travel information via mobilgplications has increased safety concerns in
terms of distracting users. Many regions are imeleting legislation that bans texting while
driving, and some regions have banned the use eofcéil phone altogether. The potential
distractions due to new CV-based applications t@en an important focus of the USDOT pilots.
For example, the New York City pilot is utilizingdio output only with the tones and words based
on the type of threat and situation, while the TarRgot site uses mirror displays. The evaluation
results should inform the future setting of therusterface, but the results have not been pubdishe
yet.

4.6.6 Security

There is a need to address security in all aspddtse CV applications and interfaces with the
existing systems. The USDOT partnered with themotive industry and industry security
experts to design and develop a state-of-the-atirgg system that is referred to as the Security
Credential Management System (SCMS), as a proobotept (POC) message security solution
for vehicle-to-vehicle (V2V) and vehicle-to-infrastture (V2I) communication. The system
employs highly innovative methods of encryption aedificate management to facilitate trusted
communication (https://www.its.dot.gov/resourcesisgitm.). SCMS development and testing is
a work in progress, and the SCMS POC and assoaidearements continue to be refined.

The USDOT and CV Pilot site partners have spensidanable efforts on developing security
plans, and then testing and revising the plansthais¢esting and new information gathered during
the project activities. The Security Managemenei@png Concepts (SMOC) of the pilots
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outlines the security mechanisms that will be usegrotect the information flows within the
system, additional practices to protect the privaey security of data, and management processes
and procedures to ensure that security operati@executed in a reliable and trustworthy way.
These plans, concepts, and the significant ledsansed should be carefully reviewed and utilized
as part of any CV deployment.

4.6.7 Standards Utilization

CV-based deployments should leverage existing atalsd specifications, and processes. CV
device and interface standards and guidelines exiate under development. The Tampa CV
Pilot team recommended relying on published statsdanstead of relying on unpublished

standards that are still in the development stage wsing international standards when U.S.
standards do not exist.

The 2019 FDOT CAV Business Plan realizes the ingmme of standards and that advancing and
adopting these standards will assist in expeditiegdeployment of CAV applications in Florida.
Specific action items listed in the business plarude developing a systems engineering process
for CAV, implementing the Security Credential Maeragent System (SCMS), exploring
cybersecurity and physical security of CAV equipmeand incorporating CAV into FDOT
standards and specifications, guides, and manuals.

4.6.8 Data Archiving and Performance Measurements

The CV applications will generate a large amourdaif that should be stored and combined with
data from other sources to estimate and predicesyperformance. The archived data can be
used as part of decision support systems to suggarnning, planning for operations, and
operations in general. Due to the large amougeokrated data, there is a need to determine the
data elements that will be communicated to thditraianagement center and the aggregation
levels of transmission and archiving. This prodesaso related to the privacy issue mentioned
earlier in protecting a participant’s personallgntifiable information (PII) while also providing
sufficient data to support performance measuremegtame of the collected and archived data
may require the services of thestitutional Review BoardIRB) for the protection of human
subjects in research. The purpose of the IRB vewseto ensure appropriate steps are taken to
protect the rights and welfare of humans particigats subjects in a research project. If the
research and evaluation of CV applications use hupaticipants, then the plan will need to
specify the need to obtain Human Use Approval feomaccredited IRB institution. The project
must successfully obtain and document necessargwegip before human subjects can participate
in such research.
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4.6.9 Funding

Funding, including that required for the deploymemeration, and maintenance, is an important
issue facing agencies considering CV deploymerd.spécific funding has been set aside by the
USDOT for the CV deployment other than the CV pdeployments. However, the USDOT has
a number of pilot deployment grant opportunitiest ttan be used for this purpose.

FDOT has recognized the importance of the fundgsge, and the 2019 FDOT CAV Business
Plan has funding as one of the seven focus afidasestablishment of the FDOT funding strategy
is underway with a number of initial steps for fregram funding action items already identified
in the 2019 FDOT CAV Business Plan (FDOT 2019).

4.7 SYSTEM OVERVIEW

A good starting place for a source of informatiomave an overview of the system needed for the
changes outlined earlier in this report is the iinfation presented in the ARC-IT 8.2 (2019)
(Architecture Reference for Cooperative and Irngelit Transportation). The service packages
and associated physical objects, functional objecis information flows, as well as the four views
of the architecture, can be accessddtat://local.iteris.com/arc-dnd can be used as an important
source of information that is further supplemergdnformation from other sources to complete
the system overview. Please note that the cuxrersion of FDOT’s Florida Statewide and
Regional ITS Architectures is based on Versionof e National ITS Architecture and does not
adequately address CV deployment. FDOT plangtate the ITS architecture to be based on
the most recent version of ARC-IT in 2019 (Ponna2®18). Below is a set of ARC-IT service
packages that support the CV deployments on urtiarias. Additional support is provided by
several other ARC-IT packages, and these packdgrsdsbe reviewed and used in setting the
concept of operations of the deployment as patti@kystems engineering process (ARC-IT 8.2,
2019).

SUO01- Connected Vehicle System Monitoring and Manaent
DMO02- Performance Monitoring

TMO04 Connected Vehicle Traffic Signal System

STO08: Eco-Approach and Departure at Signalizeddetgions
CVOO06 Freight Signal Priority

PTO9: Transit Signal Priority

VSO03 Situational Awareness

VS05 Curve Speed Warning

VS08 Queue Warning

VS09 Reduced Speed Zone Warning / Lane Closure
VS10 Restricted Lane Warnings

VS11 Oversize Vehicle Warning

VS12 Pedestrian and Cyclist Safety
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VS13 Intersection Safety Warning and Collision Alance

VS15 Infrastructure Enhanced Cooperative Adaptingse Control

VS13 Intersection Safety Warning and Collision Alamce

PSO06 Incident Scene Pre-Arrival Staging Guidanc&foergency Responders
PSO07 Incident Scene Safety Monitoring

PS02 Routing Support for Emergency Responders

PS03 Emergency Vehicle Preemption

TM14: Advanced Railroad Grade Crossing

MCO7: Work Zone Safety Monitoring

Various traveler information packages

Examples of these service packages are shown imdsigl-4 to 4-8. The information associated
with the listed service packages combined with @il information from multiple sources
provided important inputs for this section. In gudbsections below, the description of the physical
objects and associated functionality and interfaeex® used as a starting point in the description
of the system components. This information is smpnted with additional information from
recently released documents and presentationseasuthject.
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Figure 4-4 TM04 Connected Vehicle Traffic Signal Sstem (ARC-IT 8.2, 2019)
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Figure 4-5 CVOO06 Freight Signal Priority (ARC-IT 8.2, 2019).

Figure 4-6 VS12 Pedestrian and Cyclist Safety (ARCF 8.2, 2019)
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Figure 4-7 VS13 Intersection Safety Warning and Cdikion Avoidance (ARC-IT 8.2, 2019).

Figure 4-8 PSO7 Incident Scene Safety Monitoring (RC-IT 8.2, 2019)
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4.7.1 Traffic Management Center

In CV-based deployments, the Traffic Managementt€eestablishes remote connectivity for
monitoring, managing, and configuring the CV-basggblications and associated devices. It
communicates with various associated ITS Roadwawidaeent, including traffic signal
controllers, CV processors and other Connected ckelitoadside Equipment (RSE) to monitor
and manage traffic flow and monitor the conditidrtlee managed facilities and status of field
equipment. A central software that is capable ahaging the CV equipment will transmit to the
field device configuration data, including interS8en geometry, warning parameters, and
thresholds. Such software will most likely becomenodule in existing transportation system
management software. This flow also supports #@mote control of the application, so the
application can be taken offline, or be resetestarted. Some of the CV management activities
of the TMC according to the USDOT New York Pilotimdes (https://cvp.nyc/traffic-control-
system):

Security Credentials Management System (SCMSyatibn

Managing roadside equipment performance (failureentification, repair,
maintenance)

Managing roadside equipment Radio Frequency (Réipfots

Managing CV application configuration

External data distribution

Data collection from RSE/Aftermarket Safety Devi¢ASD)

Data aggregation, data normalization, and systafonpeance assessment

The central software used by the FDOT Regionalfitrélanagement Centers (RTMCs) is the
SunGuidé& software. The SunGuide software is an integratioam set of modules that allows the
control of roadway devices, as well as informatexcthange across a variety of transportation
agencies and is deployed throughout the stateooidal. Figure 4-9 provides a graphical view of
the SunGuid® software architecture. The managed ITS devicekdBunGuide software include
traffic detection devices, cameras and associatedders and decoders, video walls, dynamic
message signs, highway advisory radios, road weatf@mation systems, connected vehicle
basic probe data, reversible lane systems, vebaliety barriers, ramp signals, variable speed
limits, wrong-way driving, and express lanes. Aitial CV model was incorporated in the
SunGuidé& software as part of the 2011 CV deployment in @ita This SunGuidemodule was
updated more recently to the new CV standardsccoading to the 2019 FDOT CAV Business
Plan (FDOT 2019), the SunGufisoftware will be upgraded in the 2019-2020 timequkto
allow it to deal with CAV devices.

116



Figure 4-9 SunGuide® Software Architecture
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4.7.2 Traffic Controller and Associated Interface

The traffic controller and the associated equipnaatt interfaces are important components of a
number of CV-based applications, such as the Madtdal Intelligent Traffic Safety System
(MMITSS) applications (signal control based on GA3P, TSP, Mobile Accessible Pedestrian
Signal System, and emergency vehicle preemptintetsection safety applications, and rail-road
crossing applications. The controller must be &blee configured to transmit SPaT messages so
that this information can be communicated to CV &M@ utilizing RSU DSRC or other
communication technologies. The controller must &le able to receive CV and PID information
and priority requests utilizing the latest versadrthe National Transportation Communications
for ITS Protocol (NTCIP) 1202 and NTCIP 1211 staddao allow signal control, priority, and
preemption.

State of the art traffic controllers that can comimate using NTCIP 1202 v3.05 or later to provide
support for SAE J2735 (SAE, 2016) messages wilhbeded. The 2070 LX controllers and
Advanced Traffic Controllers (ATC) have been praetlito provide capabilities to interface with
the CV RSE. Signal controller vendors have stattegroduce CV co-processors to provide
required functionalities for V2I applications inrganction with the controller and RSE. The co-
processors can either be integrated into the cbetiar be a standalone component in the cabinet.
Some of the required functionalities for the apgdiilens are already included in the DSRC RSEs,
while others reside on the co-processor. The oogssor provides a direct interface to the other
RSE equipment. Figure 4-10 presents a diagrarheoinfrastructure roadside components from
one controller vendor (Econolite) that shows thteriaces between the controller, CV co-
processor, RSU, and OBU. As shown in Figure 4#1€©,CV roadside unit(s) (RSU) is installed
at a location that allows a clear line-of-sightthe vehicles to enable vehicle to infrastructure
communications using a Dedicated Short-Range Conmation (DSRC) unit in this case. The
RSU is connected through a cable to a CV applinat@processor (CVCP) in the cabinet that can
be in a standalone enclosure or a module that phigshe controller. The CVCP module allows
the interface between the controller and RSU DSR@ces and can enable various CV-based
applications that reside on the CVCP.
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Figure 4-10 The Signal Controller and Econolite C\Co-Processer as Part of the Connected
Vehicle Intersection (Provenzano, 2016; MohaddesP27)

Figure 4-11 displays the configuration of the C\&éad transit signal priority implementation
utilizing the Multi-Modal Intelligent Traffic SigriaSystem (MMITSS) application. Figure 4-11
also illustrates the different components usethémehicles and at the roadside. As shown in the
figure, the MMITSS application is installed on anboard processor that uses a vehicle’s GPS
location and the bus schedule as inputs. The psocghen determines the on-time performance
of the bus and generates signal request messdgbh (B needed, to meet on-time performance.
The processor also sends basic safety messages) 83M infrastructure that then determines
the location, speed, and direction of the bus. fioeessor receives Signal phasing and Timing
(SPaT), MAP, and priority status messages, allowhegonboard processor to determine the signal
status and whether the priority is granted. Tharoanication between the OBU and RSU and to
the infrastructure is sent using DSRC. The RSUrmanicates with a roadside processor in the
cabinet that makes decisions to grant priority estg based on information from the bus and
controller and communicates this decision to thetrotler and roadside unit that in turn
communicates the decision to the onboard unit.

119



Figure 4-11 The CV-Based Transit Signal Priority Inplementation in Utah (Leonard, 2002)

The USDOT has developed the V2l Hub (Zink and Rotii, 2018) to support jurisdictions in
deploying connected vehicle technology. V2l Hul isoftware platform that utilizes plugins to
translate messages between different devices anttansportation management and connected
vehicle applications on roadside equipment. TheM(ib takes in data received by the RSU from
vehicles using the Society of Automotive Enging@AE) J2735 standard (SAE, 2016) format
and translates the data into an NTCIP format thiaastructure components can understand. It
also translates Signal Phase and Timing (SPaT)iidataNTCIP to SAE and sends it to the RSU
to broadcast to mobile devices and vehicles.

4.7.3 Roadside Equipment (RSE) or Roadside Units (RSU)

The RSUs are used to send messages to and recesgages from nearby vehicles using DSRC
or other alternative wireless communication tecbg@s. RSUs can also communicate with
adjacent field equipment (such as traffic signaitoalers) and centers that monitor and control
the units. It includes a processor, data storagg communication capabilities that support secure
communications with passing vehicles, other figgdipment, and the center. The selected RSU
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must meet the USDOT RSU 4.1 specification or highiéigure 4-12 shows the context diagram
of a Basic RSU (Chang, 2017). Additional functires may be added by the RSU vendors.
More than one RSU may be required, depending ositlgeand geometry of the intersection.

There has been confusion about the terms RSE akh Rith some references saying that the
RSU and RSE refer to the same thing or that the BRStle newer name. However, the “ITS
Standards for Project Managers” module of the USDO® Joint Program Office ITS
Professional Capacity Building Program (USDOT, 20differentiates between these two terms,
as follows:

RoadSide Equipment (RSE)s a term used to describe the complement of egiip

to be located at the roadside; the RSE will prepatktransmit messages to the vehicles
and receive messages from the vehicles for theogermf supporting the V2I
applications. This is intended to include the DSB@io, traffic signal controller where
appropriate, interface to the backhaul communiaatioetwork necessary to support
the applications, and support such functions ae skturity, encryption, buffering, and
message processing. It may also be referredtteeasadside ITS station. When only
speaking of the DSRC radio, the correct term is R&3¢ below).

RoadSide Unit (RSU)is a connected device that is only allowed to afgefrom a
fixed position (which may, in fact, be a permanarstallation or from temporary
equipment brought on-site for a period of time agged with an incident, road
construction, or other events). Some RSEs may baweectivity to other nodes or the
Internet.”

Figure 4-12 shows the context diagram of an RSU.
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Figure 4-12 Context Diagram of an RSU (Chang, 2017)

RAD-IT lists the following functionalities for thRSEs.

RSETraffic Monitoring function monitors the Basic Safety Messages (B8id) are
shared between connected vehicles and uses thisadptoduce measures that can be
used to manage the network in combination withndreiu of traffic data collected by
infrastructure-based sensors. This function algppsrts incident detection by
monitoring for changes in speed and vehicle corgrv@nts that indicate a potential
incident. The BSM, as defined in the J2735 stagjatonsists of two parts. Part 1 is
sent in every BSM message broadcasted ten timesepend and will be mandated to
be broadcasted by the NHTSA ruling. It containgeaata elements, including vehicle
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position, heading, speed, acceleration, steeringeWangle, and vehicle size. BSM
Part 2 consists of a large set of optional elementsh as precipitation, air temperature,
wiper status, light status, road coefficient ottion, Antilock Brake System (ABS)
activation, Traction Control System (TCS) activatiand vehicle type. BSM Part 2
elements are sent based on criteria that are eotfiga in the J2735 standards.

RSE Situation Monitoring is a general functional object that supports thiéection

of data from passing vehicles and appears to quoreswith what is referred to as the
“probe vehicle data message” in SAE J2735 stand@@dédd, 2016). The data is
collected, filtered, and forwarded based on paramgbrovided by the back office.
Parameters are provided to passing vehicles tlaequipped to collect and send
situation data to the infrastructure in snapshbtsaddition, this object collects current
status information from local field devices, indlugl intersection status, sensor data,
and signage data, providing complete, configuraimaitoring of the situation for the
local transportation system in the vicinity of tR8E.

Intersection Managementcommunicates with approaching vehicles and aitraff
signal controller to allow CV-based signal conteglplication. This function also
provides the SPaT message (Signal Phase and Titoipgssing vehicles and includes
the current signal state and time until change, Midersection Map) geometry of the
intersection, and location correction. The functshould also include conflict
monitoring to ensure that the RSU output and taffignal control output are
consistent.

Intersection Safetycommunicates with approaching vehicles and IT&stfucture
to alert and warn drivers of a potential stop sig light, and non-motorized user
crossing conflicts or violations.

Map Managementobtains current map and geometry data and prowdesnt map
and geometry data to connected vehicles.

RSE Speed Managemenprovides infrastructure information, including dograde,
roadway geometry, road weather information, andecuiispeed limits to assist vehicles
in maintaining safe speeds and headways. It atsadges speed recommendations to
vehicles based on current conditions and overakdpimits and strategies established
by the back office.

RSE Speed Warningnotifies connected vehicles that are approachieglaced speed
zone, providing: (1) the zone's current posted dpbmit; (2) any roadway
configuration changes associated with the redupeddszone (e.g., lane closures, lane
shifts) if applicable; and (3) associated warninfpimation (i.e., the reason for the
reduced speed warning). Configuration parametes define the applicable speed
limit(s), geographic location and extent of the ueed speed zone, and roadway
configuration information are received from a cende provided through a local
interface. The characteristics of individual vééscmay also be monitored and used
to warn vehicles with specific limitations that ue@ safe operating speeds, (e.g.,
rollover risk for tall vehicles).

Incident Scene Safetycommunicates with CV and PID carried or worn bylpu
safety responders to detect vehicle intrusionsesighated work areas at an incident
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scene and warn responders and drivers of imminectoachment. Public safety
responder movements are also monitored so thatedponders can be warned of
movement beyond the designated safe zone.

Infrastructure Restriction Warning uses short-range communications to warn
vehicles of infrastructure dimensional and weiggstrictions.

RSE Queue Warning provides V21 communications to support queue wayni
systems. It monitors connected vehicles to idgrgifd monitor queues in real-time
and provides information to vehicles about upcomgngues, including downstream
gueues that are reported by the Traffic Manager@enter.

RSE Restricted Lanes Applicationuses short-range communications to monitor and
manage dynamic and static restricted lanes. lkcslvehicle profile information from
vehicles entering the lanes and monitors vehicidsmthe lanes, providing aggregate
data to the back-office center. It provides lagstniction information and signage data
to the vehicles and optionally identifies vehicldgat violate the current lane
restrictions. These functions are performed basegperating parameters provided by
the back office managing center(s).

RSE Rail Crossing Warningis a connected vehicle application that impro\adfsty

at rail crossings. It communicates with waysideuipapent that detects or
communicates with approaching trains. It providas crossing warnings and train
arrival information to approaching vehicles and mans connected vehicles that may
intrude on the crossing.

RSE Traffic Gap Assistprovides advisory information to minor road drivet a stop-
sign controlled intersection or permitted left tuonfacilitate gap selection to proceed
through the intersection. The application can befigured, depending on the
intersection geometry. It monitors connected Mehitaffic on the major road,
augmenting infrastructure traffic detectors to tifgrand measure traffic gaps. The
intersection geometry, measured traffic gaps, amcent gap assist sign displays are
communicated to the connected vehicle navigatirgirkersection for use in driver
advisories and warnings. The application may atetlect vehicle size and
performance profile from the connected vehiclegtmize the alerts and warnings to
the capabilities of the vehicle and driver prefesmn

RSE Traveler Information Communications includes field elements that distribute
information to vehicles for in-vehicle display. @ mformation may be provided by a
center (e.g., variable information on traffic améad conditions in the vicinity of the
field equipment) or it may be determined and outpmdally (e.g., static sign
information and signal phase and timing informatioithis includes the interface to
the center or field equipment that controls thermfation distribution and the short-
range communications equipment that provides in&dion to passing vehicles.

RSE Work Zone Safety communicates with connected vehicles and Personal
Information Devices carried or worn by the workwer® detect vehicle intrusions in
work zones and warn crew workers and drivers of imemt encroachment. Crew
movements are also monitored so that the crew eamndsned of movement beyond
the designated safe zone.
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Position Correction Supportbroadcasts differential positioning data to enabéeise
locations to be determined by passing vehicles,padimg connected vehicle
applications that require highly accurate positigni The differential positioning data
may be calculated directly by a precisely locat&URoperating as a reference station
or received from an external reference stationratayed to passing vehicles.

RSE Trust Managementmanages the certificates and associated keyarthatsed to
sign, encrypt, decrypt, and authenticate messaljeeammunicates with the Security
and Credentials Management System to maintain eerrvalid set of security
certificates and keys, and identifies logs, anarespevents that may indicate a threat
to connected vehicle environment security.

RSE Privacy Servicesoperates as a proxy, replacing the mobile devicets/ork
address with the RSU's and tags the message sib ¢hatreturn replies to the mobile
device.

RSE Support Servicesprovides foundational functions that support daitection,
management, and distribution. It coordinates Witi)ect Registration and Discovery
to maintain its registration with respect to looatgeographic scope and credentialing
information. It maintains the necessary securitgdentials, authorizations, and
associated keys to support communications in tm@@cted vehicle environment. It
maintains precise location and time informatiosupport other services.

The RSUs are usually mounted on signal poles, arast, and luminaire poles (see Figure 4-13).
They use an Omni-directional antenna. Howevertrobsons can impair the signal, and more
than one RSU may be needed.

Figure 4-13 RSU Installed on Mast Arm (Leonard, 20R)
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4.7.4 Vehicle On Board Equipment (OBE) and Onboard Unit OBU)

According to RAD-IT, the vehicle onboard equipm@BE) provides the vehicle-based sensory,
processing, storage, and communications functibas gupport efficient, safe, and convenient
travel. The vehicle OBE includes the common istees and functions that apply to all motorized
vehicles. The radio(s) supporting V2V and V2| coamications are a key component of the
vehicle OBE. As is the case with use of the OBEABU terms, there has been a lot of confusion
regarding the use of the terms OBU vs. OBE vs.raAfteket Safety Devices (ASD). However,
the “ITS Standards for Project Managers” moduléhef USDOT ITS Joint Program Office ITS
Professional Capacity Building Program (USDOT, 20differentiates between these three terms,
as follows:

Onboard Equipment (OBE)This term refers to the complement of equipmerdténtin the
vehicle for the purpose of supporting the vehide f the applications. Itis likely to includeet
DSRC radios, other radio equipment, message proggsdriver interface, and other applications
to support the use cases described herein. lisis @ferred to as the vehicle ITS station. When
referring to the DSRC radio alone, the correct tasnf©BU (USDOT, 2019).

Aftermarket Safety Device (ASD)A'connected device in a vehicle that operates vihde/ehicle
is mobile, but which is not connected to the dats &f the vehiclg(USDOT, 2019).

Onboard Unit (OBU): A vehicle-mounted device used to transmit and vecevariety of message
traffic to and from other connected devices (ot®&Us and RSUs). Among the message types
and applications supported by this device are Mehsafety messages, a primary subject of this
standard, which is used to exchange informationeach vehicle's dynamic movements for
coordination and safetyfUSDOT, 2019).

RAD-IT lists the following functionalities for th©BEs:

Vehicle Intersection Warning uses V2V and V2| communications to monitor other
connected vehicles at intersections and supportséfie movement of the vehicle
through the intersection. Driver warnings are jated, and the application may also
optionally take control of the vehicle to avoidlebns.

Vehicle Communications Supportsupports secure, reliable communications with
other connected devices. It provides the commitinita functions that add a
timestamp, the message origin, and a digital sigeain outbound messages and
processes, verifies, and authenticates the sarus fie inbound messages. It also
encrypts (outbound) and decrypts (inbound) sersidata.

Vehicle Eco-Driving Assistprovides customized real-time driving advice tveirs,
allowing them to adjust behaviors to save fuel agdiice emissions. This advice
includes recommended driving speeds, optimal ac@@ and deceleration profiles
based on prevailing traffic conditions, and locdéractions with nearby vehicles, i.e.,
processing Basic Safety Messages (BSMs) to deterithie position and speed of
vehicles that are between the host vehicle andhtbesection. When approaching and
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departing signalized intersections, it uses intdrge geometry information, the
relative position and speed of vehicles ahead ,ohid signal phase movement
information to provide speed advice to the driveittsat they can adapt the vehicle's
speed to pass the next traffic signal on greeneldeste to a stop in the most eco-
friendly manner, or manage acceleration as thecleeldeparts from a signalized
intersection. It also provides feedback to drivargheir driving behavior to encourage
them to drive in a more environmentally efficierdmner. It may also support vehicle-
assisted strategies, where the vehicle automaticagtilements the eco-driving strategy
(e.g., changes gears, switches power sourcesdoces its speed in an eco-friendly
manner as the vehicle approaches a traffic signglieue).

Vehicle Gap Assistuses V2I communications to collect traffic gapormhation and
associated alerts and warnings that are displayélet driver navigating a stop-sign
controlled intersection with a major road.

Vehicle Environmental Monitoring collects data from onboard sensors and systems
related to environmental conditions and sends ¢thlected data to the infrastructure as
the vehicle travels. The collected data is a bgpob of vehicle safety and convenience
systems and includes ambient air temperature aaigitation measures and status of
the windshield wipers, lights, ABS, and tractiomtol systems.

Vehicle Traveler Information provides drivers with personalized traveler infation
and/or turn by turn route guidance.

Vehicle Map Management supports map updates and makes current map and
geometry data available to other applications.m#tnages map data onboard and
provides map data to end-user applications thatigggdocation-based services.
Vehicle Queue Warningdetects vehicle queues and reports queues to \wharles
using V2V communications and to the infrastructuseng V2l communications.
Vehicle-based queue warning builds on the exchahgehicle location and motion
and maneuvers that support connected vehicle safgilcations. This application
also receives information about downstream quewgsgul2V communications.
Individualized queue warnings and queue charatiesiselevant to the vehicle are
provided to the driver.

Vehicle Rail Crossing Warninguses 12V communications to receive alerts of gain
entering HRIs and to provide warnings to drivergareling the trains. The warning
can include a second train warning (meaning the giigds are about to lower or remain
lowered due to the arrival of a second train). @pplication can also provide vehicle
infringement warnings by using the alert informatialong with vehicle trajectory
information to determine that the vehicle will imige upon a crossing that is (or will
be) occupied by a train.

Vehicle Speed Management Assigtssists the driver in operating the vehicle within
the current speed limit. It monitors current véhispeed and communicates with the
infrastructure to receive current speed limits associated road configuration change
notifications. Driver warnings are issued whenaie®r excessive speeds are detected
based on the provided speed limits and currentitonsd.
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Vehicle Support Servicegprovides foundational functions that support daféection,
management, and distribution. It coordinates Wtiject Registration and Discovery
to acquire necessary communications or informatidh.maintains the necessary
security credentials, authorizations, and assatiedgs to support communications in
the connected vehicle environment.

Vehicle System Executiveprovides the operating system kernel and executive
functions that manage the software configuratich@weration, and supports computer
resource management, security, and software iagtalland upgrades.

Vehicle Trust Managementmanages the certificates and associated keyarthated

to sign, encrypt, decrypt, and authenticate messadgeommunicates with the Security
and Credentials Management System to maintain eerirvalid set of security
certificates, and also identifies, logs, and repevtents that may indicate a threat to the
connected vehicle environment security.

Vehicle Situation Data Monitoring is the highest-level representation of the
functionality required to collect traffic and enmmmental situation data by monitoring
and storing the experience of the vehicle as welethrough the road network.
Collected data is aggregated into snapshots thaeported when communications are
available and with flow control based on paramepevided by the infrastructure.
Note that this functional object supports the aditen of data for areas remote from
RSEs or other communications infrastructure.

4.7.5 Personal Information Device (PID)

The Personal Information Device is generally reférto as a smartphone carried by travelers,
workers, or responders. The PID provides the dipyator users to receive mobility and safety
information. The PID may operate independentlyn@y be linked with connected vehicle
onboard equipment. ARC-IT lists the following faieais for the PID, among others:

Personal Intersection Safetyimproves pedestrian, cyclist, and other non-mpéari
user safety by providing personal location inforiorato the infrastructure that can be
used to avoid collisions involving non-motorizedvelers. It may also alert the non-
motorized user of unsafe conditions, augmentingxtending information provided by
signals and signs. The information provided arduger interface delivery mechanism
(visual, audible, or haptic) can also be tailoredhie needs of the user that is carrying
or wearing the device that hosts the application.

Personal Incident Scene Safetynproves public safety responder safety by prongdi
responder location information to the infrastruettirat can be used to avoid collisions
involving public safety responders. The applicatiay also alert responders if they
travel beyond the designated safe zone. The irdthom provided and the user
interface delivery mechanism (visual, audible, aptit) can also be tailored to the
needs of the user carrying or wearing the deviaehhbsts the application.

Personal Location Determinationreceives current location information and provides
this information to other applications that use tbeation information to provide
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guidance and emergency notification services. ntiérfaces with and encapsulates
positioning technology, such as a GPS receiver dddxkin the user's device.
Personal Trust Managementmanages the certificates and associated keyairthat
used to sign, encrypt, decrypt, and authenticatsages. It communicates with the
Security and Credentials Management System to aiaiatcurrent, valid set of
security certificates and identifies, logs, andorépevents that may indicate a threat
to the connected vehicle environment security.

Personal Work Zone Safetyimproves maintenance and construction crew saigty
providing crew location information to the infrastture that can be used to avoid
collisions involving the work crew. The applicationay also alert workers if they
travel beyond the designated safe zone. The irdthom provided and the user
interface delivery mechanism (visual, audible, aptit) can also be tailored to the
needs of the user carrying or wearing the deviaehhbsts the application.

Traveler's information, Trip Planning, and Route Guidance: Several
functionalities are listed under these applications

4.7.6 Supporting Traffic Sensors and Traveler Information Systems

Most CV-based mobility and reliability applicatiorsquire a high CV market penetration to be
effective. Some of these applications, however bmasupported by infrastructure-based detection
sensors like radar and video image sensors. Hegs®rs can provide macroscopic measures like
volume, speed, and occupancy, which can suppolicappns like MMITSS. Other sensors may
even produce vehicle trajectories that emulate QYe essential supporting traffic sensors also
include Infrastructure-based Vulnerable Road U¥&) Detection Sensors to detect pedestrian
and bicycles. The abovementioned sensing techieslagll continue to be useful until the CV
market penetration reaches a level when they atenger needed.

Similarly, the V2| safety message communicatiorobtdoard vehicles will be displayed on a
Driver-Vehicle Interface (DVI). With limited mark@enetration of CV, the safety benefits may
be limited. An effort by the USDOT produced guidek for providing Driver-Infrastructure
Interfaces (DIIs) to provide CV information (Rickiaet al., 2015b). Figure 4-14 shows an example
of the Dlls.
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Figure 4-14 Example DIl to Support an IntersectionSafety Warning and Collision
Avoidance to Reduce Red-Light Violation (Richard etal., 2015b)

4.7.7 Supporting Services

A number of services are required to support thiua CV applications, such as the provision of
CV system monitoring and management, CV componemtenance, MAP, data archiving and
sharing, location and time provision, Federal Comitation Commission (FCC) licensing,
security and credential management, and privadgption. The following are descriptions based
on ARC-IT:

Connected Vehicle System Monitoring and Managemenprovides monitoring,
management and control services necessary forcapipls and/or devices operating
within the connected vehicle environment. Thidudes tracking and management of
the infrastructure configuration, as well as detectisolation, and correction of
infrastructure service problems. It also incluttess monitoring of the performance of
infrastructure and mobile equipment.

Security and Credentials Managements used to ensure trusted communications
between mobile devices and other mobile devicesamside devices and also used to
protect data from unauthorized access. This segiiants trust credentials to qualified
mobile devices and infrastructure devices in thaneated vehicle environment so that
those devices may be considered trusted by othveredethat receive trust credentials.
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RSE Map Managementprovides the map functionality necessary to suppa data
updates to passing vehicles. It collects and pes/current map and geometry data to
connected vehicles.

Location and Time serviceidentifies the external systems and interfacesphatide
accurate location and time to the devices and systeThe New York pilot found
challenges with GPS location services in Manhastiash identified the possible need
for a supplementary technology.

Privacy Protection provides the privacy protection essential to thperation of
connected vehicle applications. Privacy Proteatibscures the network identifiers of
mobile devices in order to allow communication wittedentials management and
other centers.

Center, Field, and Vehicle Equipment Maintenance provides the required
maintenance support of this equipment.

Data Distribution manages the distribution of data from data pragide consumers
and protects that data from unauthorized access.

Core Authorization manages the authorization mechanisms to defines,rol
responsibilities and permissions for connected alehapplications. This allows
system administrators to establish operationalrenments where different connected
vehicle system users may have different capalslitid=or instance, some mobile
elements may be authorized to request signal prjan some centers may be permitted
to use the geographic broadcast service, whileethahout permission would not.
Object Registration and Discovery provides registration and lookup services
necessary to allow objects to locate other objegisrating within the connected
vehicle environment.

4.8 PROJECT SELECTION

The decisions to invest in alternative ITS solusi@s part of the alternatives to support arterial
management and operations is more complex witmtheduction of CAV-based solutions as part
of the alternatives. A survey conducted as agfdhte United States Department of Transportation
(USDOT) ITS Deployment Tracking Project (USDOT 2pli8entified safety and mobility
benefits, integration with existing technologiegiéability of funding, and equipment price as the
major factors in the decision-making process foresiing in ITS technologies (Gordon and
Trombly 2014). As discussed below, the 2019 FD@WV®usiness Plan selection criteria include
acceleration of the CAV program, mobility, safedfficiency and reliability, feasibility, funding,
and benefit/cost ratios. The National CV Fieldrastructure Footprint Analysis document
produced by the American Association of State Higjnand Transportation Officials (AASHTO)
pointed out that public agencies will need to as$ies use of connected vehicle probe data versus
existing methods of data collection (Wright et 2D,14).
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This section presents a more detailed descriptidheomethodology proposed in this study and
outlined earlier to support the agency decisioradlopt a new technology based on agency
objectives and local conditions. An assessmegtitdria, such as those presented in the FDOT
CAV Business Plan, will have to be made and cowtusly monitored for the validation or
refinement of decisions. The selection of ITSIdgment alternatives requires the evaluation of
these alternatives relative to each other anditerahore conventional improvement alternatives.
The methodology will be applied to the case stualyidor of this project.

4.8.1 Identification of Selection Criteria

The first step is to identify performance metricxl acriteria that can be used by agencies to
compare existing and emerging technologies. Thiegmeance measures should be assessed and
tracked for the present and future years. Thissassent should then be used as input for the final
decision-making process. The selection criteria icelude outcome performance measures,
output measures, economic measures, feasibilityriaks and constraints. The 2019 FDOT CAV
Business Plan identified the criteria in Table 4s2he measures used for the CAV-based project
selection. These criteria are used in the assedsrhéhis project; however, other criteria can be
used.

Table 4-2 Project Selection Criteria Presented inhle 2019 FDOT CAV Business Plan
Categories Criteria Self-Score

Accelerate the | Does this project accelerate the deployment antemmgntation of
CAV Program | CAV technologies in Florida?

Safety Does this project directly reduce or haeepbtential to reduce fatal,
serious injury and/or secondary crashes?
Mobility From a mobility perspective, does this jaat directly benefit all

modes, including pedestrians, bicyclists, disabdednomically
disadvantaged, and aging road users?
Efficiency and | Does this project directly benefit (or have thegmbial to impact)

Reliability efficiency and/or reliability for all travelers gight, transit riders,
aging road users, pedestrians, and bicyclists?
Feasibility Is this project implementable (techrpyleeady), scalable, and

portable for statewide deployment?

Do proposed technologies comply with or have themal to comply
with relevant state and federal safety laws?

Is the proposed project interoperable and/or doesvie the potential
to become interoperable with the existing or progreed CAV
Projects?

Funds Does this project leverage federal, local/@rprivate funds? Are
there any private organization and/or local agganyners? If yes,
what are their match types and roles? Is thereggeeeaent or
Memorandum of Understanding (MOU) in place?

Benefit/Cost Does this project offer benefits wathigh B/C and a good return on
investment?
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Table 4-2 (Continued)

Categories Criteria Self-Score
Data and Does this project collect, disseminate, and usktiraa traffic, transit,
Security parking, and other transportation information t@iove safety and

mobility, and reduce congestion? Explain how thagemt will
safeguard data privacy and deploy a cybersecuatjopm.
Operations and| Does this project address staffing, funding, aratedures for
Maintenance | operations, maintenance, and replacement of CANstfucture,
technologies, and applications?

Project Does this project have pre-defined performance orea8 What and
Evaluation how are these outcomes measured?
Will there be a before and after analysis perfornaed lessons
learned

documented? If yes, how will this be documented strated?
Is there a systems validation and verification pescin place? Explain
how this will be performed.

Total Score

4.8.2 Provision of Required Functionalities

The provision of required functionalities is exptto be one of the main criteria in the selection
process. The provision of a solution according 8ystems engineering approach will need to be
based on identified functionalities of the systestated to local needs and issues. This step
involves identifying the necessary functions toradd the needs and issues for the corridor and
the existing and emerging technology alternatiias support the delivery of the functions. Some
of the functions can be supplied by both CV-bas#dt®ns and non-CV based solutions. Others
can be supplied only by CV-based solutions. FamngXe, to support performance measurement
and performance-based planning and operationg ther wide range of existing data collection
technologies and sources, such as point detediggh;resolution controller data, automatic
vehicle re-identification, and private sector crewdrcing, among others. Connected vehicles
acting as probes, data generated from travelers,passibly data generated from automated
vehicles have the potential to replace or compléntieese existing technologies and provide
additional functionalities, data elements, and ionpd performance measurements. Both existing
and emerging technologies will need to be assa#fering the methods presented in this study.
Another example is supporting gap acceptance aakagd and unsignalized intersections, which
can only be provided by CV-based applications.

An important step in assessing different technolseglutions of a particular subsystem is to
identify how these solutions can provide the respiifunctionalities. This will enable the
determination of gaps in the functionalities praddoy traditional solutions compared to a CV-
based solution. For example, the need to aleredsiof bicycles or pedestrians on crosswalks is
not possible with traditional ITS technologies, efhmakes CV-based solutions strong candidates.
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4.8.3 Return on Investment Analysis

An important criterion in the selection of a CV-bdssolution is expected to be the return on
investment, as indicated in Table 4-2. Traditibnahe return on investment analysis is conducted
by calculating deterministic point estimates of Net Present Value (NPV) or benefit-cost ratio
of the project alternatives. This involves deteristic estimates of the present values of the atirre
and future benefits and costs over the projectmenic life. A discount rate is used to calculate
the present values of the cash flows. This conweat method may not be able to capture the
uncertainty and risks associated with a projeclo@it 2005). The analyst must recognize that a
great amount of uncertainty is associated witlpmameters that are used to calculate the impacts
and costs of the alternatives. There are three taaimiques for incorporating uncertainty into the
return on investment analysis: the Black Scholesleh binomial lattice and Monte Carlo
methods. The Black Scholes method (Black and Sshtf/79) has several assumptions that may
not be met in transportation system alternativdyaisa For example, the method assumes that
the volatility (standard deviation of price ovang) is constant over the project life, returngie t
project are normally distributed, and the projeatiglerlying value is lognormally distributed. The
binomial lattice method (Cox et al., 1979) can ardysider one source of uncertainty. In addition,
a reported weakness of this method is that it neadsgbersome computational effort to reach a
certain level of accuracy (Gilbert, 2005). The NMofarlo method (Boyle, 1977) is capable of
integrating multiple sources of uncertainty withnequirements on the distributions and has been
used in various fields to account for uncertaingyelxpressing cost and benefit parameters as
probability distributions rather than as fixed v@du'Yang et al., 2007; Neufville and Scholtes,
2011; Sullivan and Orr, 1982; Cox et al., 1999;li@ah and LeClair, 1985). The Monte Carlo
simulation method can be used to account for uaiceytin the input parameters to the return on
investment analysis.

To calculate the NPV, it is necessary to assesbahefits of alternatives and convert these
benefits to dollar values and estimate the costeeprojects. The performance improvement
information estimated based on the review of liie, as presented in Chapter 3, can be used as
inputs to model and data analysis to determind#émefits for the specific corridor under
investigation. These estimates are considered tbdinitial Mobility Modification Factors

(MMF) and Crash Modification Factors (CMF) and slaooe updated based on the results from
future CV implementation and research efforts.

Step 1 — Determination of Operation Scenarios:The impacts of CV will be evaluated under
different demand, incident, and weather scenariosessome of the mobility and safety
applications are effective only under these scesasi are more effective under other scenarios.
For example, the Support of Incident and Emergé&esponse provides benefits only when there
are incidents, and the benefits depend on lan&kadmcseverity. Adaptive signal control is less
effective under oversaturated conditions. The yamslscenarios will be generated in a similar
fashion to that of the scenario generator usedhénHighway Capacity Manual-based (HCM-
based) Active Transportation and Demand Manage@aridM) Analytical Methods for Urban
Arterials considering the actual incident, weatlaed construction events.
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Step 2 — Assessment of Mobility and Reliability Mesures for the Base Conditions and
improvements: Under each of the operation scenarios identifiecbtep 1, the HCM-based
procedure will be used to estimate the travel tamé delays with no improvements, with non-CV-
based improvements, and with CV-based improvemérits.Highway Capacity Software (HCS),
STREETVAL, or other HCM computational engine carubed for this assessment. More detailed
simulation models can be also used. The impadetbf traditional and CV-based solutions will
be assessed and compared. The improvement inyaidldie considered in the analysis either as
improvements in the capacity values in the inputsa® a modification of the values of the
performance measures of the base condition ugjimnultipliers, depending on the application.

Step 3 - Assessment of Safety Measures for the Ba&Senditions and Improvements: The
safety benefits are obtained by first identifyihg rate, frequency, and severity of the crash types
that are expected to be influenced by the impleatamt of CV technology utilizing crash data for

a three- to five-year period. If needed for thaleation, the crash frequency may need to be
evaluated separately for different operation sdesar For example, if a deployment is only
effective or has a greater effect during rain amd eonditions, then the crash frequencies should
be estimated under these conditions. The safetgfite will be estimated for the same scenarios
generated for mobility analysis.

Step 4 — Estimation of the Improvement Cost: This step will determine the initial and the
recurrent operation and maintenance costs of C\ogleent. The AASHTO Life Cycle Cost
(LCC) tool will be used to generate the initial testimates. These cost estimates will be revised
based on inputs from the USDOT CV pilot and FDOPldgments.

Step 5 — Estimation of the Return on Investmentin this step, a stochastic return on investment
will be conducted considering uncertainty in thedent/crash frequency, CV market penetrations
in future years, traffic demand, incident locati@miver response, etc. The result will be a
distribution of the benefits of the CV-based and+@) based applications.

4.8.4 Multi-Criteria Decision Analysis

Measures that are difficult to be assessed in doldues cannot be accounted for using the
economic return on investment analysis methodaus Tthese methods are not fully adequate for
use in assessing technology alternatives. Multe@a Decision Analysis (MCDA) methods have
been proposed to account for both qualitative amahttative factors in the decision-making
process. This approach has been used in the ZDDTI EAV Business Plan as indicated in Table
4-2, and the methods described below can be carsider supporting this approach.

The simplest MCDA approach is the Simple Multi-Aitrte Rating Technique (SMART)
approach, also known as the Simple Additive Wergh{SAW) method. This approach involves
identifying decision criteria, criterion weightsssessment of the values associated with each
criterion, normalizing the values to a common scatel obtaining “scores” based on the values.
The result is a weighted score for each of the @epalternatives. When there are a large number
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of evaluation criteria and the priorities of muléistakeholders are to be considered, the SAW
method cannot sufficiently capture the weights dfecent criteria More advanced MCDA
methods, compared to the SAW method, have beenogedpand successfully used. These
methods include the Analytic Hierarchy Process (AHPechnique for Order Preference
Similarity to Ideal Solution (TOPSIS), PreferencanRing Organization Method for Enrichment
of Evaluations (PROMETHEE), Elimination Et ChoixaBiuisant la Realité (ELECTRE), and
others All of these methods require stakeholder inpatmrding their preferences and priorities
with respect to various decision criteria and aseasment of each alternative to meet each
criterion. Among these MCDA methods, the AHP medtheveloped by Saaty (1980) has been
the most widely used in various disciplines, inahgdtransportation engineering. Hence, the AHP
method was selected for use in this study.

This study recommends the utilization of a comborabf the return on investment described in
the previous section and an MCDA method, such @@\thP, SMART, or the Fuzzy TOPSIS, to

select between alternatives considering emergctgnt@ogies. The result from the NPV analysis
can be included as one of the objectives definedhie MCDA evaluation. The results of the

selection between the alternatives will be dependerthe input parameters, which are different
for different agencies and locations.
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5. EVALUATION AND PERFORMANCE MEASUREMENT
SUPPORT

This last chapter (Chapter 4) demonstrates thacgbipin of the method for the pre-deployment
assessment of system impacts and selection beaiteematives in the pre-deployment evaluation
to the project case study (the SR-924/NW" $&reet segment in Miami-Dade County, Florida).
This chapter then briefly introduces the implemaataof the developed methodology in a tool
developed as part of another project titled “Estioraof System Performance and Technology
Impacts to Support Future Year Planning” and wasléad under grant number BDV29-977-37.
Next, the use of simulation modeling for assessi\based applications is demonstrated.
Finally, an overview of the steps needed for plagrthe post-deployment evaluation of CV to
inform future evaluation efforts is presented.

5.1 STUDY LOCATION

The project case study is a segment along SR-924MNW/ Street in Miami-Dade County
extending from NW 32nd Avenue to NW 5th Avenue (&&gure 5-1). It is a six-lane divided
urban arterial with a posted speed limit of 40 nmipe length of the study segment is 2.79 miles
and includes a total of 12 signalized intersect@amd 9 un-signalized intersections.
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Figure 5-1 Case Study Segment
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5.2 BASE CONDITION PERFORMANCE

This section describes the methods used to estithatgerformance for the base conditions
without the implementation of improvement altermasi. Please note that there may be existing
solutions in place for the base conditions. I§tisithe case, the CV solution could complement.
supplement, or replace the existing solutions. Sdfety for the base conditions can be estimated
preferably using real-world crash statistics usangninimum three-year crash statistic. Another
option is to estimate the safety based on safetfjoqmeance functions (SPF). Similarly, the
mobility can be based on real-world measurementssimg a model like the Highway Capacity
Manual (HCM) procedure or simulation. This seetthscusses the utilized methods to estimate
base condition performance but any of the abovetiomeed methods could have been used.

5.2.1 Safety Performance of Base Conditions

In this study, the base safety performance wasnattd using crash data collected from the
“Signal 4 Analytics” system, which is a statewidagh database. This system provides records
of crashes reported by law enforcement to the d#obepartment of Highway Safety and Motor
Vehicles (DHSMV). Data were collected for the stisggment for the period between January
2015 and December 2017. The total number of ceashe calculated and classified by crash type
for the AM peak, PM peak, and Mid-day periods,fasm in Figure 5-2 and Table 5-1. Weekends
were included in the safety analysis because safedlysis is usually done for the whole week
and because the crash modification factors that¢ weed in the assessment of the safety benefits
consider the entire week. All types of injury anagerty damage only (PDO) crashes were
included in the analysis, while fatalities (AM pe&M peak, Mid-day) were excluded from the
total estimated costs to reduce the bias in thefitestimation due to the extremely small size of
fatal crashes (4 out of 535 in 2017). In gendha,rear end and sideswipe crashes were the most
frequent types of crashes, followed by the leftitand angle crashes. The number of crashes was
calculated based on crash data for each interseatid segment of the facility for use in the
analysis.
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Table 5-1 Number of Crashes by Type for the Studye&yment Along SR-924

Crash Type AM Peak PM Peak Mid-day

2015 | 2016 | 2017 | 2015 | 2016| 2017 | 2015| 2016 | 2017
Rear End 33 34 38 25 26 20| 107 165 160
Left Turn 5 5 8 2 6 4 26 40 34
Off Road - - - 1 1 1 11 11 13
Sideswipe 11 12 24 10 6 6 45 59 78
Angle 3 5 5 4 5 3 15 16 35
Head on - 1 2 - 1 1 3 3 1
Rollover - - - - - - 2 4 1
Right Turn 4 - 1 - - - 2 1 3
Pedestrian - - - - - - 4 1 1
Other/Unknown 9 5 17 10 7 10 56 86 69

5.2.2 Mobility Performance of the Base Conditions

As stated earlier, the travel time for the baseddmns can be estimated based on real-world
measurements. These measures of travel time calsdestimated based on various analytical
and simulation models. In this study, the HCM urlaaterial facility procedure as applied in the
Highway Capacity Software (HCS) was used in thdyasiea The study corridor was coded in the
HCS software to generate the travel time data ifikerént traffic conditions. The advantage of
using the HCM procedures compared to real-worl@ datthat they can estimate mobility and
reliability for different base conditions that maglude geometric improvements, other expected
changes, or future years. The benefit of usingweald mobility and reliability measurements is
that they provides more direct, and thus accurasémation of the metrics for the existing
conditions. However, the use of modeling like tbhthe HCM-based procedures or simulation
provide the opportunity to consider other potergadacity improvements (adding lanes) or signal
timing changes (modify timing, phase sequence leftdurn protection) that are implemented in
parallel or in lieu of the CV-based solutions. Arer advantage of these procedures is that they
allow the considering of changes in demands inréuttears or due to other developments or
enhancements that impact the corridor demandshdrdemonstration of this study, the HCM
modeling is used although real-world data could alsve been used.

The first step of utilizing the HCS mobility andiadility modeling procedures is to create a Base
file. The Base file consists of geometry datanalglata, and turning movement data for each 15-
minute interval for all intersections of the an@ysegment. In this study, seven signalized
intersections from NW 32 Avenue to NW % Avenue were included in the analysis. Three
different Base files were created for the weekd®y peak (7:00 am-9:00 am), Mid-day (11:00
am-1:00 pm), and PM peak (4:00 pm-6:00 pm).

The signal timing parameters for each intersecticgre collected from the Kimley-Horn
Integrated Transportation System (KITS) softwareettgped by Kimley Horn, which is a central
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signal control software, utilized by Miami-Dade @by at the county traffic control center to
manage the signals from the center. Weather gagaipitation) needed for the HCS reliability
analysis was collected from the National Climatiat® Center (NCDC). The NCDC (2018)
provides a summary of weather data for 284 citrestarritories in the United States.

Another item needed for the reliability estimatiarthe HCS is the average crash rates, which are
used to estimate the impacts of lane blockagesoagestion. The average crash rates for each
analysis period were calculated based on the SigAalalytics crash data and used as an input to
the HCS. The default values of 1.1 for rainfaldah2 for wet pavement were used as crash
frequency adjustment factors to account for thegase in crash rates during these conditions.

The HCS reliability procedure was run for a totaP61 working days from April 30, 2017, to

April 30, 2018. Since there are eight scenariasdag for each time period (eight 15-minute
periods in two hours), there were a total 2,08&anes generated by the HCS for the reliability
analysis with different demand levels, differentcident conditions, and different

weather/pavement conditions. The HCS generatesmanary table of all scenarios, including
segment travel times, travel speeds, and delaysstimmary table is not included in this report,
but the results are used for further analysis

5.3 RETURN ON INVESTMENT ANALYSIS

The benefits, costs, and return on investment (R®inplementing alternative applications to
address the needs were calculated for the studiglobusing the procedure described in Chapter
4. The benefits were calculated by estimatingstifety and mobility impacts. These impacts
were converted to dollar values and used in comjoimavith costs in the return on investment
analysis. A central concept of the calculatiorthef benefits, costs, and benefit-cost ratio is the
consideration of the stochasticity, uncertainty] associated risks using the Monte Carlo analysis,
as discussed in Chapter 4 and detailed furthembelo

5.3.1 Safety Applications

This section describes a methodology that evaluhtestochastic safety benefits of improvement
alternatives, including CV-based applications. Baéety improvements are obtained by first

calculating the Base (Do-Nothing) crash rate, feetpy, and severity of the crash types that are
expected to be influenced by the implementatio@@fbased technology. Then, the estimated
crash frequencies are multiplied by crash modikecetactors (CMF). The CMFs were estimated

based on a comprehensive review of the literatace should be updated as more information
becomes available based on the results from f@wrémplementation and research efforts.

As discussed in previous chapters, a number oftleho-infrastructure (V2I) applications have
been suggested to support signalized intersecttetys These applications include Signalized
Left Turn Assist (SLTA), Red Light Violation Warrgn(RLVW), and Pedestrian in Signalized
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Crosswalk Warning (PCW). In addition, the introtloe of CV technology can provide safety
benefits for unsignalized intersections. Two sapplications have been proposed: Stop Sign
Violation Warning (SSVW) and Stop Sign Gap Assisea(SSGA). SSVW warns the driver if
the vehicle is predicted to violate a stop sigrhisTapplication will reduce crashes with cross-
street traffic and may also reduce the number af-ead crashes (Stephens et al., 2013a). The
SSGA provides advisory information to cross-stréters at a stop-sign controlled intersection
to support their gap selections at the intersectibloreover, hazard warning applications have
been suggested, including Curve Speed Warning (CRafjroad Crossing Violation Warning
(RCVW), Oversize Vehicle Warning (OVW), and Redu&mked Zone Warning (RSZW). Based
on the review of literature, these V2| safety apgions have a significant contribution to the
reduction of crash rates and severity, as outlinéhapter 3.

Risk analysis is used in this study to accounufaeertainty in the ROI by expressing the benefit
and cost input parameters as probability distrdngirather than deterministic values. As a result
the output benefit-cost ratio (BCR) also followgrabability distribution. To do the risk analysis,
the input parameter distributions have to be defif@ommonly used distributions for this purpose
are the uniform, normal, and lognormal distribuson The normal distribution follows a
symmetrical bell-shaped curve and is simply degcrilising the arithmetic mean (m) and standard
deviation (v). However, itis important to congitige skewness of the distribution when analyzing
the benefits and this consideration can be provimethe lognormal distribution (Limpert et al.,
2001). The lognormal distribution is selected stirating the benefits incorporating the
uncertainty in the input parameters in the estiomati

The Monte Carlo simulation procedure is usuallyduseconsider the stochasticity by varying the
input parameters based on their specified disiobat The results are probability distributions
for each performance metric and ROI metrics. Iprevious study by a Florida International
University research team (Yang et al., 2007), agarprocedure was used to perform risk analysis
in the evaluation of intelligent transportation teyss benefits and costs. The procedure utilized
the lognormal distribution as part of the Monte IGaimulation process to describe the random
variations in the input parameter values. The ipatars of the lognormal distributions were
estimated based on the highest and lowest valugwdienefits and market penetration reported
in the literature. However, the cost of V2| deptmnt was estimated based on a uniform
distribution between the highest and lowest limg{gorted in the literature.

The lognormal distribution is simply described gsithe median (u*) and the multiplicative
standard deviation ¢) for a given set of data. The lower limit (LLh@ upper limit (UL) of an
interval at a given confidence level (1) can be expressed as follows:

LL 2= 5-1

UL j2= p* x 5-2

5-3
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5-4

where, and *are the mean and median of lognormal distributiomnd * are the standard
deviation and multiplicative standard deviatiortted lognormal distribution, LL/2 and UL /2 is
the lower and upper limits of the variable at givemfidence level, and Z /2 is the Z-value for
the upper and lower limits at given confidence l€te ).

If the upper and lower limits of a variable arentiked, then the and can be calculated using
the equations mentioned above. The actual meamrohactual standard deviation (v) can also
be calculated from the lognormal distribution usiguations 5-5 and 5-6.

5-5

5-6

5.3.1.1Benefit Estimation

The safety benefits were calculated utilizing crasbdification factors (CMF) based on an
extensive review of previous studies. Chapter 8hisf project presented details of the literature
review. For the CV-based application, the valee®mmended in Chapter 3 are used in this study.
A more extensive literature review was performadstdecting CMF for the alternative (non-CV-
based) applications. Table 5-2 represents a suynaiaall of the literature and the associated
safety impacts of different applications.
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Of the Identified CMFs for Safety Applications

V/INon-CV__ | Reference | CMF (%)
SECTION

Change from permissive only to flashing yellow arqgermissive only (Simpson and 10.8 - 31.1

Troy, 2015) R
.CV-based Change from permissive only to protected with pesme (Simpson and Troy, 2015 6.50 - 34.6

Change from permitted or permitted-protected tdaguted on major approach (Davig 42

and Aul, 2007)

Change permissive left-turn phasing to protectdy (@hen et al., 2015) 55
-based Signalized Left Turn Assist (SLTA) (From Qtea 3) 36-70

Prohibit right-turn-on-redAASHTO, 2010 2
n-CV-based I Call offset right turn lane (Maze et al., 2010) 6.15
/-based Signalized Right Turn Assist (SRTA) (Fronagter 3) 25-50
| Implement automated red light running enforcemameras (Hallmark et al., 2010; 20 - 40
n-CV-based | Haque et al., 2010; Persaud et al., 2005)

Installation of fixed combined speed and red licgntineras (De Pauw et al., 2014) 14 - 28
-based Violation Warning (RLVW) (From Chapter 3) 25-50

Rectangular Rapid Flash Beacon (RRFB) (Monseré,e2@18) 7

Install pedestrian countdown timer (Kitali et 2017) 48-8.8

Implement Barnes Dance 10
n-CV-based | (Chen et al., 2012)

Ingtall a 'pedestrian hybrid beacon (PHB or HAWK) 15- 29

(Fitzpatrick and Park, 2010)

Increase cycle length for pedestrian crossing (Gteth., 2012) 45
/-based Pedestrian in Signalized Crosswalk (PSCVYé{FChapter 3) 50 - 100




Table 5-2 (Continued)

Function | CV/Non-CV_ | Reference | CMF (%)
UNSIGNALIZED INTERSECTION
Add centerline and STOP bar, replace 24-inch wittingh stop signs (ITE, 1993) 67
Increase retro reflectivity of STOP signs (Persetal., 2010) 9.4
Stop Sign Violation | Non-CV-based | Install double stop signs (ITE, 1993) 55
Warning Provide flashing beacons at stop-controlled intrses (Srinivasan et al., 2008) 13
Flashing LED stop sign (Xiong and Davis, 2012) 41.1
CV-based Stop Sign Violation Warning (SSVW) (Froima@ter 3) 50 - 100
: . | Non-CV-based - -
Stop Sign Gap Assis CV-based Stop Sign Gap Assist (SSGA) (From Chajjter 28
HAZARD WARNING
Implement automated speed enforcement cameras (AASBR010) 17
Individual changeable speed warning signs (Elvik daa, 2004) 41
Speed Warning Non-CV-based | Install Variable Speed Limits (Pu et al., 2017) 29
Install dynamic speed feedback sign (Hallmark gt28115) 5
Implement mobile automated speed enforcement sy(tieet al., 2015) 14.5
CV-based Reduced Speed Zone Warning (RSZW) (froapt@i 3) 50
Curve Speed Non-CV-based| Changeable Curve Speed Warning sigitsbétt et al., 2000) 2
Warning CV-based Curve Speed Warning (CSW) (from Chapter 3) 20-30
Oversize Vehicles Non-CV-based| Oversize Load signs 50
Warning CV-Based Oversize Vehicle Warning (OVW) (from Clea) 75- 90
Spot Weather Non-CV-based| Improving Roadway Condition (Zenglgt2914) 15
Information Warning | CV-Based Spot Weather Information Warning (SWIWi(fi Chapter 3) 50
_ _ Install flashing lights and sound signals (Elvildaraa, 2004) 50
\Ijvilrrr?iﬁg Crossing | Non-CV-based =/ o ic gates (Elvik and Vaa, 2004) 45
CV-based Railroad Crossing Violation Warning (RCViWdm Chapter 3) 50
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The safety benefit dollar values are also needelgtiermine the ROI of different applications. A
wide range of values has been used in the litexdturthese parameters. Table 5-3 provides a
summary of the incident cost based on the liteeateview.

Table 5-3 Summary of the Incident Cost

Source

Dollar Value

FITSEVAL (Hadi et al.,
2008)

Urban Arterial Fatal $2,771,48; Injury $66,397; PBOQ776
Urban freeway Fatal $3,079,351; Injury $73,390; PEICY 76

FDOT District 5
implementation of
FITSEVAL to prioritize
investment (2016)

1 Fatal [K] $10,230,000;

2 Incapacitating [A] $580,320;

3 Non-Incapacitating [B] $157,170;
4 Possible or Minor [C] $97,650;

5 Property Damage Only [O] $7,600.

Sallman et al. (2013)

Fatality Cost - $6,500,00;
Injury Cost - $67,000;
PDO - $2,300.

Benefit-Cost Analysis
(TEC, n.d.)

Blincoe et al. stated that the value of a fatdigyg in the range
of $2-7 million and assigned a “working value” &,$66,388.
This suggests that a reasonable range is from @®8atlower
to about 200% higher than their assigned valudsaat for
crashes involving significant non-market (qualifyife)
damages.

Highway Safety Manual
(AASHTO, 2010)

1 Fatal [K] $4,008,900;

2 Disabling Injury [A] $216,000;

3 Evident Injury [B] $79,000;

4 Fatal/Injury [K/A/B] $158,200;

5 Possible Injury [C] $44,900;

6 Property Damage Only [O] $7,400.

Based on the literature review mentioned abovehitjeest and lowest values are selected as the
upper limits (UL) and lower limits (LL) of differeanparameters for different CV-based
applications. Then, the means and standard dengdf the lognormal distributions are calculated
using Equations 5-1 to 5-6. Table 5-4 shows tls¢ridution of CMF and safety benefit dollar

values.
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Table 5-4 CMF and Incident Cost Distributions for CV-Based Safety Solutions

Upper Lower I'\él gr?(l)ar?ng: I(L\g/lgi?)rr]n?; Multiplicative IogSn[;r(r)'r]:al Actual | Actual
Limit - Limit | ribution | distribution | . S@ndard  gicipution | Mean | SD
(UL) (LL) (% 0) Deviation ( *) 0) (m) (V)
CMEF for Signalized Intersection
Existing 56 6.5 19.07 2.94 1.92 0.65 23.63| 17.28
CV-Based 70 25 41.83 3.73 1.36 0.31 43.93| 14.09
CMF for Unsignalized Intersection
Existing 67 9.4 25.09 3.22 1.82 0.59| 29.99| 19.62
CV-Based 90 28 50.20 3.91 1.42 0.35 53.46| 19.58
CMF Hazard Warning
Existing 50 2 10.00 2.30 2.66 0.97 16.14| 20.44
CV-Based 90 20 42.43 3.75 1.57 0.45 47.09| 22.70
Incident Cost
Injury Crash
(110036 Dollar) 90 60 67.08 4.20 1.19 0.17| 68.16| 12.27
PDO Crash 360| 250 3.00 1.09 1.11 011| 301| 033

(1000 Dollar)
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5.3.1.2Cost Estimation

Cost estimation is another required component efRI analysis. The cost estimation must
consider the number and types of equipment requdmedach type of the evaluated application
deployment. The analysis includes initial cosempion and maintenance costs, estimated interest
rate, and equipment lifetime.

Cost estimates for the V2| applications deploymeeite identified based on the Near-Term V2|
Transition and Phasing Analysis Life Cycle Cost Mo@L.CCM) tool (USDOT, 2015). In
addition, other resources were considered in theates, such as the cost data reported in the
United States Department of Transportation (USDQdint Program Office (JPO) benefit
database (USDOT, 2019). The cost estimation fortb@%ed applications was structured with the
assumption that the selected applications withaheategory will share some of the ITS system
components. These common sets of ITS devicesdaddERC transceivers (Roadside Equipment
RSE), infrastructure sensors, network communicatioand interfaces. However, other
components of the costs are application-specifidd aequire additional costs for the
implementation. For example, the SLTA and RLVW uieg roadside and onboard software
applications that provide violation warning and dgmcally extend the all-red interval to prevent
collisions. The RLVW, SSGA, and CSW applicatioeguire additional Driver Infrastructure
Interface (DIl) to communicate messages and sigrfatrmation and timing with technology-
equipped vehicles. Moreover, infrastructure-basgstems could be added if needed, such as
infrastructure-based displays that disseminate agessto all drivers approaching the intersection,
not just the drivers with the equipped vehiclesgdafier et al., 2010). Based on a published report
for the USDOT (Wright et al., 2014), researcheenidied initial cost estimates for DSRC-based
equipment to support CV-based (V2I) applicationglofgment. The average equipment costs per
DSRC site based on field data from Michigan andzéma states ranged from to $13,200 to
$21,150, respectively. These estimates include ©®3®adside Units, power connection
equipment, labor costs, construction inspectioanping, and design costs. In addition to these
estimates, additional costs associated with badldwamunication can be added as needed. The
above estimated upper and lower limits for V2I aggilons deployment are summarized in Table
5-5. It should be noted that these estimates baee identified based on the literature review.
CV-based applications are being deployed in Floradad more accurate cost estimates can be
obtained based on these deployments in the apphsadf the methodology to real-world project.

It is recognized that particularly the recurrenéi@ion and maintenance numbers in number 5-5
seem to be low and better numbers should be usetavailable.
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Table 5-5 Estimated Cost of CV-Based Safety Applit@ns Deployment Per Intersection

Capital Cost ($)* O&M Cost* ($)/Year
Application Upper Lower Upper Lower
Limit Limit Limit Limit
Support of Signalized Intersection Safety
Signalized Left Turn Assist (SLTA) 93,600 62,400 6,600 4,400
Signalized Right Turn Assist (SRTA) 45,400 32,600 6,600 4,400
Red-Light Violation Warning (RLVW) 102,000 68,000 6,600 4,400

Pedestrian in Signalized Crosswalk (PSCW) 186,000 124,000 24,000 16,000
Support of Unsignalized Intersection Safety
Stop Sign Violation Warning (SSVW) 312,000 208,000 18,000 12,000
Stop Sign Gap Assist (SSGA) 90,000 60,000 10,800 7,200
Hazard Warning
Reduced Speed Zone Warning (RSZW)/Curve

Speed Warning (CSW) 240,000 160,000 12,000 8,000
Oversize Vehicle Warning (OVW) 78,000 52,000 8,400 5,600
Spot Weather Information Warning (SWIW) 138,000 92,000 12,000 8,000
Railroad Crossing Violation Warning (RCVW) 138,000 92,000 12,000 8,000

* |t is recognized that the costs particularly theurrent operation and maintenance numbers intdhle seem to be
low and better numbers should be used once awailabl

The upper and lower limits for signalized, unsigred, and hazard warning is calculated by
summing up the lower limits and upper limits offerent applications. For example, the upper
limit capital cost for the support of un-signaliziedersection safety is the summation of upper
limit of SSVW ($312,000) and SSGA (90,000) whiclegaial to ($402,000) If there are no upper
or lower limits for a certain application, it wassamed that there is a 20% deviation higher and
lower than the reported values. A summary of dtal tcosts is shown in Table 5-6. A uniform
distribution was assumed for the costs betweefother limit and upper limit mentioned in Table
5-6. The capital costs that are considered one-grpenses incurred on the initial deployment
include infrastructure devices, RSE, and integratidAnnual operation and maintenance costs
were assigned annually assuming a five-year préjetime.

Table 5-6 Distribution of the Cost of the CV-Basedbafety Application Deployment Per
Intersection

o Capital Cost ($ O&M Cost ($)/Year

ARy Upper Li?nit | Lowér)Limit Upper Limit | Eoz/ver Limit
Support of Signalized Intersection Safety
CV-based | 427,000 287,000 43,800 29,200
Support of Unsignalized Intersection Safety
CV-based | 402,000 268,000 28,800 19,200
Hazard Warning
CV-based \ 594,000 396,000 44,400| 29,600
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5.3.1.3Monte Carlo Analysis of Safety Applications

The Monte Carlo analysis was applied to estimagestiochastic distributions of the outcome
measures, costs, and ROI. Lognormal distributieere used for the input parameters to estimate
the benefits using the values listed in Table 5Hhese parameters include the expected market
penetration for each future year, as well as crasHification factors and cost of the incident.
Uniform probability distribution was used to accotor the uncertainty of the parameters of the
deployment costs. Market penetration of CV is aered stochastic each year after the CV
implementation. Table 5-7 shows the market petietralistribution that was used in this study.

Table 5-7 CV Market Penetration at Future Year*

Year Mean of Mean of SD of
Actual Lognormal Lognormal
Distribution Distribution Distribution
(%)

1 2.9 1.074 0.546

2 7.3 1.99 0.323

3 12.3 2.51 0.300

4 18.4 2.91 0.230

5 24 3.18 0.196

* Source: Igbal et al., 2018
The benefit of the CV-based applicationg\(Based is calculated using Equation 5-7.
Bev-ases= CMF (p*, *)j xMP (p*, *); x i (Ni G(1*, *)) 5-7

where, CMF is the crash modification factor, whista lognormally distribution with a median
(u*) and multiplicative standard deviation*}, Ni is the number of crashes for the ith craghet
and Ci is the cost of crashes for the ith crasle tyghich is considered a lognormal distribution.
MP is the percentage of market penetration in ydahat is lognormally distributed with the
parameters listed in Table 5-7.

Estimation of Benefit-Cost Ratio (BCR)

In order to get the benefit-cost ratio of a prajélee present value of all of the costs and benefit
need to be calculated. The present value (P)estjuivalent present worth the future values
considering a discount rate. Considering a fivarygroject life-cycle, each future year annual
cost investment and benefit return was discoungat bo a present value. The project total cost
or benefit is calculated using Equation 5-8.
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where, n is the total number of time period, his interest rate (4%), and 5 the benefit or cost
for time period n.

5.3.1.4Results

A program code was written as part of this projesthg the R programming language to generate
the probability distributions and to run the Mofarlo simulation for all of the abovementioned
processes. The results from one thousand Monteo Garlulation runs were used to plot the
benefit-cost ratio (BCR) distributions for CV-bassafety solutions, as shown in Figure 5-3 to
Figure 5-5. A summary of the distribution is prded in Table 5-8. Figure 5-3 to Figure 5-5 show
the probability distributions for the benefit-castios (B/C) for signalized intersection, hazard
warning, and unsignalized intersection CV-basedliegpns. These distributions show the
probability of having any B/C value between a minimvalue and a maximum value, rather than
one deterministic value as usually produced in comynused B/C analysis. These distributions
allow stakeholders and transportation agencie®mgider the uncertainty in the B/C estimation.
This is further indicated in Table 5-8 that showethdifferent percentiles of the B/C ratios based
on the data shown in Figures 5-3 to 5-5. As showhable 5-8; the 15th percentile for the CV-
based applications for signalized intersectionssighmlized intersections, and Hazard Warning
were 2.73, 1.79, and 0.93 respectively. The 56thgntile (median) of the BCR were 3.38, 2.26,
and 1.18, respectively. The 85th percentile BC&ewm.8, 3.31, and 1.81 respectively. This
indicates for example that the median B/C ratithefsignalized intersection applications is 3.38
but there is 15% possibility that is 2.73. On titleer hand, the median of the segment is hazard
warning applications is 1.18 but there is 15% thst 0.93, which may or may not be acceptable
to the decision maker.

Figure 5-3 Distribution of Benefit-Cost Ratios forCV-Based Signalized Intersection
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Figure 5-4 Distribution of Benefit-Cost Ratios forCV-Based Hazard Warning

Figure 5-5 Distribution of Benefit-Cost Ratios forCV-Based Unsignalized Intersection
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Table 5-8 Benefit-Cost Ratio (BCR) Distribution for Safety Applications
BCR

AL 15% Value | Median (50% Value) | 85% Value
Support of Signalized Intersection Safety
CV-based | 2.73] 3.38] 4.824
Support of Unsignalized Intersection Safety
CV-based \ 1.79| 2.26 | 3.31
Hazard Warning
CV-based | 0.93] 1.18] 1.81

5.3.2 Mobility Applications

The estimation of mobility application benefits, sty and ROI utilize the same Monte Carlo
analysis as the one described in the previousasectThe mobility applications assessed in this
study as a demonstration of the proposed methogaldgraffic management strategies on an
urban arterial are adaptive signal control with anthout CV technology, green-light optimal
speed advisory (GLOSA), GlidePath, and transitaigniority.

5.3.2.1Benefit Estimation

The mobility benefits were calculated utilizing nildip modification factors (MMF) based on an
extensive review of previous studies on the subjaaletailed review was conducted, as presented
in Chapter 3, to obtain the MMF. An additionaliesv was performed since then to estimate the
values of the MMF. A summary is provided in Tabié.

In addition to those associated with the MMF, themee several other sources of stochasticity that
need to be considered for calculating the benafiter of mobility applications. These parameters
include the dollar value of time (VOT), car occupafCO), and bus occupancy (BO). A summary
of the literature review for these parameters @viged in Table 5-10.
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Table 5-9 Summary of the Identified MMFs for Mobility Applications

Outcome

M Source Congested Conditions Uncongested Conditions

easure

Adaptlve FITSEVAL (Hadi et al., 10%

Signal 2008)

From Chapter 3 5% without CV. 10% without CV

15% with 100% CV 25% with 100% CV MP.
MP Linear interpolation
Linear interpolation between 10% and 25% for
between 5% and 15% lower market penetration
for lower market
penetration

10" Street Corridor in 9% improvement in travel time

Greeley, Colorado

Evaluation (Sprague and

Archambeau 2012)

HCM Urban STREET 5.1% to 13.5% increase in speed on the major razetrdge

ATDM Procedure 10.2 mph)

Document (Hale et al., | 1.2% to 5.4% increase in speed on a minor roaddgee

2017) 4%)

Transit FITSEVAL (Hadi et al., | 12% reduction in travel time applied to buses #ratnot on
Signal 2008) time. Increase in cross-street delay by 6-15 stpBr
Priority vehicle, depending on congestion levels.

From Chapter 3 12% decrease in bus | 15% to 25% decrease in bus
travel time with an travel time, depending on CV
increase in cross-street | market penetration. Increase in
delay by 6-15 seconds pecross-street delay by 6-15
vehicle, depending on | seconds per vehicle, depending
congestion levels on congestion levels.

Green From Chapter 3 3% - 10%
Light

Optimal

Speed

Advisory

Glide From Chapter 3 10% - 20%
Path
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Table 5-10 The Value of Time, Car Occupancy, and BuOccupancy Parameters

Parameter Source Value
Value of Travel FITSEVAL (Hadi et 13.45
Time (VOT) al., 2008) '
($/person-hr) Sallman et al. (2013) 14

2015 Urban Mobility

Report (Schrank et al., 17.67
2015)

FDOT District 5 (2016) 17.67
NASEM (2014). 19.86

(Default Values)

Benefit-Cost Analysis
(TEC, n.d.)

The unit time value for commuters is calculate @&
of the average wage under level-of-service (LOS},A-
but increased to 67% at LOS D, 84% at LOS E and
100% at LOS F. For non-commuters, San Francisco
planning analysis uses 0.32 of the wage rate.

Car Occupancy
(Passenger/car)

Benefit-Cost Analysis
(TEC, n.d.)

All Purposes: 1.6,
Business: 1.22,
Commute: 1.13,
Personal: 1.84

Bus Occupancy
(Passenger/car)

Based on Miami-Dade
Transit data

35-60

Based on the review in Table 5-10, the highestlanést values are selected as the upper limits
(UL) and lower limits (LL) of different parametefer different CV-based and non-CV-based
applications. Then, the mean and standard demmbbthe lognormal distributions are calculated
using Equations 5-1 to 5-6. Table 5-11 shows tileed parameters of the distributions of the
input parameters to the mobility parameter returmneestment analysis.
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Table 5-11 The Parameters of the Distributions oftte Input Variables for CV-Based and Non-CVBased Mobility Solutions

Upper | Lower IM Sl OT lMean Ofl Multiplicative | ol I Actual IS
Alternative Limit Limit oghorma ognorma Standard ognorma Mean Actual SD
distribution | distribution o « | distribution (v)
(UL) (LL) (% 0) Deviation ( *) 0) (m)

MMF for Adaptive Signals
Non-CV-based (%) 5 2 3.16 1.15 1.32 0.28 3.29 0.93
CV-based (Congested) (%) 10 5 7.07 1.96 1.23 0.21 7.23 1.54
CV-based (Uncongested) (%) 20 10 14.14 2.65 1.23 0.21| 14.46 3.08
MME for Transit Signal Priority
Non-CV-based (%) 12 8 9.80 2.28 1.13 0.12 9.87 1.22
CV-based (%) 25 15 19.36 2.96 1.17 0.16| 19.60 3.06
MMEF for Green Light Optimal Speed Advisory
Non-CV-based (%) Not Applicable
CV-based (%) 10 3] 5.48] 1.70| 1.44] 0.37] 5.86] 2.22
MMF for Glide Path
Non-CV-based (%) Not Applicable
CV-based (%) 20 10| 14.14] 2.65] 1.23| 0.21| 14.46] 3.08
Other Parameters
Value of Time ($) (VOT) 14 10 11.83 2.47 1.11 0.10| 11.89 1.22
Car Occupancy (CO) 13 1.0 1.14 0.13 1.08 0.08 1.14 0.09
Bus Occupancy (BO) 60 35 45.83 3.82 1.18 0.16| 46.44 7.66
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The existing condition travel times were calculatsthg the HCS, as described in Section 3.2.
The stochastic CMF was applied to the travel timethe existing conditions to get the travel
times with different applications.

5.3.2.2Cost Estimation

As with the safety applications, the costs of thebiiity applications were also considered
stochastic. The costs included initial capitaltspsperation and maintenance costs, estimated
interest rate, and lifetime equipment. The costreges for the V2| applications deployment were
identified based on the Near-Term V2I Transition &hasing Analysis Life Cycle Cost Model
(LCCM) tool (USDOT, 2015). In addition, other resoes were considered in the estimates, such
as the cost data reported in the United States riepat of Transportation (USDOT) Joint
Program Office (JPO) benefit database (USDOT, 20T8g identified upper and lower limits for
the 95% confidence interval for the costs are showhable 5-12. The capital costs that were
considered one-time expenses incurred on the linidployment include infrastructure devices,
RSEs, and integration. Annual operation and maariee costs were assigned annually assuming
a five-year project lifetime. It should be notedttthese estimates have been identified based on
the literature review. CV-based applications @@t deployed in Florida, and more accurate cost
estimates can be obtained based on these deplaymethie applications of the methodology to
real-world project. It is recognized that partamly the recurrent operation and maintenance
numbers in number 5-5 seem to be low and bettebershould be used once available.

Table 5-12 Distribution of Cost ofMobility Applications Deployment Per Intersection

Apesian Initial pgpital Cost ($)*. . O&M. Cpst ($)/Year’.‘ .
Upper Limit \ Lower Limit | Upper Limit | Lower Limit

Adaptive Signals
Non-CV-based 90,000 60,000 14,400 9,600
CV-based 120,000 80,000 24,000 16,000
Transit Signal Priority
Non-CV-based 30,000 20,000 8,400 5,600
CV-based 30,000 20,000 8,400 5,600
Green Light Optimal Speed Advisory
Non-CV-based Not Applicable
CV-based 48,000 32,000 8,400 5,600
Glide Path
Non-CV-based Not Applicable
CV-based 48,000| 32,000| 8,400 5,600
Onboard Unit 7000 per bus or truck

* |t is recognized that the costs particularly teeurrent operation and maintenance numbers inahls seem to
be low and better numbers should be used onceasiail

158



5.3.2.3Monte Carlo Analysis of Mobility Applications

As with the safety applications, the Monte Carlalgsis was applied to estimate the stochastic
distributions of the outcome measures, costs, &dt R'he lognormal probability distributions
were used for the input parameters to estimatbehefits using the upper and lower limits of each
parameter. These parameters include the expe@daehpenetration for each future year, MMF,
VOT, car occupancy, and bus occupancy. The unifprabability distribution was used to
account for the uncertainty of the parameters efdéployment costs. The market penetration of
CV is also considered stochastic, as shown in Tadéléor each year after the CV implementation.

The Benefits of Delay Savings for Adaptive Signal @htrol

The benefits of non-CV-based adaptive traffic sigoentrol can be calculated according to
Equation 5-9.

Benefits of ASCT= FDoaseX MMF(U*, *) x VOT(u*, *) x CO(u*, *) 5-9

where, FRaseiS the base facility delay (veh-hr), which is anput from the HCS. MMF is the
Mobility Modification Factor, VOT is Value of timéDollar), CO is the car occupancy (person),
and j is the year of analysis.

The introduction of CV is expected to increase ¢ffectiveness of adaptive signal control, as
described in previous chapters. Equation 5-10bsansed to calculate the benefits considering
the impacts of CV market penetration.

Benefits of ASCT = FDoasex MMF(u*, *) x MP (u*, *); x VOT(u*, *) x OC(u*, *) 5-10
where, MP is the market penetration at year | (ficable 5-6).

Benefits of Delay Savings for Green Light Optimal 8eed Advisory (GLOSA) and Glide
Path

The Green Light Optimal Speed Advisory (GLOSA) dblitle Path provide speed guidance to
vehicles so that they can adjust their speeds dicagy to maximize the probability of arriving
on green. The benefits of this application cawdleulated using Equation 5-11.

Benefits of GLOSA/Glide Path=XTT pase< MMF(u*, *)x MP (u*, *); x VOT(u*, *) x
OC(u*, *) 5-11

where, \{ is the critical volume of the study area for thaimstreet approaches (veh), anchakd
is the travel time for the base conditions of thenrstreet.

Benefits of Transit Signal Priority or Fright Signal Priority

The benefits of transit signal priority (TSP) agiffht signal priority (FSP) can be calculated
using the following equations.
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Benefits of TSP= (Fsp- Drsp) X VOT(U*, *)x NEpus £.10
Trsp= (TThase TThaset (1- MMF(U*, *)x Pon) x BO(U*, *) 21
Dtsp= (Ni X DcrossX Pon X Verossx BO(U*, *) x C)/3600 5-14

where, Ospis any disbenefit to the cross-street due to TEB,sis the number of equipped bus,
Ponis the percentage of buses that meet the on-tarfemance, Nis the number of intersections,
Dcross IS the cross-street delay per vehicleyd average cross-street volume, BO is the bus
occupancy, and C is the cycle length. The abowmtamns assume that the applied TSP is a
conditional TSP that is only activated when therapphing bus is not meeting its on-time
performance. The percentage of buses that meeinthiene performance ¢ is assumed to be
uniformly distributed between 30% and 70%. For shedy corridor, the bus runs at 20-minute
intervals. Therefore, a total of 12 buses are us#tk calculation for the two-hour AM peak (two-
hours was identified based on real-world traveletisglata and can be different in different
locations), and 18 buses for the three-hour PM peddoth directions. From the literature, the
cross-street disbenefit per vehicle can be assumed a 0-15 second additional delay for each
granted TSP.

Estimation of Benefit-Cost Ratio (BCR)

The benefit-cost ratio (BCR) for mobility applicatis was calculated following the procedure
described in Section 4.8.3. Considering a fiveryeaject life-cycle, each future year annual cost
investment and benefit return was discounted baekdresent value. The project’s total cost and
benefits were calculated using Equation 5-5.

5.3.2.4Results

The study also compared the mobility benefits Giédent connected V21 applications. The results
from one thousand Monte Carlo simulation runs vuses to plot the benefit-cost ratio distribution
for existing (non-CV) and CV-based solutions, asvamin Figure 5-6 to Figure 5-9. A summary
of the distribution is provided in Table 5-13.
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(a) With CV

(b) Without CV

Figure 5-6 Distribution of Benefit-Cost Ratios forASCT
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(a) With CV (b) Without CV
Figure 5-7 Distribution of Benefit-Cost Ratios forTSP

Figure 5-8 Distribution of Benefit-Cost Ratios forGLOSA
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Figure 5-9 Distribution of Benefit-Cost Ratios forGlide Path

Table 5-13 Benefit-Cost Ratio (BCR) Distribution fa Mobility Applications

Application . BER
15% Value | Median (50% Value) |  85% Value

Adaptive Signals
Non-CV-based 1.25 1.67 2.64
CV-based 3.17 4.12 6.48
Transit Signal Priority
Non-CV-based 0.68 0.85 1.08
CV-based 1.19 1.47 1.84
Green Light Optimal Speed Advisory
Non-CV-based Not Applicable
CV-based 0.77] 1.14 | 2.12
Glide Path
Non-CV-based Not Applicable
CV-based 3.62] 5.42] 9.66

The results show that the 15%, median, and 85%esadiithe BCR of the adaptive signal control

and transit signal priority is higher when using-8&sed technology. For example, for adaptive
signal control, the median BCR value is 1.67 fa tton-CV-based application and 4.12 for the
CV-based application. For transit signal prioagyplications, the median BCR value is below 1
for a non-CV application. This is due to a smalinber of buses on the analysis corridor (six
buses per hour in both directions) and grantingrjtyi is conditional for the bus not meeting its

schedule. For GLOSA and Glide Path applicatidrspedian BCR is 1.14 and 5.42, respectively.
The results show that from return on investmenmipoi view the CV based application seems to
be justified. However, other factors will haveb®considered as part of the multi-criteria deaisio

analysis, as described next.
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5.4  MULTI-CRITERIA DECISION ANALYSIS

The economic evaluation and assessment of Intetlifieansportation System (ITS) projects can
play a major role in deployment decisions. Econai@ahniques, usually referred to as return-on-
investment (ROI) or benefit-cost analysis (BCAE available to determine the effectiveness and
benefits of deployed projects by comparing the £@std benefits of the deployments. ROI
analyses have been used to assess the effectivadri@Ssprojects. Eliasson and Lundberg (2012)
reported on the transportation planner’s use oébeoost ratios (BCRs) in ranking investments
at the planning level for the selection betweerppsed transportation alternatives. In addition,
they carried out a quantitative analysis to refgeBCR of an alternative and its probability to be
selected for investment. The results showed thaititiging BCR as a criterion in the decision-
making process, the combined benefits of the sdecivestments increased from $5.3 billion to
$7.6 billion.

Traditional benefit-cost analyses use deterministlaes for the input costs and benefit parameters
and produce deterministic values of the returmwestment of ITS deployments. However, when
considering CV-based applications as alternatigesupport transportation system management
and operations (TSM&O), there is a significant anmtoaf uncertainty associated with the input
parameters to the analyses, including the futuren@@vket penetration, the initial and recurrent
costs, the impacts and benefits of the deploymeantd, the dollar valuations of the benefits.
Flyvbjerg (2009) reported that neglecting the utaiety and errors in estimating the input
parameters can result in a misleading ROI and umédole decisions. Asplund and Eliasson (2016)
studied the usefulness of the ROI in the decisi@aking process for projects that involve degrees
of uncertainty. Based on real-world transportatiofrastructure investments collected from
Sweden and Norway, the results showed that even higth levels of uncertainty, the selected
investments according to ROI still achieved 70%hbkigscore than the randomly selected projects.

It is important to consider the integration of npl# sources of uncertainty by expressing the
project costs and benefits as stochastic inputbdcevaluation. Yang, Shen, and Hadi (2007)
developed a methodology to account for the unaegtanvolved in computing the costs and
benefits associated with ITS deployment. The stutljized a Monte Carlo simulation to
implement the stochastic ROl in conjunction witk IS Deployment Analysis System (IDAS)
sketch planning tool. The costs and benefits imgarameters were expressed using probability
distributions rather than as fixed parameters. Uppd lower limits for these input variables were
estimated based on the reported values in prewmases. Khazraeian and Hadi (2018) reported
that stochastic ROI analysis using Monte Carlo $aton is a better approach compared to other
methods, such as the Black Scholes and Binomialickatin accounting for parameter’s
uncertainty.

In addition to the issue of uncertainty in traditi return-on-investment analyses, such analyses
do not account for changes in key performance atdrs (KPIs) that cannot be converted to dollar
values. The methods also do not account for thgw®ithat the project stakeholders put on
different KPIs, according to their priorities. TRRulti-criteria decision-analysis (MCDA) methods
are usually used to account for the changes iniesdtrat cannot be converted to dollar values and
also to account stakeholder’s priorities. Annemalef2015) studied the benefits of using ROI,
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MCDA, and the combination of both in the decisioakimg of transportation professionals and
decision-makers. Based on data collected from tyvene interviews, the results indicated that
ROI could be a better tool when combined with MCDAe MCDA methods include but not
limited to, Analytic Hierarchy Process (AHP) (1988gst-worst multi-criteria decision-making
method (BWM) (2015); Evaluation Based on Distanmenf Average Solution (EDAS) (2015);
Technique for Order of Preference by Similarityldeal Solution (TOPSIS) (2012); Stochastic
Multi-Criteria Acceptability Analysis (SMAA) (2001)Potentially All Pairwise Rankings of all
possible Alternatives (PAPRIKA) (2016). MacharisdaBernardini (2015) reported that AHP
developed by Saaty (1980) has been used in aln38s6td the literature that applied MCDA in
transportation engineering.

The main goal of this part of the study is to deped methodology to support the decision to select
between CV-based solutions and existing solutionsniproving safety on urban arterials. The
developed method combines stochastic ROl and MCAlthough the method in this report is
applied to the selection of CV-based applicatiomtprove the safety of the arterial segments, it
can be applied to any other CV-based application$® deployments.

5.4.1 Methodology

The selection between V2I deployment and existitgrraatives requires the evaluation of these
alternatives against each other. As stated abbeeutilized method for this evaluation in this
report combines MCDA and stochastic ROI in suppgrtihe decision to invest in CV-based
applications. The utilized MCDA method is the AH#hich is as stated earlier, one of the most
widely utilized MCDA in transportation engineeriagd planning. A four-level decision-making
hierarchy is defined based on the AHP procedure tfse example in Table 5-14). The first level
of the decision hierarchy is the goal of the analys select between connected V2| safety
applications and existing solutions. The seconell®f the hierarchy includes the high-level
objectives of the analysis. These objectives caselerted based on stakeholder inputs and should
be related to the strategic objectives of the amgdion(s). The selected criteria in the AHP may
include objectives related to outcome performanceasures, output measures, economic
measures, feasibility, and risks and constrainte @xample (Table 5-14) is for an arterial street
case study in Florida with the high-level objectieelected based on the criteria presented in the
Business Plan of the Florida Department of Trartsgion (FDOT) Connected and Automated
Vehicle (CAV) program (FDOT, 2019). The assessrodtdria in Table 5-14 include acceleration
of CAV program, improving performance, solution dgamlity, initial and recurrent funding
availability, and benefit/cost ratios. These crétare used in the assessment of this study, ljut an
other criteria can be used based on agency pesrand preferences. The third level of the
hierarchy includes the sub-criteria required faaded assessment. The last level in the hierarchy
is the available alternatives to support achievirgcriteria identified at the upper-level tasks.
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Table 5-14 AHP Decision-Making Levels

Goal Objectives Sub-Criteria Alternatives
1- Accelerate 1. Connected
infrastructure
2.1- Safety m
2- Improve 2.2- Mobility (va)
, performance T applications
Selecting between 2.3- Reliability 2. Existing
_CV-based and 3.1- Ease of Implementation  gg|utions
existing conventiona 3- Feasibilit 3.2- Scalable to the rest of
solutions for - reasibllity state/region
improving safety on 3.3- Technology certainty
urban arterials 4.1- Federal Funds
4- Funding 4.2- DOT Funds

4 .3- Local/Private Funds
5- Benefits/ Costs  5.1- f%Percentile B/C ratio
5.2- Median B/C ratio

Benefit-Cost Ratio (B/C) Analysis

As indicated in (Table 5-14), maximizing the RObige of the criteria within the utilized AHP. A
stochastic approach based on Monte Carlo analysisad to calculate the BCR, to account for
the risks and uncertainties, as discussed in $ebth The Benefic-Cost distribution results from
Section 5.3 is utilized in this chapter for AHP hggtion.

Analytical Hierarchy Process (AHP) Application

The AHP was selected for use as the MCDA in thisl\st The AHP includes three parts: the
hierarchic breakdown structure, prioritization prdare, and ranking alternatives. A typical four-
level hierarchic structure as described earlier wse in this study. The prioritization procedure
involved assigning weights for each evaluatioreciain based on the importance of that criterion
in achieving the overall goal. A pairwise compamismatrix was created to compare the
importance of criteria relative to each other, amtbrmalized matrix is derived based on Equation
5-15. A criteria weight vector is calculated frohetaveraging of each row in the normalized
matrix, based on Equation 5-16. The prioritizatmocedure then involves assigning scores to
each alternative based on its performance relativibe considered criterion. Finally, a global

score is assigned for each alternative allowingam&ing based on the scores.

$ops
" 5-1
! 'é #PBog

)ie -,
wj = - 5-16
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where,/ ( is thematrix element in row i and column j; is thenormalized matrix element, m is
the number of criteria to be evaluated, ands the weight of each criterion.

Comparing alternatives requires subjective judgnfremh transportation professionals, due to the
uncertainty of variables and the presence of catalé measures. Thus, it is crucial to determine
the consistency of the opinions of the decision-enakSaaty1980 proposed a measure called

Consistency Index (CI) as shown in Equation 5-18How the degree of AHP consistency by
comparing CI to a predefined index called Randomsxtency Index (RI).

_12345"

Cl =

5-17
The Consistency Ratio (CR) is calculated to compghee Cl relative to the RI. The CR is
considered acceptable if the value is less thaqoal to 10%.

5.4.2 Analysis and Results

This study compared the safety benefits of coneeatisolutions with alternative connected V2|
applications. These applications include CV-basgipsrt of signalized intersection safety, CV-
based support of unsignalized intersection sa#etg, CV-based support of hazard warning. The
results from one thousand Monte Carlo simulatiorsrwere used in the estimation. The benefit-
cost ratio distributions for conventional and C\séd solutions are shown in Figure 5-10.
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Figure 5-10 Distribution of the benefits of the exsting and CV-Based solutions
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The 1%"and median percentiles of the benefit-cost ratiee also used as sub-criteria in the AHP.
Please, note that, for the demonstration of théaugtiogy, the return-on-investment analysis was
done for each of the three categories (signalizetsignalized and hazard segment-based
applications) assuming that all relevant converati@md CV-based solutions associated with each
category are utilized. The analysis can also be donindividual applications based on the actual
crash history and the needs of the analyzed tratsmm network. For example, a crash analysis
may suggest that the only needed signalized irdeose application is Red Light Violation
Warning, and then only that application would beuded in the analysis.

The B/C of CV-based signalized intersection appilices ranged from 1.73 to 6.84 with a median
of 3.38 and a mean absolute deviation (MAD) of 0.58e B/C of CV-based unsignalized

intersection applications ranged from 1.11 to 4\@Bh a median of 2.26. The B/C for hazard
warning ranged from 0.5 to 2.79, with a median.@B1The Non-CV-based applications had lower
B/C, as shown in (Table 5-15).

Table 5-15Benefit-Cost Ratio (B/C) Distribution for Safety Applications

B/C

Application 15% Value Median (50% 85% Value

Value)
Support of Signalized Intersection Safety
Non-CV-Based 2.07 2.67 3.99
CV-Based 2.73 3.38 4.824
Support of Un-Signalized Intersection Safety
Non-CV-Based 0.50 0.72 1.89
CV-Based 1.79 2.26 3.31
Hazard Warning
Non-CV-Based 0.12 0.35 1.63
CV-Based 1.00 1.18 1.86

In this study, the % and median percentiles of the B/Cs were usedmsgsrio the AHP. The
other selecting criteria for the AHP were: accdiagathe CAV program in Florida, improving
performance, solution feasibility, and funding daiility. Two decision-makers from the FDOT
District 6 in Miami were asked to assign a scoreefach criterion relative to each other. The
criteria were further decomposed into sub-criteaira] an assigned score was given for each sub-
criteria. Table 5-16 shows the calculated weighefach criterion by both decision-makers.
Based on Saaty1980 method, the upper right corner cells only negddae weighted as the
lower-left corner are the reciprocal of the uppeht corner. Noted, that the scores of the
diagonal in the table are equal to 1, as it congtre criteria to itself. Decision Maker 1
assigned the highest score for improving perforraar feasibility and gave both criteria 20%
more than the importance of funding and maximizhmgreturn on investment. Based on
Decision Maker 1 assigned scores, the importaneeadlerating the CAV program was about
20% less than improving the performance and apprately equal to the funding and ROI
criteria.
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Table 5-16 AHP Pairwise Comparison for AlternativesSelection Criteria

Accelerate Improve Feasibility Funding Benefits /

CAV Program Performance Costs

Decision Maker 1.
Accelerate CAV Progran 1.00 0.80 0.80 1.00 1.00
Improve Performance 1.25 1.00 1.00 1.25 1.25
Feasibility 1.25 1.00 1.00 1.25 1.25
Funding 1.00 0.80 0.80 1.00 1.00
Benefits / Costs 1.00 0.80 0.80 1.00 1.00

Decision Maker 2:
Accelerate CAV Progran 1.00 0.80 1.00 0.8 1.00
Improve Performance 1.25 1.00 1.25 1.00 1.25
Feasibility 1.25 1.00 1.00 0.8 1.00
Funding 1.25 1.00 1.25 1.00 1.00
Benefits / Costs 1.00 0.8 1.00 1.00 1.00

Table 5-17 shows the weight rating given by Deciditaker 1 for each sub-criterion relative to
each other. With regard to improving the perforneargafety is the priority criterion and 20%
more important compared to mobility and reliabilityith regard to the feasibility decision

criteria, technology uncertainty, such as the degcido select between DSRC and Cellular
technology, is the least important compared toother sub-criteria.

Table 5-17 AHP Pairwise Comparison for AlternativesSelection Sub-Criteria

Improve Performance Safety Mobility Reliability
Safety 1.00 1.25 1.25
Mobility 0.80 1.00 1.00
Reliability 0.80 1.00 1.00
Feasibilit Ease of Scalable to the rest| Lack of experience / Technology
y Implementation of District 6 Risks Certainty
Ease of Implementatio 1.00 1.25 1.25 2.50
Scalablle to the rest of] 0.80 1.00 1.00 200
District 6
Lack of experience / 0.80 1.00 1.00 2.00
Risks
Technology Certainty 0.40 0.50 0.50 1.00
Funding Federal Funds DOT Funds Local / Private
Funds
Federal Funds 1.00 0.9 1.00
DOT Funds 1.12 1.00 1.67
Local / Private Funds 1.00 0.6 1.00
Benefits / Costs 15th Percentile Median NPV
NPV
15th Percentile NPV 1.00 0.60
Median NPV 1.67 1.00
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The AHP consistency index was calculated for edc¢heotables to check the consistency in rating
the criteria relative to each other. The AHP analygas conducted based on inputs from both
decision-makers. However, the results shown inféig411 are only for Decision Maker 1, as an
example. As can be inferred from this figure, miilg CV-based technologies have a higher final
score than existing alternatives. The AHP finares for CV-based solutions and conventional
solutions are 0.63 and 0.37, respectively. The AdfBlysis results indicate that utilizing V2I
applications is 41.3% more favorable than conveaticsolutions. This is because CV has a
significantly better safety performance in reduaingsh rates for both signalized and unsignalized
intersections. Utilizing CV data has lower scorethe third criterion, which is feasibility, andgh

is due to the risks in the implementation and dulhology uncertainty of CV deployment. More
details of the AHP calculation process is showAppendix A.
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Figure 5-11 AHP Results and Final Score
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5.4.3 Summary

This chapter of the study utilized a combinatiorstaichastic return-on-investment analysis and a
multi-criteria decision-making procedure to accouot uncertainties and decision-maker
priorities in the decisions to invest in CV-basgglacations. The results of the analysis show the
ability of the developed method in confirming tlesteffectiveness of the CV-based applications
as compared to conventional solutions. Based ortridwgh statistics of the case study, both the
ROI and the MCDA analyses indicate that the CV-Oamgplications for signalized intersection
safety and unsignalized intersection safety aréfig and are better options than conventional
solutions. The cost-effectiveness of the midblbakard warning applications at the midblocks
was lower than those for signalized and unsigndlintersection applications. However, the CV-
based midblock applications have higher cost-dffeness than the considered conventional
applications. The method developed in this studsecmmended to be used by planners and
TSM&O engineers when deciding to invest in CV-baapglications.

5.5 FITSEVAL TOOL IMPLEMENTATION

A tool is needed to facilitate the pre-deploymesturm on investment described earlier in this
document. The research team has already devesymdda tool as part of another project funded
by the FDOT research center. The project titlé¢BEstimation of System Performance and
Technology Impacts to Support Future Year Plannargd is funded under grant number BDV29-
977-37. The tool can estimate the mobility, raligh and safety impacts of advanced strategies
on system performance and can perform the retuinvastment and MCDA analysis. The tool
is an enhanced version of an existing tool refetiedas the Florida ITS Evaluation Tool
(FITSEVAL). The original version of the tool waswkloped within the Florida Standard Urban
Transportation Modeling Structure (FSUTMS)/Cube iemment for FDOT by Hadi et al. in
2008. This original tool can be used to assessnibigility, safety, environmental, and user-cost
benefits, as well as the costs of the following Be&ployments:

Ramp Metering

Incident Management Systems

Highway Advisory Radio (HAR) and Dynamic Messaggrisi (DMS)
Advanced Travel Information Systems (ATIS)
Managed Lane

Signal Control

Emergency Vehicle Signal Preemption
Smart Work Zone

Road Weather Information Systems

Transit Vehicle Signal Preemption

Transit Security Systems

Transit Information Systems

Transit Electronic Payment Systems
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A different set of ITS implementations are includiedhe updated version of FITSEVAL to focus
the development effort as it is implemented in & pdatform. A strong focus in the updated
version is on the impacts of connected vehicles)(@\ automated vehicles (AV). However, the
assessment of additional applications can be atid#dte tool as needed. The following are the
applications evaluated in the new version:

Adaptive signal control with and without connectethicle (CV) support
Transit signal priority with and without CV support

Freight signal priority with and without CV support

Speed adjustment of CV to support arrival on green

CV applications to support of signalized intersactsafety

CV applications to support unsignalized intersetsafety

CV applications to support hazard warning

Vehicle automation

As stated earlier, the original version of FITSEVARS produced utilizing the Script language of
Cube. It works only as a processor to Cube-pralidput and output files, in addition to analyst
supplied parameters utilizing the user interfathe new version of FITSEVAL produced as part
of Project BDV29-977-37 is a standalone desktop tioat reads files from multiple sources as
long as it is provided in acceptable formats. Theently acceptable file formats are Cube files,
Highway Capacity Software (HCS), and the Intellig€éransportation Systems Data Capture and
Management (ITSDCAP) tool (also developed for FDYTFlorida International University).
The source of the data can be any model (simulaticanalytical models) or real-world data, as
long as it is converted into one of these threenfds. The software itself is coded in the C#
language. The user does not need to use the @édga to utilize the tool since it is compiled
and used in an executable form. The final FITSE\pktduct is an executable file, which could
be run on any windows platform. Thus, the usey oeleds to interface with the tool through the
graphical user interface (GUI), and input and otfgpes. Figure 5-12 is an example of the screens
of the updated FITSEVAL showing a comparison ofdesessed mobility of a corridor with and
without connected vehicle (CV)-based adaptive digoatrol implementation. The upper half and
lower half of Figure 5-12 present the mobility merhance dashboard of the case study facility
when utilizing the adaptive signal control withoQV application and with CV applications,
respectively. Figure 5-13 shows an example of gtenate reliability dashboard. Figure 5-13
shows that the reliability rating of the case stigl94% with a mean TTI of 1.87. Figure 5-14
shows an example of safety estimation dashboarijure 5-14 shows the safety performance
dashboards showing the number of crashes by tygbddacility.
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Figure 5-12 Comparison of Mobility with and without CV-Based Adaptive Signal Control
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Figure 5-13 Reliability Dashboard Estimated BasedroHCS Output
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Figure 5-14 Safety Dashboard
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5.6 SIMULATION APPLICATION

Simulation modeling can play a major role in supipgrthe pre-deployment and post-deployment
assessment of CV-based applications, particulanyeng the limited deployment of these
applications and the low market penetrations of lG&t are expected in the near future. For
instance, this section demonstrates the use ofaiion modeling to assess the safety and mobility
of one CV-based application, which is the Signalizeft Turn Assist (SLTA).

Utilizing permissive left-turn has been used agfiactive solution to increase left-turn capacity
and thus reduce intersection delays. With permesigit-turns, vehicles are allowed to make left-
turns concurrently with the opposing through tafince acceptable gaps are determined to be
available by the turning drivers, with the leftriars are supposed to yield to the conflicting icaff
and pedestrians. Previous studies and researatsaffine by the National Highway Traffic Safety
Administration (NHTSA) reported that about 40% bé tvehicle crashes in the United States
occurs at intersections (Choi, 2010). More than,d@0 of the reported intersection crashes
between 2005 and 2007 involved vehicles makingtleft maneuver on a permissive signal phase.
Left-turn crashes have high probabilities of cagsserious injuries or fatalities. The common
reasons behind these types of crashes are fadyrelgie sufficient gap in the opposing traffic,
misjudgment of the opposing vehicle’s speed andtion, and inadequate or obstructed sight
distance.

Signalized Left Turn Assist (SLTA) is a connecteghicle application to address permissive left-
turn safety concerns. An effort done at the Uningisf California at Berkeley, California Partners
for Advanced Transit and Highways (PATH), providedccomprehensive investigation of the
SLTA (Misener et al.,, 2010). The study introducéeé toncept of operations of SLTA and
developed SLTA alert algorithm. In addition, thesearchers compared two decision support
interfaces, the first is based on infrastructur thie second is based in-vehicle display. The tesul
showed that both interfaces have their pros and eod there was no evidence to eliminate the
potential for either design. The SLTA applicatianydes assistance for vehicles making left-turn
during the unprotected left-turn signal phase ghalized intersections. SLTA supports left-
turning drivers’ decision in accepting a gap in tipgposing traffic by computing the speeds and
locations of the opposing vehicles and determirdadgquate and safe gaps for completing the
maneuver. Thus, it improves the safety of the pesive left-turning traffic without the need to
compromise the throughput and capacity of thetleft-lane by changing the left-turn phase to
protected-only operation. Accordingly, the mairerof SLTA application is to identify and alert
the drivers about the safe gaps that would typidad accepted by the majority of drivers.

Signalized Left Turn Assist (SLTA) is a connectezhicle application that addresses permissive
left-turn safety concerns. An effort by researshatr the University of California at Berkeley,
California of the Partners for Advanced Transit aighways (PATH), provided a comprehensive
investigation of the SLTA (Misener et al., 2010)he study introduced the concept of operations
of SLTA and developed an SLTA alert algorithm. dddition, the researchers compared two
decision support interfaces: the first is basedndrastructure, and the second is based on in-
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vehicle display. The results showed that bothriates have their pros and cons, and there was
no evidence to eliminate the potential for eithesign. The SLTA application provides assistance
for vehicles making a left turn during the unprogec left-turn signal phase at signalized
intersections. SLTA supports left-turning drivens accepting a gap in the opposing traffic
decision by computing the speeds and locationseobpposing vehicles and determining adequate
and safe gaps for completing the maneuver. Thumproves the safety of the permissive left-
turning traffic without the need to compromise theughput and capacity of the left-turn lane by
changing the left-turn phase to a protected-ongraton. Accordingly, the main role of the SLTA
application is to identify and alert drivers abtha safe gaps that would typically be accepted by
the majority of drivers.

This study investigates the use of micro-simulatiorassess the benefits of CV-based SLTA
applications considering both safety and mobiliypacts. The benefits of SLTA are expected to
include the reduction in left-turn crashes, improeat of left-lane capacity, and reduction in the
left-turn vehicle delay. The mobility benefits argsessed based on the examination of the output
of the utilized microscopic simulation model inglstudy, which is the PTV’s Verkehr In Stadten
SIMulationsmodell (VISSIM). The safety benefitsSIfTA are determined using surrogate safety
measures through a combination of the VISSIM mgimulation model and the Surrogate Safety
Assessment Model (SSAM). A previous study repottet the combination of VISSIM and
SSAM provides an appropriate tool to assess tretysanpacts of connected vehicle applications
(Fyfe, 2016). An important aspect of simulating -6&sed applications is the need for more
detailed calibration based on fine-grained datae first objective in this chapter is to demonstrat
how such calibration is performed to support therosimulation-based modeling of SLTA. This
calibration is based on a real-world gap acceptdistabution for a permissive left-turn phase at
a signalized intersection. To simulate vehiclenattions appropriately at the microscopic level,
researchers have proposed different methods foiSMiScalibration and model parameter
validation. However, the calibration of drivergigacceptance behavior, especially of permissive
left turns at signalized intersections, is yet éodxplored. The second objective is to utilize the
calibrated model to assess the potential impac&.®”A on mobility and safety.

5.6.1 SLTA Research Review

Najm et al. (2010) estimated the safety benefithtarsection V2I applications in reducing the
annual crash rates related to these applicatibimlings showed that V2| systems address about
26%o0f vehicle-related crashes (Ragland et al., R0UBe most common crash type addressed by
the SLTA countermeasure is head-on, left-turn,amgle crashes. These crashes involve left-turn
vehicles, Subject Vehicle (SV), with a conflictinghicle from the opposing traffic, Opposing
Vehicle (OV). There are several reasons assocwatbdhese types of crashes, such as inadequate
sight distance, inadequate surveillance, and milarjudge safe gaps in the opposing traffic. As
described by Misener et al. (2010) and Richardle{2915a), the main role of the SLTA
application is to provide assistance and suppothi® left-turning vehicle during permissive left-
turn movements. The application deployment dexissbould be based on the geometric
characteristics and the crash history of a padiaakersection. SLTA is beneficial at interseato
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where there is a high traffic demand, limited sididtance, and high pedestrian and bicyclist
volumes (Misener et al., 2010).

The SLTA messages and warnings can be communitatédvers using Driver-Infrastructure
Interface (DII) or Driver-Vehicle Interface (DVIRichard et al., 2015b). One of the design criteria
of the application is the timing algorithm to detéme when the SLTA will initiate the alerts to
the SV driver. The key factors to be consideredthe gap length in the opposing traffic and the
SV driver’s gap acceptance behavior. The SLTAesysidentifies the probability of a crash to
occur between the SV and OV based on a pre-detingcal gap length. There is no available
information in the literature regarding the safgap length required for the system design. In
general, based on previous research results, fkersirseem to comply with the application
warnings when it matches their common sense iraticepted gap length. For example, a study
by Richard et al. (2015a) emphasized the importahcsing appropriate tuned gap lengths in the
SLTA design to improve the driver's compliance witle system. The factors that potentially
affect the drivers gap acceptance behavior an&HiIeA time algorithm include the distribution
of the gap sizes in the opposing traffic and thengetry of the intersection, such as the number of
lanes and median size, in addition to other facgreh as queue presence, time of day, and signal
timing.

Ogallo and Jha (2014) developed a methodologydtyae the critical gap for left-turn movements
at signalized intersections. The study investigahe impact of intersection geometric sight
obstructions for the left-turning vehicles on treeepted time gap length. Based on real-world
data, two different scenarios were analyzed to @mphe critical gaps with and without sight
distance obstructions. The researchers introdaoeadjustment factor for the critical gap when
the line of sight of the SV drivers is obstructéthe results showed that the presence of a limited
sight distance increases the left-turn gap siza fseseconds to 6 seconds by adding extra lost time
to the perception reaction time of the SV. Accoglly, the added extra lost time to the critical
gap also reduces the potential capacity of theleft movement. An efficient SLTA application,
which accounts for the intersection geometry andksigned with adequate gap size, is expected
to provide a solution to this concern.

5.6.2 Methodology

This chapter presents a demonstration of the usemaflation for assessing CV-based intersection
applications with the SLTA as an example of sugbliaptions. As stated earlier, a more detailed
calibration of simulation based on microscopic pagter measurements is needed compared to
traditional calibration methods that generally hdeen using macroscopic traffic parameter
measurements.

The calibration of a microsimulation model is agess of traffic parameter adjustment to replicate
real-world roadway network conditions (Fyfe, 201Blis iterative process compares the model
outputs with ground truth data until real netwodaditions is properly presented. Huang et al.
(2013) calibrated VISSIM by adjusting headway, fl@and speed parameters; and simulated traffic
conflicts for signalized intersections using theA®S The calibrated models resulted in better
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conflict prediction when comparing the results fribra calibrated and non-calibrated models with
real world data. Researchers utilized microscapiettory data to improve the model’s reliability
when calibrating VISSIM for car-following parametdiRagland et al., 2006). Kim et al. (2005)
proposed a statistical method to assess the pafaeof the calibrated VISSIM models in terms
of travel time distributions. A generic algoritht34) was employed to automate the process of
determining the significant calibration parametersluding the number of the preceding vehicles
observed, look-ahead distance, safety distancdaardhanging distance. The proposed approach
was successful in identifying parameters that teduh realistic travel time distributions. Lu et
al. (2016) proposed an automated video processkttpadology for VISSIM calibration. The
method is based on collecting real-world vehicgeirtory data to determine the optimal values of
car-following parameters related to the desireegdpacceleration, and safe following distance in
VISSIM. Mathew and Radhakrishnan (2010) calibrat&iSIM considering heterogeneous traffic
at signalized intersections in India. Heterogendmaffic, including various vehicle type and size,
non-uniformity of road geometric conditions, anchflane-based flow posed additional challenge
for simulation). A Genetic algorithm-based optintiaa resulted in a better calibrated VISSIM
model (Mathew and Radhakrishnan, 2010).

The Highway Capacity Manual (HCM) defined the gapeptance as “the process by which a
minor street vehicle accepts an available gap toeumzer” (TRB, 2010). The gap is calculated in
seconds when two successive vehicles pass theqdainnbflict. Ragland et al. (2006) described a
method to identify the gap distribution presentedhe driver as part of a California PATH
investigation of permissive left-turn crashes. Tethod uses real-world data to assess the driver’s
behavior and to determine the distributions of pta# gaps in the oncoming traffic. This real-
world gap acceptance distribution was used in tuahysto calibrate the VISSIM simulation model,
and to compare the left-turn lane capacity andydefgh and without SLTA. In practice, such
distributions should be obtained to reflect the gapeptance behavior for the analysis area when
calibrating the simulation model. The proposed UMs8alibration process for permissive left-
turn gap acceptance is illustrated by modelingua-feg signalized intersection. The calibration
was conducted for an intersection located at NW"1%®and NW 17th Ave in Miami-Dade
County, Florida, as depicted in Figure 5-15.
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Figure 5-15 Study Location

Data required for the simulation were collected|uding traffic volume, turning proportions, and
signal timing plan. The morning peak hour (7:30 £\V:30 AM) was used in the calibration. The
permissive left-turn was simulated in VISSIM usipgority rules for the conflicting points
between the left-turn traffic and the correspondipgosing through traffic. In VISSIM modeling,
priority rules are used to simulate conflicting reowents that cannot be controlled through signal
controllers. Drivers’ gap acceptance behavior camatjusted in the priority rules using two
parameters in VISSIM: minimum headway (feet) andimum gap time (seconds) (PTV, 2018).
These two parameters are illustrated in Figure 5Fh& minimum headway in VISSIM is defined
as the distance from the start of the potentiafimbrarea at the conflict marker (green bar in
Figure 5-16) up to the first vehicle which is mayitowards the conflict marker. If a vehicle
reaches the conflict marker, then the headway lis. ZEhe gap time is the time difference in
seconds between the first opposing vehicle (OV) thedconflict marker. VISSIM provides the
flexibility to use the headway and gap times in gsvag simulate various gap acceptance
perspectives. For example, gap time is usually tssdt up the left-turn gap acceptance behavior
for normal traffic flow conditions where left tumg vehicles would yield for the opposing through
traffic. However, during congestion, minimum heaghviia terms of distance is usually used to
determine the gap (PTV, 2018). The data collegti@nts for left turning vehicles in VISSIM are
required to be placed in pairs. In this study, ¢hesints were placed towards the end of the left-
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turn bays, and at the beginning of the potentialflat area, i.e., on the links of the opposing
through lanes. These points collect simulated Vehiformation, such as the time when the
vehicles pass the data collection points, and@iseide simulated vehicle trajectories and traffic
volumes.

Figure 5-16Priority Rule Application in VISSIM

The first objective of this part of the study waschlibrate VISSIM so that it can replicate real
world left-turn gap acceptance scenario. The gyiatles in VISSIM were used to simulate the
real world gap acceptance. The objective was tbcedp in the simulation the gap acceptance
distribution obtained from the study conducted erkley, California by Ragland et al. (2006)
and reference earlier. Ragland et al. (2006) ctktraffic data from five intersections using \ode
surveillance and analyzed the available gap lermtidsgap acceptance behaviors to develop a gap
acceptance model. Figure 5-17 shows the gap acweptdistributions for each of the five
intersections and for all intersections, referereethe “Total” curve in the figure. The calibratio
procedure in the current study attempts to remidche “Total” distribution in simulation to
demonstrate how measured real-world gap accepthsitdutions can be realized in simulation.
As mentioned earlier, the gap acceptance calibratzm also be done for the specific intersection
under consideration. A logistic function was fouappropriate to explain the real world gap
acceptance distributions depicted in Figure 5-17.
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Figure 5-17 Gap Acceptance Behavior in the San Framsco Bay (Ragland et al., 2006).

There is no built-in distribution in VISSIM to sirate the real world gap acceptance behavior. If
the minimum gap time and the minimum headway atle tnet for all conflict markers, the priority
rule is satisfied and the subject vehicle is alldw@ make the left-turn in the simulation without
considering the variations in the gap acceptanbawers of the drivers. Thus, another approach
is needed to simulate the gap acceptance varialietvgéeen vehicles according to a statistical
distribution. It can be inferred from Figure 5-hat the majority of the real world accepted gaps
range from 3 seconds to 10 seconds. VISSIM by dtedaggigns 3 seconds minimum gap time for
all priority rules. To replicate the variations Wween drivers, it was necessary to create eight
different priority rules with a minimum gap timenging from 3 seconds to 10 seconds, at a 1
second interval. Eight vehicle classes were defmmadi each class is associated with one of the
eight priority rules and thus has a unique minimyap value. The percentage of the vehicles in
each class was determined based on the distributiBigure 5-17.

Once the model was calibrated, the next step wagsdtyze the influence of CV-based SLTA on
the left-turn lane mobility and safety. The simidatof the CV SLTA application requires
emulating CV messages advising the vehicles tophagagps above a certain predefined safe gap.
CV-equipped vehicles that receive these messages eagled as an additional class with a
separate priority rule. Yan et al. (2008) repotteat the critical gap accepted by left-turn drivers
is 4.5 seconds, according to the HCM (TRB, 201®al® and Jha (2014) estimated that the
critical gap for the left-turn movements at sigpedl intersections ranges from 5.4 seconds to 4.4
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seconds with and without sight obstructions respelst Richard et al. (2015a) reported that queue
presence behind a left-turning vehicle can redbeectitical gap from 6.0 to 4.5 seconds, while
rain intensity increased the gap acceptance fr&@613 seconds as the rain intensity increased
from 0 to 0.39 inches/hr respectively. A gap lengjtb seconds was selected to be the pre-defined
safe gap. The selection of the 5 seconds was lmasttk best estimated value from the literature.
A varying SLTA utilization rate ranging from 10% 1®0% were simulated and evaluated. The
SLTA utilization rate is the multiplication of th€V market penetration and the associated
compliance rate with the SLTA recommendations. He tmessages are delivered using
infrastructure displays, then the SLTA utilizati@te reflects just the compliance rate. Please note
that it is assumed that infrastructure-based sere@r available to measure the available gaps in
the opposing traffic.

As previously mentioned from the literature revi¢lng SLTA application has the potential benefit
of increasing the left-turn lane capacity as wslteducing the delay. The impact on capacity was
assessed using simulation results and the impasafety was assessed using the SSAM tool based
on the vehicle trajectories output files from VISSIThe SSAM is a software package that
estimates the safety of traffic facilities by arzahg the traffic conflicts in simulation models.&h
SSAM quantifies the number of conflict points, whits then converted to Surrogate Safety
Measures (SSM).

5.6.3 Analysis And Results

This section discusses the results of the caldmadi the simulation model using the real-world
gap acceptance distribution compared to using #terohinistic minimum gap (3 seconds) in
VISSIM and the results from assessment of the itspat SLTA using simulation. Different
opposing traffic volumes were used in the assessnaaging from 1,000 vehicles per hour to
1,900 vehicles per hour and the resulting capaeilyes for the permissive left-turn was assessed
based on simulation. As a further validation, #suiting capacity from simulation with the default
minimum gap and the capacity from simulation witte tcoded stochastic distribution were
compared with the capacity estimated using the WayhCapacity Manual (HCM) procedure
(TRB, 2010). The Highway Capacity Software (HCSypwaed to determine the capacity of the
left-turn lane under different opposing demand floates. The intersection geometric
characteristics, traffic volumes and signal dateewssed as inputs to the HCS software to estimate
the left-turn capacity. Figure 5-18 shows the taft: capacity resulting from the calibrated
simulation model with the real-world gap acceptadc#ribution, simulation with the default
minimum gap in VISSIM (without calibration), simtilen with single minimum gap of 5seconds
(assigned to all vehicles), and the HCM procedwi@gtHCS with minimum gap of 3 and 5
seconds. Figure 5-18 shows that using the def8utiscond as deterministic gap acceptance in
VISSIM and the HCS produced significantly highepaeity compared to those using VISSIM
with the simulated stochastic distributions. Usthgeconds, as the critical deterministic value,
produced much lower capacity, close to that obthinsing VISSIM with the stochastic gap
acceptance distribution. From a capacity pointiedw there was no significant difference between
using only one minimum gap time of 5 seconds fbwahicles in VISSIM and the calibrated
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simulation model with the real-world gap acceptadis&ribution, especially during high opposing
traffic volume. However, in case of low opposingffic volumes the improvement in capacity
came to be approximately 13.8% by utilizing theeBands gap parameter for all vehicles. This
percentage decreases gradually as shown in Figli8avith the increase in the opposing traffic.
The capacity results from assigning 5 seconds gagnpeter for all vehicles are similar to the
capacity results from utilizing SLTA with timing gdrithm of 5 seconds and 100% market
penetration. Although the percentage improvemerdaacity is low, the main purpose of this
analysis is the macroscopic behavior of drivers wilh be influenced by the SLTA technology

and its implications on safety assessment.

Figure 5-18Relationship between Left-Turn Capacity and Opposig Traffic

For further validating the results, the capacituits from HCS were compared to the capacity
output from VISSIM for the permitted left-turn ugistatistical Kolmogorov—Smirnov test (K-S
test). The K-S test was specifically used to deireerwhether the estimated capacity using HCS
and the simulated capacity using VISSIM resemhbmeesdistribution. The Kolmogorov—
Smirnov is a nonparametric test which tests whedisributions from two samples are different.
The two sample K-S test is considered very usefgbmparing two distributions against each
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other, as it considers both the shape and theidocat the cumulative distribution functions of
the two data sets.

Based on K-S test tables and for the 95% confidened, there was no sufficient evidence at
95% level of significance to conclude that VISSI&pacity results were different from HCS
capacity distribution. The HCS is considered a mheii@stic approach in estimating the
permitted left-turn capacity. However, by introdugithe stochastic driver's gap acceptance
behavior in VISSIM, the results showed that VISSIbfault time gap parameter (3-seconds)
and HCS (3-seconds) critical gap are under estimdlie left-turn capacity by approximately
47.5%. In addition, the assigned time gap paran{bteeconds) and HCS (5-seconds) are also
under estimating the left-turn by approximately@28.and 30% respectively. The left-turn
capacity is lower with the calibrated simulationdebbased on the real gap acceptance behavior
by the left turners compared to the simulation it default parameters. The resulting left-turn
delay was then collected for the calibrated sinmohetodel with the real-world gap acceptance
distribution, simulation with the default minimumagin VISSIM (without calibration),

simulation with single minimum gap of 5 seconds] #re HCM procedure using HCS. Results
showed that the delay with the calibrated model iglser among all due to the lower capacity.

The assessment of the impact of the SLTA withzation rates of 10%, 20%, 50%, 80%, and
100% on capacity are plotted as shown in Figur8.5Fhe results showed that SLTA could
potentially improve the overall left-turn averaggacity by approximately 42.6% with
increasing the SLTA utilization from 10% to 100%meTlimpact of using the SLTA on left-
turning vehicles delay is shown in Figure 5-2@ah be inferred that the SLTA reduced the
average left-turn delay for all vehicles signifitlgiras the utilization rate increases. In addition,
by analyzing the left-turn delay with and withoufT3\, the results show that with a 100%
SLTA utilization (assuming 100% access to the imfation and 100% compliance rate), the
average delay for all vehicles could be reducedpproximately 58%. These results indicate the
potential operational benefits of SLTA in increagthe left-turn capacity and reducing the
delays. In addition, results show the importanceatibrating VISSIM for driver’'s gap
acceptance behavior. This critical time gap patanmeuld be tuned and also calibrated based
on local driver’s behaviors.
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Figure 5-19Impact of SLTA on Left-Turn Capacity

Figure 5-20Relationship Between Left-Turn Delay and Opposing Taffic
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5.6.4 Surrogate Safety Assessment

As stated earlier, the SSAM software package dpeeldy the Federal Highway Administration
Research and Technology of the United Stated Deyeaittof Transportation was used to provide
safety assessment based on the simulation-baseédevéiajectories. Stamatiadis et al. (2016)
developed a safety prediction tool that estimabesleft-turn number of conflicts in signalized
intersections. The researchers utilized VISSIM &®8AM to assess the impact of different
variables, such as opposing traffic, green timd,iatersection geometry on predicting the number
of left-turn conflicts. The results showed that thanber of conflicts is positive proportional with
the opposing traffic. Accordingly, in the curretuidy the impact of SLTA on improving the left-
turn safety was assed under different opposinfjdrablumes.

SSAM classifies a vehicle-to-vehicle interactioreanflict by assigning threshold values to two
surrogate measures of safety time-to-collision (J&@d post-encroachment time (PET). When
TTC =0 and/or PET = 0, SSAM identifies these ctiads as if a crash has occurred. By default,
ifO<TTC 1.5s, and PET5.0 s, then SSAM marks the event as a conflicthis Study, 1.5
seconds of TTC threshold and 5.0 sec of PET thtdshere used in the SSAM software to
investigate the number of conflicting points withdawithout CV conditions in the simulated
network.

The purpose of this analysis was to examine thetysékenefits with different SLTA utilization.
VISSIM generates SSAM trajectories to file with@nsion (.trj). These files describe the course
of all vehicle positions in the network. The SSAKjéctories were generated for different
opposing traffic conditions ranging from 1000 to0@6vehicles per hour. Figure 5-21 shows a
reduction in the number of conflicts with increasBLTA utilization. The statistical evaluation of
the safety benefit of SLTA CV-based solution wadher analyzed. The results showed that the
intersection safety can be improved by approxinged8P6 with increasing the SLTA utilization
from 10% to 100%.

Figure 5-21Surrogate Safety Analysis Results
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5.7 POST-DEPLOYMENT EVALUATION

The previous sections of this document have adede®e pre-deployment assessment of CV-
based applications based on return on investmeatnamlti-criteria analysis. This section
addresses post-deployment evaluation. The postylapnt evaluation is an important part of the
systems engineering process used in intelligenspartation system (ITS) projects. The output
from the evaluation can support the decisions megigrding changes and upgrades to the systems.
In addition, post-deployment evaluation is impottéecause it helps decision makers understand
the actual return on investment and whether théogiepent objectives have been met. Results
from the post-deployment evaluation of advancestegjies also provide critical inputs to the pre-
deployment assessments of the types discusseéreanld the development and validation of
sketch planning and modeling tools used to astesadvanced strategies.

The evaluation should be based on an evaluationtpé is developed with the project stakeholder
involvement. The plan should include:

Goal, Objectives, and Performance Metrics of thal&ation
Evaluation Targets and Hypothesis

Threats and Challenges

Evaluation Design

Analysis Plan

Data Plan and Data Collection

Use of Modeling and Simulation in Post-Deploymenaldation

5.7.1 Identification of Goal, Objectives, and PerformanceMetrics

The first step in the evaluation is to identife #avaluation goals and objectives and the assdciate
performance metrics. This identification shouldolased on stakeholder inputs and related to the
project objectives that in turn should be relatedhie strategic objectives and key performance
indicators of the organization. The evaluationeghbyes should be such those presented in the
following documents: the FDOT’s 2017 Transportati®ystem Management and Operations
(TSM&O) Strategic Plan, 2019 Florida’s Connected #utomated Vehicles (CAV) Business
Plan, Statewide Arterial Management Program Acktan (STAMP) (FDOT, 2018), individual
districts’ plans, and other relevant plans in tbgion. A stakeholder evaluation workshop should
be conducted to ensure that the stakeholder’s reeetigiterests are considered in the evaluation.
The stakeholder engagement should continue thraudghe evaluation process.

The defined performance metrics should follow tB&ART” criteria that require the objectives
to be:

Specific: Target a specific area for improvement.

Measurable: Quantify or at least suggest an indicator of pesgr
Assignable:Specify who will do it.

Realistic: State which results can realistically be achiegaeen available resources.
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Time Related: Specify when the results can be achieved.

The metrics may be identified for each operatigeahario or use case and can include output and
outcome performance metrics. For example, the Bamitisborough Expressway Authority
(THEA) Connected Vehicle Pilot funded by the Unigtdtes Department of Transportation (USDOT)
developed performance metrics for the evaluatiordch of the six Use Cases that describe thesissue
that the project will address.

The evaluation plan should also categorize theuati@in metrics and associated hypotheses into
evaluation analysis areas that are related to hkiation objectives. For example, the THEA
evaluation metrics assess the effectiveness afsaeases in relation to four “pillars,” which are:
mobility, safety, environment, and agency efficencThe identified performance indicators
should be associated with geographic and tempostants, resolution, and frequency of the
updates.

5.7.2 ldentification of Evaluation Targets and Hypothesis

Once the performance metrics are identified, thenmfiopmance targets should be identified. The
performance targets are sometimes referred to padimhypotheses. The targets should be
specific, time-bound, and can be quantified. Tdrgdts should be defined relative to internal
benchmarks (e.g., exceeds the post-deployment rpefce) or external benchmarks that
“perform better than national set values,” or achiglobal best practices (e.g., incident clearance
time equal to or better than other districts ingtege). The post-deployment assessment presented
earlier in the report can also be used as the bassetting the targets.

5.7.3 lIdentification of Threats and Challenges

The evaluation plan should identify challenges, st@ints, and threats associated with the
evaluation. Several factors or threats can atteetvalidity of evaluation. Thus, the evaluation
plan should identify these factors, how they aftbetevaluation, and how they are accounted for.
For example, the findings and the results from-plegioyment evaluations may be biased due to
the influence of other causes (exogenous or cowliogrfactors). The presence of these factors
may result in changes in system performance thgtmoaibe due to the deployment, and if not
accounted for, can bias the results. These exageiagtors may include, for example, seasonal
variations, changes in the demands between year® than usual adverse weather events,
roadway construction, changes in vehicle mix, andrs Another example of a threat to validity
is what is referred to as “selection bias,” in whibere is a difference between the group receiving
a treatment (e.g., CV technology) and the contralamnparison group (e.g., not receiving the CV
technology) that is not receiving the treatmentthis case, the selected group for the evaluation
may have specific socioeconomic characteristiesdigge, income, education, gender, etc. that may
not be representative of the whole population ofes.

191



5.7.4 Evaluation Design

The evaluation plan should also include a desomptf the utilized experimental design. In
general, the evaluation designs can be categoaized

Random Experimental Designsin these design types, the test subjects arenalyd
assigned to a treatment (e.g., vehicles with orbaaits) and control group (e.g.,
vehicles without onboard units).

Quasi-Experimental Designs: These design types can be similar to the Random
Design, depending on the specific selected desighat they have a treatment group
and a comparison group. However, they are differenthat the assignment of
treatment and control is not random. Typicallgsh designs attempt to control threats
to validity via statistical analysis.

Pre-Experiment Designs:These designs in general include simple compasisbhe
most widely used type of these designs is the casgrabetween the before and after
performance of the treatment group.

There are several design types within each ofttreetdesign categories listed above. The ability
to address the threats to validity is the highe#t the Random Experimental Designs and lowest
with the Pre-Experimental Designs. When choodmegexperimental design, several factors will
need to be considered, including the ability toradd potential threats to validity, data availapili
budget, and time.

5.7.5 Analysis Plan

The analysis of the collected data should be baseh Analysis Plan that is included as part of
the evaluation plan. The analysis plan will detiad methods and calculations used to assess the
impacts of the deployment on system performandee dnalysis plan will discuss the statistical
methods used to describe, categorize, and clustedata. In addition, the analysis plan will
discuss the methods used to test the hypotheseseaiing the specified targets. Furthermore, the
plan will specify statistical methods to addresy atentified threats or biases. Visualization
techniques, such as graphs and dashboards, caredietgols to communicate the evaluation
results.

More formal statistical hypothesis testing showddlbne in addition to the regularly used measures
of deviation, such as mean percentage differende0}yy mean percentage absolute difference
(MPAD), and the standard deviation of percentadierince (SDPD). The type of statistical
analysis will depend on the comparted parameteesnumber of instances to compare, and the
evaluation design. For example, for a before dtedt avaluation, a two sample or paired z-test or
t-test is usually used for comparing the mean ef @and post-deployment, depending on the
collected data type. The F-test is used to comypanances, the z-test is used for the difference
in proportions, and the Chi-Squared test is usedmapare distributions. In some cases, ANOVA,
multivariate ANOVA, regression, and/or non-parancetests may be needed.
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5.7.6 Data Plan and Collection

The evaluation will include data from multiple soes. The data for the evaluation needs to be
collected and processed according to a Data Pédretisures that the collected data are sufficient
and do not add biases to the evaluation. Theréatarement in the plan must be based on the
evaluation performance metrics and evaluation dedigcussed in the previous sections. The
Data Plan will include the data elements requiea@dllect each performance metric; the data
source(s) for each data element; nature and saabk,data resolution; spatial and temporal
coverage; frequency; and data quality metrics, sash accuracy/validity, completeness,
availability/accessibility, and timeliness.

Some of the data will come from existing sourcashsas point sensor and probe vehicle archives
in the Regional Integrated Transportation InformatSystem (RITIS), national weather data
bases, crash databases, and construction laneeldata. Other data will have to be collected
using user surveys and/or newly installed technelguch as connected vehicles, high resolution
controller data, Bluetooth/Wi-Fi readers, and isfracture sensors. Additional instrumentation
may be needed for the purpose of the evaluatiaoltect all required data items at the required
data quality.

The data collection will cover both pre-deploymdbiefore) and post-deployment (after)
conditions. Depending on the experimental deslgmndata may need to be collected for both the
treatment and control or comparison groups.

The Data Plan should also include a Data Managelant that describes how the data will be
treated, archived, and preserved. The data maradeplan should identify data quality
requirements to prevent biases. The plan shosla déscribe how the data will be filtered and
cleaned, aggregated, and archived for use in tladysis. An important aspect of the Data
Management Plan is to ensure the protection ofcaligcted Personally Identifiable Information
(PI). In addition, if the field experiments usarhan participants, then the plan will need to dyeci
the need to obtain Human Use Approval from an alitee Institutional Review Board (IRB).
The management plan shall include the data forménzetadata standards, in addition to policies
for re-use, and redistribution of the data.

5.7.7 Use of Modeling and Simulation in Post-Deployment #aluation

In some cases, it is difficult to estimate the ictpaof real-world deployment. Particularly in the
case of connected vehicles where the market peioetia these vehicles is small. In such cases,
there is a potential for using analysis, modelarg] simulation (AMS) tools similar to those used
in the pre-deployment evaluation to supplementitdd evaluation. In these instances, the data
collected during the evaluation is used to updageinput parameters of the analysis, modeling,
and simulation tools, and to produce better cdiidmaand validation of the utilized tools and
methods. This should result in a better post-depént assessment using AMS post-deployment
compared to pre-deployment.
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5.8 CONCLUSIONS

CAV technologies will be a major considerationte planning, design, and operations of ATM,
as these technologies and applications that usaaéagies continue to advance and as the market
penetrations and adoption of these technologiease. With this recognition, transportation
agencies will need methods to and information tppsut the required systems engineering
process, including assessing the feasibility os¢hchnologies to complement, supplement, or
act as alternatives to existing solutions. To edslrthis need, this project had identified
applications, associated impacts, methods, and fooluse in support agency decisions to invest
in CV-based solutions as part of the systems elrgimg process of ATM.

This project started with a review existing goakbjectives, and performance measures of
TSM&O program and ATM program in Florida that cam Wised as a starting point to identify
project specific criteria for the selection betwekmvelopment alternatives. In addition, the study
review identifies CV-applications that can be usedupport ATM. As part of this effort, this
study reviewed the systems engineering procesmnahiand state its architecture, planning for
operations process, FDOT TSM&O Strategic Plan, SPAMction Plan, Connected and
Automated Vehicles Business Plan, FHWA ATDM appgimas, USDOT dynamic mobility
applications, USDOT V2l safety applications, andrila and USDOT pilot deployment
applications. The study also reviewed previouyeloped methods and tools that can be used
to support CV deployment decisions.

This study then Identified methods to support teeiglon to select between existing and CV-
based applications to meet the goals and objectwethe TSM&O program. The method
considers the needed functions, performance, @askk constraints, return-on-investment, and
agency priority. The method consists of five steysidentify performance metrics — selection
criteria, 2) identify the needs, functions and ral&tive solutions, 3) identify the impacts of
Existing and CV-based solutions utilizing simulatianodeling or simple performance
modification factors identified based on reviewlitdrature, 4) evaluate the return of investment
of deployment alternatives considering uncertaartg stochastic distributions utilizing Monte
Carlo simulation, and 5) conduct multi-criteria@ssment of deployment alternatives, accounting
for both qualitative and quantitative factors aaddtakeholder priorities. Based on the results of
applying the method to the project case study isf search (a segment of SR-924/NW ™19
street in Miami, FL), CV-based applications camime cost-effective than existing applications.
However, they are associated with higher risks @nstraints. It can be concluded that MCDA
should be used in combination with stochastic retur investment in the decision to implement
CV-based solutions to account for various factorduding uncertainty.

This study also provided agencies with a catalog\whased and alternative applications to meet
needs, including impacts, risks, and uncertairfbesise in identifying solutions to mobility and
safety problems. In addition, the study provideidimation that can be used as part of ConOps
development of CV-based application on urban at®riinformation to support agency
development of evaluation plans of post-deploymentCV-based projects in Florida, and
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information to support the simulation of CV-basqaplecations utilizing existing microscopic
simulation tools.

The developed method to assess deployment altezsatiere implemented as part of the
FITSEVAL tool developed by the research team as qfaa separate FDOT research project. It
is recommended that the developed method and assddool is implemented by the FDOT as
part of the considered CV-based projects.
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APPENDIX A
AHP CALCULATION PROCESS
Step 1: Develop the AHP Criteria and Assessment

The utilized objectives in the AHP analysis areestdd based on the criteria presented in the
Business Plan of the Florida Department of Transgpion (FDOT) Connected and Automated
Vehicle (CAV) program. The criteria for the AHP gl®own in Figure A-1 were: accelerating the
Connected Automated Vehicle program in Florida,owpng performance, feasibility, funding,
and benefit-cost ratios. Two transportation expiects the Florida Department of
Transportation FDOT District 6 in Miami were askecdassign a score for each criterion relative
to each other. The criteria were further decompastdsub-criteria, and an assigned score was
given for each sub-criteria.
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Figure A-1 AHP criteria and sub-criteria
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Step 2: Develop the AHP Pairwise Matrices

In order to develop the weights for the hierarchteda, a pairwise comparison matrix was
created. The first matrix is a nxn matrix, whers the number criteria considered for evaluation
as shown in Table A-1. Each entiy(ais the row number and j is the column numbérthe

matrix represents the importance of theiiterion relative to thé"criterion. If g < 1, then the

i criterion is less important than tH&griterion. If g is equal to 1, then the two criteria have the
same importance or comparing the criteria to it$ef example,a entry is comparing
Accelerate CAV program to itself so the value edualVhile a> entry is equal to 0.8, which
means that Accelerate CAV program is 20% less itapbthan Improve performance, and so
on.

Step 3: Calculating the nth Root of Product

This step is used to normalize the entries in th&imby multiplying the values in each row then
getting the K root of this product. For example, th& ®ot of Accelerate CAV Program

criterion is equal to"Sroot of (1 x 0.8 x 0.8 x 1 x 1) 8789: = 0.9146 as shown in Table A-1.
Step 4: Calculating the Priority Vector (PV)

The priority vector is calculated for each row byiding the " root of each criterion by the
summation of all the'firoot in the matrix. This mean that the summatibthe priority vectors
must be equal to 1. For example. Accelerate CA\gRnm has a value of 0.9146 for tHerdot
of product. The sum of all thé"Soot of the product is 5.0304. Therefore, the fit§osector for
Accelerate CAV Program is 0.9146/5.0304 = 0.182.
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Table A-1. nxn Matrix Details

Accelerate . Benefits 5" root | Priority
CAV Feasibility| Funding of Vector
Program Performance / Costs oroduct| (PV)
Accelerate
CAV 1.00 0.80 0.80 1.00 1.00 0.9146| 0.182
Program
Improve 1.25 1.00 1.00 125 | 125 | 11433 0.227
Performance
Feasibility 1.25 1.00 1.00 1.25 1.25 1.1433| 0.227
Funding 1.00 0.80 0.80 1.00f 1.00 0.9146| 0.182
el 1.00 0.80 0.80 1.00 1.00| 09146 0.182
Costs
Sum 5.50 4.40 4.40 5.50 5.50 5.0304 1
Sum*PV 1.00 1.00 1.00 1.00 1.00
Lambda max= 5.00
Consistency Index Cl= 0.00
CR= 0.00

Step 5: Measuring the Degree of Consistency (Cl)

As mentioned earlier in Chapter 5, Equation 5-Gpasistency Index (CI) was calculated to
measure the degree of AHP consistency. Lambda naaxcelculated as the summation of
(Sum*PV) then the value was divided by the numbderssessment criteria minus one. A
Consistency Ratio (CR) was then applied to comfiaeCl relative to the RI. The consistency
ratio is considered acceptable, if the value is than or equal 10%. It can be inferred from the
Table A-1 that the decision maker was very conststehis/her inputs.

Step 6: Develop the Weights for the Sub-criteria

A second pairwise comparison matrix was create@&ch sub-criteria as shown in Table A-2
same as the matrix developed in step 1. Each enthge matrix describes the importance of each
sub-criterion relative to each other. Then step@ Ziare then repeated to gétroot of product
and the priority vector (PV).
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Table A-2. Second Pairwise Comparison Matrix Detad

3rd root of Priority
Safety| Mobility | Reliability Vector
product (PV)
Improve
Performance Safety 1.00 1.25 1.25 1.16 0.38
Mobility 0.80 | 1.00 1.00 0.93 0.31
Reliability 0.80| 1.00 | 1.00 0.93 0.31
s 2.60 3.25 3.25 3.02 1.00
um
Sum*PV 1.00 1.00 1.00
Ease of Scalable to| Lack of 4th root Priorit
. : Technolog y
Implementatio | the rest of | experienc ; of
N ; y Certainty Vector
n District 6 e / Risks product
(PV)
Ease of
Implementation 1.00 1.25 1.25 2.50 1.41 0.33
Feasibility Scalablg tq the 0.80 1.00 1.00 200
rest of District 6 1.12 0.27
Lack of
experience / 0.80 1.00 1.00 2.00
Risks 1.12 0.27
Technology
Certainty 0.40 0.50 0.50 1.00 056 013
3.00 3.75 3.75 7.50 4.22 1.00
Sum
Sum*PV 1.00 1.00 1.00 1.00
Fedral Fundg Local / Private Funds  2nd root of produ :Frlorétg\Xector
Funding  Fegral Funds 1.00 1.00 1.00 0.50
Local / Private Funds 1.00 1.00 1.00 0.50
2.00 2.00 2.00 1.00
Sum
Sum*PV 1.00 1.00
1t . Median Priority Vector
Percentile NPV 2nd root of product (PV)
NPV
Benefits / Costs 15th
Percentile
NPV 1.00 0.80 0.89 0.44
Median NPV 1.25 1.00 1.12 0.56
s 2.25 1.80 2.01 1.00
um

216



‘ Sum*PV ‘ 1.00 ‘ 1.00 ‘
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Step 7: Develop the Ratings for Each Decision Alteative

The third matrix is called the matrix of alternaiscores. Each entryjmepresents the score of
the Zn option with respect to each sub-criterion. In ordederive such scores, a pairwise
comparison matrix is first built for each of thebstriteria, against the alternatives (CV-based
and non-CV based) as shown in Table A-3. Each eaftilye matrix represents the evaluation of
the first option compared and the second optioh vaspect to each criterion.

Table A-3. Matrix of Alternative Scores

Safety 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 2.5 1.581 0.714
Existing 0.4 1 0.632 0.286
Mobility 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.67 1.292 0.625
Existing 0.6 1 0.774 0.375
Reliability 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.25 1.118 0.556
Existing 0.8 1 0.894 0.444
Ease of Implementation 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.25 1.118 0.555
Existing 0.8 1 0.894 0.444
Scalable to the rest of District 6 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1 1 0.500
Existing 1 1 1 0.500
Lack of experience / Risks 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 0.4 0.632 0.286
Existing 2.5 1 1.581 0.714
Technology Certainty 2nd root Priority Vector (PV)
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CV-Based Existing

CV-Based 1 0.4 0.632 0.286
Existing 2.5 1 1.581 0.714

Table A-3. Matrix of Alternative Scores (Continue)

Fedral Funds 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1 1.000 0.500
Existing 1.00 1 1.000 0.500
Local / Private Funds 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1 1.000 0.500
Existing 1 1 1.000 0.500
DOT Funds 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.25 1.118 0.556
Existing 0.80 1 0.894 0.444
15th Percentile NPV 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.24 1.114 0.554
Existing 0.806 1 0.898 0.446
Median NPV 2nd root Priority Vector (PV)
CV-Based Existing
CV-Based 1 1.21 1.100 0.548
Existing 0.826 1 0.909 0.452

Step 8: Calculating the Global Scores

Once the priority vector (PV) and the score mai8xhave been computed, the AHP obtains
global scores by multiplying S and PV as shownigufe A-2. For example, the global score
assigned for “Safety” sub-criterion is equal to BNé of “Improve Performance” in Table A-1
which is 0.227, multiplied by the PV of “Safety” irable A-2 which is 0.38, and then multiplied
by the PV of “CV-Based” in Table A-3 which is 0.7Ihen the global score will be 0.06 as
shown in Figure A-2, and so on.
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Figure A-2: Global Scores
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Step 9: Final Scores and Alternatives Ranking

The final score is calculated as the summationl eiadues in both alternatives (CV-Based and
Existing Solutions) in Figure A-2. For example, tb¢-Based alternative score =
(0.18+0.06+0.05+0.04+0.04+0.03+0.02+0.01+0.03+0003®3+0.02+0.06) = 0.63

As the final step, the option ranking is accomitvy ordering the global scores in decreasing
order as shown in Figure A-3.
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Figure A-3: AHP Results and Final Score
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