


FOREWORD

The Federal Highway Administration, in support of the Transportation Operation Center Pooled
Fund Study, initiated this study to identify and quantify Transportation Management Center
(TMC) benefits. In a time of shrinking budgets, government officials must select from a
multitude of projects competing for the limited available resources. Many benefits of TMC have
been intuitively understood by managers but now need to be quantified in order to justify the
initial cost as well as the ongoing annual operations and maintenance costs. This report provides
a means to identify and quantify TMC benefits. It presents direction, guidance, methodologies,
and procedures to agencies associated with monitoring, evaluating, and reporting on the values
and benefits of TMC operations. This report is directed toward professionals working in State
transportation departments and other agencies that are responsible for the construction and
operation of TMCs.
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UDDER 3 U U A UR
APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
t? square feet 0.093 square meters m’
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft2 cubic feet 0.028 cubic meters m’
yc!3 cubic yards 0.765 cubic meters m’
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius €
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux 1%
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m* square meters 10.764 square feet ft*
m? square meters 1.195 square yards yd®
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m’ cubic meters 35.314 cubic feet ft?
m?* cubic meters 1.307 cubic yards yd?
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
T Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibffin’

*8l is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

This project provides a useable means to identify and quantify Transportation Management
Center (TMC) benefits. It presents direction, guidance, methodologies, and procedures to
agencies associated with monitoring, evaluating, and reporting on the values and benefits of
TMC operations.

The measures and methodologies developed focus on outcomes, although a number of output
measures that emphasize key operations are also included. This report highlights measures used

for benefit-cost analysis, including those that may be employed for freeway TMCs, traffic signal
system TMCs, and corridor TMCs. Processes for freeway TMCs utilize point detector and probe

detector data sources.

The following classes of measures were identified during the literature review:

System delay.

Safety.

Fuel consumption.

Throughput.

Emissions.

Service quality/user perceptions.
Equity.

Service patrol.

Incident clearance time.
Response to weather situations.
Life-cycle cost.

Database to provide motorist information.

Most of the classes contain more than one measure, and many of the measures use input data
from freeway management systems (FMSs) and crash databases.

The methodologies require that the identification of a data structure that may be embraced by
freeway TMCs whose software has been developed using data structures that differ from one
another. Research revealed little commonality among TMCs in the spatial references used to

collect and aggregate detector data. Accordingly, a reference structure that systematizes the



spatial aggregation of data collected by point detector stations and probe detector locations has
been introduced.

Because research has shown that most freeway TMCs use a similar data structure characterized
by data storage by 5-min, 15-min, hourly, daily, and yearly periods, the findings of the project
recommend this temporal structure for the freeway evaluation methodologies. Signal system
measures use a 15-min span for the earliest data storage period.

This report describes the algorithms and processes used to compute many of the measures. In the
case of system measures, those measures required for benefit-cost analysis, such as system-wide
vehicle delay, require measurements of both volume and speed or travel time for each travel link.
Other measures, such as motorist travel time and travel time reliability, require measured speed
or travel time.

This report also discusses the effects of bias errors and random errors. Bias errors are most
significant in conducting initial evaluations, such as before-after studies, for significant
intelligent transportation system (ITS) improvements. Random errors, which are most important
for year-over-year evaluations, are functions of the quantity of data collected and the size of the
network under evaluation.

In addition, the report describes a methodology to obtain the benefit-cost ratio. The methodology
employs annualized capital and maintenance costs and includes the following benefits:

e Reduction in private vehicle occupant system delay.
e Reduction in commercial vehicle occupant system delay.
e Reduction in goods inventory delay.
e Reduction in cost of crashes.
e Reduction in fuel cost.
Examples of agency presentations of TMC benefits are provided in this report.

The methodologies described in this report are only one element of the evaluation process.
The relationship of these methodologies to the entire evaluation process is discussed.



1. INTRODUCTION

1.1 PURPOSE OF PROJECT

TMC:s considered in this project include those that are normally responsible for the operation
and management of ITS field equipment, freeway management, signal systems management,
incident management, and corridor management. The purpose of this project was to identify key
measures that can be used to execute operational strategies and methodologies that can be used
to implement those measures, including structures for organizing the data and the algorithms and
processes required.

The archived data management systems (ADMSs) that provide a key element for this project

support the following TMC functions:"

e Operational strategy development.

e Operations planning.

e Long-term planning.

e Policy investment decisionmaking.
When coupled with performance measures that use these data, the results from applying the
methodologies addressed provide the basis for developing reports and presentations that justify
project investment to decisionmakers and the public. Such results also form the basis for future

resource allocations and improvements in operations. In many cases, agencies develop reports
that provide results to the public on the performance of TMCs and ITSs that they manage.

This project emphasizes the computation of measures from data that are commonly available to
TMCs from traffic detectors in the systems managed by those TMCs. Other data, such as crash
record data, are also required for benefit-cost evaluations. This report focuses on outcome-
oriented measures rather than output-oriented measures.

The content of this report is organized as follows:
e Section 1 provides an introduction to the report.
e Section 2 describes TMC functions and examples of systems for performance evaluation.
e Section 3 provides a representative set of performance measures.

e Section 4 describes the spatial and temporal data structures to be employed by the
processes used for the development and computation of the measures.

e Section 5 identifies recommended measures and the algorithms and processes for
their computation.



Section 6 describes technologies for collecting data, data quality control, automation of
surface street data collection, and standards.

Section 7 provides algorithms and other methodologies for obtaining travel time and
delay, throughput, safety, fuel consumption, emissions, service quality and user
perceptions, characteristics of incidents, service patrol measures, responses to weather
situations, and an evaluation of motorist information databases.

Section 8 describes a methodology to develop the benefit-cost ratio and techniques for
alternative presentations of benefit-cost data.

Three appendices support these sections.



2. TMC FUNCTIONS AND EXAMPLES OF PERFORMANCE EVALUATION

2.1 TMC FUNCTIONS

The goals and initiatives established by agencies determine the TMC functions and the measures
that evaluate these functions. Appendix A provides one agency’s flow sequence for this process.

Table 1 identifies many of the possible functions of TMCs by the types of facilities managed. In
later sections of this report, these functions are related to performance measures and the data and
parameters needed to implement those measures.

2.2 EXAMPLES OF PERFORMANCE EVALUATION SYSTEMS
Performance evaluation systems may take either of the following forms:
e A system that is integrated with the traffic management system.

e A system that is separate from the traffic management system but derives its data from
the traffic management system. In some cases, a single performance evaluation system
serves many agency TMCs and traffic management systems.

Performance evaluation systems may include the archived data user service functions of the
National ITS Architecture.”

Table 2 provides key functional characteristics for several performance evaluation systems.



Table 1. TMC functions.

Facilities Managed by TMC

Signal Systems
and Surface Special
TMC Functions Freeways Streets Corridors® | Facilities” Comments
Active Traffic Management® X X X See reference 3.
Speed harmonization X X
Temporary shoulder use X X
Queue warning X X
Dynamic truck restrictions X X
Dynamic routing X X X
Dynamic lane markings X X
Data Analysis and Warehousing X X X X These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.
Incident Response
Development of incident X X X X
management plans
Selection of incident X Where TMCs X X
management plan have this
responsibility
Assistance to emergency X X X
service providers
Maintenance These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.
Maintenance of TMC facilities X X X X
Management of field X X X Field equipment maintenance
equipment maintenance management for corridors depends on
division of responsibilities.




Configuration management of X X X X
TMC and ITS facilities
Coordination of roadway X X X
maintenance and construction
Motorist Information
Management of information X Where agency X X
for ITS field devices operates devices
Provision of information to Sometimes
external services
Planning X X X X These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.
Ramp Management and
Conventional Lane
Management
Ramp metering X X X
Ramp closure X X X
Conventional lane controls X X X X
Security These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.
Security in TMC X X X X
Security of ITS field devices Possibly Not often Possibly Usually
Other security functions Possibly Not often Possibly Usually | Security monitoring of other
transportation department facilities.
Service Patrol X X
Signal Timing
Signal timing plan X See?
development
Signal timing operations X See?

management




Emergency vehicle signal X See?
preemption

Special Functions These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.

Roadway ventilation X See reference 4.
Roadway fire detection and X See reference 4.
suppression
Other Supervisory Control and X May include pumping, electrical
Data Acquisition Functions system control, and motorist telephone
system.(4)
Training and Support X X X X These are support functions. They
relate to outputs rather than to
outcomes. No measures are provided
for these functions in section 3.
Transit Assists
High occupancy vehicle (HOV) X X X
bypass of metered lanes

Transit signal priority X See?

Weather Monitoring X Not usually X X

* Includes TMCs with responsibility for operations on alternate routes.

® Includes bridges and tunnels.

¢ Active traffic management includes speed harmonization, temporary shoulder use, queue warning, dynamic merge control, construction site management
(active traffic management methodologies), dynamic truck restrictions, dynamic routing and traveler information, and dynamic lane markings. Separate lines will

be provided for each strategy.

4 Responsibility for timing plan development and operations rests with the agency responsible for traffic signal systems. This function is applicable when freeway

and signal system TMCs share a common facility.

Note: Blank cells in the comments field indicates no comment was provided.




Table 2. Characteristics of representative ITS performance evaluation systems.

System

Key Data Processing
Features

Data Collection
Periods

Data Source

Key Measures Provided

California Department of
Transportation (Caltrans)
Freeway Performance
Measurement System
(PeMS)©)

¢ Detects and corrects
missing and bad data
through imputation
techniques.

e Computes speed by means
of g factor calculations.”

¢ Estimates truck volumes.

Collects data at
30-s intervals,
then aggregates to
5-min and hourly
periods.

¢ Inductive loop
detectors, generally
single loop detectors in
each lane.

¢ Incident data from
California Highway
Patrol.

o Weather data.

Volume, occupancy, speed,
congestion delay, vehicle
miles traveled (VMT), and
travel times.

Washington State Traffic
Data Acquisition and
Distribution System

¢ Contains flags to alert users
to suspect data.

e Uses ladder algorithm to
compute travel time.”

Collects data at
20-s intervals,
then aggregates to
5-min data.

¢ Inductive loop
detectors, generally
single loop detectors in
each lane. Some

stations have loop traps.

e Automatic vehicle
location data.

Volume, occupancy, speed,
travel time, and travel time
reliability.

Minnesota TMC

¢ Contains flags to alert users
to suspect data.

Collects data at
20-s intervals,
then aggregates to
5-min data.

Single inductive loop
detectors in each lane.

Florida Statewide Traffic
Engineering Warehouse
for Regional Traffic Data
(STEWARD); designed as
a statewide system that
links to each district®

e Strong integration with
roadway and detector
characteristics.

e Data completeness test.

e Data threshold checks.

Collects data at
20-s intervals,
aggregates to 5-,
15-, and 60-min
periods.

e Mainline and ramp
detectors.

e Adaptable to all detector
types.

Volume, occupancy speed,
lane volume balance,
effective vehicle length (see
section 5.1.2.1), input/output
balance, VMT, vehicle hours,
delay, kinetic energy, and
level of service.

* Additional information is provided in table 22.
® The g factor represents the effective length of the vehicle at the tuning of the loop detector. It varies over the course of time. An algorithm is in PeMS to calculate the

g factor as a function of time.

Note: Blank cell indicates no key measures were provided.







3. PERFORMANCE MEASURES

Two general types of measures may be considered: outcome-oriented and output-oriented.

Outcome-oriented measures are likely to be of interest to highway users and high-level
decisionmakers because they include universally high-priority issues such as delay and safety.
Measures that are components of a benefit-cost analysis are also outcome measures.

Output-oriented measures are the direct result of actions taken by the TMC. These outputs, in
turn, result in outcomes. An extensive description of both outcome and output measures is

provided by Park.”)

Many TMC:s utilize measures of outputs and outcomes, although the specific measures used
vary among TMCs. The number of incident management-related messages is an example of an
output measure.

Park and Shaw are key sources for descriptions of numerous measures.”"'”) For this study,
researchers selected measures that were considered to be most useful. While the focus was on
outcome-oriented measures, a number of commonly used output measures were included as well.
The criteria for measure selection included the following:

e Data sources must exist, with an emphasis on automated data sources.

e The measure must lend itself to algorithmic expression or to some other form of
measurement, such as scales for attitudinal measures.

e In the case of measures for a benefit-cost analysis, the measures must not be redundant to
avoid double-counting a benefit.

e The measure should be intuitively credible.

Table 3 describes criteria that may be used to evaluate measures.'”

11



Table 3. Comparison of performance measures criteria.

General Criteria Specific Criteria

Clarity and simplicity The measure is simple to present, analyze, and interpret.

The measure is unambiguous.

The measure’s units are well defined and quantifiable.

The measure has professional credibility.

Technical and nontechnical audiences understand the measure.

Descriptive and The measure describes existing conditions.

predictive ability The measure can be used to identify problems.

The measure can be used to predict change and forecast conditions.
The measure reflects changes in traffic flow conditions only.

Analysis capability The measure can be calculated easily.

The measure can be calculated with existing field data.
There are techniques available to estimate the measure.
The results are easy to analyze.

The measure achieves consistent results.

Accuracy and precision | The accuracy level of the estimation techniques is acceptable.

The measure is sensitive to significant changes in assumptions.

The precision of the measure is consistent with planning applications.
The precision of the measure is consistent with an operation analysis.

Flexibility The measure applies to multiple modes.
The measure is meaningful at varying scales and settings.

Figure 1 shows the Texas Department of Transportation’s (TxDOT) balanced scorecard
approach to developing performance measures.!'” Agencies often define measures for highway
system operations. While these operations may include TMCs, they usually cover the more
general functions of the highway network, such as the measures used by the Florida Department
of Transportation (FDOT), which are shown in table 49

External
A
Explanatory Outcome
Process < » Result
Efficiency Output
v
Internal

Figure 1. Hlustration. TxDOT balanced scorecard approach.

Shaw and Park provide extensive discussions of measures used by agencies as well as the
equations and computational procedures that may be used to develop several of these
measures.'” While many agencies employ these general techniques, the specific schemes
used often differ.

12
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Table 4. Measures used by FDOT.

Florida
Florida Intrastate
Mobility Intrastate Highway Metropolitan
Dimension Performance State Highway Highway System Highway
of Mobility Measures System System Corridors Systems Definition”
Person miles traveled X X X X Average annual daily
(PMT) traffic (AADT) x length
. x vehicle occupancy
Quantity of Truck miles traveled X X X X AADT X length x
travel
percent trucks
VMT X X X X AADT x length
Person trips Total person trips
Average speed X X X Average speed? weighted
by PMT
Delay X X X X Average delay
. Average travel time X Distance + speed”
Quality of  ["Average trip time X Door to door trip travel
travel time
Reliability X X Percent of travel times
that are acceptable
Maneuverability X Vehicles per hour per
lane
Connectivity to X X X X Percent within 5 mi
intermodal facilities (1 mi for metropolitan)
Dwelling unit X X X Percent within 5 mi
proximity (1 mi for metropolitan)
Accessibility Emp}oyment X X X Percgnt within 5 mi
proximity (1 mi for metropolitan)
Industrial/warehouse X Percent within 5 mi
facility proximity
Percent miles bicycle X X Percent miles with bike
accommodations lane + shoulder coverage




Percent miles X X Percent miles with

pedestrian sidewalk coverage

accommodations

Percent system heavily X X X X Percent miles at level of

congested service (LOS) E or F*

Percent travel heavily X X X X Percent daily VMT at

Utilization congested LOSEorF

Vehicles per lane mile X X X X AADT x length + lane
miles

Duration of congestion X X X X Lane-mile hours at LOS
EorF

*Definitions shown are generally for daily analysis. Calculations for the peak are based on prevailing conditions during the typical weekday 5 to 6 p.m. peak.

Q)

" Speed based on models using the Highway Capacity Manual or field data.
¢ LOS ratings are determined using the Highway Capacity Manual

14!



This project focuses on influencing the development, use, and implementation of performance
measures, data collection and management, monitoring, evaluation of effectiveness, and
reporting on the benefits of TMCs and their traffic management-related functions and services. '
Therefore, this report frames this information in a way that provides agencies that currently have
management systems but that do not have a robust evaluation methodology with specific data

structures, including algorithms and computational procedures, that will allow them to compute
measures that satisfy their needs and objectives.

This project includes measures that may be used to provide monetary benefits for a benefit-cost
analysis. The classes of monetary benefits resulting from ITS improvements and a typical

breakdown for those benefits on an urban freeway are shown in table 5.

Table 5. Example of percentage of ITS monetary benefits for benefits classes.""

Benefit Class Benefit Percentage
Private vehicle occupant delay 66.1
Commercial vehicle occupant delay 4.3
Cost of crashes 13.1
Value of delay for goods 8.0
Fuel cost of delay 8.6
Total 100

Table 6 provides a representative set of measures that may be used for an ITS performance

evaluation. Table 7 relates the outcome-oriented TMC functions in table 1 to the measures
in table 6.

! Review the scope of work for this report for additional information.
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Table 6. Measures of effectiveness.

Traffic
Flow Benefits Measure for
Benefit- Quality Perceived TMC
Type of Quantity Measures or cost and Safety by the Operations
Measure Sub-Measure Identifier Description Analysis | Measures Public Performance
System delay | Vehicle system D.1 Vehicle hours per year; X X X X
measures delay* archived on a link, ramp, and
intersection basis and
aggregated to the system level
Private passenger | D.2 Person hours per year X X X
vehicle occupant
delay*
Commercial D3 Person hours per year X X X
vehicle occupant
delay*
Goods inventory | D.4 Ton hours per year X
delay*
Transit vehicle D.5 Person hours per year X X
occupant delay
Freeway crashes* | S.1 Crashes per million VMT per X X X
year; archived on a link and
ramp basis and aggregated to
the system level
Safety Secondary crashes | S.2 Crashes per million VMT per X X
year
Crashes at S.3 Crashes per million vehicles X X X
intersections™ entering intersection
Property damage | S.4 Crashes per million VMT per X X X
only (PDO) year

crashes




L1

Fatal crashes S.5 Fatal crashes per million, X
VMT, and fatal crashes per
1 million vehicles entering
intersection
Injuries resulting | S.6 Injury crashes per million, X
from crashes VMT, and injury crashes per
1 million vehicles entering
Safety intersection
(continued) Work zone related | S.7 Work zone crashes for the X
crashes TMC coverage region
Pedestrian crashes | S.8 Pedestrian injuries/deaths per X
1 million vehicles entering
intersection
Safety S.9 Weighted crash frequency and X
performance severity
index
Fuel F Gallons per year X
consumption*®
Freeway T.1 VMT per year during peak
throughput hour
Throughput Intersection T.2 Vehicles per peak hour at an
throughput intersection
. E Kilograms per year for each
Emissions emission constituent
Route travel time | Q.1 Peak hour route travel time X X
(hours)
Service Ro'ute' t.ravel time | Q.2 Buffer index, planning time X X
quality/user rehablht.y - index - -
perceptions User satisfaction | Q.3 User satisfaction scales and X X
surveys
User satisfaction | Q.4 Complaints received by X X

agency
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User perception U.1 User complaints received by X X
Equity — - agency - -
Gini coefficient or | U.2 Users relatively disbenefitted
Lorenz curve per total users
Service patrol M.1 Assists per year X X
assists
Quality of service | M.2 Patrol coverage periods (hours X X
. per year)
Service patrol Quality of service | M.3 Average motorist waiting time X X
measures .
(minutes)
Quality of service | M.4 Extent of roadway serviced X X
(centerline miles)
Rating by public M.5 Rating scale X X
Incident Average incident | C Annual average incident X
clearance time | clearance time clearance time for moving
lanes minutes
Response to Response timeto | W Average time in minutes from X X
weather provide actionable receipt of information by
situations information to Road Weather Information
motorists Systems or other means to
provide motorist information
and to provide information to
other response services
Life-cycle P Dollars per year X
cost™*
Database to See section 5.9 I Rating scales X X
provide
motorist
information

* Indicates measures used for benefit-cost analysis.
Note: Blank cells in the “Sub-Measure” column indicate that no sub-measure was identified.
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Table 7. Relationship of TMC functions to measures of effectiveness.

TMC Functions
Ramp
Management
and
Conventional
Type of Active Traffic | Incident Motorist Lane Service | Signal | Transit Weather
Measure Sub-Measure Identifier | Management | Response | Information | Management Patrol | Timing | Assists | Monitoring
Vehicle system delay* | D.1 X X X X X X X X
Private passenger D.2 X X X X X X X
vehicle occupant
delay*
System delay | Commercial vehicle D.3 X X X X X X X
measures occupant delay*
Goods inventory D.4 X X X X X X X
delay*
Transit vehicle D.5 X X X X X X X X
occupant delay
Freeway crashes* S.1 X X X X X X
Secondary crashes S.2 X X X X X X
Crashes at S.3 X X X
intersections*
PDO crashes S.4 X X X X X X X
Fatal crashes S.5 X X X X X X X
Safety Injuries resulting from | S.6 X X X X X X X
crashes
Work zone related S.7 X X X X X X
crashes
Pedestrian crashes S.8
Safety performance S.9 X X X X X X X
index
Fuel F X X X X X X X X
consumption*
Freeway throughput T.1 X X X X X X
Throughput Intersection throughput | T.2 X X
Emissions E X X X X X X X X
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Route travel time Q.1 X X X X X X X X
Service Route travel time Q.2 X X X X X X X X
quality/user reliability
perceptions User satisfaction Q.3 X X X X X X X
User satisfaction Q4 X X X X X X X
User perception U.1 X X
Equity Gini coefficient or U.2 X X
Lorenz curve
Service patrol assists M.1 X
Quality of Quality of service M.2 X
assistance to Quality of service M.3 X
motorists Quality of service M.4 X
Rating by Public M.5 X
Incident Average incident C X X X X X X
clearance time | clearance time
Response to Response time to w X X X X X X
weather provide actionable
situations information to
motorists
Life-cycle P X X X X X X X X
cost*
Database to See section 5.6 I X X X X
provide
motorist
information

* Indicates measures used for benefit-cost analysis.
Note: Blank cells in the “Sub-Measure” column indicate that no sub-measure was identified.




4. SPATIAL AND TEMPORAL DATA STRUCTURES

4.1 DATA CAPABILITIES OF FMSS AND TRAFFIC SIGNAL SYSTEMS

The following list describes a set of data collection, storage, and data manipulation capabilities
that are common to most FMSs:

e Collection and storage of traffic flow data: Data may come from point detector stations
(in which case, archiving is generally performed at this level), from probe detectors, or
from services that provide these data. Point detector data may consist of volume, speed,
occupancy, and vehicle classification. Provision is usually made for the identification
and correction of flawed and missing data. Probe data are comprised of travel time
information between physical or virtual probe reading locations.

e C(Collection and storage of incident management reports developed by the TMC:
Some States provide this capability on a statewide basis.

e Link data structures to provide for the agency’s TMC functions: Functions
include traffic condition map displays, ramp metering, incident management, and

motorist information.

Time periods for data collection and archiving that are commonly employed by FMS are shown
in table 8.

Table 8. Data periods.

Data Period Typical

Description Period Examples of Use
Discrete data Each Crash report, incident report, and equipment event or failure
element event
Data sampling or 20 sto | Traffic detector collection period for field detectors
collection period 1 min
Action periods 1 to Data accumulation periods for TMC actions such as traffic

10 min | map displays, data filter updates, system-wide ramp
metering, incident management, automatic dynamic message
sign (DMS) messaging, and system tuning

Common reporting | 5 min, | Studies of traffic patterns by TMC personnel and others

and analysis 15 min,

interval l1h

Daily reports 1 day Daily data consolidations and planning
Annual reports 1 year | Performance evaluations and planning

An example of the general relationship between data uses and data characteristics is shown in
table 9.
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Table 9.

Data uses and characteristics.

Type of Data Use User Data Used Source
PSRC AADT volume Washington State Department
of Transportation (WSDOT)
Annual Traffic Report™
Highway Performance WSDOT Data Office
Lone-term plannin Monitoring System VMT
& p g 24-h and peak volume counts Ramp & Roadway Report™”
24-h volume counts City and County Tube
Collections
WSDOT Volume counts Annual Traffic Report™
Planning Office Forecasted efficiency data PSRC
PSRC AADT volume Annual Traffic Report™
Performance 24-h and peak volume counts Ramp & Roadway
monitoring 24-h volume counts City and County Tube
Collections
WSDOT AADT volumes Annual Traffic Report™
Transportation Projected volume data PSRC
Data Office Turning movements Northwest Region Planning
Office
Vehicle occupancy Northwest Region Planning
Long-range Office
planning and Vehicle classification Northwest Region Planning
project planning Office
Specific volume counts Northwest Region Planning
Office
Travel time and speed Consultants
Transit use Consultant
Pedestrian and bicycle counts Consultants
WSDOT Office Volume counts Travel-Time Reporting and
Perf Of Urban Integrated Performance System
Jgn‘ﬁf‘;‘;e Mobility . (TRIPS)
Incident data TRIPS
Washington State | 20 s, 1 min, 5 min, 15 min WSDOT Transportation
Transportation System Management Center
Center, Volume counts and lane Ramp & Roadway Report™
Transportation occupancy
Northwest, and Peak volume counts Annual Traffic Report™
Research the University of | AADT volumes Automated data collection
Washington stations (ADCSs), autoscope
Researchers Speed WSDOT Data Office

Vehicle classification

ADCS, autoscope

Vehicle occupancy

Washington State
Transportation Center

Note: PRSC denotes the region’s Metropolitan Planning Organization.
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This project develops methodologies for employing FMS data to generate many of the evaluation
measures described in table 6. Data collected every 5 min are the building blocks for freeway-
based measures that develop or utilize travel time or delay. Figure 2 shows an example of a data
aggregation structure for freeway point detector data.!>

Lane-
by-Lane<
Level

Station
Level <

---------- jEnk tfé}.veljjﬁ}:ﬂe & |1
.... ::’. L yghicle-fhile's'b'f travel|
ki 3

Level \point—based properties extrapolated to roadway links 0.5 to 3 miles in length

. §

[
Link <
—>

---------- link travel time & 1
=2 1*?_ehlcté. miles of travel|

4

-~
---------- directional roadway section
..... = st travel time & vehicle-miles of travel
<SS =
f:‘?:lon < ) link properties summed to analysis sections 5 to 10 miles in length
==>
---------- directional roadway section
.... == gy AR travel time & vehicle-miles of travel .
e >

Figure 2. Illustration. Example of data aggregation structure.

Although the capability exists in traffic signal systems to collect and archive volume, occupancy,
and speed data (at a particular location), other than some adaptive signal systems, traffic signal
systems generally do not have the capability to provide data for the measures needed to obtain
key parameters such as travel time and delay. Section 6 of this report describes some recently
developed techniques that may be employed to provide these measures. To be consistent with
independent volume measures such as automatic traffic recorders and manual count collections,
a 15-min period is recommended as the basic surface street evaluation interval.
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4.2 SPATIAL REQUIREMENTS AND DATA STRUCTURES FOR EVALUATION

A data structure concept is required to relate the data sources (e.g., detector data, crash reports,
and incidents) to a construct that may be used for evaluation purposes. An example of a construct
that might be used for evaluation purposes includes the following:

e Links.

o Freeway link: For each type of roadway service (e.g., general traffic, HOV, etc.), a
link consists of a unidirectional roadway section between entry and exit points. In
some cases, sublinks may be used to denote features such as service area entry and
exit points or DMS locations.

o Surface street link: In many cases, models used for signal timing purposes define
links as the unidirectional roadway section between intersections on the arterial or in
the grid network of interest. In some cases, the entire section between signalized
intersections or between the intersection upstream of a signalized intersection and the
next upstream signalized intersection may be defined as a link.

e Signalized intersection: Signalized intersections are often evaluated on a stand-
alone basis.

¢ Route segment: A route segment is a set of links defined for evaluation purposes. A
route may consist of a set of route segments.

e Network: A network is a set of geographically bounded interconnected route segments
and isolated intersections.

e Corridor: A corridor is a subset of route segments that emphasizes directional travel
patterns. Corridors often stress alternate route or alternate mode choices.

FMSs generally contain a software capability to provide a reference framework to relate
detectors to the link structure for the freeway network. If the FMS does not have such a
capability, the evaluation methodology must provide it. A reference system that is based on
traffic flow entry and exit points is preferred for the following reasons:

e [t simplifies the evaluation methodology. Freeway volume is discontinuous at these
points, and these volume changes often result in speed changes.

e Evaluations are most meaningful when the evaluation boundaries are easily identifiable.

e These boundaries are consistent with the way motorist information is usually provided.

e Other traffic information systems often use standardized identification formats based on
these boundaries. Traffic message channel codes are based on this concept and are

. . . . 16
commonly used by information service providers."®

An example of a reference system that meets this requirement is shown in figure 3.
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A link represents a section of the mainline between vehicle access or egress points. The
concept of a domain is introduced in figure 3 to relate data from freeway surveillance

stations to mainline links. Domains relate links and DMSs” to the roadway locations receiving
information from a particular point detector station. As shown in the figure, each domain is
related to a particular detector station. Domain boundaries are established at link nodes and at
the DMS. Where a link encompasses more than one detector station, domain boundaries are
used to separate the regions for which each detector station will be employed. Note that none
of the detectors in figure 3 exist within the physical boundaries of domain 4; that domain
obtains its information from detector station 4. Section 6 of this report discusses detector
deployment requirements.

Figure 4 shows a similar diagram for probe-based surveillance. The asterisks identify locations
for probe travel time measurements. These boundaries may be established by physical equipment
locations (i.e., toll tag reader locations or locations of Bluetooth® readers) or may be virtual
boundaries for other types of probe detection systems such as those based on a Global
Positioning System (GPS). While it is sometimes possible to co-locate virtual or actual
boundaries with link boundaries, this is not always the case. The probe-measured travel times
are converted to speeds, and these speeds, in conjunction with link lengths, are used to estimate
travel link travel times. Probe-based detection does not provide volume estimates, so
supplementing these data with other information is required for the system-based measures
required for benefit-cost analysis. In order to obtain system-wide delay and travel time measures
with probe detection, at least one source of volume per link is required. Technologies for
implementing probes and other sensors are discussed in section 6 of this report.

?Although not strictly needed for the detector to link relationships, figure 3 includes DMS in the domain definitions
to facilitate the implementation of messaging using a common reference frame.
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Figure 3. Illustration. Example of link, domain, and detector station relationships.
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Figure 4. Illustration. Example of link, domain, and probe site relationships.
4.3 TEMPORAL RELATIONSHIPS

For archiving purposes, FMS volume, speed, and occupancy data from point detectors may

be stored at 5-min intervals and aggregated into 15-min and 1-h intervals, as in the Florida
STEWARD system.® The 5- and 15-min intervals provide convenient processing intervals for
many of the delay-related computations described in section 5 of this report. Building on these
concepts, a useful methodology develops these measures using the spatial/temporal relationship
shown in figure 5. The methodology described uses the domain concept as the basis for freeway
mainline data accumulation (see figure 3 and figure 4).
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Figure 5. Illustration. Data accumulation methodology.

Detector data are used to obtain these measures at the domain level for 5-min periods and are
accumulated at the link level. The 15-min period at the link level is a convenient building block
for many of the evaluation measures. The path to computing this level for the 15-min period is
shown by the solid trace. The dashed traces show the paths to other spatial levels and time
periods. Depending on the particular measure to be computed and the purpose (reports, etc.), the
15-min data may be aggregated by time according to the particular spatial relationship required
for the purpose.
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5. METHODOLOGIES FOR DEVELOPING MEASURES

This section describes the methodologies used to select and obtain many of these measures.
In many cases, the data structures described in this section are employed. (Note that table 6
identifies the measures examined in this study.)

5.1 DELAY AND TRAVEL TIME MEASURES
5.1.1 Freeway Delay and Travel Time

Many FMSs are equipped with point-based and, in some cases, probe-based traffic detectors to
perform normal traffic management functions. Since these detectors provide a basis for
automatic data collection for performance evaluation purposes, the manual effort to obtain
measures based on speed and travel time is minimal.

Many of the measures in table 6 involve the computation of travel time and delay. System delay
is defined as is the sum of freeway mainline delay, freeway ramp delay, and intersection delay
for all vehicles. System travel time has a similar relationship. Vehicle travel time and delay
consider these quantities on an individual trip basis.

The relationships provided below describe the requirements for obtaining freeway
mainline data.

5.1.1.1 Mainline Delay and Travel Time Evaluation for Point Detectors

TT(DO,N5)=T5 x V(DO,N5) x LE(DO)/SD(DO,N5)
Figure 6. Equation. Domain system travel time.

Where:

TT = System mainline travel time (vehicles per hour).

DO = Domain ID.

N5 = 5-min evaluation period index number.

TS = 5-min period for mainline and ramps.

V= Roadway volume (vehicles per hour).

LE = Length of link, domain, or probe sensing region (mi).
SD = Domain speed (mi/h).

In some systems, SD represents weighted speed.” Since speed and volume varies in different
lanes, weighted speed is the product of lane volume and lane speed divided by the total volume.
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LE(DO)
If | TT(DO,N5) — T5 x V(DO,N5) x >0,

SR(DO)
LE(DO)
SR(DO)
Figure 7. Equation. Domain system delay.

then D(DO,N5) = (TT(DO,NS) — T5 x V(DO,N5) x ) else D(DO,N5) =0

b

TT(L,N5) = Z TT(DO,N5)
DO=a
Figure 8. Equation. Link system travel time.

Where:
L = Link ID.
NF+3
TT(L,P) = Z TT(L,NS)
NF = N5
Figure 9. Equation. Link system travel time for 15-min periods.
Where:

P = 15-min period index.
NF = 5-min index at the beginning of the 15-min period.

b
D(L,N5) = Z D(DO,N5)
DO=a

Figure 10. Equation. Link system delay.

Where:

D = System mainline delay for measurement interval (vehicle hours).

D(L,P) = D(L,N5)
NF=5

Figure 11. Equation. Link system delay for 15-min periods.

VI(DO,N5) = T5 x LE(DO)/SD(DO,NS)
Figure 12. Equation. Domain vehicle travel time.

Where:
VT = Vehicle travel time (hours).
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If (VT(DO, N5) - TS x LE(DO)/SR(DO) >0),
then VD(DO, N5) = (VT(DO, N5) - T5 X LE(DO)/SR(DO)), else VD(DO, N5) =0
Figure 13. Equation. Domain vehicle delay.

Where:

VD = Vehicle delay (hours).
SR = Reference speed for delay (mi/h).

b
VT(L,N5) = Z VT(DO,NS)
DO=a
Figure 14. Equation. Link vehicle travel time.

NF+3
VT(L,P) = Z VT(L,NS)
NF = N5

Figure 15. Equation. Link vehicle travel time for each 15-min period.

b
VD(L,NF) = z VD(DO,N5)
DO=a

Figure 16. Equation. Link vehicle delay.

NF+3
VD(L,P) = z VD(L,N5)
NF = N5

Figure 17. Equation. Link vehicle delay for each 15-min period.
5.1.1.2 Mainline Delay and Travel Time Evaluation for Probe Detectors

Probe detectors provide the basis for developing link delay and link travel time. Because the
boundaries of probe sensing regions may not directly correspond to link boundaries, a domain
structure (see figure 4) or an equivalent relationship is required. The basic concept requires
determining the speed in the set of domains included in the probe sensing region by dividing the
region’s length by the travel time measured by the probe vehicles, as shown in figure 18 and
figure 19. SP represents the speed for all domains encompassed by the probe-sensing region and
is used to compute domain and link vehicle travel time and delay in figure 12 through figure 17
at the 5-min level. It is also used for probe detection in place of SD in figure 6 and figure 12.

1 X
TP(PR, T5)= — X TP(i)
X i=1
Figure 18. Equation. Travel time as sensed by probe PR.
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SP(PR) =LE(PR)/TP(PR, T5)
Figure 19. Equation. Probe-sensing region speed for region PR.
Where:

TP = Travel time as sensed by probe vehicles (hours).

PR = Probe sensing region ID.

x = Number of vehicles in 5- or 15-min probe vehicle sample.
SP = Probe sensing region speed (mi/h).

RRT = Reference ramp travel time.

Probe detection technologies are discussed in section 6 of this report.

In order to develop system delay and system travel time measures, the volume variable required
by figure 6 and figure 7 must be obtained. A source of link volume data, such as a point detector
station, is required.

5.1.1.3 Entry Ramp Travel Time

Unlike the mainline, most ITSs do not provide an automatically based sensing methodology
for obtaining entry ramp time and delay. Ramp data, if employed, are most conveniently
accumulated on a 15-min basis when considering the ramp as a link.

5.1.1.4 Freeway System Travel Time and Delay

Freeway travel time and delay are the sum of mainline travel times and (optionally) ramp travel
times and delays. Computation on a 15-min basis is convenient for further measure development.

RN

FT(L,P)=TT(L,P) + T15 x V(R) x Z RT(R,P)
R=1

Figure 20. Equation. Freeway system travel time.

FD(L,P) = FT(L,P) - T15 x LE(L)/SR(L) - V(R)x Z “ RRT(R,P)
R=1

Figure 21. Equation. Freeway system delay.

Where:

FT = Freeway system travel time.
RT = Entry ramp travel time (hours).
R =Ramp index.

RN = Total number of ramps.

FD = Freeway system delay.

5.1.1.5 Private Vehicle Occupant System Delay

The basic measure is computed on a 15-min basis and link basis and aggregated annually on a
system-wide basis, as shown in figure 22.
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LPP(L,P)=K, x FP(L,P) X FD(L,P)
Figure 22. Equation. Private vehicle occupant system delay.

Where:

K, = Average number of travelers in a private passenger vehicle.
FP = Private passenger vehicle fraction of traffic volume.
LPP = Traveler system delay in private passenger vehicles (person hours).

5.1.1.6 Commercial Vehicle Occupant System Delay

The basic measure is computed on a 15-min basis and link basis and aggregated annually on a
system-wide basis, as shown in figure 23.

LPT(L,P) =K, x FC(L,P) x FD(L,P)
Figure 23. Equation. Commercial vehicle occupant system delay.

Where:

K, = Average number of occupants in commercial vehicle.
FC = Commercial vehicle fraction of traffic volume.
LPT = Occupant delay in commercial vehicles (person hours).

5.1.1.7 Goods Inventory Delay

The basic measure is computed on a 15-min basis and link basis and aggregated annually on a
system-wide basis, as shown in figure 24.

LPG(L,P) = K3 X FR(L,P) X FD(L,P)
Figure 24. Equation. Goods inventory delay.

Where:

K3 = Average weight of load in trucks carrying goods (tons).
FR = Traffic volume fraction of trucks carrying loads, excluding deadheading trucks.
LPG = Goods delay (ton hours).

5.1.