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ABSTRACT

In recent years, public and private sponsors of Intelligent Vehicle Highway Systems
(IVHS) have recognized the need to assess the impacts of IVHS user services on air
quality and energy use. This interest has been reinforced by the mandates of the Clean
Air Act Amendments of 1990, the Intermodal Surface Transportation and Efficiency Act
of 199 1, as well as the desire to strengthen benefit-cost and air quality analyses.

The IVHS operational tests play a key role in the transition between research and
development of new technologies and wide-scale deployment of IVHS user services. To
date, the evaluation plans for most of the field tests have focused on important concerns
of technical feasibility and user response. However, there remains significant, untapped
potential for leveraging these tests to evaluate environmental impacts. In particular,
empirical data gathered from field tests would greatly complement the use of models to
assess the air quality and energy implications of wide-scale deployment.

Presently, the Volpe National Transportation Systems Center is investigating the
evaluation goals and methods of the major domestic and international operational tests to
gauge the state-of-the-practice for appraising environmental impacts. To date, the Volpe
Center has identified approximately forty field tests with environmental evaluation
objectives. Nearly all of these tests have employed or will use dissimilar methods to
address the complex interactions between travel behavior, traffic operations, and the
many confounding, exogenous variables that govern vehicular emissions and fuel
consumption. As a step toward creating an archetype for federal operational tests in the
U.S., the Volpe Center is developing a guidebook that will recommend best practices for
assessing energy and emissions impacts of IVHS user services.
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INTRODUCTION

An essential objective of the Department of Transportation’s Intelligent Vehicle
Highway Systems (IVHS) program is to identify, evaluate, and measure the private and
societal impacts of IVHS user services. The operational tests are important means for
accomplishing this end. Additionally, the Clean Air Act Amendments of 1990 (CAAA)
compel better understanding and assessment of IVHS’ environmental implications.

National governments in the United States, Europe, Japan, and Australia have
sponsored over four hundred IVHS field tests, which are in various stages of
development.’ In the United States, the Department of Transportation (DOT) has
supported seventy-six tests in partnership with various organizations, including State and
local governments, private companies, and academia.*

The Purpose of IVHS Operational Tests

Operational tests are implementations of IVHS user services in “real-world” field
. .environments. As stated in the DOT’s IVHS Strategic Plan. Report to Congress, the

criteria for selecting operational tests manifest the dual needs for demonstrating the
technical feasibility of new technologies and services, and evaluating their public and
private impacts.3 The criteria include:

“[O]verall  contribution to the IVHS program knowledge base, the uniqueness of
the proposed test...the  degree of risk associated with the technologies involved,
the suitability of the proposed site to support overall IVHS program test
objectives, and ability of the existing infrastructure to support the test program...A
major Federal responsibility in all operational tests is to ensure that impacts such
as safety, mobility enhancements, and congestion relief are thoroughly evaluated.4

In the United States, the Intermodal Surface Transportation and Efficiency Act of
1991 (ISTEA) provides the regulatory support for the national IVHS operational test
program. Although the DOT funded several major operational tests before its passage,
ISTEA outlines the conceptual approach and procedures for their implementation.5

The DOT currently has authority to allocate approximately $15 million per year to
support IVHS operational tests, with a potential increase to $30 million if Congress
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approves President Clinton’s 1995 budget.6  In addition, ISTEA mandates field testing in
four corridors located in severe ozone nonattainment areas. These test beds, designated
as “priority corridors,” include the Northeast Corridor (stretching along I-95 from
Washington, D.C. to Connecticut), the Midwest Corridor (centered around Chicago and
extending through Milwaukee), the Houston Texas metropolitan area, and the Southern
California Area Corridor (centered along I-5 from Los Angeles to San Diego).7  For these
priority corridors, ISTEA provides $86 million per year from fiscal year 1993 through
1997 to establish an “IVHS infrastructure that will support continued deployment of
IVHS technologies and services.“8

More specifically, ISTEA requires that the operational tests have written evaluation
plans and charges the Secretary of Transportation with establishing guidelines and
requirements.9 To support these requirements, the Federal Highway Administration
(FHWA) developed generic IVHS operational test evaluation guidelines that prescribe the
necessary components and contents of formal evaluation procedures. These guidelines
provide a standardized structure for operational test evaluation plans, but stop short of
delineating precise methodologies for measuring impacts.”

Most recently, FHWA charged the Volpe Center with producing two guidebooks
that will recommend best practices for conducting market research and for evaluating the
emissions and fuel use impacts of IVHS in field test settings. FHWA is also in the
process of obtaining additional staffing and expertise to “assist in the development of
evaluation plans and provide technical assistance in monitoring the evaluation for IVHS
operational tests nationwide.“” These efforts underscore the DOT’s commitment to
leverage the operational tests for improved understanding of IVHS’ implications. The
DOT affirms its intentions in its report to Congress:

“The primary source for direct measurement of the impacts and benefits of IVHS
user services will be the evaluations of operational tests. Evaluation requirements
will affect the design of these projects, as will the need to develop and incorporate
data collection systems for capture of necessary information regarding travel
behavior and other impacts such as energy and environmental effects."12

The operational tests, therefore, are not only test beds for resolving the technical
feasibility of IVHS user services, but important proving grounds for appraising their
societal and private implications.
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The Impetus for Environmental Evaluation

In the United States, a number of federal regulations, including the CAAA, ISTEA,
and the National Energy Policy Act of 1991 (NEPA) stress the transportation sector’s
obligations to support environmental and energy security objectives.

In particular, the CAAA established national ambient air quality standards for
ozone, carbon monoxide, nitrogen dioxide, particulate matter, lead, and sulfur oxides to
safeguard human health and welfare. The U.S. Environmental Protection Agency (EPA)
classifies cities and regions as “nonattainment areas” when the measured concentrations
of these pollutants exceed their designated standards. To ensure that air quality
objectives are met, the CAAA requires nonattainment areas to develop State
Implementation Plans (SIPS), which inventory emission sources and identify control
measures to ensure progressive attainment of the air quality standards.

Motor vehicles are significant contributors to the production of ozone (by emitting
hydrocarbons (HC) and nitrogen oxides (NO,), which photochemically react to produce
ozone), carbon monoxide (CO), and particulate matter. Although the CAAA mandates
cleaner fuels and cleaner cars (through improved inspection and maintenance and more
stringent emissions controls), these steps alone will not sufficiently alleviate the
transportation sector’s obligation to reduce its emissions. As a result, nonattainment areas
will turn to transportation control measures, including IVHS user services, to meet air
quality objectives. Although the CAAA emphasizes transportation control measures as
proactive solutions, it also insists that transportation plans conform to the intent and
objectives of the SIPs and not aggravate the frequency and severity of air quality
violations. As a result, transportation planners must prove that their proposed projects
will, at a minimum, “do no harm.” For some environmental advocates, even the
implementation of environmentally neutral projects may not be satisfactory.

Purpose and Scope

Given the DOT’s objectives and the regulatory context, this paper examines the
implications of the operational tests for assessing the environmental impacts of IVHS
user services. The paper focuses on nationally sponsored field tests, but acknowledges,
when possible, the efforts of local governments and the private sector. The contents
include a discussion of the following:  
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l The fundamental elements and relationships that must be considered by
operational tests in order to evaluate the emissions and fuel consumption
impacts of IVHS user services.

l The scope of IVHS field tests with environmental evaluation objectives in the
United States, Europe, Japan, and Australia.

l The state-of-the-practice for appraising the environmental impacts of IVHS user
services in field settings, including the use of experimental design, data
collection, and analytical methods.

l Results on IVHS’ environmental impacts available from completed field tests.

l The Volpe Center’s efforts to develop a guidebook for conducting
environmental evaluations within IVHS operational tests.

CONSIDERATIONS FOR ENVIRONMENTAL EVALUATIONS

The evaluation of emissions and energy impacts of IVHS technologies and services 
presents special challenges for operational tests. Not only are the processes that govern
vehicular emissions and fuel consumption varied and complex, but IVHS user services
can have multiple direct and indirect impacts on many parameters that affect these
processes. In particular, operational tests cannot assess environmental impacts without
first considering IVHS’ impacts on travel behavior and traffic conditions in the context of
site-specific conditions (fleet mix, temperature, etc.).

Emissions are a function of many factors that will likely not be affected by IVHS
user services, including temperature, altitude, fuel type, road geometry, as well as vehicle
class, maintenance and load. Air quality impacts are even more difficult to assess since
they can result from reactions of pollutants from potentially varied and multiple sources,
and are influenced by topography and meteorological conditions. Fuel economy is also a
function of many parameters that will likely not be impacted by IVHS, including vehicle
class and road geometry.
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IVHS user services, however, can influence emissions and fuel consumption
impacts by altering baseline levels of transportation supply and demand. In particular,
emissions and fuel consumption are sensitive to changes in traffic flow pattern (e.g., the
pattern and magnitude of cruise, acceleration, deceleration, and idle), the number of
vehicle trips, vehicle miles traveled (VMT),  and mode shifts (e.g., from cars to buses).

Traffic management user services, such as dynamic signal coordination, ramp
metering and incident management, can directly alter traffic flow patterns. Traveler
information user services, although they do not change transportation operations directly,
increase travelers’ knowledge of transportation options. In response to supply changes
and new knowledge, individuals will make decisions regarding travel activity (e.g., trip-
making, departure time, route, mode). The aggregate effect of individual responses could
affect system-level supply or demand characteristics. Most of the operational tests as
currently scaled, however, will likely not be large enough to measurably affect aggregate
traffic operations or travel demand.

For environmental impact analysis, it is particularly important to distinguish the
prospective impacts of pre-trip planning and en-route information. En-route information,
provided by changeable message signs and on-board route guidance systems, can
potentially affect route choice, which could indirectly impact VMT and travel speeds for
individual motorists. Pre-trip information can potentially affect the full range of travel 
activity choices, most importantly trip-making and mode preference. In addition, the
U.S. DOT and others are developing and supporting new user services that inform
motorists of non-transportation related characteristics, such as their vehicles’ emissions,
in the hopes of more directly achieving environmental objectives.13

Because environmental impact assessment can follow only after IVHS’ direct and
indirect impacts on travel activity and traffic operations are appropriately appraised, this
paper gauges the state-of-the-practice by addressing whether and how operational tests
answer the following questions:

l How will the demonstrated IVHS user service(s) affect traveler behavior,
particularly trip-making, departure time, mode choice, route choice, or other
decisions that could impact environmental measures?

l What changes will the IVHS user service(s) produce on traffic operations,
particularly VMT, speeds, and driving characteristics?
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l How will changes in travel activity and traffic operations directly and
indirectly impact emissions and fuel consumption, in the context of site-
specific conditions?

To evaluate IVHS environmental impacts, operational tests must design discrete, but
integrated, strategies that can measure changes in travel behavior, traffic operations,
emissions, and fuel consumption. More specifically, the operational tests must develop
resourceful experimental designs that delineate appropriate data collection and analytical
techniques.14

THE SCOPE OF FIELD TESTS WITH ENVIRONMENTAL OBJECTIVES

To date, we have identified approximately forty field tests in the United States,
Europe, Japan, and Australia, with environmental evaluation objectives. Tables 1
through 9 summarize the demonstrated IVHS user services, status, major goals,
experimental designs, data collection, and analytical methods for each of these field tests.
About a dozen of these tests have completed their analyses and published results.
Because our investigations are still in progress, this paper’s findings are preliminary and
do not reflect a definitive accounting of tests planning to assess environmental impacts.

The Volpe Center obtained its information from draft and final evaluation plans,
documents prepared by and for DOT and IVHS America, as well as the general body of
IVHS literature. Whenever possible, the Volpe Center supplemented the written
literature with telephone and in-person interviews with key participants of the operational
tests.

The United States

We identified fifteen field tests in the United States with plans to evaluate the
emissions and/or fuel consumption impacts of their IVHS user services. All but two of
these tests are federally supported. The evaluation goals and objectives are summarized
in Tables 1 through 4.
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ln the United States, operational tests develop autonomous evaluation plans, which
address particular site-specific system designs and particular interests of the test partners.

For the most part, the operational tests demonstrate IVHS user services, where
environmental concerns are secondary to other objectives, such as congestion reduction.
The range of IVHS user services  include dynamic signal coordination, ramp metering,
pre-trip planning services for transit users and private motorists, and en-route information
via dynamic route guidance and changeable message signs.

The DOT and the IVHS community have been especially cognizant of the need to
demonstrate IVHS user services that can be proactively deployed to satisfy air quality
objectives. In 1994, the DOT identified three new operational tests, which will
implement travel demand and traffic management strategies in response to real-time
pollution monitoring. I5 In addition, two Southern California counties plan to demonstrate
a real-time data collection system designed to facilitate transportation and air quality
planning. Although these field tests may show that certain technologies are
environmentally beneficial, they will not obviate the need to evaluate the environmental
impacts of more conventional traffic management, traveler information, and public transit
user services, which metropolitan areas may wish to adopt to mitigate congestion or
influence travel demand.

The range of field tests with environmental objectives is summarized below by
IVHS user service:

The Volpe Center identified three tests, ATSAC, FAST-TRAC and Smart
Corridor,16 which demonstrate dynamic signal coordination and its impacts on arterial
traffic flow. Smart Corridor is also field testing dynamic ramp metering. ATSAC, a non-
federally funded project that concluded in 1987, has the only published evaluation of the
environmental impacts of dynamic signal coordination in the United States.” The study
indicated that the ATSAC system reduced vehicular emissions and fuel consumption in
the control area.
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The Volpe Center identified seven operational tests, which demonstrate the
feasibility of traveler information systems. Three of these tests, ADVANCE, TravTek,
and FAST-TRAC, will provide en-route information to motorists equipped with dynamic
route guidance systems while two other tests, Guidestar Genesis and SmarTraveler,
provide pre-trip and en-route information through personal communication devices and
telephone, respectively. Smart Corridor also considers the diversion impacts of
changeable message signs. Of these tests, only SmarTraveler has completed an
environmental evaluation, which indicated favorable air quality impacts. TravTek’s
evaluation will be completed within the next few months.

Environmental Management Systems

As mentioned previously, the U.S. DOT identified three projects that will
demonstrate IVHS user services with primary environmental objectives. In addition,
Southern California counties plan to implement a real-time data collection system to
support transportation and air quality planning.

The first test (“Evaluating Environmental Impacts of IVHS using LIDAR”) will
control traffic around a sports arena in Blaine, Minnesota in response to area-wide
particulate emissions monitoring using Light Detection and Ranging (LIDAR)
technology and infrared remote sensing of roadside emissions. Air quality data will be
correlated to traffic volume data, superimposed over a Geographic Information System
(GIS) base map of the project area, and provided to the Minnesota DOT’s portable traffic
management system (PTMS), which will optimize traffic flow to minimize local
pollution.

The objectives of the second test (“IVHS for Voluntary Emissions Reductions”) are
to identify super-emitting vehicles through infrared remote sensing and inform drivers of
their vehicles’ emissions output via a variable message sign. The field test may also
include a highway advisory radio message at the site, a telephone information hotline,
and educational materials at local service stations that would provide additional
information on the environmental benefits of keeping vehicles well-tuned.
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The third federal test (“Travel Demand Management Emissions Detection”) also
uses infrared remote sensing to determine the relative contributions of in-county and out-
of-county vehicles to mobile source emissions within Ada County, Idaho. The
information will be provided to motorists, recommending voluntary or potentially
subsidized vehicle repair for high-emitters.

PLANMODE (Planning and Modeling Data Environment) is a non-federally funded
project that will collect real-time data from three components: AutoProbe, which uses
GPS-equipped vehicles to collect trip-related data (e.g., speeds, VMT), AutoCensus,
which collects traffic census data through a network of call boxes, and DriveCLEAN,
which consists of call boxes and mobile source emissions sensors that measure point
source air quality. The PLANMODE system will eventually link the collected data to a
GIS system. The information would be provided to transportation and air quality
planners. 18

ublic Transit System

The general evaluation guidelines for advanced public transportation systems
identify air quality and energy measures of effectiveness, including perceptions of riders
regarding transit use and air quality as well as impacts on CO, NOx, and fuel use.19 To
date, we identified one public transit system user service, Guidestar Travlink, which may
qualitatively estimate emissions and fuel consumption impacts as a function of changes in
trips and mode. Travlink will provide real-time transit and traffic information through
videotex terminals, electronic signs, smart kiosks, and transit station displays.

Commercial Vehicle Operations

The Volpe Center identified one commercial vehicle operational test,
ADVANTAGE I-75, which plans to evaluate the emissions and fuel consumption
impacts of weigh-in-motion technologies. ADVANTAGE I-75 expects to improve the
efficiency of commercial vehicle operations by allowing 4,500 transponder-equipped
trucks to travel at freeway speeds with minimal stopping at roughly 30 weigh and
inspections stations. The test is considering measuring emissions and fuel consumption
through empirical methods that have not yet been identified.
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In addition, Latshaw and Nutly have documented eight case studies of the
effectiveness of scheduling and route optimization of commercial vehicles in the private
sector. The study indicates that, in general, scheduling and route optimization systems
reduced trips, VMT, and stops as well as vehicular emissions.20

Europe

The European focus has been on the development and evaluation of diverse IVHS
technologies and services.21 The two largest IVHS European programs are
PROMETHEUS (Program for European Traffic with Highest Efficiency and
Unprecedented Safety) and DRIVE (Dedicated Road Infrastructure for Vehicle Safety in
Europe). Additional European IVHS programs include POLIS and CORRIDOR, which
support urban field tests, and CARMINAT, DEMETER, ERTIS, and EUROPOLIS.22

PROMETHEUS was initiated in 1987 by a consortium of European automobile
manufacturers and later supported by national governments and research agencies. The
program, which will conclude in 1994, originally allocated $770 million for 1986 through
1993.233 PROMETHEUS’ goals are to advance real-time information and vehicle control
systems that can improve traffic flow and safety.

In parallel, the DRIVE program, which is coordinated by the European Community,
focuses on developing a pan-European infrastructure. DRIVE’s goal are to improve
transportation efficiency and safety by implementing an Integrated Road Transport
Environment (IRTE), which will provide real-time information on traffic conditions. The
original 71 DRIVE projects were conducted from 1980 to late 1991. A second series of
nearly 70 projects, DRIVE II, focus on field operational tests, which address both
technical feasibility and benefit evaluation. From 1988 through 1994, the combined
DRIVE I and DRIVE II budget totaled roughly $460 million, half of this provided by the
public sector.24

Europe has been particularly aggressive in developing field test programs to assess
environmental impacts. These programs not only evaluate impacts of conventional IVHS
user services, but seek to demonstrate unique systems that can be proactively employed to
meet environmental objectives. The Volpe Center identified sixteen field tests with
environmental evaluation objectives, which are summarized in Tables 5 through 7.
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PREDICT, funded by DRIVE I, was one of the first European field tests with an
environmental focus. The other field tests are supported by four programs, QUARTET,
SCOPE, THERMIE, and KITE. These programs provide resources to ensure that
consistent, comprehensive, and credible methods are used to assess environmental
impacts of IVHS technologies and services.

PREDICT (Pollution Reduction by Information and Control Techniques) assessed
the emissions and air quality impacts of environmental traffic management systems,
including environmental optimization of traffic signals, pollution-sensitive rerouting, and
environmental area licensing.255 The project, which was based in Athens, Greece,
developed a modeling suite to predict the pollution impacts of various traffic
management and control strategies. In addition, PREDICT evaluated ambient air quality
monitoring systems and developed plans for several European cities.

QUARTET

QUARTET (Quadrilateral Advanced Research on Telematics for Environment and .
Transport) supports field tests in four cities, who each take the lead in implementing one
or two specific IVHS elements, called modules.266 The participating cities and their
modules are Athens, Greece (environmental module), Birmingham, U.K. (public
transportation systems module), Stuttgart, Germany (route guidance and the emergency
call systems modules), and Torino,  Italy (IVHS architecture and the management and
coordination modules). Each of the cities considers integration of its IVHS module with
other modules and collaborate on tasks of common interest.

APOLLON, located in Athens, is QUARTET’s environmental module and is a
follow-up to PREDICT. The field test evaluates the effectiveness of deploying real-time
traffic control strategies in response to expected high pollution episodes. APOLLON,
which is expected to begin testing in mid-l 994, consists of environmental monitoring,
continuous monitoring of traffic flows, traffic rerouting, shdrt-term meteorological
forecasts, restrictions on high emitting vehicles, and air quality models to estimate
expected traffic pollution 1evels.27
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SCOPE

SCOPE (Southampton, Cologne, and PiraEus),  which is funded by DRIVE II;
encompasses three projects: ROMANSE (Southampton, England), VICTORIA
(Cologne, Germany), and PORTS (Piraeus, Greece).28 Two of these projects,
ROMANSE and VICTORIA, plan to evaluate both vehicular emissions and air quality
impacts. ROMANSE consists of variable message signs, dynamic traffic guidance, high
occupancy vehicle priority lanes, environmental traffic control, and various public
transportation systems. The project emphasizes the use of a multi-modal information
system, which will collect, evaluate, and disseminate real-time and forecast data on traffic
conditions and transit schedules. VICTORIA also integrates traveler information and
traffic management user services.

The goal of THERMIE, which began in 1990, is to promote improved energy
efficiency using existing and new technologies.29 THERMIE has allocated nearly $20
million to support transportation projects, including two IVHS programs, JUPITER (Joint
Urban Project In Transport Energy Reduction) and ENTRANCE (ENergy savings in
TRANsport through innovation in the Cities of Europe). 30

JUPITER is a three-year project designed to field test public transportation
technologies and services that “save energy and improve the urban environment.” 31 The
field tests will demonstrate passenger information services, public vehicle priority lanes,
traffic restrictions, and new public transit vehicles, some of which will use alternative
fuels. Tests are planned for Aalborg, Denmark;. Bilbao, Spain; Florence, Italy; Ghent,
Belgium; Liverpool, U.K. and Patras, Greece.

ENTRANCE, a three-year project with a budget of nearly $12 million, promotes
public transportation systems as well as some dynamic route guidance in seven “core”
cities: Southampton and Portsmouth, U.K.; Cologne, Germany; Piraeus, Greece; Evora,
Portugal; Rotterdam, the Netherlands; and Santiago, Spain. In addition, ENTRANCE
shares knowledge gained from these field tests with three ‘dissemination’ cities: Caen,
France; Cork, Ireland; and Dresden, Germany. These cities develop plans for deploying
the technologies tested in the seven core cities.322 One of the primary goals of the
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ENTRANCE program is to shift single occupancy vehicle travel to public transportation
systems by promoting park-and-ride, passenger information, and overall public transit
efficiency. In addition, the program is evaluating the use of alternative fuels, such as
compressed natural gas (CNG), for public transit buses.

The members of QUARTET and SCOPE received funding from DRIVE II to create
KITE (Kernel project on Impacts of Transport telematics on the Environment), which
aims to develop a standard “modeling suite” for assessing the environmental impacts of
IVHS user services. KITE, which is led by Cologne, Germany, consists of twenty
partners and has a budget of a little over $550 thousand. 33 KITE will use its modeling
standard to perform a number of case studies on the environmental impacts of IVHS user
services in several European cities, including the three SCOPE cities and four QUARTET
cities. RITE convened an expert panel in late 1993 and is in the process of assessing
current models and analytical techniques.

Japan

Japan’s IVHS program has emphasized the development and deployment of
advanced traffic management systems for arterial streets and in-vehicle navigation
systems.34

Japan had 74 advanced traffic management centers and 87 sub-centers in operation
by 1988-l 990. During this same period, Nissan and Mazda marketed automobiles
equipped with navigation systems. The Tokyo Metropolitan Police Department also
established a pilot Advanced Traffic Information Supply Service (ATISS).35

The Volpe Center identified two field tests of dynamic signal coordination, both
with published results on emissions and fuel consumption impacts: the Comprehensive
Automobile Traffic Control System, which was completed in Tokyo in 1979, 36 and a
field evaluation conducted by the National Police Agency in 1993. 37 Both field tests,
whose evaluation plans are summarized in Table 8, indicated positive environmental
benefits of dynamic traffic control over fixed-time signalization.
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Australia

Australia developed the adaptive traffic control system, SCATS (Sydney
Coordinated Adaptive Traffic System), which is installed in more than thirty cities world-
wide. During the 1980s, several Australian organizations evaluated SCATS relative to no
traffic control and simple fixed-time signal control systems in Sydney and Melbourne
Australia; Conventry, U.K.; and Glasgow, Scotland. Table 9 outlines the evaluation
proposals and results. The studies indicate that SCATS reduced travel times, number of
stops, and total fuel consumption relative to no traffic control and conventional fixed-
time control systems.38

STATE-OF-THE-PRACTICE FOR ENVIRONMENTAL EVALUATION

This section assesses the state-of-the-practice for conducting environmental
evaluations in operational tests. Because our investigations are still ongoing, the content
is more descriptive than evaluative. In addition, we do not attempt to describe the
evaluation strategies of every test shown in the attached tables, but instead present a
cross-section of methods to show the breadth and diversity of approaches.

In general, we found that the operational tests are employing diverse techniques to
evaluate travel behavior, traffic operations, emissions, and fuel consumption. For the
most part, these strategies weigh heavily toward assessment of user response and travel
behavior. In particular, several of the U.S. operational tests investigated so far have not
yet identified the analytical methods to calculate emissions and fuel consumption
impacts.

Most of the tests favor models over strictly empirical methods to assess emissions
and fuel use impacts, particularly since the relatively small scale of most of the tests
prohibit measurement of system-wide impacts?’ In addition, changes in emissions and
air quality resulting from the implementation of IVHS user services will be difficult to
measure directly because of confounding influences of stationary sources and fleet
variability. State-of-the-art models, however, are not sufficiently developed to estimate
the environmental impacts of traffic and travel demand projects. In addition,
conventional travel demand and traffic simulation models cannot adequately estimate
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real-time impacts on traffic operations and consider differences in travelers’ knowledge of
transportation operations and travel choices.

Because both empirical methods and models have inherent biases, a few operational
tests plan to use multiple methods to obtain ranges of results. For example, INFORM
used three different methods to collect data on traffic operations for its statistical
evaluation of ramp metering and signal coordination40,41 while TravTek designed ten
different evaluation methods for assessing the effectiveness of its dynamic route guidance
vehicles.42

The analytical methods for estimating IVHS impacts on travel behavior, traffic
operations, emissions, and fuel consumption are discussed below:

Travel Behavior

For the most part, operational tests demonstrating traffic control strategies, such as
dynamic signalization and ramp metering, do not address travel behavior while the
evaluation plans of traveler information user services emphasize travel behavior impacts.

With one exception, the operational tests investigated so far do not plan to use
models to evaluate travel activity impacts, but instead will rely on a variety of surveying
techniques. In addition, based on the written evaluation plans, the tests do not appear to
consider potential latent demand resulting from improved mobility. One of the
exceptions, TravTek, plans to perform parametric analyses by varying market penetration
and travel demand variables provided to a traffic simulation model, INTEGRATION.

 Empirical Analysis

For the most part, operational tests will use surveys, interviews, panels, and other
empirical methods to obtain a wide range of information on travel behavior, including
trip origin-destination, departure times, routes taken, and mode preferences. However,
for the most part, the tests plan to structure these methods to assess user response and not
explicitly to estimate emissions and fuel consumption impacts. For example,
SmarTraveler,  in its assessment of response to real-time traffic information, asked users if
they changed route, mode, or departure time as a block of choices rather than discrete
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choices. The survey also qualitatively assessed the amplitude of travel behavior changes
(e.g., “frequently”, “occasionally”, “never”). As a result, SmartRoute System’s later
environmental evaluation inferred specific travel activity changes from the survey’s more
aggregate information, which introduced additional uncertainty in the results.

Some tests, most notably FAST-TRAC, SmarTraveler and TravTek, plan to develop
baseline measures of origin-destination travel demand. FAST-TRAC is pursuing baseline
data through the Southeastern Michigan Council of Governments, the local metropolitan
planning organization, while SmartRoute  Systems obtained baseline travel demand data
from Boston’s Central Transportation Planning staff in order to evaluate emissions

impacts. TravTek developed origin-destination demand using a model, QUEENSOD,
which infers origin-destination from actual traffic flow counts.

With the exception of the ROMANSE project in Southampton, England, the use of
regional planning (travel demand) models to assess travel activity impacts is notably
absent. Travel demand models predict travel activity as a function of socioeconomic
characteristics, land use patterns, and the transportation infrastructure. The models
typically use a four step process of trip generation, trip distribution, mode split, and route
assignment to characterize travel activity. Two projects, PREDICT and APOLLON, use .
a route assignment model, PDIAL, to evaluate environmental rerouting strategies.

ROMANSE, a demonstration of public transit systems, will use a travel demand
model, EMME2, which is described as a “strategic model, capable of representing modes
such as bus and rail, as well as the private car."43J ROMANSE uses EMME2 to quantify
the impacts of park-and-ride and priority bus measures on person and traffic movements.
The evaluators will calibrate the model using stated preference surveys and other
observed data. The Transportation Research Group at the University of Southampton, a
test partner, is also developing a car park occupancy prediction model to evaluate parking
strategies.
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Traffic Operations

Nearly all of the operational tests plan to collect field data and conduct some
combination of empirical analysis and modeling to ascertain impacts on traffic
operations.

Operational tests are employing various methods to measure travel times, speeds,
VMT, stops, and other traffic characteristics, including the use of ‘floating’ cars,
instrumented vehicles, loop detectors, video surveillance systems, and automated data via
control centers. The data are being used to perform both statistical analyses of impacts
and to calibrate traffic simulation models. In particular, INFORM and Smart Corridor
have developed detailed plans to evaluate impacts on traffic operations using multivariate
analyses of data collected before, during, and after the implementation of signal
coordination, ramp metering, and changeable message signs.

In contrast to direct measurements, SmarTraveler inferred impacts on traffic
operations based on expected changes in travel behavior and mean travel times, distance,
and speeds obtained from the local transportation planning agency. Guidestar Travlink,
which plans to evaluate the impact of real-time public transit information, indicated that it
may survey users to determine changes in trip lengths and VMT.

Models

The field tests plan to employ a variety of traffic simulation models, which are
described below:

. TRANSYT (ATSAC, PREDICT, APOLLON): TRANSYT is a well-known
macroscopic traffic model, which simulates traffic flows through arterial networks
and can be used to optimize signal timing plans. The model provides information
on delays, average speed, number of stops, and queue lengths at links and
intersections.44

. INTEGRATION (TravTek,  FAST-TRAC): INTEGRATION was developed to
analyze the operation and optimization of integrated freeway/arterial traffic
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management, dynamic traffic control, and route guidance systems. TravTek used
the model to evaluate the potential system-wide impacts of dynamic route guidance
vehicles. The evaluators calibrated the model using actual traffic counts. FAST-
TRAC recently used INTEGRATION to determine the number of probe vehicles
required to effectively support ALI-SCOUT’s (a dynamic traffic control system)
vehicle-to-center communications capabilities.45

l TRAF-NETSIM, THOREAU: FAST-TRAC’s original evaluation plan considered
INTEGRATION, TRAF-NETSIM or THOREAU to simulate areawide traffic
operations impacts. The latter two models are microscopic models, which simulate
each vehicle’s distinct speed-time profile. FHWA developed TRAF-NETSIM while
the IVHS System Architecture teams are using THOREAU, developed by MITRE,
to design and evaluate their user services.

l RGCONTRAM (ROMANSE, Southampton, U.K.): RGCONTRAM is a
microscopic model, enhanced by the Transportation Research Group at the
University of Southampton. The model can simulate vehicles equipped with route
guidance systems and distinguish between drivers who respond to information and
those who ignore information or don’t have access to it. The model can also produce
incidents and estimate impacts of diversion strategies on traffic parameters.

l VISUM (VICTORIA, Cologne, Germany): At the time of writing, the Volpe Center
did not have enough information to describe this model’s capabilities.

Emissions/Air Quality

Most of the operational tests, with the exception of a few European projects, plan to
evaluate IVHS’ impacts on vehicular emissions rather than air quality. In addition, the
majority of tests lean toward model-based analytical tools rather than empirical methods
to assess emissions impacts. The state-of-the-practice for empirical procedures and
models is highlighted below:
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 iricall methods

l Infrared remote sensing (Environmental traffic control systems described in Table 2,
ADVANTAGE I-75): The University of Denver developed infrared  remote sensing
devices, which can measure concentrations of CO and HC in tailpipe vehicle
exhaust. Typically, the device directs an infrared beam across a single lane of
roadway to distinguish an individual vehicle’s exhaust emissions. Remote sensing
has been used in a number of cities to determine the percentage of high emitting
vehicles and their disproportionately high contribution to mobile source emissions.

l LIDAR (First entry in Table 2): LIDAR is a laser based system that can be used to
locate pollution sources and track the movements of plumes within a range of
roughly ten kilometers. The systems are relatively new to transportation
applications, although LIDAR has been used to track aerosol plumes in traffic
environments in Albuquerque, Barcelona, and Mexico City.46

l Unspecified pollution monitoring (PREDICT, APOLLON): The PREDICT project,
which demonstrated environmental management strategies in Athens, evaluated
various pollution monitoring systems that could be used to ensure compliance with
air quality standards, validate model predictions, and evaluate the effectiveness of
traffic control and travel demand strategies.477 PREDICT also developed pollution
monitoring plans for several European cities.

l MOBILE (ATSAC, SmarTraveler): EPA developed MOBILE to prepare mobile
source emissions inventories for the State Implementation Plans. MOBILE provides
emissions factors (grams per mile) for a vehicle fleet for any calendar year between
1960 and 2020. The model can evaluate impacts due to changes in number of trips
and average speed as well as changes in a wide variety of external factors, such as
temperature, altitude, fuels, inspection/maintenance programs, and emissions
tailpipe standards. MOBILE is based on fixed driving cycles, most prominently the
Federal Test Procedure. As a result, the model cannot predict the impacts on
emissions caused by changes in traffic flow.
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l INTEGRATION (TravTek): For the TravTek evaluation, Michel Van Aerde
developed emissions factors that could be coupled with the output of his
INTEGRATION traffic simulation model. The model predicts CO, HC, and NO,
emissions as a function of fuel consumption and is calibrated to a vehicle fleet using
MOBILE5a. The model also incorporates procedures to account for changes in
ambient temperature and cold starts. Van Aerde did not directly measure emissions
to develop the mode1.48

l PREMIT (PREDICT, APOLLGN): PREMIT is a European modal emissions model
that estimates CO, HC, and NO, emissions as a function of cruise, acceleration,
deceleration, and idling for different vehicle classes. The model is integrated with a
route assignment model (PDIAL), a traffic simulation model (TRANSYT), as well
as an air dispersion model. APOLLON plans to adapt the model to estimate carbon
dioxide emissions.

l Unspecified developmental model (Smart Corridor): Smart Corridor plans to use an
as yet undeveloped model that will predict emissions as a function of average speed,
travel time, number of stops, total stopped time, and VMT.

l Ford Corporate Vehicle Simulation Programme (ROMANSE, Southampton;
VICTORIA, Cologne): The CVSP model, developed by Ford (U.K.), predicts
modal emissions factors for new, well-tuned, gasoline passenger cars. The model
appears to predict emissions as a function of cruise, deceleration, acceleration, and
idle based on detailed vehicle engine maps that relate tailpipe emissions to engine
load. The emissions model is integrated with a traffic queuing model
(RGCONTRAM or VISUM) and an air dispersion model (UROPOL).

l UROPOL (SCOPE, Cologne and Southampton): UROPOL is an air quality
dispersion model used by the European SCOPE field tests. The model does not
consider secondary reactions, but instead tracks plumes of pollutants based on
meteorology and topology. Two other European projects, PREDICT and
APOLLON, plan to use air dispersion models (which are unidentified) in their
analyses.
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Fuel Consumption

Strategies for evaluating fuel consumption impacts are less defined than for other
impacts.

l Fuel logs (ADVANTAGE I-75): ADVANTAGE I-75 plans to assess energy impacts
by comparing fuel use between trucks with and without weigh-in-motion
transponders. The test may accomplish this by having drivers keep fuel logs,
although the results may be confounded by differences in driving behavior. The
evaluators may also compare the truck average fuel economy to that of trucks with
weigh-in-motion systems.

Models

l TRANSYT-7F (ATSAC): TRANSYT-7F predicts fuel consumption as a function of
cruise speed, delay time, and number of stops. The latest version of the model
calculates fuel factors for a 1983 average fleet mix.

l INTEGRATION (TravTek): Michel Van Aerde calculated fuel consumption as a
function of constant speed, idle, and velocity changes for use with the
INTEGRATION model. The evaluators obtained actual fuel consumption data from a
TravTek vehicle, a 1992 Oldsmobile Toronados, and planned to extrapolate results to
a vehicle fleet using EPA’s Highway and City fuel economy ratings.

l Unspecified developmental model (Smart Corridor): Smart Corridor’s evaluation plan
states that it will use an as yet undeveloped model that will predict fuel consumption
as a function of average speed, travel time, number of stops, total stopped time, and
VMT.

l Unspecified developmental model (APOLLON): APOLLON plans to adapt the
PREMIT emissions model to estimate fuel consumption as a function of cruise,
deceleration, acceleration, and idle.
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ENVIRONMENTAL IMPACTS: RESULTS FROM FIELD TESTS

The Volpe Center identified a dozen field studies of IVHS user services, which have
published their conclusions of environmental impacts. In general, the studies favorably
view the potential benefits of IVHS technologies and strategies. The majority of studies
evaluate well-known traffic technologies, particularly signal optimization. A description
of the tests, evaluation methods, and results are summarized below by IVHS user service:

Dynamic signal control

The Volpe Center found nine studies that evaluate the environmental impacts of
dynamic signal control. All of the studies show favorable impacts over conventional
fixed-time traffic systems.

Automated Traffic Surveillance and Control Evaluation Study

Description: The Los Angeles Department of Transportation evaluated the
Automated Traffic Surveillance and Control System (ATSAC) in 1987, three years after
it was installed in the Coliseum area in June 1984. The ATSAC system included 118
signalized intersections and 396 detectors encompassing a four square mile area.49

The purpose of the ATSAC system was to reduce congestion, travel times, energy
use, and air pollution during the 1984 Olympic Games. The system incorporated 64
separate signal timing plans and optimized traffic flow with computer controlled signals
by selecting the timing plan that best matched real-time surveillance data.

Evaluation:: Because of resource constraints, the ATSAC  evaluation limited its
scope to a northwestern quadrant of 28 signals and 80 system detectors. The evaluators
extrapolated results to the entire area under ATSAC control because “a large sample size
was used and travel in the network [was] fairly consistent and uniform.“50 The ATSAC
evaluators did not collect data before the ATSAC system went into effect. Instead, the
experiment simulated “before” conditions by temporarily implementing the timing plan
that was used prior to ATSAC’s implementation.51
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The evaluators of ATSAC employed three distinct and independent procedures to
measure traffic operation performance. The first involved a travel time study, where
several drivers traveled over prescribed routes and measured both travel times and
number of stops. In the second method, the evaluators equipped a vehicle with an
automated data collection device, which measured stops, travel times, and average speed.
The third method obtained data directly from the ATSAC system. The ATSAC
evaluators collected data during morning and evening peak periods during typical
weekdays and daylight hours. In addition, the evaluators were careful not to collect data
during bad weather days. The evaluators used the field data to calibrate a signal
optimization model, TRANSYT-7F, which estimated system-wide impacts on traffic
operations and fuel consumption.

Conclusions: The study concludes that ATSAC reduced HC, CO, and fuel
consumption by 10.2, 10.3, and 12.5 percent, respectively.52  The evaluators calculated
emissions impacts using factors obtained from EPA’s MOBILE1 . Fuel consumption
results were obtained from TRANSYT-7F. In general, the emissions and fuel estimation
procedures are appropriate, given the date of the study. However, the MOBILE model is
not sensitive to traffic flow changes, but instead predicts emissions as a function of
average speed for a fixed driving cycle. In addition, MOBILE’s absolute emissions
factors have increased significantly since the time of the study.

Field Evaluations

Description: More than thirty cities world-wide have installed the Sydney
Coordinated Adaptive Traffic System (SCATS) and similar systems. During the 1980s,
several Australian organizations evaluated SCATS in a number of cities. The Volpe
Center obtained information on seven of these studies, which were performed in Sydney
and Melbourne, Australia; Coventry, U.K., and Glasgow, Scotland.

Evaluation: The evaluators compared SCATS performance relative to no area
traffic control and conventional fixed-time signal systems. At the time of writing, we had
not obtained information on the experimental design, data collection process, and
analytical methods employed for these studies.

Conclusions: The studies indicate that, on average, SCATS reduced travel times by
20 percent, number of stops by 93 percent, and aggregate fuel consumption by 14 percent
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compared to no area traffic control. Relative to fixed-time traffic control systems,
SCATS reduced travel times by 4 to 8 percent, number of stops by 9 to 25 percent, and
total fuel consumption by 6 percent relative to fixed-time signal control systems.53

National Police  Agency

Description: The National Police Agency is one of two agencies that have primary
responsibility for implementing traffic safety systems in several Japanese cities. In 1993,
the National Police Agency evaluated a traffic signal management system, which
controlled timing for 80 streets. The system’s goals were to improve traffic flows and
“environmental quality.” 54

Evaluation : The evaluation compared dynamic signal coordination with
conventional fixed-time signal control systems at three different levels: regional area
control, street control, and isolated intersection control. To accomplish this, the
evaluators collected field data before and after installing the dynamic control system,
including traffic volumes (for 60 streets), travel time, queuing time, number of stops, and
average travel speed.

Conclusions: The Volpe Center had access only to a summary of results for total
area control. The study showed the following improvements: travel times (16 percent),
queuing times (16 to 3 1 percent), number of stops (37 to 40 percent), and travel speed (20
percent). The evaluators estimated total annual fuel savings per intersection of 28
thousand liters. Fuel consumption impacts were calculated based on a linear relationship
between fuel savings and average travel time. The study does not elaborate on the
development of this algorithm or provide supporting references.

Traveler Information Services

Traveler

Description: SmarTraveler, located in the Boston Area, provides commuters with
real-time, location-specific traffic and transit information by telephone. The test has been
operational since January 1993. The project. encompasses 1,400 square miles, reaching
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122 cities and towns around Boston in eastern Massachusetts. SmarTraveler’s goals are
to demonstrate public acceptance of real-time traveler and transit information, reduce
congestion, increase mobility, and improve environmental quality.

Evaluation: SmartRoute Systems, the operator of SmarTraveler, commissioned a
study of projected emissions impacts of the service in 1999. The study used a six step
approach: (1) projected the use of SmarTraveler in 1999, (2) determined what percent of
users will make changes in their trips, (3) determined how those trips will change, (4)
determined the frequency of incidents that cause delay, (5) for a given changed trip,
calculated the effects on VMT and speed, and (6) calculated resulting impacts on
emissions.”

SmarTraveler had previously surveyed users to ascertain response to the service.
The survey revealed that 96 percent of users changed the time, route, or mode of their
travel at least occasionally, while 30 percent of the users changed the time, route or mode
of their travel frequently. Because the survey was not designed for emissions evaluation,
it did not disaggregate mode, route, or travel time changes. As a result, the evaluators
inferred that 50 percent of users changed route, 45 percent changed time of travel, and 5
percent changed mode of travel based on a study of a similar traveler information service
in Seattle. 566 The study used 1990 statewide census data to determine the VMT and
average speed characteristics of morning commutes by single occupancy vehicles to the
Boston Central Business District. The study obtained data on accidents, breakdowns, and
roadway construction from the SmarTraveler system. The study calculated absolute
impacts of the SmarTraveler project in 1999 on total volatile organic compounds (VOC),
CO, and NO, by predicting impacts on VMT and speed resulting from expected changes
in travel behavior and avoided delay.

Conclusions: The study estimates that SmarTraveler could reduce summertime CO,
VOCs,  and NO, in 1999 by an average of 5032,498, and 25 kilograms (kg) per day,
respectively. The range of calculated emission reductions in 1999 were estimated at 2,726
to 7,338 kg/day for CO, 270 to 726 kg/day for VOC, and 14 to 36 kg/day for NO,.
Emissions impacts were calculated using EPA’s MOBILE5a emissions model. 57
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Vehicle Route Guidance

Comprehensive Automobile Traffic Control System

Description: The Comprehensive Automobile Traffic Control System (CACS) was
completed in Tokyo in 1979 at the conclusion of a large scale field experiment of in-
vehicle dynamic route guidance, which was conducted from 1977 to 1979. 58

Evaluation: The experiment was conducted in a 30 square-kilometer area in
southwest Tokyo, which included 103 intersections. Route guidance information was
provided to 300 vehicles, which had two-way communication capability. The literature
does not elaborate on the specific experimental design, data collection, and modeling
methods.

Conclusions: The feasibility study on the guidance systems concludes that CACS
reduced CO, HC, and NO, emissions by 6.5, 6.2, and 0.4 percent, respectively. The
evaluators also estimated 3 to 7 percent improvements in fuel economy. The literature
states that emissions estimates were calculated using simulation models, but does not
name or describe the models while fuel savings were calculated using “the relationship
between gasoline consumption and vehicle speed”, which again is unspecified. The study
provides very limited information about data, assumptions, and methodologies for
estimating emissions and fuel impacts.

Environmental Management Systems

Description: PREDICT was a field demonstration of environmental optimization of
traffic signal timings, pollution-sensitive traffic rerouting, “clean” cars, and
environmental area licensing in Athens, Greece. The goal of the project was to improve
air quality while optimizing traffic flow.

Evaluation: PREDICT used a four-element “model suite” consisting of a traffic
assignment model (PDIAL), a traffic model (TRANSYT), an emissions model
(PREMIT), and an air dispersion model (unnamed) to evaluate air quality impacts. The .
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PREDICT suite modeled traffic activity at the microscopic level and accounted for
changes in traffic flow patterns as well as fleet composition. In addition, the project
developed an additional module that predicts the human health effects of different
ambient air pollution concentrations. PREDICT also evaluated the appropriate use of air
pollution monitoring in traffic control operations.

Conclusions: The evaluators concluded that the demonstrated technologies could
reduce vehicular emissions by 4 to 50 percent. The Volpe Center has not yet obtained
information to differentiate impacts of each user service.

Routing and Scheduling Optimization Systems

Case Studies of Commercial Operations

Description: Latshaw and Nulty performed eight case studies of routing and
scheduling optimization used in diverse commercial operations, including newspaper
delivery, warehouses, dairy distribution, mail delivery, farm product shipment,
consolidation of a utility cooperative, beverage products distribution, and grocery
delivery.59

Evaluation: The case studies evaluated the affect of routing and scheduling
optimization on trips, VMT, travel times, number of stops, and resulting impacts on
emissions. The study concluded that optimization technologies reduced VMT by 5 to 20
percent, although for one warehouse consolidation case study, VMT increased as did
emissions.

Conclusions: The study extrapolated case study results to the national level to
conclude that the techniques could “reduce the National mobile source oxides of nitrogen
emissions by 250 to 1000 tons/day along with reduction in other types of pollutants.“60
At the time of writing, the Volpe Center did not have access to information describing the
techniques used to obtain either traffic data or emissions estimates.
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CONCLUSIONS

Implications of Operational Tests

The field tests with published results indicate favorable environmental impacts of
IVHS user services. Most of these tests address more conventional traffic management
user services, particularly dynamic signal coordination. However, tests demonstrating
traveler information and, especially, public transportation user services are not well
represented.

The evaluation plans for most of the field tests investigated to date focus on
technical feasibility and, to a lesser extent, user response. Because most of the tests have
multiple objectives. environmental evaluations are subject to the optimization of other
evaluation strategies. In addition, in the United States, a number of the tests are
struggling to identify appropriate data collection and analytical techniques to estimate
emissions and fuel consumption impacts. Those operational tests that are evaluating
environmental impacts have employed or will use dissimilar methods, which will make it
difficult to compare IVHS user services. However, given the infancy of the national
IVHS operational test program, a standard may naturally evolve as more field tests, such
as TravTek, complete and publish their evaluations.

In contrast to the United States’ emphasis on individual, autonomous projects,
Europe is developing programs to steward the environmental evaluations of IVHS field
tests and to facilitate sharing of knowledge and experiences among tests. These programs
also ensure that resources are dedicated to assess energy and air quality impacts of
diverse IVHS user services. The European programs, upon closer scrutiny, may provide
an alternative paradigm for evaluating the environmental implications of operational
tests.

Future Work

The Volpe Center will complete its investigation of the environmental practices of
the operational tests in early summer 1994. In conjunction with this work, we are
developing a guidebook that will attempt to reduce the complexities of emissions and fuel
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consumption evaluation into manageable components that address exogenous variables,
travel activity, traffic operations, and emissions and fuel use dynamics. The guidebook
will propose experimental designs that capture, as much as possible, the causal
relationships between these components. The intent of the guidebook is to recommend
flexible, best practice options to accommodate pragmatic concerns of time and resources.
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Light Detection and Ranging (LIDAR) technologies.

16 The INFORM field test carried out detailed data collection and field studies to
determine impacts on traveler behavior and traffic operations of ramp metering and signal
coordination. However, the evaluators stopped short of estimating emissions and fuel
consumption impacts, although environmental objectives are stated in the project’s
evaluation plan. JHK & Associates, INFORM Evaluation, Volume I: Technical Report,
prepared for FHWA, Publication No. 1 FHWA-RD-91-075, McLean, Virginia, January
1992, p. 29.
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23 R.L. French, et al., A Comparison of IVHS Progress in the United States, Europe, and
Japan, p. ES-2..

24 Ibid., p. ES-2.

25 PREDICT, informational brochure, Castle Rock Consultants, Nottingham, England.
undated.

26 Quartet Apollon: A Technological Challenge. Public information brochure, prepared
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