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FOREWORD
This report was a product of the Federal Highway Administration’s Automated Highway
System (AHS) Precursor Systems Analyses (PSA) studies. The AHS Program is part of
the larger Department of Transportation (DOT) Intelligent Transportation Systems (ITS)
Program and is amulti-year,multi-phase effort to develop the next major upgrade of our
nation’s vehicle-highway system.
The PSA studies were part of an initial Analysis Phase of the AHS Program and were
initiated to identify the high level issues and risks associated with automated highway
systems. Fifteen interdisciplinary contractor teams were selected to conduct these studies.
The studies were structured around the following 16 activity areas:
(A) Urban and Rural AHS Comparison, (B) Automated Check-In, (C) Automated
Check-Out, (D) Lateral and Longitudinal Control Analysis, (E) Malfunction
Management and Analysis, (F) Commercial and Transit AHS Analysis, (G)
Comparable Systems Analysis, (H) AHS Roadway Deployment Analysis, (I)
Impact of AHS on Surrounding Non-AHS Roadways, (J) AHS Entry/Exit
Implementation, (K) AHS Roadway Operational Analysis, (L) Vehicle Operational
Analysis, (M) Alternative Propulsion Systems Impact, (N) AHS Safety Issues, (O)
Institutional and Societal Aspects, and (P) Preliminary Cost/Benefit Factors
Analysis.
To provide diverse perspectives, each of these 16 activity areas was studied by at least
three of the contractor teams. Also, two of the contractor teams studied all 16 activity
areas to provide a synergistic approach to their analyses. The combination of the
individual activity studies and addi
tional study topics resulted in a total of 69 studies.
Individual reports, such as this one, have been prepared for each of these studies. In
addition, each of the eight contractor teams that studied more than one activity area
produced a report that summarized all their findings.

Lyle Saxton
Director, Office of Safety and Traffic Operations
Research
and Development
NOTICE
This document is disseminated under the sponsorship of the Department of Transportation
in the interest of information exchange. The United States Government assumes no
liability for its contents or use thereof. This report does not constitute a standard,
specification, or regulation.
The United States Government does not endorse products or manufacturers. Trade and
manufacturers’ names appear in this report only because they are considered essential to
the object of the document.
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EXECUTIVE SUMMARY

Objective and Scope
At the outset of this program it was anticipated that implementation and daily operations
of an AHS system would be significantly different depending on the generic type of
environmental setting—i.e., rural or urban. The objectives of this activity area,
therefore, were to 1) look for the existence and nature of such differences and 2) identify
the issues associated with these differences that would be likely to have a significant
impact on the design, deployment, and/or operation of an AHS.
This activity area was one of eight activity areas analyzed by this program team. As
such, the scope of this effort not only required achievement of the basic objectives
outlined above, but a major role in providing the urban and rural information cornerstone
for the other seven activity areas. This secondary role included providing ongoing input
and collaboration on the development of both 1) the team's set of representative system
configurations (RSCs) and 2) the team's integrated contract overview report.
The scope of this work was broadened somewhat to explore a third freeway area type
referred to as fringe—i.e., a freeway situation intermediate between the urban and rural
environments. Much of the background information for this effort was obtained from the
State of Minnesota, but the scope of this activity included a literature search and outreach
work to show that the Minnesota situation was not atypical for other States likely to be
candidates for AHS deployment.

Methodology
The identification of technical, operational, and safety issues was accomplished primarily
through a comprehensive literature search and a series of expert workshops. The
literature search included identification and review of a broad range of previous AHS,
IVHS, and related topic research and findings. This work supported a preliminary
identification and/or confirmation and detailed description of major technical features,
for example, 1) geometric design characteristics such as interchange design, lane width,
and median configuration and 2) vehicle characteristics such as braking and acceleration
capabilities. Accident type and severity data were also obtained and analyzed for various
roadway categories and roadway improvements. Considering improved safety as a
primary driver for the implementation of AHSs, current accident statistics were examined
carefully to assess their potential utility as an indicator of likely AHS benefits.
A summary of freeway design and operating characteristic information was developed
not only to guide the ongoing work in this activity area, but to serve as a key point of
reference for the team's other seven activity areas throughout the remainder of the
program.
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Several workshops were held at different locations across the country and were attended
by a good range of transportation experts (e.g., representatives of FHWA, FTA, State
transportation agencies, auto makers, and academia). These workshops helped to
identify issues and promote a working dialogue of AHS within the industry. Results from
the literature search and expert workshops were synthesized to develop a matrix of
technical, operations, and safety issues by locale (e.g., urban, rural, and fringe). Included
in this matrix were elements such as
·

Geometric design.

·

Vehicle characteristics.

·

Trip characteristics.

·

Traffic flow behavior.

·

Accident statistics.

Once this matrix was in hand, it was used as a basis for reviewing the team's set of
RSCs—with special emphasis placed on comparing and contrasting the technical, operation, and safety characteristics in urban, rural, and fringe environments.

Results
Highlights of the results for activity area A are summarized in the following several
paragraphs. Additional findings and supporting material are presented in the main
topical report for area A.

Geometric and Operational Differences
There are significant geometric and operational differences in the three freeway environments reviewed, as characterized below.
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Geometry and Traffic Patterns
Freeway
Environment

No. of
Lanes in
Each
Direction

Speed
Limits
(mph)

Urban

≥2

55

Fringe

Rural

≥2

55

2

65

Typical
Type of
Median

Barrier

Barrier or
grass
median

Wide
median

Average
Weekday
Traffic
(Vehicle
per day)
>80,000

20,000 to
80,000

≤20,000

Congestion
Levels

Recurrent
Daily

Intermediate

No recurrent
daily congestion

Typical
Interchange
Spacing
(miles)
1/2 to 1

3/4 to 2

3 to 5

Interchange
Type(s)

System directional interchanges
Std and half
diamonds
Partial and
complete
cloverleafs
with collector
and distributor road
connections
Standard and
folded diamonds
Cloverleaf
and std.
diamonds

From an aerial perspective, the fringe freeways more closely resemble the rural freeways.
However, from a traffic pattern standpoint the fringe freeways are more similar to urban
systems in being highly loaded and frequently congested.
Accident Frequency and Type
Accident
Patterns
Urban

Accident Rate
(Accidents/Million
Miles of Travel)
1.7

Fringe

0.7

Rural

0.7

Most Common Accident Types (% of Total)

·
Rear end collisions (51%)
·Single vehicle run-off the road (18%)
·Side Swipes (17%)
·
Rear end collisions (40%)
·Single vehicle run-off road (21%)
·Side Swipe (15%)
·
Single vehicle run-off road (34%)
·Collisions with animals (25%)
·Rear end (13%)
·Side Swipe (7%)

From an accident pattern standpoint, the fringe environment freeways tend to track the
urban patterns, while the rural freeway situation differs greatly from fringe and urban
situations in both accident rate and type.
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Potential Benefits
From a highway engineering standpoint, the primary potential benefits of AHS deployment are the anticipated reduction of accidents. Considering the primary modes of
accidents enumerated above, the planned capability for AHS to provide collision
avoidance and road following features could eliminate or greatly reduce the the majority
of accidents, which cost billions of dollars on U.S. urban, rural, and fringe freeways.
Improved congestion management in the urban and fringe environments might yield
capacity increases of 25 percent or more and would, of course, be another key anticipated
benefit.
Implications of the activity area A findings in addition to reinforcing the need for and
potential benefits of the AHS benefits are as follows:
·

The urban and fringe freeway environments offer similar concentrated needs for
improvement where the investments in AHS technology can be amortized over a
much larger number of vehicles. Of the two, the more open geometry of fringe
freeways would better lend itself to incorporating any changes in ramps, barriers,
etc., than the true urban freeway.

·

Carefully selecting and developing the on-board and roadway-installed AHS
subsystems might permit use of a significant portion of the safety features of an
urban or fringe AHS in a semi-AHS or standard rural freeway and, therefore,
greatly increase their acceptance.

Conclusions
Reviewing the team's specific set of RSCs in light of the generic findings of activity
area A suggests the following considerations and conclusions.
·

RSC #1 is characterized as having vehicles with “average intelligence” operating
on a “smart highway.” Because this RSC and the pallet based RSC (RSC #3) are
nominally the most infrastructure intensive AHS types—the associated large
investment requirements suggest that consideration of these AHS types should
probably be restricted to the urban and fringe applications. As noted above, the
urban and fringe freeways have much higher traffic volumes over which to
amortize the expenses. Furthermore, the urban and fringe freeways account for
only a small fraction of the total freeway mileage. Based on State of Minnesota
data, for example, the distribution of total interstate freeway mileage across the
three types is as follows:
Freeway Type
· Rural
· Fringe
· Urban

Portion of Mileage
76.6%
18.2%
5.2%
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A corollary is that RSC #4, which features a basically passive guideway
(therefore, relatively small infrastructure investment), is probably a good type of
AHS for initial consideration for rural applications.
·

RSC #2 may be characterized as a platooning based concept—it features
intelligent/autonomous vehicles operating on a “dumb”/passive highway. Because
a primary motivation for considering platooning based systems is increased
capacity, the initial applications for consideration would probably be the urban
and fringe freeway situation where 1) the traffic volumes and congestion
problems are the most stringent and 2) the ability to add additional lanes is very
limited and/or expensive. This latter consideration, however, could cease to be a
favorable factor for platoons if 1) the actual means of implementing a platoon
based AHS calls for exclusive ramps, breakdown lanes, or additional barriers that
require appreciable space to incorporate and/or 2) it would take too long to make
enough AHS vehicles available to increase the roadway's capacity.
Unfortunately, it is likely that most, if not all, fully developed platoon based
AHSs (such as this the team's RSC #2 variations—2A, 2B, and 2C) will call for
one or more of the space requiring features just mentioned—i.e., exclusive ramps,
breakdown lanes, and/or additional barriers.

·

Many potential safety, initial capacity, environmental impact reduction, and system control advantages can be seen for the use of a pallet based system. However,
pallet based systems are likely (as RSC #3) to pose offsetting impacts regarding
1) the amount of land required for storing and maintaining the pallets, 2) lane
space for “recirculating” empty pallets, 3) energy use for “recirculating” empty
pallets and moving both a pallet and a vehicle from point A to point B, and 4)
access/egress delays.

·

The implementation of AHS presents the opportunity to positively affect the
single most important transportation issue identified in the course of this study—
traffic safety. The effect of even a partially automated system, with collision
avoidance and lane following features, would be to reduce urban and rural
freeway accidents by a minimum of 30 and 25 percent respectively. Accident
reductions of this magnitude would eliminate approximately 1,300 accidents per
year in Minnesota and 71,000 accidents per year nationally and save $13 million
per year in accident costs in Minnesota and $700 million per year nationally.
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INTRODUCTION

Task A of the AHS precursor systems analysis (PSA) consists of two distinct sets of
tasks: establishment of a system reference framework to be used for all activity areas and
the actual urban/rural analysis. The system framework focuses on how the individual
areas of analysis form a cohesive concept of AHS operation. The objective of the
urban/rural AHS analysis is to identify the technical and operational characteristics of
urban and rural environments by representative system configurations (RSCs). This
includes issues, opportunities, and risks related to AHS design, deployment, and implementation.
The analysis consisted of the following subtasks:
·

Conducting a literature search of all relevant publications to ensure that previous
studies were considered and not duplicated.

·

Sponsoring a review of workshops attended by transportation experts from State
and Federal transportation agencies, auto makers, and academia to share
information, identify issues, and promote a working dialogue within the industry.

·

Researching, compiling, and analyzing available data relative to urban and rural
design characteristics, vehicle characteristics, trip characteristics, traffic flow
behavior, and accident statistics.

The result of the analysis is a comprehensive listing of the identified opportunities and
risks associated with implementation of an AHS system in an urban and rural
environment.
This study required a defined set of AHS characteristics that could provide a framework
for system analysis. AHS development is in its infancy, and the characteristics of a
preferred AHS infrastructure, vehicle, or command and control structure have yet to be
determined. Lacking a preferred definition, a set of definitions was created from
discussions and submittals from the professionals familiar with automation, roadway,
societal, and institutional issues. The RSC definitions are intended to provide a common
framework for analysis among tasks and include a variety of competing AHS
characteristics. All RSCs were considered equal in the analysis, and none received
preference or priority. It is understood that this analysis will be used as input by design
teams responsible for developing AHS technology and applications.
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REPRESENTATIVE SYSTEM CONFIGURATIONS

For the purpose of this document, the research team considered four primary RSCs.
Detailed descriptions of these RSCs can be found in the AHS PSA overview report.
In general terms, the RSCs can be summarized as follows:
Table 1. Representative system configurations.
RSC
1. Average Vehicle
Smart Highway
2.
Smart Vehicle
Average Highway
3.
Smart Pallet
Average Highway
4.
Smart Vehicle
Passive Highway

Traveling
Unit
Individual
Vehicle
Individual
Vehicle
Pallet

Headway
Policy
Uniform

Vehicle
Intelligence
Average

Guideway
Intelligence
Active

Platoon

Autonomous

Passive

Uniform

Autonomous

Passive

Individual
Vehicle

Independent

Autonomous

Passive

Note: 1RSC 2 consists of three lane configuration variations, resulting in a total of six specific
RSCs.

Each RSC used in this research requires a specific definition of the associated roadway
configuration. Three of the four primary RSCs (i.e., 1, 3, 4) were assigned only one
roadway configuration, and one of the RSCs (i.e., 2) was assigned three different
roadway configurations. The result is a total of six variations of the four primary RSCs,
described by their mainline, AHS access, and separation characteristics.

Mainline
None of the RSCs investigated in this research effort involved a roadway which is
completely AHS for all lanes, with no provisions for non-AHS vehicles. However, three
distinctly different mainline roadway configurations were associated with the target
RSCs and considered:
1. Two lanes in each direction, with the left lane in each direction serving mixed
AHS and non-AHS traffic.
2. Three lanes in each direction with the left lane in each direction serving only
AHS traffic.
3. Two lanes in each direction serving non-AHS traffic and a reversible lane
between the non-AHS lanes serving only AHS traffic.
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AHS Access
Access to the lane in which AHS is provided can involve a variety of entry/exit designs,
some of which require maneuvering through non-AHS traffic to get to the AHS lane.
Others simply provide direct access to the AHS lane via an exclusive ramp system.
For the sake of this research, entry and exit facilities were addressed only at a high level
to determine compatibility with roadway design strategies. The main interest in
entry/exit for this effort is simply to acknowledge whether a ramp system is on the left or
right side of a lane set, spacing between terminals, and whether the ramp is intended for
mixed or exclusive AHS flows. Other research teams have conducted detailed studies of
entry/exit facilities (Area J—Entry/Exit Analysis) and their deployment, and have
documented those results in other reports.
The following AHS lane access components were considered germane to the RSCs in
this research:
1. Mixed Ramps—AHS vehicle enters/exits the freeway facility by using the same
ramp facilities as non-AHS vehicles. Special lanes may be provided for AHS
vehicles on the ramps to facilitate check-in and check-out, but the AHS vehicle
must maneuver through non-AHS lanes when traveling between the AHS lane
and the ramp system.
2. Exclusive Ramps—All entry and exit points serving the AHS are provided by
ramps intended exclusively for the use of AHS vehicles only and are physically
located such that no maneuvers by AHS vehicles through non-AHS traffic are
necessary to reach the AHS lane.
3. Transition Lane—Similar to the mixed ramp concept where AHS and non-AHS
vehicles utilize the same ramps, but includes a transition lane located adjacent to
the AHS lane. The transition lane is used for maneuvers into and out of the AHS
lane. Traffic flow in the transition lane may be AHS only or mixed flow, and
AHS vehicles must maneuver through non-AHS lanes and traffic to reach the
AHS lane.

Lane Separation
The means by which separation of AHS and non-AHS traffic is accomplished is closely
associated with how entry/exit may be accomplished. In terms of the RSCs considered
for this research, the following two concepts were considered:
1. None—Separation of AHS and non-AHS traffic is accomplished by signing and
striping only.
2. Barrier—Physical barrier used to separate AHS and non-AHS traffic streams
along the length of the AHS lane.
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Using these characteristics, the resulting six variations of the four primary RSCs are
summarized as follows:
Table 2. Global RSC characteristics.

RSC
1
2A
2B
2C

3
4

Mainline Roadway
Configuration
3 Lanes each direction
Exclusive AHS Lt. lane
3 Lanes each direction
Exclusive AHS Lt. lane
3 Lanes each direction
Exclusive AHS Lt. lane
2 Non-AHS lanes each
direction
Reversible excl. AHS
center lane
3 Lanes each direction
Exclusive AHS Lt. lane
2 Lanes each direction
Mixed traffic Lt. lane

Mixed
X

AHS Lane Access
Exclusive Transition
Ramps
Lanes
X

X

X

Lane Separation
None Barriers
X
X

X

X

X

X

X

X
X

The graphics on the following sheets illustrate the general roadway configurations of the
six variations of RSCs used in this research. The basic assumptions as to how each RSC
would operate in summarized in table 3. Detailed descriptions of characteristics beyond
the roadway deployment characteristics may be found in the AHS precursor systems
analyses overview report.
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Table 3. RSC assumptions
Parameter
Vehicle Type

RSC 1
Individual Passenger Car

RSC 2
Individual Passenger Car

Headway Policy
Vehicle Intelligence
Roadway Intelligence
Lane Configuration

Barriers

Uniform
Good
Good
Mixed traffic on inside
AHS lane with manual
traffic on outside lane
None

Platoon
Smart
Average
Dedicated AHS lane(s)
with transition lane and
manual lane(s)
None

Entry/Exit Ramps

Current Type

Current Type

Transition to AHS

Where: In AHS lane
When: At driver
command after sector
control OK
How: Manual switch

Check-Out of AHS
Vehicle Systems

Combination of periodic
certification and polling
of internal sensors

Where: In Transition
Lane
When: At driver
command after sector
control OK
How: Manual switch
Combination of periodic
certification and polling
of internal sensors

Failure to Transition
Results In:

Driver must continue
under manual control

Driver must continue
under manual control in
transition lane or re-enter
manual lane

RSC 3
Single Car Pallet,
Automatic Control Only
Uniform
Smart
Average
Dedicated reversible AHS
lane with pullover space
adjacent to AHS lane
Between AHS and NonAHS Lanes Only
Current Types for NonAHS
Dedicated for AHS
Where: In Pallet Attach
& Detach Area
When: Upon link to pallet
How: Automatic with
link

RSC 4
Individual Passenger Car

Pallets under control of
central authority—
Inspected before allowing
on AHS
Essentially cannot fail to
transition unless driver
refuses to enter
destination

Combination of periodic
certification and polling
of internal sensors

Independent
Very Smart
Dumb
All lanes mixed traffic

None
Current Type

Where: In AHS lane
When: At driver
command after sector
control OK
How: Manual switch

Driver must continue
under manual control
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LITERATURE SEARCH

Introduction
A literature review was conducted to identify results of previous AHS, IVHS, and related
research. A summary of this research was developed to provide a guide for ongoing
research, prevent duplication of effort, and support the identification and analysis of
urban and rural issues.
Four engineering databases were searched:
·TRIS.
·NTIS.
·INSPEC.
·Ei Compendex*Plus.
A total of 447 publications dealing with relevant topics were identified, and 146 articles
were listed as meriting further investigation for task A. Seventy-two abstracts and 33
relevant documents were obtained and reviewed. Thirteen of these documents are cited
specifically in this review. The remaining 20 were used for general reference only.
Specific information sought from the literature review included the maximum capacity
(in vehicles per hour) that an AHS system could support, identified shortcomings, risks
and/or feasibility of previously studied system configurations, and concepts that could be
expanded to bring AHS one step closer to implementation.
Documentation in this section begins with a problem statement supported by data taken
from the literature review. Then information is presented with respect to each of the six
RSCs defined in a previous section. Both supporting and contradicting documentation is
cited in the literature review. Because the RSC definitions are unique, only brief and
general narration is provided.

Problem Statement
By the 21st century an improved traffic management system will be necessary to
satisfactorily accommodate increasing traffic volumes on urban freeways. Congestion of
the highway system in the United States is climbing steadily—an approximated 50
percent increase over the last three decades on urban freeways. Despite continued
decreases in accident rates, there are still are approximately 40,000 fatalities and
1.7 million serious disabling injuries annually(1) leading to annual productivity losses of
approximately $100 billion and another $137 billion due to traffic accidents. Forecasts
predict increases in vehicle miles traveled (VMT) of 1.3 percent per year, vehicle hours
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traveled (VHT) of 1.7 percent per year, and vehicle hours of delay (VHD) at 3.6 percent
annually.
The United States Department of Transportation (DOT), in accordance with the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA), seeks a viable solution to
accommodate existing and future travel demand. Automated Highway Systems (AHS)
may help accomplish many of the goals set by ISTEA. Specifically, AHS serves to
increase highway capacity and enhance safety, traffic mobility, and environmental
quality. An operational AHS is to be ready for testing by 1997. Federal Highway
Administration supports AHS feasibility, provided that the transition from the existing
highway system to AHS can be made cost effective and practical in terms of impact on
existing roadways and infrastructure.(2)

Special RSC Definitions for Urban and Rural AHS Analysis

Representative System Configuration 1
The first RSC combination considers average vehicle intelligence with uniform headways
on a smart highway. Lane configurations contain three lanes per direction with the leftmost lane striped and designated as AHS-only. No physical barrier separation is
provided.
Research conducted in 1970 led the Ohio State University to adopt a uniform headway
policy. A uniform headway approach was deemed most likely to feasibly remain
collision free, despite lower highway lane capacities in comparison to platooning and
pallet approaches.(3) This policy was specified on the precept that various planned urban
mass transit systems could achieve maximum vehicle and occupant safety if collisions
were minimized. A theoretical maximum capacity of 3,600 vehicles per hour per lane
(vphpl) was specified for uninterrupted AHS flow (i.e., no interaction with merging or
diverging vehicles). With extensive vehicle interactions, it was estimated that only 80 to
90 percent of this maximum could be attained.(3) Later work by Bender(4) concluded
that the maximum AHS lane capacity would be 2,357 vphpl at 88 km per hour (55 mph).
This value (actually only 65 percent of the originally perceived maximum capacity) also
reflected a “collisionless” state of the automated highway with uniform spacing between
vehicles. Vehicle spacing was determined by several factors, including:
·Reaction delay times.
·Vehicle speed.
·Vehicle length.
· Cruise velocity.
·Maximum levels of [system] failure.
·Controlled deceleration.
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Merging and diverging maneuvers were assumed to reduce capacity by 20 percent.
Safety improvements from Bender's study concluded that AHS can eliminate the
accidents caused by “improper driving,” which in 1979 accounted for 85.8 percent of all
urban accidents and for 92.8 percent of all rural accidents. Bender also concluded that
“AHS will effectively eliminate head-on and angle collisions, where closing speed
contributes to their severity, as well as run-off-the-road accidents.”
A possible control configuration(5) for RSC 1 would utilize a control hierarchy wherein
computers would manage travel at four different levels:
·Area-wide (network).
·Regional.
·Sector.
·Individual vehicle.
At the first control level, a centralized computer would oversee area-wide network
operations within individual geographic regions of the automated highway network. Each
regional controller (the second level of control) would communicate with smaller sector
computers (the third level of control). The fourth, and lowest, level of control is that of
the individual vehicle. Interaction between the sector controllers and the individual
vehicles would be high. Four control points of the sector level may include:
·The desired condition of each vehicle.
·Determination of actual vehicle condition.
·Communications between the vehicle and sector controller.
·(Physical) Control of each individual vehicle.
Fenton, et al.,(5) indicate that to make this system work it will be necessary for cars to
communicate both with other vehicles and with roadside communication devices.
Furthermore, the vehicles must also possess capabilities to mix with non-automated
vehicles. Such qualifications will be difficult to achieve without an “intelligent” vehicle.
Use of an “average” intelligent vehicle introduces possible human error in highway
automation and increases risk of accidents significantly.
In terms of vehicle control, measures of control between the highway and the vehicle for
longitudinal and lateral control have been successfully tested with radars, beacons,
cameras, and “wire-follower.” Much of this work has been done by either General
Motors or Ohio State University. Results of various tests conducted on robotics in the
automotive industry on navigation and vehicle control have also proven to be very
promising at low risk to human safety.(6) Potential navigation technologies are dis-
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cussed in greater detail by Smith and Starkey.(6) A final observation made by Varaiya
and Shladover(7) revealed that given the commonalities between an average system and
an intelligent system, and the eventual need to convert average to smart technology,
supporting the cost relative to anticipated benefits for a partially automated system may
not be warranted.

Representative System Configuration 2
The general concept behind RSC 2 is autonomous vehicle platooning. Three variations
of vehicle platooning were adopted for analysis. Detailed descriptions of these variations
are found the RSC Definitions section. For convenience, a few salient differences
between RSCs 2A, 2B, and 2C are presented in table 4.
Extensive research on platooning of automated vehicles has been done at the Institute of
Transportation Studies Extension Programs, University of California, Program on
Advanced Technology for the Highway (PATH).
Table 4. Salient differences between RSC 2 variations.
Characteristic
Roadway
Configuration
AHS Lane
Location
AHS Lane
Separation
AHS
Exit/Entry

Access

RSC 2A
3 lanes each
direction
Left lane dedicated

RSC 2B
3 lanes each
direction
Left lane dedicated

None, striping and
signing
Mixed, use nonAHS ramps and
merge from nonAHS lane
Continuous, access
all along AHS lane

Barriers

RSC 2C
2 lanes with reversible
median
Reversible median
dedicated
Barriers

Dedicated AHS
ramps

Dedicated AHS ramps

Alternating, AHS
ramps no more frequently than every
other current ramp

Alternating, AHS
ramps no more
frequently than every
other current ramp

One of PATH's primary goals is to provide a safe design for automated highways.
Principles adopted by path to realize this goal include:(8)
·Use of automated vehicles only on the automated facility.
·Platooning of vehicles (not to exceed 20 vehicles per platoon).
·Use of barriers (high barriers between AHS and non-AHS lanes, low barriers between
adjacent AHS lanes).
·Restricted movements (merging) of vehicles in platoons and of platoons themselves.
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·Certainty of individual vehicle exit and entry.
PATH proposes 1-m spacings between each vehicle in platoons consisting of 10 to 20
vehicles. PATH's decision to pursue platooning stems from the potential increases in
capacity and reduced collision speeds in event of a malfunction or accident. PATH
estimates that the vehicle platoon system could increase highway traffic capacity by a
factor of two or three with automatic control in the longitudinal direction.(2) Assuming
15-vehicle platoons, maximum capacity is approximately 6,000 vphpl at 88 km/h (55
mph). However, the probability of actually attaining a 15-vehicle platoon is low. Platoon
sizes between 7 to 10 vehicles seem more likely, resulting in a maximum capacity of
about 4,000 vphpl for the same speed.
Researchers(9) generally believe that integration of highway automation (and vehicle
autonomy) must be done in stages beginning with vehicle navigation and route guidance
information. These capabilities will lead to more highly developed information systems
that can offer real-time parking, weather, and incident information. Adaptive traffic
signals and freeway access control information will also become more readily available.
The next step toward highway automation includes use of automated braking and
accelerating capabilities (automatic cruise control) which use object detection devices to
slow or stop a vehicle before collisions occur. This form of “headway control” (i.e., auto
braking and accelerating) is expected to improve safety significantly by reducing angle
collisions by 20 percent and rear-end accidents by 60 percent.(10)
The next stage may require the use of exclusive automated lanes for platooning and
lateral control. Most of the technology would probably be in the vehicle although some
kind of device may be needed on the freeway to provide lateral location information.
Once the vehicle has entered the automated lane and joined the platoon, control of that
vehicle is “given up” to the platoon leader. Manual capabilities are returned to the driver
only when the vehicle has completely exited the automated lane.
Performing such maneuvers (platooning) will require complete vehicle autonomy. The
system will maneuver the vehicle into the proper position without the aid of the driver,
virtually eliminating the chance for human error, and consequently, reducing the
possibility of accidents. Without actually constructing a prototype automated highway,
simulation was concluded to be the most promising tool for studying proposed
systems.(9) In the following paragraphs, findings of simulations similar to those
configurations presented in RSCs 2A, B, and C are presented briefly.

RSC 2A: With a dedicated, left-most AHS-lane with no barrier and unlimited access,
mobility improvements are evident on freeways and arterial streets. However, unlimited
access allows greater numbers of vehicle maneuvers, which can reduce the capacity of
the automated lane. Tsao, et al.,(11) assumed no physical separation between automated
lanes and resolved that this configuration is particularly prone to intrusions of manual
vehicles and other objects into the automated lanes of traffic--particularly in the event of
an accident. He hypothesized that it would be necessary for on-board vehicle sensors to
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detect and recognize debris in the travel lane, and then to use this information to avoid
collision. Such capabilities increases the complexity and cost of the system.

RSC 2B: RSC 2B includes exclusive access and egress ramps with barriers separating
the automated and manual lanes. The presence of barriers would seem to improve safety
of the automated lane by separating non-AHS vehicles from fully automated vehicles.
However, Tsao, et al.,(11) recognize that the loss of automatic control in a platooning
scenario presents a special set of challenges. They believe that barriers would restrict
vehicle maneuverability in the event of a system malfunction; attached vehicles to the
platoon could not avoid collision. The general response to this concern is that safety
features can be built into the system to minimize the potential for malfunction. On the
other hand, this near fail-safe system is presently non-existent.
Ramp separation distances become an important issue with AHS-designated access and
egress points. Varaiya and Shladover(7) from PATH indicate that ramp separation
distances are dependent upon the time required to merge, change lanes, enter the
automated lane, and join a platoon. This time is dependent upon the number of lanes,
amount of traffic on the freeway and speed of vehicles in the traffic stream. Anwar and
Jovanis(9) used accident data in California to determine where (in relation to ramp
locations) accidents occur most frequently on freeways. They observed that sideswipe
and hit object accidents occur most frequently within 50 m (164 ft) of the on/off ramp
locations. They suggest that distinct grade separated ramps be used for automated lanes,
rather than risk operational disruptions due to accidents caused by merging and diverging
manually-controlled vehicles.
RSC 2C: In this system configuration, the vehicles will have exclusive access ramps and
barriers separating the automated lanes from non-automated lanes. This type of facility
operates similar to reversible High-Occupancy Vehicle (HOV) lanes today. Studies done
by PATH have demonstrated the effectiveness of this type of system.(10) They propose
that roadside computers coordinate the flow of traffic by sensing congestion and then
relaying that information to each vehicle's on-board computer. Tests conducted by Path
included a two-vehicle and a four-vehicle platoon. PATH reported that the actual riding
quality during the tests was so smooth and impressive that the following car gave the
impression of being rigidly linked with the leader. These successful results inferred that a
human's ability to manually control the vehicle could not match the speed changes within
the stringent guidelines of the testing scenario.

Representative System Configuration 3
This RSC utilizes “smart” pallets to transport non-AHS equipped vehicles on an ”average“ intelligent highway. The appealing feature of this configuration is that virtually all
vehicles can use the AHS by simply “piggy-backing” onto a smart pallet. General
Motors(12) conducted a feasibility analysis of potential AHS traveling unit types, of
which pallets were considered. Of all traveling unit types considered, the powered
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multiple-vehicle full pallet received the only overall poor rating. This rating was
attributed to the several characteristics of the pallet concept:
·Access/egress delays.
·Limited interchange capability.
·Greater land requirements.
·Higher operating costs and reduced energy efficiency due to transport of empty pallets.
However, a single-vehicle partial pallet and a single-vehicle full pallet system were
deemed appropriate for some AHS applications (e.g., to be used during the transition
period from partial automation to full automation with all vehicles).
A pallet system essentially eliminates the possibility of human error, thus improving
safety and lessening the potential for accidents. Today, a quasi representation of a pallet
system is evidenced by the planned system for moving autos through the English
Channel Tunnel.(13) Officials feel that minimizing the potential for human errors
(incidents) that may threaten access to the tunnel is worth the added costs and efforts.
Similar applications may be appropriate in AHS such as vehicle passage through freeway
bottlenecks, narrow bridge locations, or other capacity restraining features. Maximum
capacity (3,600 vphpl) for uniformly spaced, single-vehicle pallets would be similar to
that for uniformly spaced, fully automated vehicles.

Representative System Configuration 4
RSC 4 considers independent headway spacing with mixed autonomous vehicles and
non-autonomous vehicles on passive freeways. With this concept, AHS-equipped
vehicles are permitted to operate virtually independently of the highway infrastructure.
Potential use of magnetic nails or painted lines on the highway, may assist the vehicle in
guidance maneuvers; no active infrastructure technologies would be necessary.
Potential characteristics of this configuration include a combination of autonomous
vehicle maneuvers following manual commands. Headway spacing and lane integrity
would become autonomous maneuvers once the driver chooses a desired lane for travel,
or the entire process could be done automatically. Tsao, et al.,(11) reports that this
configuration is of great interest for three reasons. First, autonomous vehicle free agency
represents a step in the evolution from the present transportation system (manually
controlled vehicles) to fully-automated vehicles. Second, this type of system is already
under development in Europe. Finally, autonomous vehicle free agency introduces many
of the same human factors issues as the more highly automated AHS concepts, such as
transition to and from automated control. Vehicles in this scenario may be prone to
failures in transition of control from the automation back to the driver. Thus, human
factors considerations will be crucial to its final design.
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Benefits gained under this configuration seem mostly directed to individuals on-board the
vehicle. Use of navigation technologies would likely lessen the chance for accidents,
although lane capacities would still be dependent upon non-automated vehicles. Present
maximum capacities on existing freeways is about 2,200 vphpl.
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WORKSHOPS

Introduction
Intelligent and automated highway systems represent very recent technological innovations. However, it appears that analogies can be drawn to existing fixed guideway
transit, HOV, and advanced freeway traffic management systems. Therefore, to promote
a working dialogue within the industry and identify issues associated with the
deployment of AHS in either an urban or rural environment, a series of workshops
attended by senior transportation professionals were held. This chapter describes the
workshop format and attendees and the issues and risks identified at the workshops.
The first workshop to discuss the issues and risks of AHS deployment was conducted on
January 8, 1994 as part of the annual meeting of the Transportation Research Board
(TRB). The workshop was held at the Sheraton Washington Hotel in Washington D.C.
Invitations were sent to more than 400 transportation professionals. The invitation list
was developed from IVHS America mailing lists with input from the FHWA AHS study
team. A total of 72 professionals representing State and Federal transportation agencies,
industry, auto makers, and academia attended the workshop. The attendance list is
included in the appendix.
The workshop agenda included an overview of the AHS development program and
technology, a presentation of urban and rural AHS issues, and a small breakout group
session. The breakout groups were given the following set of issue areas to discuss:
·

Institutional issues.

·

Society issues.

·

AHS development.

·

Candidate sites.

·

Access.

·

Technology.

·

Deployment and evolution of AHS.

·

Non-AHS impacts.

Note that a variety of issues were discussed beyond the focused issues of urban and rural
characteristics. Given the difficulty of assembling a group of highly competent
transportation professionals, the decision was made to expand the purpose of the
workshop to include a diverse set of issues. This benefited the entire AHS research
program without deterring from the main focus of the workshop.
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The second workshop was held On June 21, 1994 in Minneapolis. The agenda focused
on the key issues of potential capacity improvements in urban freeways and safety
improvements in both urban and rural areas. Approximately 25 professional representing
the Federal Highway Administration, the Minnesota Department of Transportation and
the project team attended this workshop.

Issue Analysis
Breakout groups at the first workshop (at TRB) were given a list of issue areas and a
specific question to discuss. The second workshop (in Minneapolis) was dedicated to
discussing traffic operations and safety issues. The following sections summarize the
input received from the transportation professionals for each area.

Institutional Issues
Who should develop, fund, construct, and operate an AHS?
The Federal Government is a logical starting place for AHS development. The current
federal aid process works well and could be a model for AHS implementation. Some
automated highway systems may be implemented with private sector funding such as toll
facilities, but federal programs are anticipated as the major source of funds. In any
event, public/private partnerships are encouraged for AHS implementation.
Public/private partnerships, however, are usually not easily derived because conflicting
interests. The private sector generally desires low risk investments, profitability, and a
positive return on their investment. The public sector generally desires safety and equity
of accessibility. While safety and accessibility are important issues to the private sector,
they are the primary focus of public sector.
Provisions of “guaranteed” human safety generally come at higher costs due to added
redundant features built into the product. Because the potential loss of human life exists,
an AHS product comes with high risk. These factors cause private sector investors to
hesitate to enter into such relationships. One potential option would be a private rollover
of the AHS, i.e., start publicly then turn operations management over to a private
company.
It was discussed by all groups that no single source would be feasible to develop, design,
fund, construct and operate an AHS facility. Rather, it was suggested that multiple
combinations of Federal, State, tolls, consumer, and developer contributions would be
necessary. Such complexity raises doubt as to whether an AHS system can ever
overcome problems inherent with these crucial relationships. Others feel that these
problems can be worked out over time. Commercial carriers were identified as perhaps
the most likely and willing organizations to participate in pioneering AHS partnership
efforts.
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Construction of a new, national AHS was considered highly doubtful. Rather , it was
suggested that the existing infrastructure would be modified to accommodate AHS.
Therefore, it was expected that AHS systems would be publicly funded. Under this
scenario, funding would come from the public, government fees, and tax money. This is
in contrast to IVHS America, which assumes future technologies to be funded from 80
percent private and 20 percent public sources.
Additional institutional issues raised include: Do non-AHS users also pay for the
system?; Who are the partners to be included, and what compensation is desired by
them?; Will only the rich be able to afford use of the systems?

Society Issues
What is the perception of AHS in the professional communities and the general public?
The transportation professionals generally understood the potential benefits an AHS
could bring to the transportation industry. However, given the present inefficiencies in
today's transportation industry, many doubt that AHS will ever be implemented. Stated
another way, how can we advance to a higher-order transportation mode when we haven't
mastered our present conditions? Also, there is concern about the benefits and costs
associated with AHS. If AHS is successful, greater numbers of vehicles could be making
trips causing an increase in overall vehicle miles traveled. If unsuccessful, the cost to
implement the system would be perceived as having been wasted. For these reasons,
AHS is sometimes viewed as an infeasible alternative despite the general acceptance of
IVHS technologies overall.
Media people perceive automated highways to be a form of “Buck Rogers” pageantry;
lots of high hopes and fantasy thinking, but resulting in nothing of tangible merit.
Dealing with this perception is important due to the influence media can have with the
general public.
The general public is expected to receive AHS with respect and caution. Although
perhaps fascinating, AHS was expected to create an uncomfortable driving environment
for most drivers. Vehicle headways of a meter or less at 88 km/h (55 mi/h) or more can
create uneasiness in a driver. Furthermore, high technology is not often received
immediately by the general public, particularly by those individuals who are not
computer-literate. In these instances, high technology can be met with much resistance.
Further resistance is expected if AHS is viewed as a service only the rich can afford.
All groups concluded that some form of government-sponsored public education
program or campaign was needed as a precursor to AHS implementation. Given the
importance of private sector involvement, the emphasis of marketability in the private
sector, and the influence of public opinion on a product's marketability, some participants
stressed public education as the single most important issue regarding AHS. In the early
stages of a demonstration project a critical link in the development of an AHS is lost if
the public does not perceive positive benefits of the system and become convinced of the
value of an AHS. This could severely limit the development of an AHS.
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Safety is an area that can directly impact public acceptance. Proven safety features in
automobiles have been observed to increase a vehicle's marketability. Conversely,
providing increased safety features increases a product's cost, which can decrease
marketability. Dichotomies of this nature cause designers to weigh the sum of advantages and disadvantages when determining feasibility. It was stated that the net benefit
must be rather significant to warrant the increased cost. This phenomena will need
additional analysis for AHS.
Caution should be used when determining the congestion benefits of AHS because
congestion is perceived differently by different people. Vehicle accidents, however, are
very visible and noticeable. If AHS is able to significantly reduce the number of
accidents such that the public can observe a difference, then acceptance of an AHS is
more likely. The benefits need to be significant to justify developing a new system.

AHS Development
What is the most important issue to be resolved before automated highway systems are
implemented?
Several issues were raised as “the most important concern” to be resolved. Many issues
raised overlap one another. The following is a compilation of issues with no hierarchy of
importance given or implied.
·

Reliability
The system must demonstrate that the technology is safe and functions properly
under many different situations and weather conditions. Several backup features
must exist such that the system remains operational given partial failure of various
components. The public must be convinced of this reliability.

·

Vehicle Control
Mainline control is virtually a given, but entry and exit vehicle control can be
difficult. Many issues can be raised here, such as, merging maneuvers, single vehicle
entry vs. platoon entry, source and type of intelligence monitoring the exit and entry
maneuvers, etc.

·

Public Acceptance
As mentioned earlier, without support of the traveling public, AHS has little chance
of being accepted as another way to travel. Linked to this issue is a public education
and information program. It is emphasized that the developers of the AHS listen to
the public's concerns and work toward satisfying their needs. This process is
marketing of AHS.
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Another aspect of public acceptance is whether the public can afford use of the AHS.
Affordability refers to both the purchase and maintenance of essential AHS
equipment. Affordability is also tied to a benefit/cost evaluation.
·

Benefit/Cost Evaluation
Both quantified and qualified measures must be defined and evaluated before
committing large amounts of resources and money to AHS development. Some
propose that these evaluations occur before any additional efforts are undertaken, and
that they be done in incremental pieces such that only the resulting beneficial
attributes of AHS be advanced.

·

Feasibility of AHS as a Business Risk
Given the likely 80 percent private, 20 percent public funding scenario of AHS, AHS
feasibility must be approached as a business investment. Likewise, if deemed
infeasible, treat it as such. Group members recognize the large amount of effort
required to develop and implement an automated highway system. It is important to
minimize the risk of wasting large quantities of resources on a product whose
anticipated return rate is positive only after a couple of decades.

·

Liability
Many different liability-related questions have been raised about AHS. Perhaps the
biggest question is who will be liable should errors in the system occur? Is it the
government or the private developer? These questions likely lead back to the funding
source of the AHS. Is the funding agency the liable party? Because many of these
issues have not been resolved, much more definition and system specification is
needed.

·

Environmental Issues
The potential for AHS to increase vehicle miles traveled raises environmental
concerns. Air quality, noise, and congestion all impact the quality of life and the
environment around us. Modeling of impacts and mitigation of adverse effects must
be considered in the development of automated highway systems.

·

Human Factors and Vehicle Automation
An issue linked to liability is the degree of control a driver has while within the
automated highway system. A fundamental assumption would be that a monitoring
system would oversee the human's condition. To date, no specifications for how the
monitoring system would function exists. How much responsibility should remain
with the operator? What degree of automation is “optimal” given partial human
control? Another outstanding problem is that AHS will not eliminate motoristalcohol problems. DWI and DUI issues could impact the degree of control drivers
are allocated in AHS.
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Future Alternative Fuel Vehicles
Given Federal mandates of clean air standards, many alternative fuel automobiles are
presently being developed. Electric vehicles are strong possibilities for future
commuting traffic. AHS development must consider use by these vehicles as well as
the standard fossil fuel vehicles. While it is difficult to accurately predict the future,
some foresight is needed to build in flexibility into the AHS.

·

Resource Allocation
At both the Federal and State levels, AHS development and construction is competing with other transportation research, construction and maintenance programs for
funding. Continued funding for AHS will be dependent upon immediate, visible
benefits. Congestion pricing may become more attractive, even to the point that
roadways become franchised. Road pricing (toll facilities) is likely to be a source of
funding.

·

AHS Model of Success
The Apollo program was suggested as a model of success for the AHS program. The
AHS program, however, was thought to be twice the effort and technology of the
Apollo program. The Apollo program had a champion in President Kennedy. Who
will be the AHS champion?
The salient message here is that success in the past has been dependent upon a
champion, or a publicly perceived champion, and the funding to support that
calling. AHS needs a champion and funding support to be successful. Neither of
these are apparent today.

·

Standards of System Architecture
Because participation levels will vary from state to state, system architecture
standards are absolutely necessary to ensure system-wide compatibility. Without
such standards the risk of wasting resources and funds is very high.

Candidate Sites
What possible deployment sites would benefit from an AHS? What benefits would
potentially be realized?
All groups concluded that regardless of the site, success of the initial system was
imperative for public acceptance. Characteristics of a successful AHS site include:
·

Traffic Congestion
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Urban sites must include paralyzing traffic congestion levels such that the practical
benefits of AHS can be immediately felt. This item is closely tied to public
acceptance of the system.
·

Section Length
A minimum of 10 to 20 mi are recommended so that users get a feel for how the
system operates. Also at these lengths, travel time savings greater than 5 minutes are
achieved and noticeable to travelers.

·

Separated Facility
An exclusive ROW, or reserved or protected areas such as HOV facilities is desired.
The impacts of possible system failures are lessened if restricted to a separate facility.

·

Rural Environment
Rural environments have interchanges spaced miles apart. Less traffic exists there,
and consequently the likelihood of accidents is less. However, rural environments
typically do not have paralyzing traffic congestion levels.

·

Non-Environmentally Sensitive

·

There is no intention to discredit the importance of environmental issues, but rather
to place the first AHS in an area where environmental issues do not preclude its
implementation. Rationale behind this item stems upon proving that the technology
works properly, and then modify the technology to fit appropriately into a given
environment.
Automobile-Dependent Audience
AHS is predominantly focusing upon auto users as marketshare. For evaluation
purposes, an auto-dependent audience would offer insights to the marketability and
perhaps degree of public acceptance AHS may have.

·

Variable Weather Conditions
A wide range of weather conditions must be considered for the AHS. A candidate
site should provide variable weather conditions of heat, cold, wind, rain, and snow.

·

Agreeable Community
During an operational test of AHS, researchers must have complete and unconditional use and accessibility to the facility. This item is mentioned based upon
experience of the PATH program on I-15 near San Diego, California. PATH could
only use the existing HOV facility for a few off-peak afternoon hours per day. Many
commuters also complained about the roadway being closed off temporarily during
the research.
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No Legal Barriers
The initial AHS must be viewed strictly as an operational test such that legal barriers
are eliminated or held to a minimum. Researchers and system developers, though
meticulous in providing safety, require some room for error in experimentation—
such error must be free of potential legal ramifications.

·Data Availability
In order to observe improvements attributed to AHS, candidate sites should have
accurate accident records available. Safety analyses depend upon this information for
complete analyses to be conducted.
·Large Truck Population
Given the potential acceptance of AHS in commercial carriers, a candidate site
should include traffic streams with high percentage of trucks.
·Traveler Trip Characteristics
Candidate sites should reflect travelers' preferred transportation mode and purpose.
A primary advantage of AHS is that the traveler remains in their vehicle throughout
the trip.
Typically, the private automobile is the preferred mode of travel. When traveling
long distances, however, an alternative mode may be desired, such as an airplane.
AHS may capture a portion of those travelers. Thus, candidate sites may link two
major metro areas whose connecting trips are predominantly served by a transportation mode other than the automobile.
·Potential Sites
Suggested sites include the following:
·Santa Monica Freeway, California HOV-lane.
·Taxi Cab fleet in New York City.
· Southwest Virginia Smart Highway.
· US 101, San Francisco, California (subscriptions potential exists).
· I-10, Tucson to Temp, Arizona.
· I-95, New York City to Washington, D.C.
· I-10, Phoenix to Los Angeles.
· Metropolitan areas to recreational sites (e.g., beach, amusement parks, etc.).
· I-35, Minneapolis/St. Paul, MN.
Opinions were split as to whether the first automated highway system should be placed in
an urban or rural environment. All generally agreed that AHS as a congestion relief and
accident reduction measure would be useful. This would benefit a congested urban
environment. However, the rural environment was suggested as a better proving ground
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to test new technology because of lower traffic volumes, generally wider cross sectional
areas and right-of-way, and lessened vehicle weaving.
It was suggested that, because of latent demand, any measurable improvement attributed
to AHS in the urban environment could potentially increase the risk of creating a
supersaturated transportation network. Others argued that AHS requires a separated
facility such as an HOV facility, which is only found in high population density urban or
urban-fringe areas.
As presented later, AHS deployment can be done incrementally. Perhaps the incremental
deployment of AHS begins first in the rural environment and then moves into the urbanfringe and urban environments. In this way, lessons learned from the less complicated
rural environment may be directly applied to the urban environment.

Access
What are some of the major issues with providing access to AHS?
Major issues regarding access to AHS include:
·Physical Issues
Geometric configurations of on and off ramps may need to be altered along AHS
facilities. Engineering and construction costs can be very high, particularly if safety
concerns mandate new standards in highway design. Also, is an inside or outside
lane configuration best for an automated highway system?
·Authorization
Are all vehicles allowed on the AHS or just a select few based upon special features?
Serious consequences can result if only the “rich” can use the system.
·Enforcement
What is the penalty for violators? How is proper access guaranteed? How is wrongway access prevented?
·Coordination with CBDs
Automated highways optimally would link major CBDs together. Access issues must
consider the possibility of providing access directly to these areas as an alternative to
just releasing the vehicles onto the arterial street network.
·Ingress/Egress Merging Techniques
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How does a vehicle enter or exit the AHS? Are platoons or individual vehicles used?
Much of this evaluation is dependent upon whether the AHS is located on the inside
or outside of existing freeways.
·Spacing of Access
AASHTO has established general guidelines for interchange spacing for urban and
rural areas. Should these guidelines vary given existence of an automated highway?
·System Diagnostics
This issue considers vehicle owner maintenance and mandated maintenance economics. Not only will the system require highway-to-vehicle verification of AHS
compatibility, but the vehicle and highway “smarts” themselves will require system
diagnostics to verify that they are functioning correctly. These diagnostic capabilities
will likely incur costs upon both the vehicle and system owners--costs which they
may have no choice but to pay.
·Safety
Of greatest importance is the ensured safety of drivers and their passengers.
Automated systems and partially automated systems must provide safe access to and
egress from the AHS.
·Maintenance and Closure Mitigation
Considerable effort is needed to determine maintenance procedures for AHS access
points. If for any reason the access point must be closed, alternate routes and plans
must be ready.
·

Transportation System Interface
The access locations should coincide with existing and planned roadways and land
uses. These locations will likely impact the arterial and collector street network, and
require new signal timing plans. Land use planning must also accompany evaluation
of this issue.

·Priorities
Do you first build the infrastructure or equip the vehicles? If you build it, will they
come?

Technology
What are the major technical issues and risks associated with deploying an AHS?

Battelle

Task A

Page 47

The overlapping of issues should become more apparent in this section. Technology
issues were intended to focus on the physical and tangible elements of the system. Issues
identified follow.
·Reliability
The public will quickly criticize and stop use if the AHS is not reliable under
virtually all circumstances. Weather is of particular concern. For example, how will
snow removal occur. Are automatic snow plows planned?
·Exit/Entry
It is believed that the greater the degree of automation, the easier exit and entry will
be. Complete development of a fully automated highway has never been accomplished. Consequently, it is not known how long it will take to enter or exit the
system.
·Funding
The risk of insufficient public funds is very real for AHS. Given the large anticipated
costs, the public sector will probably not completely pay for the infrastructure. The
private sector may be better equipped to financially support AHS. Toll facilities or
congestion pricing schemes may be used as a private financing methodology.
·Litigation
Small airplane manufacturers were cited as an example of what could happen to AHS
producers in the event of accident on the AHS. Small airplane manufactures could
not afford the necessary legal costs and insurance and consequently, few if any small
airplane manufacturers still exist. Similar risk may exist for developers of AHSready vehicles and technology. Therefore, involvement in litigation for AHS
developers, manufacturers, and operators is a distinct possibility.
·Developer Product Liquidity
Developers must be able to move products and minimize unnecessary inventory.
Thus, developers will be challenged to find the balance between customer demand
and their produced supply. The risk of developers being stuck with large inventories
is real.
·Employee Migration and Retention
Does AHS support urban and suburban sprawl? How will AHS impact existing and
future employment centers? Developers must recognize that an AHS can cause
dramatic changes in commuter behavior and employment centers.
·Proprietary Intelligence
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Copyrights, proprietary information and products will result from private investment
of AHS. Because not all funding is likely to originate from the private sector,
claiming proprietary intelligence as a result of a publicly funded project may have
legal consequences. Also, given the magnitude of the automated highway system
program, no one organization will be able to design and develop it alone. Sharing of
proprietary information between private competitors is even more difficult than
getting that same information to pass from private to public hands.
·Redundancy versus Safety
What degree of redundancy is necessary for AHS? When do the costs of redundancy
outweigh the benefits? AHS is not anticipated to require the same degree of
redundancy as defense systems but will probably be higher than most commercial or
industrial systems. It will probably require many fail-safe features which historically
have led to large system costs.
·Infrastructure
Are separate AHS facilities necessary or can existing facilities be modified? Does
AHS require the full pavement width, or can a form of guideway or ribbon-strip
pavements be used? What quality of pavement and barriers are used? What impacts
are likely to occur during rehabilitation of an AHS? Where are the electronics and
communications elements located? Will the presence of these elements impact
present highway and drainage design standards? Will additional ROW be necessary?
·Safety Certification
New criteria and standards must be created for AHS vehicle certifications. These
criteria may vary from state to state, but hopefully follow the same basic architecture.
·New Legislation and Politics
Implementation of automated highways will probably require new state and federal
legislation. Such legislation can often require years to become law.
·Human Factors
Changing from manual mode to automatic mode is a critical issue. What type of
media or communication device is required to return a driver from a deep sleep to
complete alertness? Given that drivers have different ages, experiences, and driving
abilities, can one system accommodate such a broad audience? How are drivers
alerted about animals crossing the facility while in travel? Can drivers and their
passengers ever be completely free of fear from an AHS breakdown?
·Continuity between Urban and Rural Design
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It will be difficult to create a “seamless” automated highway system between urban
and rural environments. These environments are very different from one another,
and each could require separate consideration in development and design.
Sensor Interpretation
It is a formidable task to tie vehicle and infrastructure intelligence together accompanied by all necessary safety and redundancy features. Even though some of the
technologies exist today, they have not been tied together on such a large scale.

Deployment and Evolution of AHS
What are the major deployment issues and risks associated with placing an AHS in an
urban environment? In a rural environment?
·Urban Environment
The urban environment provides the greatest potential benefit for AHS in terms of
congestion mitigation, reduced accident, reduced travel times, and fewer emissions
per vehicle compared to idling. These benefits exist because urban areas typically
have much higher traffic volumes and accompanying congestion levels. Despite
these potential benefits, these same features hinder possible deployment of AHS in
the urban environment due to the complexity of the required system architecture and
design. Acquisition of additional land is also extremely expensive in urban areas.
Much communication, coordination, and cooperation is required when dealing with
multiple agency, city, county, and state representatives. Consequently, flexible and
prolonged time lines are required.
·Rural Environment
The rural environment is more conducive to demonstration and implementation of
AHS because there are fewer vehicles, fewer conflicts with adjacent land uses, and
longer distances between access points. Right-of-way acquisition is also cheaper in a
rural environment than in an urban environment. The difficulty with a rural system
is in convincing the public of the potential benefits of AHS given the potentially high
costs. Justifying the cost per user in a rural environment could be difficult. Safety
was expressed as a concern in rural environments. For example, how is wildlife prevented from wandering onto the roadway. Another example is how to account for
vehicle lane drifting during operation.
What steps should be taken to evolve highways from current to fully automated highways?
AHS should be developed incrementally as technologies evolve beginning with vehicle
technologies. Most professionals recognized that all the required technologies for both
vehicles and the infrastructure are not available. An incremental deployment will
promote public acceptance since each step could be smaller with less impact. This
approach allows the project's scope to change over time and adapt to changes in
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technology. This method applies to both the AHS infrastructure and vehicles, including
mass transit vehicles, to utilize the infrastructure.
One proposed evolution of on-board vehicle AHS capabilities is as follows:
·

Automatic braking capabilities.

·

Automatic cruise control.

·

Lateral and longitudinal control.

·

Exit/entry and merging capabilities.

·

Trip management.

Infrastructure evolution would accompany the development of the on-board vehicle
equipment. In this scenario, infrastructure design and engineering could be taking place
during the development of automatic braking and cruise control. As the lateral and
longitudinal control capabilities emerge, construction of the required supporting
hardware could be accomplished. For example, magnetic pins might be embedded in the
freeway or special types of barriers may be added to roadways to act as guides for control
sensors on the vehicles. Finally, overall system control would be developed to manage
all trips within the AHS network. This final step would include the development of a
super computer and trip manager. Smaller subsystems may operate under the domain of
this governing system, but ultimately the “mother” computer would regulate and
optimize system use.
Obviously, the complete realization of this scenario is an ambitious endeavor--even if
resources were unlimited. This observation only further supports breaking down the
AHS program into smaller, achievable steps which all add to the completed system. As
time progresses, new and improved technologies will emerge, and so will the completed
automated highway system as a whole.
Coordinated efforts between Federal, State, county, and local government agencies is
also essential to successful deployment of AHS. Issues regarding payment for operation
and maintenance must be addressed, as do the liability issues. Some feel that these
responsibilities will lie where the AHS is placed. If this assumption proves true, some
agencies may not support AHS.

Non-AHS Impacts
What are the implications, issues and risks for the non-AHS roadway systems surrounding an automated highway system?
·Equity
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Some motorists may see the AHS in operation, but be denied use of it. Denial could
result from several reasons including lack of personal income, inadequate vehicle
“smarts,” geographic location/placement of the AHS. Those denied access to the
AHS may feel cheated and treated unfairly treated, especially if the AHS is publicly
funded.
·Accessibility
An assumption of AHS is that in order to provide the greatest benefit, access points
must be separated sufficiently such that traffic flow is minimally disrupted. This
characteristic can also hinder its use because of the difficulty for some drivers to
reach those access points.
·Construction and Land Acquisition
Many of the same issues and problems associated with building highways today will
exist with additional construction of AHS. All of the social issues, land use impacts,
residential and/or business relocations, etc. will still be present with AHS.
·Adjacent Feeder and Distribution Roadway Network
How will the adjacent roadway network accommodate the now double or triple
amounts of traffic generated by the AHS? Congestion will definitely be a problem
near and around these access points. Moving the traffic efficiently to and from the
ingress/egress points will be a new challenge as well.
·Parking
Where will the additional vehicles be stored during the day? Commuter traffic may
get downtown quickly only to lose the time savings in searching for parking.
·Environmental Issues
Noise and air quality will be impacted near and adjacent to the facilities. The AHS
could also impact significantly present travel patterns, causing impacts in areas that
presently may not have environmental problems.
·Insurance
New types of insurance and liability coverage may result from AHS. Linked to these
changes will likely be increased insurance premiums. Are these premiums mandated
to all, or just those using AHS?
·Funding
How will the distribution of available funds be allocated if AHS is taking the greatest
portion? What are the impacts on other state, county, city, local streets and
highways? What about operating and maintenance costs?
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Land Use Impacts
Parallel roadways will likely see reductions in traffic, which may not be well received
with existing commercial developments. Other real estate will also be impacted.

·Urban Traffic Impacts
Staff from the Minnesota Department of Transportation's (Mn/DOT) Traffic Management Center presented information relative to the implementation and results associated with deploying an advance freeway traffic management system in the Minneapolis-St. Paul area. The key components of this system include the following items.
·

Vehicle detectors.

·

Surveillance.

·

Highway advisory radio.

·

Metered ramps (and HOV Bypasses at selected locations).

·

Changeable message signs.

Mn/DOT began constructing their traffic management system in the early 1970's and to
date have deployed approximately 3,000 vehicle detectors, 150 closed circuit television
cameras, 300 ramp meters (40 with HOV bypasses) and 50 changeable message signs
along approximately 170 mi of the metropolitan area freeway system. All of these
features plus an area wide advisory radio system are directly linked with the Traffic
Management Center in downtown Minneapolis. The total cost of this system is
approximately $30 million or $175,000 per mi.
The significant conclusions of Mn/DOT's presentation include the following:
·

The application of freeway traffic management strategies has resulted in a 25 percent reduction in mainline delay and a 30 percent reduction in accidents.

·

The overall capacity of the freeway system has been increased as a result of a uniform 10 to 15 percent improvement in the per lane capacity (from 2,000 vehicles
per lane per hour to almost 2,300 vehicles per lane per hour) and isolated cases of
increases in the range of 20 percent.

·

Freeway capacities in excess of 3,000 vehicles per hour per lane are unrealistic.

·

The characteristics of vehicle and (incident detection and management) and benefits (increased capacity, reduced delay and reduced accidents) of proposed AHS
systems are similar to those for existing freeway traffic management systems. As
a result, it is reasonable to use the traffic management systems as a model for
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forecasting capacity, delay and safety benefits associated with the implementation
of an urban AHS system.

·Rural Traffic Safety
Mn/DOT staff understand the potential benefits associated with implementing
advanced traffic management and control strategies in urban areas. However, they
were unsure how advanced technologies could be applied to rural transportation
needs and concerns. As a result, Mn/DOT's office of Minnesota Guidestar conducted
a federally funded study, the Rural IVHS Scoping Study. The objective of the study
was to assist in determining the role of advanced traffic management strategies in
Minnesota.
The rational for trying to understand rural transportation needs and how to address them
is based on the following facts:
·

48 percent of Minnesota's population lives in rural areas.

·

89 percent of the road mileage and 53 percent of the vehicle miles traveled in
Minnesota occur on rural roads.

·

73 percent of 1992 fatal crashes in Minnesota occurred on rural roads.

The transportation needs of rural motorists were determined by asking them at a series of
nine regional meetings and six focus groups. Information about safety, weather and road
conditions, congestion, emergency services, transit usage, commercial vehicles and
economic development were gathered in a qualitative method. This information was
then verified by quantitative methods thru the use of a telephone survey of 455
Minnesota resident and 50 tourists who had travelled through rural Minnesota during the
past two years.
The key result of the study identified two major themes:
·

Improved traffic safety.

·

Increased accessibility to road and weather condition information and emergency
services.

One additional key point was documented in the study, 76 percent of the study participants identified user fees as the appropriate method of paying for new services and
products.
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RESEARCH AND ANALYSIS

Introduction
The methodology used to compare the urban and rural implementation of AHS included
research and analysis of technical and operational issues and the identification of
opportunities and risks by freeway area type (urban/fringe/rural) and RSC (figure 7).
The analysis was conducted for only freeway-type roadways because it was assumed that
the initial AHS implementation would be on a freeway. However, it is expected that
some or all of the AHS technologies could also be exported to other roadways and that
the conclusions of this analysis would remain valid for either freeway, expressway or
arterial implementation.
The urban, fringe and rural freeway area types were defined by categorizing the freeway
segments within the State of Minnesota based on cross-section, interchange spacing and
average weekday traffic volume. Data from the State of Minnesota was chosen because
the Minnesota Department of Transportation (Mn/DOT) has comprehensive and accurate
data on a number of the topics considered for analysis and because this data is expected
to be representative of average traffic conditions throughout the nation.
The general definitions of the three freeway area types are provided below.

Urban
More than two lanes in each direction separated by a median barrier, average weekday
traffic (AWT) volumes greater than 80,000 vehicles per day (vpd) and interchange
spacing of 0.8 km (0.5 mi) to 1.6 km (one mi).

Fringe
Two or more lanes in each direction separated by a median barrier or ditch, AWTs
between 20,000 and 80,000 vpd and interchange spacing of 1.2 km (0.75 mi) to 3.2 km
(2 mi).

Rural
Two lanes in each direction separated by a median ditch, AWTs up to 20,000 vpd and
typical interchange spacing of 4.8 km (3 mi) to 8 km (5 mi).
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Based on these definitions, each of the interstate freeway segments within the State of
Minnesota were categorized as either urban, fringe or rural. The individual segment
designations are shown in figures 8 and 9 and listed below.
Minnesota Urban Freeway Segments
·
·
·
·
·

I-94 from US Highway 61 to Minnesota Trunk Highway (MnTH) 100.
I-35E from I-94 to MnTH 36.
I-35W from MnTH 62 to MnTH 36.
I-394 from I-94 to MnTH 100.
I-494 from MnTH 5 to MnTH 100.

Minnesota Fringe Freeway Segments
·I-694 from I-494 East Junction to I-94 and from MnTH 100 to I-494 West Junction.
·I-494 from I-694 East Junction to MnTH 5 and from MnTH 100 to I-694 West Junction.
·

I-394 from MnTH 100 to I-494.

·I-94 from US Highway 61 to Wisconsin Border and from I-494/I-694 West Junction to
MnTH 101.
·I-35W from I-35E South Junction to MnTH 62 and from MnTH 36 to I-35E North Junction.
·I-35E from I-35W South Junction to I-94 and from MnTH 36 to I-35W North Junction.
·I-35 from MnTH 50 to I-35W/I-35E South Junction and from I-35W/I-35E North
Junction to US Highway 8.

Minnesota Rural Freeway Segments
·

I-90 from Wisconsin Border to South Dakota Border.

·I-94 from MnTH 101 to North Dakota Border.
·I-35 from US Highway 8 to Duluth, Minnesota and from MnTH 50 to Iowa Border.
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Data supplied by the Mn/DOT Office of Traffic Engineering indicates that the total
interstate freeway mileage in the State of Minnesota is 1,410 km (891 mi). The urban,
fringe, and rural components of this mileage are shown in figure 10. The data indicate
that 77 percent of the interstate freeway mileage within the State of Minnesota is
classified as “rural,” 18 percent of the mileage is “fringe” and 5.2 percent of the mileage
is “urban.”

Technical Issues
A flow chart of the technical issues analyzed for the urban/rural AHS comparison are
shown in figure 11. The issues consist of geometric design characteristics such as
interchange spacing, lane width and curvature and vehicle characteristics such as vehicle
classification, braking, acceleration and deceleration. The following paragraphs
summarize the analysis and findings of the technical issues as they relate to actual
freeway segments within the State of Minnesota. The current American Association of
State Highway and Transportation Officials (AASHTO) guidelines from the Policy on
Geometric Design of Highways and Streets (the Green Book), 1990 edition, are also
provided, where appropriate, for extrapolation purposes to the national level.

Geometric Design Characteristics

Interchange Spacing
The AASHTO Green Book suggests rules of thumb for minimum interchange spacing of
0.6 km (1 mi) in urban areas and 3.2 km (2 mi) in rural areas. The Green Book does not
indicate an interchange spacing difference between land access interchanges and system
interchanges, which provide freeway to freeway connections. The observed interstate
freeway interchange spacing within the State of Minnesota is shown in figure 6 and
described below.
Land access interchanges along urban interstate freeways are typically spaced between
0.8 km (1/2 mi) and 1.6 km (1 mi) apart and system interchanges are usually spaced 3.2
km (2 mi) to 4.8 km (3 mi) apart, depending upon development and population densities.
Land access interchanges along fringe freeways are usually spaced 1.2 km (3/4 mi) to 3.2
km (2 mi) apart and system interchanges are typically spaced 4.8 km (3 mi) apart.
Land access interchanges along rural interstate freeways are typically spaced between 3.2
km (2 mi) and 8 km (5 mi) apart. System interchange spacing along rural freeways is
variable as it is dependent upon the intersection locations with other major roadways.
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Interchange Configuration
The AASHTO Green Book indicates that the selection of the proper interchange
configuration is dependent upon right-of-way availability, capacity, weaving, lane
balance/route continuity, cost, etc. Schematic examples of typical interchange types are
shown in figures 12, 13, and 14. Scaled designs of five of the most typical interchange
configurations are illustrated in figures 15 through 19.
The typical configurations for system interchanges within the State of Minnesota consist
of cloverleaf and directional type interchanges in urban areas, cloverleaf interchanges
with collector/distributor road connections in fringe areas and cloverleaf interchanges in
rural areas.
Land access interchange configurations within the State of Minnesota consist mainly of
full-diamond-type interchanges in urban, fringe and rural areas. Some other interchange
types (half-diamond, folded-diamond, and partial cloverleaf) are used in some urban and
fringe areas where there is short interchange spacing or right-of-way constraints.

Number of Lanes/Lane Width
The AASHTO Green Book indicates that freeways typically provide from two to eight
lanes of traffic flow per direction and that all through traffic lanes should be 3.6 m (12 ft)
wide.
Within the state of Minnesota, the urban freeways provide from two to five lanes per
direction, the fringe freeway segments provide from two to four lanes per direction and
the rural freeway segments provide two lanes per direction. All interstate freeway
through traffic lanes are 3.6 m (12 ft) in width.

Shoulder Width
The AASHTO Green Book recommends left shoulder widths of 1.2 to 2.4 m (4 to 8 ft)
for four lane freeways and 3 to 3.6 m (10 to 12 ft) for freeways of six or more lanes and
right shoulder widths of 3 to 3.6 m (10 to 12 ft) for all freeways. The Green Book also
states that where the truck volume exceeds 250 design hour volume (DHV), the greater
shoulder widths should be provided.

Median Configuration
The AASHTO Green Book states that the minimum median width for a four lane urban
freeway is 3 m (ten ft, two 4-ft shoulders and a 2-ft median barrier), and that the
minimum for a six or more lane urban freeway is 8 m (26 ft, two 12-ft shoulders and a 2ft median barrier). The Green Book also states that the minimum median width for a
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rural freeway is approximately 18 m (60 ft, which includes 6 to 10-ft shoulders, 6:1
foreslopes and a 3-ft ditch). The desirable rural median width is roughly 30 m (100 ft).
Illustrations of these AASHTO guidelines are shown in figure 20.

Right-Of-Way Widths
The right-of-way widths along freeway segments are dependent upon the roadway crosssection and slopes, the adjacent topography and development and the availability and
cost of additional right-of-way. In general, rural freeways usually have greater right-ofway widths than urban and fringe freeways. Typical interstate freeway right-of-way
widths vary between 60 and 120 m (200 and 400 ft). Examples of urban, fringe and rural
right-of-way widths with a level roadway are shown in figure 20. The relative impacts of
median configuration, slopes and cross-section (with or without frontage roads) on rightof-way width can be gauged from figure 20.

Design Speed/Curvature/Grade
The AASHTO Green Book recommends minimum and desirable freeway design speeds
of 80 and 110 km/h (50 and 70 mph), respectively, and maximum horizontal curvatures
of 635 m and 410 m radii (2,084 and 1,350 ft) for rural and urban freeways, respectively.
The Green Book also suggests maximum freeway gradients of 3 to 5 percent, with 6 percent allowed in mountainous areas.

Vehicle Characteristics

Vehicle Classification
The classification of vehicles by type is used to help design roadway pavements and to
determine appropriate shoulder widths. The Mn/DOT classification system is based on
the ten vehicle types documented in the Pavement Design Chapter of the Mn/DOT Road
Design Manual. These vehicle types are shown in figure 21.
Vehicle classification percentages for typical urban, fringe and rural freeway segments
are shown in table 5. The data indicate that the percentage of automobiles at these three
locations is high, ranging from almost 94 percent (rural) to 97 percent (fringe).
Classification data from all other freeway segments within the State of Minnesota
indicate that the commercial percentages vary from roughly 4 to 8 percent on urban
freeways, 2 to 13 percent on fringe freeways and 6 to 23 percent on rural freeways.
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Vehicle Braking/Acceleration/Deceleration
The AASHTO Green Book provides estimates of automobile braking distances at various
speeds (table 6). The values shown in table 6 are for wet pavements on a level roadway.
An uphill grade would decrease these values, while a downhill grade would increase the
values. Note that these values are for braking distance only, they do not include distance
for perception/reaction.
Typical automobile acceleration and deceleration rates, distances and times are shown in
tables 7 and 8, respectively. These data were obtained from the Transportation and
Traffic Engineering Handbook, published by the Institute of Transportation Engineers.

Operational Issues: A flow chart of the operational issues analyzed in the urban/rural
AHS comparison is shown in figure 22. The issues include traffic flow characteristics,
accident characteristics and trip characteristics. The following paragraphs summarize the
analysis and findings of the operational issues relative to actual interstate freeway
segments within the State of Minnesota.

Traffic Flow Characteristics

Vehicle Kilometers (Miles) of Travel
The daily vehicle km of travel (VKMT) on the urban, fringe and rural interstate freeway
segments within the State of Minnesota were obtained from the Mn/DOT Office of
Traffic Engineering. The data indicate that the urban VKMT is approximately 7,952,000
km (4,970,000 mi) per day, the fringe VKMT is roughly 13,744,000 km (8,590,000 mi)
per day and the rural VKMT is almost 12,576,000 km (7,860,000 mi) per day.

Average Daily Traffic
The urban, fringe and rural average daily traffic (ADT) volume ranges for the interstate
freeway segments within the State of Minnesota are shown in figure 23. The data
indicate that the ADTs vary from 82,000 vehicles per day (vpd) to 220,000 vpd on urban
segments, from 29,000 vpd to 84,000 vpd on fringe segments and from 7,000 vpd to
15,000 vpd on rural segments. These traffic volumes were obtained from the Mn/DOT
1990 Traffic Flow Maps.
The weighted average ADTs for the freeway segments within the State of Minnesota are
108,000 vpd for urban segments, 53,000 vpd for fringe segments and 11,500 vpd for
rural segments. This data was obtained from the Mn/DOT Office of Traffic Engineering.
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Peak Hour Capacity
The urban, fringe and rural peak hour lane capacities for the interstate freeway segments
within the State of Minnesota are shown in figure 24. The urban capacity of 2,400
vehicles per hour per lane (vphpl) is a typical PM peak hour value for the section of I35W between downtown Minneapolis and MnTH 62. This data was obtained from the
Mn/DOT Freeway Operations Section.
The fringe freeway capacity of 2,000 vphpl is an assumed value obtained directly from
the 1985 Highway Capacity Manual. However, data indicate that some fringe sections of
I-35W, I-494 and I-694 have accommodated 2,100 to 2,200 vphpl.
It should be noted that all of the segments of urban and fringe freeways with capacities in
excess of 2,000 vphpl are under the control of Mn/DOT's Traffic Management Center
and the increased capacity is the result of implementing advanced freeway traffic
management strategies.
The 1985 Highway Capacity Manual (HCM) indicates that the freeway capacity in rural
areas is less than those in urban or fringe areas. The HCM Freeway Operations Procedures document an adjustment factor be used to account for the character of the traffic
stream. The analysis suggests values for the adjustment factor ranging from 0.75 to 0.90.
Based on observations of rural freeway traffic flow, the conservative 0.75 adjustment
factor was selected. This results in a rural freeway hourly capacity estimate of 1,500
vphpl (2000 x 0.75). This rural freeway hourly capacity appears reasonable since the
rural section of I-35 between the Minneapolis/St. Paul Metro Area and the City of Duluth
carried slightly over 1,500 vphpl during twelve hours in 1992.

Typical Vehicle Headways
The average vehicle headways on the freeway segments within the State of Minnesota
were estimated by using the 100th highest hourly volume at three typical urban, fringe
and rural locations. The 100th highest hourly volume was chosen because it negates the
effects of using the highest hours of the year and still results in a fairly conservative
estimate of vehicle headways. The average vehicle headways during the 100th highest
hour are shown in figure 25. The data indicate that the average 100th hour headways are
1.9 seconds/vehicle for urban freeways, 2.1 seconds/vehicle for fringe freeways and 3.4
seconds/vehicle for rural freeways.
If the peak hour volumes noted above are used to determine peak hour headways, the
resulting peak hour (i.e., highest hour of the year) headways would be
1.5 seconds/vehicle for urban freeways, 1.8 seconds/vehicle for fringe freeways and
2.4 seconds/vehicle for rural freeways.
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Travel Speed
The current interstate freeway speed limits are 55 mph in urban and fringe areas and 65
mph in rural areas. The observed average travel speeds on the interstate freeway
segments within the State of Minnesota are shown in figure 26. These data were
obtained from the Mn/DOT Office of Traffic Engineering and are the result of State
Patrol observations to determine the State of Minnesota's compliance with the Federal
speed limits. The data indicates that the average daily travel speeds along Minnesota
Freeways are 58 mph in urban and fringe areas and 68 mph in rural areas.
The contrasting travel speeds during the 100th highest hour of the year are 31 mph along
urban freeway segments, 40 mph along fringe freeway segments and roughly 55 mph
along rural freeway segments (figure 27). These values were determined by using the
100th highest hourly volumes at three urban, fringe and rural locations and the Freeway
Operations Procedures outlined in the 1985 HCM.

Average Vehicle Occupancy
The average vehicle occupancies on Minnesota freeway segments was determined by
using the appropriate data from the Minneapolis/St. Paul Metropolitan Council 1991
Travel Behavior Inventory. The data indicated that the average vehicle occupancy was
1.23 persons per vehicle along urban freeways, 1.34 persons per vehicle along fringe
freeways and 1.43 persons per vehicle along rural freeways (figure 28).

Peak Hour Percent
The relationship between annual peak hours of traffic demand and annual average daily
traffic (AADT) by area type is shown in figure 29. This relationship is used by highway
engineers to determine the design hour volume (DHV) for highway design purposes.
Figure 29 illustrates the relationship for three typical urban, fringe and rural freeway
segments within the State of Minnesota.
The data indicate that the rural freeway exhibits much greater peaking characteristics
than either the urban or fringe freeway, with the highest hour being roughly 26 percent of
the AADT and the 1000th highest hour being nearly 9 percent of the AADT. Highway
designers typically design for the 30th highest hour when designing rural freeways.
However, since urban and fringe roadways do not show much disparity between the
highest hour and the 1000th hour or beyond, designers typically use the peak hour or a
value close to the peak hour for design purposes.
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Traffic Variations
The daily and monthly traffic variations along three typical urban, fringe, and rural
freeways within the State of Minnesota are shown in figure 30. The data indicate that the
traffic demand on rural freeways is typically below average Sunday through Thursday
and above average on Friday and Saturday, with Friday traffic significantly above
average. The data also indicates that the traffic demand on urban and fringe freeways is
typically above average on weekdays and below average on weekends.
The monthly traffic variations shown in figure 30 indicate that rural freeway segments
typically have lower traffic demands from November to April and above average
demands from May through October. The urban and fringe freeways typically exhibit
fairly constant monthly traffic demands throughout the year.
The hourly traffic variations on an average weekday along three typical urban, fringe and
rural freeways within the State of Minnesota are shown in figure 31. The data indicate
that the hourly traffic demands on rural freeways are fairly constant with only minor
peaking while the urban and fringe freeways typically experience two noticeable traffic
peaks (AM and PM) and much higher traffic demands during the working hours. The
AM and PM peak hours of weekday traffic demand are from approximately 7:00 to 8:00
a.m. and 4:00 to 5:00 p.m. for each freeway area type.
The hourly traffic variations on an average Saturday along three typical urban, fringe and
rural freeways within the State of Minnesota are shown in figure 32. The data indicate
that the hourly traffic demand on rural freeways is fairly constant with only marginal
peaking while the urban and fringe freeways typically experience a gradual traffic growth
to roughly 11:00 a.m. and relatively constant traffic demand during the afternoon hours
before declining in the evening hours. The peak traffic demand hour on a typical
Saturday is from noon to 1:00 p.m.

Ramp Capacity
The approximate service flow rates for single lane ramps are shown in table 9. The data
indicate that the capacity of a single lane ramp is dependent upon the design speed of the
ramp, with the capacity of a loop approximating 1,300 passenger cars per hour (pcph)
and the capacity of a straight ramp near 1,700 pcph. Adjustment factors are also
provided for estimating the capacities of two lane ramps.
The ramp capacities noted above assume that there are no ramp meters. If ramp meters
are present, the ramp capacities are directly related to the cycle length of the meter, the
number of lanes and the meter rules. The cycle lengths for one lane metered ramps in the
Minneapolis/St. Paul area range from 4.5 to 18 seconds. This equates to service flow
rates from 200 vehicles per hour (vph) to 800 vph. Two lane metered ramps in the
Minneapolis/St. Paul area typically accommodate from 1,600 vph (alternating signals—
4.5 second cycle) to 2,200 vph (two cars per green).

Battelle

Task A

Page 90

Battelle

Task A

Page 91

Battelle

Task A

Page 92

Battelle

Task A

Page 93

Battelle

Task A

Page 94

Effects of Freeway Traffic Management
The Minnesota Department of Transportation has implemented several freeway traffic
management systems along the interstate segments within and surrounding the
Minneapolis/St. Paul Metropolitan Area. The first four (I-35E, I-35W, I-694 and I-494)
systems were analyzed using before and after studies to determine the system benefits.
The limits and components of these four systems are shown in figure 33 and table 10,
respectively. Table 10 indicates that all of the systems were equipped with detectors and
ramp meters and that some systems also include video cameras, highway advisory radio,
changeable message signs, express bus service and HOV bypass lanes. The traffic flow
benefits of implementing these four traffic management systems are discussed in the
following paragraphs. These Before/After Study benefits are based on data provided by
the Mn/DOT Traffic Management Center.

Delay: The peak period vehicle delay before and after the implementation of the four
traffic management systems is shown in table 11. The data indicate that the delay
decreased significantly along each freeway segment. The actual delay decreases ranged
from 20 percent along I-35W to 77.1 percent along I-35E and the average decrease in
delay across the entire system was approximately 25 percent.

Speed: The peak period travel speeds before and after the implementation of the four
traffic management systems is shown in figure 34. The data indicate that the speed
increased noticeably on three of the four freeway segments and that the slight after
condition speed reduction on I-694 was the result of the limited capacity of a major river
crossing. The speed increases ranged from 3.0 mph along I-494 to 7.9 mph along I-35W.

Volumes: The average peak period traffic demand volumes before and after the
implementation of traffic management systems on the four freeway segments is shown in
figure 35. The data indicate that the delay, speed and accident benefits were all achieved
even though there was a significant increase in traffic demand.

Accident Characteristics
The accident data used to determine accident frequencies, rates, types and severities was
obtained from the Mn/DOT Office of Traffic Engineering. This data reflects the 1990
through 1992 interstate freeway accident experience within the State of Minnesota.
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Accident Rates
The average annual freeway accident rates and frequencies by area type are shown in figure 36. The data indicate that the accident rates range from 0.7 accidents per million
vehicle miles (acc/MVM) travelled on rural freeway segments to 1.7 acc/MVM on urban
segments and that the annual number of accidents ranged from 1,988 on rural freeways to
3,210 on urban freeways.
In order to determine whether Minnesota's freeway accident characteristics are similar to
other states accident experience, additional accident rate data was also obtained from the
Arizona Department of Transportation (ADOT) and the Colorado Department of
Highways (CDOH). This data indicates that the ADOT rates of 0.6 acc/MVM on rural
freeways and 1.2 acc/MVM on urban freeways and the CDOH rates of 0.8 acc/MVM on
rural freeways and 1.7 acc/MVM on urban freeways are similar to the Mn/DOT rates.

Accident Types
The types of accidents that have occurred on the urban, fringe and rural interstate
freeways within the State of Minnesota are shown in figures 37, 38, and 39, respectively.
This data represents the annual average number of accidents of each type over the 1990
to 1992 time period.
Figure 37 indicates that “rear-end” accidents were the predominant accident type on
urban freeways, accounting for over half of the accidents. Sideswipe accidents were the
second most common accident type along urban freeways, followed by single vehicle run
off the road accidents.
Figure 38 indicates that “rear-end” accidents were also the predominant accident type
along fringe freeway segments, accounting for over 40 percent of the total accidents. The
“other/unknown” accidents comprise the second most common accident types along
fringe freeway segments, with over 32 percent of these “Other/Unknown” accidents
involving “deer/other animal” hits. Side swipe accidents and single vehicle run off the
road accidents were the next most common types.
Figure 39 indicates that the “other/unknown” accidents represented the most predominant
accident type on rural freeways and that approximately 70 percent of these accidents, or
25 percent of the total rural freeway accidents, were “deer/other animal” accidents. The
second most common accident type along rural freeways were “ran-off-road” accidents,
which accounted for roughly 34 percent of the total rural freeway accidents.
A comparative summary of the accident type percentages on the urban, fringe and rural
interstate freeway segments is shown in figure 40.
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Accident Severity
The severity of accidents on Minnesota urban, fringe and rural interstate freeways is
shown in figure 41. This data reflects the annual average number and percentage of fatal,
injury and property damage only (PDO) accidents by freeway area type.
The data indicate that the rural freeway segments had the highest percentage of fatal
accidents (0.87 percent) and that the fringe freeway segments had the highest percentage
of fatal plus injury accidents (24.91 percent). PDO accidents accounted for roughly 75
percent of the total accidents on each freeway area type.

Ramp Accidents
The accident rates of freeway ramps by ramp type are shown in figure 42. This data was
obtained from Federal Highway Administration publication FHWA-RD-91-047.
The data indicate that the rates of left side ramps and scissors ramps have the highest
accident rates and that cloverleaf loops and ramps with collector/distributor roads and
diamond ramps have the lowest accident rates. The data also indicate that the average
accident rates for on-ramps is 0.59 accidents per million vehicles (acc/MV) and that the
average rate for off-ramps is 0.95 acc/MV.

Effects of Freeway Traffic Management
The accident benefits associated with implementation of a freeway traffic management
system along I-35E, I-35W, I-694 and I-494 are discussed in the following paragraphs.
This information is based on data provided by the Mn/DOT Traffic Management Center.

Number of Accidents: The annual average number of peak period accidents before and
after the implementation of the traffic management systems (TMS) is shown in figure 43.
The data indicate that the number of traffic accidents decreased along all freeway
segments following the implementation of the TMS's by between 15 and 36 percent, with
an overall system wide average of 22 percent.

Accident Rates: The average peak period accident rates before and after the implementation of the TMS is shown in figure 44. The data indicate that the accident rates
decreased along all four freeways following the implementation of the TMS's. The data
also indicate that the accident rates reduction percentages were approximately 27 percent
for the fringe freeway segments (I-494 and I-694) and 31 percent for the urban freeway
segments (I-35E and I-35W).
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Accident Types: The annual average peak period accident type percentages before and
after the implementation of the TMS is shown in figure 45. This data was not surveyed
or documented in the I-494 study. The data indicates that there was a slight reduction in
rear end accidents but there was no a significant change in the overall distribution of
accident types.

Accident Severity: The average distribution of peak period accident severity before an
after the implementation of TMS on I-35E and I-35W are shown in figure 46. This data
was not surveyed or documented in the I-694 and I-494 studies. The data indicate that
there was a significant decrease in both property claimage (17 percent) and injury
accidents (40 percent) since the TMS's were implemented.

Long-Term Accident Benefits: The long-term accident trends associated with implementing a traffic management system were analyzed to determine if the previously
documented accident reductions decrease or are eliminated over time. The I-35W system
was analyzed for this purpose because it is the longest established and most extensive
TMS in the Minneapolis/St. Paul area and because long term accident data was available.
The peak period accident rates along I-35W before and after the implementation of the I35W TMS are shown in figure 47. The data indicate that, the accident rates have
continued to decrease over the 20 years since implementation. The average accident rate
for the first five years after implementation (2.4 accident/MVM) is 30 percent less than
the before average and the rate from the most recent five year period (1.7
accident/MVM) is 50 percent less than the before average.
Long-Term Traffic Increases: Historical traffic data was analyzed to determine if the
implementation of a TMS results in additional vehicle trips in that corridor (i.e. trips that
would not have occurred if the TMS was not implemented). This analysis was conducted
by comparing the total growth in regional travel over the past 20 years with the growth
that occurred along one of the TMS freeways. The I-35W TMS was used for this
analysis because it has been operational for the longest period of time and because
historical traffic data was available.
The comparison of the growth in vehicle miles of travel (VMT) on I-35W before and
after the implementation of a traffic management system to the VMT growth within the
entire Minneapolis/St. Paul region is shown in figure 48. This data indicates that the
VMT growth within the region increased by 92 percent from 1970 to 1990. This was
greater than the respective 85 percent growth on I-35W from 1974 (system
implementation) to 1994. Therefore, it was concluded that the implementation of a TMS
does not necessarily result in additional vehicular travel along the affected freeway
corridor.
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Trip Characteristics
The trip characteristics of vehicular travel in the region were recently documented in the
1990 Travel Behavior Inventory (TBI) prepared by the Metropolitan Council, the
Metropolitan Planning Organization for the region. These characteristics were compared
to the 1970 TBI findings. The following paragraphs describe the TBI findings for
average trip length, duration and purpose.

Trip Length
The average trip lengths in 1970 and 1990 within the region are documented in figure 49.
The data indicate that all vehicle trips have increased in length from 1970 to 1990 and
that the average overall trip length in 1990 was 5.9 mi, an increase of approximately 20
percent over the comparable 1970 data.

Trip Duration
The average trip duration in 1970 and 1990 within the region are shown in figure 50. The
data indicate that the trip duration for auto driver work trips has increased from 1970 to
1990 but that all other trip travel times have decreased. For some trips, such as the nonwork transit passenger, travel times decreased significantly. The average overall trip
duration in 1990 was 15.8 minutes.

Trip Purpose
The purposes of vehicle trips in the region were determined and documented in the 1990
TBI. The data indicated the following trip purpose distribution:
·

Home Based Other—36 percent.

·

Non-Home Based Other—19 percent.

·

Home Based Work—14 percent.

·

Non-Home Based—14 percent.

·

Home Based Shopping—12 percent.

·

Home Based School—5 percent.
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OPPORTUNITIES/RISKS
The implementation of an automated highway system would have a large impact on traffic operations and safety in both urban and rural freeway environments. The results of
the literature search, expert workshops, and the analysis of design and operational
characteristics suggests that the deployment of an AHS would present opportunities to
address the single most important transportation issue that was raised time and again
during the course of this study—traffic safety. In addition, there also appear to be
significant opportunities for improvement in travel efficiencies in urban areas.
There are, however, potential risks associated with deployment of an AHS, specifically
in the area of uniformity and consistency of design. There are also potential risks in the
areas of malfunction management, legal/tort liability, and human factors/driver acceptance; but these issues are beyond the scope of the urban/rural task.
A discussion of the key opportunities and risks in urban/fringe environments (these two
areas were combined because of their similarities) and rural environments is presented in
the following paragraphs. This is followed by a discussion of several items that have
universal application.

Urban Environment
The implementation of AHS in an urban freeway environment can significantly reduce
accidents, improve travel efficiency and air quality in the affected freeway corridor.
The three most common types of accidents occurring on urban freeways are rear end,
sideswipe and single vehicle run off the road. Typically, rear end accidents account for
more than 50 percent of all urban freeway accidents and these three particular types
account for more than 85 percent of the accidents on Minnesota's urban freeways. These
types of accident are also the types that are most susceptible to correction based on
implementation of the kinds of lane keeping and collision avoidance technologies
associated with RSC 2B.
Estimating the magnitude of the expected accident reduction associated with the deployment of an AHS is very speculative because it is a function of the specific features of the
system and the extent of the deployment in a given area. However, it is reasonable to
suggest that the minimum accident reduction should be similar to the reduction
documented for existing freeway traffic management systems, since both systems perform similar surveillance, monitoring and control functions. Therefore, the documented
30 percent overall accident reduction associated with the freeway traffic management
system implemented by the Minnesota Department of Transportation in the
Minneapolis/St. Paul area appears to be a reasonable estimate of the future safety impact
of a partially automated system with collision avoidance and lane following features in
an urban environment. It should be noted that given the large number of accidents of the
types susceptible to correction (85 percent) that the 30 percent reduction is probably a
very conservative estimate and does not account for the potential effects of total
automation. A totally automated system would likely result in a greater accident
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reduction because of the large number of urban freeway accidents caused by driver error.
However, no existing data or studies were identified during the literature search that
would provide support for quantifying the safety impact of a totally automated system.
A 30 percent reduction in urban freeway accidents associated with implementation of a
partially automated AHS with lane keeping and collision avoidance features would result
in eliminating approximately 860 accidents per year in Minnesota and roughly 52,000
accidents per year on a national basis (including over 100 fatal accidents). Based on
typical costs for accidents ($2,000 for property damage only, $26,500 for personal injury
and $500,000 for fatal) and the 30 percent accident reduction, the annual cost savings in
Minnesota would be approximately $8 million and almost $475 million nationally.
Improvements in travel efficiencies are another area of opportunity for AHS. Continuing
with the comparison to existing freeway traffic management systems, it appears
reasonable to forecast 25 percent reductions in mainline vehicle delay and moderate
increases in travel speed. It should be noted that these moderate increases in vehicle
speed did not result in greater accident severity. On the contrary, the accident data
indicated a 40 percent reduction in personal injury and fatal accidents after implementation of freeway traffic management.
In addition to the improved travel efficiency, the AHS can increase the overall capacity
of urban freeways without the construction of additional travel lanes. The implementation of freeway traffic management, consisting of vehicle monitoring, surveillance
and control, has increased the per lane capacity of urban freeways by approximately 10
to 15 percent and in one particular case by as much as 20 percent.
These documented improvements in safety, travel efficiency and freeway capacity were
achieved at a construction cost of approximately $30 million spread over a 170-mi
system, or an average per mile cost of about $175,000.
The key risk associated with implementation of AHS in an urban environment involves
design consistency and the potential for violating drivers expectations. The single most
important consideration in the design of roadways and traffic control devices is
uniformity. Driving a motor vehicle is a learned skill based on the accumulated
experience of a motorist. As a result, they have expectations for the road ahead based on
what they have experienced in the past under similar circumstances. If the AHS includes
design features that are new or just different from what is expected by the majority of the
drivers based on their previous freeway experience, there is a large risk of driver error
which could be difficult to overcome regardless of the amount of driver education or
system control. Examples of unusual design and/or operational features include:
· Leftside entries or exits.
·

Narrow lanes with small horizontal clearances to barriers.

·

Weaving in/out of the inside through lanes.

·

Possible queueing in transition lanes adjacent to through lanes (during check in).
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Different operating characteristics in different systems.

Another potential risk associated with AHS involves the need for and the present lack of
interagency coordination. Currently, the monitoring and control associated with most
freeway traffic management systems ends at the freeway ramp terminals. The control of
the feeder and parallel arterials and the intersection traffic control devices is under the
jurisdiction of a different unit of government. As a result, the operations of the freeway
and arterial systems are hardly ever coordinated and often have different and competing
objectives. In order to achieve system wide safety and travel efficiency improvements,
the two systems and their corresponding units of government will have to work together
in order to identify common goals, hardware and a coordinated operations plan. This
means that one or both agencies will have to give up some control of at least a potion of
their system and agree to compromise their own operating objectives. This could be a
very difficult and time consuming process.
The risk associated with implementing an AHS on an urban freeway without this type of
interagency coordination is the possibility of moving more vehicles at a faster rate along
the freeway while at the same time creating increased congestion, delays and air quality
problems at the key entrances to and exits from the freeway. Regarding the air quality
issue, modeling has indicated that the increase in vehicle emissions associated with
congestion on the feeder routes to the automated freeway could be as much as 300
percent greater than the expected decrease in emissions along the freeway attributed to
the AHS.

Rural Environment
The implementation of an AHS in a rural freeway environment would likely have characteristics similar to RSC 4 (smart vehicle—passive highway) including lane keeping,
collision avoidance and communication features. Deployment of this type of a system
has the potential for addressing rural safety issues.
The two most common types of accidents along rural freeways include single vehicle run
off the road and animal (specifically deer in Minnesota) hits. These types of accidents
account for almost 60 percent of the total rural freeway accidents and the majority of the
personal injury and fatal accidents. These types of accidents are also the types most
susceptible to correction based on implementing the lane keeping and collision avoidance
technologies associated with RSC 4.
Estimating the magnitude of the expected reduction in accidents in a rural freeway environment is more speculative, but no less important, than in the urban situation because
there is no comparable rural freeway traffic management system to use as a model. In
addition, any accident reduction would also be a dependant on the extent of the
deployment of the system. However, an overall accident reduction of approximately 25
percent seems reasonable. This is based on achieving a 40 percent reduction in the 60
percent of the accidents involving vehicles running off the road and hitting deer. This
reduction is probably conservative given the large number of accidents of the type
susceptible to correction and, as with the urban environment, is the minimum expected
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reduction due to a partially automated system with collision avoidance and lane
following features. A totally automated system would likely result in a greater accident
reduction.
A 25 percent overall reduction in rural freeway accidents would result in the elimination
of approximately 400 accidents (including four fatal) annually in Minnesota and almost
19,000 accidents (including 190 fatal) nationally. The annual cost savings associated
with the 25 percent accident reduction (based on typical costs for property damage,
personal injury and fatal accidents) amounts to approximately $5 million in Minnesota
and $225 million nationally.
Addressing rural traffic safety issues and improving communication capabilities relative
to the transmission of road and weather conditions and acquiring emergency services
were identified as the two most important transportation related issues in rural
Minnesota. Deployment of an AHS with the type of technologies associated with RSC 4
presents the opportunity to positively affect both of these issue areas.
The technological features of RSC 4, with the focus on the vehicle and only minimal
investment in the roadway presents a significant opportunity to export the accident
reduction benefits to the remaining 10,000 mi of rural state trunk highways and the tens
of thousands of miles of rural county, township and forest roads in Minnesota.
Approximately 33 percent of all accidents (30,000 in 1993) and almost 75 percent of the
fatal accidents (447 in 1993) in Minnesota occurred on these types of rural roads. Even if
an expanded AHS system could only cover a small fraction of these roads, the reduction
in accident costs could be substantial.

Universal Safety Issues
Implementing AHS also presents two additional opportunities to address traffic safety
issues. If any vehicle modifications also included mandatory seat belt usage and drunk
driver lock out systems, the reduction in motor vehicle fatalities and the corresponding
reduction in accident costs would be substantial. The National Highway Traffic Safety
Administration (NHTSA)estimates that a modest 20 percent increase in seat belt usage
and a four percent reduction in alcohol related crashes would save 2,900 lives and $250
million annually.
In addition, NHTSA has estimated that tax payers pick up the tab for approximately eight
percent of the total cost of motor vehicle deaths, injuries and property damage. In 1990
this amounted to almost $11.4 billion, including $3.7 billion in public funds for health
care, $1.6 billion in increased public assistance and $6.1 billion in lost tax revenues to the
states and federal government. Given these figures, it is clear that improving highway
safety can not only save lives but also tax dollars.
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