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Executive Summary

Presented herein is a novel approach to vehicle positioning using RFID technology (Vehicle
Positioning System, or VPS). By installing in the road RFID tags encoded with road name or
other designation, the specific lane, the direction of travel, and the longitudinal distance from a
known reference, a vehicle outfitted with an RFID tag reader can determine its position each
time it passes over and reads a tag, thus, providing precisely the information needed for many
ITS applications — the longitudinal position of a vehicle in a particular lane on a particular road
of the transportation network.

Knowledge of lane of travel and distance from a known reference provided by VPS enables
many transit applications, including headway control of bus platoons, merge/lane change
assistance, rear-end collision avoidance, and bay mark-up applications. For lane assist systems,
VPS and a lateral positioning system can augment DGSP in urban areas, providing seamless
operation where DGPS accuracy is insufficient for lane keeping.

This research focused on designing and building a prototype VPS using existing third party
RFID hardware. The hardware was evaluated and characterized to determine if it could be used
to create a viable, robust VPS. After the development and characterization of the positioning
system, an implementation of a rear-end collision avoidance system was built to demonstrate the
use of VPS. Finally, a more sophisticated rear-end collision avoidance system was designed and
simulated, after which its implications to the accuracy specifications for VPS were analyzed.



1 Introduction

1.1 Motivation

Many intelligent transportation systems (ITS) require accurate knowledge of the vehicle’s
position. Presently, GPS is used to provide this vehicle position information. However, GPS
suffers from four primary problems if it is to be used to identify within which lane the vehicle is
traveling. These are:

1.  Variable accuracy (accuracy affected by atmospheric, geometric, and multi-path
conditions)

2. Satellite and correction availability (passing under a bridge or through a tunnel
blocks satellite and correction signals; driving through naturally occurring
canyons or adjacent buildings cause restricted sight lines to the satellite
constellation and reduce solution accuracy)

3. High accuracy digital maps, with which to correlate one’s position, are not yet
widely available.

4.  GPS receivers are not universally deployed on all vehicles.

These four problems prevent GPS from becoming a ubiquitous vehicle positioning technology
[1]. Of even greater concern is the fact that the first two problems are much more pronounced in
urban areas; the environment where many ITS applications requiring vehicle position are
particularly useful since these areas present the most severe traffic congestion. These problems
have been recognized, and many systems have been developed to attempt to overcome them.

The magnetic sensing approach, used by the California PATH project and FROG Navigation
Systems, also poses difficulties which prevent its use from becoming widespread. Most notably,
the magnetic plugs, which are embedded in the roadway, must be placed very accurately (PATH)



or their position must be measured accurately after installation (FROG). This makes the
installation of magnetic based systems quite expensive. The system described here involves the
use of devices embedded in or on the roadway; however, a high degree of accuracy is not
required when installing the devices.

Proposed herein is an inexpensive Vehicle Positioning System using RFID technology (VPS)
designed to augment GPS in problematic areas and for applications where GPS provides
insufficient performance, or is unavailable. This proposed system uses passive RFID tags placed
periodically in or over the pavement and an on-vehicle RFID reader. The RFID tag contains the
road name/designation, longitudinal position information in the form of a distance from a known
reference, and the lane in which the tag is placed. As a vehicle passes over the RFID tag, the
RFID tag reader collects this information, allowing the vehicle to “know” unambiguously its
position on the road network. Integration of RFID data with vehicle odometry yields greater
longitudinal distance accuracy. Lane position, as used herein, includes an identifier of the road
of travel, the specific lane, the direction of travel, and the longitudinal distance from a known
reference. It is important to note that by using the described lane position, no separate map
database is needed on-vehicle, as would be the case for a method based on storing GPS
coordinates in the RFID tags'.

This system does provide global positioning, but with a reference system different than the WGS
84 or NAD 83 used by most GPS systems. Although the VPS provided position information does
not allow one to place oneself at a specific location on Earth, it provides precisely the
information needed for many ITS applications — the longitudinal position of a vehicle in a
particular lane on a particular road of the transportation network. In addition to providing the
core set of information required to position vehicles on the transportation network, the RFID tags
could also be programmed with additional information to tailor the system for specific ITS
applications, such as intelligent speed adaptation, or in-vehicle signing.

One such ITS application, which we believe requires the greatest degree of positioning accuracy,
is rear-end collision avoidance. Rear-end collision avoidance has also been identified by the
Crash Avoidance Metrics Partnership (CAMP) as being a high priority application which
requires the use of inter-vehicle communication. In order to better understand the performance
requirements of VPS for rear-end collision avoidance, its implications on the needed
specifications for VPS were further investigated.

In 2003 the National Highway Traffic Safety Administration (NHTSA) estimated that there were
over 1.8 million rear-end crashes in the United States, which accounted for 29.6% of all crashes.
Of those 1.8 million crashes, 1% resulted in fatalities, 30% resulted in injuries and 69% resulted
in property damage only [2]. Similarly, in 2004 the Minnesota Department of Transportation
(Mn/DOT) estimated that there were over 25,000 rear-end crashes, which accounted for 28% of
all crashes. Of these 25,000 crashes, 0.07% resulted in fatalities, 31.14% resulted in injuries, and
68.79% resulted in property damage only [32]. While these statistics show that the severity of
rear-end crashes is usually relatively low, the large number of occurrences make them quite
costly in both property damage, and lost time due to the traffic congestion which they generate.
Reducing the likelihood of rear-end crashes has been an active area of research for several years;

" The RFID tags, however, could store/provide latitude and longitude in the WGS 84 coordinate frame.



however, GPS has never been chosen as the enabling position sensing technology, because it
lacks robustness in urban environments.

Also important to note is that the areas in which the greatest benefit would be seen from the
deployment of driver support systems, are the urban areas in which GPS lacks robustness. In
2004, there were nearly 11,000 crashes on the Twin Cities metro area freeways” and “these types
of crashes are typically side-swipe or rear-end type collisions” [33]. Figure 1.1 shows a map of
the Twin Cities freeways, which indicates the locations of these crashes. Given the rear-end/side-
swipe nature of these crashes, it is likely that the number of crashes on the Twin Cities freeways
could be significantly reduced by deploying new driver support systems which assist the driver
with lane change maneuvers, and which help to reduce the risk of rear-end collisions. As we see
it, the longitudinal position and lane-position capabilities required to enable the development of
such driver support systems can be provided by VPS, but cannot be provided by existing
positioning technologies such as GPS, radar, or computer vision due to their lack of robustness.

? Data and corresponding Figure 1.1 provided by Brian Kary at the Minnesota Department of Transportation. Data
will appear in “Freeway Volume-Crash Summary, 2004 Data”.
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Figure 1.1: Location of crashes on Twin Cities metro area freeways in 2004.

Despite these limitations, there have been several attempts at designing systems to help drivers
avoid rear-end crashes using radar; the systems range from adaptive cruise control (ACC) to
rear-end collision warning systems. Previous designs for rear-end collision warning systems [3,
4,26 — 31] used radar to acquire range, range rate and deceleration data. A more novel approach
proposed the use of radar to detect the range and range rate for a platoon of three vehicles, which
included the host, and the two vehicles immediately downstream® of the host [5]. It is likely that
these systems could be improved upon if the host was able to acquire range, range rate,
deceleration, vehicle length and brake light status data for a lead platoon. With the emergence of
dedicated short range communication (DSRC) as a means to support the necessary vehicle-
vehicle and vehicle-infrastructure communication [6, 24], the ability to gain access to this data
becomes increasingly more viable.

3 Downstream vehicles are those located in front of the host, whereas upstream vehicles are located behind the host.



Assuming that DSRC coupled with VPS will enable the host vehicle to have access to the
position, velocity, acceleration, vehicle length and brake light status data for each vehicle in its
immediate surrounding, one has the ability to assess the stability of a platoon of vehicles located
immediately in front of the host vehicle, and to provide feedback to the driver informing him or
her of their current level of risk. Such a risk metric can be used by the driver to stop as needed.
This is especially important when the driver of the host vehicle cannot see vehicles in front of the
vehicle immediately downstream, either because that vehicle is too large, or sight lines on the
road are inadequate. Given this concept, three significant questions arise:

1. How does one assess the stability of the vehicles located immediately in front of the
host (lead platoon) and compute a level of risk associated with this platoon?

2. How accurately must the positions of the vehicles in the platoon be known, in order to
compute the risk metric within some acceptable tolerance?

3. Using VPS as the positioning medium, what are its minimum specifications such that

the vehicles in the platoon are positioned accurately enough to compute the level of
risk within the acceptable tolerance?

This document will focus on describing an attempt at building VPS using existing third party
RFID technology. Also, in order to give some indication of how accurately VPS must be able to
position vehicles, it will focus on answering the above three questions.

1.2 RFID Overview

Commonly available RFID systems contain two major components:

I. RFID tags encoded with relevant information
2. An RFID reader

RFID tags store a small amount of information, which is transferred to the reader when it comes
in close proximity to the tag. RFID technology is particularly useful because the RFID tags are
passive (require no power), and have very low cost. A typical RFID system involves many tags,
and one reader, where the reader would be used to gather information from each of the tags.
Figure 1.2 shows a simple demonstration of how an RFID system works [25].
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Figure 1.2: Demonstration of RFID. Right pointing arrow indicates direction of travel.
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1.3 Prior Art

Given the unique nature of VPS, a complete search for relevant prior art was performed. The
search encompassed all academic literature, as well as the United States Patent and Trademark
Office [7] and the European Patent Office [8]. At the end of the search, four patents and one
conference paper were found [9, 10, 11, 12, 13] to be relevant. Upon further inspection, it was
determined that the proposed system, VPS, was clearly unique and different than the systems
proposed in these patents and conference paper. The abstracts from each of the patents, as well
as a summary of the conference paper can be found in Appendix A.

1.4 Document Overview

The following chapters describe the concept and a working VPS prototype using existing RFID
hardware. Chapter 2 outlines the system’s main components, as well as its functionality. It also
discusses some of the technical considerations that must be taken into account when designing
VPS, as well as some system enhancements that could be used to enable various other
applications. Chapter 3 presents the results from experiments in which an existing RFID sensor
was characterized to determine if it could provide the performance required to implement a fully
functional VPS. Chapter 4 describes the implementation of an electronic brake light application
which used VPS as the vehicle positioning medium. It also discusses a demonstration of the
application’s functionality on a test track. Chapter 5 discusses a novel approach to the problem
of rear-end collision avoidance. In this chapter, a rear-end crash risk metric was derived using
data from several lead vehicles rather than from only the lead vehicle. Finally, conclusions from
this work are drawn, and recommendations for future are research are made.



2 The VPS System

2.1 System Concept

By installing RFID readers on vehicles, and by placing inexpensive RFID tags along a road,
passing vehicles are able to acquire the data encoded in the tags’ memory. This simple concept
leads to a multitude of potential applications ranging from vehicle positioning, to current loop
detector replacement, to traffic signal priority. Here, we focus our attention on the positioning of
vehicles using RFID tags, which is at the core of many ITS applications. Current technology has
proven itself to be insufficient for positioning vehicles accurately enough to unambiguously
determine the lane in which the vehicle is driving. The VPS system is specifically designed for
this task, and as such enables a number of ITS applications where a global position reference, in
the sense of GPS coordinates, are not required, but where accurate, lane level positioning is
required. A more complete list of potential applications which could be enabled by VPS have
been identified and are listed below.

High occupancy tolling lanes (HOT lanes)

Truck-only tolling (TOT)

Rear-end collision warning

Electronic brake light

Current loop detector replacement

Traffic signal priority for emergency and transit vehicles
Sharp curve ahead or curve speed warning

In-vehicle signing, including prevailing speed limit, stop sign ahead, etc.
Traffic signal violation warning

Pre-crash sensing for cooperative collision mitigation
Detection of approaching vehicles; left turn assistant



Lane change warning

Stop sign movement assistant

Route guidance in the absence of GPS

Platooning

Adaptive cruise control

Open parking space sensing

Engine and transmission control for improving fuel efficiency and emissions
Indoor bus location system

Based on these potential applications, a proposed VPS system is outlined in the remainder of this
chapter.

2.2 Lane Positioning Using RFID Technology

In order to perform lane positioning using RFID technology, RFID tags encoded with lane
position (lane ID tags) are placed down the center of a lane, and an RFID reader (lane ID tag
reader) is attached to each vehicle. As each vehicle passes over a lane ID tag, the lane ID tag
reader acquires the lane position encoded in the tags.

Lane position, as previously described, includes a road identifier, lane identifier, direction of
travel identifier®, and longitudinal position. Table 2.1 shows a more detailed description of the
data fields to be stored within the lane ID tags. It is worth noting that the information stored in
each lane ID tag must include, but is not limited to these fields. Additional fields for different
ITS applications will be discussed in section 2.5.3.

Table 2.1: Definition of lane ID tag memory fields.

Data Description

Road identifier Used to identify the name of the road being traveled. It stores
either the name of the road, if memory permits, or an
identifying code.

Lane identifier Identifies the specific lane of travel based on a standard

referencing scheme. .
Direction of travel N,S,E,W ,NE,NW,SE,SW
identifier
Longitudinal position | Used to identify the distance from a reference point on the
road being traveled. On an interstate highway, for example,
the most recently passed mile marker can serve as the
reference. Longitudinal distance could, for example, be the
mile marker number plus the distance along the center of the
lane from the tag to the mile marker.

* The direction of travel indicator may indicate the actual direction of travel of the road, or the direction designation
given to the road. Consider that the actual direction of travel of a road, and its direction designation are not always
the same.



2.3 System Technical Description

2.3.1 Lane ID Tag Placement

Lane ID tags are installed at periodic intervals along the center of each lane of a roadway for
which vehicles require position information and/or other data needed for the various applications
mentioned earlier. The spacing of the tags, as well as which lanes are outfitted with the tags, is
governed by the application for which they are being used. For example, for HOT lanes, where
accurate positioning is not required, one would likely space the tags farther apart than for the
electronic brake light application, for which accurate positioning is required.

2.3.2 Lane ID Tag Reader Placement: E-plate

Vehicles can be outfitted with the RFID reader through the use of an electronic license plate (e-
plate) which enables simple, rapid deployment. The e-plate is installed at the front of the vehicle
to provide the lane ID tag reader’s antennas with a less obstructed “view” of the lane ID tags. In
addition to the lane ID tag reader, the e-plate includes a single board computer, which is used to
control the lane ID tag reader and to store and process acquired lane positions. The e-plate may
also contain an additional means of communication which allows it to interface with an
infrastructure based system (ie. a road side unit), or with an in-vehicle computer. The additional
means of communication may include any combination of the following:

1. Hard wire connection to/from an in-vehicle computer or short-range wireless
communication (e.g. Bluetooth or Zigbee®) to/from an in-vehicle computer or the vehicle
data bus (TX/RX)

2. Longer range wireless communication (e.g. DSRC®) to/from infrastructure (TX/RX) or
to/from other vehicles

Figure 2.1 shows the connectivity between the various components of VPS.

Road
In-cab side unit
computer (RSU)

TX/RX to vehicle
computers

TX/RX to
RSU or other
O—OT OO v
Trailer e-plate with Vehicle e-plate
TX/RX to vehicle

computers

Figure 2.1: Connectivity between VPS system components.

> If wireless communication between the e-plate and in-vehicle computer is used, one must ensure that the messages
are encrypted to avoid other vehicles from intercepting the messages.
% While DSRC is a likely candidate for longer range communication, VPS is not constrained to its use.



Installing both 1 and 2 on the e-plate will enable the development of a number of ITS
applications which require vehicle-to-infrastructure or vehicle-to-vehicle communication. The e-
plate’s block diagram is shown in Figure 2.2. Notice the two optional blocks: short range
TX/RX, and longer range wireless TX/RX. Only when at least one of these optional blocks is
installed in the e-plate, does the system become useful.

The in-vehicle computer, which is mentioned above in communication option 1, provides vehicle
data to the e-plate, or receives vehicle position or other data from the e-plate enabling the in-
vehicle computer to perform functions associated with the described application. The in-vehicle
computer may be one installed by the vehicle manufacturer, or one added to provide the needed
functionality.

. Lane ID Tag Mounted in or on road

E-plate
RFID read
RFID reader |<—] Single board
computer

Optional Longer

Optional Short Range Wireless

Range TX/RX

TX/RX
btoeccccccsecsseeadgecccccsccccsccccscnencdgereccccce- -
Communication with Communication with
host vehicle infrastructure or other
vehicles

Figure 2.2: E-plate system block diagram

If neither 1 nor 2 is included in the e-plate, some other means of communicating information to
the infrastructure is needed to make the system useful. One such implementation would involve
placing a programmable RFID tag inside the e-plate. The lane ID tag reader/writer could then
program pertinent information into the e-plate tag’s memory, and a roadside RFID reader could
be used to interrogate the e-plate’s tag to extract the information. Figure 2.3 shows the block
diagram for such an e-plate.
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RFID read

RFID reader/ Single board
writer computer

RFID read/write

RFID Tag
(e-plate tag)

Figure 2.3: E-plate system block diagram

In addition to these functional blocks which are used to communicate information from the e-
plate to the host vehicle, other vehicles, or the infrastructure, the e-plate can also be configured
to store the vehicle’s length’, which is important for many safety applications. This vehicle
length would be communicated along with the vehicle position. Consider that if the positions of
all vehicles are known, and if the lengths of all vehicles are known, then the locations and sizes
of all of the gaps can be computed. This knowledge of the gaps would enable lane change
warning systems, rear-end collision avoidance systems, and various headway control
applications such as platooning, and adaptive cruise control.

Figure 2.4 illustrates the computation of the gaps using the vehicle length and position
information. The cross-hatched areas are known to be occupied by vehicles, and thus, the gaps
can be computed. This information can be used to support a lane change warning application.
For example, assume that vehicle 2 attempts to move to the middle lane. Via the computed gap
information, the driver would be warned that there is not a suitable gap in the middle lane due to
the presence of vehicle 4 which may not be visible to the driver of vehicle 2 because of that
driver’s blind zone. If vehicle 5 attempted a lane change into the right lane, however, the driver
would not be warned, since there is a suitable gap.

’ The vehicle length stored in the e-plate could be automatically adjusted when a vehicle pulls a trailer (e.g. a tractor
pulling a double or triple). The vehicle length could either be programmed into the e-plate by the issuing agency
when the e-plate is first initialized, or could be transmitted to the e-plate from the vehicle data bus.

11
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Figure 2.4: Illustration of gap computation.

2.3.3 Other Hardware

For some applications, data from the vehicle’s bus is required. The e-plate should be able to
acquire data from the bus using an OBDII connector (or its equivalent on a truck) and one of the
communication schemes described in option 1 of Section 2.3.2.

2.3.4 Example of Preferred Operation

Figure 2.5 shows a demonstration of how the preferred system operates. Each time the vehicle
passes over a lane ID tag, the vehicle’s e-plate acquires the vehicle’s lane position. In this
particular example, the vehicle acquires the following data:

Road: 194

Direction of travel: West
Lane: 2

Longitudinal Position: 302 + x

This information can then be communicated to the infrastructure, or to other vehicles, or to the
driver in the cab, depending on the application and configuration of the e-plate.

It is important to remember that the above data set works well for the simple example illustrated
in Figure 2.5. However, in reality, additional consideration must be given to the exact nature of
the data set so that problems associated with special cases are overcome. One such special case
would involve handling the mile marker roll-over associated with the crossing of state lines.

12
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Figure 2.5: Demonstration of preferred system operation.

2.4 Technical Considerations

2.4.1 Creating the Desired RFID Reader Read Field via Antenna Design

The design of the antennas for the lane ID tag reader located in the proposed e-plate has a
significant effect on the performance and accuracy of the VPS system. Ideally, the VPS system
will provide high accuracy as well as highly reliable reads of the lane ID tags. However, as with
all things, tradeoffs exist between accuracy and reliability.

Figure 2.6 shows some of the possible read fields for VPS’s lane ID tag reader, which could be
created by designing the antennas to obtain specific beam sensitivity regions® (typically but not
necessarily elliptical shapes).  Notice that the only differences between each of the
configurations are the lengths of the read field’s longitudinal and lateral axes. This is because
the lengths of these axes are responsible for the most significant tradeoffs associated with VPS.

¥ Read field, or range of lane ID tag reader’s antenna sensitivity.
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Figure 2.6: Possible read field configurations.

First consider the effects of changes to length of the longitudinal axis. By increasing the length
of the longitudinal axis, one increases the length of time over which the lane ID tags will be
inside the read field. This increases the likelihood of reading the lane ID tag, since the lane ID
tag reader can attempt to read the lane ID tag a greater number of times. It also increases the
amount of data that can be transferred from the lane ID tag to the lane ID reader, since the
amount of time for the data to be transferred has increased. Also consider that the lane ID tag
can be read any time during its presence inside the read field. Thus, as the length of the
longitudinal axis increases, so too does the variability in the time at which the tag is read, which
would lead to vehicle positioning errors since the estimate of the vehicle’s position is updated
only when a new lane ID tag is read. Thus, the shorter the longitudinal axis, the more accurate
the longitudinal position reading and the thus, the more accurate the longitudinal position as
determined by dead reckoning.

Now consider the effects of changes to the length of the lateral axis. The length of the lateral
axis affects the distance by which the antenna can be separated from the lane ID tag and still
produce a valid read. A large lateral axis is desirable as it increases the likelihood that a lane ID
tag will be read, regardless of the lateral position of the vehicle in the lane. However, too great a
lateral axis will result in reading lane ID tags in adjacent lanes, which would position the vehicle
in the incorrect lane.

Figure 2.6e) represents the optimum theoretical read field. It would have a lateral axis which
extended some distance over each lane boundary, a longitudinal axis of zero, and it would read

14



each lane ID tag passed. The longitudinal axis of zero would ensure that no positioning error
would be introduced due to the variability in the time at which the lane ID tag was read. The
lateral axis would extend just beyond both lane boundaries to ensure that regardless of the
vehicle width and the lateral position of the vehicle within the lane, each lane ID tag would pass
through the read field.

While the extension of the read field beyond the lane boundaries may seem counter intuitive,
since it increases the risk of reading lane ID tags in the adjacent lane, it is in fact desirable. In
order to properly position vehicles during lane change maneuvers, the lane ID tags in both lanes
should be read, so that the vehicle is thought to be present in both lanes. Figure 2.7 illustrates
this concept. In step 1 the vehicle is located in the right lane. Notice that since the vehicle is
close to the center of the lane, the lane ID tags of the adjacent lane will not pass through the read
field, and thus, will not be read. Step 2 shows the vehicle halfway through a lane change. Since
the vehicle is present in both lanes of travel, it is important that the vehicle read the lane ID tags
in both lanes’. In step 3, the vehicle has completed the lane change, and begins to read only
those tags located in the left lane. Figure 2.7 also illustrates that for applications in which lane
change detection is required, the lane ID tags should be installed longitudinally along the lane
with a spacing of half the minimum distance required to make a lane change. A typical lane
change requires a minimum of approximately 50 m of longitudinal travel (at 60 mph). Thus, the
longitudinal spacing should be approximately 25 m to ensure that the transition state (step 2) is
detected.

Lane
ID tag

Figure 2.7: Illustration of VPS’s handling of lane change maneuvers.

It is unlikely that the theoretical optimum read field can be perfectly realized'®, however, the
general design of the antennas should ensure that all lane ID tags passed are read, that the read

? Detection of vehicles in both lanes of travel when executing a lane change is very important for applications such
as rear-end collision avoidance, since a vehicle in this state is a potential threat to both lanes of travel.

' The theoretically desirable read field may be possible with a phased array of antennas, but this may be
prohibitively expensive.
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field’s longitudinal axis is a minimum, and that the read field’s lateral axis extends far enough
beyond the lane boundaries so that lane changes can be detected, as described above.

2.4.2 Data Storage

Here we will begin by assuming an omni-directional antenna which provides a circular read field
with a diameter of one lane width, 3.66 m (12 ft), as shown in Figure 2.6d). This spatial
limitation, combined with the maximum speed of vehicles for which the system must operate
properly, and the maximum data transfer rate of the RFID system, defines the amount of data
that can be stored in the lane ID tag.

To determine the amount of data that can be read in this 3.66 m segment, consider the following
definitions:

e Response time t; : time (seconds) between the lane ID tag entering the read field of
the lane ID tag reader, and when the data transfer begins

e Transfer rate TR: rate (bit/s) at which data is transferred from the lane ID tag to the
lane ID tag reader

e Distance of travel DT : distance for which the lane ID tag reader is within the range
of the tag (3.66 m)

e Maximum speed of passing vehicles: v,,,, (m/s)

e Maximum amount of data which can be transferred: d__ (bits)

max

With these definitions, it follows that

=[O0t Jore

max
szx

Assuming a maximum speed of 128.7 km/h (80 mph), a response time of 0.075 seconds, a
distance of travel of 3.66 m, and a data transfer rate of 70,000 bits/s, the theoretical maximum
amount of data which can be transferred from the lane ID tag to the lane ID tag reader is ~ 1900
bits.

This compares favorably to the data load for the positioning system. Assuming lane distance,
lane of travel, heading, and lane number are stored in the lane ID tag, the data payload can be
described as:

a. distance from reference (probably mile post + feet from milepost)'' = two 16 bit
integers = 32 bits

' Here we refer to typical United States longitudinal references, and thus, we do not use metric units.
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b. lane of travel = & bits
c. heading =4 bits
d. road name or identifier = 32 bits

Thus, 80 bits are needed to store the positioning information. Including header and footer
(checksum) overhead, the expected total amount of data to be transferred is a maximum of 120
bits, which is considerably less than the proposed allowable maximum of 1900 bits.

It is worth restating that the above analysis assumes the use of an omni-directional antenna.
Other antenna designs, as discussed in section 2.4.1, could be used to achieve elliptical read
fields, which would improve the maximum data transfer capability of the system.

2.4.3 Vehicle Position Estimation

Using VPS, vehicles have an accurate estimate of their lane position only at the instant they pass
over each lane ID tag. In order to develop a better estimate of the vehicle’s longitudinal position
when the vehicle is between lane ID tags, vehicle odometry can be used. This would involve
simply integrating the speed (as obtained from the vehicle data bus as described in section 2.3.3)
over time to determine the distance the vehicle has traveled since reading the last lane ID tag.

2.5 System Enhancements

The calculation shown in section 2.4.2 showed that there exists considerable excess capacity in
the lane ID tags. Small enhancements to the data stored in each lane ID tag will facilitate a much
broader range of applications.

2.5.1 Alternative Installation — Two Lane ID Tag Readers

The installation discussed in this chapter involved lane ID tags placed down the center of each
lane, with the lane ID tag reader centered at the front of vehicles. This particular installation
method is preferred because it allows for rapid deployment through the use of an e-plate with a
single lane ID tag reader. Another installation method involves two lane ID tag readers (one on
each side of the vehicle'?) with the lane ID tags installed along the lane boundaries. This method
simplifies the procedure for installing the lane ID tags in the road, since a lane marking tape with
lane ID tags embedded could be used. Figure 2.8 shows this alternative installation.

2 The lane ID tag readers need not be installed on the sides of the vehicles. One configuration would have them
installed 1 m offset in both directions from the vehicle center line.
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Figure 2.8: Alternative installation for lane ID tags and lane ID tag reader.

For this alternative, each lane ID tag would be encoded with the lane boundary, rather than the
lane. This would allow the vehicle to determine which lane boundaries it was in-between, and
thus, the lane of travel.

For the same reasons as in the previously discussed installation, the theoretical optimum read
field has a longitudinal axis of zero. The lateral axis, in order to guarantee correct operation for
narrow vehicles, must be slightly less than a lane width. This will ensure that the left lane ID tag
reader cannot read the right lane ID tag, and vice versa, even for narrow vehicles. Also, it would
allow for the lane ID tag readers to be installed any distance from the center of the vehicle.
Figure 2.9 shows this theoretical optimum, where each lane ID tag reader has a lateral axis of
slightly less than a lane width. The locations of the two lane ID tag readers, their individual read
fields, as well as the combined read field are shown in the diagram.
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Figure 2.9: Optimum theoretical read field.

Figure 2.10 shows a lane change maneuver, and illustrates how the alternative installation
handles lane change detection. In step 1, the vehicle’s left lane ID tag reader reads the lane ID
tags in the left lane boundary, and the right lane ID tag reader reads the lane ID tags in the right
lane boundary. When the vehicle straddles the middle lane boundary, as depicted in step 2, both
the left and right lane ID tag readers read the lane ID tags of the middle lane boundary, which
indicates that the vehicle is straddling the middle lane boundary. Finally, in step 3, the vehicle
has completed the lane change, and is back to reading lane ID tags as in step 1.
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Figure 2.10: Illustration of VPS’s handling of lane change maneuvers for the alternative installation.

As with the single reader installation, it is unlikely that the theoretical optimum read field can be
realized. Most probably, the read field for each reader would be narrower than a lane width.
This would present difficulties for installations which required the two lane ID tag readers to be
separated by a distance greater than half of one lane width, since there may be insufficient
overlap of the two read fields at the center, which would prevent lane change detection. Also,
regardless of the width of the read field, narrow vehicles present installation difficulties.
Remember that the lane ID tag readers need to be separated by some distance so that the left lane
ID tag reader does not read the right lane ID tag, and vice versa. Achieving the necessary lane
ID tag reader spacing for narrow vehicles, such as motorcycles, may be problematic.

2.5.2 Alternative Installation — Multiple Lane ID Tag Readers

As an extension to the installation method discussed in the previous section, consider installing
multiple lane ID tag readers at the front of the vehicle. In the two reader case, there are three
distinct read zones, as shown in Figure 2.11. Read zone 2, located between the two readers, is an
area in which the read fields of the two readers overlap. Thus, if a tag was present in this zone, it
would be detected by both readers. As discussed previously, this zone would be used to detect
that the vehicle is straddling a lane boundary.

Reader 1 Reader 2

Figure 2.11: 3 distinct read field zones with 2 readers installed.
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Now consider the case when additional readers are added; more read zones would now be
present. Figure 2.12 shows a system which includes four readers, yielding 7 distinct read zones.
By adding even more readers, a greater number of read zones would be present. These read
zones could be used to detect the lateral position of the vehicle within a lane, which would be
useful for applications such as lane change assist, merge assist, lane departure warning, etc.

I I _venhicle
| "

Re%der 1 Reader 2 Reader 3 Reade:r 4

LaneIDtag > Lane ID tag
Lane width

Figure 2.12: 7 distinct read field zones with 4 readers installed.

2.5.3 Additional Memory in RFID Tags

If additional information is stored in each lane ID tag, additional applications are possible. The
types of additional information that could be stored in the lane ID tags include, but are not
limited to:

1. Information needed for safety purposes

Distance to traffic signal ahead

Distance to stop bar of an upcoming intersection

Sharp curve ahead

Information about the geometry of upcoming intersections to help prevent crashes or
to help with merging

e Local speed limits (and other information for in-vehicle signing or display)

2. Information needed for navigation purposes
e Upcoming ramp on right or left
o Identify protected left and right turn lanes
e Distance to protected right and left turn lanes

3. Other information that is dependent upon the application

2.5.4 Using Read/Write RFID Tags

By using read-write lane ID tags rather than read-only tags, even a wider range of applications
can be enabled by VPS. For example, the lane ID tags could be programmed to relay up-to-date
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road information to passing vehicles, such as construction zones, lane closures, road conditions,
etc. in the event that other means of communicating to the vehicle are unavailable.

The use of such read/write lane ID tags would, however, require the use of a data encryption
scheme to ensure the security of the lane ID tags’ data. Also, some type of write protection
would need to be employed to avoid the lane ID tags from being written to by unauthorized
parties.

2.5.5 Other Internal or Administrative Functionality

Clearly other functionalities would have to be designed into the system such as e-plate
initialization, automated self-diagnostics that would flag the driver, the vehicle and the road side
unit that the e-plate is not functional and requires maintenance. A watchdog processor might be
included to always monitor the system. And last but not least, a cost-efficient system would
need to be designed for installing and programming the lane ID tags.
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3 Characterizing an RFID Sensing System

3.1 Test Motivation

In order to determine if existing RFID technology could meet the needs of VPS, RFID
equipment was purchased, and a development system was built so that it could be characterized.
The Matrics AR400 reader/writer as well as Matrics Class 0 (passive, read only) and 0+ (passive,
read/write) tags were purchased. The reader, which operated in the unlicensed 902 — 928 MHz
band, was widely regarded as one of the highest performance readers in the passive RFID
market. The passive tags, which offered 12 bytes of user memory, were also considered to be
some of the highest performance tags available. For these reasons, the Matrics equipment was
purchased, and integrated into the development system. At the completion of the sensor
characterization experiments, the likelithood of using existing RFID technology to enable VPS
will be known. If existing RFID technology does not provide the desired performance, a better
understanding of what characteristics must be improved to make the development of VPS
feasible.

To ensure that VPS will function as desired, the RFID equipment would have to provide a
minimum level of performance. The most stringent requirements were placed on the RFID
equipment’s read range, read percentage, new tag reliability and latency. Ideally, the read range
would be optimized, as discussed in the section 2.4.1, read percentage would be 100%, new tag
reliability would be 100%, and the variability in latency would be extremely small. Table 3.1
summarizes some of the adverse effects that would be introduced by deviation from these
idealities.
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Table 3.1: Implications of non-ideal RFID system performance on VPS operation.

Read If the read range was too large, it would extend beyond the lane boundaries,
range and vehicles may read lane ID tags from the adjacent lane. If the read range

was too small, vehicles may not read lane ID tags in their own lane of travel.
Read If the read percentage was too low, vehicles would not read each lane ID tag

percentage | passed over, which would lead to longitudinal positioning errors.

New tag If each new tag was not guaranteed to be functional, the installation process
reliability | would be complicated, since each tag would have to be tested prior to
installation.

Latency Mean latency can be corrected for, but the variability in latency cannot.
Thus, the variability in latency must be small enough so that the position
estimate falls within some allowable tolerance. (2o = 0.01 s would yield
sub-meter longitudinal positioning accuracy at speeds up to 100 mph).

Also crucial to the operation of VPS was that the RFID equipment provide acceptable
performance for the above four characteristics over the range of typical driving speeds (30 — 70
mph).

The characterization experiments would also be used to determine which RFID antenna
orientation (height above pavement, pitch angle, yaw angle) yielded the best performance for the
above four characteristics over the range of typical driving speeds'.

3.2 Physical Test Setup

3.2.1 Vehicle Installation

In order to characterize the RFID sensor (Matrics AR400), the test vehicle (Infiniti M45) was
outfitted with a system that would ideally be miniaturized, and deployed through the use of an
electronic license plate (e-plate). The e-plate would contain an RFID reader, RFID antennas, and
a control computer. A block diagram of the development system is shown below in Figure 3.1.

13 Another variable, known as “tries”, was tested, as well. “Tries” is a configurable RFID reader parameter. It is an
indicator of how “hard” the reader tries to read each tag that passes through the read field. The higher the number of
tries, the harder the reader tries to read each tag in its read field, and thus, the greater the latency.
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Test Vehicle (Infiniti M45)

Antennas
I___/_"I
DGPS . ! '
) Serial ' |
(Trimble PC104 | ||
MS750) | |
' |
' |
REID TCP/IP | :
Reader | TCP/IP S RX |
(Matrics HUB | |
AR400) - |

|

Figure 3.1: Development system block diagram.

Notice the DGPS block, and the TCP/IP connection between the control computer and the RFID
reader. In an actual implementation of the e-plate, both of these blocks would be removed. The
DGPS block was included strictly for the purpose of post-experiment data analysis, and the
TCP/IP interface was necessary for communication with the third party RFID reader. Ideally,
the RFID reader would be tied directly to the processor in the control computer, eliminating the
TCP/IP interface.

Also shown in Figure 3.1 are the RFID reader’s antennas, which were installed at the front of the
test vehicle as shown in Figure 3.2. Notice that both RFID antennas were positioned at same
height above the pavement, h, had the same pitch angle, 8, and had the same yaw angle, v .
Also note that the nominal installation for the RFID antennas, & = 0°, w = 0°, was chosen such
that the RFID antennas were parallel to the pavement, and the long edge (8.8 inch side) of the
RFID antennas were facing forward, as shown in Figure 3.2. Figure 3.3 shows a picture of the
antennas installed on the test vehicle.
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Figure 3.2: Installation of RFID antennas at front of test vehicle.
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Figure 3.3: Test vehicle RFID reader antenna installation.
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3.2.2 Test Track Installation

3.2.2.1 Test Track

The Minnesota Road Research Project (Mn/ROAD) was selected as the test track to be used for
the characterization experiments. Mn/ROAD, which is a 4 km track with two 1.6 km
straightaways, is located near Albertville, MN. Figure 3.4 shows the general shape of the track.

3.2.2.2 RFID Tag Placement

A total of 50 RFID tags (Matrics Class 0+) were placed every 76.2 m along the test track. Each
tag was programmed with its corresponding tag number, which ranged from 1 — 50. The tag
installation procedure involved placing a tag directly underneath the phase center of the RFID
reader’s transmit antenna'®, and recording the vehicle’s DGPS position into a database, which
would be used for post-experiment data processing. Note that the vehicle’s position rather than
the tag’s position was recorded in the database, so that converting between the vehicle’s
coordinate frame and the tag’s coordinate frame during data analysis could be avoided. The
installation procedure for the RFID tags was as follows:

Place tag directly underneath RFID transmit antenna’s phase center.
Record vehicle’s DGPS position in database.

Drive forward 76.2 m feet.

Go to step 1.

P

Figure 3.4 shows the location of each RFID tag placed on the test track. Also, Table 3.2 gives a
physical description of the location of each tag.

' Through lab experimentation, it was determined that the reading of RFID tags was sensitive only to the location of
the transmit antenna. As long as the receive antenna was sufficiently close to the RFID tag, so that it could receive
the tag’s transmitted data packet, the read performance remained the same. Thus, the tag was placed directly
beneath the phase center of the transmit antenna.
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Figure 3.4: RFID tag locations at Mn/ROAD.

Table 3.2: Physical description of tag locations.

Asphalt Concrete
Straight | 5-22, 31-37 1-4, 38-48
Curve none 23-29, 49, 50

3.3 Data Acquisition

3.3.1 Data to be Acquired
In order to characterize the RFID sensor, the following data was collected:

1. DGPS position, timestamp, and quality (fix, float, autonomous) recorded for all laps.
Tag reads recorded for all laps.

3. A high accuracy timer (us resolution) was also used. The timer’s value was recorded for
each DGPS sample, and for each tag read.

Figure 3.5 shows a signal flow graph for the data which was acquired during the
experimentation.
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Figure 3.5: Data acquisition signal flow chart.

3.3.2 Role of DGPS in the Data Analysis

DGPS data was collected by the data acquisition software at all times during the experimentation
at the test track. The accuracy of the DGPS samples is shown in Table 3.3. Notice that the short
baseline errors are provided, since a local base station was installed at Mn/ROAD to provide the
correction signal.

Table 3.3: DGPS Accuracy

Mean SD [o] Mean SD [o]
Lateral Lateral Longitudinal | Longitudinal
Error (cm) | Error (cm) | Error (cm) Error (cm)
Short baseline RTK 0.6 11.9 -3.3 4.4

Using the acquired DGPS data, the value of the high accuracy timer, and the positions of the
RFID tags which were stored in a database, it was possible to determine the lateral deviation
between the phase center of the transmit antenna and the RFID tag at the instant each tag was
passed over. This information was used to create histograms for each experiment which
characterized the read range. It was also used to determine the tag read latency information.

3.4 Experimental Design

Characterizing the RFID sensor involved determining the read range, read percentage, new tag
reliability, and latency as a function of the RFID antenna orientation, vehicle speed, and “tries”.
Experiments were designed so that the dependent variables (RFID antenna orientation, vehicle
speed, and “tries”) could be quantified.

Determining these dependent variables allowed us to find the RFID antenna orientation which

provided a read range closest to the desired read range, as described in section 2.4.1. They also
allowed us to determine how reliably the reader could read the tags at typical driving speeds (30
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— 70 mph), as well as the variability in tag read latency, which is crucial to being able to
accurately position vehicles using RFID technology. Finally, they allowed us to determine the
variability in the performance of new tags.

Tables 5, 6, and 7 show the experiments that were conducted. They outline the exact RFID
antenna orientation, “tries”, and speed conditions that were used for each lap.

Table 3.4: Experimental settings and laps to compute read percentage and new tag reliability as a function of
RFID antenna orientation and speed.

Height Pitch Yaw Tries Speed Labs Tag Read
(h) (9) (v) (mph) P Attempts
30 4 200
Lo 0 0 40 4 200
oo 0 0 3 50 4 200
60 4 200
70 4 200
30 4 200
Low 0 0 40 4 200
oo 45 0 3 50 4 200
60 4 200
70 4 200
30 4 200
Low 0 0 40 4 200
(o 90 0 3 50 4 200
60 4 200
70 4 200
30 4 200
. 40 4 200
hi;ﬁﬂ?“ 0° 0° 3 50 4 200
60 4 200
70 4 200
30 4 200
. 40 4 200
Df;%ﬁ?“ 45° 0° 3 50 4 200
60 4 200
70 4 200
30 4 200
. 40 4 200
Df;%ﬂ?“ 0° 90° 3 50 4 200
60 4 200
70 4 200
Medium | 45° 90° 3 30 4 200
217) 40 4 200
50 4 200
60 4 200

30



70 4 200

30 4 200

. 40 4 200
M(el‘é‘,‘,l)m 90° 0° 3 50 4 200
60 4 200

70 4 200

30 4 200

. 40 4 200
g‘zg}; 0° 0° 3 50 4 200
60 4 200

70 4 200

30 4 200

. 40 4 200
g‘zg,g 45° 0° 3 50 4 200
60 4 200

70 4 200

Note: height = Medium (217), pitch = 90°, yaw = 0°, tries = 3, speed = 30 -70 mph, was
attempted, but produced such poor results that the experiment was terminated prematurely. By
decreasing the height to 18”, results improved dramatically, so a full data set was taken for that
height setting. Similarly, for the high height setting, a pitch angle of 90° produced poor results
and the experiment was terminated. Also notice that yawing of the RFID antennas was only
attempted on two of the data sets. After analyzing the data from these two conditions, it was
determined that the yawing of the RFID antennas did not significantly affect the system’s
performance, and thus, no further yawing experiments were conducted. The read performance’s
insensitivity to yawing of the RFID antennas also confirmed that the antennas were
omnidirectional.

Table 3.5: Experimental settings and laps to compute latency as a function of RFID antenna orientation and
speed.

Height Pitch Yaw Tries Speed Lans Tag Read
(h) (6) () (mph) P Attempts
30 2 100
Low . . 40 2 100
(10”) 0 0 3 50 2 100
60 2 100
70 2 100
30 2 100
Low . . 40 2 100
(10”) 45 0 3 50 2 100
60 2 100
70 2 100
Low 90° 0° 3 30 2 100
(127) 40 2 100
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50 2 100

60 2 100

70 2 100

30 2 100

. 40 2 100
hi;‘i{ﬁ‘)m 0° 0° 3 50 2 100
60 2 100

70 2 100

30 2 100

. 40 2 100
Mé‘il,‘})m 0° 90° 3 50 2 100
60 2 100

70 2 100

30 2 100

. 40 2 100
glzg,}; 0° 0° 3 50 2 100
60 2 100

70 2 100

Note: Because of an error in the data acquisition software for the experiments conducted in
Table 3.5, latency could not be computed. Thus, the experiments were repeated so that latency
could be calculated, however, only those settings which yielded the best results in the previous
experiments were repeated.

Table 3.6: Experimental settings and laps to compute latency and read percentage as a function of “tries”
and speed.

Height Pitch Yaw Tries Speed Laps Tag Read
(h) (9) (v) (mph) P Attempts
Medium 0° 0° 1 30 4 200
(217) 70 4 200
Medl’l’lm 0° 0° 3 30 4 200
(217) 70 4 200
Medl’l’lm 0° 0° 5 30 4 200
(217) 70 4 200
Medium o o 30 4 200
(217) 0 0 7 70 4 200
Medium o o 30 4 200
(217) 0 0 ? 70 4 200
Medium o o 30 4 200
(217) 0 0 25 70 4 200

Note: Because “tries’ was an internal reader configuration, it was assumed to be independent of
RFID antenna orientation, and likely speed. Thus, data was only acquired for one RFID antenna
orientation and for only low (30 mph) and high speeds (70 mph).
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3.5 Data Analysis
3.5.1 Description of Data Analysis Parameters

3.5.1.1 Lateral Deviation

Lateral deviation is defined as the distance, to the left or right of the tag, between the RFID
transmit antenna and the tag at the instant the transmit antenna passed over the tag. A positive
lateral deviation occurs when the vehicle passes to the right of the tag. A negative lateral
deviation occurs when the vehicle passes to the left of the tag.

Lateral deviation was computed using:

1. The DGPS sample before passing over the tag
2. The DGPS sample after passing over the tag

Figure 3.6 shows how the lateral deviation for each tag was computed using the above data.

DGPS sample after
passing tag

(X2’ y2)

Point at which
antennas pass tag

(X passed > y passed )

,~ RFIDtag
(X5, Y3)

Direction
of travel

DGPS sample
/ before passing tag

(X5 Y,)

Figure 3.6: Derivation of lateral deviation.

Let the line that passes through the two DGPS samples be y =m x+Db, .
Let the line that passes through the tag, and the point at which the phase center of the RFID
transmit antenna passes the tag be y =m,X+Db,.

Solving this system of equations we get:
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X =

passed

m, —m,
_ m,b, —mb,
passed
m, —m,
- 1. . .
Where m, = Y27 N gng m, = ——, since the two lines are perpendicular.
Xy =% m,

Finally,

e d
.d:—

=,/{X; —Xx +ly, -y if the car passed to the right of the ta
lat \/( 3 passed)z ( 3 passed)z p g g
(x

— X passed )2 + (y3 = Y passed )2 if the car passed to the left of the tag

lat

3.5.1.2 Read Range

Read range is difficult to quantify. In order to properly define read range, one would need to
perform a uniform distribution of read attempts, and then in some manner quantify the
distribution of reads which were produced by those attempts. For example, if the uniform
distribution of attempts provided a normal distribution of reads, then standard deviation would be
an excellent indicator of read range. Figure 3.7 shows the ideal read attempt distribution
(uniform) and a possible resulting read distribution (normal). Because of the nature of the
experiment, a manually driven vehicle passing over tags, it was not possible to generate a
uniform distribution of read attempts such as that depicted in Figure 3.7. Thus, rather then
quantifying the read range, a read range of £25 cm was chosen, and the read percentage within
that range was computed.

Ideal read

/ attempts

/ Reads

—1Im \ Im

RFID tag

Figure 3.7: Ideal read attempt distribution (uniform) and a possible resulting read distribution (normal).
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3.5.1.3 Read Percentage

Read percentage is defined as the number of tags that should have been read divided by the
number of tags that were read.

reads

Read percentage = ———
attempts

Based on the definition of read range, one simply must count the number of reads and read
attempts within 25 cm of the tag, and the divide the two, as shown in the above equation.

3.5.1.4 New Tag Reliability

Halfway through the experimentation the tags were replaced to determine if poor read
performance for specific tags was due to:

1. The tag itself
2. Some environmental/spatial condition (interference greater at a certain location, rebar
in concrete, etc...)

By comparing the read percentages of individual tags from the two tag sets, it was possible to
detect which of the above two factors was responsible for the poor individual tag performance.

3.5.1.5 Latency

Latency is defined as the length of time from the moment the tag is passed over, to the moment
the tag is read. Latency was computed using:

1. The DGPS sample before passing over the tag
. The DGPS sample after passing over the tag
3. The value of the high accuracy timer for positions 1 and 2, and at the time which the

tag was read

Figure 3.8 shows how latency was calculated using the above data.
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Figure 3.8: Derivation of latency.

X passed » Ypasses WeTE calculated as in the lateral deviation calculation shown in section

3.5.1.1
® 1 ,.q> as calculated above, is the time at which the phase center of the RFID transmit

antenna passed over the tag
e t..,which is not shown above, is the time at which the tag was read

e Therefore, t =t t

latency read ~ ‘passed

3.5.2 Summary of Data Analysis Results

3.5.2.1 Read Range and Read Percentage as a Function of RFID Antenna Orientation and
Speed

Read range and read percentage are two important characteristics of the RFID equipment which
will be used in the VPS system. In an ideal setting, the read range would be equal to one half the
lane width to avoid reading tags in adjacent lanes, as illustrated in section 2.4.1. Read
percentage, which is the fraction of attempted tag reads that actually resulted in a tag read, would
ideally be 100%, although for certain applications such as high occupancy tolling lanes, a read
percentage less than 100% suffice.

Table 3.7 summarizes the results for the first group of experiments which were conducted to
determine the relationship between RFID antenna orientation, speed, read range and read
percentage. The table lists each of the experimental conditions, and then provides the computed
read percentages. Read ranges are best understood through inspection of the plots which follow
Table 3.7.
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Table 3.7: Data analysis results for read percentage as a function of RFID antenna orientation.

Read Aggregate
Height | Pitch | Yaw Tries Speed Percentase Read
(h) (9) (v) (mph) o 8 Percentage
(%) o
(%)
30 575
Low 0 0 40 771
qom |0 0 3 50 62.0 62.2
60 773
70 702
30 61.6
Low ) O 40 693
Qo | 4 0 3 50 504 62.1
60 797
70 66.4
30 655
Low ) O 40 69.8
(o | %0 0 3 50 592 64.0
60 69.9
70 66.2
30 66.3
. 40 70.0
M(ez‘il,‘f)m 0° 0° 3 50 56.8 60.7
60 65.6
70 64.3
30 52.0
. 40 65.0
M(Zc}‘,‘f)m 45° | o° 3 50 516 54.5
60 60.1
70 486
30 504
. 40 66.5
M(Zcilff)m 0° | 90° 3 50 60.9 59.7
60 61.9
70 576
30 62.8
. 40 65.5
1\4(62‘}‘,‘3)‘1’ 45° | 90° 3 50 53.8 55.9
60 582
70 50.0
30 423
. 40 372
M(el%‘,‘f)m 90° | 0° 3 50 283 35.2
60 40.9
70 405
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30 71.9
. 40 811
glzg}; 0° 0° 3 50 612 68.4
60 653
70 66.4
30 0.6
. 40 352
glzg}; 45 |0 3 50 323 34.2
60 37.0
70 333

Figures 21 — 30, which are shown below, better illustrate the data in Table 3.7, and allow one to
understand read range, since quantifying it was not possible. For each experimental condition
there is one set of plots, where each set contains four subplots. The subplots show histograms
for the misses (top-left), reads (top-right), attempts (bottom-left), and read percentage (bottom-
right). The inability to achieve a uniform distribution of attempts for each experimental
condition is clearly shown in the attempts histograms for each set of plots. Because a uniform
distribution of attempts was not achieved, looking at the number of reads to indicate read range
would be misleading. Thus, the read percentage plots were created and are used to show the
lateral range over which tags could be read. Again, because of the lack of uniformly distributed
attempts, determining a single number to quantify the read range was futile, since it is fully
dependent on the distribution of attempts. Thus, to gain a better understanding of the read range,
one must individually investigate the read percentage plot for each experimental condition.
When characterizing the overall read percentage of a particular experimental condition, the read
percentage was calculated on the pre-determined range of £25 cm as outlined in section 3.5.1.3.
Notice that each subplot is overlaid with this pre-determined read range, and that the overall read
percentage is printed on each read percentage subplot.
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Figure 3.12: Height = Medium, Pitch = 0°, Yaw = 0°
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Figure 3.15: Height = Medium, Pitch = 45°, Yaw = 90°
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Figure 3.16: Height = Medium, Pitch = 90°, Yaw = 0°
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The above analysis showed that the RFID equipment was not able to provide a read percentage
of 100% for the desired read range of half a lane width (~6 ft). Moreover, a read percentage of
100% was not even achieved for read attempts in which the RFID transmit antenna passed
directly over the center of the tag. Also, both read range and read percentage were independent
of the speeds over which the RFID equipment was tested (30 -70 mph). Finally, when the RFID
antennas were at their highest setting, and parallel to the ground, the best performance, in terms
of overall read percentage, was achieved. These results, as well as a few other less significant
trends which were discovered, are summarized below.

Read Range
e Read range is quite difficult to quantify, as it is a function of distribution of read attempts
e Read range is fairly independent of speed, in the range 30 — 70 mph
¢ Read range increases as the RFID antennas’ height increases
e Read range is independent of yaw angle, indicating an omnidirectional antenna

Read Percentage
e Read percentage is fairly independent of speed, in the range 30 — 70 mph
e For the low setting, the read percentage is independent of pitch angle
e For the medium and high settings, as the pitch angle of the RFID antennas increases, the
read percentage decreases
e Read percentage is independent of yaw angle, indicating an omnidirectional antenna

3.5.2.2 Latency as a Function of RFID Antenna Orientation

Latency is also an important characteristic of the RFID equipment used in the VPS system
because it affects the system’s ability to accurately position vehicles passing RFID tags. As an
example, assume that the RFID system’s mean latency is 1 s. At 70 mph, the vehicle would be
roughly 31 m past the tag when the RFID reader finally finished processing the tag read. While
this may seem like an unacceptable amount of error, it is in fact, not. The positioning error due
to the mean latency would be common among all vehicles, and thus, would cancel out in
applications'® where only the relative positions of vehicles was required. Also, mean latency
could be corrected for in applications where absolute positioning was required. The variability
in latency, however, will not cancel out and cannot be corrected for, and thus, is of primary
concern in the latency analysis.

Table 3.8 shows the results of the second group of experiments, which were conducted to
determine the relationship between RFID antenna orientation, speed, mean latency and the
standard deviation of latency. Notice that the mean latency and standard deviation of latency are
independent of RFID antenna orientation and that there is no discernable pattern in relationship
to speed.

' One such application which requires only relative positioning of vehicles is the electronic brake light, which will
be discussed in much greater detail in chapter 5.
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Table 3.8: Data analysis results for latency as a function of RFID antenna orientation.

Height | Pitch | Yaw Tries Speed | Latency | Latency | Latency | Latency

(h) 9) | ) (mph) | (w) (o) () (o)
30 0.64 0.31

Low . ) 40 0.52 0.24

(10) 0 0 3 50 0.64 0.32 0.56 0.28
60 0.48 0.25
70 0.48 0.22
30 0.65 0.33

Low ) ) 40 0.49 0.20

(10”) 45 0 3 50 0.62 0.34 0.56 0.28
60 0.53 0.22
70 0.53 0.30
30 0.59 0.34

Low . . 40 0.53 0.22

(12”) 90 0 3 50 0.64 0.36 0.55 0.29
60 0.51 0.28
70 0.44 0.22
30 0.64 0.31

Medium . . 40 0.53 0.22

217) 0 0 3 50 0.58 0.34 0.54 0.27
60 0.50 0.19
70 0.46 0.20
30 0.60 0.29

Medium . . 40 0.50 0.20

217) 0 90 3 50 0.63 0.36 0.55 0.29
60 0.53 0.26
70 0.45 0.21
30 0.65 0.31

High . ) 40 0.53 0.17

(327) 0 0 3 50 0.64 0.36 0.57 0.27
60 0.52 0.23
70 0.52 0.25

Because latency was independent of RFID antenna orientation and speed, all of the above data
was compiled and used to generate the histogram of Figure 3.19. Notice the great degree of
variability in the latency. Also notice that three of the histogram’s bins contain many more
samples than the other bins. Given that the number of “tries” was set to three for this data set, it
was possible that these spikes in the histogram corresponded to the RFID reader attempting to
read the tag once, twice and three times. In order to determine if this hypothesis was true, data
was collected to determine the effect of the “tries” setting on latency.
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Figure 3.19: Latency histogram including data from all latency vs. RFID antenna orientation experiments.

3.5.2.3 Latency and Read Percentage as a Function of “Tries™

“Tries”, as described by the RFID reader’s user manual, “tells the reader how many times it
should repeat the read command each time a scan is to be performed” [14]. This description
leads one to believe that latency and read percentage would be directly proportional to the
number of “tries”. Because of this, and the three spikes that were present in the latency
histogram for the previous data set, it was decided that the “tries” setting’s relationship to latency
and read percentage should be further investigated.

Given that the previous experiments showed that latency was independent of speed and RFID
antenna orientation, the “tries” analysis was performed for only one RFID antenna orientation
and two speed settings: low speed (30 mph) and high speed (70 mph). Table 3.9 summarizes the
results.

Table 3.9: Data analysis results for latency and read percentage as a function of “tries”.

Read Total Read
. . Y
H(e ;]g)ht P(l;,c)h ( l;v)v Tries (Srge;(; La;:el)lcy Lazsces;lcy Percentage | Percentage
il e (%) (%)
Medium 0 o 30 418
217 0 0 1 70 0.18 0.04 535 46.7
Medium 0 0 30 66.3
217) 0 0 3 70 0.59 0.32 70.0 69.3

46



Medium o o 30 88.6

217) 0 0 5 70 0.90 0.45 796 84.8
Medium o o 30 91.8

217) 0 0 7 70 1.01 0.55 TG 87.0
Medium o o 30 83.1

217 0 0 9 70 1.4 0.74 777 81.1

Notice that mean latency and the standard deviation of latency both increased, as expected, as the
“tries” setting was increased. Read percentage also increased as “tries” increased, however, it
reached a maximum at a “tries” setting of 7, after which, read percentage began to fall. This was
likely due to the fact that the length of time required to perform more than 7 “tries” began to
exceed the length of time for which the RFID tags were in the read field of the RFID antennas.

Figures 32 and 33 more clearly show these results. Notice, in Figure 3.20, that a maximum read
percentage was achieved for a “tries” setting of 7. Figure 3.21 shows that mean latency (solid
line) and the standard deviation of latency (dotted lines) both increased as “tries” increased.
These results are significant, because they could be used to help tailor the RFID equipment for a
specific application. As Figures 32 and 33 show, one could sacrifice a bit of latency to improve
read percentage, so, depending on the application, one would need to choose a “tries” setting so
that a suitable read percentage is achieved. As an example, consider the HOT lane application,
where accurate vehicle positioning is not important. For this application one would want to set
“tries” to 7, to maximize read percentage, so that vehicles are accurately tolled.

Read Percentage vs. Tries

h=21",6=0%y=0°
0g T T T T T

Read Percentage

045 ! ! ! |
1 2 3 4 5 B 7 [ 9

Number of Tries

Figure 3.20: Read percentage vs. “Tries” for Height = Medium, Pitch = 0°, Yaw = 0°
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Figure 3.21: Latency vs. “Tries” for Height = Medium, Pitch = 0°, Yaw = 0°

3.5.2.4 New Tag Reliability

After analyzing individual tag data after the first set of experiments, it was found that certain tags
performed considerably worse than others in terms of overall read percentage. To determine if
tags performed poorly due to some spatial condition, such as greater interference at its location,
reflections off surrounding metal, etc., the entire set of 50 tags was replaced. The next two sets
of experiments were then performed using the second set of tags, and individual tag read
percentage was analyzed.

Figure 3.22 shows the performance for each individual tag in the first tag set. Notice that the
performance of tags 19 and 39 was significantly worse than that of the other tags. To determine
if this poor performance was associated with the tags themselves, or the locations of the tags, a
similar analysis was performed on the second tag set.

Figure 3.23 shows the performance for the second set of tags. Notice that the performance of
tags 19 and 39 in the second tag set was comparable to that of the other tags in the set, and was
considerably better than the performance of the corresponding tags in the first tag set. Also
notice that in the second tag set, the performance of tags 2, 31 and 47 was significantly worse
than that of the other tags, and was considerably worse than the performance of the
corresponding tags in the first tag set. Thus, one can conclude that the poor performance of these
5 tags (19 and 39 from tag set one, and 2, 31 and 47 from tag set two) was due to the tags
themselves, and not some other factor associated with the locations of the tags.
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3.5.3 Discussion of Results

Based on the above experimentation, it was possible to suggest an optimum configuration for the
Matrics RFID equipment. The best performance, in terms of read percentage, was achieved
when the RFID antennas were at their highest height, and parallel to the pavement. Also, a
“tries” setting of 7 achieved maximum read percentage. Thus, the overall read percentage would
be maximized by placing the RFID antennas at their highest setting, parallel to the pavement,
with “tries” set to 7.

This particular “tries” configuration (7), however, provides both a larger mean latency, and
greater variability in the latency. Furthermore, placing the RFID antennas at a height of 32 and
parallel to the pavement was not conducive to the suggested e-plate installation method. It is
worth noting, however, that each of the RFID antenna orientations at the low setting provided a
good read percentage (~ 62 %) for a “tries” setting of 3. This is important since the low setting
(12” above the pavement), is much closer to the location of many vehicles’ front license plate
holder, and is thus, a much more likely height for the installation of e-plates. With the low
setting, as with all other settings, the “tries” would have to be optimized for each application
because of the tradeoff between read percentage and latency.

3.6 Problems Encountered During Sensor Characterization

During the above experimentation, two major problems were encountered which eliminated the
possibility of building a field operational VPS system using the Matrics RFID equipment.

3.6.1 Interference

In performing the experiments at Mn/ROAD, it was found that data could not be written to the
read/write tags. Also, when traveling in a westbound direction, read percentage during the day
was dramatically lower than at night. After consulting with the Mn/ROAD staff, it seemed that
the only logical explanation for these two problems was that there was some type of interference
present in the 902 — 928 MHz range, which was frequency band on which the RFID reader
operated. This hypothesis explained the problem with writing to tags, since writing is much
more sensitive to interference. It also explained why read percentage was considerably higher
during the day, when the test vehicle traveled eastbound. Consider that if the interference
originated west of the test track, then when the vehicle traveled in an eastbound direction, the
back end of the vehicle would shield the reading of the tags from the interference. This shielding
would allow for improved tag reading when traveling eastbound. Thus, the most likely
explanation for these two problems, and the fact that they occurred only during the day, was that
there was some type of interference in the 902 — 928 MHz range which was only present during
the day, and which originated somewhere west of the test track. Because of these two problems
during daylight hours, all of the above experiments were conducted between the hours of 8§ PM
and 4 AM in order to maximize performance.

3.6.2 New Tag Reliability

Based on the new tag reliability analysis (see section 3.5.2.4), it was determined that 5 out of the
100 tags performed much more poorly than the other tags (10% read percentage versus 80% read
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percentage). Also, during the course of preparing the above experiments, it was found that
roughly 5 tags out of 100 did not work at all. Thus, approximately 10% of the tags which were
received provided insufficient performance for use in a VPS system, which is an unacceptable
failure rate. For a field operational test, the manufacturer would have to guarantee that each tag
placed on the road conformed to some predetermined minimum performance threshold.

3.7 Suggestions for a Next Generation Reader

The above analysis identified a number of problems with the Matrics hardware, which would
make it unacceptable for use in a deployable VPS system. In order for VPS to work, existing
RFID technology must improve, or a custom reader that is optimized for ITS applications should
be designed. The following problems, which were discovered when characterizing the Matrics
equipment, must be addressed when choosing or designing the new reader.

1. The tag read performance must be near 100% for speeds in the range 0 — 100 mph. To
achieve this, the system must have greater immunity to interference.

2. The percentage of new RFID tags which are faulty must be reduced to ensure that each
tag placed on the pavement is guaranteed to work.

3. The read range must extend to the lane boundaries. This could be achieved by
considering alternative tag installations to overcome a short read range, or by designing a
new RFID system which provides a greater read range (ie. redesign antennas, increase
read power, etc.).

4. In order to allow for the system to be installed within a front-mounted electronic license
plate, the system must be miniaturized.

5. In order to improve the position estimate, an RFID system must be designed such that the
latency is more deterministic to allow for correction.

6. A method to easily affix the tags to the road, so that they are protected from moisture,
traffic, etc., must be determined.
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4 A Basic Electronic Brake Light
Implementation using VPS

In order to demonstrate the use of the VPS system, and how one would implement an ITS
application using it, a demonstration of a prototype electronic brake light was implemented and
demonstrated to be functional.

4.1 Concept

The electronic brake light concept is one that has been identified by the Crash Avoidance
Metrics Partnership (CAMP) as being a high priority safety application which will be enabled by
vehicle-vehicle and/or vehicle-infrastructure communication [6]. Currently, drivers determine
when to decelerate by monitoring the brake lights of a single downstream vehicle: its lead
vehicle. The electronic brake light system is intended to extend the driver’s look-ahead range by
monitoring the activity of multiple downstream vehicles. In its most simple form, it would alert
the driver if any of the vehicles in front of him are decelerating harshly. Such a system would be
capable of warning drivers about impending severe deceleration much earlier than in the case
when only the lead vehicle is monitored. The system would also prove useful when visibility is
limited, such as during poor weather conditions, or when the driver is distracted.

This concept proposes to use inter-vehicle communication to broadcast the application of a
vehicle’s brakes to nearby vehicles. However, auto manufacturers have not addressed what
should be contained in the brake apply message nor how to route the messages. If vehicle
position is not included in the brake apply message, it is likely to have adverse affects on the
adjacent lane of traffic and vehicles ahead of the vehicle applying its brakes. The lane position
information provided by VPS is precisely that needed to enable deployment of electronic brake
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lights. Only vehicles in the same lane of traffic and behind the vehicle in question should be
warned that brakes ahead have been applied.

4.2 Test Track Installation

The first step in performing the demonstration of the electronic brake light was to outfit the test
track. The test track was outfitted with 40 RFID tags. Tags 1 — 20 were placed in the right lane
with a spacing of 76.2 m, and tags 21 — 40 were placed in the left lane, with the same
longitudinal position as that of tags 1 — 20. Figure 4.1 shows the installation location of the first
two tags in each lane (1, 2, 21, and 22).

< WL WY 1118 R0

d'start| @ (B} & Java - tagDatahcqM4s.). . &5 eBrake Visualizer
Figure 4.1: RFID tag placement on test track.

In order to simplify the placement and removal of each of the tags, they were first bonded to a
piece of white Plexiglas. Figure 4.2 shows a tag (# 37) attached to the Plexiglas.

53



Figure 4.2: RFID tag bonded to Plexiglas.

To further simplify the electronic brake light demonstration, each tag was placed so that when
the left wheels of the test vehicle were directly on top of the test track’s centerline (for right lane
driving) or the fog line (for left lane driving) the phase center of the RFID transmit antenna
passed directly over the center of the RFID tag. This was done to help the driver pass over the
tags with the antennas centered over the tags. Because the read range of the tags was so small,
any slight deviation to the left or right of the tags would result in the tag not being read, which
would have been problematic for demonstrating the usefulness of the electronic brake light.
Figure 4.3 shows the test vehicle, with its left wheels directly on top of the centerline. Notice
that the RFID transmit antenna, which is located on the vehicle’s driver side, is directly above
the RFID tag.
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Figure 4.3: Picture showing RFID transmit antenna centered directly over RFID tag.

4.3 Host Vehicle Installation

The host vehicle’s installation was identical to that of the sensor characterization installation,
with the exception of the DSRC unit and buzzer. The DSRC unit was added so that the lead
vehicle’s harsh deceleration messages could be received, in order to warn the driver by sounding
the buzzer. Figure 4.4 shows a block diagram for the equipment installed in the host vehicle.
Also, notice the GPS unit. The vehicle’s position was determined using VPS'®, and the GPS unit
was used solely for the purposes of post-experimental data analysis. The RFID reader antennas
were installed in the same position as shown in Figure 3.3.

' VPS position was acquired/updated only when an RFID tag was read. For this demonstration, dead reckoning
using vehicle speed data from the OBDII connector was not used, as suggested in section 2.4.3.
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Figure 4.4: Host vehicle installation block diagram.

4.4 Lead Vehicle Installation

The lead vehicle installation is shown in Figure 4.5. Notice the lack of RFID equipment. We
were unable to procure an additional set of RFID hardware, and thus, VPS position was
simulated. Figure 4.6 shows how VPS position was computed through the use of the vehicle’s
GPS position and a digital map of the test track. By correlating the GPS position with the digital
map, the lane of travel was first determined. Then, only at instants when the vehicle crossed the
dotted lines was the position updated to the most recently passed RFID tag. For example,
assume the vehicle in Figure 4.6 continues in its current lane. At the instant it crosses the dotted
line running through RFID tags 2 and 22, the vehicle’s position would be updated to the right
lane of travel at longitudinal position 2. One subtle difference between the VPS position of the
lead vehicle and host vehicle was that the lead vehicle never missed reading tags, because the tag
reading was simulated via GPS. The host vehicle, on the other hand, did miss reading tags,
because the read percentage for the RFID equipment was not 100%.

Also notice the IMU, which was not present in the host vehicle installation. The IMU was used

to sense harsh deceleration activity, which triggered the broadcast of the braking message via the
DSRC radio.
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Figure 4.5: Lead vehicle installation block diagram.
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Figure 4.6: GPS simulation of VPS position.

4.5 Description of the System’s Operation

The system’s operation, as previously described, was quite simple. The vehicles would acquire
VPS position (host vehicle), or a simulated VPS position (lead vehicle) each time a tag was
passed. If the lead vehicle braked harshly (greater than '4g), a braking message was broadcast.
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The host vehicle received the broadcast message and if it was located in the same lane, and
behind the lead vehicle, the buzzer was sounded for 1 second. Figure 4.7 shows the two vehicles
at their start position.

[l

distart| & (G} [ Telet 10.0.0.86 | [ Telnet 10.0.0.85 | = Java - tagDataicqhies. j. | & eBrake visualizer

Figure 4.7: Electronic brake light demonstration start position.

Figure 4.8 shows the vehicles traveling along test track. Notice that as the RFID reader installed
in the host vehicle (gray) reads the RFID tags, they are highlighted in green on the display,
whereas unread tags remained white'’. It is important to note that the lead vehicle (blue) used a
simulated VPS position which was computed by correlating its GPS coordinates with a digital
map of the test track. As such, the lead vehicle never missed tags, as would the host vehicle.

7 Because the read percentage for the RFID equipment was not 100%, it was possible that tags could be missed.
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Figure 4.8: Normal driving during electronic brake light demonstration.

Figure 4.9 shows a situation where the lead vehicle brakes harshly. To indicate this harsh
braking, the lead vehicle turned red on the display. Also note that because the host vehicle was
behind the lead vehicle, and in the same lane, the buzzer in the host vehicle sounded. Also
notice that tag 3 was not read, and remained white, whereas the read tags turned green.
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Figure 4.9: Gray vehicle is warned.

Figure 4.10, on the other hand, shows a situation where the buzzer did not sound. Notice that the
host vehicle was behind the lead vehicle but was in the opposite lane. Because it was not in the
same lane, the buzzer did not have sound.
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Figure 4.10: Gray vehicle is not warned.

While only two cases are presented here, all possible relative positions between the two vehicles
were tested, and the system was found to work properly. Figure 4.11 shows the relative
positions that were tested. Relative positions 1 — 4 are the scenarios where the host vehicle was
behind the braking vehicle, whereas relative positions 5 — 8 are the scenarios where the host
vehicle was in front of the braking vehicle. Notice that only when the host vehicle was in the
same lane and behind the braking vehicle, was the driver warned.
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Figure 4.11: Relative positions between the lead and host vehicles that were tested.
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5 A More Robust Approach to the Electronic
Brake Light and its Implications on VPS

This chapter discusses the design of a risk metric for use in driver support systems which aim to
reduce the likelihood of rear-end collisions. The risk metric will indicate a level of rear-end
crash risk associated with a platoon of vehicles located immediately in front of the host, and
could be displayed to the driver to provide him with a measure of the risk associated with the
unseen events ahead. It is important to note that throughout this chapter, it is assumed that only
the host vehicle is performing the risk metric computation.

There have been several attempts at designing systems to help drivers avoid rear-end crashes
using radar; the systems range from adaptive cruise control (ACC) to rear-end collision warning
systems. Past designs for rear-end collision warning systems [3, 4, 26 — 31] used radar to acquire
range, range rate and deceleration data. A more novel approach proposed the use of radar to
detect the range and range rate for a platoon of three vehicles, which included the host, and the
two vehicles immediately downstream of the host [5]. It is likely that these systems could be
improved upon if the host was able to acquire range, range rate, deceleration, vehicle length and
brake light status data from all vehicles in the lead platoon. With the emergence of dedicated
short range communication (DSRC) as a means to support the necessary vehicle-vehicle and
vehicle-infrastructure communication [6], the ability to have access to this data becomes
increasingly more viable.
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The new approach presented herein assumes that via DSRC and VPS'®, position, velocity,
acceleration, vehicle length and brake light status data for a platoon of vehicles located in front
of the host vehicle will be available. This data will be used to compute the risk metric associated
with the downstream platoon, which could be used to provide feedback to the driver by way of a
driver support system. Such an implementation is unique from prior rear-end collision avoidance
algorithm designs in its use of data from the entire lead platoon, as well as its use of VPS as the
enabling position sensing medium.

5.1 Chapter Outline

This chapter will first introduce the problem of determining the rear-end crash risk metric as well
as the stability definitions which will be used during its derivation. The implications of the
stability definitions on the risk metric’s computation will also be considered. After reviewing
this background material, the method for computing the risk metric will be presented.

The method for computing the risk metric is presented below by first computing the risk metric
for a single pair of vehicles, one following the other. In this case, the risk metric can be
physically interpreted as the minimum deceleration required by the host vehicle to avoid a crash
with the lead vehicle (also sometimes called the principal other vehicle or POV). Following the
derivation of the minimum deceleration to avoid a crash for the two wvehicle case, the
computation is extended to compute the risk metric for a platoon of vehicles. After discussing
the computation for a platoon of vehicles, a method for tightening the lower bound estimate of
the risk metric by using brake light information, which is applicable only when vehicle trajectory
histories'® are known, is presented. This lower bound (the minimum level of braking required to
avoid a crash) will reduce the likelihood of false positives.

Sample risk metric computations are then performed on platoons for two cases:

1. When vehicle trajectory histories are not known (no tightening of lower bound using
brake light information).
2. When vehicle trajectory histories are known (tightening of lower bound using brake

light information).

While the sample calculations for platoons without vehicle trajectory histories would not be
performed in practice, they are useful for demonstrating the computation of the risk metric, and
for helping the reader relate the risk metric’s computed value to the physical state of the platoon
(ranges, range rates, and accelerations).

As a final step, the risk metric’s sensitivity to positioning error will be determined. Using this
information, the longitudinal positioning accuracy that must be provided by VPS, to guarantee
that the risk metric falls within some predetermined error tolerance, will be calculated.

'8 1t is proposed that this position information be provided by VPS, rather than GPS, because of the problems
associated with GPS which were discussed in section 1.1.

' Vehicle trajectory history refers to knowledge of past acceleration, speed, position and brake light status data for
each vehicle in the platoon, which would have to be stored in a memory buffer.
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5.2 Problem Introduction and Stability Definitions

Assume we have a platoon of vehicles, as shown in Figure 5.1. Vehicle 0 is the host vehicle,
and vehicles 1 to n comprise the platoon of vehicles located immediately downstream of the
host. In our case, the host is most concerned with avoiding a collision with vehicle 1.

Direction of Travel

.

a‘0 IO a'l I1 a‘2 |2 n-1 In—l an In
0 dO 1 d] 2 d2 n-1 n-1 n dn
0 1 2 n-1 n
<> <> . . . . . <—>
BLO dOl BLl d12 BL2 BI-n 1 dn—ln BLn

Figure 5.1: A platoon of vehicles showing the data that will be available for risk metric computation.

Notice that for each vehicle i, we are given the following data:

i"™ vehicle’s acceleration

+th
=1

, vehicle’s speed

o < o

= i" vehicle’s longitudinal position

l. = i" vehicle’s length

BL = i" vehicle’s brake light status (on/off)

1
From this data, we can also directly calculate:

Range = di,i+1 = (di+l _Ii+l)_di
Range rate = v, -V,

i,i+l = i

Vi

+1

Relative acceleration= a,,,, =a,,, — &,

i,i+1 i

Figure 5.2 helps to illustrate how we arrived at the above equations.
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Figure 5.2: Data used to compute range.

We will now define some mathematical relationships that define various levels of stability which
lead to a measure of risk. The disturbance that we will be concerned with is braking occurring
downstream of the host.
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Definition:
The platoon of vehicles shown in Figure 5.1 is stable if:

Vi, ()>0 Vt>0

for i=0,1,...,n

dii., (0020

This definition implies that the range rate for each pair of vehicles in the platoon is positive
Vt >0 and that the initial range for each pair of vehicles is such that the vehicles are not in a
crashed state. It guarantees that no two vehicles in the platoon will crash Vt > 0. Moreover, the
headways, d, ;,,(t), will strictly increase. Thus, stable platoons present no immediate risk to the

host vehicle.

Definition:
The platoon of vehicles shown in Figure 5.1 is instantaneously stable at time t if:

Viia t)y>0

fori=0,1,...,n
di,i+1 (t) 2 0

This implies that the range is greater than or equal to zero, and the range rate is positive at time
t.

Definition:
The platoon of vehicles shown in Figure 5.1 is marginally stable if:

V(=0 Vvt=0 )
’ for 1=0,1,...,n
di;,,(0)20

Although marginally stable platoons present no immediate risk to the host vehicle, it is important
that they are accounted for in the risk metric’s computation since any small braking disturbance
injected into a marginally stable platoon, will cause it to become unstable .

Definition:
The platoon of vehicles shown in Figure 5.1 is instantaneously marginally stable at time t if:

Viia(t) =0

fori=0,,...,n
di,i+l (t) 2 0
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This implies that the range is greater than or equal to zero, and the range rate is equal to zero at
time t.

Definition:
The platoon of vehicles shown in Figure 5.1 is unstable if:

V(<0 Vt>0

for i=0,1,....,n
di,i+l (O) 2 0

This implies that the range is greater than or equal to zero, and the range rate is negative. If a
platoon is unstable, it presents an immediate risk to the host vehicle.

Definition:
The platoon of vehicles shown in Figure 5.1 is instantaneously unstable at time t if:

Vi (<0

for i=0,1,...,n
di,i+1 (t) 2 0

This implies that the range is greater than or equal to zero, and the range rate is negative at time
t.

NOTE: All future references to stability, marginal stability or instability will refer to their
instantaneous counterparts.

5.3 Considering the Stability Classifications when Computing the Risk
Metric

When determining an algorithm to calculate the risk metric associated with the lead platoon, one
must ensure that it will account for all cases by considering the implications of the stability
definitions. Below we discuss how a platoon’s stability classification will affect the risk metric.

5.3.1 Stable Platoon

If a platoon is stable, it presents no risk. These platoons are not considered when computing the
risk metric (ie. the risk is not calculated and is simply set to zero).
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5.3.2 Marginally Stable Platoon

If a platoon is marginally stable, it presents no immediate risk. However, because a small
disturbance will cause the platoon to become unstable, one must consider marginally stable
platoons in the risk metric calculations. It is important to keep in mind that two platoons that are
marginally stable will have different levels of associated risk if a disturbance occurred. For
example, assume platoon 1 is marginally stable at time t, and d;;,,(t)=100 m, and v;(t)=10

m/s. Platoon 2 is also marginally stable at time t, but d;;,,(t)=10 m,and v;(t)=10 m/s. If

a braking disturbance occurs at vehicle n, platoon 2 would be at a greater risk of producing a
collision because the small ranges between vehicles would require the drivers to be much more
vigilant than those of platoon 1. Thus, the risk metric must return a higher value for platoon 2
than for platoon 1.

5.3.3 Unstable Platoon
If a platoon is unstable, it presents an immediate risk, and the risk metric must be computed.

5.4 Computation of the Risk Metric

The approach chosen to compute the risk metric involves the computation of the minimum
deceleration to avoid a crash between longitudinally adjacent vehicles. This computation is then
propagated along the entire platoon, to arrive at a lower bound on the deceleration required by
the host vehicle (vehicle 0) to avoid a collision with the lead vehicle (vehicle 1). In this section,
the derivation of the minimum deceleration to avoid a crash between adjacent vehicles is first
presented. After presenting this derivation, the method for computing the final risk metric by
propagating the minimum deceleration computation along the entire platoon is shown.

5.4.1 Calculating the Minimum Deceleration to Avoid a Crash for a Pair of Adjacent
Vehicles

Using the vehicle data shown in Figure 5.1, and assuming a driver reaction time, t,, one can
compute a minimum bound on the deceleration required to safely prevent a collision between a
pair of adjacent vehicles in a platoon. For example, assume that vehicle n begins braking at
time t =0. Vehicle n—1 will continue in its current state until the driver reacts at time t =t,, at
which point it will begin braking in response to the braking of vehicle n. The minimum rate at
which vehicle n—1 must brake in order to avoid a collision with vehicle n is defined as a

'min,n—1 *

We will first calculate a for a pair of vehicles and then, in a later section, use the result to

'min,n—1

compute the risk metric for a platoon of vehicles.

Definition:
The “contact state”, which applies to two vehicles following one another, is said to occur at time
t. if the range and range rate become zero at time t_, and if the range rate is non-negative

c

Vvt >t.. This can be expressed mathematically as:
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Vi,i+1 (tc) = 0

and v..  (1)=0 Vi>t
di,i+1(tc) = O IVH'I( ) ¢

Figures 48 and 49 show the acceleration activity for vehicle i+1 and vehicle i. Vehicle i+1 is
driving with an acceleration of a,,,, and at t=0, begins to decelerate at a rate of a, ., -

Vehicle i is driving with an acceleration of @, and at t =t, it responds to the braking of vehicle

i +1 by braking at a rate of a the minimum deceleration required to avoid a collision with

‘min,i >

vehicle i+1. We will now calculate this a

‘min,i *

a,,(t
I-‘r()*

i+1

a‘brake,i+1

Figure 5.3: Acceleration of lead vehicle (vehicle i+1).
a (1) A
8 I'd k

Figure 5.4: Acceleration of following vehicle (vehicle i).

By taking the acceleration functions from the above graphs, and integrating them once to acquire
speed, and twice to acquire position, we arrive at the following formulae for acceleration, speed
and position for each vehicle.

a'i-¢-1 (t) = a‘t)ratke:,i-¢—1 t 2 O (1)

t
Vi+1 (t) = Vi+1 (0) + J. a'i+1 (T)d = a'brake,th + Vi+1 (O) t>0 (2)
0
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t
0o (1) = .1 (0) + [V ()T = L8y’ + Vit (0 + 7, (0) €20 (3)
0

] 0st<t 4
4, (t)_ amin,i tZtr ( )
) t i ait +v,(0) 0<t<t,
vi(H)=v, (0)+‘(')‘ai (rd7 = 8 (t-t)+at +v.(0) t>t, ©)
di(t):di(0)+j-vi(z')dr
Lat? +v,(0)t+d,(0 0<t<t
— Zal +V|( ) + |( ) st< r (6)

{% Qi (t=t.)7 +[at, +v,(0)]- (t—t,)+Lat,’ +v,(0)t, +d,(0)  t>t,

Using the definitions for range, range rate, and relative acceleration as given in section 5.2, as
well as equations (1) through (6), we arrive at the following relationships for the range, range

rate, and relative acceleration.

a Co—a
ai,”l (t) _ { brake,i+1 i r (7)

abrake,i+1 - a'min,i

Viia (O =Vv;;,(0)+ j Qi (r)dz

_ (abrake,i+l - ai )t + Vi,i+1 (0) 0 <t< tr (8)
(a‘brake,i+l - amin,i )(t _tr) + (a‘brake,i+l - a‘i )tr + Vi,i+1 (O) t> tr

di,i+1 (t)= di,i+1 (0)+ j'Vi,m (r)dz

%(abrake,iﬂ - g )t2 +Vi (Ot + di,i+1 0) 0<t<t,
= %(abrake,iﬂ - a'min,i )(t - tr )2 + [(abrake,i-H - ai )tr + Vi,i+1 (0)] ' (t - tr) (9)
+ %(abrake,i-ﬂ - a'i )tr2 + Vi,i+1 (O)tr + di,i+1 (O) t 2 tr

When solving the above equations for a; ;, the minimum deceleration to avoid a crash, three

possible cases arise.

1. The following vehicle and lead vehicle reach the contact state and the lead vehicle is
moving.
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2. The following vehicle and lead vehicle reach the contact state and the lead vehicle is
stopped.
3. The following vehicle’s velocity is less than the lead vehicle’s velocity
(ie. Vi, (®) > v, (1))
Each of these cases yields a different solution for the minimum deceleration to avoid a crash, and

thus, they must be examined independently. When considering each case in more detail, the
differences between each of them will become clear.

5.4.1.1 Case 1: Reaching the Contact State with the Lead Vehicle Moving
First we impose the v;;,,(t.) =0 condition on (8) when t >t and find that:

(abrake,i+1 - g )tr + Vi,i+1 (O)

abrake,i+l - a'min,i

t, =t — (10)

Now, imposing the d;,,(t,)=0 condition on (9) when t >t , and substituting in for t, as given
by (10), we find that:

% [(abrake,m - )tr + Vi,i+1 (0)]2
%(abrake,iﬂ - a‘i )trz + Vi,i-¢-1 (O)tr + di,i+1 (0)

a (11)

mini — Qorake,isl

Equation (11) represents the minimum deceleration required to avoid a crash with the lead
vehicle, given that the two vehicles reach the contact state with the lead vehicle moving.

5.4.1.2 Case 2: Reaching the Contact State with the Lead Vehicle Stopped

The above value for a_. . will be invalid if the lead vehicle comes to rest at some time t<t . In

min, i

order to handle this case, we must compute the time at which the lead vehicle comes to rest, t,,,,

and check it against t.. If t, <t., then we have case 2 in which the contact state is reached

lea

with the lead vehicle stopped. Otherwise, we have case 1, and the prior calculation for a_. . is

‘min,i

valid.

From (2) it is straightforward to show that:

fy = et (12)
a‘brake,i+1

As previously stated, if t,,, <t., then the following vehicle reaches the contact state with the

lea
lead vehicle stopped. In this case, the distance traveled by the following vehicle during the
reaction time delay, plus the braking distance must equal the braking distance of the lead vehicle,
plus the initial range between the two vehicles. This can be expressed as:
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ddelay,i +d = di,i+1 (0)+d

braking.,i braking,i+1

Equivalently, if we decompose d... (0) using the definition given in the problem introduction

i,i+l

we have:

d,..  —+d

delay i +d;(0)=d,;,,(0)+d +d;,,(0) =1, (13)

braking,i braking,i+1

From equations (3) and (12) it is straightforward to show that:

d __ Via(0) (14)

braking,i+1 —
2abrake,iJrl

Also, the left hand side of (13) is simply (6) for t > t,

gy +d +d,(0)= (15)

T8 ()7 H[at +V(O)]-(t =t ) +3at,” + Vi (O)t, +d;(0)

delay,i braking.,i

Substituting (14) and (15) into (13), we get:

Vi+1 (0)2

(t=t)" +[at +v O] t-t)+3at" +v Ot =d,;. (0) -

7a (16)

'min, i
brake,i+1

Also, at the contact state, the velocity of the following vehicle must be zero. So, from equations
(5) and (6), we find that:

t =t, +M (17)

Solving (15) when t =t_, as given in (16), we get:

_ %[aitr Vi (0)]2
di,i+1 (0) U % aitr2 -V (O)tr

2abrake,i+l

(18)

min,i ~

Equation (18) represents the minimum deceleration required to avoid a crash with the lead
vehicle, given that the two vehicles reach the contact state with the lead vehicle stopped.

5.4.1.3 Case 3: The Two Vehicles are in a Stable State

If v, (t) > v;(t) then the two vehicles are in a stable state and a,_; ; =0, since two vehicle in this

'min,i

state present no risk to the host vehicle’s driver.
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5.4.2 Using the Minimum Deceleration to Avoid a Crash to Compute the Risk Metric for
a Platoon of Vehicles

The risk metric is computed by propagating the minimum deceleration to avoid a crash
computation along the entire platoon. The resulting risk metric will, thus, be a minimum bound
on the deceleration required by the host vehicle (vehicle 0) to avoid a crash with the lead vehicle
(vehicle 1).

5.4.2.1 Finding the Largest Non-Stable Platoon

The first step in computing the risk metric is finding the largest non-stable platoon of which the
host vehicle is a member. To find the largest non-stable platoon, one simply must find the
largest consecutive string of vehicles, starting with the host vehicle, for which the relative
velocities are non-increasing. For example, the largest non-stable platoon for the platoon shown
at an instant in time in Figure 5.5, comprises vehicles 0 — 3 since v, > V;.

a, =0m/s’ a, =0m/s’ a,=0m/s’ a,=0m/s’ a,=0m/s’
vV, =16.5m/s v, =l6m/s v, =15.5m/s v, =15m/s v, =17m/s
(o] - - 4]
d,=60 d,=20 d,; =30 d,, =15

Figure 5.5: Choosing the largest non-stable platoon.

5.4.2.2 Prediction of Future Vehicle States

The previously derived formulae for a_. . are only applicable when the braking of vehicle i+1

‘min,i

begins at t =0. Thus, the state for each vehicle upstream of vehicle i must be determined at the
time its predecessor begins braking. For example, assume that t, =1.5s and that vehicle n
Vehicle n -
2’s leader, vehicle n-1, however, does not begin braking at t =0 due to the reaction time of
vehicle n-1’s driver. Thus, one must first predict the state of vehicle n-2 at t =1.5s, the time at
which vehicle n-1 begins braking. Then, using the new predicted state at time t =1.5S, one can
apply the above formulae to determine a This method can be used to determine a_, . for

begins braking at t =0. One can directly apply the above formulae to find a

'min,n—1 *

'min,n—2 * ‘min, i

each vehicle in the platoon. The following generalizes the state prediction algorithm which must
be used to calculate a_. . when i <n-—1.

'min,i

First, we assume that the initial vehicle accelerations will remain constant throughout the
prediction window, and thus:

ai ,predicted = ai

ai+1, predicted = a‘i+l
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Calculating the velocity and position estimates for each vehicle, we get:

(n-1-i)t,

Vi,predicted (t) = Vi (O) + Iai,predicted dt = Vi (O) + a'i,predicted (n -1- I)tr
0

(n-1-i)t,

Vi+1,predicted (t) = Vi+1 (0) + Iai+l,predicted dt = Vi+1 (0) + ai+1,predicted (n -1- I)tr
0

(n=l1=i)t, t

G precicea (1) = d; (0) + I Iai,predictedd wdt = d; (0)+V; (0N —1=1)t, +38 pregioea (N1 =D)L, 1°
0

0

(-2)t, t

di+|,predicted (t) = di+1 (0) + I Jaiﬂ,predicted d Tdt = di+| (O) + Vi+| (O)(I - 2)tr + %am,predicted [(I - 2)t2 ]2
0

0

Using the above to determine the predictions for relative acceleration, range rate, and range
predictions, we get:
a =a a

i,i+1, predicted i+1, predicted — i, predicted

(n-1-i)t,

Vi,i+l,predicted (t) = Vi,i+l (O) + I a'i,i+l,predicted dt = Vi,i+1 (0) + a'i,i+l,predicted (n -1- I)tr
0

(n-1-t, t
di,i+1,predicted (t) = di,i+1 (0) + J- J-ai,iJrl,predicted d Tdt
0 0
= di,i+1 0)+V;;,(0)(n—1- Dt +5 & 41, predicted [(n—-1-i), I’
These new predicted states can now be substituted into the previously derived formulae for
computing @, ;-
5.4.2.3 Propagation of Braking Activity along the Platoon and Final Computation of Risk
Metric
After predicting the state of the next vehicle in the platoon (vehicle n-2) at the time when its
leader (vehicle n-1) begins braking, one simply applies the formulae for calculating a

'min,n—2
using the new predicted state and assuming that the lead vehicle (vehicle n-1) is braking at
a This method can be applied along the entire platoon and will give a lower bound on the

'min,n—1 *
braking, or in other terms, the minimum deceleration required by the host vehicle to avoid a
crash with the lead vehicle.

The final choice for the risk metric is a the minimum lower bound acceleration required for

'min,0 *
the host vehicle to avoid a crash with its leader. This method for propagating the minimum
deceleration computation works well for most cases, however, consider the case when a vehicle
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in the platoon is braking at a rate greater than the minimum level required to avoid a collision
with its leader (ie. a_ , >a, Vi>0, remembering that a is less than zero when a vehicle is

min,i
braking). Should this situation arise, one must assume that the lead vehicle is braking at a,, the

lead vehicle’s actual deceleration, rather than a when propagating the minimum deceleration

‘min,i *

computation. This can be generalized as follows:

amini I =0 (19)
CHNE S .
min, final ,i mln{amin’i , ai } Vi > 0
Thus, when propagating minimum deceleration computation along the platoon, one must
compute a_. . for vehicle 1, and assume that vehicle i brakes at a rate of a Thus, the

min,i 'min, final ,i *

final risk metric for the host vehicle is @, finai0-
5.4.3 Tightening the Risk Metric’s Lower Bound by Refining the Reaction Time Estimate
using Brake Light Information

By using brake light information, it is possible to refine the reaction time estimate each time a
new data sample is received. Keep in mind that, in practice, brake light status cannot be
determined simply by measuring deceleration, since a vehicle may be traveling up hill, or be
driving into a strong wind.

To illustrate how brake light information for this purpose, consider the three vehicle platoon
shown in Figure 5.6.

a, a, a,
Vo Vi 2
0 1
<> <>
d, d,

Figure 5.6: Vehicle platoon used to demonstrate reaction time refinement.

First, assume that each driver has a reaction time of t_; =1.5s, and that the data sample rate is 10

Hz. Also assume that the vehicles in the platoon are reporting their brake light status (on/off) at
each data sample. At t=0 vehicle 2 begins braking. So, we calculate a,_; ., using the

method described previously, where t, | =1.5s. We then predict the future states of vehicles 0

and 1 at time t =1.5s because of the reaction time of vehicle 1’s driver, and finally, we calculate
A, Using t o =1.5s. At the next sample, t =0.1 s, we repeat the calculation, except this time

our estimate of the reaction time for vehicle 1 and vehicle 2 are t, | =1.4s and t ; =1.5s. The

benefit of modifying the reaction time estimate for vehicle 1 is twofold:
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1. The computation of @, .., Will use the new reaction time estimate for vehicle 1
(t,, =1.4s), which will improve the estimate of the minimum deceleration to avoid a

crash.

2. The prediction window for vehicle 0 will be reduced to 1.4 s, the new estimate of the
reaction time of vehicle 1. Reducing the length of the prediction window will reduce
the likelihood that radical changes in driver behavior can occur during this time.
Radical changes in driver behavior, such as sudden braking or lane change
maneuvers, would likely lead to false positives in a rear-end collision warning system
which uses the risk metric.

At each subsequent time step, we continue to decrement t, | until vehicle 1’s brake lights turn on,
at which time the driver has reacted, and t, ; =0s. Once vehicle 1 has reacted to vehicle 2’s

braking, one begins to refine the estimate of vehicle 0’s reaction time in a similar manner.

Keep in mind that it may take longer than 1.5 s for the driver to react, in which case, the above
algorithm would begin to give negative reaction times. Thus, if the reaction time estimate
reaches 0.1 s, and at the next sample, the vehicle’s brake lights are still not on, a reaction time of
0.1 s should be used. The reaction time should be held at 0.1 s for all future calculations, until
the its brake lights turn on, at which time the reaction time becomes t,; =0s.

Using this method, as brake lights propagate backwards, the reaction times become 0, and the
estimate of the risk metric (i.e. of the lower bound deceleration a,;, ,) improves.

5.5 Risk Metric Calculation on Platoons for which Vehicle Trajectory
History is Not Known

This section is used to demonstrate the general use of the risk metric. Examples will be
presented that will show that platoons which intuitively present greater risk to the host vehicle,
do in fact yield a greater level of risk. For these examples, because we do not have vehicle
trajectory histories, it is not possible to refine the reaction time estimate using brake light
information.

5.5.1 Handling the Lack of Vehicle Trajectory History
Because of the lack of vehicle trajectory history, t, =0 is chosen to simplify the equations used

to calculate a Although vehicle trajectory histories are not known, and we have chosen

'min,0 *
t, =0, the following examples will demonstrate the general use of the risk metric. In fact, the

computations performed in this chapter identically mimic those that would occur at each time
step if vehicle trajectory histories were known, with the exception that the reaction time
estimates cannot be refined due to the lack of brake light information.

Setting t, =0 in equations (10), (11), (12), (18) we get:
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55.1.1 Case 1: Collision with a Moving Vehicle

V... (0
tc - _ |,|+1( ) (20)
a'brake,i+1 - amin,i
v (0)
Aini = Rprake.isl _ﬁ (21)
di,i+1(0)
5.5.1.2 Case 2: Collision with a Stopped Vehicle
fg = 210 (22)
abrake,i+1
B LVi (0)2
'min,i ~ 2 Vi 1(0)2 (23)
di’i+1(0) - 2;:)rake.i+l

Also, since @, a0 18 independent of reaction time, equation (19) does not change.

The following procedure was used to calculate the final risk metric for the sample calculations,
in which vehicle trajectory histories were not known.

Step 1: Seti=n, a,,.,=2a,(0)—1, (-1 is the disturbance injected at lead vehicle)
Step 2: Assume Case 1 and calculate a;,;_, and t;
Step 3: Calculate t,,,
Step 4: If tepy > 1., A in, final i1 — min{amin,i-laai—l} ,— GOTO 6
Step 5: If t,q <t., Case 2, calculate a;,; |,
i, final, ot = MIN{A,, 5,8}, = GOTO 6
Step 6: Set 8yrae = iy final i1
Step 7: Predict future states of vehicles i1 —2 and 1 —1
Step 8: Decrement |
Step 9: Ifi>0 — GOTO 2
Step 10: Final risk metric = a,;, ,

5.5.2 Sample Calculations

In order to illustrate how the risk metric is calculated, the following sample calculations are
provided. The sample calculations also show that platoons which intuitively should yield greater
risk, in fact do. Keep in mind that the risk metric can be physically interpreted as the minimum
acceleration required to avoid a crash, and thus, its value is negative, when risk is present. Large
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negative values are associated with greater risk, while small negative values (close to 0) are
associated with less risk.

In the following examples, the range, range rate, and acceleration data is given. For each
example, the risk metric will be computed using the algorithm presented in the previous section.
The actual results of the risk metric calculation will follow the descriptions of the seven
examples.

Example 1:

a, =0m/s> a, =0m/s> a, =0m/s> a, =0m/s’ a, =—Im/s’
v, =10m/s v, =10m/s v, =10m/s v, =10m/s v, =10m/s
III > «—> «—» < >
d,, =100 d,, =100 d,, =100 d,, =100

Example 2:
a,=0m/s’ a, =0m/s> a, =0m/s> a,=0m/s> a, =-1m/s>
vV, =15m/s v, =15m/s v, =15m/s v, =15m/s v, =15m/s
III D — «—> «—> < >
d,, =100 d,, =100 d, =100 dy, =100

The risk metric for example 2 should indicate greater risk than that of example 1 because of the
increase in vehicle speeds.

Example 3:
a,=0m/s’ a,=0m/s’ a, =0m/s’ a, =0m/s’ a,=-1m/s’
Vv, =10m/s v, =10m/s v, =10m/s v, =10m/s v, =10m/s
(o] - -, -,
d,, =10 d, =10 d,, =10 d,, =10

The risk metric for example 3 should indicate greater risk than that of example 1 because of the
decrease in vehicle headways.

Example 4:

a, =0m/s’ a, =0m/s’ a, =0m/s’ a,=0m/s’ a,=-Im/s’
vV, =16.5m/s v, =lém/s v, =15.5m/s v, =15m/s v,=17m/s
(o], - - L]
d,, =60 d,, =20 d,, =30 d,, =15

Notice in example 4 that vehicles 3 and 4 are stable. This means that vehicle 4 presents no risk
to vehicle 3, and can be eliminated from the risk metric’s computation. Thus, the beginning of
the computation will begin at vehicle 3, since vehicles 0 — 3 form an unstable platoon.
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Example 5:

a,=0m/s’ a,=0m/s’ a, =0m/s’ a,=-3m/s’ a,=0m/s’

vV, =16.5m/s v, =16m/s v, =15.5m/s v, =15m/s v,=17m/s

[o ] - - - L4
d,, =60 d,,=20 d,; =30 d,, =15

The risk metric for example 5 should indicate greater risk than that of example 4 because of the
braking activity of vehicle 3.

Example 6:
a,=0m/s’ a =0m/s’ a, =0m/s’ a, =-3m/s’ a,=0m/s’
vV, =16.5m/s v,=16m/s v, =15.5m/s v, =15m/s v, =17m/s
III «—> «—> — > < > |I|
d,, =60 d,, =20 d,; =1000 d,, =15

The risk metric for example 6 should indicate less risk than that of examples 4 and 5 because of
the large headway between vehicles 2 and 3.

Example 7:

a,=0m/s’ a,=-3m/s’ a,=0m/s’ a, =0m/s’ a,=-3m/s’

Vv, =10m/s v,=11m/s v, =12m/s v, =13m/s v, =14m/s
dy, =100 d,, =100 d,, =100 d,, =100

Example 7 shows a stable platoon. Thus, the metric should be zero.

5.5.3 Sample Calculation Results

Table 5.1 summarizes the results of the sample calculations. Notice that the hypothesized
relationships between the risk metrics were found to be true.

Table 5.1: Risk metric results for the seven examples shown above.

Example | Risk Metric

1 -0.1163
2 -0.2332
3 -0.7143
4 -0.6858
5 -1.1928
6 -0.1272
7 0

metric, > metric,
metric, > metric,
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metric, > metric;
metric, > metric,
metric, > metric;
metric, =0

5.6 Risk Metric Calculation on Platoons for which Vehicle Trajectory
History is Known

In order to test that the risk metric functions as expected, one would need a complete history of
data for a platoon of vehicles, which includes all of the information shown in Figure 5.1.
Without this data, it is not possible to refine the reaction time estimate by using brake light
information, which is crucial to implementing a working system in which false positives are
minimized. Because no such naturalistic data exists, the creation of a simulated traffic flow in
MATLAB was required. The simulation created a moving platoon of vehicles which exhibited
realistic characteristics of a traffic flow, after which a shockwave was initiated by braking
activity of the platoon’s lead vehicle. Then, at each time step (f = 10 Hz, T = 0.1 s) the risk

metric’s value was calculated.

This section will show how the simulated traffic flow was created, as well as how the risk metric
was computed at each time step of the simulation. Also, to show the benefit of computing the
risk metric using data from a lead platoon, the risk metric will be computed when only the lead
vehicle is considered, as well as when the entire lead platoon was considered.

5.6.1 Simulation of a Traffic Flow

The first step, as stated above, was to create a simulated traffic flow. To do this, the lead
vehicle’s acceleration profile was chosen, and the speed and position trajectories were computed
through integration of the acceleration profile. The acceleration profile of each subsequent
vehicle in the platoon was governed by a car following model, and again, speed and position
trajectories were computed through integration. Several microscopic follow-the-leader® models
were considered, including models developed by Pipes [15], Chandler et al. [16], Gazis et al.
[17], and Gipps [18]. The Gipps model, which is used by the UK Transport Research Laboratory
highway simulation package, SISTM, attempts to model different behavioral features of drivers
[19]. A modified version of the Gipps model was shown to fit the highest number of maneuvers
which are characteristic of human-controlled vehicles (aggressiveness, target speed, etc.) [21].
In addition, the model was used to accurately fit 90% of car-following test data from the
SAVME database [20], and consequently, is the model recommended for the design and
evaluation of collision warning and avoidance systems [21]. Thus, we chose to use the modified
Gipps model when evaluating the risk metric’s performance through simulation. The model is
represented by the following difference equation:

20 A follow-the-leader car following model is one in which vehicle | ’s acceleration is a function of its own
kinematics data, and vehicle i+ 1 ’s kinematics data.
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Vi (t)+2-5air(1—v‘—(t)J 0.025+ 4
V vV

V,(t+7)=min

b7+ \/(bif)z -b, [2[)(”1 (O =5, =% O~V (t)r] - %}

where 1 =0,..n—1 (n =lead vehicle)
The model parameters are defined as follows:

a, = maximum acceleration of vehicle i

b, = maximum deceleration of vehicle i

b = estimated value for b, ,

s, = length of vehicle i plus a margin, if desired

V, = desired speed of vehicle i

X;(t) = the location of the front of vehicle i at time t
V,(t) = the actual speed of vehicle i at time t

r = 4 the reaction time

For the simulation, we chose:

T=%S
a,=2 m/s’
b =-6 m/s’
b=-8 m/s>
§;=5m

V,=31 m/s =70 mph

These values were chosen because they are fairly realistic. Note that the value for © is
multiplied by 2 in the model formula, and thus, 2t = 1.33 s is in fact the estimate of the driver’s
reaction time, which is quite similar to the risk metric’s assumed value of 1.5 s.

5.6.2 Creating Shockwaves in the Traffic Flow

After choosing the car following model, and choosing the realistic parameters shown above, a
lead vehicle acceleration profile was created which ensured that the following vehicles were
subjected to a shockwave. Figures 52 and 53 show the two sample trajectories for the lead
vehicle of the platoon. Each trajectory was used to create a simulated shockwave in the platoon
which followed the lead vehicle.
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trajectory for the lead vehicle which causes three shockwaves.

Lead Vehicle Trajectory 2
30 T T T
: — Acceleration (m/s/s)
HE 3 Speed [mfs)
[ {
I H
B | H / b
/ ' !
1 1 H
1 1 H
{ [ H
! Lo
w H [
€ Ar ! vl b
=1 i b
@ i b
o ! [
& H [
o 151 h b 4
g H [
1 1 1
— + H ]
w 1 1 ’
bl 1 1 1
w 1 Ty
H H [
L] SEEEEREEE i [ B
= Vo
] [
g i
] 1
T 4
HE
g s- i 4
i
o« Y1
0 J
5 1 | 1
0 50 100 150 200 250 300
Time (s}

Figure 5.8: Second sample trajectory for the lead vehicle which causes two shock waves.

A platoon with a total of ten vehicles, the leader plus nine followers, was created and was shown
to yield the desired shockwave effect. Figures 54 and 55 show the positions of the ten vehicles
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as a function of time. Notice that shockwaves are present in both plots. In the two plots, the
shockwaves have been highlighted with red (gray if printed in black and white) ovals.

Vehicle Postions for Shockwave Created by Trajectory 1
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Figure 5.9: Shockwave due to first sample trajectory for the lead vehicle.
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Figure 5.10: Shockwave due to second sample trajectory for the lead vehicle.
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5.6.3 Risk Metric Computation on the Simulated Traffic Flow

After ensuring that both lead vehicle acceleration profiles caused a shockwave to propagate
along the platoon, the risk metric was calculated for the host vehicle, which was chosen to be the
seventh upstream vehicle. The risk metric was calculated using the method presented earlier,
which refines the driver reaction time estimate by using brake light information. A nominal
value of t, =15 s, the generally accepted mean driver perception-reaction time [22], was

assumed, and brake lights for vehicle i were considered to be in the ON state when a, <—5;0,

and OFF otherwise. Also, rather than using a static number of look-ahead vehicles to calculate
the risk metric, only vehicles within a ten-second headway of the host vehicle were used to
perform the calculation. This ensured that only vehicles of immediate consequence to the host
were accounted for in the risk metric’s computation. The following pseudocode was used to
calculate the risk metric for the simulated traffic flow.

Step 1: Seti=n, a,4e, =2,(0)

Step 2: Assume Case 1 and determine reaction time to be used in calculation, as
per algorithm outlined in section 5.4.3

Step 3: Calculate a_;,;_, and t;

Step 4: Calculate t,,

Step 5: If teag >t By finario = Min{a,, 5,8}, —> GOTO 6

Step 6: If t, 4 <t;, Case 2, calculate a ,,;_,,

i, final,io = MIN{A,, .8}, = GOTO 6
Step 7: Set 8yae = A, final i1
Step 8: Predict future states of vehicles i —2 and i—1
Step 9: Decrement i
Step 10: Ifi>0 — GOTO 2
Step 11: Final risk metric = a,;, ,

Figures 56 and 57 show screen captures of the simulated platoon. The host vehicle is colored
green (gray if printed in black and white), and the vehicles within the ten-second look-ahead
headway, which were used in the risk metric’s computation, are colored black. Figure 5.11
shows the platoon when they just begin moving. Figure 5.12 shows the platoon at the onset of
the shockwave, when the lead vehicle begins to decelerate. Notice that at the onset of the
shockwave, the number of look-ahead vehicles increased from four to six due the smaller
headways between the vehicles.
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J Figure No. 6

Green speed = 23.1 mph
Lead speed = 22.4 mph

Time = 14.900

Figure 5.11: Initial state of simulated vehicle platoon.

J Figure No. 6

Green speed = 19.6 mph
Lead speed = 4.5 mph

Time =40.400

Figure 5.12: Platoon at the onset of a shockwave.
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5.6.4 Simulation Results

To show the results of the simulation, the host vehicle’s actual acceleration, the risk metric’s
value, and the number of look-ahead vehicles used in the risk metric’s computation were all
plotted on the same axes. Figure 5.13 shows the results for the first sample lead vehicle
trajectory in which three shockwaves were induced, and Figure 5.14 shows the results for second
sample lead vehicle trajectory, in which one shockwave was induced. In both of these
simulations the number of look-ahead vehicles was chosen dynamically (all vehicles within a
ten-second headway of the host). Notice that the risk metric quite accurately predicted the future
deceleration activity of the host vehicle. Also notice that during critical periods, where the driver
was decelerating, the number of look-ahead vehicles increased to yield a better preview as to
what was happening downstream. It is also worth noting that in both of these simulations, there
were no false positives, where the driver would be incorrectly warned of impending deceleration
activity. Graphically, a false positive would be present if the risk metric’s value dropped to a
low value, and within a short period of time the host vehicle did not begin to decelerate at a rate
similar to that indicated by the risk metric.

To compare the above results with existing rear-end collision avoidance systems, the above
simulations were repeated with the number of look-ahead vehicles set to one: the number of
look-ahead vehicles used by existing systems when only radar sensing is used. Figure 5.15
shows the results for the first sample lead vehicle trajectory, and Figure 5.16 shows the results
for second sample lead vehicle trajectory. Notice that the number of look-ahead vehicles is a
constant one, and that in comparison to the results when the look-ahead was dynamic, less
preview of impending braking activity was provided to the host vehicle’s driver.

Also notice that Figures 60, 61, 62, and 63 label each of the four host vehicle deceleration events
as Event 1 — 4. Figures 63 and 64 show zoomed views of each of the four events with the 10-
second look-ahead simulation results plotted beside the 1-vehicle look-ahead simulation results
for easy comparison. Based on this analysis, we concluded that the risk metric, in simulation,
performed as desired. It accurately predicted the future braking of the host vehicle, and provided
the host vehicle’s driver with more preview than that of the 1-vehicle look-ahead case. Although
for events 1 — 3 quantifying the amount of additional preview by using a 10-second look-ahead
was difficult, it was straightforward for event 4. Looking at the bottom two plots of Figure 5.18,
which correspond to event 4, one can see that in the 10-second look-ahead case, the risk metric

rapidly drops to a value of —1.5 m/s® at 66 s, which gives the driver roughly 4 s of preview,
since he actually began to decelerate at 70 s. In the 1-vehicle look-ahead case the risk metric
only begins to drop at 69 s, which provides the driver with only 1 s of preview.

The zoomed in figures also show areas in which the risk metric takes on positive values. To
explain this, consider a two-vehicle platoon where vehicle 0 is the host, and is following vehicle
1. If vehicle 1’s speed is greater than that of vehicle 0, the risk metric is 0, since the distance
between the two vehicles is increasing; otherwise, the risk metric is computed using the method
described in this chapter. So, if vehicle 1’s speed is slightly less than that of vehicle 0, and is
accelerating, the acceleration that vehicle 0 must apply to reach the contact state with vehicle 1 is
likely to be positive. At the instant that vehicle 1’s speed becomes greater than that of vehicle 0,
because of its acceleration, the metric will instantaneously switch to a value of 0. This scenario
is the cause of the positive risk metric values shown in the simulation results.
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These results make it clear that, in simulation, the new proposed method of computing a rear-end
collision risk metric by using data from a lead platoon, rather than data from only the lead
vehicle, allows one to provide earlier warnings to the host vehicle’s driver. The next step in the
risk metric’s development would be to test it using real data, but unfortunately none exists, and
as one can imagine it would be very difficult to acquire such data until a time when wireless
communication between vehicles is fully deployed (DSRC). Following the testing of the risk
metric in the field, it would be the job of a cognitive psychologist to investigate how the risk
metric could be used to derive a suitable warning system, or continuous feedback driver support
system to provide information to the driver, and to model the response of the driver to the
warnings. Once these steps are complete, one must reevaluate the effectiveness of the system
when each vehicle in the platoon is outfitted with the driver warning system to ensure that
unintended consequences are minimized. These steps, however, are beyond the scope of this
report, but should be the focus of future research.
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5.7 Risk Metric Sensitivity to Positioning Error

In order to determine the implications of the risk metric on the VPS system or for any
positioning sensor, one must investigate how vehicle positioning error affects the accuracy of the
calculated risk metric. After the risk metric’s sensitivity to vehicle positioning error is
understood, the positioning accuracy of the VPS system can be more clearly defined, after which
a suggested system specification can be derived.

To determine the risk metric’s sensitivity to positioning error, MATLAB was used to create
random platoons of vehicles. Random platoons of n vehicles were created in the following
manner.

1. Set i=1, choose ~3<a <0 m/s’, 10<V, <30 M/S (both uniformly distributed)>
and d, =0 m.

2. Increment i

3. Choose —3<a, <0 m/s”.
Choose Vv, =V, , —(+randn—1) m/s, where randn is a normal random variable with
o=1, u=1.

5. Choose 0.5 < headway <3.0 s, d, =d, , —headway-v, m.

6. Ifi<n — GOTO 2
NOTE: The above algorithm assumes that the length of each vehicle is zero.

For random platoons, ranging in length from 2 to 20 vehicles, the risk metric was calculated
(metric). Then, a normally distributed position error with o ranging from 0 — 10 m was added
to the positions of each of the vehicles, and the risk metric was again calculated ( metric,,, ). The

risk metric error was then calculated as follows:

_ |metric —metric,,, |,
metric,,,,, = ||metric|| x100 (24)
2

Using this method, Figure 5.19 was created. For each platoon length, position error pair in
Figure 5.19, 1000 random platoons were created.
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Metric Error as a Function of Position Error and Platoon Length

Metric Error (%)

Platoon Length (¥ of Cars)

Position Error (=0, o= x meters)

Figure 5.19: Risk metric error as a function of position error and platoon length for randomly created
vehicle platoons.

In the above analysis, notice that we only consider the effect of variability of the position. Since
only the relative positions of each of the vehicles are important for this application, rather than
their absolute positions, the mean errors in position will cancel out, because they are common
among all vehicles. Thus, we only concern ourselves with the variability of position. Also note
that because we do not have complete vehicle trajectory histories, the above plot does not refine
the reaction time estimate using brake light information, and thus, simply assumes a reaction
time of zero as in the sample calculations of section 5.5.

A least squares fit to the above data was performed and is shown below, in Figure 5.20.

96



Least Squares Fit of Metric Error as a Function of Position Error and Platoon Length

Metric Error (%)

Platoon Length (# of Cars)

Position Error (u =0, o= x meters)

Figure 5.20: Least squares fit to data of Figure 5.19.

In general,

e As the position error increases, the risk metric error increases

e As the platoon length increases, the risk metric error decreases (this is likely due to
positioning errors canceling out one another as the platoon length increases)

e Large spikes in the risk metric occur when the positioning error associated with two
vehicles causes the range between them to become very small

5.8 VPS Specification

Given that the above risk metric was computed based on VPS position, two logical questions
arise:

1 How accurate must VPS be?
2 What are the specifications for such a VPS system?

In short, that question cannot be answered. One must first determine the amount of error that can
be tolerated in the final computed value of the risk metric. One must then choose the maximum
platoon length for which the risk metric will be computed. Finally, one must choose the speeds
over which system performance must be guaranteed. After each of these parameters is chosen, it
would be possible to precisely specify the performance of VPS. What follows is a sample
calculation, where the above parameters are chosen, and a VPS specification is computed.
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5.8.1 VPS Positioning Error

Figure 5.21 shows the computation of VPS position when there is no sensor error. It also
assumes that the vehicle’s speed between the tags is constant, and that dead reckoning is used to
compute position when the vehicle is between tags.

Let,
X = tag spacing
v = vehicle’s actual speed

t = time since tag was read/passed
di,, = longitudinal position of tag

It follows that the position of the vehicle is:
d =d,, + Vvt = vehicle position

tag

given that there are no sensor errors.

L
Y

\4

L
Y

\ 4

tag T X

N
vt

—-

d d

tag

Figure 5.21: VPS position calculation without sensor error.

Figure 5.22 shows the computation of VPS position, where it is assumed that there is tag read
latency, and vehicle speed error. It is again assumed that the vehicle’s speed between the tags is
constant.

Let,

X = tag spacing

v = vehicle’s actual speed

t = time since tag was read

ov = vehicle speed error (20)

t, = mean tag read latency

A, = tag read latency error (20)

V=V+ v = estimate of vehicle speed

f, =t, + &, = estimate of tag read latency

f=t+f{ =t+1t, + & = estimate of time since tag was passed
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d

wg — longitudinal position of tag

It follows that the estimate of the vehicle’s position is:
d=d,, +Vf=d

+(V+V)(t+1, + &) = estimate of vehicle position

tag tag

given that there are sensor errors, including tag read latency, and speed measurement error.

‘
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Figure 5.22: VPS position calculation with RFID tag read latency and vehicle speed error.

Thus, the error between the actual vehicle position and the estimated vehicle position is:

oror =0 =0 = [y + (V+ F)E+1, + )] = [y +VE] = (v + )Y, + ) + St (25)
Let t,,, be the time at which tag 1 was passed.
Let t,,, be the time at which tag 2 was passed.

Thus, the length of time since the last tag was read, t, satisfies the following inequality:

t< ttagz - ttagl (26)

Also, because V is assumed to be constant between tags we have the following relationship:

tag2 ttagl (27)

X
2t
\"

Using equation (25), which represents the vehicle’s positioning error, and making substitutions
using equations (26) and (27), we obtain the following:

Aoror = (V+ N)(L, + ) + vt

Qeror SV NG + ) + N(ty, ), since t <t , —t,,

d <+ +a)+2x, since X = tugs g, 28)
\Y \Y
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This final equation, (28), relates VPS’s positioning error to the OBDII speed error, the tag read
latency, tag read latency variability, and tag spacing. This is important since it allows one to
determine the minimum tag spacing required to provide the positioning accuracy necessary to
guarantee that the risk metric error is within some tolerance. A sample calculation which uses
(28) will be provided in the next section.

5.8.2 Final VPS Specification Based on Platoon Risk Metric

Using Figure 5.20 and equation (28), one can compute the latency, OBDII speed accuracy, and
tag spacing required such that the percentage error of the computed risk metric satisfies some
predetermined error tolerance. As an example, assume we require a maximum of 5% error in the
risk metric, where the risk metric error is as defined in (24). Also assume that we will look
ahead a maximum of 10 vehicles. From Figure 5.20, we find that a positioning error with o =5
m will satisfy the 5% risk metric error for platoon lengths of 10 or less vehicles. Thus,
assuming the positioning error is normally distributed, we can be confident that 95% of the time
a positioning error with 20 =10 m will yield a risk metric within the 5% tolerance. Applying
this to equation (28) we find that,

for the + 20 values for t; and ov,
N

(V+N)( +)+—x<10 m (29)
\'

and for the — 20 values for t; and Jv,
o

(v—ﬁv)(tl—é’[l)—TXZ—lo m (30)

Using equations (29) and (30), we will be able to compute the minimum tag spacing to achieve a
desired level of position accuracy.

Assume that t; =0.05 s and &, =0.01 s and that the OBDII speed output of each vehicle has a

20 error of 1%. Substituting these values into equations (29) and (30), we get equations (31)
and (32), respectively.

W +0.01)0.06+ 22V x <10 G1)
0.0606v +0.01x <10

v=0.01v)0.04— 2y > 1o 32)
~0.0396v+0.01x< 10
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Now, we need to choose the speeds over which we guarantee the system’s performance, so that
we can make a substitution for v in equations (31) and (32). Choose an operating range of
0-40 m/s.

For v=0 m/s both (31) and (32) show that x <1000 m.
For v=40 m/s we get:

0.0606(40) +0.01x < 10

0.01x<7.576
X<757.6 m

from (31), and

~0.0396(40) +0.01x < 10

0.01x>11.584
X<11584 m

from (32).

Thus, for t, =0.05 s and &, =0.01 s, a 20 speed error of 1%, platoon lengths up to 10

vehicles, 5% error in the risk metric, we require the VPS position to provide a 2o error of 10 m.
Combining these requirements, we find that a tag spacing of less than 757.6 m is required, if the
system is to operate in the 0 — 40 m/s range.

This distance of 757.6 m is very large, and would present a problem for detecting lane changes.
In order to detect lane changes correctly, which is necessary to ensure the correct operation of a
rear-end collision avoidance system which uses the risk metric, one must space the tags with a
spacing of half the minimum distance required to make a lane change. [23] showed, through the
analysis of naturalistic data, that the mean length of a lane change in the speed range of 45 — 55
mph was 6.28 s, or 140.4 m. This mean, however, was substantially higher than the absolute
minimum time required to make a lane change. Experimental data showed that the minimum
time required to make a lane change took 2 s at 60 mph, and 4 s at 30 mph, or 53.6 m. Thus, the
minimum tag spacing should be ~ 25 m to ensure proper lane change detection, as discussed in
section 2.4.1. This spacing will also yield very good positioning accuracy, since the
accumulation of error when dead reckoning will be eliminated every 25 m of travel.
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6

Conclusions

The goal of the work presented in this report was not to build a fully functional, deployable VPS
system, because, from the onset, it was understood that this was not possible within the limited
time frame of this project. What we did achieve, however, is listed below.

1.

A better understanding of passive RFID technology, including a thorough investigation of
the performance limitations which hinder it from being immediately useful in an ITS
setting.

A simplistic implementation of one of the high-priority DSRC-enabled applications
outlined by CAMP which requires lane level position, to demonstrate that VPS can
overcome the existing limitations of GPS and digital maps.

A rear-end collision avoidance risk metric which is computed using VPS position from a
platoon of vehicles located immediately in front of the host vehicle.

An analysis of the positioning accuracy needed to ensure that the risk metric’s value fell
within a tolerable range of its actual value, and the implications of the required
positioning accuracy on the VPS system.

These four objectives were examined, and the results were presented in chapters 1 through 5 of
this document. This chapter will briefly summarize the results of the previous chapters, and
make suggestions for future research in the area of vehicle positioning using RFID technology.

6.1 Introduction

Based on an investigation of existing vehicle positioning systems, it was determined that none
would be capable of satisfying all of the requirements for the high-priority applications outlined
by the US DOT Vehicle-Infrastructure Integration initiative, which aims to enable vehicle-
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vehicle and vehicle-infrastructure communication through the use of a new wireless
communication protocol (DSRC). As one can imagine, communication with surrounding
vehicles and infrastructure makes possible a wide gamut of ITS applications. Many of those
applications, however, require reliable, lane-level, accurate vehicle positions, which cannot be
ubiquitously provided by existing positioning technologies. Thus, the RFID positioning system,
called VPS, was proposed.

6.2 The VPS System

The concept of VPS is a simple one: install RFID tags in the road, and RFID readers on
vehicles. As vehicles pass over the tags, they acquire the data stored in the RFID tags. This
simple concept, as we see it, will inexpensively and reliably enable a number of ITS applications.

Each RFID tag stores four important fields: road identifier, lane identifier, direction of travel
identifier and longitudinal position, as measured from a standard reference (ie. mile marker). In
addition to these core fields, additional fields can be stored in the tags to support other ITS
applications.

The RFID reader can be most logically installed through the use of a front-mounted electronic
license plate (e-plate). The e-plate would contain not only an RFID reader, but also a DSRC unit
to facilitate communication with surrounding vehicles, as well as the infrastructure. It may also
include a short range communication mechanism, such as Bluetooth or hard-wires, to allow for
communication with in-vehicle systems.

Technically, there are two major requirements imposed on the VPS system: RFID tag read range
and data transfer capability. It was shown that the maximum amount of data that could be stored
in the tags, after making some reasonable assumptions about the response time, transfer rate,
read range, and maximum vehicle speed, was roughly 600 bits, which compared favorably to the
required storage space. Also, optimal read ranges were described for each of the possible
installation methods.

Given these system operation requirements, we proceeded by attempting to build a working VPS
system using existing third party RFID hardware.

6.3 Characterizing an RFID Sensing System

In order to determine if third party RFID hardware could provide the performance required by
VPS, hardware was purchased, and extensive characterization experimentation was completed.
These experiments were designed to determine read percentage, new tag reliability, and latency
as a function of RFID antenna orientation, vehicle speed, tag set number, and “tries”.

In order to perform the experiments, a development version of an e-plate, the suggested final
installation mechanism, was built and installed in a vehicle. A test track was outfitted with RFID
tags every 250 feet, and laps were driven, using different settings for each of the independent
variables (RFID antenna orientation, vehicle speed, “tries”, and tag set number). Data was
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collected to ensure that latency, read percentage and new tag reliability could be determined
during the post-experimental analysis.

After analyzing the data, it was determined that existing RFID hardware could not provide the
performance required of a VPS system. Some of the more significant problems, which would
prevent the tested prototype from being suitable for a VPS system, included:

The read range was too small.

The read percentage was not high enough.

The variability of latency was too great.

The read percentage, in the wake of interference, was dramatically reduced.
The variability in tag reliability was too great.

Nk W=

Although these problems prevented the hardware from being used to build a field operational
VPS system, a simple implementation of an ITS application could still be built to demonstrate
the usefulness of VPS.

6.4 A Basic Implementation of the Electronic Brake Light

The electronic brake light, as outlined by CAMP, was chosen as the application to demonstrate
the VPS system. Not only was this application listed by CAMP as being one of high-priority, it
was also thought to be the application which required the highest degree of positioning accuracy.
Thus, if VPS could support this application, it would also be able to support all other
applications.

For this application, a vehicle which brakes “harshly” broadcasts its position, using DSRC, so
that vehicles located in the same lane and behind the braking vehicle can be warned of the
impending deceleration. In essence, the system extends the field of view of the host vehicle’s
driver from one vehicle (the lead vehicle), to several vehicles.

To demonstrate the system, the e-plate development system used to characterize the RFID
hardware was installed in the host vehicle, with the addition of the DSRC communication block
as a means to receive the ‘harsh braking” message from the lead vehicle, and a buzzer to be used
as a simple driver warning system. The lead vehicle was outfitted with a similar system, but
without RFID hardware, since procuring an additional set of RFID hardware was not possible.
For this vehicle, however, a simulated VPS position was calculated using GPS coordinates to
overcome the lack of RFID hardware. As a final step, the test track was outfitted with RFID tags
in both lanes, with a spacing of 250 feet.

The demonstration of the system involved both vehicles proceeding along the test track in a
typical car-following scenario, where their only position reference was that gathered from the
VPS system. At various times, the lead vehicle would decelerate harshly and broadcast a “severe
braking” message. The host vehicle would intercept the message, and determine if warning the
driver was required. Only if the host vehicle was located in the same lane, and behind the lead
vehicle was the driver warned by sounding the buzzer. This simple demonstration worked
remarkably well, given the RFID hardware’s limitations discovered during its characterization.
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6.5 A More Robust Approach to the Electronic Brake Light and its
Implications on VPS

Although the simple electronic brake light implementation worked reasonably well when using a
VPS system built from existing RFID hardware, a field operational electronic brake light could
not be implemented, because of the limitations discussed earlier. In order to better understand
what type of performance VPS must provide, a more sophisticated brake light implementation
was proposed and simulated in MATLAB. This more sophisticated system, we believe, requires
the highest degree of positioning accuracy when compared to other potential VPS enabled
applications. As such, a potential system was designed, and its implications on the VPS
positioning accuracy required were investigated.

First, a risk metric was designed which would intuitively indicate a level of risk associated with a
platoon of vehicles traveling along a road. It was assumed that the host vehicle would acquire all
of the data necessary for the risk metric’s computation via DSRC communication. The data set
required included the position, speed, acceleration, vehicle length and brake light status for each
vehicle in the lead platoon. Since no such “real” data existed, simulated data was created
through the use of a microscopic car-following model.

For the simulation, a platoon of vehicles was created and a host vehicle was added at the queue’s
tail. The simulation was performed and the risk metric was computed at each time increment. It
was then shown that the risk metric was able to give the host vehicle’s more preview of future
braking activity. Finally, given that the risk metric was able to accurately provide the driver of
the host vehicle with a preview of the needed future braking activity, the implications on VPS
specifications were determined.

When investigating the risk metric’s implications on VPS, it was shown that if given an
acceptable error tolerance for the risk metric, the variability in the OBDII speed”', the variability
in the tag read latency, the maximum platoon length, and the range of speeds over which
performance must be guaranteed, one can compute the minimum tag spacing to provide the
necessary positioning accuracy.

6.6 Recommendations for Future Research

The most important outcome of the above research is that, for various reasons, the current state
of commercially available RFID technology will not support the design of a vehicle positioning
system, although the concept showed great promise. If one were to design custom RFID
hardware which was optimized for use in ITS applications, a workable solution can be
developed. That is one option that seems reasonable, if rapid deployment is desired.

Another option is to wait for generation-two RFID equipment to become available. The
promises of generation two RFID technology seem to deal with many of the problems which we

2! As suggested in section 2.4.3, the vehicle’s speed would be acquired from the OBDII connector to refine the
position estimate when the vehicle is in between tags by using dead reckoning.
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found within this investigation. Most notably, generation two RFID is said to provide greater
immunity to interference, higher read percentages, and greater read ranges. One may want to
perform the sensor characterization experiments of Chapter 3 using generation two hardware,
which was first released in late 2005.

Also, the electronic brake light application which was discussed in detail in Chapter 5 must be
more thoroughly explored. Chapter 5 presented only the design and simulation of a rear-end
crash risk metric which used data from several vehicles situated in front of the host vehicle. In
simulation the risk metric worked well, however, one would want to verify its effectiveness
when using naturalistic data. Also, Chapter 5 did not discuss the design of a driver warning
system based on the metric, or the response of the driver to such a system’s warnings. Note that
drivers often switch lanes during an imminent rear-end crash, so it is important to also provide
lane change warning to the driver as well, another application facilitated by VPS. Given
successful outcomes in the above, one would also want to investigate the possibility of
unintended consequences if each vehicle in the platoon was instrumented with the electronic
brake light system.

As a final note, it is important to remember that RFID technology is still in its infancy and that as
it progresses, it is very likely that a robust VPS system can be built.
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Appendix A

A.1 Patent US 6,112,152 [9]

Title: RFID system in communication with vehicle on-board computer
Abstract:

A system comprising a vehicle on-board computer; and a wireless transponder device coupled to
the vehicle on-board computer. The system performs a variety of functions because of its ability
to transmit and receive data from other transponders which may be remote from the vehicle or
located in the vehicle at a location spaced apart from the system. Remote transponders are
spaced apart from the vehicle. The remote transponders can be positioned, for example, at a gas
station, toll boot, service center, dealership, parking lot, or along a roadside.

A.2 Patent US 6,259,991 [10]

Title: Environmental location system
Abstract:

A system and method for determining a location. The system employs encoded information
devices dispersed through the environment, each having a non-unique code associated therewith.
The codes from the encoded information devices are acquired as a reading device passes nearby,
and stored. The codes from a proximate set of information devices are correlated with a map or
mapping relation to determine one or more consistent positions within the environment. The
information devices are preferably passive acoustic wave transponders, and the mapping relation
may be a pseudorandom sequence or a defined map.

A.3 Patent US 6,758,089 [11]

Title: Wireless sensing and communication system of roadways

Abstract:

Wireless sensing and communication system including sensors located on the vehicle, in the
roadway or in the vicinity of the vehicle or roadway and which provide information which is

transmitted to one or more interrogators in the vehicle by a wireless radio frequency mechanism.
Power to operate a particular sensor is supplied by the interrogator or the sensor is independently
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connected to either a battery, generator, vehicle power source or some source of power external
to the vehicle. The sensors can provide information about the vehicle and its interior or exterior
environment, about individual subsystems, or about the roadway, ambient atmosphere, travel
conditions and external objects. The sensors arranged on the roadway or ancillary structures
would include pressure sensors, temperature sensors, moisture content or humidity sensors, and
friction sensors.

A.4 Patent Application Publication US 2004/0027243 A1 [12]

Title: System and method for acquisition management of subject position information
Abstract:

A system and method for acquisition management of subject position information that utilizes
radio frequency identification (RFID) to store position information in the position tags. Tag
programmers receive position information from external positioning systems, such as Global
Positioning System (GPS), from manual inputs, such as keypads, or other tag programmers. The
tag programmers program each position tag with the received position information. Both the tag
programmers and the position tags can be portable or fixed. Implementations include portable
tag programmers and fixed position tags for subject position guidance, and portable tag
programmers for collection sample labeling. Other implementations include fixed tag
programmers and portable position tags for subject route recordation. Position tags can contain
other associated information such as destination address of an affixed subject for subject routing.

A.5 New cost-effective concept for automatic vehicle location (AVL) offers
more features and benefits for bus passengers, operators, and authorities
[13]

Summary of Article:

e AVL concept based on passive RFID tags embedded in the roadway with tag readers on
vehicles

e Tags are embedded in the roadway at strategic positions, e.g. at traffic intersections, bus
stops, limited access areas and entry and exit to terminals, depots, etc.

e RFID reader mounted underneath the vehicle reads the tags

e Tags store unique codes which refer to position and direction of travel information in a
central database

e In between tags, vehicle position data is derived from odometer readings

e In cities where buildings, bridges, tunnels, etc. obstruct GPS signals, tags are used for
positioning

e The vehicle transmits vehicle ID code, RFID tag code, odometer readings, optional GPS
signals and other data with a time stamp to the infrastructure

e The infrastructure processes the incoming data and uses it for various applications

e Applications include traffic light priority, and passenger information

e Traffic light priority based on this system has been implemented in Kolding, Denmark
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Emergency vehicles are given traffic light priority so they can minimize their response
time

The arrival time of an emergency vehicle at an intersection can be calculated by the
infrastructure since the vehicle’s position and speed are known through the use of RFID
tags and odometer readings

Passenger information for railways has been implemented using this system at
Naerumbanen, Denmark

It is used to give accurate, real-time passenger information about arrival and departure
times

The arrival times can be dynamically updated since the train’s position is known by the
infrastructure through the use of RFID tags
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