Technology Enabling Near-Term Nationwide Implementation of
Distance Based Road User Fees

Final Report
Prepared by:
Max Donath
Alec Gorjestani
Craig Shankwitz
Richard Hoglund
Eddie Arpin
PiMing Cheng
Arvind Menon
Bryan Newstrom
Intelligent Transportation Systems Institute
University of Minnesota
CTS 09-20

Technology Enabling Near-Term Nationwide
Implementation of Distance Based Road User Fees
Final Report

Prepared by
Max Donath
Alec Gorjestani
Craig Shankwitz
Richard Hoglund
Eddie Arpin
PiMing Cheng
Arvind Menon
Bryan Newstrom
Intelligent Transportation Systems Institute
University of Minnesota

June 2009

Published by
Intelligent Transportation Systems Institute
Center for Transportation Studies
University of Minnesota
511 Washington Avenue SE, Suite 200
Minneapolis, Minnesota 55455

The contents of this report reflect the views of the authors, who are responsible for the facts and the accuracy of the
information presented herein. This document is disseminated under the sponsorship of the Department of
Transportation University Transportation Centers Program, in the interest of information exchange. The U.S.
Government assumes no liability for the contents or use thereof. This report does not necessarily reflect the official
views or policy of the Intelligent Transportation Systems Institute or the University of Minnesota.
The authors, the Intelligent Transportation Systems Institute, the University of Minnesota and the U.S. Government
do not endorse products or manufacturers. Trade or manufacturers’ names appear herein solely because they are
considered essential to this report.

Technical Report Documentation Page
1. Report No.

2.

3. Recipients Accession No.

CTS 09-20
4. Title and Subtitle

5. Report Date

Technology Enabling Near-Term Nationwide Implementation of
Distance Based Road User Fees

June 2009

7. Author(s)

8. Performing Organization Report No.

6.

Max Donath, Alec Gorjestani, Craig Shankwitz, Richard
Hoglund, Eddie Arpin, PiMing Cheng, Arvind Menon, and
Bryan Newstrom
9. Performing Organization Name and Address

10. Project/Task/Work Unit No.

Intelligent Transportation Systems Institute
Center for Transportation Studies
University of Minnesota
511 Washington Avenue SE, Suite 200
Minneapolis, Minnesota 55455

11. Contract (C) or Grant (G) No.

12. Sponsoring Organization Name and Address

13. Type of Report and Period Covered

Intelligent Transportation Systems Institute
Center for Transportation Studies
University of Minnesota
511 Washington Avenue SE, Suite 200
Minneapolis, Minnesota 55455

Final Report
14. Sponsoring Agency Code

15. Supplementary Notes

http://www.cts.umn.edu/Publications/ResearchReports/
16. Abstract (Limit: 250 words)

This report describes a system meant for near-term deployment that directly determines the distance traveled by a
vehicle and uses this as a basis for charging a fee that reflects road use. An in-vehicle device with access to the
vehicle data bus and power through a single standard connector available on all passenger vehicles since 1996,
electronically calculates the distance and then securely communicates relevant information to a “back office” for
processing and transferring accumulated fees from the user to the appropriate government jurisdiction. Also
described are means for providing payment (and receiving credit for motor fuel use taxes paid at the pump) while
also ensuring compliance, enforcement, transparency and privacy. Communication is via text messaging, available
wherever cellular service is accessible. No new wireless infrastructure is needed. The in-vehicle device
distinguishes distance traveled by state or by other regions of interest e.g., rural vs. urban areas, using the same
cellular technology that is used for communications. Aggregating distance based on rural vs. urban travel can
facilitate different pricing policies for these different road users. Neither a GPS receiver nor longitude/latitude
position data is necessary. However, higher resolution position sensing can be added to the core platform as needed
based on policy objectives, e.g., to consider alternate pricing for specific road facilities.

17. Document Analysis/Descriptors

18. Availability Statement

Cellular communications, cordon pricing, road pricing, road
user fees, SMS, text messaging, distance-based pricing, VMT
pricing

No restrictions. Document available from:
National Technical Information Services,
Springfield, Virginia 22161

19. Security Class (this report)

20. Security Class (this page)

21. No. of Pages

Unclassified

Unclassified

76

22. Price

Acknowledgement
The authors wish to acknowledge those who made this research possible. The study was funded
by the Intelligent Transportation Systems (ITS) Institute, affiliated with the University of
Minnesota’s Center for Transportation Studies (CTS). Financial support was provided by the
United States Department of Transportation’s Research and Innovative Technologies
Administration (RITA) University Transportation Centers (UTC) program. The authors wish to
thank Rick Odgers for preparing the data flow diagrams and all those who were kind enough to
provide feedback on the many drafts of this document.

Table of Contents
A. Introduction.............................................................................................................................. 1
Document Organization ........................................................................................................ 3
B. Description of System............................................................................................................... 5
Core Functionality................................................................................................................. 5
The Process ........................................................................................................................... 5
Device Design ....................................................................................................................... 8
Device Initialization .............................................................................................................. 9
System Transparency ............................................................................................................ 9
C. The Payment System.............................................................................................................. 11
Credit for Motor Fuel Use Taxes Paid at the Pump - Monthly Reconciliation................... 11
Minimal Intervention Required at Fuel Pump – Point-of-Sale Reconciliation................... 13
D. The Wireless Communication System.................................................................................. 15
Electronically Addressing Devices ..................................................................................... 15
Security................................................................................................................................ 15
Cellular Communications.................................................................................................... 15
VMT Data Update Frequency ............................................................................................. 15
Power................................................................................................................................... 16
E. Allocation of Fees ................................................................................................................... 17
Determining VMT Fees State by State or by Zone ............................................................. 17
F. Verification and Enforcement ............................................................................................... 20
Parameter and Firmware Updates ....................................................................................... 20
Tamper-Proof Seal .............................................................................................................. 20
G. More Complex Systems Requiring Roadside Infrastructure ............................................ 23
Location-Based Automated Verification ............................................................................ 23
Traveling on a Limited Access “Toll Road” ....................................................................... 25
Travelling on Privately Maintained Roads.......................................................................... 25
Congestion Priced Roads .................................................................................................... 25
H. Determining VMT Fees for Specific Applications, i.e., when Higher Location
Resolution and Accuracy is Needed .............................................................................. 27
Determining VMT Fees by Road Jurisdiction .................................................................... 27
Determining VMT Fees by Lane ........................................................................................ 27
“Piggybacking” Other Technologies on the System ........................................................... 27
I. Advantages of the Proposed System ...................................................................................... 30

J. The German “Heavy Goods Vehicle (HGV)” Tolling System ............................................ 32
Automatic Tolling System (Automatic Log-On: 90% of Transactions) ............................. 33
Manual Booking (Manual Log-On: 10% of Transactions) ................................................. 33
Enforcement Approach: Spot Checks ................................................................................. 33
Violations ............................................................................................................................ 33
Protection of Privacy........................................................................................................... 33
K. References (some are annotated).......................................................................................... 35
Appendix A. Detail of Initialization by Device Installer at Certified Station
Appendix B. The OBD-II Reader
Appendix C. A Description of the Tasks Executing in the Device
Appendix D. Locating VMT in a State or Zone Based on the “Closest” Cellular Tower

List of Tables
Table B-1. OBD-II Communication Protocols ........................................................................... B-1
Table B-2. Hexadecimal to Decimal Conversion ....................................................................... B-3

List of Figures
Figure 1. The OBD-II Data Link Connector (DLC). ...................................................................... 7
Figure 2. Schematic of VMT In-Vehicle Device communicating to Back Office. ...................... 10
Figure 3. VMT user fee payment showing how credit for paid gas tax is determined................. 12
Figure 4. Integration of RFID with VMT data communication.................................................... 24
Figure 5. Providing VMT rate information to the driver. ............................................................. 26
Figure 6. Area covered by one or more NDGPS correction signal transmitters across the
USA................................................................................................................................... 28
Figure 7. A schematic of the HGV Tolling System...................................................................... 32
Figure A-1. A schematic showing data flow for Task Zero: Initialization................................. A-2
Figure B-1. The OBD-II port, also called the Data Link Connector (DLC)............................... B-1
Figure C-1. The tasks that run on the in-vehicle device microprocessor.................................... C-1
Figure C-2. Task X: Determine VMT by numerical integration of speed.................................. C-2
Figure C-3. Task Y: Determine VMT by time intervals set in memory..................................... C-4
Figure C-4. Task A: Respond to request for data set.................................................................. C-5
Figure C-5. Task C: Format data set........................................................................................... C-6
Figure C-6. Possible VMT data set type definitions................................................................... C-7
Figure C-7. Task B: Send data set at regular intervals. .............................................................. C-8
Figure C-8. Task D: Send data set. ............................................................................................. C-9
Figure C-9. Task E: Test if device is connected to the vehicle for models with VIN
available on the OBD-II port. ....................................................................................... C-10
Figure D-1. The VMT In-Vehicle Device acquiring the cell tower ID. ..................................... D-4
Figure D-2. Task W: Zone locator.............................................................................................. D-5
Figure D-3. Task Z: Determine VMT by zone set in memory... ................................................ D-6
Figure D-4. Cell tower location map for Minnesota................................................................... D-7
Figure D-5. Cell tower location map for Iowa............................................................................ D-8
Figure D-6. Cell tower location map for Wisconsin................................................................... D-8
Figure D-7. Cell tower location map for Oregon........................................................................ D-9
Figure D-8. Cell tower location map for New York................................................................... D-9
Figure D-9. Cell tower location map for California ................................................................. D-10

A. Introduction
At present, the Highway Trust Fund provides a source of dedicated funds for operating and
maintaining all federal roads and state trunk highways. Revenue is generated from a number of
sources, with a significant component coming from the motor fuel use tax (often called the “gas
tax”), which includes both a state and federal component and is part of the cost of fuel charged at
the pump. This tax has been used to approximate the distance driven by a given vehicle user, as a
measure of road usage. In recent years, however, the correlation between fuel consumption and
road usage has begun to change. Given the wide resistance to increasing the motor fuel tax rate
and the trend toward reduced consumption1, it is likely that revenues will continue to fall in
relation to the cost of the construction, operation, and maintenance of our road and highway
system. This change will likely be even more dramatic as high efficiency internal combustion
engines and other “green” cars continue to make their way into the fleet. Given the proposed
near-term introduction of alternative-fuel-based vehicles such as plug-in hybrids and electric
drives, there is an increasingly urgent need to find a fuel tax replacement as rapidly as possible—
provided a cost-effective way to quickly deploy and implement such a system across all
registered vehicles can be identified. Nation-wide road pricing based on distance traveled is
seriously being discussed by many countries2.
Policy needs should drive technology. Privacy and public acceptance concerns are the top
obstacles to transitioning to a new transportation finance system.
Thus the rationale for this document—a description of an alternative approach to directly and
efficiently determine the VMT3 and use this as a basis for charging a user fee that directly
reflects the use of the roads, while ensuring privacy (See References 1, 2, 3, and 4 in Section K).
In order to replace the fuel tax as soon as possible, any proposed on-board device and the system
within which it interacts must be nationally deployable, and be interoperable across all
jurisdictions. The approach must allow for the free flow of traffic; tolling gates or physical
separators are unacceptable. Given the nature of any system used as a revenue source, there must
be identified mechanisms to ensure compliance and facilitate enforcement. To maintain the trust
of the public, the system must be auditable and transparent. An exhaustive review of road user
charging systems used around the world—including policy, technology, institutional, and
implementation issues—is provided in Reference 5.
In order to provide context, it is estimated that there are over 250 million registered vehicles4 in
the United States, which collectively traveled 3 trillion vehicle miles in 20065. Between 2003 and
1

During this past year, fuel consumption dropped both when fuel prices were increasing, and even when fuel prices
fell.
2
See for example
http://www.verkeerenwaterstaat.nl/english/topics/mobility_and_accessibility/roadpricing/index.aspx (accessed June
26, 2009).
3
It would be more correct to use the term “Distance Traveled” rather than “Vehicle Miles Traveled”, but VMT has
so become the dominant term used among policymakers and the media in the United States that we will use it here.
One should keep in mind that in other parts of the world, other terms are used, e.g., the kilometer charge.
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2007, approximately 7.6 to 7.8 million new passenger vehicles were sold annually6, a significant
drop from earlier years (e.g., 11 million were sold in 1985).
A new transportation financing system would ultimately at a minimum need to produce
sufficient revenue to replace the revenue generated by the fuel tax plus an additional percentage
to cover collection and enforcement costs. U.S. federal Highway Trust Fund receipts were on the
order of $34 billion in 2006. On average across all registered vehicles, a road use charge would
need to be at least 1.13 cents per mile to generate the Highway Trust Fund receipts of 2006.
However given the gap between projected investment needs and present revenues7, significant
increases in this number is likely. Furthermore, given the possibility that the national VMT may
continue to drop, any proposed system must be capable of readily handling changes in the VMT
rate.
Global Positioning System (GPS) technology, one of a class of systems universally called Global
Navigation Satellite Systems8 (GNSS), has been successfully used in a number of places as a
basis for mileage charging systems. A significant proportion of the population, however,
INCORRECTLY assumes that the term “GPS” means that their position is being “tracked” and
as such, is opposed to allowing GPS receivers on their vehicles. Furthermore, there are locations
where access to GPS signals is very limited. The following describes a deployable and
enforceable mileage-based user fee system including an on-board device that does NOT require
GPS or longitude/latitude position data. It can however serve as an initial platform to which GPS
technology can later be added as a separate unit, if so desired (e.g. for identifying distance
traveled by heavy trucks along specific roads of particular classifications). The verification,
compliance, and enforcement methods described below apply equally well to the case when GPS
or other location-sensing technology is added as a separate device (e.g., as a Personal Navigation
Device, a PND) and used as part of the VMT road user charging system.
The unique features of the system that will be described can be summarized as follows:
1. VMT is calculated by an in-vehicle device that is connected to the vehicle data bus and
powered through a single standard connector available on all passenger vehicles since
1996. No separate external wires are needed. The device is small and simple to install,
and cannot be readily disconnected without detection.

4

According to the Bureau of Statistics latest estimates (December, 2008). See Table 1.11 of the “National
Transportation Statistics” published by the Bureau of Transportation Statistics (RITA). Available at
http://www.bts.gov/publications/national_transportation_statistics/html/table_01_11.html (accessed June 26, 2009).
5
The last year for which mileage data is available, published in “Our Nations Highways: 2008”; see Figure 2.4 and
6.2, available at http://www.fhwa.dot.gov/policyinformation/pubs/pl08021 (accessed June 26, 2009).
6
The last year for which data is available is 2007, See
http://www.bts.gov/publications/national_transportation_statistics/html/table_01_12.html (accessed June 26, 2009).
7
See “Transportation for Tomorrow: Report of the National Surface Transportation Policy and Revenue Study
Commission, Volume 1: Recommendations”. Page 6, table describes “Summary of range of “high” average annual
capital investment levels analyzed for all modes,” See http://transportationfortomorrow.org/ (accessed June 26,
2009).
8
GPS is the American version of GNSS. Besides the Russian GLONASS, there are now several other systems in
development including the European Union’s Galileo. In this document, GPS will be used to characterize any
locating system based on signals received from orbiting satellites.
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2. Wireless VMT data communication is via text messaging, which is available everywhere
that cellular service is accessible. Neither wireless Internet nor cellular data
communication (broadband or otherwise) is needed, an important feature for rural areas
in which such alternatives are not available. VMT data can be sent at regular intervals or
can be polled by the back office. No specialized new infrastructure needs to be deployed.
3. VMT can be aggregated by zones (i.e. by state, county, rural or urban) using the very
same cellular technology as used for the above wireless communication. No GPS is
required and to maximize privacy, no longitude or latitude data of any kind is used in the
core platform.
The approach that is described is in essence a toolbox of ‘building blocks’ – that provides an
integrated system for processing Traveler Transactions for Road Users to Sustain Transportation
(the TravelerTRUST Program) from which policymakers can choose alternative options.
Document Organization
The purpose of this document is not to discuss policy issues but to focus on a description of
technology that can both meet a variety of policy objectives and be deployed quickly. Section B
provides a description of the system, which has a direct link to both vehicle power and data, and
requires no additional wiring, thus facilitating a simple installation procedure. The associated
payment transaction processing system is then outlined (Section C), including how to handle
motor fuel use taxes paid at the pump, and vehicle owners with no access to charge cards.
Communication of VMT from as many as 250 million registered vehicles requires special
attention to how the system can work without overburdening the existing wireless infrastructure.
This is addressed in the section on Wireless Communications (Section D) that follows.
How VMT fees are distributed may be controversial, but need not be. If a formula for fee
allocation across jurisdictions is pre-arranged, then knowing the location of the VMT is
unnecessary. If agreements cannot be worked out, the section on VMT Fee Allocation (Section
E) goes on to describe simple mechanisms for incorporating regional information (i.e., VMT
within the state or county). These would require no additional hardware (e.g., no GPS receiver)
in the device. The subsequent section (Section F) describes methods of verification and
enforcement.
For the system as described in Sections B-F, the deployment of roadside infrastructure is not
required. However, for more complex enforcement strategies (needed if the earlier strategies are
deemed insufficient), such infrastructure may be required and is then described in Section G.
Similar roadside infrastructure can also be used wherever additional VMT fees (including for
example congestion pricing) need to be charged for specific road facilities (also elaborated in
Section G). In the short term, if so desired, all existing toll tag systems could continue to operate.
With appropriate modifications, as described in this section, a less expensive, nationally
interoperable system is possible.
Section H describes how the system can be mated with separate locating devices when needed to
allocate VMT by specific road or road-type traveled, or lane of travel. These are the only reasons
that justify a separate and distinct location system.
3

Section I summarizes the advantages of the technology described in this document, given the
need to quickly deploy a VMT fee system nationally. One such advantage is that the system
allows for varying the “rate” based on the fuel efficiency and the carbon footprint of a particular
vehicle year and model. Finally, for comparison purposes, Section J briefly reviews the
technology used by the German “Heavy Goods Vehicle (HGV)” tolling system, the largest
functioning VMT charging system presently deployed. Note that the enforcement costs for the
HGV system, designed for a limited network of roads, may be unacceptably high for a system
that is designed to work on all vehicles operating on all roads.
Section K provides references not cited in the footnotes. A series of Appendices that describe the
device and its functionality in more detail follow.
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B. Description of System
Core Functionality
The proposed method uses time (from an electronic clock) and electronic access to the vehicle’s
speed from its data bus to calculate the actual vehicle miles traveled. The information is then
wirelessly communicated to a transaction-processing organization, or “back office.” An
inexpensive, ubiquitously available wireless communication method that we propose for initial
deployment is based on text messaging (more accurately called Short Message Service or SMS).
The Process
The in-vehicle device would electronically: (a) read the speed (via the OBD-II9, available as a
standard interface on all passenger car models since 199610, or via an equivalent on other vehicle
types11) and a corresponding clock signal; (b) numerically integrate the speed to get miles
traveled; and (c) read the Vehicle Identification Number (VIN)12. For vehicles after 2002, the
VIN is available on the OBD-II; for vehicles before 2002, the VIN is entered into the device
when installed. For purposes of numerically integrating the speed, the corresponding clock signal
(i.e., a pulse operating at a constant rate) is acquired from the device or from the OBD-II. The
actual time (distinct from the clock signal) used to time stamp the data is determined using any
one of many procedures. Examples for automatically acquiring the actual time (date, time and
time zone) include: (a) using cellular communication between the device and the cell towers, (b)
using the Network Time Protocol (NTP),13 or (c) using a radio clock.14 Although a highly
accurate time signal is available from GPS satellites, this source is not proposed so that a GPS
receiver would not be required as part of the system.

9

The OBD-II or OBD2 is a standardized hardware interface. Using a subset of pins on the connector, there are
several signal protocols. Ford used SAE J1850 PWM; GM uses SAE J1850 VPM. Two of the pins are for ISO
15765, which is for communicating to the CAN (the Controller Area Network (CAN) bus, also referred to as the
CANbus). All 2008 or later cars use the CAN system, i.e. the CAN-designated pins on the connector (and the CAN
protocol) to get messages out.
10
Owners of vehicles from previous years would have to have their odometer read each year by a certified station
and would then pay their VMT fee based on the annual reading. This could be paid on a monthly basis. However,
the VMT rate would then not be adjustable based on time, zone of travel, etc. Receiving credit for payment of motor
fuel use taxes would also be more complicated.
11
For trucks, the SAE J1939 provides access to CAN data that is similar to that provided by the OBD-II. It is used
on commercial vehicles for communication in the engine compartment and between the tractor and trailer. The
J1939 replaced the J1587 / J1708 standards used on trucks manufactured prior to the late 90’s. Motorcycles
however, are an exception and do not yet provide standardized digital access to data. Most motorcycles still use a
mechanical pickup of speed for updating their odometer. However, if VMT user fees are supposed to represent the
vehicle’s contribution to the wear and tear of the roads, then policymakers may want to consider exempting
motorcycles from this particular fee.
12
The VIN captures many features of the vehicle including the year, make, and model, which can be used to develop
a rate structure that accounts for its fuel efficiency and gross motor weight per axle.
13
See http://www.ntp.org/ (accessed June 26, 2009).
14
A radio clock is a clock that is synchronized by a time code bit stream transmitted by a radio transmitter
connected to a time standard such as an atomic clock.
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Given the important role of the cell tower (first mentioned above) to the methodology described
in this document, it is important to point out that a more correct term is a “cell site” or cellular
antenna site. A “cell site” is simply the antenna installation. A “cell tower” is the support
structure upon which a single or multiple “cell sites” are installed. “Cell sites” can also be
installed on rooftops, water towers, billboards, signs, hillsides, etc. Other terms that are often
used to describe the wireless interface between the mobile phone or cellular device and the
cellular network are base transceiver station (BTS), cell base station, cellular base station and
base station. In this document, we will use the term cell tower (rather than cell site), because
most everyone (laymen included) understands the significance of this term. More on how we use
the cell tower will be found in Section E.
The device and system described here include data manipulation and communication
methodologies that extend beyond existing commercially off-the-shelf electronic OBD-II data
collection devices (e.g., the CarChip15) that have been programmed in the past to collect total
mileage and mileage by time of day, such as those used on vehicles participating in the
Mn/DOT-sponsored study on Pay-As-You-Drive (PAYD)16.
A photograph of a typical OBD-II Data Link Connector and its possible location under the
dashboard is shown in Figure 1.
There is anecdotal evidence that speed as read on the OBD-II is not necessarily accurate and for
our purposes may need to be corrected. It is expected that either all vehicle manufacturers will
have to quantify the accuracy of the speed reading on the OBD-II, or tests will have to be
performed by an appropriate agency to determine the correction algorithms and parameters for
different vehicle models. It is expected that the correction algorithm would be relatively
straightforward and can be taken care of in software running on the in-vehicle device. Once the
speed is corrected, it can be numerically integrated for determining the VMT. (Although the
odometer signal on the OBD-II is more accurate, it is not readily available on the “public” data
portion accessed via the OBD-II’s Data Link Connector, or DLC.) In the future, legislation may
be used to “correct” this problem, but this strategy will not help for existing “legacy” vehicles.

15

See for example, http://www.davisnet.com/drive/products/carchip_products.asp (accessed May 25, 2009).
J. Buxbaum, Mileage-Based User Fee Demonstration Project: Potential Public Policy Implications of Pay-AsYou-Drive Leasing and Insurance Products, Mn/DOT Report #MN/RC – 2006-39C, March 2006. An extensive
review of technologies for calculating VMT was performed as part of this study and is contained in a separate
report: GeoStats, LP , Mn/DOT Mileage-Based User Fee Demonstration Project Technology Inventory and
Assessment, Cambridge Systematics, Inc., July 2003.

16
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Figure 1. The OBD-II Data Link Connector (DLC).
The VIN, the computed VMT, and the time stamp (i.e., the VMT data set) are combined in an
appropriate format, encrypted, and transmitted to the transaction processing organization, or
“back office.” The time stamp is the time at which the VMT data set was last updated. If the
VMT rate structure is designed to charge a different fee based on travel during specific times of
day and/or day of the week, then the VMT would be aggregated by the appropriate time interval.
In such a scenario, the VMT data set would be expanded appropriately. Since different states
may wish to aggregate the VMT in different ways, it would be useful to characterize each of
these as a VMT data type17.
We propose that text messaging be used if near-term deployment is desired. Text messaging
imposes a far smaller load18 on the existing national cellular infrastructure than other cellular
communication channels and can be implemented using any cellular network in the United States
(or just about any other country), no matter what its underlying technology19. This processor and
communication subsystem (including a simple cellular modem for text messaging) can all be
packaged and attached to the OBD-II Data Link Connector and be powered from the OBD-II.
Access numbers (or addresses) for the system to communicate with the back office would be
programmed when the device is installed and would be updated in a secure fashion as needed.

17

More on data types can be found in Appendix C.
It takes advantage of unused ”space” in the cellular phone’s control channel (separate from the voice channel),
which is part of the core functionality of a cellular device.
19
Thus facilitating competition among cellular providers based on cost and coverage.
18
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The federal government or each state (or its representative) could negotiate an inexpensive rate
to cover the cost of the needed communications, i.e., text message traffic. Text messages with the
needed data could then be sent at regular intervals20 depending on policy considerations.
Other wireless communication approaches21 are certainly possible and can serve as alternatives
to that described here, but they are likely to be more expensive and require significant
investments in new communications infrastructure. For example, it should be noted that General
Packet Radio Service (GPRS), the most commonly available and least expensive cellular data
service (associated with 2G or 2.5G service) is not universally available, especially the case in
rural areas. Furthermore, the coverage of cellular broadband usually associated with the term
3G, an existing technology readily available from many providers, is far from ubiquitous even in
urban areas22. Furthermore, the wireless approach as described here would not require the
deployment of new roadside communication infrastructure. (More on the wireless
communication system is discussed later in Section D.)
Device Design
The device mounted on the OBD-II Data Link Connector is designed so that a second OBD-II
DLC on the device is accessible by shop personnel, so that its original functionality (vehicle
diagnostics) remains intact. The device would come in multiple configurations so that the open
connector is not blocked by adjacent vehicle structures, which vary from vehicle model to model.
Sufficient electronic memory would be included to store the last VMT data set that was
transmitted AND a data set that is being computed. One VMT data set is always retained until a
new one has been calculated and transmitted. The memory must be such that it retains its data
without power. To enhance privacy, no archive (other than the last VMT data set) would be
maintained once the data are transmitted. If auditing is desired, additional memory can be
included to maintain an archive exclusively for this purpose.
If additional privacy is desired, the state and federal VMT rates for that vehicle year and model
can be set on the device when initialized on startup (and updated at appropriate intervals). These
would then be used to compute the state and federal road user fees. The VIN, the computed fees,
and the time stamp (i.e., the VMT fee data set, rather than the VMT data set) are then combined
in an appropriate format, encrypted, and transmitted to the back office. How the VMT rates can
be updated is discussed later in Section F on Verification and Enforcement.

20

Although this document focuses on intervals based on time, it could just as well communicate VMT based on
distance traveled by the vehicle. This might be the case for vehicles that travel far above the norm. This might be
triggered if, for example, the vehicle traveled over 500 miles per day. If this happened often, billing events by the
back office might be triggered to occur at more frequent intervals, e.g., twice a month rather than once a month.
21
In future systems, when wireless Internet access will be available ubiquitously, the IPv6 protocol might be used.
The Internet protocol commonly used today is IPv4. IPv6 allows for a significantly larger address space and support
for mobile devices, and it incorporates built-in security.
22
M. Richtel, 3G Phones Exposing Networks’ Last-Gen Technology, New York Times, March 14, 2009. Can be
found at http://www.nytimes.com/2009/03/14/technology/14phone.html.(accessed June 26, 2009).
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Device Initialization
An agency staff member could initialize the device with the VIN when the vehicle owner
acquires the device at the respective motor vehicle bureau. However, rather than allowing
owners to install the devices themselves, a recommended scenario is that the device be installed
by one’s local “certified” service station (to ensure correct installation), which would send the
VIN and corresponding vehicle odometer reading at the time of the installation to the appropriate
agency or back office. When first turned on, the device would electronically acquire the actual
time and send off its first VMT data set (with a zero VMT), equivalent to its initial odometer
reading. For more detail on what is likely to be the initialization scenario, see Appendix A.
System Transparency
Besides privacy, the most important aspect of any system in which the public is asked to pay for
use of the roads, is trust that the system works as it is supposed to. The road user must feel that
the system is transmitting correct information and that he or she can check that at any time.
This can be handled as follows: The plug-in device that is installed by the certified station (i.e.,
the local certified service station described above) will have a serial number (actually consisting
of letters and numbers) indelibly imprinted or embossed on a visible surface of the device. This
serial number will be printed such that it can also be read by using a mirror. (Note that it is often
very difficult to get under the dashboard and directly see the connector or a device attached to it.)
A system would be put in place so that the user can either call a toll-free number or access a web
site and enter the device’s serial number and a Personal Identification Number (only known to
the user). The back office will then send out a request to the device for a VMT data set. The
device will immediately respond to the back office with the data set (the VIN, the computed
VMT, and the time stamp; or any of the alternative data sets described in this document). The
back office will in turn provide this VMT data set to the vehicle user. The user can then drive the
vehicle over a selected route or over a period of time and could repeat the procedure. By doing
so, the vehicle user can at any time check whether the system is functioning correctly.
A schematic of the device is shown in Figure 2. Note that only a small portion of what is today
part of such cellular phone chip sets is required. The OBD-II Reader is described in Appendix B.
More about the methods used by the system can be found in subsequent sections with the
computational tasks and data flow in the device described in detail in Appendix C.
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Figure 2. Schematic of VMT In-Vehicle Device communicating to Back Office.
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C. The Payment System
Electronic payment would be optimal, but the above system can allow for people to receive a bill
and make monthly payments through other appropriate channels. Each vehicle’s account would
show the accumulated VMT reading (by date and time) and an odometer estimate (equal to last
odometer estimate plus the new VMT), which can be checked against the actual odometer
reading. The following discusses a dual system, likely needed for an initial period, during which
VMT fees and motor fuel use taxes are collected. Such a system will be needed if VMT fees are
used to fully or partially replace the motor fuel use tax. From a political perspective, such a dual
system may actually be in operation for a lengthy period. Clearly, owners of vehicles pre-dating
the OBD-II deployment will need to continue to pay their road user fee via either the gas tax (as
part of their fuel purchases) or as part of their annual registration fee via an odometer reading by
a certified station annually or more frequently, with the data transmitted to the appropriate
agency.
Credit for Motor Fuel Use Taxes Paid at the Pump - Monthly Reconciliation
With the operation of a dual system in which a motor fuel use tax and a VMT based road user fee
is paid, it is important that a mechanism exist such that the road user is credited for paying the
gas tax. The following describes such a process.
When the fuel purchaser swipes a charge card at the gas pump, he or she would be asked for the
ID of the car (a code linked to the VIN of the vehicle at the fuel pump, assigned when the credit
card is set up). The organization that processes the transactions would then calculate the
appropriate reimbursement (based on fuel consumption) that the buyer should receive; a fuel use
tax refund would show up as a credit on the fuel purchaser’s statement (at the end of the month)
and as a debit to the appropriate government revenue agency or its representative. See Figure 3.
This alternate to a “pay-at-the-pump” VMT fee might be considered better than paying VMT
fees at the pump since the fueling station would not be financially affected by the transaction.
Those without a charge card or those who choose to pay using cash would get a fuel
management card (such as those that are already recognized by all gas pumps, e.g., the Wright
Express card23) from a national transaction-processing organization selected by the government.
Payment by cash would require a swipe of the fuel transaction card to transmit data regarding the
vehicle, the quantity of fuel used and motor fuel use charges paid. This process eliminates the
need for the deployment of specialized hardware to all fueling stations, as was demonstrated in
the Oregon trials (See References 3 and 4).

23

See http://www.wrightexpress.com/WEX/wex-universal-locations.cfm (accessed June 26, 2009).
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Figure 3. VMT user fee payment showing how credit for paid gas tax is determined. The
sequence follows #1 through #7 to facilitate reconciliation.

This approach facilitates the use of existing high-volume data processing centers associated with
charge card transaction centers (e.g., used by Visa, MasterCard, etc.) rather than a state-operated
system. Visa, MasterCard and similar charge card organizations typically only charge the
merchant 3% for processing, a relatively small charge for administrating such a program24.
Furthermore, there are advantages of using standards set by the financial industry, including their
attention to privacy and security.
A method to discourage evasion attempts is to increase the motor fuel use tax per gallon, which
would only be rebated when the corresponding VMT charges are paid.
Clearly, from a consumer point of view, the best time to compare fuel use and VMT is right at
the fuel pump25 as was done in the Oregon demonstration (References 3 and 4), but this could
significantly increase the infrastructure cost because communications and processing capabilities
would need to be deployed at each pump at all existing fuel stations. In the last census, the U. S.

24

They have to date made most of their profit on interest charges and late fees.
The receipt printed at the pump would show the quantity of fuel used, the fuel cost, the motor fuel use tax charges,
and the VMT charge, with the appropriate credits applied.
25
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Census Bureau listed 120,000 gas stations26; other sources would imply that the number today is
about 160,00027.
Minimal Intervention Required at Fuel Pump – Point-of-Sale Reconciliation
A more immediate method of reconciliation that would only require reprogramming the
transaction card processor in the fuel pump or the station’s Point-Of-Sale System is similar to
that described in Figure 3 and is described as follows:
To allow immediate communication of VMT used at the time of refueling, the charge card or
fuel management card would contain a code (or the code is entered as above) that can be
matched up with each vehicle used by the cardholder. When this information is received by the
transaction-processing agency (e.g., using the same communications path that cards already use
to verify the cardholder), a request signal is sent to the in-vehicle device, which then wirelessly
responds with its VMT data set. In this scenario, the appropriate information is then immediately
returned to the transaction-processing unit at the fuel pump. The vehicle’s VIN would be preregistered with the charge or transaction card organization so that it has the correct
address/number for that vehicle’s device.
If the computation and communications turnaround speed were sufficiently high (e.g., as the
hardware at the fuel station is upgraded), it is conceivable that the fuel pump processing unit
could credit the cardholder immediately so that the cardholder is charged appropriately (for
VMT multiplied by appropriate rate plus the fuel charge minus the appropriate fuel tax). The
system could even credit the cardholder with the correct fuel tax charges and the correct VMT
rate associated with each state or other zone within which the vehicle has traveled (see later
description titled “Determining VMT fees state by state or by zone” in Section E). Besides the
need for a modification to the transaction-processing unit in the fuel pump, this would also
necessitate that the fueling station operator be a party to the financial transaction (and the costs
associated with that transaction) unless special arrangements were made.
Other approaches are also possible, but these would add potentially significant deployment costs.
Fuel stations could transmit an identifying code using a wireless transmitter (e.g., Bluetooth) at
each pump. Upon receiving such a signal, a Bluetooth receiver in the vehicle’s device would
respond with its VMT data set. The only way that the transaction processor in the pump could
receive and process the data would be if it were hardwired to do so, unless the above process
were used—i.e., the in-vehicle device uses the cellular chip set to communicate to the VMT
transaction processing agency, which then sends the appropriate information back through the
existing channels to the fuel station (and fuel pump transaction processing unit).

26

See http://www.census.gov/econ/census02/data/industry/E447110.HTM (accessed June 26, 2009).
The National Petroleum News listed 161,768 as the station count in their NPN MarketFacts 2008 summary found
on their web site and in the NPN Magazine, July/August 2008. See
http://www.npnweb.com/ME2/dirmod.asp?sid=A79131211D8846B1A33169AF72F78511&type=gen&mod=Core+
Pages&gid=CD6098BB12AF47B7AF6FFC9DF4DAE988 (accessed June 26, 2009).
27
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An equivalent process to that described in this section can also be applied to vehicles using
alternative fuels including electric power. Given that electric vehicles and plug-in hybrids are not
yet readily available (in mass market quantities), it would not be unreasonable that the vehicle
manufacturers be required to include an OBD-II compatible port and include charging level (or
charging rate) as accessible data on the connector. Many scenarios might be considered for use
of this data (as part of an expanded VMT data set). An agreement between the electric power
supplier and the VMT transaction processor for exchange of data could facilitate an appropriate
payment system. However it is important to remember that the purpose of the system described
in this document is to charge the vehicle user for its use (as measured by distance traveled),
rather than for its fuel. As such, our purpose in describing the above is to provide another option
(or conduit) for providing payment of the VMT based user fee by electric car users. Further
detail is beyond the scope of this document.
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D. The Wireless Communication System
Electronically Addressing Devices
Although newer Internet addressing protocols (e.g., IPv6) can readily handle the large addition of
Internet-based addresses for all registered vehicles, using the Internet assumes a quick rollout of
wireless Internet-based communications or cellular-based broadband that provide ubiquitous
coverage. This is hardly likely in the near term. Moreover, the wireless communication needs
described here, do not necessarily require that level of bandwidth.
Consider the addressing needs if one were instead to use text messaging over the cellular
network. Each “area code” in our present phone numbering system can theoretically handle 10
million vehicles. Three hundred million vehicles would then need 30 area codes. Given the
proliferation of cellular phones and other telephony-based devices, it is hardly likely that 30 area
codes are still available in the existing three-digit area code system. Addressing needs could be
handled by simply adding an additional digit to the area code. Specific four-digit area codes can
be associated with the text messaging/cellular phone numbers used for addressing the devices in
all registered vehicles in the United States and Canada (where the country code is 1). All
vehicles registered in a given state would have one or more area codes associated with that state.
Security
To facilitate enhanced security, the device would be programmed with a preset list of
addresses/phone numbers. These are the only destinations to which it will be able to transmit a
VMT data set. Similarly, the device would be programmed with a separate preset list of
addresses/phone numbers, the only addresses from which it will accept requests for a VMT data
set. Although security may be an issue with SMS, secure encryption algorithms, which have
been developed for payment and commerce applications, can also be applied here.
Cellular Communications
In North America, there are multiple cellular providers that use different signal handling
technologies (i.e., various “flavors” of CDMA and GSM) for communication. The portion of the
electronics that is truly unique to each cellular provider can be separated onto a separate plug-in
that would be inserted into the device depending on the local wireless communications contract
that has been signed between the government agency and the provider. Alternatively, the device
could come in different flavors depending on the contracted cellular provider. These contracts
can be bid out based on price and area coverage. Protocols for SMS and calling/receiving/
responding to calls are not unique to any one cellular provider and would be common across all
on-board devices.
VMT Data Update Frequency
So as not to overload the existing infrastructure, all devices could be programmed to
communicate their data at times when communication loads are low, e.g., at night once every 24
hours for commercial vehicles, or once a week for private vehicles.
15

Power
A small rechargeable battery would be included in the device so that it can communicate even
when the vehicle is turned off. This battery could be trickle charged during vehicle operation.
Thus, the in-vehicle device would be self-contained at the OBD-II and attached to the Data Link
Connector (DLC); it would therefore not require any additional wiring to other points on the
vehicle. If the vehicle were parked for a long time, the battery would drain. In such an event, the
device would stop transmitting the VMT data set and would also not respond to automated
requests for the data set by the back office. This can however be handled as described under
“Random automated checks” in Section F.
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E. Allocation of Fees
States such as Minnesota already have a formula for distributing revenue to the state, counties,
and urban jurisdictions (and transit). As such, there is no fundamental need to monitor the
location of the VMT. (The federal government would automatically receive its portion.) One
scenario that protects the privacy of a vehicle’s location is to simply allocate all VMT fees
generated by vehicles registered in a given state, to that state, and depend on the state to
redistribute that revenue internally. However, allocation formulas are not the case everywhere,
and other scenarios can be considered. It should be recognized, however, that this necessitates
determining the distance traveled within a zone. There is an approach that require no additional
hardware than that already described here as part of the in-vehicle device. This approach will
now be described.
Determining VMT Fees State by State or by Zone
Cordon pricing (i.e., a “different” price is charged based on distance traveled in a designated
area) can be implemented using the methods described thus far with the addition of cellularbased location. There are many variants of this technology. Our approach is not based on
triangulation or multilateration. Multilateration is the process of locating a receiver (i.e., the
cellular phone) by measuring the time difference of arrival of a signal transmitted from three or
more synchronized transmitters (i.e., the cellular towers28). Such systems have been used to
implement E-911 location when no GPS receiver is on the cell phone.
Cell Identification – or Cell ID – is the simpler and less accurate process of approximating the
cellular phone position by using the physical location of the cell tower.
Our approach takes advantage of the in-vehicle cellular communication device’s ability to read
the cell tower identifier29. Rather than using it to identify the device’s position in longitude and
latitude, our approach uses it to locate the device within a larger zone of travel by using a
zone/cell tower identifier database. Furthermore, this can be done using a cellular device that is
only SMS capable, thus eliminating the need for voice or other data transmission capabilities,
and their associated operational cost.
Such a device-resident database associates all towers in each identified travel zone with a
common tag. The onboard database contains no longitude or latitude data, just tags representing
each zone, or zone classification. The accuracy of such a system to identify the zone of travel
would certainly be sufficient for recognizing travel within a state (and would also be more than
adequate to distinguish travel within different counties). Zones could be a unique area within a
state, or a unique area crossing state boundary lines such as a tunnel or bridge. A zone
classification could be a designator that identifies the zone as rural or urban. Thus if individual

28

A discussion on our use of the term cellular tower can be found in Section B.
For GSM type cellular devices, this is straightforward. The identifier for the “closest” cell tower can be read
directly from the device’s Radio Interface Layer (RIL). In the United States, AT&T and T-Mobile use GSM cellular
technology. Similar capabilities exist for non-GSM cellular devices.

29
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counties need not be identified (for fee allocation purposes), then they may simply be identified
as rural or urban, thus allowing different rates to be allocated on this basis.
Travel near the border of a zone (to within no more than a few miles) might be ambiguous and
would depend on the local cellular tower density. Errors would be greatest on lightly traveled
rural roads near state borders since these are likely to have fewer cellular towers in their vicinity.
An agreement between adjacent states could handle such errors (or ambiguities). Such an
agreement would certainly be an improvement over the present situation in which those who live
near a state border can fill up across the state line, at the gas station with the cheaper state motor
fuel use tax. Another alternative is for a state to negotiate with a cellular provider to add a cell
tower at a strategic location near a zone boundary line where better zone differentiation is
needed.
There are certainly other locating technologies on the market or in development (see Reference
6), but the intent is to keep the on-board device and system as simple and as inexpensive as
possible to facilitate quick national deployment across both rural and urban parts of the country.
There are two additional benefits to this approach. One is the enhanced privacy since no
longitude-latitude location information is acquired by the device. And two is the use of the same
cellular communication component on the device to both identify the cell tower and
communicate the data.
A cellular-tower identification system could be polled for identifying the zone at regular
intervals, or polling can be based on an algorithm that takes into account the last identified cell
tower and the VMT since that zone was identified. Depending on accuracy needs and privacy
concerns, methods for locating VMT within a zone, of lower or higher resolution and accuracy,
might be used. Rather than using the “closest” tower, triangulating from multiple cell towers
based on a voting strategy (select zone A if 2 out of 3 flagged towers are tagged as belonging to
zone A), or the cellular tower with the strongest signal might be used to identify the zone of
travel. Alternatively, specific cellular towers (and their identifying code) may be used to
represent the boundaries of a zone, thus demarcating when a zone is crossed. Any of these
strategies would be sufficient for the purposes identified here (i.e., in what states are VMT
accumulated). If this approach were taken, then the VMT data set could be expanded
accordingly. It could include a code associated with each state or pricing zone (e.g., a county or a
region managed by an MPO). In this event, VMT would be accumulated by each state or zone
within which the vehicle has traveled.
Cellular signals always send a code identifying when a cellular device has crossed into another
country. This code can be used to identify VMT outside the United States so that the road user
need not be charged for travel outside the country.
To ensure complete privacy in the “limited” zone-based system described in this section, VMT
rates (by state, zone, etc.) would be initialized on the device and updated at regular intervals as
described earlier under the “Device design” heading in Section B. In this case, all calculations
would take place on the device with the broadcast message (VMT fee data set) excluding VMT
information, but including the computed fee that should be charged.
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A more detailed description of the methodology for aggregating VMT in a state or other
geographic zone based on the “closest” cellular tower is described in Appendix D.
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F. Verification and Enforcement
As mentioned earlier, a method for encouraging the transition to a VMT based road user fee and
for discouraging evasion is to increase the gas tax rate and then apply a credit for the resulting
additional revenue that is raised (via that tax), towards payment of the VMT fees. However,
policymakers may find it politically difficult to increase the gas tax.
Ensuring compliance can be handled in one of several ways. The least desirable approach would
be to verify that VMT user fees have been paid when the vehicle is finally sold and an actual
odometer reading is taken. A stiff fine would be charged for not having paid the appropriate
VMT road usage fees. However, waiting until the vehicle is sold is likely to be too late and does
not resolve the issue if the vehicle were to be “junked.” Alternatively, a more reasonable
approach is to require an annual inspection of the odometer and the on-board device by
“certified” service shops for a nominal fee. A certificate (provided by the shop) would be turned
in when the tags are renewed annually, or the shop could send such a certificate to the “back
office” electronically, which would in turn communicate that all is OK to the agency issuing the
annual license tags.
Parameter and Firmware Updates
This annual “check” would be an excellent opportunity to securely update parameters on the
device, including firmware and any VMT rates, zone definitions, etc. that are used in the fee
calculations. A federal or inter-state body would be responsible for managing and updating the
zone and rate database (including local variations within a state) across all states. This update
approach would minimize the power draw on the device that otherwise could become an issue if
such updates were done wirelessly during vehicle operation. Furthermore, eliminating wireless
updates during vehicle operation would remove a potential channel for wirelessly “breaking
into” the system.
Tamper-Proof Seal
It should be noted that the above approach does not prevent the vehicle owner from
disconnecting the device AND the odometer and reconnecting them when needed to demonstrate
compliance. We propose that a tamper-proof seal or sticker be used, one that could indicate if the
in-vehicle device was removed and then re-attached. This would require manual verification
(which can be performed during the annual inspection).
The following describes a variety of additional approaches (from simple to more complex) to
ensure and enforce compliance.
1) Random automated checks
1A. The first threshold for verification is whether data are being received when expected.
Data downloads should be taking place at regular intervals, but not at the exact same
time for each interval so that the time at which transmission takes place cannot be
predicted.
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1B. Alternatively, a request message would be sent at random times to the device30
requesting a response with its data set.
If no data are received after some number of such requests, the vehicle owner would be
requested to bring the vehicle to an inspection station31. The vehicle owner would be given the
opportunity to indicate whether the vehicle has been temporarily taken out of service (e.g.,
parked for the winter, owner away on vacation, etc.). If there is no response, a citation would be
issued to the vehicle owner. If the fees and any fines were not paid by the time license tags need
to be renewed, then tags would not be issued.
2) Check against fuel usage
If one compares fuel usage with VMT at regular intervals, major discrepancies can be
determined using standardized fuel use rates associated with specific vehicle models. However,
this would require access to fuel use for each vehicle (one method was described earlier). When
electrically driven vehicles are introduced into the fleet, this approach would require monitoring
electricity usage. The government can mandate that electricity usage by individual vehicles be
readily accessible32. This is not unreasonable given (a) the federal push towards a smart electric
power grid, and (b) the need to facilitate electrically charging vehicles during times when there is
a reduced load on the grid, i.e., at night.
Several approaches for compliance monitoring and enforcement can be based on the following:
Given that the device electronically reads speed and time and numerically integrates it with
respect to travel time in order to compute VMT, it would be difficult to get the vehicle’s
odometer to match the device’s odometer estimate (original odometer setting + device’s
calculated VMT accumulated over time) without both the device and odometer33 being
functional. Therefore, if the vehicle owner were to disable one or the other, it would raise a red
flag. This premise enables the following additional approaches listed below and in Section G.
3) Using law enforcement personnel
Law enforcement personnel in a squad car who have stopped a vehicle can enter into their
terminal the license plate number of the vehicle in question. A central server34 could then return

30

This requires that the device be addressable, be able to receive requests, and process them. The previous
characterization of the system only required that the device be capable of transmitting data.
31
Older drivers who regularly drive less than some threshold (e.g., one to two thousand miles per year) could have
some alternative arrangement set up so that they do not have to make regular trips to an inspection station.
32
It will also be necessary to mandate that the OBD-II interface be available on electrically powered cars and other
future alternative fuel vehicles. The original motivation for the OBD-II was to simplify the diagnostics associated
with emission control systems. With zero emission systems becoming available, the automotive industry may
attempt to eliminate this “access.”
33
Legislation already requires that odometers be functional; these could be checked at regular intervals as part of,
for example, an annual inspection. (Inspecting vehicles less often would reduce the cost.) All cars without the OBDII (e.g., pre-1996 passenger cars) would use this inspection for reading the odometer and transmitting the
information to the back office for charging purposes.
34
It is assumed that there is at least one central server in each state with access provided to all other state servers.
Mirror sites may be appropriate within each state. These interlinked servers could, for example, be owned and
managed by the transaction processor under contract.
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a message to the officer indicating whether the vehicle owner is up-to-date in payments. (The
central server would associate the license plate number with the VIN.)
Another alternative is for the central server to text messages the device in response to the
officer’s request, which then would respond with its ID and current odometer estimate and the
last time it uploaded the information. The officer could then verify that the device’s odometer
estimate, the VIN, and the vehicle’s odometer reading actually match. The laws would have to be
suitably modified to address the basis for being stopped by law enforcement personnel. One can
consider the possibility of a “primary” vs. “secondary” VMT law, analogous to primary vs.
secondary seat belt laws.
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G. More Complex Systems Requiring Roadside Infrastructure
If the above methods are deemed insufficient to ensure compliance, then automated methods
requiring additional complexity and the deployment of infrastructure will be needed. The
deployment of such infrastructure as described here also facilitates the addition (or subtraction)
of VMT fees based on facility or road type. No deployment of roadside infrastructure was
required in any of the approaches described in Sections A-F.
The following requires that RFID tags be mounted on all vehicle windshields (or on the license
plate as part of the annually renewed adhesive tag) and that RFID readers be deployed at selected
locations.
Location-Based Automated Verification
The RFID reader at station A (at an entry to a limited access road) reads a unique identifier for
the device stored in the RFID tag. The reader station then communicates with the back office,
which in turn polls the device to get its VMT data set. The device responds by text messaging its
VMT data set to the back office. See Figure 4, which illustrates the process at a specific station.
The same is repeated at station B, for example at the exit ramp of the limited access road (which
is located at a known distance from the entry ramp). The VMT calculated for the vehicle should
match up with the known distance between the two locations. For such applications, an
additional code can be added to the request to the device by the back office. This additional code
could serve to trigger the device to transmit an expanded data set (which could include corrected
vehicle speed and associated time stamp information stored at regular time intervals along the
route between the two stations35) which can be used for improve the verification process. If the
received data do not meet a verification standard, the owner of the vehicle associated with the
VIN would be sent a request to bring the vehicle to an inspection station. If there is no response,
a citation is issued to the vehicle owner. If the fees and any fines are not paid by the time license
tags need to be renewed, then tags are not issued.
Identifying the vehicle at the “check-in” location: In the system described above, an RFID
reader is mounted near or over the road and reads the vehicle’s identifying RFID tag (mounted
on the windshield or on the license plate as part of the annually renewed adhesive tag). There are
many such systems already deployed around the country, and they represent a significant
existing investment in infrastructure. Most deployed RFID readers use gated access36, but such
systems can be designed such that free flow is possible. It is assumed that a nationally
interoperable tag would be used, one that can capture more information than many of those
35

As indicated, if VMT data is required at a specific instant in time, then a running buffer is necessary in order to
store VMT values and associated time stamps at intervals within a specified window in time. However this greater
temporal accuracy may not be warranted. For example, a 30 minute delay between reading the RFID tag and
acquiring the VMT is equivalent to only 30 miles of travel if a vehicle is traveling at 60 mph. The delay at a second
location may be somewhat different than the 30 minute delay experienced at the first station. The error in calculating
the VMT between the two stations will be a function of the difference in the delay experienced at the two stations.
The question of course is whether this added accuracy warrants the additional complexity in hardware/software.
36
In this situation, the readers may be mounted at a reduced height so that they only read one vehicle tag at each
sampling time.
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widely deployed at present. One example of a system that may already handle the needed
information but is not yet widely deployed is 3M’s Electronic Vehicle Registration (EVR)
system37.
The tag would need to include a unique identifier that would allow the RFID reading station to
communicate with the back office and identify the selected vehicle for polling.

RFID
Tag Reader
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Sends VIN

Back Office

1
Reads VIN

4
VMT Data
RFID
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Requests VMT Data
based on VIN

4
VMT Data
Short
Messaging
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In-Vehicle
Device

3
Requests VMT Data
based on VIN

Figure 4. Integration of RFID with VMT data communication. The RFID Reader reads the
encrypted VIN or an equivalent unique identifier on the tag. The VIN is then used to
retrieve the VMT data from the in-vehicle device by polling it using its unique
address/phone number, only accessible through the Back Office. The VMT data is
associated with the RFID reader location. The sequence follows #1 through #4.

Alternatively, an electronic license plate reader might be used. The license plate number would
then be electronically transmitted to a central server at the back office, which could then

37

See
http://solutions.3m.com/wps/portal/3M/en_US/Traffic_Safety/TSS/Offerings/Systems/Veh_Reg_Systems/?PC_7_R
JH9U5230GE3E02LECFTDQOVT5_nid=J5GLVB3C5XbePFJZV1PKJ1gl.
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determine the device’s phone number/address and thus communicate with the device to get the
VMT data set.
Ensuring that an RFID tag is mounted on the vehicle38: A vehicle presence sensor (e.g.,
inductive loop detector, traffic camera, etc.) detects the presence of a passing vehicle. If the
RFID reader at that sensor location reads no tag when a vehicle is detected, then either an
electronic license plate reader39 is used or a camera takes a picture of the license plate. In either
event, the system transmits the information to the local law enforcement agency for action.
Traveling on a Limited Access “Toll Road” 40
A method similar to that used for automated verification, described above, can be used41. The
RFID reader at station A (at an entry to the toll road) reads a unique identifier for the device
stored in the RFID tag. The reader station then communicates with the back office, which in turn
polls the device to get its VMT data set. This would occur again at station B, i.e., the exit ramp
of the toll road, or at locations where the VMT rate changes on the toll road. A surcharge would
then be added to the vehicle owner’s “bill” based on the additional VMT rate charged for the
VMT accumulated on that road. The process described by Figure 4 applies here as well.
Travelling on Privately Maintained Roads
RFID can also be used when you wish to exclude VMT charges, such as for travel within large
ranches, resorts, military bases, mining properties, etc. – for driving on any large private property
or on privately maintained roads. Such an approach might also be considered for toll roads which
are fully self-sufficient – for which one might make a case for excluding travel on them from the
state/federal VMT charge.
Congestion Priced Roads
Similar to the approach above used for a “toll road,” congestion pricing can also be implemented
by setting an additional fee (i.e., based on a variable VMT rate added to the “normal” VMT rate)
for specific road segments or corridors. A congestion metric would be determined for that road
segment, with the additional higher rate based on congestion broadcast to drivers prior to entry of
that road. VMT pricing information, the additional VMT rate—whether based on individual road
segments, time of day, or local congestion—can be broadcast and displayed by a separate invehicle device that incorporates a display, such as a PND (see Figure 5), or displayed on a
Variable Message Sign (VMS) located a suitable distance ahead of the road entrance.
The in-vehicle display would provide the driver with (a) real-time information as to the local
additional charge and (b) the freedom to use an alternative route if so desired. The operator of
that road would set the congestion-based VMT rate using a metric that they deemed appropriate.
38

This approach describes existing technology already deployed in many parts of the United States.
Electronic license plate readers are far from robust and often require manual verification.
40
A toll road is defined here as one that charges a higher or alternative (e.g., congestion pricing) VMT rate structure
than the rate structure used in the rest of the state.
41
Even though existing electronic tolling methods (e.g., E-Z Pass, MnPASS) can be retained, in the longer term (or
as new “toll roads” are deployed) the method described here has many advantages.
39
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The additional congestion charge based on the distance traveled along the congestion priced road
would be sent to the back office, which would then add it to the vehicle owner’s VMT charge. In
this case, the RFID tag is read at the entry and exit of the congestion priced corridor so that the
VMT at the entry and exit can be determined. Alternatively, tags can be read at locations where
congestion based rate changes might be desirable. This may well be the case where drivers are
provided a choice to leave the congestion priced segment, or stay on it. The distance traveled
along each separately priced segment is then used for computing the congestion-based VMT fee,
which is added to the base rate.

Figure 5. Providing VMT rate information to the driver. In this example, a VMT data set is
sent to the back office after the vehicle has passed an RFID reader, which flags an increase
(or decrease) in the VMT rate for the upcoming segment. The driver will have had
advanced warning about the change in the VMT rate, provided by the real-time in-vehicle
display of the PND. The latest rates can be updated by wireless communication from the
local Traffic Management Center (TMC) or by commercial traveler information providers.
RFID readers would be deployed at locations where various factors might suggest a VMT
rate change. Please note that the wireless communication (SMS) conveying the VMT data
from the vehicle is separate and totally distinct from the communications between the
TMC and the PND in the vehicle.
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H. Determining VMT Fees for Specific Applications, i.e., when Higher
Location Resolution and Accuracy is Needed
Determining VMT Fees by Road Jurisdiction
If the needed location accuracy or resolution is such that VMT by road type or by road
jurisdiction is desired, then the use of GPS, and associated digital maps and map matching, may
be necessary. In order to protect the driver’s privacy, only accumulated VMT by road type or
road jurisdiction would be saved. Actual locations would not be stored. In order to distinguish
between roads in close proximity, differential GPS corrections would likely be necessary. A
service providing Nationwide Differential GPS (NDGPS) corrections already exists and is freely
available on accessible frequencies42. See Figure 6 for a map showing the areas covered by one
or more correction signal transmitters across the USA. NDGPS receivers are commercially
available.
Another alternative GPS-based technology for determining location and aggregating VMT by
road facility that would minimize error, uses Satellite Based Augmentation Systems (SBAS). In
this country, the Wide Area Augmentation System (WAAS) provides this type of service.
WAAS corrections are broadcast at 1575.42 MHz (the same frequency as the GPS L1 signal),
thus reducing the cost of the GPS receiver, which nevertheless must still be WAAS enabled.
However, it is important that for whatever approach is taken, that the technology be tested and
certified as providing sufficient accuracy to meet the required specification (see Reference 7).
Determining VMT Fees by Lane
Non-GPS methods exist for determining VMT by lane (see Reference 8). Alternatively, if higher
accuracy differential GPS (on the order of 10 cm) is an option, then high accuracy digital maps
of the lane boundaries would be necessary to identify which lane is accumulating the VMT. Such
high accuracy maps already exist (see Reference 9); several hundred lane miles have been
digitized to date and are used for various applications.
“Piggybacking” Other Technologies on the System
In both of the above, since the VMT, VIN, and a corresponding time stamp would still have to be
wirelessly and securely communicated to the “back office,” the methods for communications,
device addressing, compliance and enforcement, receiving credit for paying motor fuel use fees,
etc., described in the rest of this document can still be applied by using the in-vehicle device
described earlier. Accumulated VMT from the GPS receiver (which can also serve as part of a

42

See http://www.tfhrc.gov/its/ndgps/. (accessed June 26, 2009).
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Figure 6. Area covered by one or more NDGPS correction signal transmitters across the
USA.43 On land, the lighter green represents coverage by multiple transmitters, while the
darker green represents no coverage.
Personal Navigation Device or PND), or accumulated VMT by lane can be wirelessly
communicated (using a separate and secure short-range approach, e.g., based on Bluetooth) to
the device and used for (a) system verification that the GPS-based VMT calculations are indeed
correct44 and for (b) real-time auditing purposes (especially useful if actual locations from the
GPS receiver are never saved).
Another option is to use the PND to identify which road facility is being used, or which class of
road is being driven on from a set of such facilities or road types. The PND would then
wirelessly transmit this road designator as a specialized type of zone to the in-vehicle device
which in turn would compute the VMT for each of the specialized zones. In this approach, VMT
would be computed based on the data from the OBD2 port, as discussed in Appendices B and C,
while the zone (which type of road the traveler is on) would be determined by the PND. This

43

From http://www.navcen.uscg.gov/dgps/coverage/CurrentCoverage.htm (accessed June 26, 2009).
The verification could be implemented on the device using simple calculations such as the addition of all VMT by
jurisdiction, road type, or lane, and then checking these against the total VMT determined by the device.
Furthermore, if GPS signals were lost (in tunnels, skyscraper canyons, etc.), one would still have a backup for
calculating VMT under these circumstances.
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would simplify the software needed on the PND and would take advantage of the VMT
computation methods already on board the in-vehicle device.
The addition of a wireless link between a PND and the in-vehicle device would require that
significant attention be paid to the security of that link, i.e. to ensure that it is robust and cannot
be hacked.
By wirelessly mating the PND with the in-vehicle device described in this document, little to no
additional communication hardware would be required in the PND. Short-range wireless radios,
such as Bluetooth, are already available on many PND’s45. If commercially available PND’s are
envisioned for this purpose, then a certification agency would have to be established to certify
the accuracy of their VMT calculations or their road type classification algorithms. The
certification process would need to be developed by a team of experts who understand the
underlying GPS and digital map technologies and coordinate system transformations.
The device’s wireless communication channel described earlier (i.e., SMS) would still be used
for transmitting the more detailed VMT data set (e.g., lane or road type coding along with the
VIN, time stamp, etc.) to the back office. If the data exceed the limit of standard text messaging
(160 characters/message46), the transmission of multiple text messages can be used47.

45

ZigBee is another wireless low-power alternative, but it is not widely deployed in the PND industry.
The maximum size for a text message is 160 characters, which takes up 140 bytes because there are only 7 bits per
character in the text messaging system.
47
Data compression and coding schemes may also be used but it is doubtful that these would be advantageous over
simply breaking up lengthy messages into 160 character segments that would be sent in sequence. Some SMS
variants have a 140 character limit.
46
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I. Advantages of the Proposed System
The device described in this document is independent of GPS and thus (a) can work in all
environments (including tunnels, skyscraper canyons, etc.), (b) can readily maintain the vehicle’s
privacy (since no location is ever captured or saved on the device), and (c) can be installed with
little effort, requiring minimal skill and no wire harnessing. The system requires no new
deployment of infrastructure (except as described for automated enforcement and VMT
‘surcharges’ for specialized facilities, as described in Section G). The system allows for varying
the ‘rate’ based on the fuel efficiency and the carbon footprint for that vehicle year and model
(contained in the VIN data). The system also allows for plug-in hybrids and electric vehicles to
pay their fair share for road use.
The system can also be used for trucks, with adjustments made for additional information to
capture data for the towed trailer on combination trucks (time stamp indicating when trailer is
hitched and unhitched, number of axles on trailer, gross vehicle weight, etc.). For example, an
RFID reader on the cab can capture data about the trailer from an RFID tag on the trailer, or
other wired or wireless communication methods can be used to communicate such information to
the device in the cab.
The system described in this report is particularly suited for quick deployment on a very large
scale, and can be carried out independently of other methods that may address different road user
charging policies.
Although GPS-based VMT systems have many advantages, it is worth noting that they require
(a) a mounting location for the GPS antenna with line of sight to the sky, (b) a wired connection
to power, and in some implementations, (c) digital maps48 (and map matching algorithms) that
are certified to be sufficiently accurate such that VMT is charged correctly at the specified
accuracy and resolution. Previous studies have found that commercially available digital maps
do not necessarily meet a consistent accuracy specification everywhere (Reference 7).
Furthermore, any VMT road user charging system must be verifiable, have built-in mechanisms
to ensure compliance, and be readily enforceable. Unlike a personal navigation device (whether
stand-alone or part of a cellular phone), one cannot allow the user to simply turn off the device.
In this country, there have been 3 major evaluations of GPS based VMT systems. These include:
(1) the Oregon study (mentioned earlier; see References 3 and 10) which focused on using GPS
to distinguish VMT within a zone and handling payment directly at the fueling station, (2) the
Minnesota study (mentioned earlier; see Reference 7), which focused on evaluating both GPS
and digital maps in the most difficult of environments - where roads of different jurisdictions and
possibly different fee structures are located in close proximity to each other (e.g., a highway and
a frontage road), and (3) the University of Iowa, which is presently conducting a national
evaluation of a GPS-based tolling methodology. The Iowa study began in October, 2005. A May
48

Although a digital map may not be necessary, an appropriate conversion algorithm is necessary to convert from
longitude/latitude (available from the GPS receiver) to a distance measurement in the local state plane coordinate
system.
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19, 2009 update on their two-year field-test conducted on a sample of approximately 2,700
participants using 1200 units can be found at http://ppc.uiowa.edu/dnn4/Default.aspx?tabid=65 .

31

J. The German “Heavy Goods Vehicle (HGV)” Tolling System
For comparison purposes, it is worthwhile to briefly review the technology used by the German
“Heavy Goods Vehicle (HGV)” tolling system, the largest functioning VMT charging system
presently deployed. It is not unreasonable to describe this system as the most technically
advanced system of its kind (VMT charges based on GPS) in the world. On-board units (OBU)
consist of a GPS receiver, memory that stores a custom-developed digital map of the tolled
corridor, a processor that carries out the map matching algorithms, and a cellular communication
system. See Figure 7. These are mounted on the dash and hard-wired into the power system of
the truck.

Figure 7. A schematic of the HGV Tolling System.

System Facts
Date Started:
Vehicle Applicability:
System Applicability:

January 1, 2005
Heavy trucks 12 tons and above gross vehicle weight (26,400 pounds)
12,500 km (7,768 miles) of federal motorways (Autobahn) system and
three segments of second class federal highways
Total Vehicles Tolled:
1.5 million (35% foreign)
Vehicle-Miles Tolled:
22.7 billion km (14.1 billion miles) per year
Average Toll Charged: 13.5 Euro cents per km (approx. 33.9 U.S. cents per mile49)
Range of Toll Rates:
9 -14 Euro cents per km (approx. 22.6 to 35.1 U.S. cents per mile)
Annual Gross Revenues: 2005: 2.86B Euros; 2006: 3.08B Euros; 2007: 3.40B Euros
(approximately $4.46B, $4.80B and $5.30B, respectively)
System Annual Cost:
Estimated at 15 to 20 percent of revenues
49

Based on the August 2008 exchange rate of $1.56 per Euro.
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OBU Cost:
OBU Installation Cost:

500 Euros initially ($650); 200 to 250 Euros currently
60 to 70 Euros ($94 - $109), installed by private market

Automatic Tolling System (Automatic Log-On: 90% of Transactions)
•
•
•
•
•

USGPS-based vehicle location
On-board computer (OBU)—not mandatory
Data transmission: mobile communications network (GSM)
Dedicated Short Range Communications (DSRC - 5.8 GHz)
Toll collect data processing system

Manual Booking (Manual Log-On: 10% of Transactions)
•
•
•

Internet or terminal (3,000 units)
Toll collect data processing center
Toll revenue invoicing, remuneration, recovery, and fines

Enforcement Approach: Spot Checks
1. Automatic: using 300 gantries, each equipped with video cameras, license plate readers
with infrared cameras, optical character recognition, and DSRC communications.
2. Stationary: At half of these gantry locations, there are stationary parking areas where
enforcement personnel can check vehicles flagged by means of communications received
from the gantries.
3. Mobile: There are about 280 mobile enforcement vehicles equipped with electronic
equipment necessary to verify compliance.
4. On premises of freight shippers: Enforcement personnel have access to shippers’
premises where they can verify toll payments against manifests
Violations
•
•
•
•

Fine for intentional violations: 400 Euros ($624)
Fine for unintentional violations: 200 Euros ($312)
Maximum fine: 20,000 Euros ($31,200)
Responsibility for fines: 50 percent to driver; 50 percent to shipper

Tolls have been charged with a reliability of 99.7 percent, and enforcement-aided technology has
been able to keep toll violations below 2 percent.
Protection of Privacy
A data protection and security system has been implemented to protect system access—
registration, route booking or payment—against unauthorized access or data tampering. Data
gathering is limited to what is legally approved for purposes of toll collection. Data
communications are protected using an encryption system developed for that purpose. No voice
telephone communications with the OBUs is possible, since the system makes use of modified
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SIM cards designed exclusively for data communications.
The above summary of the German “Heavy Goods Vehicle (HGV)” tolling system has been
abstracted from Reference 11. It is important to note that this system uses custom developed
digital maps in order to ensure the correct application of charges.
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BACKGROUND
Road-user charges based on vehicle-miles traveled (VMT) are considered by a number of groups
to be a potentially viable alternative to motor-vehicle fuel taxes as a primary source of revenue to
fund the nation’s highway system. The concept has been the subject of notable research (for
example, studies conducted by the State of Oregon and the University of Iowa) and its
implications for public policy considered by a number of groups such as the TRB Committee for
the Study of the Long-Term Viability of Fuel Taxes for Transportation Finance and the
AASHTO Board of Directors. (Reports of these two groups’ thinking on the subject are
available at http://onlinepubs.trb.org/Onlinepubs/sr/sr285.pdfa and http://www.transportation
.org/sites/policy_docs/docs/viii.pdf.)
While such studies have found the concept to be promising, they also have highlighted
challenges. New communications and information technology must be installed to enable VMT
charges to be implemented fully and public acceptance has yet to be proven. Even with public
support, years may be required for the new technology to be deployed throughout the vehicle
fleet and highway network.
Recent declines in fuel-tax revenues and the impending expiration of the SAFETEA-LU
legislation in September 2009 are prominent among motivations for policy makers to consider
changes in how we pay for highway construction and maintenance. Those who envision that
VMT charges may be adopted as a long-term vehicle for generating revenues seek interim
mechanisms which can be quick to implement, acceptable to the public, and effective as
transition steps toward fully-developed VMT charges that account for miles traveled, roads used,
time-of-day, vehicle weight and emissions, and other factors influencing the cost of service.
AASHTO is working to ensure that the various issues surrounding VMT charges are fully
explored.
However, there considerable interest among policy makers in ways that a move toward VMT
fees might be quickly implemented both to raise revenues in the near term and to facilitate a
transition to sustainable alternative to fuel taxes as primary revenue sources. Senator Barbara
Boxer (D-CA) has suggested, for example, that a VMT fee that is collected annually (or semiannually, quarterly, or bi-annually) along with existing vehicle registration or inspection fees
could provide an immediate means for revenue collection. For such a fee to be successfully
implemented, attention must be given to ensuring its ease and reasonable costs of administration,
low burden on road users, and utilizing immediately available technology.
OBJECTIVES
The objectives of this research are to (1) identify and evaluate possibly viable alternative
mechanisms for assessing and collecting VMT fees that can be developed and implemented
within the near term, 2010 through 2015; (2) propose a practical strategy for implementing a
mechanism that will have a high likelihood of sustainable success; (3) describe the immediate
actions necessary to achieve implementation, and (4) identify a long-term strategy for making a
smooth and effective transition from the proposed mechanism to a robust and sustainable system
of VMT-based user fees. While analysis and forecasting of VMT trends are beyond the scope of
this project, the research must be conducted with consideration for the likely viability of VMT
fees as a primary source of revenue for financing the nation’s highway system.
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reprinted below.)
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research was funded through a state pooled fund led by the Minnesota DOT and consisting of the
Federal Highway Administration and 15 state departments of transportation: California,
Connecticut, Iowa, Kansas, Michigan, Minnesota, Missouri, North Carolina, Ohio, Oregon,
South Carolina, Texas, Utah, Washington, and Wisconsin.
Abstract: The main goal of this research was to develop the system requirements for the GPS
and the digital map components that make up the core of an in-vehicle road user charging
system. The focus was to evaluate both GPS and digital maps in the most difficult of
environments - where roads of different jurisdictions and possibly different fee structures are
located in close proximity to each other (a highway and a frontage road, for instance). In order
for the system to be effective it must be able place the vehicle on the correct road. GPS receivers
that are commonly used by automotive navigation systems do not have sufficient accuracy for
road user charging applications. However, the GPS-determined positions can be corrected, and
thus made more accurate, using publicly and privately available wireless signals, namely, using
differential GPS (DGPS). This experimental study, based on road testing, found that only certain
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DGPS receivers are capable of achieving the needed accuracy. Extensive testing of existing
digital maps found that they are also not accurate enough to be used for road user charging.
There are however, new, higher accuracy digital maps (not yet publicly available) that are
already being used for vehicle safety applications. By combining DGPS and such high accuracy
digital maps, the ability to design a road user charging system with high geographical resolution
can become a reality.
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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.
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Appendix A. Detail of Initialization by Device Installer at Certified Station

The following outlines the procedures that an installer would follow during the device
initialization:
1.

Installer reads the odometer and VIN on the vehicle, then selects the specific device to
install, given vehicle design constraints, to make sure that the device fits. Installer
connects the device to the OBD-II DLC.

2.

Installer connects the device to the installation system via cable51 and downloads the
latest firmware and data (e.g. VIN and allowable phone numbers and addresses are set in
memory of device at this stage). Firmware and the specific VMT Data Set type and
associated data are dependent on local state requirements for the system. Data set types
are described in Appendix C. For detail on the data flow in the device after it is turned on
and loaded with all firmware and memory, see the Description of Task Zero (Figure A-1).

3.

Installer sends the information, including VIN, initial odometer reading, vehicle owner
information, and tire size to transaction processor (i.e., the back office).

4.

Transaction processor “pings” the device for the VMT data set.

5.

Device responds with the full VMT data set (zero VMT at this point; all integrators were
set to zero in Task Zero).

6.

Transaction processor sends the installer a copy of the VMT data set received from the
vehicle.

7.

Installer checks that all is okay with the initialization and then confirms the successful
installation with the transaction processor.

8.

Installer applies a tamper proof seal and the owner drives off.

51

Although wireless systems for updating the firmware and memory in the device can be designed to be secure, a
hard wire link is even more secure. Physical access to the vehicle is required.
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Figure A-1. A schematic showing data flow for Task Zero: Initialization.
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Appendix B. The OBD-II Reader

B-1. OBD-II Communication Interface
Every vehicle sold in the United States since 1996 is equipped with an OBD-II port. It is a 16 pin
port that is usually located under the dash on the driver’s side of the vehicle. Figure A-1 shows
the pin layout of the OBD-II port. The OBD-II port's physical connector is called the Data Link
Connector (DLC).

Figure B-1. The OBD-II port, also called the Data Link Connector (DLC).

The OBD-II port allows your car to report three kinds of information: Diagnostic Trouble Codes
(DTCs), real-time data, and freeze frame data. (DTCs are simply error codes that can be looked
up to determine what problem your car is experiencing. Freeze frame data is a snapshot of the
real-time sensor feeds at the time of a DTC condition.)
Power and ground are available on the DLC. The OBD-II connector pinout has Ground on #5
and Power on #16. The data pinouts depend on the protocol52.
There are five different communication protocols that vary between vehicle manufacturers.
These are summarized in Table B1 below.

Table B-1. OBD-II Communication Protocols
Signal Protocol
SAE J1850 PWM
SAE J1850 VPW
ISO 9141
ISO 14230 (Keyword)
ISO 15765 (CAN)

52

Vehicle Manufacturers
Ford
General Motors
Chrysler, Most European and
Asian Manufacturers
Chrysler, Most European and
Asian Manufacturers
Standard in the US by 2008

Data Speed
41.6 kbps
10.4/41.6 kbps
10.4 kbps
1.2-10.4 kbps
250/500 kbps

See for example http://www.auterraweb.com/obdiipinout.html (accessed June 26, 2009).
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In previous projects, we have used the Car Pal Bluetooth OBD-II reader manufactured by Vital
Engineering. That device uses the ELM 327 chipset53, which converts the OBD-II data to RS232
data, and easily integrates with all of the OBD-II communication protocols.
The Car Pal Bluetooth OBD-II reader is intended to be used with proprietary software to
diagnose car problems and track fuel economy. However, the device as described in this
document also uses standard OBD-II Parameter IDentification (PID) codes to request OBD-II
data through the reader and can be used independently of any proprietary software. For the
device described in this document, we would use a more up-to-date chipset.
P-codes, or OBD-II PIDs On Board Diagnostics "Parameter IDs", are codes used to request data
from the vehicle data bus. These codes are part of SAE standard J1979, required to be
implemented in all cars sold in North America since 199654.
There are ten modes of operation described in the latest OBD-II standard SAE J1979. The two of
interest here are:
$01. Show current data
$09. Request vehicle information
The following lays out the Mode, the PID code, the expected response for that Mode and PID
code, and how to translate the response into meaningful data for four cases:
Mode (hex), PID (hex), Data bytes returned, Description, Min, Max, Units, Formula
01, 0D, 1, Vehicle speed, 0, 255, km/h, A
01, 0C, 2, Engine RPM, 0, 16,383.75, rpm, ((A*256)+B)/4
01, 1E, 1, Auxiliary input status, , , ,(A0 == Power Take Off (PTO) status (1 == active)
[A1..A7] not used)
09, 02, 5x5,Vehicle identification number (VIN), , , , (Returns 5 lines, A is line ordering flag,
B-E ASCII coded VIN digits).
In the Formula “column”, the letters A, B, C represent the decimal equivalent of the first, second,
third, etc. bytes of data.
The OBD-II reader sends the needed Mode, PID to the vehicle's OBD-II connector.
1. Read needed Mode and PID from device memory
2. Based on the VIN55, select protocol for sending PID to the vehicle's bus (CAN, VPW,
PWM, ISO, KWP. After 2008, CAN only). The data reading protocol is loaded in
53

For a description of the chipset, see
http://www.ecufix.com/shop/index.php?main_page=product_info&products_id=198 (accessed June 26, 2009).
54
For more detail on the codes and response from the vehicle bus, see for example
http://en.wikipedia.org/wiki/OBD-II_PIDs (accessed June 26, 2009).
55
There are many sources for decoding the VIN, see for example
http://en.wikipedia.org/wiki/Vehicle_Identification_Number (accessed June 26, 2009).
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firmware on the device.
3. A device on the vehicle bus (vehicle side) recognizes the Mode and PID as one it is
responsible for, and reports the value for that PID to the bus.
4. The OBD-II reader reads the response on the bus, and sends it to the speed decoding task
below, or the other tasks, as needed.
B-2. OBD-II Data Acquisition Thread for OBD-II Reader
The OBD-II data acquisition thread sends the needed hexadecimal parameter identification (PID)
code to the OBD-II reader that requests a particular data set. For example, if the Mode and a PID
code of 010C is transmitted, the OBD-II reader would respond by providing the engine’s RPM
data. If the Mode and PID code of 010D is sent, the OBD-II reader provides the speed of the
vehicle. This data is piped into a serial buffer where it is stored in memory so other threads may
use the data for various calculations. The OBD-II reader communicates in hexadecimal;
therefore, speed and RPM values are represented as a hexadecimal number that must be
converted to its decimal equivalent. Each hex digit represents a decimal number from 0 to 15.
This is shown in Table B-2 below.

Table B-2. Hexadecimal to Decimal Conversion
Hex Number

Decimal Number

0
1
2
3
4
5
6
7
8
9
A
B
C
D
E
F

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

For example, RPM data is represented as two bytes or four hexadecimal digits. An example of a
typical RPM value the OBD-II reader would provide is 1BF8. This would yield the decimal
equivalent of 7160.
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(B-1)
By convention, the OBD-II always provides RPM data multiplied by a factor of four. Therefore,
the actual vehicle RPM value is

(B-2)
Speed is decoded in a similar manner. The only difference is that the OBD-II reader represents
speed as one byte of hexadecimal data instead of two bytes. Converting the hex byte into its
decimal equivalent provides the speed of the vehicle in kilometers per hour. A typical speed
value provided by the OBD-II reader is 4A. The following decoding equation would be used to
calculate the speed of the vehicle.

(B-3)
Since there is .62137 MPH in one KMPH, the OBD-II thread multiplies this factor by the
previous result to obtain 46 MPH.
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Appendix C. A Description of the Tasks Executing in the Device

The microprocessor on the device will be running a number of tasks. These are summarized in
Fig. C-1. Calculating the VMT is straightforward and is described by Task X, a very simple
process that aggregates VMT into only one location in memory. See Figure C-2.

Figure C-1. The tasks that run on the in-vehicle device microprocessor.
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Figure C-2. Task X: Determine VMT by numerical integration of speed.

If however, VMT must be aggregated by time so that a different rate can be charged for driving
during periods of congestion, then an alternative is needed. Task Y is an example of a VMT
calculator that aggregates VMT by two different time periods (shown in Figure C-3). We
characterize this as a different data type, since we are now aggregating VMT into separate
memory locations (in this case two). The congestion period is defined in memory when the
system is initialized and can be updated when the firmware is updated. The resulting VMT’s are
stored in memory and are read by other tasks that will be described.
When a request for data by the transaction processor (the back office) arrives, Task A would
respond. See Figure C-4.
If a valid request and encrypted channel were available, then Task C would be executed. See
Figure C-5. Task C would read the VIN and the VMT registers out of memory, and would time
stamp the result. This would be followed by packaging the data set into an SMS format (typically
160 characters56).

56

Some systems only allow 140 characters.
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The data type describes the type of VMT that will be collected by the system. This would
facilitate a variety of options from which policymakers may choose. Some may want to
aggregate VMT by time interval or by geographic zone (or both). See Figure C-6. One can
conceive of a case in which VMT is aggregated by time for urban areas and not for rural areas
(not shown in Figure C-6 but certainly possible). Note that Task C reads the data type and its
associated data in order to use the right VMT calculator and to read the correct registers in
memory for that data type.
As an alternative to Task A, which responds to external requests for VMT data, Task B sends
VMT data out at regular intervals and invokes Task C when needed. See Figure C-7. The last
step in the transmission process is encrypting and sending the data set along a secure channel.
See Task D described in Figure C-8.
Other tasks may be executed as well. Task E might continuously check whether the VIN in
memory matches up with the VIN read by the OBD-II reader. This could be used to determine if
someone has removed the device (for vehicles which provide the VIN on the OBD-II).
The updater task shown in Figure C-1 can be executed on the microprocessor or by another
direct memory access chip included on board the in-vehicle device. It only comes into play when
a cable is connected to the device by a certified station (previously described).
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Figure C-3. Task Y: Determine VMT by time intervals set in memory. Data set type=1. Two time intervals shown for this case,
in which Ti is the time interval during which traffic is congested.
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Figure C-4. Task A: Respond to request for data set.
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Figure C-5. Task C: Format data set.

C-6

Figure C-6. Possible VMT data set type definitions.
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Figure C-7. Task B: Send data set at regular intervals.
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Figure C-8. Task D: Send data set.
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Figure C-9. Task E: Test if device is connected to the vehicle for models with VIN available
on the OBD-II port.
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Appendix D. Locating VMT in a State or Zone Based on the “Closest”
Cellular Tower

GPS technology has become the locating system of choice for many systems. One disadvantage
that has often been cited is its inability to deal with commercial business districts in which
skyscrapers block satellite signals or multipath signals reflected off buildings distort the signal.
Assisted GPS (A-GPS) has been widely deployed as one solution to this problem. A-GPS uses an
assistance server or other data received from a network connection to help acquire satellites
(improving Time-to-First-Fix) or to help perform the computations remotely (if the processor
capability is limited or power draw is an issue). Thus A-GPS is commonly used on cellular
phones. The SIRFStarIII (depending on the version) and the Qualcomm gpsONE chipsets are
examples of A-GPS technology, which often do reasonably well under poor signal environments,
but do require a data link to the outside world to resolve the locating problem when signals are
poor. The Qualcomm chipset is one that is often found on CDMA based cellular phones on the
Verizon or Sprint networks. The Apple iPhone is an example of a GSM based cellular phone on
the AT&T network that uses A-GPS57. For A-GPS, the availability of a potentially expensive
network connection is required. However, digital network connectivity is not assured
everywhere, especially in rural areas.
For our particular objective, computing VMT while driving in a particular geographic region, the
accuracy of GPS receivers or of A-GPS is not required.
Identifying the location of a cellular phone without GPS has been done before, in particular for
GSM-based phones. These systems were primarily focused on providing location for E-911. In
order to make or receive a call, each cell phone must continuously identify the cell tower58 that is
closest to its location. In order to do so, it regularly transmits a request and if a tower (or cellular
base station) is close enough (or more accurately has a sufficiently sensitive receiver and
sufficiently powerful transmitter), receives identifying data back as to the ID of the closest tower.
With this information, the cellular phone can make or receive a call with minimal latency.
Showing a cellphone’s approximate location on a map was popularized by Google in their
MyLocation feature, which runs under their Google Maps for Mobile application set. Google’s
approach to locating the phone using their resident application was briefly described when they
announced their new API for developers. See:
http://googlemobile.blogspot.com/2008/06/google-enables-location-aware.html
Google used its Maps for Mobile application, which was freely distributed across countless
cellular phones (including phones which used a cell tower identifying algorithm and a GPS
57

According to a blog, the iPhone uses the Broadcom A-GPS chipset. See
http://iphone3gps.blogspot.com/2008/06/iphone-3g-features-broadcom-gps-chipset.html and
http://www.broadcom.com/products/GPS/GPS-Silicon-Solutions/BCM4750 (accessed June 26, 2009).

58

Rather than cell tower, a more correct term is a “cell site” or cellular antenna site. A “cell site” is simply the
antenna installation. A “cell tower” is the support structure upon which a single or multiple “cell sites” are installed.
“Cell sites” can also be installed on rooftops, water towers, billboards, signs, hillsides, etc. Other terms that are often
used to describe the wireless interface between the mobile phone or cellular device and the cellular network are base
transceiver station (BTS), cell base station, cellular base station and base station. In this document, we use the term
cell tower (rather than cell site), because most everyone (laymen included) understands what we mean by this term.
We have used the term "cell tower ID" to reference the ID# for that cell site in order to be consistent. However, the
more appropriate term is "cell ID" or cell site ID rather than "cell tower ID" as used here.
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chipset), to collect a database matching up the cell tower ID with their GPS coordinates. Now (a
few years later) if a cell phone does not have GPS capability, the cell tower ID acquired by the
phone is broadcast to Google’s Location Platform over the network and its Location Platform
server sends back a map showing the location of the mobile phone based on the GPS coordinates
previously acquired for that tower59. It should be emphasized that the feature does not work
unless one has (and pays for) a wireless data connection. The use of the Google Location
platform is free, but one must download Google’s client software on to the phone (available for
many of the more powerful phones called “smartphones”). See:
http://www.google.com/mobile/default/maps.html#utm_source=usetmore&utm_medium=et&ut
m_campaign=maps.
Almost all cellular devices have access to the following cell tower data60 or its equivalent (which
can be read using software) as part of the Radio Interface Layer (RIL):
• Cell Tower ID
• Location Area Code (LAC)
• Mobile Network Code (MNC)
• Mobile Country Code (MCC)
The Mobile Country Code can be used to identify when travel is outside the country61. The
Mobile Network Code identifies the cellular operator62.
Thus for our application, the system would focus on acquiring the cell tower ID and its
associated codes. Methods for getting the cell tower ID from a cellular device are well
documented. Thus in the context of a device that associates VMT with a zone or region of travel,
we can use the very same architecture/design described earlier but this time focusing on its
capability to identify the cell tower ID, as shown in Figure D-1. This can be done using a cellular
device that is only SMS capable, thus eliminating the need for voice or other data transmission
capabilities.
With the cell tower IDs, one can then either use Google’s application or other methods to acquire
the longitude/latitude of the cell tower. See for example the code and methods posted for “Learn
How to Find GPS Location on Any SmartPhone, and Then Make it Relevant,” the winner of the
"Microsoft Windows Mobile Developer Contest 2008" (First Prize level). The web site63 is
located at:
http://www.codeproject.com/KB/mobile/DeepCast.aspx?display=PrintAll&fid=1532806&df=90
&mpp=25&noise=3&sort=Position&view=Quick&select=2936370

59

It may be that the Google provided location is based on triangulation from multiple towers, if multiple cell tower
ID’s and their relative signal strengths are transmitted.
60
The full cell site ID data set received includes: cell id (not really a cell “tower” ID as there may not be a tower
associated with the cell site), location area code, mobile network code and mobile country code.
61
For a list of Mobile Country Codes, see http://en.wikipedia.org/wiki/List_of_mobile_country_codes
62
For a list of Mobile Network Codes by country, see http://en.wikipedia.org/wiki/Mobile_Network_Code
63
Note that some critical details are not shown on this web site.
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Google has developed the most comprehensive database of tower locations64.
Starting with a spatial database of cell tower locations, one can transform these into a database
which maps the cell tower locations to zones as proposed here for the VMT road user fee
application.
Consider the following VMT zone assignment example. All cell tower IDs in the state of
Minnesota would be loaded into the database and assigned the MN zone; the same would be
done for cell towers in other states. If a greater resolution is required, the same (i.e., tagging each
cell tower ID with a zone/region identifier) can be done for distinguishing between counties of
travel. If distinguishing between urban vs. rural zones is needed, one can do the same by tagging
towers based on the appropriate metric. For example, the FHWA Functional Classification
Guidelines65 provides for separate classification of urban and rural functional systems. Urban
classifications are considered in the context of places with a population of 5,000 or more.
With a database of cell tower ID’s matched to zone tags, one can calculate the VMT within a
zone. For the case when VMT rates need to distinguish between rural vs. urban travel and
between states, a Zone Locator might be designed as shown in Figure D-2. This Zone Locator
(Task W) would then be used by Task Z, which aggregates VMT by zone. See Figure D-3 for an
example of Task Z showing VMT computed for three zones. The database used by Task W is
stored in the in-vehicle device memory.
The U.S. Census Bureau lists 3,140 counties or county-equivalent administrative units in total66.
The number of cellular towers across all cellular providers in the Unites States is not well
documented. Numbers vary from 200,000 and up. The memory requirements for storing a table
such as that described by Task W in Figure D-2 is not unreasonable, especially if one realizes
that, for our example, there are only 6 possible ‘values’ for the parameters in column #2 of Task
W (MN rural county, MN urban county, WI rural county, WI urban county, IA rural county and
IA urban county), which only considers travel within 3 states. A 50 state solution identifying
rural vs. urban counties would only have 100 zones, or “values” which can readily be coded by
two ASCII characters.

64

It should be noted that Google is not the only organization with such information. OpenCellID.org is an open
source initiative to map all cell towers and their GPS coordinates. Yahoo! is doing the same thing with their
ZoneTag service. See http://developer.yahoo.com/yrb/zonetag/. However, both of these are more limited in scope.
65
See http://www.fhwa.dot.gov/planning/fcsec2_1.htm (accessed June 26, 2009).
66
See http://en.wikipedia.org/wiki/County_(United_States (accessed June 26, 2009).
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Figure D-1. The VMT In-Vehicle Device acquiring the cell tower ID. The full Cell Tower
ID data set received includes: cell id, location area code, mobile network code and mobile
country code.
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Task W: Zone Locator
Non‐Volatile
Memory
Cell Tower ID #
Cell Tower ID #1
Cell Tower ID #2
Cell Tower ID #3
Cell Tower ID #4

Zone/Region Identifier
State MN, Rural County
State MN, Rural County
State MN, Rural County
State MN, Rural County

Cell Tower ID #50
Cell Tower ID #51
Cell Tower ID #52
Cell Tower ID #53
Cell Tower ID #54

State MN, Rural County
State MN, Urban County
State MN, Urban County
State MN, Urban County
State MN, Urban County

Cell Tower ID #60
Cell Tower ID #61
Cell Tower ID #62
Cell Tower ID #63
Cell Tower ID #64

State MN, Urban County
State IA, Rural County
State IA, Rural County
State IA, Rural County
State IA, Rural County

Cell Tower ID #110

State IA, Rural County

Cell Tower ID #111
Cell Tower ID #112
Cell Tower ID #113
Cell Tower ID #114

State IA, Urban County
State IA, Urban County
State IA, Urban County
State IA, Urban County

Cell Tower ID #120
Cell Tower ID #121
Cell Tower ID #122
Cell Tower ID #123
Cell Tower ID #124

State IA, Urban County
State WI, Rural County
State WI, Rural County
State WI, Rural County
State WI, Rural County

Cell Tower ID #170
Cell Tower ID #171
Cell Tower ID #172
Cell Tower ID #173
Cell Tower ID #174

State WI, Rural County
State WI, Urban County
State WI, Urban County
State WI, Urban County
State WI, Urban County

Cell Tower ID #180

State WI, Urban County

.
.
.
.
.
.

Cell Tower
ID

.
.
.
.
.
.

.
.
.
.
.
.

Zone/Region
Identifier

.
.
.
.
.
.

Figure D-2. Task W: Zone locator. This example illustrates the case for three states (MN,
IA and WI) identifying counties as rural or urban. Individual counties need not be
identified. The data set in the first column includes sufficient data to uniquely identify the
cell tower. The same is true for the cell tower ID input.
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Figure D-3. Task Z: Determine VMT by zone set in memory. Data set type=2. Three zones shown for this case.
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Consider the simpler case in which it is only necessary to distinguish between states. Maps with
cellular tower locations for Minnesota, Iowa and Wisconsin are shown below in Figures D-4, D5 and D-6. All of the cell tower IDs in each state would be tagged with either MN, IA or WI (or
some equivalent). As soon as the cell ID is read by the device’s digital cellular chipset out of the
Radio Interface Layer and passed to the device microprocessor, the microprocessor would
associate a state tag with the ID (based on the database in non-volatile memory) and aggregate
all VMT by that state, until it reads a cell ID with a tag associated with a different state.
This approach avoids any use or storage of latitude/longitude information on the device. As
indicated earlier, there may be errors if the local density of cell tower locations at zone
boundaries is low. In such cases, the vehicle may travel some distance before it locates a tower in
the next state (i.e., with another tag). What is important to note by inspecting these maps (and
true across the whole country) is that cell towers are most often located along roads and the
higher the VMT (or more correctly, the higher the ADT67) along a road, the denser the cell
towers. Thus an error in identifying the wrong zone would likely only occur along roads with a
low ADT.

Figure D-4. Cell tower location map for Minnesota (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.

67

Average Daily Traffic
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Figure D-5. Cell tower location map for Iowa (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.

Figure D-6. Cell tower location map for Wisconsin (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.
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Cell tower location maps are available from a variety of sources (mostly proprietary). For other
examples, see the maps for Oregon, New York and California in Figures D-7, D-8 and D-9.

Figure D-7. Cell tower location map for Oregon (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.

Figure D-8. Cell tower location map for New York (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.
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Figure D-9. Cell tower location map for California (from
http://www.celltowerinfo.com/CellTowerLocationMapsIndex.htm). Reprinted with
permission. May not be reprinted or used for commercial purposes without the express
written authorization of Steel in the Air, Inc.

A web site of an antenna vendor seems to provide a comprehensive list of sources for cell tower
locations and comments by readers about their accuracy. See http://antennaguy.com/Maps.html
Also see http://www.lmic.state.mn.us/chouse/metadata/cellular.html#spref for how to access
FCC cellular location data base using GIS. This is a limited subset of cellular tower sites.
There are of course many sites with different types of information about cell towers. For
example, coverage provided by towers is mapped on http://www.gotreception.com/.
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