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EXECUTIVE SUMMARY 

The Minnesota DOT (MnDOT) was authorized through a state legislation bill in 2007 to spend 

ñ$5,000,000 for a pilot project to demonstrate technologies that will allow for the future 

replacement of the gas tax with a fuel-neutral mileage charge.ò  MnDOT subsequently initiated a 

two phased research program in response to this legislation. 

In Phase I, MnDOT identified applications that would best meet their safety, mobility and 

funding goals including an in-vehicle signage application (Signage), a Mileage Based User Fee 

(MBUF) application, and a Cooperative Intersection Collision Avoidance ï Stop Sign Assist 

application.  Phase I of this demonstration produced a preliminary Concept of Operations 

(ConOps) a set of stakeholder requirements, and a Phase II Implementation Scope of Work.  

Phase II of the program was initiated in 2010 to conduct a demonstration of the technologies and 

applications in a real-world setting with the following objectives: 

1. Assess the feasibility of using consumer devices for implementing Connected Vehicle 

and MBUF applications. 

2. Evaluate the effectiveness of in-vehicle signing for improving safety using localized 

applications. 

3. Determine if the in-vehicle signing approach being developed could be used to 

implement additional Connected Vehicle applications. 

4. Assess if a mobile application could be used to implement mileage-based user fees. 

5. Assess the viability of non-network Connected Vehicle safety applications, especially for 

rural deployments. 

6. Demonstrate the proposed Connected Vehicle approach for providing location-specific 

traveler information and collecting vehicle probe data. 

Phase II of the project included not only the design, development, and deployment of the 

technologies and applications, but also an extensive evaluation and qualitative assessment of the 

salient issues related to mileage-based user fees and the use of the technologies.  Battelle was 

awarded the operations contract while SAIC provided evaluation support.  Mixon-Hill served as 

technical advisors to MnDOT while others such as URS and Pierce Pini & Associates provided 

operational support for the project as part of the Battelle team. 

The operations portion of the project was conducted using a rigorous system engineering and 

software development process that included an extensive requirement development, system 

design, development, testing, and then deployment.  Throughout this process, an evaluation of 

various commercial off-the-shelf technologies was performed and compared to the requirements.  

Ultimately, it was determined that a Smartphone
1
 based solution was the in-vehicle technology 

platform for the applications while a cloud-based solution was the best option for hosting the 

data warehouse and processing.  A Samsung Captivate
TM

 
2
 Smartphone was the Smartphone 

                                                
1 The term smartphone is used throughout the document as a general term to refer to the off-the-shelf technology 

selected for this study.  The term Aftermarket Navigation Device may also be used in this document when 

referencing legacy documentation. 
2 Galaxy S series 



Connected Vehicle for Safety, Mobility and User Fee Implementation  

Minnesota Road Fee Test Operations Report  

Use/disclosure of data appearing on this sheet is subject to restrictions set forth on the revision history page of this document. 
xii 

employed for the in-vehicle equipment and the Microsoft Azure cloud was utilized as the data 

warehouse.   

Three waves of participants were recruited and participated in the study over the course of a 

year.  Across the three waves, 500 participants were included in the study with each participant 

being required to install and operate their vehicle for a six-month duration with the technology.  

Odometer readings were manually recorded from each participantôs vehicle prior to equipment 

installation, after two months of operation, and immediately following the removal of the 

equipment. 

Participants did receive compensation for participation in the study through several different 

mechanisms based upon their involvement with the evaluation activities.  Although active, no 

alerts or mileage-based user fees were assigned or assessed during the first two months of the 

field experience.  Based upon their mileage during these two months, however, each participant 

was classified into a ñHigh-Mileageò or a ñLow-Mileageò group and received an initial check to 

offset the MBUF that would be collected during the remaining four months of the study.  

Additional functionality was then activated and participants began to receive in-vehicle signage 

and began to accrue miles that were subsequently invoiced to them on a monthly basis for 

payment.  The payment process was completed by participants using PayPal, check, cash, or by 

credit card. 

There are several significant findings associated with the operational components of the test: 

1. A Smartphone is a reasonable and viable platform for MBUF as well as other Connected 

Vehicle applications such as in-vehicle signage. 

2. The quality of GPS signal is variable from phone-to-phone and is dependent upon 

placement of the device. 

3. There will be issues with Smartphone operating systems that make the ability to 

audit/post-process data critical and vital. 

4. There is room for continued field support optimization. 

5. Use of a vehicle power-port (voltage) for trip start/stop is not reliable. 

6. Statewide deployment would require provisions for providing significant help support. 

Ultimately, this project was successful in achieving the objectives of the Phase II portion of the 

MnDOT MBUF program despite many challenges to the deployment.  One significant challenge 

was the temporary stop work on the project in the midst of the deployment as a result of the 2011 

Minnesota State government budget crisis.  Other challenges included overcoming the relative 

ñnewnessò of Smartphones for study participants, which became significantly easier in later 

waves, as well as creating and implementing a design that guaranteed participant privacy but still 

protected the ability of a participant to audit and dispute the assessed fee.  
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1.0 INTRODUCTION 

MnDOT has been developing an integrated strategy related to Connected Vehicles for several 

years and is a leader among state DOTôs in pursuing Connected Vehicle related technologies and 

demonstrations, including those associated with mileage-based user fees (MBUF).  In addition to 

the state DOTôs efforts for moving forward with the concept of vehicle to infrastructure (V2I) 

local agencies in Minnesota have also initiated activities related to measuring vehicle miles 

traveled by Hennepin County residents.   

Certainly, the USDOT has promoted a vision for Connected Vehicle applications that until very 

recently relied upon the extensive use of road-side equipment (RSE) with Dedicated Short Range 

Communications 5.9 GHz (DSRC) being the primary communications platform for vehicle to 

vehicle (V2V) as well as V2I communication.  The California Path project extended this concept 

to demonstrate the ability to utilize cellular telephones as vehicle probes.
3
  Projects in Oregon 

and Iowa have been conducted to develop devices for measuring vehicle miles traveled with the 

ultimate goal of using this information to establish mileage-based user fees (MBUFs).  This 

project differed significantly from all previous MBUF and Connected Vehicle projects 

conducted prior to 2010 in that it did not rely upon prototype equipment or equipment that was 

developed specifically for the project, but rather, relied extensively on commercial off-the-shelf 

(COTS) hardware.  Subsequent to the deployment of this study, and in no small part due to the 

success observed in Minnesota, additional Connected Vehicle applications and safety software 

leveraging Smartphones and other mobile platforms have been initiated. 

One of the underlying goals of this project was to demonstrate that MBUF applications can be 

linked to Connected Vehicle components and successfully utilized for both purposes.  This was 

important because the synergy between these two systems may provide the ñsparkò that is 

needed to launch wide scale adoption of both systems.  DOT agencies could recognize the 

benefits of collecting probe data in real-time as well as the ability to improve safety and manage 

congestion through MBUF applications.  At the same time, travelers could realize benefits 

related to traveler information, safety, as well as discounted usage fees for selecting alternative 

(non-congested) routes. 

1.1 Demonstration Objectives 

Phase II of the program was initiated in 2010 to conduct a demonstration of the technologies and 

applications in a real-world setting with the following objectives: 

1. Assess the feasibility of using consumer devices for implementing Connected Vehicle 

and MBUF applications. 

2. Evaluate the effectiveness of in-vehicle signing for improving safety using localized 

applications. 

3. Determine if the in-vehicle signing approach being developed could be used to 

implement additional Connected Vehicle applications. 

4. Assess if a mobile application could be used to implement mileage-based user fees. 

                                                
3 The term probe is also referred to as travel trip data outside the context of this report. 
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5. Assess the viability of a non-network Connected Vehicle safety application, especially 

for rural deployments. 

6. Demonstrate the proposed Connected Vehicle approach for providing location-specific 

traveler information and collecting vehicle probe data. 

However, it is important to note that in addition to the explicit objectives of the study, there were 

a host of inherent objectives of the project, all of which had to be met for the demonstration to be 

successful.  These objectives included: 

1. Utilization of a commercially available system (e.g., readily available to the traveling 

public). 

2. The system must be simple to install and operate. 

3. Users of the system must be able to readily recognize benefits of the technology (e.g., it 

has to provide relevant, accurate, and timely information). 

4. The developed systems must be economically viable for future operation and 

maintenance (e.g., do not require MnDOT to provide continued maintenance and 

development). 

Although the demonstration had a decidedly focused effort regarding the feasibility of the in-

vehicle technologies as well as the data processing and payment mechanisms, a significant 

additional focus of the demonstration was to understand the publicôs willingness, acceptance, and 

usage of technology to record vehicle miles traveled as well as having faith and trust in a 

Smartphone/cloud-based data system for accurate and consistent collection of fees.  This report 

focuses most heavily on the technology and deployment aspects of the demonstration while the 

public acceptance, use, and opinions on the technology are discussed in the evaluation report 

prepared by the Evaluation Contractor. 

1.2 Organization of Operational Support for the Minnesota Road Fee Test 

The operational components of the demonstration project were conducted using a system 

development and design process that is summarized in Figure 1.  This process included an in-

depth requirements development and refinement process, a formal architecture and design 

process, software development and prototyping, and extensive testing prior to deployment of any 

software and hardware to the participants.  Battelle led the operations team but received 

significant support with requirements development and testing from URS and operational and 

field support from Pierce Pini & Associates.   
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Figure 1.  System Design and Development Process 

The development, design, and deployment of the technologies were divided into a series of 

sixteen tasks as illustrated in Figure 2.  Management of the operational side of the project was 

accomplished using a time-phased schedule with weekly progress reporting meetings between 

the Operational Team (Battelle, URS, Pierce Pini & Associates), the Evaluation Team (SAIC), 

and MnDOT.  

November 2010

July 2011

Field Deployment

December 2010 ïMay 2011
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Figure 2.  Work Breakdown Structure for the Connected Vehicle for Safety, Mobility, and 
User Fee Implementation (Minnesota Road Fee Test)



Connected Vehicle for Safety, Mobility and User Fee Implementation  

Minnesota Road Fee Test Operations Report  

Use/disclosure of data appearing on this sheet is subject to restrictions set forth on the revision history page of this document. 
1-5 

1.3 Supporting Documentation 

This document serves as an operational summary report for the Minnesota Road Fee Test and 

should not be deemed comprehensive in scope.  The documentation listed in Table 1 provides a 

complete description of functional architecture, system design and operation, and field 

operations conducted during the demonstration.  The aim of this report is to orient the reader to 

the overall demonstration activity while providing pertinent details when applicable.  

Table 1.  Applicable System Design Documents 

Reference 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Concept of Operations 
Document, 635110B0020A, July 9, 2010 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Stakeholder Requirements 
Document, 635110B0030B, September 10, 2010 

 Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation System Requirements 
Document, 645110B0040C, January 6, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Computing Module Vendor 
Item Control Drawing, 635110B1011C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Navigation Software 
Vendor Item Control Drawing, 635110B1001C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Aftermarket Navigation 
Module Vehicle Mount Vendor Item Control Drawing, 635110B1050C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Power Management 
Module Vendor Item Control Drawing, 635110B1020C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Vehicle Identification 
Module Vendor Item Control Drawing, 635110B1040C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation OBU Computing Platform 
and API Vendor Item Control Drawing, 635110B1030C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation ISMUF Software Design 
Document, 635110B0101C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Positioning Software 
Design Document, 635110B0104C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Logging Software Design 
Document, 635110B0103C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Vehicle Communications 
Software Design Document, 635110B0108C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Probe Data Collection 
Software Design Document, 635110B0107C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Signage Software Design 
Document, 635110B0105C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation MBUF Collection Software 
Design Document, 635110B0106C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation CICAS-SSA Data 
Processing Software Design Document, 635110B0100B, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation ISMUF Windows Azure 
Project Software Design Document, 635110B0201B, February 4, 2011 
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Reference 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Vehicle Communication 
Web Role Software Design Document, 635110B0210C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Participant Portal Web Role 
Software Design Document, 635110B0211C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Admin Portal Web Role 
Software Design Document, 635110B0212C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Data Repository Database 
Software Design Document, 635110B0230C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Probe and Log Database 
Software Design Document, 635110B0231C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Storage Account Software 
Design Document, 635110B0200C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Vehicle Payload 
Processing Worker Role Software Design Document, 635110B0220C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Report Generation Web 
Role Software Design Document, 635110B0223C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Business Logic Library 
Software Design Document, 635110B0213C, February 4, 2011 

Mn/DOT, IntelliDrive(SM) for Safety, Mobility and User Fee Implementation Message Set Dictionary, 
635110B0070C, February 4, 2011 
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2.0 FUNCTIONAL ARCHITECTURE 

The Connected Vehicle for Safety, Mobility and User Fee (CVSMUF) project work was divided 

into two phases.  Phase I, which was already completed prior to award of this contract, consisted 

of tasks necessary to identify where deployment would take place, why the deployed system was 

necessary, what the proposed system would do, when the system should be deployed, and how 

the system should work.  The Preliminary System Requirements Document developed in Phase I 

provided the basis for MnDOTôs decision to proceed with Phase II. 

A Stakeholder Requirements document was developed during Phase II that expanded on the 

Phase I Preliminary Requirements document by adding requirements collected during 

stakeholder meetings, and focused on the Stakeholder requirements for the proposed system. 

The System Requirements document expanded upon the Stakeholder Requirements document by 

outlining the functions the system of interest had to perform to meet the documented stakeholder 

needs, and provided requirements that are unambiguous, measurable, achievable and verifiable.  

The System Requirements document established the requirements for a Connected Vehicle 

system that would meet the documented stakeholder needs by addressing State user fee 

collection.  Although these capabilities might apply to a wide range of vehicle classifications, the 

initial demonstration was limited to passenger cars, SUVs, pickups, and vans.  Core applications 

of the Connected Vehicle system covered by the requirements document included: 

¶ Mileage-Based User Fee (MBUF) that accumulates miles driven in specific zones and 

reports this information to a back office system that assesses fees based on established 

criteria. 

¶ Vehicle probe data provided from the vehicle to a back office system. 

¶ Location-specific traveler information provided to the driver with current traffic 

information. 

¶ In-vehicle signage that provides safety alerts to the driver, received from remote back 

office system(s). 

The following subsections provide an overview of the System Requirements document for the 

Connected Vehicle for Safety, Mobility and User Fee Implementation project.  For more 

information, please reference the MnDOT IntelliDrive
SM

 for Safety, Mobility and User Fee 

Implementation System Requirements Document, 635110B0040C. 
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2.1 Functional Model 

The CVSMUF system had many goals.  The system of interest had to implement three separate 

applications to meet the needs of the stakeholders.  As such, the requirements were organized 

into a functional model to facilitate readability and development.  This functional model 

described the system of interest as a set of conceptual subsystems that created óbinsô to frame the 

system functions so that they could describe the intent of the system.  The functional model in 

Figure 3 established the two main conceptual subsystems for the CVSMUF system.  

ISMUF System

In-Vehicle Subsystem Infrastructure 

Subsystem

V1.1 (10/10/2010)

 

Figure 3.  CVSMUF System Diagram
4
 

                                                
4 In some Figures or Tables the use of ñISMUFò is used in place of ñCVSMUF.ò  The ñISMUFò term refers to the 

original project name, IntelliDriveSM for Safety, Mobility, and User Fees.  Both terms should be considered 

synonymous. 
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2.2 Conceptual Subsystems 

The conceptual subsystems contained related functions needed for the system to meet its 

functional goals. 

2.2.1 In-Vehicle Subsystem 

The In-Vehicle subsystem of the CVSMUF system was constrained to use an aftermarket 

navigation device enhanced to provide to the participant real-time MBUF information, as well as 

enhanced safety features and vehicle specific traveler information.  Ultimately a Smartphone was 

chosen to implement this system element.  In addition, this device had to provide important 

traffic probe data to the infrastructure to allow better monitoring of traffic conditions and route 

planning.  A participant had to be able to configure the CVSMUF application options through the 

device.  The in-vehicle subsystem had to work with the infrastructure subsystem to automatically 

obtain updates without participant intervention. 

2.2.2 Infrastructure Subsystem 

The Infrastructure subsystem managed the overall CVSMUF system.  It registered and 

communicated with all operating instances of the In-Vehicle subsystem.  It stored all data 

collected from In-Vehicle subsystem instances, enabled participant inquiries of usage patterns 

and routes, and supported management of the participantsô CVSMUF Portal and electronic 

payment accounts and provided access to system data for reporting purposes.  The Infrastructure 

subsystem also collected, logged, and coordinated configuration updates for all instances of the 

In-Vehicle subsystem. 
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2.3 System Internal Interfaces 

To coordinate activities and to reach the end goal of the overall CVSMUF system, the identified 

conceptual subsystems were required to have interfaces with each other to carry out the functions 

required to fulfill the system goals.  The interfaces described here are logical in nature, as 

multiple data items might use a given interface.  Interfaces took into account constraints placed 

on the design by the stakeholders.  Figure 4 illustrates the CVSMUF system with internal 

interfaces.  

ISMUF System

In-Vehicle Subsystem Infrastructure 

Subsystem

I-01

V1.1 (10/10/2010)

 

Figure 4.  CVSMUF System Diagram with Internal Interfaces 
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2.3.1 I-01 ï In-Vehicle Subsystem to Infrastructure Subsystem Interface 

Interface I-01 carried data between the two major subsystems within the CVSMUF system.  

Mileage driven on roadway segments collected within the In-Vehicle subsystem and safety and 

configuration data provided by the Infrastructure system were delivered using this interface. 

2.4 System External Interfaces 

The CVSMUF system relied upon several external enabling systems to perform its intended 

purpose.  It required hosting within and power from a participant vehicle.  It required positioning 

services from the Global Positioning System (GPS) and traffic information from a commercial 

traffic provider.  The CVSMUF system had to communicate with the Cooperative Intersection 

Collision Avoidance System ï Stop Sign Assist (CICAS-SSA) system for assisting vehicles 

through dangerous intersections.  Additionally, participants had to be able to interface with the 

system to make use of it, including having the ability to process e-payments.  Finally, interfaces 

had to be established to monitor and control the system, and extract data from the system for 

evaluation purposes.  Figure 5 illustrates the CVSMUF system with both the internal and 

external interfaces.  
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Figure 5.  CVSMUF System Diagram with Internal and External Interfaces 
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2.4.1 X-01 ï CVSMUF System to Participant Vehicle Interface 

Interface X-01 provided the necessary 12 Volt DC power to the In-Vehicle subsystem via the 

vehicleôs internal power bus.  This interface also ensured that excessive battery drain did not 

occur by managing the current draw of devices in the non-operational state. 

2.4.2 X-02 ï CVSMUF System to Global Positioning System Interface 

Interface X-02 provided vehicle position and current time information to the In-Vehicle 

subsystem via the terrestrial Navstar GPS segment.  These two key data components were 

required to support all of the planned applications, including signage, probe data and mileage-

based user fees. 

2.4.3 X-03 ï CVSMUF System to Traffic Data Provider System Interface 

Interface X-03 provided traffic-related data to the In-Vehicle subsystem via the native capability 

of the Smartphone.  This was to support the desire for route-specific real-time traffic conditions 

being made available to the driver as described in Section 3.1.2. 

2.4.4 X-04 ï CVSMUF System to CICAS-SSA Roadside Equipment Interface 

Interface X-04 provided a 5.9 GHz Dedicated Short-Range Communication (DSRC) channel, 

compliant with the present USDOT Connected Vehicle initiatives, between the In-Vehicle 

subsystem and existing roadside equipment.  DSRC was necessary to meet the performance 

requirements associated with implementing the Cooperative Intersection Collision Avoidance 

Systems (CICAS) application. 

2.4.5 X-05 ï CVSMUF System to Vehicle Occupant Interface 

Interface X-05 provided the human-system interface between the CVSMUF participant and the 

In-Vehicle subsystem.  This interface provided both the standard interface functionality within 

the Smartphone, as well as the enhanced user interface for the CVSMUF applications. 

2.4.5.1 X-05 Display to Vehicle Occupant 

The visual component of the in-vehicle display associated with Interface X-05 allowed for the 

dynamic display of CICAS Warnings, current MBUF rates, and other prescribed signage events, 

in addition to the default behavior of the subsystemôs navigation features. 

2.4.5.2 X-05 Audible to Vehicle Occupant 

The audible component of the in-vehicle subsystem provided a notification mechanism to the 

driver in the case of critical system notifications related to the CICAS, MBUF and signage 

applications, in addition to the default behavior provided by the navigation software. 
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2.4.6 X-05 Control by Vehicle Occupant 

The control component of the in-vehicle subsystem supported the participantôs ability to 

enable/disable the various applications, including MBUF Data Collection, Probe Data 

Collection, and In-Vehicle Signage, as well as to configure certain display parameters. 

2.4.7 X-06 ï CVSMUF System to Vehicle Owner Interface 

Interface X-06 provided access to a third-party, online, electronic payment system to enable 

participants or someone acting on behalf of the participant to add funds to a participant account, 

check account balances, or manage user information such as passwords, contact information, and 

others.  This same interface also supported the ability of the participant to receive credits or 

funds from other entities associated with this demonstration program. 

2.4.8 X-07 ï CVSMUF System to E-Payment Clearinghouse Interface 

Interface X-07 supported the interface to an online electronic payment system, to enable the 

system to invoice participants for accumulated mileage fees. 

2.4.9 X-08 ï CVSMUF System to System Administration Interface 

Interface X-08 provided the access to a system administrator as necessary to perform the various 

administrative tasks associated with establishing, monitoring, controlling, and maintaining 

participant accounts and related application settings and data. 

2.4.10 X-09 ï CVSMUF System to Data User Interface 

Interface X-09 enabled an authorized user to view data and reports provided by the system. 
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2.5 System Performance Characteristics 

System Performance Characteristics were used to define the characteristics, both functionally 

and physically, that the system had to exhibit to satisfy its intended purpose.  As noted 

previously, these performance characteristics were organized by the In-Vehicle and the 

Infrastructure subsystems respectively, and were further broken down into functional and 

physical groupings (as applicable) within these areas.  Figure 6 illustrates the CVSMUF system 

functions in the context of the system diagram.  
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Figure 6.  CVSMUF System Diagram with Functions 
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2.5.1 In-Vehicle Functional Characteristics 

These characteristics included the core positioning, logging, and communications capabilities, 

coupled with the probe, signage, and MBUF applications, which all utilized the core capabilities 

(or functions). 

2.5.1.1 Power Management Function 

The Power Management function was responsible for logging all activities associated with the 

startup and shutdown of the In-Vehicle subsystem. 

2.5.1.2 Logging Function 

The Logging function, located within the In-Vehicle subsystem, was responsible for logging all 

activities that were log-enabled regardless of whether user invoked or system invoked.  This 

logging included at a minimum, timestamp, location, functional systems responsible for the log 

entry, and the appropriate log message.  This log information was retained locally onboard the 

In-Vehicle subsystem until it was successfully transmitted to the Infrastructure subsystem. 

2.5.1.3 Positioning Function 

The Positioning function located within the In-Vehicle subsystem was responsible for 

determining and/or calculating positioning and time information.  It made available to other 

applications within the In-Vehicle subsystem, position-related information such as latitude, 

longitude, speed, heading, and time.  This function was also responsible for logging to the In-

Vehicle subsystem logging function, any occurrences when the state of the positioning 

information changes from available to unavailable, or vice-versa. 

2.5.1.4 Signage Function 

The Signage function was responsible for maintaining a database of position-dependent signage 

zones and criteria (i.e. time of day, day of week); receiving position information from the 

Positioning Function, comparing this position info and criteria against the database, and 

responding accordingly by displaying/sounding the appropriate sign/message/alert.  The types of 

zones may include speed, construction, school zone, and curve ahead.  Additionally, the signage 

function was capable of displaying/sounding CICAS related alerts. 

2.5.1.5 Mileage Based User Fee Collection Function 

The Mileage Based User Fee Collection function was responsible for maintaining a database of 

position-dependent pricing zones and criteria, receiving position information from the 

Positioning function, comparing this position info against the pricing zone criteria; updating the 

In-Vehicle subsystem display accordingly, and transmitting the logs in the form of an MBUF 

mileage report to the Infrastructure subsystem. 

2.5.1.6 Probe Data Collection Function 

The Probe Data Collection function
5
 was responsible for capturing position and heading-related 

information at regular programmable intervals, associating the information with a system- unique 

                                                
5 Within the Connected Vehicle paradigm, ñProbe Dataò refers to the individual or collection of GPS location points 

associated with a vehicle movement or trip.   
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Trip ID, logging the activities, transmitting ópackagesô of this position information to the 

infrastructure subsystem at regular intervals, and as necessary, buffering the information until a 

successful transmission occurred. 

2.5.1.7 Vehicle Communications Support Function 

The Vehicle Communications Support function was responsible for managing and logging all 

core communications between the In-Vehicle and Infrastructure subsystems.  This included 

registering the In-Vehicle subsystem instance with the Infrastructure subsystem when the In-

Vehicle subsystem instance came on-line, as well as ensuring that all In-Vehicle subsystem 

applications and databases were at the latest version, and if not, invoking an update process. 

2.5.2 Infrastructure Functional Characteristics 

The Functional Characteristics of the Infrastructure included all of the applications it had to host, 

as well as the core capabilities it needed to have to satisfy the needs of the applications and 

managing the multiple in-vehicle subsystem instances.  These characteristics included the core 

communications and data processing/storage capabilities required by all CVSMUF applications, 

coupled with account management, payment processing, analysis and reporting capabilities. 

2.5.2.1 Fleet Operations Management Function 

The Fleet Operations Management function serviced the needs of the In-Vehicle subsystem 

instances by tracking configurations, establishing signage zones, managing the MBUF scheme, 

processing probe data, and managing vehicle logs.  Each of these areas is described in the 

subfunctions below. 

2.5.2.1.1 Fleet Configuration Tracking Function 

The Fleet Configuration Tracking function served to track the configuration version of each of 

the in-vehicle subsystem applications, to include both the application itself and any associated 

data, such as pricing or signage zones. 

2.5.2.1.2 Fleet Signage Management Function 

The Fleet Signage Management function provided the necessary capabilities for a system 

administrator to create, edit, or disable signage zones and their associated criteria (i.e. time of 

day, direction) for school, construction, speed and curve zones. 

2.5.2.1.3 Fleet MBUF Management Function 

The MBUF Management function provided the necessary capabilities for a system administrator 

to create, edit, or disable pricing zones and their associated criteria (i.e. time of day, vehicle 

direction, etc.) for various vehicle types and locations.  The function also served to collect, parse 

and persist the MBUF mileage reports provided by each In-Vehicle subsystem instance. 

2.5.2.1.4 Fleet Probe Management Function 

The Fleet Probe Management function served to collect, parse and persist the probe information 

provided by each In-Vehicle subsystem instance. 
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2.5.2.1.5 Fleet Log Management Function 

The Fleet Operations Log Management function served to receive, parse, and store all log entries 

from the in-vehicle subsystem instances associated with the specific vehicle instance. 

2.5.2.2 Infrastructure Communications Support Function 

The Infrastructure Communications Support Function served to notify the In-Vehicle subsystem 

of updates to any of the configurations or reference data sets (i.e. rates, zones, etc.).  Similarly, 

the function could individually or broadly communicate administrative messages to the in-

vehicle subsystem. 

2.5.2.3 Data Processing Function 

The Data Processing Function served to provide the calculations, analyses and queries necessary 

to support the reporting needs of the applications utilizing the reported in-vehicle position 

information, logs, and manual odometer readings.  Additionally, maintenance and support 

services were also captured and reported.  These reports included travel time, monthly MBUF 

and probe summaries, as well as export capabilities. 

2.5.2.4 Data Warehousing Function 

The Data Warehousing function stored copies of, and recorded in a transaction log, all events 

associated with all raw messages sent/received between the In-Vehicle subsystem and the 

Infrastructure subsystem, as well as records of all parsed and processed information from these 

messages.  Additionally, this function stored copies of all system-generated reports, as well as 

retained copies of both the queries and query results for any ad-hoc information requests. 

2.5.2.4.1 Data Warehouse Management Function 

The Infrastructure subsystemôs Data Warehouse Management function provided the features 

associated with administering and managing databases, including, access control, transaction 

logs and backups, archives, and modification tracking. 

2.5.2.4.2 Data Warehouse Performance 

The requirements associated with Data Warehouse Performance ensured that it was sufficiently 

scaled to support the needs of the CVSMUF demonstration over three overlapping waves and 

approximately 500 participants. 

2.5.2.5 Participant Communications Function 

The Participant Communications function provided for an online portal and underlying processes 

to allow a participant to, at a minimum, manage their online account information, including 

contact and billing information, view invoices and make payments for MBUF fees, enter support 

requests, or view trip information. 

2.5.2.6 System Management Function 

The System Management function provided for an online portal and underlying processes to 

allow a system administrator to add or delete participants, mange the equipment associated with 

each participant, record odometer readings, and process payments on behalf of the participant.
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3.0 OVERVIEW OF SYSTEM DESIGN AND OPERATION 

The CVSMUF system was centered on the use of a commercially available Smartphone 

(Samsung Captivate
TM

), installed with the Android operating system, as the basic computing 

element with other support hardware as described below.  The system enabled the collection of 

mileage-based user fees through the use of a custom software application.  The Android 

operating system was further customized limiting functionality within the context of the study.  

For example, the Smartphone was configured so that it could not send or receive calls.  The 

custom application was designed to collect and transmit mileage using GPS location information.  

This information was used to generate fees and provide anonymous diagnostic travel trip date 

(probe)for evaluation by the Evaluation Contractor.  The system was installed inside a vehicle 

using existing off-the-shelf mounting hardware and used in-vehicle power to trigger the custom 

application and power the Smartphone.  The system did not require user interaction before, 

during, or after operation.   

Once collected, mileage was translated into a monthly billing based on an established fee 

structure.  By design, participants were given the option to disable mileage collection at any time 

through system configuration options or simply by not using the in-vehicle equipment.  In 

addition to collecting mileage, the Smartphone and custom application provided safety 

information to vehicle occupants in the form of on-screen signage alerts, audible speed warnings, 

and communication with the Collision Intersection Collision Avoidance System ï Stop Sign 

Assist (CICAS-SSA) warning drivers of potential hazards.   

The system was implemented in two major subsystems with their supporting network 

connections.  The first subsystem was integrated within a participantôs vehicle (In-Vehicle 

subsystem), and a second subsystem was implemented within a data center with network 

connectivity (Infrastructure subsystem).  Figure 7 shows the high-level system design concept. 

 

Figure 7.  High Level System Design Concept 
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The following sections provide a high-level overview of system design and operation.  For the 

purposes of this report the intent is not to include all pertinent details but rather orient the reader 

to the overall system design and operation.  For more detail on system design and operation 

please refer to the appropriate design documentation as listed in Table 1 of this document.   

3.1 In-Vehicle Subsystem 

The In-Vehicle subsystem provided the main user interface for the CVSMUF system and 

collected all of the data that is processed by the system to determine the mileage-based user fee.  

It also provided the geo-location services, navigation functionality for use by the vehicle 

occupant and anonymous probe data to the infrastructure. 

3.1.1 Commercial Off-The-Shelf Hardware 

The in-vehicle subsystem was assembled from several commercial off-

the-shelf components centered on the use of a Samsung Captivate
TM

 

(Galaxy S Series) Smartphone shown in Figure 8.  The hardware 

included the following list of off-the-shelf components described in 

more detail below. 

¶ Smartphone (Samsung Captivate
TM

 Galaxy S Series) 

¶ Smartphone in-vehicle mount 

¶ Power cables (Power Management Module) 

¶ Vehicle Identification Module (VIDM)  

¶ Dedicated Short Range Communications (DSRC) radio 

3.1.1.1 Smartphone 

The Smartphone, supported by a custom configured Android operating system, was the platform 

for the custom CVSMUF application and off-the-shelf navigation application.  The Smartphone 

was at the center of the In-Vehicle subsystem receiving power from an in-vehicle power plug.  

Its purpose was to provide a platform for system applications, vehicle identification, and GPS 

location functionality.  In particular, version 2.2 of the Android operating system provided four 

key services which were used by the custom CVSMUF application hosted by the phone.  Those 

key services were: 

¶ GPS location services 

¶ Battery management services 

¶ Local storage services 

¶ Communication services (cellular and Bluetooth®) 

3.1.1.2 In-Vehicle Smartphone Mount  

To present the computing module to the vehicle occupant in an easy 

to use and easy to reach fashion, a vehicle mounting solution was 

selected giving the participant the option to choose either a 

windshield mount or vent mount as shown in Figure 9.  The 

windshield mount assembly consisted of a suction cup assembly 

and the vent mount consisted of a bracket with alligator clip 

assembly. 

Figure 8.  Smartphone 

Figure 9.  Main Vehicle 
Mount Assembly 
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