~ ~|Connected
Vehicle s for
Safety , Mobility,
and Use r Fee
Implementation

Operations

| Summary
Report for the

- Minnesota Road

www.dot.state.mn.us



http://www.dot.state.mn.us/

Connected Vehicfer Safety, Mobility and User Fee Implgation
Minnesota Bad Fee Test Operations Report

Revision History

Revision Date Change Description Affected Sections/Pages
A 12/14/2012 Initial Release
B 01/17/2013 Full Draft Release All
C 2/25/2013 Incorporated comments All

This report is a work prepared for the Minnesota Stateernment by Battelle. In no event shall either the
Minnesota State Government or Battelle have any responsibility or liability for any consequences of any use,
misuse, inability to use, or reliance on any product, information, designs, or other dabaezbherein, nor does
either warrant or otherwise represent in any way the utility, safety, accuracy, adequacy, efficacy, or applicability of
the contents hereof.
i






Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

This page intentionally left blank

Use/disclosure of data appearing on this sheet is subject to restrictions setikoth listtpgage of this document.
ii



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

TABLE OF CONTENTS

Page
EXECUTIVE SUMMARY oottt ettt s e e e e e eee e e e e e e eaaan e e e e eessnnnes Xi
0 O I |\ I 1 51U I [ 1-1
1.1 Demonstration ODJECLIVES..........ii i 1-1
1.2  Organization of Operational Support for the Minnesota Road Fee.Test...1-2
1.3 Supporting DOCUMENTALION. .........cuuuuieiieiiiie et 1-5
20  FUNCTIONAL ARCHITECT URE.....cciiiiiiiii e e e e 2-1
2.1 FUNCtional MOGEL........cooeei e e e 2-2
2.2 Conceptual SUDSYSIEMIS. .......uuuiiiiiiiiiii e 2-3
2.2.1 In-Vehicle SUDSYSIEM.........ccoiiiiiiiii e 2-3
2.2.2 Infrastructure SUDSYStEML.........cccouuiiiiiiiiiii e 2-3
2.3 System Internal INterfaces..........ooooiiiiiiiiiiiiiie e 2-4

2.3.1 1-017 In-Vehicle Subsystem to Infrastructure Subsystem
10T = o = PP 2-5
2.4 System External INterfaces.........coooveiiiiiiiiiieeiiiee e 2-5
2.4.1 X-01i CVSMUF System to Participant Vehicle Interface............ 2-7
2.4.2 X-027 CVSMUF System to Global Positioning System Interface2-7

2.4.3 X-037 CVSMUF System to Traffic Data Provider System
INEEITACE ... e 2-7

2.4.4 X-047 CVSMUF System to CICASSSA Roadside Equipment

INEEITACE ... e 2-7
2.45 X-057 CVSMUF System to Vehicle Occupant Interface............. 2-7
2.4.6  X-05 Control by Vehicle Occupant...............ccceiiivieeiiieviiieeeenn, 2-8
2.4.7 X-067 CVSMUF System to Vehicle Owner Interface................. 2-8
2.4.8 X-077 CVSMUF System to BFPayment Clearinghouse Interface..2-8
2.4.9 X-087 CVSMUF System to System Administration Interface......2-8
2.4.10 X-097 CVSMUF System to Data User Interface......................... 2-8
2.5 System Performance CharacteristiCs...........cccoeveviiiiieeeriiiie e, 2-9
2.5.1 In-Vehicle Functional CharacteristiCS..............ceevverriirenninnnneenne. 2-10
2.5.2 Infrastructure Functional Characteigst................ccuevreeereieennnnnnn. 2-11
3.0 OVERVIEW OF SYSTEM D ESIGN AND OPERATION ......ccoviiiiiiiiiiineeeieiiennnns 31
3.1 In-Vehicle SUDSYSIEM........ccouuiiiiii e 3-2
3.1.1 Commercial OffThe-Shelf Hardware..............cccccoeiviiiiieeniiinnnnnn. 32
3.1.2  Smartphon@\pplications............ccoeeviiiiieiiiiieeeece e 34
3.2 Infrastructure SUDSYSIEML.........ooiiiiiiciei e 3-24
3.2.1  Windows Azure HOSted SEerVICES.......coveeiiiiiiiiiieeieeeeeeiiiee e 3-26
3.2.2  Windows Azure StOrage SErVICES.........coiereruieeeiriieeeeeiiieeeeennnnns 3-26
3.2.3 SQL Azure Server INStanCes........ccccoveeiiiiiiieeeeeeeeeeee e, 3:27
3.2.4  Vehicle Communications (Hosted Service) Web Role............... 327
3.2.5 Participant Porta|Hosted Service) Web Role...................ee.. 3-28
3.2.6  Administration Portal (Hosted Service) Web Rale..................... 3:30
3.2.7 Data Repository (SQL Azure Serverafdbase......................ou.e 331

Use/disclosure of data appearing on this sheet is subject to restrictions sexi&oth luisttpgge of this document.



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesotd&Road Fee Test Operations Report

TABLE OF CONTENTS (CONTINUED)

Page
3.2.8 Probe and Log (SQL Azure Server) Database............cccccccee.... 3-33
3.2.9  StOrage ACCOUNL......c.uuiiiiiieeeeie e eeeee et e e e e e e e e eees 3-34
3.2.10 Vehicle Payload Processing (Hosted Service) Worker.Role......3-36
3.2.11 Report Generation (Hosted Service) Worker Role.................... 3:38
3.2.12 Business LogiC Library..........ccoooeeiiiiiiiiieei e 3-39
3.3  Software Application Operational Description..............ccovvviviiiieeneeniennns 3-41
3.3.1 In-Vehicle Device Initialization............cccooeveeiiiiieeiiieeeie e 3-41
3.3.2  MBUF ..o 3:44
3.3.3  Probe Data.......oiiiiiiieiiie et 3-48
.34 SINAGE. ...t 3:54
3.3.5  DevViCe POWEI DOWIL....cccuuieiiiiieeeeii s eeeee e e e eeeeae e e eees 3-57
4.0 CONCEPT AND OVERVIEW OF FIELD OPERATIONS ......cccooiieiviiiiieeeeee, 4-1
4.1  Infrastructure Data LoOAdiNg...........uovieiiiiiiiiieeeee e e -2
4.2  EQUIipmMeNt ProviSIONING.........coooeiiiiiiiiieiieeeieiiie et eeeennii e e eeeen -3
4.3  ParticipantSCheduliNg .........coouuuiiiiiii e -4
4.4  Field Deployment and Baseline Period to Test Period Transition

(Odometer Reading #1 and #2)..........oveviiiiieieiiiee e 4-5
4.5 SUPPOIL ettt aa e 4-7
T 111 o] 1o Vo 4-7
4.7  CloseOut (Odometer Reading #3).......ccuieeiiuiieeeiiieeeeeiieeeeein e e e eeainns 4-8
4.8 Summary 6Lessons Learned from OperatianS............cccvevieviiiieeieeinnnnenn 8 -8
4.8.1 Infrastructure Data Loading............coeevviiiieiiieeie e e 4-8
4.8.2 Equipment ProViSiONiNg........c..ccuuiieiiuiieeieeiie e e eeeaiaeaeeens 4-8

4.8.3 Field Deployment and Baseline Period to Test Period Transition
(OdometeReading #1 and #2).........coevveiiiieiiiiieeee e -9
4.8.4  SUPPOIM ettt 4:10
T8 T 01V o o | o T EPPPRSPPRRY L B
4.8.6 CloseOut (Odometer Reading #3)......cccuvivieriiiiieiiiiieeeeeiineeeeann -12
4.9 Summary of Operational Issues andtRgant Comments........................ 4-:13
4.9.1 Operational ISSUES..........oeeviiiiieeii e e -13
4.9.2 Participant CoOmMMENES.........c.vieiiiiiieeeiiieee e e -14
T O U ST Vo = PP -15
4.11 Comparison of Odometer Reading and Equipment Collected Mileage...4-19
4.11.1 Reported Odometer vB&IBUF Recorded Mileage....................... 4-:19
4.11.2 Probe Data vs. MBUF Recorded Mileage..........c.cccocevuuiieeennnnn. f -33
5.0 TRAVEL TIME ANALYSIS ittt eeeaa e e e eeane 5-1
5.1  Freeway ROAd COrMMAOL........coeiiiiieiiii e e e e e e e 5-4
5.2  Low-speed Signalized Road Corridor (40 mph and below)...................... 57
5.3 High-speed Signalized Road Corridor (50 mph abave).......................... 5-11

Use/disclosure of data appearing on this sheet is subject to restrictions setikoth listtpgage of this document.

iv



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

TABLE OF CONTENTS (CONTINUED)

Page
6.0 ASSESSMENT AND RECOMMENDATIONS FOR IMPRO VEMENT .............. 6-1
6.1 A Smart Phone is a Reasonable and Viable Platform for MBUE.............. 6-1
6.2 The Quality of GPS Signal is Variable from PhdgonePhone and is
Dependent Upon Placement of the DeViCe...........coooeeiiiiiimiiiineeeeiiii 6-2
6.3  There Will Always be Issues withmartphoné®perating Systems That
Make the Ability to Audit/PosProcess Data Critical and Vital..................! -2
6.4  There is Room for Continued Field Support Optimization........................ 6-3
6.5 Use of PoweiPort (voltage) for Trip Start/Stop is Not Reliable.................! -3
6.6  Statewide Deployment Will Require Provisions for Providing Significant
HEID SUPPOIL ..t 6-4
7.0 PARTICIPANT -FACING MATERIAL ... 7-1
7.1  In-Vehicle Installation Instructions with VIDM.............cccocvvvviieveevviinenennn -1
7.2  Device and Software Use Video (Odometer Reading.#1)...........c...uuuven... 7-2
7.3  Deviceand Software Use Instructions (Odometer Reading.#1)................ 1-2
7.4  Device and Software Use Instructions Addendum (Odometer Reading.#2)3
7.5 MBUF Pricing Table and Examples (Odometer Reading. #2)................... 7-3
7.6  Safety Signage Zones Overview (Odometer Reading #2)....................... 7-4
7.7  Techrology Flyer (Evaluation TEaML)..........cuuieveiiieiriiiieeeeeeiieeeeee e e 7-4
7.8  Third (Final) Odometer Reading Notice (Insert)..........ccccoeevvveveevevvvneeennnn 1-5
7.9  Third (Final) Odometer Reading Closet@@dometer Reading #3)............7-6
7.10 Critical Software Update (INSErL)...........oveviiiiiiiiiiiiee e e 7-7
7.11 Field Office POSTELS........oiiiiiiiiiiiiie et eeevenniin e e eennin e =
8.0 CONFIGURATION MANAGE MENT RECORD .......ccoiiiiiiiiiiiinieeceieeeiiiiea e 8-1
List of Appendices
Appendix A: Definitions, Acronyms and InitialiSms............ccccoviiiiiiiieen e, A-1
Appendix B: Full Size Participanfacing Material................cocoooiiiiieeeiii e, B-1
Appendix C: End User License AQreemMeNt..........cccuuviiiiiiiieeeiiiie e eee e e ereeeeeeaans C1

Use/disclosure of data appearing on this sheet is subject to restrictions sexi&oth luisttpgge of this document.
%



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesotd&Road Fee Test Operations Report

TABLE OF CONTENTS (CONTINUED)

Page
List of Tables
Table 1. Applicable System Design DOCUMENLS........cccuuiieiiiiieeeeiiiieeeeiiee e e eeeennn 1-5
Table 2.  Predefined REPOIS.......oouiiieeieee e 3:39
Table 3. Operational PrOCEAUIES........oviiiii et r e e e e eaan s -2
Table 4. In-Vehicle Equipment Parts LISt.........coouuiiiiiiiiiiii e 4-4
Table 5. Summary INVOICE SEAtISTICS. .......ceiiieiiiiie e £ -12
Table 6. All Non-Scheduling Service Requests > 2% of Total Service Requests...... -13
Table 7.  MRFT Vital Statistics, September 201dctober 2012..........ccouvviiiieiiiiiinnnnnn. f -15
Table 8. Traces of Trips from Minnesota Road Fee Test Mapped to ArcGIS, Mapquest
aNd GOOGIEEAITN.....cciiiiiii e -24
Table 9. Accuracy and Reliability Requirements Based on the Type of Road User
FEEAPPICALION. ... 4-25
Table 10. GPS Receiver ClasSIfiCationS...........ciivvuuiiiiiiiee e e 4-27
Table 11. Summary of GPS Devices Compared in a University of Minnesota Btudy..4-28
Table 12. Travel Time Statistics for Eastbound Travel During AM RusMay 2012........ 5-5
Table 13. Travel Time Statistics for Westbound Travel During AM Rush in December
72 0 U PPUTPPPRTSPPPIPN 5-5

Table 14. Travel Time Statistics for Eastbound Travel During PM Rush in May 2012..5-6
Table 15. Travel Time Statistics for Westbound Travel During PM Rush in May 2012.5-6
Table 16. Travel Time Statistics for Eastbound Travel During AM Rush on Feb. 29,

20002 ettt — e aaaa e e e e e aaaaes 5-8
Table 17. Travel Time Statistics for Westbound Travel During AM Rush on Feb. 29,
20002, et — e aaa e e e aaaaaaees 5-9
Table 18. Travel Time Statistics for Eastbound Travel During PM Rush on March 15,
20002, e —— et aaa e e e e e aaaaaaaaaaes 5-10
Table 19. Travel Time Stastics for Westbound Travel During PM Rush on March 6,
20002, e —— et aaa e e e e e aaaaaaaaaaes 5-11

Table 20. Travel Time Statistics for Eastbound Travel During AM Rush in May 20125-13
Table 21. Travel Time Statistics for Westbound Travel During AM Rush in May 2015-13
Table 22. Travel Time Statistics for Eastbound Travel During PM Rush in May 20125-13
Table 23. Travel Time Statistics for Westbound Travel During PM Rush in May 2015-13

Table 24. Configuration Management RETH.................ccoeeiiiiiiieeeiiin e, 8-2
Table 25. Weekly Project Management MeetingS........cccuiveviiiiieieeeiiie e 8-9
Table 26. Evaluation DOCUMENTS.........cciiiiiiciiii e e e e e e e e e eaaad 8-11
Table 27. Draft Deliverables..........cocoiiiiii e 8:12
Table 28. Final Deliverables..........coouiiiiii e 8:13
Table 29. WOrking DOCUMENTS.......coouiiiiiiiie e e e e e e e e e eaa 8:14

Use/disclosure of data appearing on this sheet is subject to restrictions setikoth listtpgage of this document.
Vi



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

Figure 1.
Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.

Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.

Figure 29.

TABLE OF CONTENTS (CONTINUED)

Page
List of Figures

System Design and Development ProCess.........cooovvvvviiiieeiieeiieiiiiee e 1-3
Work Breakdown Structure for the Connected Vehicle for Safety, Mobility,
and User Fee Implementation (Minnesota Road Fee.Test)........c.ccccvvvvnnen.n. 1-4
CVSMUF SyStem Diagram.........coceeeeiiiieeiiieiiiiiis et e e e e eeenes 2-2
CVSMUF System Diagram with Internal Interfaces..........c.ccooovvviiiiveeiinnenes 2-4
CVSMUF System Diagram with Internal and External Interfaces................ 2-6
CVSMUF System Diagram with FUNCHONS............ccuvuiiiiiiieiiiiieeeeein 2-9
High Level System Design CONCEPL. ......ccuuuuuiieiiiiiiiie e 31
SMAMTPNONE. ...t 3-2
Main Vehicle Mount ASSEMDIY.......coouuuiiiiiii e 3-2
Power Management Module ASSEMDIY........ccooiiiiiiiiiiiii e 3-3
VIDM MOAUIE.... ..ot et e e e e annnee 3-4
Arada Locomate OBU............oiiiiiiiiiiiieeee e et e e e e eae e eeees 3-4
CO-Pilot SAMPIE SCrEENS ...t 3-5
Overview of the System Elements Comprising the CVSMUW¢éhicle
SUBSYSTEML. ... et 3-6
CVSMUF Software System from the Perspective of the Main Software
SYSIEM EIBMENL.... ..ot e e e anaa 3-7
1= U T 1Y 1= LU PSPPSR 39
ACHIVITIES IMEBINU. ...ttt e e ee s 39
MBUF REPOI . ... et e e e e 3-10
CVSMUF Software System from the Perspective of the Positioning
SoftwareSystemMEIEMENL.........coiii e 3-11
CVSMUF Software System from the Perspective of the Logging Software
SYSIEIMEIBMENT ... it e et e e e e 3-13
CVSMUF Software System from the Perspective of the Vehicle
Communications Suppo8oftware System Element................ccoovviieeennnnn.n. 3-15
CVSMUF Software System from the Perspective of the Probe Data
Collection Softwaresystem Element.............coooiiiiiiiieieiiiee e 3-17
CVSMUF Software System from the Perspective of the Sighage
SoftwareSystemEIEMENL.........cooiii e 3-19
CVSMUF Software System from the Perspectifiéhe MBUF Collection
SoftwareSystemEIEMENL.........coouii e 3-22
CVSMUF Software System from the Perspective of the CKSSA Data
Processing Software System Element.............coooiiiiiiei i 3-24
Overview of the System Elements Comprising the CVSMUF Infrastructure
YU 0153 ) (=] 1 P 3-25
CVSMUF Software System from the PerspectivéhefVehicle
Communications Web Role Software System Element............................. 3-28
CVSMUF Software System from the Perspective of the Participant Portal
Web Role Software System Element...........c.oooiiiii i 3-29
CVSMUF Software System from the Perspective of the Administration Portal
Web Role Software System Element...........c.cooiiiiiiii i 3-31

Use/disclosure of data appearing on this sheet is subject to restrictions sexi&oth luisttpgge of this document.

vii


file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307771
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307772
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307774
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307775
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307781

Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesotd&Road Fee Test Operations Report

Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.

Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.

Figure 56.

Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.

Figure 62.
Figure 63.

TABLE OF CONTENTS (CONTINUED)
Page
List of Figures (Continued)

CVSMUF Software System from the Perspective of the Data Repository

Database Software System Element............cooooiiiiiiiiiiiiiiiiiii s 3-33
CVSMUF SoftwareSystem from the Perspective of the Storage Account
SoftwareSystemEIEMENt........ooouii e 3-35
CVSMUF Software System from the Perspective of the Vehicle Payload
Processing Software System Elemen.............cooooiiiiiiiiii 3-37
CVSMUF Software System from the Perspective of the Report Generation
SoftwareSystem EIBMENt............i i 3-38
CVSMUF Software System from the Perspective of the Business Logic
SoftwareSystemEIEMENT........oouuii 3-40
In-Vehicle Device Initialization (lfMehicle Sequence)...........cccooveevviiiinnnnnn. 3-43
In-Vehicle Device Initialization (Infrastructure Sequence)............cccccceeveeee. 3-44
MBUF IN-VehiCle SEQUENCE..........uuiiieiiiiii e 3-45
Rate Table for All Participant GroUPS..........oviieiiiiiiiiiee e 3-47
Sample Screen Showing Rates and Location............c.ccevvvieeeriiiieeeiiinieennns 3-47
MBUF IN-VENICIE FIOW.......iiiiii e 3-48
Probe Data fWehiCle SEqUENCE...........coviiiiii e 3-50
Probe Data Collection FIOW..........coooiiiiiiiiiieee e 3-51
Probe Data Infrastructure SEQUENCE..........cc.uuviiviiiieeeriie e e 3-53
Signage IAVENICIE SEQUENCE...........oviiiii e 3-55
Signage IAVENICIE FIOW.........coouuiiii e 3-56
Sighage Displayed 08martphone..........cc..oviiiiiiiieiieeie e e eees 3-57
Probe InVehicle Power DOWN SEQUENCE...........coevvvvieeeiieee e ee e 3:59
MBUF In-Vehicle POWEr DOWN........ccuuuiiiiiiiiiiiiiees et 3-61
Sighage IAVehicle Power DOWN SEQUENCE.........cccvuieviiiieieeeeiie e 3-62
Administrative Portal HIe SCreeN.........ooovviiiiiiiiiieiieeeeiiii e 4-3
Summary Odometer Reading (OR) Periods by Participant Group...............: -5
Established Rate StructureoRided During Odometer Reading #2................. 4-6
Tiered Support Model..........cooooviiiiiiiieeei e A2 LD
T TS 3 o) VA OF= 1 1=To T ] o /PPN 4-16
Average Number of Trips, Duration of Trips, and Total Distance of Trips Per
PartiCipant Per DaAY..........cicviuuieeiii e re e e e e e e e 4:17
Average Number of Tripsotal Travel Duration and Total Distance

Traveled per Participant Per Day by Wave.............cccccocevveeeeiiineeeiinnnnnnn 4218
Participant Groups and Odometer Reading Timelines..............cccoeovvveu -20
Odometer vs. MBUF Recorded Mileage...........c..coeeeviiiiieeeeiiie e, 4-20
(a) Low Usage Participant (b) High Usage Participant......................ccee.... 8 -21
Error Components of GPS Measurement for a Moving Object.(5)............. 4 -22

Reducing Lateral Error is Necessary for this Example to know with 100%
Certainty Whether a Car is Travelling on the Highway or Parallel Frontage
Road" -23
(a) MBUF Mileage and Probe Data Over Time (b) Trip Starts by Trip.ID....4-32
Examples of Consistent Use and Single Trip Starts by Trip.ID................... 4-33

Use/disclosure of data appearing on this sheet is subject to restrictions setikoth listtpgage of this document.

viii


file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307802
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307823
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307824
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307824
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307824

Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

Figure 64.
Figure 65.
Figure 66.
Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.

Figure 72.
Figure 73.
Figure 74.
Figure 75.
Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.

TABLE OF CONTENTS (CONTINUED)

Page
List of Figures (Continued)

Participant Usage as Recorded by Probe and MBUE..............c...oooeiiinl 4 -34
Coverage for <150 Devices for November 2011.........cccoeveveiiiieeeeinneeennnnnn. 5-1
Prabe Data Collected within the494/I-695 Beltway...............cevieiiiiiiiiiennnenee. 5-2
Probe Data Collected in HENNEPIN COUNLY........ccocvvuiiiieiiiiiieiiiiie e 5-3
[-94 (Fraaway COITIAON)......ceuuii ettt e e e e e eeeees 54
TH55 in Hennepin County (LovBpeed Signalized Corridar).............ccoeveeeeeees 57
TH55 in Wright County (HigkSpeed Signalized Corridor).............ccooeveeenn.. 5-12
Critical Lesons Learned as Part of the Operational Deployment of the MRFT
o (0] [T o TP TP PSPPI 6-1
In-Vehicle Installation Instructions with VIDM...........ccoooviiiiiiiiiceee e 7-1
Device and Software USe VIdEO0.........ccuuuuuiiiiiiiiiiiiin et 7-2
Device and Software Use INStrUCTIONS. ..........oooiiiiiiiiiieeeeeceiii e 7-2
Device andSoftware Use Instructions Addendum.............ccccvviivieineeiieninnnnn. 7-3
MBUF Pricing Table and EXamples.........c.uiiiiiiiiee e 7-3
Safety Signage ZoNes OVEIVIEM..........uuiiiiiiiiiiiiieee et eeeeenens 7-4
TeChNOIOGY FIVEE ... et 7-4
Third (Final) Odometer Reading NOTICE...........coovvviiieiiieei e, 7-5
Third (Final) Odometer Reading Close OUL............cccceivevviieceeeeeiiiieeeiin e -6
Critical Software UpPdate..........cooveeiiiiieiieeeees e e e 7-7
Field OffiCe POSIEIS. ... oo 7-7

Use/disclosure of data appearing on this sheet is subject to restrictions sexi&oth luisttpgge of this document.

iX


file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307834
file:///C:/Users/slaytonk/Documents/files/worddocs/Zimmer/Reports/MRFT%20Operations/wip-battelle_mrft_operations_report.docx%23_Toc349307834

Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesotd&Road Fee Test Operations Report

This page intentionally left blank.

Use/disclosure of data appearing on this sheet is subject to restrictions setikoth listtpgage of this document.
X



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

EXECUTIVE SUMMARY

The Minnesota DOT (MnDOT) was authorized throagtate legislation bill in 2007 to spend

A$5, 000, 000 for a pithnoldgiesghatavjll allow for thefutldee monst r at
replacement of the gastaxwithafumee ut r al mi | eage charge. o Mn DQ
two phased research program in response to this legislation.

In Phase |, MnDOT identified applications that would baset their safety, mobility and

funding goals including an {mehicle signage application (Signage), a Mileage Based User Fee
(MBUF) application, and a Cooperative Intersection Collision Avoidars®mp Sign Assist
application. Phase | of this demonstyatproduced a preliminary Concept of Operations

(ConOps) a set of stakeholder requirements, and a Phase Il Implementation Scope of Work.
Phase Il of the program was initiated in 2010 to conduct a demonstration of the technologies and
applications in a r@@-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 ofwehicle signing for improving safety using localized
applications.

3. Determine if the irvehicle signing approach being developed could be used to
implement additional Connected Vehicle applications.

4. Assess if a mobilapplication could be used to implement miledbgsed user fees.

5. Assess the viability ofion-networkConneced Vehiclesafety applicatios) especially for
rural deployments.

6. Demonstrate the propos€ibnnected Vehiclapproach for providing locatiespecific
traveler information and collecting vehicle probe data.

Phase Il of the project included not only the dasdevelopment, and deployment of the
technologies and applications, but also an extensive evaluation and qualitative assessment of the
salient issues related to milealgased user fees and the use of the technologies. Battelle was
awarded the operatiomentract while SAIC provided evaluation support. Mixditl served as
technical advisors to MNnDOT while others such as URS and Pierc& PRissociates provided
operational support for theqject as part of the Battelleam.

The operations portion oli¢ project was conducted using a rigorous system engineering and
software development process that included an extensive requirement development, system
design, development, testing, and then deploym€&htoughouthis process, an evaluation of
various ommercial offthe-shelf technologies was performed and compared to the requirements.
Ultimately, it was determined thatSmartphonkbased solution was the-irehicle technology
platform for the applications while a clotdsed solution was the best optifor hosting the

data warehouse and processing. A Sam&lamivaté" * Smartphonavas theSmartphone

! The term smartphone is used throughout the document as a general term to referthésheff 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
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employed for the kvehicle equipment and the Microsoft Azure cloud was utilizetth@data
warehouse.

Three waves of participants were recruited participated in the stly over the course af

year. Across the three waves, 500 participants were included in the study with each participant
being required to install and operate their vehicle for argxth duration with the technology.
Odometerradi ngs were manually recorded from each
installation, after two months of operation, and immediately following the removal of the
equipment.

Participants did receive compensation for participation in the studyghrseveral different

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

alerts ormileagebased user feegere assigned or assessed during the first two months of the

field experience. Based upon theileageduring these two months, however, each participant

was cl assi f-iMidedgedi rmotro -dledigdbivyrhoup and received ar
offset the MBUF that would be collected during the remaining four months of the study.

Additional functionalitywas then activatednd participants began to receivevighicle signage

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

payment. The payment process was compleygparticipantausing PayPal, check, cash, or by

credit card.

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

1. A Smartphones a reasonable and viable platform for MBa-well as other Connected
Vehicle applications such aswehicle signage.

2. The quality of @S signal is variable from phote-phone and is dependent upon
placement of the device.

3. There will be issues witBmartphoneperating systenthat makethe ability to
audit/postprocess data critical and vital.

4. There is room for continued field suppoptimization.
5. Use ofa vehiclepowerport (voltage) for trip start/stop is not reliable.
6. Statewide deploymentould require provisions for providing significant help support.

Ultimately, this project was successful in achieving the objectives of the Rhmé&dn of the

MnDOT MBUF program despite many challenges to the deploym@ne significant challenge

was thetemporary stop work on the project in the midst of the deployment as a result of the 2011
Minnesota State government budget crisis. Othdteriges included overcoming the relative

A n e wn eSmartphooefor 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 adi participant to audit and dispute the assessed fee.
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1.0 INTRODUCTION

MnDOT has been developing an integrated strategy relat€drinected Vehiclefor several
yearsandisaleaderangps at e DOTO6s in pursuing Connected )
demonstrations, including those associated with mildsged user &s (MBUF). In addition to

thes ate DOTOs efforts for moving forward with
local agencies in Minnesota have also initiated activities retategeasuring 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 re@le equipment (RSE) withedicated Short Raeg
Communications 5.9 GHDSRQ being the primary communications platform feahicle to

vehicle V2V) as well as V21 communication. The California Path project extended this concept
to demonstrate the ability to utilize cellular telephones as vehickegtoProjects in Oregon

and lowa have been conducted to develop devices for measuring vehicle miles traveled with the
ultimate goal of using this information to establish milebgsed user fees (MBUFs). This

project differed significantly from all presus 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 commereibéatielf
(COTS) hardware. Ssbkquent 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
leveragingSmartphong and other mobile platforms haleeninitiated

One of the undrlying goals of this project wdae demonstrate that MBUF applications can be

linked to Connected Vehicle components and successfullgadifior both purposes. This was

i mportant because the synergy between these t
needed to launch wide scale adoptiobath systems. DOT agencies corddognize the

benefits of collecting probe data in reéehe as well as the ability to improve safety and manage
congestion through MBUF applicationst the same time, travelersuld realize benefits

related to traveler information, safety, as well as discounted usage fees for selecting alternative
(non-congested) routes.

1.1 Demonstration Objectives

Phase Il of the program was initiated in 2010 to conduct a demonstration of thddga®and
applications in a reakorld setting with the following objectives:

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

2. Evaluate the effectiveness ofwehicle signing for improving safetysing localized
applications.

3. Determine if the irvehicle signing approach being developed could be used to
implement additional Connected Vehicle applications.

4. Assess if a mobile application could be used to implement mileaged user fees.

% The term probe is also referred to as travel trip data outside the cdiiteistreport.
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5. Assess theiability of a nonrnetwork Connected \ecle safety applicatigrespecially
for rural deployments.

6. Demonstrate the proposed Connected Vehicle approach for providing lespéioific
traveler information and collecting vehicle probe data.

However it is important to note that in addition to the explicit objectives ofstinely,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 incldde

1. Utilization of a commerciallyailable 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.qg., it
has to provide relevant, accurate, and timelgrimation).

4. The developed systems must be economically viable for future operation and
maintnance (e.g., do not require DI@T to provide continued maintenance and
development).

Although the demonstration had a decidedly focused effort regarding thdligesilihe in-

vehicle technologies as well as the data processing and payment mechanisms, a significant
additional focus of the demonstration was to
usage of technology to record vehicle miles travake@ell as having faith and trust in a
Smartphonkloud-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, aoginions on the technology are discussed in the evaluation report
prepared byhe Evaluation Contractor

1.2 Organization of Operational Support for the Minnesota Road Fee Test

The operational components of the demonstration project were conducted usitegra sys
development and design process that is summarizeidumel. This process included arnin
depth requirements development and refinement proadsanal architecture and design
process, software development and prototypamgl 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 PiercPini & 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 illustratedfiigure 2. Management of the operational side of the project was
accomplished using a timghased schedule with weekly progress reporting meetings between
the Operational TealBattelle, URS, Pierce Pini & Associate)e Evaluation TearfSAIC),

and MnDOT.
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Figure 2. Work Breakdown Structure for the Connected Vehicle for Safety, Mobility, and
User Fee Implementation (Minnesota Road Fee Test)
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1.3 Supporting Documentation

This document serves as an operational summary report for the Minnesatd&&e Test and
should not be deemed comprehensive in scdje. documentation listed ifablel provides a
complete description of functional architecture, system design and operation, and field

operations conducted during thlemonstration. 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 Designh 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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Table 1. Applicable System Design Documents (Continued)

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/DQOT, 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 (CVSMplgjed work was divided

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

of tasks necessary identify where deployment woutdke gace, why the deployed system was
necesary, what the proposed systerowld do,when the system should be deployed, and how

the system should work. The Preliminary System Requirements Document developed in Phase |
provided the basis for MnDOTO6s decision to pr

A Stakeholder Requirementsclment was developed dugi Phase Ithatexpanded on the
Phase | Preliminary Requirementeaiment by adding requirements collected during
stakeholder meetings, and focused on the Stakeholder requirements for the proposed system.

The System Requirementealment exparetl upon theStakeholder Requirementecument by
outlining thefunctions the system of interdstd toperformto meet the documentethkeholder
needs, and providerequirements that are unambiguous, measurable, achievable and verifiable.
The System Requirementsalonent established the reqgments for a Connected Vehicle

system that would meéte documentedakeholder 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 c8tdVs,pickups, and vans. Core applications

of the Connected Vehiclgystem covered by the requirements document included:

1 MileageBased User Fee (MBUF) that accumulates miles driven in specific zones and
reportsthis informaton to a back office system thadsesses fees based on established
criteria.

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

Locationspecific traveler information provided to the driver with current traffic
information.

1 In-vehicle signage that provides safety alerts to the driver, received from remote back
office system(s).

The following subsections provide an oview of the System Requirementsatdiment for the
Connected Vehicléor Safety, Mobility and User Fee Implentationproject For more
information, please reference the MnDOT IntelliDriVdor Safety, Mobility and User Fee
Implementation System Requirements Document, 635110B0040C.
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2.1 Functional Model

The CVSMUF system hachany goés. The system of interesiadto implementthreeseparate

applications to meet the needs of the stakeholders. As such, the requinearentganized

into a functional modeb facilitate readability and developmenthis functional model

describedhe system of interest aset ofconceptual subsystemsthatcreaiebi ns é t o fr an
system functions so that thegulddescribe the intent of the system. The functional model in

Figure3 establishedhetwo mainconceptual subsystems for the CVSMUF system.

ISMUE System V1.1 (10/10/2010)

In-Vehicle Subsystem Infrastructure
Subsystem

Figure 3. CVSMUF System Diagram*

“I'n some Figures or Tables the use of Al SMUFo is wused |
original project name, IntelliDriv& for Safety, Mobility, and User Fees. Both terms should be considered
synonymous.
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2.2 Conceptual Subsystems

The conceptual subsystems congglirelated functions needed for the system to meet its
functional goals.

2.2.1 In-Vehicle Subsystem

The InVehicle sibsystem of the CVSMUF system wesnstrained to use an aftermarket
navigation device enhanced to provide to the participantireal MBUF information, as well as
enhanced safety features and vehicle specific traveler informatitbimately aSmartphonevas
chosen to implement this system elemdntaddition,this device had tprovide important

traffic probe data to the infrastructure to allow better monitoring of traffic conditions at®l ro
planning. A participant had to be ablectnfigurethe CVSMUF application options through the
device. The invehicle subsysterad towork with the infrastructure subsystem to automatically
obtain updates without participant intervention.

2.2.2 Infrastructure Subsystem

TheInfrastructure subsystem managdhd oveall CVSMUF system. It registered and
communicatedvith all operating instances of the-Yehicle subsystem. It storedl data
collected from InVehicle subsystem instances, enahpedgiticipant inquiries of usagefierns
and routes, and supportedhnagement f t h e p @USMUFdorialamd telsctiamn
payment accounts and providaccess to system data for reporting purposes. Thethoftase
subsystem also collected, logged, and coordinadeflguration updates for all instances of the
In-Vehicle sibsystem.

U=/disclosure of data appearing on this sheet is subject to restrictions set/isith brsthgage of this document.
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2.3 System Internal Interfaces

To coordinate activities and to reach the end goal of the overall CVSMUF system, tHeedlenti
conceptual subsystems weegjuiral to haveinterfaces with each othéw carry out the functions
required to fulfill thesystem goals. The interfaces described here are logical in nature, as
multiple data items might use &@n interface. Interfaces toahkto account constraints placed
on the design by the stakeholdeFsgure4 illustrates theCVSMUF system with internal

interfaces.

ISMUF System

In-Vehicle Subsystem

V1.1 (10/10/2010)

«1-01»

Infrastructure
Subsystem

Figure 4. CVSMUF System Diagram with Internal Interfaces
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2.3.1 1-017 In-Vehicle Subsystem to Infrastructure Subsystem Interface

Interface 101 carrieddata betweethe two major subsystems within the CVSMUF system.
Mileage driven on roadway segments collected within tRédhicle subsystem and safety and
configuration data providkby the Infrastructure system kgedelivered using this interface.

2.4 System External Interfaces

The CVSMUF system reliedpon several external enabling systems to perfanmiended
purpose. It requiredosting within and power from agicipant vehicle. It requireplositioning
services from the Global Positioning System (GPS) anddrafbrmation from a commercial
traffic provider. The CVSMUF system had ¢ommunicate with the Cooperative Intersection
Collision AvoidanceSysteni Stop Sign Assist (CICASSA) system for assisting vehicles
through dangerous intersectionsdditionally, participants had tbe able to interface with the
system to make use of it, including having the ability to processments. Finally, interfaces
had tobe established to monitor and control the system, and extract data from the system for
evaluationpurposes.Figure5 illustrates the CVSMUF system with both the internal and
external interfaces.
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ISMUF System V1.1 (10/10/2010)

In-Vehicle Subsystem Infrastructure
Subsystem

—X-07

1-01-p

—X-08

X-05 X-06

Figure 5. CVSMUF System Diagram with Internal and External Interfaces
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2.4.1 X-0171 CVSMUF System to Participant Vehicle Interface

Interface %01 providedthe necessary 12 Volt DC power to theMahicle subsystem via the
vehicl eds ius tThiginteafdce giso ensikt bxcessive battery drain didt
occur by managinthe current draw of devices in the roperational state.

2.4.2 X-0271 CVSMUF System to Global Positioning System Interface

Interface %02 providedvehicle position and current time information to the/kehicle

subsystem via the terrestrial Navstar GPS segmEmse 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-0317 CVSMUF System to Traffic Data Provider System Interface

Interface %03 providedraffic-related dat#o the InVehicle subsystem via the native capability
of the Smartphone This was to support the desire for rotgpecific reaitime traffic conditions
being made available to the drivees described iBection 3.1.2

2.4.4 X-0471 CVSMUF System to CICAS-SSA Roadside Equipment Interface

Interface %04 provided a 5.9 GHz Dedicated ShBdange ©@mmunication (DSRC) channel,
compliant with the present USDQJonnected Vehiclaitiatives, between the W ehicle
subsystem and exieg roadside equipment. DSRC svae@ssary to meet the performance
requirements associated with implementingCooperative Intersection Collision Avoidance
Systems (CICASapplication

2.45 X-057 CVSMUF System to Vehicle Occupant Interface

Interface %05 providedthe humarsystem interface beten the CVSMUF participant and the
In-Vehicle sulystem. This interface providédth the standard interface functionality within
the Smartphongeas 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 imehicle display assaated with Interface Y05 allowedfor the
dynamic display of CICAS Warnings, current MBUF rates, and other prescribed signage events,
in addition to the default behavior of the

2.45.2 X-05 Audible to Vehicle Occupant

The audible component of thewehicle subsystem prad@da notification mechanism to the
driver in the case of critical system notifications related to the CICAS, MBUF and signage
applications, in addition to the defauthavior provided by the navigation software.
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2.4.6 X-05 Control by Vehicle Occupant

The control component olfi¢ invehicle subsystem supportedh e parti ci pant 6s ab

enable/disable the various applications, including MBUF Data Collection, Probe Data
Collection, and IaVehicle Signage, as well as to configure certain display parameters.
2.4.7 X-0617 CVSMUF System to Vehicle Owner Interface

Interface %06 providedaccess to a thirgarty, online, electronic payment system to enable
participants or someone acting 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 suppatthie ability of the participant to receive creudr

funds from other entities associated with this demonstration program.

2.4.8 X-071 CVSMUF System to E-Payment Clearinghouse Interface

Interface %07 supportedhe interface to an online electronic payment system, to enable the
system to invoice participanfsr accumulated mileage fees.

2.4.9 X-0817 CVSMUF System to System Administration Interface

Interface %08 providedthe access to a system administrator as necessary to perform the various
administrative tasks associated with establishing, monitoring, congroind maintaining
participant accounts and related application settings and data.

2.4.10 X-09 1 CVSMUF System to Data User Interface
Interface X09 enabledn authorized user to view data and reports provided by the system.
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2.5 System Performance Characteristics

System Performance Characteristieeye used talefinethe characteristics, both functionally
and physically, that theystemhad toexhibit to satisfy its intended purpose. As noted
previously, these performance characteristieseorganized by the kvehicle and the
Infrastructure subsystems respectively, eredefurther broken down into functional and
physical groupings (aapplicable) within these areabigure6 illustrates the CVSMUF system
functions in the context of theystem diagram.

E-Payment
ISMUF SyStem V1.1 (10/10/2010) Clearlnghouse
In-Vehicle Subsystem Infrastructure
Participant Vehicle Y Subsystem Process
- B | Power Mgmt I el
Provide power X-01 Function Fleet Operations —X-07— Receive
source Mgmnt Function Payments
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Figure 6. CVSMUF System Diagram with Functions
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2.5.1 In-Vehicle Functional Characteristics

These characteristics inclutithe core positioning, logging, and communications capabilities,
coupled with the probe, signage, and MBUF applications, which all utillze core capabilities
(or functions).

2.5.1.1 Power Management Function

The Power Management function suaesponsible for logging all activities associated with the
startup and shutdown die InVehicle subsystem.

2.5.1.2 Logging Function

The Logging functionlocated vithin the InVehicle subsystenwas responsible for logginall
activitiesthat were logenabledegardless afvhether user invokedr system invoked This
loggingincludedat a minmum, timestamp, location, functional systems responsible for the log
entry, and the appropriate log message. This log informetmnetained locally onboard the
In-Vehicle subsystem until wassuccessfully transmitted to the Infrastructure subsystem.

2.5.1.3 Positioning Function

The Positioning function locateditiin the InVehicle subsystem vgaresponsible for
determining and/or calculating positioniagd time information. It madevailable to other
applications within the hVehicle subsystem, positienglated information such as latitude,
longitude, speed, hdang, and time. This function waalso responsible for logging to the In
Vehicle subsystem logging function, any occurrences when the state of the positioning
information changes from available toayvailable, or vicerersa.

2.5.1.4 Signhage Function

The Signage function vgaresponsible for maintaining a database of posdiependent sighage

zones and criteria (i.e. time of day, day of week); receiving position information from the
Positioning Function, conging 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
functionwascapable of displaying/sounding CICAS related alerts.

2.5.1.5 Mileage Based User Fee Collection Function

The Mileage Based User Fee Collection functiasresponsible for maintaining a database of
positiondependent pricing zones and criteria, recgyposition 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 Infrastruce subsystem.

2.5.1.6 Probe Data Collection Function

The Probe Data Collection functowasresponsible for capturing position and heaeliegted
information at regular programmable intervals, associating the information with a sysiigoe

*WithintheConnect ed Vehicle paradigm, fAProbe Dataodo refers t
associated with a vehicle movement or trip.

Use/disclosure of data appearing on this sheet is subject to ee$brittiongisevision histopage of this document.
2-10



Connected Vehicfer Safety, Mobility and User Fee Implementation
Minnesota Bad Fee Test Operations Report

TripID, logginghe activities, transmitting 6épackageso

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

2.5.1.7 Vehicle Communications Support Function

The Vehcle Canmunications Support function wessponsible for managing and logging all
core communications between theMahicle and Infrastreture subsystems. This included
registering the l¥Wehicle subsystem instance with the Infrastructure subsystem Wwaén t
Vehicle subsystem instance caoreline, as well as ensuring that all\fehicle subsysta
applications and databases wat¢he latest version, and if not, invoking an update process.

2.5.2 Infrastructure Functional Characteristics

The Functional Charagtistics of the Infrastructure includall of the applications ihad tohost,

as well as the core capabilities)¢eded to hav® satisfy the needs of the applications and
managing the multiple iwehicle subsystem instances. These characteristicsleddhe 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 OperatnsManagement function servicéle needs of the IWehicle 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
subfurctions below.

2.5.2.1.1 Fleet Configuration Tracking Function

The Fleet Configration Tracking function servdd track the configuration version of each of
the invehicle subsystem applications, to include both the application itself and any associated
data, suchspricing or signage zones.

2.5.2.1.2 Fleet Signage Management Function

The Fleet Sigage Management function providde necessary capabilities for a system
administrator to create, edit, disablesignage zones and their associated criteria (i.e. time of
day, drection) for school, construction, speed and curve zones.

2.5.2.1.3 Fleet MBUF Management Function

The MBUF Management function provideéde necessary capabilities for a system administrator
to create, edit, adisablepricing zones and their associated criteria. time of day, vehicle
direction, etc.) for various vehicle types and timas. The function also servéal collect, parse
and persist the MBUF mileage reports provided by eadfekmicle subsystem instance.

2.5.2.1.4 Fleet Probe Management Function

The FleetPrdbe Management function servexcollect, parse and persist the probe information
provided by each kVehicle subsystem instance.
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2.5.2.1.5 Fleet Log Management Function

The Fleet OperatianLog Management function servedreceive, parse, and store all log entries
from the irvehicle subsystem instances associated with the specific vehicle instance.

2.5.2.2 Infrastructure Communications Support Function

The Infrastructure Commioations Support Function servemnotify the InVehicle subsystem
of updates to any of the cligurations or reference data sets (i.e. rates, zonek, &ienilarly,
the function couldndividually or broadly communicate administrative messages to the in
vehicle subsystem.

2.5.2.3 Data Processing Function

The Data Processirfgunction servedo provide tle calculations, analyses and queries necessary
to support the reporting needs of the applications utilizing the reportethiale position
information, logs, and manual odometer readings. Additionally, maintenance and suppo
services weralso captureand reported. These reports inclddeavel time, monthly MBUF

and probe summaries, as well as export capabilities.

2.5.2.4 Data Warehousing Function

The Data Warehousing function stdr@pies of, and recoedlin a transaction log, all events
associated with btaw messages sent/received between théelmcle subsystem and the
Infrastructure subsystem, as well as records of all parsed and processed information from these
messages. Additionally, this function stde®pies of all systergenerated reports, aslvas

retaired copies of both the queries and query results for arffyoadnformation requests.

2.5.2.4.1 Data Warehouse Management Function

The Infrastructure subsystérData Warehase Management function providdw features
associated with administering anémaging 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 Performancedethstiiewa sufficiently
scaled to support theeads of the CVSMUF demonstration over three overlapping waves and
approximately 500 participants.

2.5.2.5 Participant Communications Function

The ParticipanCommunications function providddr an online portal and underlying processes

to allow a participant togt 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 Sysem Management function prioled 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 wa centered on the use of a commercially avail8otartphone
(Samsung Captivat¥), installed with the Android operating systeas the basic computing
element with other support hardware as dbsd below The system enablébe collection of
mileagebased user fees through the use of a custom software applicahendroid
operating system wdarther customized limiting functionalityithin the context of the study.
For example, th&martphonavasconfigured so that it could neend or receivealls. The
custom application wadesigned to collect and transmit mileage using GPS lodafanmation.
This information wa used to genemafees and providgnonymous diagnosticavel trip date
(probgfor evaluation bythe Evaluation ContractoiThe system wainstalled inside a vehicle
using existing ofthe-shelf mounting hardware and useévehicle power to trigger the custom
application and power tifemartphone The system didot require usemieraction before,

during, or after operation

Once collected, mileage waranslated into a monthly billing based on an established fee
structure. By design, prticipants were given the optiondesablemileage collection at any time
through system adiguration options or simply by not using thevehicle equipmentin

addition to collecting mileagehe Smartphoneand custom application providsafety
informationto vehicle occupantis the form of orscreen signage aleytsudible speed warnings
and communication with the Collision Intersection Collision Avoidance Sykt8tap Sign
Assist CICAS-SSA) warning drivers of potential hazards

The system wasimplemented in two major subsystems with tiseipporting network

connections. The first bgystemwasi nt egr at ed

wi t hi ifin-\&ehigear t i ci pan

subsystem)and a second subsystevasimplemented within a data center with networ
connectivity (Infrastructureubsystem).Figure7 shows the lgh-level system design concept.
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& E

Participant|
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j :
Vehicle Communications
Networkl Web Server

=

Administrator Admin Web Portal

g <

Participant

Participant Web Portal

& —
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3
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Figure 7. High Level System Design Concept
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Thefollowing sectiongprovide a higHevel overview of system design and operation. For the
purposes of this report the intent is not to include atiipent 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 listedblgl of this document.

3.1 In-Vehicle Subsystem

The InVehicle subsysterprovidedthe main usemiterface for th&€€VSMUF system and
collectedall of thedatathat is processed by tlsgstem to determine the mileagased useiee.
It also providedhe geelocation servicesiavigation functionalityfor use by the vehicle
occupant anénonymougprobe datdo the infrastructure.

3.1.1 Commercial Off-The-Shelf Hardware

The invehicle subsystem wassembledrom several commercial off
the-shelf componentsentered on the use aSamsundCaptivate™
(Galaxy S Seriesymartphoneshown inFigure8. Thehardware
included the following listof off-the-shelf components described in
more detail below

f  SmartphonéSamsundCaptivate™ Galaxy S Series)

1 Smartphonen-vehicle mount

1 Power cablegPower Management Module)

1 Vehicle dentificationModule(VIDM)

1 Dedicated Short Range Communications (DSRC) radio

3.1.1.1 Smartphone Figure 8. Smartphone

The Smartphongsupported by a custom configual Android operating system, wee platform
for the custonCVSMUF application and ofthe-shelf navigationapplication TheSmartphone
wasat the center of the W ehicle subsystemeceiving power from an imehicle power plug
Its purpose waw provide a platform fosystem applications/ehicle identification, athGPS
location functionality. In particular,ersion 2.20f the Android operating system providésur
key services which were used by the custom CVSMp}licationhosted by te phone. Those
key services were

1 GPS locationervices

1 Battery managemenewices

1 Local storageeyvices

1 Communicationarvices (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

selectedyiving the participantthe optionto chose either a

windshield mount ovent mountas shown irFigure9. The

windshield mount assembly consisted of a suction cup assemblv

and thevent mountconsisted of a bracket with alligator clip Figure 9. Main Vehicle
assembly Mount Assembly
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