
 
  

Results from the Integrated Mobile 
Observations Study  
 
www.its.dot.gov/index.htm 
Final Report — May 30, 2013  
FHWA-JPO-13-066 

 
Image courtesy of Minnesota DOT (http://www.newsline.dot.state.mn.us/images/10/feb/Snowplow600.jpg) 

 

 



    

 
Produced by DTFH61-08-D-00012 
ITS Joint Program Office  
Research and Innovative Technology Administration 
U.S. Department of Transportation 

 
 
 
 

Notice 
 

This document is disseminated under the sponsorship of the Department of Transportation in the 
interest of information exchange.  The United States Government assumes no liability for its contents 
or use thereof. 
 

The U.S. Government is not endorsing any manufacturers, products, or services cited herein and 
any trade name that may appear in the work has been included only because it is essential to the 
contents of the work. 
 

 

 



  

Technical Report Documentation Page 
1. Report No. 

FHWA-JPO-13-066 
2. Government Accession No. 
 

3. Recipient’s Catalog No. 
 

4. Title and Subtitle 
Concept of Operations for the Use of Connected Vehicle Data in Road Weather Applications  
 

5. Report Date 
May 30, 2013 

6. Performing Organization  Code 
 

7. Author(s) 
Michael Chapman, Sheldon Drobot, Amanda Anderson and Crystal Burghardt 

 

8. Performing Organization Report No. 
 

9. Performing Organization Name And Address 
University Corporation for Atmospheric Research  
National Center for Atmospheric Research 
3090 Center Green Dr.  
Boulder, CO 80301 

 

10.  Work Unit No. (TRAIS) 
 

11.  Contract or Grant No. 
DTFH61-08-D-00012 
 

12. Sponsoring  Agency Name and Address 
United States Department of Transportation 
Research and Innovative Technology Administration 
Federal Highway Administration, Office of Operations 
1200 New Jersey Ave., SE 
Washington, DC  20590 

13. Type of Report and Period Covered 
 

14.  Sponsoring Agency Code 
FHWA, HOTO 

15. Supplementary Notes 
Mr. Gabriel Guevara (GTM) 

16. Abstract 
With funding and support from the USDOT RITA and direction from the FHWA Road Weather Management Program, NCAR is developing a Vehicle 
Data Translator (VDT) software system that incorporates vehicle-based measurements of the road and surrounding atmosphere with other weather 
data sources. The purpose of this document is to provide a short overview of the VDT software, a description of several possible applications for key 
potential end-users of the VDT, and a description of the data standards that are required in order for the mobile weather data to be useful for various 
road weather impact applications. 
 

17. Key Words  
Connected vehicles, road weather, probe data 

18. Distribution Statement 
This document is available to the public through the National Technical 
Information Service, Springfield, Virginia 22161. 

19. Security Classif. (of this report) 
Unclassified 

20.  Security Classif. (of this page) 
Unclassified 

21. No. of Pages 
157 

22. Price 
$0.00 

rm DOT F 1700.7 (8-72) Reproduction of completed page authorized 
 

 



  

Acknowledgements 

This work is sponsored by the U.S. Department of Transportation Road Weather 
Management Program and the Intelligent Transportation Systems Joint Program 
Office under contract DTH61-08-D-00012.  
 

  

 

 



  

Table of Contents 

Acknowledgements ................................................................................................... iv 
Table of Contents ........................................................................................................ v 
List of Tables............................................................................................................... vi 
List of Figures ........................................................................................................... viii 
Acronyms ..................................................................................................................... x 
Executive Summary .................................................................................................... 1 
Chapter 1 Introduction ............................................................................................... 2 
Chapter 2 Data Collection .......................................................................................... 3 

Minnesota............................................................................................................................ 3 
Vehicle Parameters ................................................................................................ 5 
Wheel Speed .......................................................................................................... 6 
Cruise Control and Vehicle Speed ......................................................................... 8 
Ambient Conditions ................................................................................................ 9 

Nevada .............................................................................................................................. 11 
Vehicle Parameters .............................................................................................. 14 

NCAR  .............................................................................................................................. 20 

Chapter 3 Analysis Methods ................................................................................... 23 

Statistics ............................................................................................................................ 23 
Minnesota Data Analysis .................................................................................................. 23 

External Sensors .................................................................................................. 23 
CANbus Parameters ............................................................................................ 24 
Segment vs. Point Analysis .................................................................................. 24 
Latency ................................................................................................................. 24 
Value to Forecast .................................................................................................. 24 

Nevada Data Analysis....................................................................................................... 24 
External Sensors .................................................................................................. 24 
CANbus Parameters ............................................................................................ 26 
Segment vs. Point Analysis .................................................................................. 27 
Latency ................................................................................................................. 27 
NCAR Data Analysis ............................................................................................ 27 

Chapter 4 Results...................................................................................................... 29 

Minnesota.......................................................................................................................... 29 
External Sensors .................................................................................................. 29 
CANbus ................................................................................................................ 33 
Point vs. Segment ................................................................................................ 33 
External data ........................................................................................................ 37 
Latency ................................................................................................................. 41 
Value to Forecast .................................................................................................. 43 

 



  

Nevada .............................................................................................................................. 45 
External Sensors .................................................................................................. 45 
CANbus ................................................................................................................ 53 
Point vs. Segment ................................................................................................ 60 
External data ........................................................................................................ 64 
Latency ................................................................................................................. 68 

NCAR Results ................................................................................................................... 69 
External Sensors .................................................................................................. 69 
Verification of CANbus and external sensors against surface 

station ....................................................................................................... 73 
VDT Algorithm Testing .......................................................................................... 75 

Chapter 5 Discussion ............................................................................................... 82 
References ................................................................................................................. 84 
Appendix A ................................................................................................................. 85 
Appendix B ................................................................................................................ 97 

 

List of Tables 

Table 1 Number of observations logged for each PGN category. .............................................................. 5 
Table 2 Listing of CANbus observation parameters including counts, and begin and 

end dates. ........................................................................................................................................... 14 
Table 3 Case dates and weather descriptions for NCAR field study. ....................................................... 21 
Table 4 Number of non-missing observations by test day.  Note that for the Surface 

Patrol HD, there were considerably more surface temperature observations 
missing than air temperature, so both numbers are given. ............................................................. 21 

Table 5 List of parameters collected during testing, along with which sensor(s) they 
were observed with. ........................................................................................................................... 21 

Table 6 Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station. ........................................................................................... 32 

Table 7 Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by distance in kilometers. ................................ 32 

Table 8 Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by time difference in seconds.......................... 32 

Table 9 Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by month. .......................................................... 33 

Table 10 Statistical comparison of the VDT analysis and the surface temperature 
forecast to the nearest RWIS observation within 2 km of the station. ............................................ 43 

Table 11 Statistical comparison of the VDT Analysis and the forecasted surface 
temperature at different distance intervals away from the RWIS station. ...................................... 44 

Table 12 Statistical comparison of air temperature (°C) between the external sensors 
and the nearest RWIS station. .......................................................................................................... 49 

Table 13 Statistical comparison of surface temperature (°C) between the external 
sensors and the nearest RWIS station. ............................................................................................ 49 

Table 14 Statistical comparison of relative humidity (%) between the external sensors 
and the nearest RWIS station. .......................................................................................................... 49 

 



  

Table 15 Statistical comparison of barometric pressure (hPa) between the Airmar and 
the nearest ASOS station. ................................................................................................................. 50 

Table 16: Statistical comparison of wind (m/s and °) between the Airmar and the 
nearest RWIS station. ........................................................................................................................ 50 

Table 17: Same as Table 16, but for 0 m/s vehicle speed only. ................................................................ 53 
Table 18: Statistical comparison of vehicle-observed intake air temperature (°C) and 

barometric pressure (hPa) with nearest RWIS station. ................................................................... 53 
Table 19: Statistical comparison of vehicle-observed intake air temperature (°C) and 

barometric pressure (hPa) with nearest RWIS station, stratified by vehicle.  
Note that 0 observations indicates that there were no non-missing observations 
collected from that vehicle, and some vehicles with few observations have no 
correlation because those few observations were collected in a small 
timeframe, meaning only one unique RWIS station observation could be 
attached to them. ................................................................................................................................ 55 

Table 20: Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station, stratified by RWIS 
station-observed air temperature.  See note in Table 19 for explanation of 
uncalculated statistics (n/a). .............................................................................................................. 55 

Table 21: Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station, stratified by hour of day 
(UTC). .................................................................................................................................................. 59 

Table 22: Statistical comparison of vehicle-observed barometric pressure (hPa) with 
nearest RWIS station. ........................................................................................................................ 59 

Table 23: Same as Table 18, but using road segment statistics output from the VDT. ........................... 60 
Table 24 Statistical comparison of Surface Patrol HD with RoadWatch surface 

temperature, non-missing pairs. ........................................................................................................ 73 
Table 25 Statistical verification of air temperature observations (°C) from sensors on 

the vehicle with nearby RWIS stations.  Correlations were not possible for the 8 
October case because only one RWIS station observation fit the spatial and 
temporal criteria. ................................................................................................................................. 74 

Table 26 Same as Table 25, but for surface temperature.  No correlation was 
possible for the Surface Patrol for 1 December because only 1 RWIS station 
observation fit the spatial and temporal criteria for non-missing Surface Patrol 
observations. ...................................................................................................................................... 74 

Table 27 Same as Table 25, but for dewpoint temperature.  No correlation was 
possible for the 8 October case because only 1 RWIS station observation fit the 
spatial and temporal criteria............................................................................................................... 75 

Table 28 Comparison of precipitation observed on the video camera with output from 
the VDT precipitation algorithm. ........................................................................................................ 78 

Table 29 Comparison of observed pavement conditions with output from the 
pavement condition algorithm where the observed pavement conditions were 
determined from the list of possible outputs from the algorithm. .................................................... 80 

Table 30 Comparison of observed pavement conditions with output from the 
pavement condition algorithm where the observed pavement conditions were 
not based on possible output from the algorithm. ............................................................................ 80 

Table 31 Comparison of visibility observed on the video camera with output from the 
VDT visibility algorithm. ...................................................................................................................... 81 

 

 



  

List of Figures 

Figure 1. Number of CAN messages logged per day over the summary period (6 
December 2011 – 27 February 2012) (Image courtesy of UCAR). .................................................. 4 

Figure 2. Bar plot of number of ABS observations by category (Image courtesy of 
NCAR). .................................................................................................................................................. 6 

Figure 3. Time series of front axle speed observations (Image courtesy of NCAR). ................................ 7 
Figure 4. Time series of relative wheel speed observations (Image courtesy of 

NCAR). .................................................................................................................................................. 8 
Figure 5. Bar plot of number of cruise control observations by category (Image 

courtesy of NCAR). .............................................................................................................................. 9 
Figure 6. Time series of wheel-based vehicle speed observations (Image courtesy of 

NCAR). .................................................................................................................................................. 9 
Figure 7. Time series of barometric pressure observations with outliers removed 

(Image courtesy of NCAR). ............................................................................................................... 10 
Figure 8. Time series of air temperature observations with outliers removed (Image 

courtesy of NCAR). ............................................................................................................................ 11 
Figure 9. Time Series of number of CAN messages per day over the summary period 

(Image courtesy of NCAR). ............................................................................................................... 12 
Figure 10. Number of CAN messages received per vehicle over the summary period 

(Image courtesy of NCAR). ............................................................................................................... 13 
Figure 11. Number of non-missing CAN messages received per vehicle over the 

summary period. Vehicles that had zero non-missing observations are marked 
in red (Image courtesy of NCAR). ..................................................................................................... 13 

Figure 12. Histogram of reported vehicle speeds – < 50 m/s (Image courtesy of 
NCAR). ................................................................................................................................................ 15 

Figure 13. Histogram of observed air temperature – < 200°C (Image courtesy of 
NCAR). ................................................................................................................................................ 16 

Figure 14. Boxplots of observed air temperature - <200°C (Image courtesy of 
NCAR). ................................................................................................................................................ 17 

Figure 15. Histogram of observed barometric pressure with obvious errors removed 
(Image courtesy of NCAR). ............................................................................................................... 18 

Figure 16. Histogram of external sensor reporter air temperature with invalid data 
removed (Image courtesy of NCAR). ............................................................................................... 19 

Figure 17. Histogram of external sensor reported surface temperature with invalid 
data removed (Image courtesy of NCAR). ....................................................................................... 20 

Figure 18. Map of vehicle route, shown by bold black line (Image courtesy of NCAR). ........................ 25 
Figure 19. Number of observations collected on each day (UTC) (Image courtesy of 

NCAR). ................................................................................................................................................ 26 
Figure 20. Histogram of error (bias) statistics for external air temperature (a) and 

external pavement temperature (b) (Image courtesy of NCAR). .................................................... 30 
Figure 21. Scatterplot of RWIS air temperature vs. external air temperature (a) and 

RWIS pavement temperature vs. external pavement temperature (b) (Image 
courtesy of NCAR). ............................................................................................................................ 31 

Figure 22. Minnesota CANbus air temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 34 

Figure 23. Minnesota CANbus air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). ............................................................................................................... 35 

Figure 24. Minnesota CANbus barometric pressure, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 36 

 



  

Figure 25. Minnesota CANbus barometric pressure differences, point vs. segment 
mean (Image courtesy of NCAR). ..................................................................................................... 37 

Figure 26. Minnesota external air temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 38 

Figure 27. Minnesota external air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). ............................................................................................................... 39 

Figure 28. Minnesota external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 40 

Figure 29. Minnesota external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 41 

Figure 30. Percent of latent observations for Minnesota (Image courtesy of NCAR). ............................ 42 
Figure 31. Count of latent observations for Minnesota (Image courtesy of NCAR)................................ 42 
Figure 32. Scatterplot of all valid VDT analysis and RWIS observed surface 

temperature values within 2 km of the RWIS site (Image courtesy of NCAR). ............................. 43 
Figure 33. Scatterplot of all valid forecasted and RWIS observed surface temperature 

values within 2 km of the RWIS site (Image courtesy of NCAR). ................................................... 44 
Figure 34. Frequencies of error values (VDT analysis output subtracted from forecast 

values) at less than 2 km (top left), between 2 and 4.99 km (top right), between 
5 and 9.99 km (bottom left), and between 10 and 20 km (bottom right) (Image 
courtesy of NCAR). ............................................................................................................................ 45 

Figure 35. Time series of air temperature recorded by the Surface Patrol HD (black), 
RoadWatch (green), and Airmar (purple) for each of the three time periods 
(Image courtesy of NCAR). ............................................................................................................... 46 

Figure 36. Time series of surface temperature recorded by the Surface Patrol HD 
(black) and RoadWatch (green) for each of the three time periods (Image 
courtesy of NCAR). ............................................................................................................................ 47 

Figure 37. Time series of relative humidity recorded by the Surface Patrol HD (black) 
and Airmar (purple) for each of the three time periods (Image courtesy of 
NCAR). ................................................................................................................................................ 48 

Figure 38. Vehicle speed versus Airmar wind speed over the entire case period 
(Image courtesy of NCAR). ............................................................................................................... 51 

Figure 39. Vehicle heading versus Airmar wind direction over the entire case period.  
Blue lines indicate the linear relationships existing in the data that are 
discussed in the text (Image courtesy of NCAR). ............................................................................ 52 

Figure 40. Time series of all valid barometric pressure observations (i.e., with 0 hPa 
and 2550 hPa values removed) (Image courtesy of NCAR). ......................................................... 54 

Figure 41. Statistics of vehicle-observed intake air temperature compared to the 
RWIS station observations, stratified by date.  Colors indicate number of 
observations included in the statistic.  Dates with no bars indicate there were 
no valid observations for that date (Image courtesy of NCAR)....................................................... 57 

Figure 42. Same as Figure 41, but for barometric pressure (Image courtesy of 
NCAR). ................................................................................................................................................ 58 

Figure 43. Nevada CANbus air temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 61 

Figure 44. Nevada CANbus air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). ............................................................................................................... 62 

Figure 45. Nevada CANbus barometric pressure, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 63 

Figure 46. Nevada CANbus barometric pressure differences, point vs. segment 
mean (Image courtesy of NCAR). ..................................................................................................... 64 

 



  

Figure 47. Nevada external air temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 65 

Figure 48. Nevada external air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). ............................................................................................................... 66 

Figure 49. Nevada external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 67 

Figure 50. Nevada external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). ............................................................................................................................ 68 

Figure 51. Percent of latent observations per day (Image courtesy of NCAR). ...................................... 69 
Figure 52. Time series of surface temperature from the Surface Patrol HD (green) 

and RoadWatch (purple) for each case (Image courtesy of NCAR). ............................................. 71 
Figure 53. Boxplot of surface temperature from the Surface Patrol HD (SP) and 

RoadWatch (RW) for each case (Image courtesy of NCAR). ......................................................... 72 
Figure 54. Boxplots of speed ratio for pavement conditions with snow (left) and 

without snow (right) (Image courtesy of NCAR). ............................................................................. 76 
Figure 55. Boxplots of select vehicle CANbus observations stratified by pavement 

with and without snow.  The y-axes for yaw and steering angle exclude some 
outliers (Image courtesy of NCAR). .................................................................................................. 77 

 

Acronyms 

ABS .................................. Anti-lock Braking System 
CAN  ................................ Controller Area Network 
DTE09 ............................. 2009 Development Test Environment Experiment 
DTE10 ............................. 2010 Development Test Environment Experiment  
FHWA .............................. Federal Highway Administration 
GPS  ................................ Global Positioning System 
IMO  ................................. ITS Mobile Observations Study 
ITS  ................................... Intelligent Transportation Systems 
MD  .................................. Mean Difference 
MAD  ................................ Mean Absolute Difference 
MAE  ................................ Mean Absolute Error 
MNDOT ........................... Minnesota Department of Transportation 
MSL  ................................. Mean Sea Level 
NCAR  .............................. The National Center for Atmospheric Research 
NDOT  .............................. Nevada Department of Transportation 
OBD-II  ............................. On-board Diagnostic 
PGN ................................. Parameter Group Number  
RITA ................................. Research and Innovative Technology Administration 
RWIS ................................ Road Weather Information System 
SPN .................................. Suspect Parameter Number 
USDOT ............................ U.S. Department of Transportation 
UTC .................................. Coordinated Universal Time 
VDT .................................. Vehicle Data Translator 
 
 

 



  

Executive Summary 

The U.S. Department of Transportation’s (USDOT) Federal Highway Administration (FHWA) and 
Research and Innovative Technology Administration (RITA) are jointly working to promote safety, 
mobility, and the environment on the nation’s surface transportation system through a new connected 
vehicle initiative. This initiative is a multimodal effort to enable wireless communications among 
vehicles, the infrastructure, and passengers' personal communication devices. It will enhance 
Americans’ safety, mobility, and quality of life, while helping to reduce the environmental impact of 
surface transportation. 
 
The purpose of this document is to provide a summary of the data collection efforts for the ITS Mobile 
Observations (IMO) study, the results of the analysis of the quality of those observations, and results 
of the incorporation of the observations into road weather and/or road maintenance specific 
applications. 
 
The major findings in this report are: 

• The external sensors used in the IMO closely-matched and were well-correlated with 
the nearby RWIS stations. 

• The NDOT CANbus data are not currently of a very high quality, although the 
barometric pressure may be reasonable given uncertainties in elevation and the 
coarse reporting resolution.   

• The DOCS CANbus air temperature data closely correlated with the nearest RWIS 
stations. 

• The observations analyzed along VDT segments show overall close similarity with 
the individual observation points along these segments, leading to the conclusion 
that VDT segments are generally representative of what is being observed. 

• Mn/DOT latency varies substantially based on day, from a low of 0% to a high of 
100%. 

• Early indications are that NDOT latency varies substantially based on day, from a low 
of 0% to a high of about 20%. 

• Overall, there is a consistently strong correspondence between the VDT analysis of 
surface temperature and what is being observed at RWIS stations.  Although this 
correspondence cannot prove irrefutably that the VDT output would have significant 
value if used to forecast pavement temperatures away from RWIS sites, it is a 
promising result. 

• Data from DOCS were useful in analysis of the VDT Stage III algorithms and have 
provided guidance for algorithm development.  
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Chapter 1 Introduction 

The U.S. Department of Transportation’s (USDOT) Federal Highway Administration (FHWA) and 
Research and Innovative Technology Administration (RITA) are jointly working to promote safety, 
mobility, and the environment on the nation’s surface transportation system through a new connected 
vehicle initiative. This initiative is a multimodal effort to enable wireless communications among 
vehicles, the infrastructure, and passengers' personal communication devices. It will enhance 
Americans’ safety, mobility, and quality of life, while helping to reduce the environmental impact of 
surface transportation. 
 
During 2011 and 2012, the Intelligent Transportation Systems (ITS) Mobile Observations (IMO) study 
was conducted in collaboration with the Nevada and Minnesota State Departments of Transportation 
(NDOT and MNDOT, respectively) as well as the National Center for Atmospheric Research (NCAR). 
The purpose of the study was to partner with the states in order to demonstrate how weather, road 
condition, and other related vehicle data might be collected, transmitted, processed, and used for 
decision support applications and activities.  
 
Another goal of the study was to provide data to NCAR that will enable the enhancement of the 
capabilities of the Vehicle Data Translator (VDT), which meshes native (and non-native) weather-
related vehicle observations with traditional weather data (e.g., radar, satellite, fixed weather stations) 
in order to quality check the observations and generate road and/or atmospheric hazard products for a 
variety of end users.  
 
The purpose of this report is to provide a summary of the data collection efforts by the states and from 
a field study with one vehicle, which was conducted by NCAR, provide results and analysis of the 
quality of the observations from the data collection efforts, and provide results and discussion of the 
utilization of the vehicle observations into road weather or maintenance-related applications. 
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Chapter 2 Data Collection 

Minnesota 
Data were logged from 6 December 2011 through 27 February 2012.  The number of time-stamped 
observations received per day is illustrated in Figure 1. There were relatively few Controller Area 
Network (CAN) messages logged in December and early January, with the majority being collected 
after 15 January.  
 
Appendix A includes the comprehensive project report from Minnesota. Table 1 lists the number of 
observations per Parameter Group Number (PGN), as well as the dates spanned by these 
observations, including the data with invalid PGNs.  The descriptions of the PGNs, and related 
Suspect Parameter Numbers (SPNs), are listed in Appendix B. There were relatively few of these 
invalid PGNs.  In the real-time data, all invalid PGNs occurred before the logging period began.  About 
13% of the total observations had invalid “null” timestamps or otherwise incorrectly formatted or had 
invalid timestamps. 
 
There were occasional inaccurate Global Positioning System (GPS) location reports.  Most of these 
were from incorrect formatting issues.  For example, of the inaccurate numbers, many appeared to be 
missing the beginning or ending numbers of the location stamp, or were missing a decimal point (e.g., 
latitude 4506 was likely supposed to be 45.06).  Many other values were incorrectly formatted with 
double decimal points (e.g., 48.348.3), double negative signs (e.g., -95.1-95.), or some variation of 
“null” (including null, nnull, nul, and nulull among others).  These “null” and incorrectly formatted data 
made up 12.4% of latitude and longitude pairs. Of the non-missing latitude and longitude pairs, less 
than 0.01% were deemed to be not reasonably near Minnesota.   
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Chapter 2 Data Collection 

 
Figure 1. Number of CAN messages logged per day over the summary period (6 
December 2011 – 27 February 2012) (Image courtesy of UCAR). 
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Chapter 2 Data Collection 

Table 1. Number of observations logged for each PGN category (Table courtesy of 
NCAR). 
PGN # Obs Date Start Date End 
61441 325,546 7 Dec 2011 27 Feb 2012 
61442 2,996,721 7 Dec 2011 27 Feb 2012 
61443 625,595 7 Dec 2011 27 Feb 2012 
61444 2,850,388 7 Dec 2011 27 Feb 2012 
61445 313,786 7 Dec 2011 27 Feb 2012 
61469 0 n/a n/a 
61482 0 n/a n/a 
61485 0 n/a n/a 
64773 0 n/a n/a 
64776 0 n/a n/a 
64777 0 n/a n/a 
64851 0 n/a n/a 
64870 0 n/a n/a 
64972 2,286 11 Jan 2012 27 Feb 2012 
64973 0 n/a n/a 
64992 0 n/a n/a 
65031 0 n/a n/a 
65088 0 n/a n/a 
65100 0 n/a n/a 
65134 0 n/a n/a 
65171 0 n/a n/a 
65191 0 n/a n/a 
65215 147,859 7 Dec 2011 27 Feb 2012 
65217 26,048 7 Dec 2011 27 Feb 2012 
65237 0 n/a n/a 
65248 133,525 7 Dec 2011 27 Feb 2012 
65253 192 11 Jan 2012 27 Feb 2012 
65255 5,892 13 Dec 2011 27 Feb 2012 
65260 0 n/a n/a 
65261 2,353 7 Dec 2011 21 Jan 2012 
65262 22,328 8 Dec 2011 27 Feb 2012 
65263 51,937 9 Dec 2011 27 Feb 2012 
65265 375,825 7 Dec 2011 27 Feb 2012 
65266 274,731 7 Dec 2011 27 Feb 2012 
65269 14,535 14 Dec 2011 27 Feb 2012 
65271 25,589 7 Dec 2011 27 Feb 2012 
65272 26,427 7 Dec 2011 27 Feb 2012 
Invalid 77 3 Jan 2012 27 Feb 2012 
 

Vehicle Parameters 

ABS (Anti-lock Braking System) 

The ABS parameter output is categorized as follows: 0 (passive), 1 (active), 2 (reserve). ABS was 
activated very few times (32 of 159621) during the analyzed period (Figure 2). 
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Chapter 2 Data Collection 

 
Figure 2. Bar plot of number of ABS observations by category (Image courtesy of 
NCAR). 

Wheel Speed 
The wheel speed category contained two main observations: the front axle speed and the relative 
speed of each wheel.  Most of the points appeared reasonable (Figure 3 and Figure 4).  For Front 
Axle Speed, only 0.002% of the observations were unreasonable, the majority of these being value 
255.  For the relative wheel speeds, several values are capped at -7.812 and 8.125, and 35% of 
observations matched one of those values. 
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Chapter 2 Data Collection 

 
Figure 3. Time series of front axle speed observations (Image courtesy of NCAR). 
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Chapter 2 Data Collection 

 
Figure 4. Time series of relative wheel speed observations (Image courtesy of NCAR). 

 

Cruise Control and Vehicle Speed 
There were over 300,000 (over 95%; Figure 5) of the observations for cruise control that were 0 
(passive) and less than 5% that were 1 (active). There were also two additional settings that were not 
defined or observed in the real-time data: 5 and 102.  Some speed observations were reported as 256 
(6.2%), the others were reasonable (Figure 6) except for one value of 25875. 
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Chapter 2 Data Collection 

 
Figure 5. Bar plot of number of cruise control observations by category (Image 
courtesy of NCAR). 

 
Figure 6. Time series of wheel-based vehicle speed observations (Image courtesy of 
NCAR). 

Ambient Conditions 
The two important meteorological variables in the ambient conditions group were barometric pressure 
and ambient air temperature. 
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Chapter 2 Data Collection 

The barometric pressure was reported at a 5 hPa (0.5 kPa) resolution.  Unreasonable values included 
0 and 1275 hPa for 1.6% of the observations.  Otherwise, all observations were between 930 and 
1020 hPa.  A time series of barometric pressure with outliers removed is shown in Figure 7. 
 

 
Figure 7. Time series of barometric pressure observations with outliers removed 
(Image courtesy of NCAR). 

The ambient air temperature was reported at a variable resolution with decimal place out to   0.001 K.  
Unreasonable values of 0 and 2047.969 were reported 68% of the time.  Otherwise, observations 
were slightly more reasonable between -16.312°C and 44°C, although the higher values may be 
found unreasonably warm when compared to ground stations.  A time series of ambient air 
temperature with outliers removed is shown in Figure 8. 
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Figure 8. Time series of air temperature observations with outliers removed (Image 
courtesy of NCAR). 

Nevada 
The following summary covers the observations received from the NDOT via CANbus and external 
sensor (e.g., Surface Patrol HD or RoadWatch sensors) depending on the vehicle.  The data were 
received in the format of an ascii table listing the observation time, location, air temperature, 
barometric pressure, speed, and brake status. Data were received from May 2011 through April 2012, 
non-inclusive.  The number of time-stamped observations received per day is illustrated in Figure 9. 
The number of CAN messages varied during the summer and early fall of 2011, and messages were 
not received for every day.  There was a void in CAN messages through late October and November, 
starting up again in December.  The number of CAN messages peaked in mid to late January and 
again in mid February before considerably increasing through March and early April.  The number of 
CAN messages received also varied by vehicle (Figure 10) and some vehicles reported only “no data” 
in their CAN messages (Figure 11).  
 
There were occasional inaccurate GPS location reports.  Several of these were a 0° or near-0° 
latitude or longitude, but were not limited to this number (including values in the 1000s).  Of all the 
latitude and longitude pairs, about 1.3% were not reasonably located near Nevada. Table 2 is a listing 
of the CANbus parameters, number of observations of each parameter and the start and end date in 
the data set. 
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Figure 9. Time Series of number of CAN messages per day over the summary period 
(Image courtesy of NCAR). 
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Figure 10. Number of CAN messages received per vehicle over the summary period 
(Image courtesy of NCAR). 

 
Figure 11. Number of non-missing CAN messages received per vehicle over the 
summary period. Vehicles that had zero non-missing observations are marked in red 
(Image courtesy of NCAR). 
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Table 2. Listing of CANbus observation parameters including counts, and begin and 
end dates (Table courtesy of NCAR). 

Observation # Obs Date Start Date End 

Latitude 162,837 25 May 2011 16 April 2012 
Longitude 162,837 25 May 2011 16 April 2012 
Elevation 1,561 7 July 2011 18 March 2012 
Speed 162,837 25 May 2011 16 April 2012 
Brake Status n/a n/a n/a 
Intake Air Temperature 46,625 7 July 2011 16 April 2012 
Barometric Pressure 46,625 7 July 2011 16 April 2012 
Outer sensor – Air Temperature 24,555 25 May 2011 16 April 2012 
Outer sensor – Surface Temperature 126,162 25 May 2011 16 April 2012 
 

Vehicle Parameters 

Speed 

Speed was reported in m/s at 0.00001 resolution.  There were several unreasonable values in the 
100s and 1000s up to 8480 m/s.  The majority of the speeds were reported as 0 m/s.  Of the total 
reported speeds, 60% were reported as exactly        0 m/s and 1.1% were reported as over 50 m/s 
(111 mph).  The distribution of reasonable speed values is illustrated in Figure 12. 
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Figure 12. Histogram of reported vehicle speeds – < 50 m/s (Image courtesy of 
NCAR). 

 
Intake air temperature was reported at 1°C resolution.  There were several high outlier temperatures 
reported, the specific values being 216°, 226°, 229°, 254°, and 255°C.  Of the total non-missing 
observations, 13% were one of these high values.  Of the remaining non-missing observations, the 
overall distribution had several spikes in the number of reports of that specific temperature, as seen in 
Figure 13.  The biggest issue appeared to be the large number of reports of 0°C.  Of total non-missing 
observations, 15% were reported as 0°C.  The other spikes occurred at 32°, 33°, 35°, 36°, 44°, 46°, 
49°, and 51°C. 
 
The temperature observations were stratified by vehicle ID to determine if particular vehicles were 
contributing more to the different areas of the temperature distribution.  Boxplots of the distributions 
are found in Figure 14.  All vehicles with some distribution (i.e., vehicles with enough unique data 
points that the spread of data extended beyond the median value) had values above 50°C, but vehicle 
A1 appeared to be the main contributor of very high temperatures above about 70°C.  Many of the 
vehicles (A0, C11, C12, C2, and C3) reported only values of 0°C, indicating that there were issues 
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with the ability of these vehicles to observe intake air temperature. Figure 14 also shows that some 
vehicles had no non-missing intake air temperature values. 
 

 
Figure 13. Histogram of observed air temperature – < 200°C (Image courtesy of 
NCAR). 
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Figure 14. Boxplots of observed air temperature - <200°C (Image courtesy of NCAR). 

 

Barometric Pressure 

Barometric pressure was reported at a relatively coarse 10-hPa (hectopascal) resolution. Several of 
the values were reasonable, although there were several values under 290 hPa and over 1640 hPa 
up to 213250 hPa that were not.  Of the total non-missing pressure observations, 52% were obviously 
invalid.  A histogram of the remaining 48% of non-missing observations is shown in Figure 15. 
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Figure 15. Histogram of observed barometric pressure with obvious errors removed 
(Image courtesy of NCAR). 

Air Temperature – External sensors 

Depending on the vehicle, the external air temperature reading came from either the Surface Patrol 
HD or the RoadWatch sensor that was mounted to the given vehicle.  Temperatures were reported at 
a 1°C resolution by the Surface Patrol HD and 1°F resolution by the RoadWatch.  There were several 
unreasonably high values, specifically at 95°, 124°, 176°, 210°, 211°, 212°, 213°, 214°, 215°, and 
255°C, making up 17% of non-missing observations.  Otherwise, there was a somewhat reasonable 
distribution of temperatures from -40°C to about 40°C (Figure 16).  It is unlikely that the vehicles 
experienced the temperatures at the lowest and highest ends of this spectrum. 
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Figure 16. Histogram of external sensor reporter air temperature with invalid data 
removed (Image courtesy of NCAR). 

Surface Temperature - External Sensor 

Depending on the vehicle, the surface temperature reading came from either the Surface Patrol HD or 
the RoadWatch sensor that was mounted to the given vehicle.  Temperatures were reported at a 1°C 
resolution by the Surface Patrol HD and 1°F by the RoadWatch.  There were several unreasonably 
high values, although the only obvious outliers were 111° and 215°C.  These made up 1.5% of non-
missing observations.  Otherwise, the distribution of temperatures was -40°C to almost 90°C (Figure 
17).  The large spike of -40°C temperatures is likely due to an issue with the sensor.  It is interesting to 
note that the spike of temperature between about -20° and -10°C mirrors that seen in the external 
sensor-reported air temperature distribution (Figure 16). 
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Figure 17. Histogram of external sensor reported surface temperature with invalid 
data removed (Image courtesy of NCAR). 

NCAR 
As part of the IMO study, NCAR scientists conducted a field demonstration using a vehicle from the 
NCAR motor pool. A Ford E350 van was equipped with an OBDII CANbus reader and four external 
sensors of various makes and models. Five days of testing were conducted during the fall and winter 
of 2011. A variety of routes were used, focusing on winter weather conditions except for the first test 
on 16 September. The weather conditions for each case are described in Table 3.  The number of 
observations varied by case day, as the weather conditions and routes for each case led to differing 
testing lengths.  The numbers of (non-missing) observations collected for each case are listed in Table 
4.  Over 58,000 observations were collected across the five cases.  The exact parameters that were 
collected from each sensor are listed in Table 5. 
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Table 3. Case dates and weather descriptions for NCAR field study (Table courtesy of 
NCAR). 
Date Description 
16 September 2011 High pressure brought dry weather on this day.  Temperatures were warm in 

eastern Colorado, but significantly cooler in western Nebraska.  This was a good 
case for testing instrument performance in benign weather conditions. 

8 October 2011 An upper level trough with associated surface low moved into Colorado to provide 
the forcing for precipitation.  The temperatures were in the 40s along the Front 
Range at about 5000 ft elevation but much cooler higher up.  This resulted in rain 
at the lower elevations and snow in the mountains.  The vehicle encountered the 
rain/snow transition as it climbed in elevation and descended, along with snow-
covered pavement conditions at higher elevations. 

19 November 2011 A low pressure system from the west resulted in snowy conditions over the 
mountains and clear conditions along the front range.  Once in the mountains, road 
conditions ranged from wet to snow covered and slick, particularly on Loveland 
Pass.  Snowfall was heavy at times, greatly reducing visibility. 
 
 

1 December 2011 A strong trough moved in from the west, resulting in significant snowfall along the 
Front Range and into the foothills and lower mountains.  Road conditions along the 
canyons and up into the mountains were snow-covered and quite slick. 

22 December 2011 There was little large-scale forcing on this day except for slight troughing aloft.  A 
cold front had just moved through the region the previous day, resulting in an 
upslope snow event that dropped over 6 inches of snow along the Colorado front 
range during the night.  The test was run towards the end of the event, where light 
snow continued to fall intermittently and the roads were still recovering from the 
previous night’s large accumulation. 

 

Table 4. Number of non-missing observations by test day.  Note that for the Surface 
Patrol HD, there were considerably more surface temperature observations missing 
than air temperature, so both numbers are given (Table courtesy of NCAR). 

Date CANbus Airmar Surface Patrol HD 
 (air / sfc) RoadWatch DSC111 

16 Sept 2011 17345 17821 17659 / 16469 17809 n/a 
8 Oct 2011 9354 9352 9263 / 8839 9352 8792 
19 Nov 2011 18505 18505 17630 / 13987 18481 17859 
1 Dec 2011 7751 7751 7726 / 2392 7751 7517 
22 Dec 2011 4986 4985 4939 / 22 4985 4808 

 

Table 5. List of parameters collected during testing, along with which sensor(s) they 
were observed with (Table courtesy of NCAR). 
 Vehicle 

CANbus 
Airmar Surface Patrol HD Road Watch DSC

111 
Air Temperature ✓ ✓ ✓ ✓  
Barometric Pressure ✓ ✓ ✓ ✓  
Relative Humidity/ 
Dewpoint  ✓ ✓   

Wind Direction  ✓    
Wind Speed  ✓    
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 Vehicle 
CANbus 

Airmar Surface Patrol HD Road Watch DSC
111 

Surface Temperature   ✓ ✓  
Grip     ✓ 
Surface State (e.g., snow)     ✓ 
Acceleration ✓     
Yaw ✓     
Roll ✓     
Speed ✓     
Steering Angle ✓     
Brake Status ✓     
Traction Assistance ✓     
Latitude ✓     
Longitude ✓     
Time ✓     
 
In addition to the observations noted in Table 5, a high-definition video camera was mounted to the 
vehicle’s windshield to serve as a source of verification for different segments of the route.  The cases 
with the camera available were 8 October, 19 November, and 1 December.  The video was viewed 
after the data collection and the precipitation, pavement condition, and visibility noted, as done in 
driver reports from the 2009 and 2010 Development Test Environment Experiments (DTE09/DTE10).  
Also, because wiper status was not collected from the CANbus, the wiper status was noted along with 
the speed limit of each section of road. 
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Statistics 
The various sensors on the vehicle/vehicles were compared using three statistics: the Mean 
Difference (MD), Mean Absolute Difference (MAD), and correlation.  The MD determines the bias 
between different instruments and the baseline chosen.  For example, an MD of -1°C when comparing 
the surface temperatures of the Surface Patrol HD and the RoadWatch, with the RoadWatch as the 
baseline, would indicate that the Surface Patrol HD tends to observe cooler than the RoadWatch.  The 
MAD is similar to the MD, but takes a mean of the absolute difference, resulting in a positive value.  It 
indicates how far away, on average, an instrument’s observations tend to be from the baseline.  The 
correlation indicates how closely the instrument’s observations match the temporal trends of the 
baseline.  These statistics are designed such that no “truth” value is assumed among the observations 
being compared.  Three similar methods, the bias, Mean Absolute Error (MAE), and correlation are 
used to compare the instruments with the nearest Road Weather Information System (RWIS) station, 
however in the case of these statistics the RWIS station observations are assumed to be truth. 
 
When comparing amongst the vehicle sensors, all observations were time-matched, which allowed an 
accurate comparison across all cases and time periods.  Comparison of the vehicle observations with 
nearby RWIS stations presented a greater challenge due to the complex terrain much of the 
demonstration was run over.  To account for the elevation variability of the terrain, matching to nearby 
RWIS stations was restricted depending on observation locations.   

Minnesota Data Analysis 

External Sensors 
Observations of air and pavement temperature from external sensors, including the RoadWatch and 
Surface Patrol HD sensors, were analyzed for accuracy and bias from 1 November 2011 – 31 May 
2012. Close by RWIS stations, spatially and temporally, were used as “truth” data and were compared 
directly to these observations. Statistics such as MAE and bias were used and plots (including 
histograms and scatterplots) were also utilized in the analysis. Preprocessing of these data was 
performed by filtering for matches between the mobile observation and the RWIS station observation 
that occurred within 15 minutes and 25 km of one another. This left an initial 65,340 matches out of a 
possible 114,807. For air temperature, 16,258 additional matches were removed due to missing RWIS 
station or external sensor data, which left 48,324 matches for the final air temperature analysis. For 
surface temperature, 43,567 matches had to be removed due to missing observations from either the 
RWIS station or external sensor, which left 21,773 matches for the final pavement temperature 
analysis. 
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CANbus Parameters 
Identical to the analysis that was discussed in the previous subsection, these data were pre-
processed by filtering over space and time. MAE and bias as well as scatterplots and histograms were 
generated to assess the accuracy of the CANbus observations when compared to the RWIS station 
observations.  

Segment vs. Point Analysis 
All available observations were compiled with their corresponding segment mean. In cases where 
point observations were not on a segment (for example, if they were at the shed), the observations 
were not used. For every five-minute window, this analysis compared each point to its corresponding 
mean value. Analysis included the MD (point observation – segment mean), MAD (abs(point 
observation) – abs(segment mean)), correlation coefficient, and histogram of differences. Data 
analyzed included CANbus air temperature and pressure, and external air temperature and surface 
temperature. 

Latency 
Analysis varied by state due to the way data were recorded. In Minnesota, all data were transmitted 
close to real-time. Thus, analysis simply focused on comparing the percentage of observations that 
arrived beyond their designated five-minute window. For instance, at 10:55:00, all observations from 
10:50:00 to 10:54:59 are assessed. Observations with timestamps from 10:50:00 to 10:54:59 that 
arrived after 10:55:00 are considered latent.  

Value to Forecast 
Road weather forecasts, specifically of pavement temperature, were generated over the state of 
Minnesota at all RWIS site locations and for 1-km VDT road segments at variable distances around 
each site. An analysis of the RWIS pavement temperature observation, the initialized forecast, and the 
VDT pavement temperature output was performed to initially understand the accuracy (i.e., MAE) of 
the VDT output (which is essentially the average pavement temperature from the mobile observations) 
when compared with the RWIS station observation. Additionally, an analysis of the VDT segment 
statistics and the initialized forecast away from the RWIS site was performed to determine how 
variable the two were when compared to one another. The assumption for this is that if the VDT 
segment analysis close to the RWIS site was determined to be reasonably accurate, that higher 
variability between the forecast and VDT analysis away from the RWIS station would prove that the 
mobile observations were adding/detracting value to/from the forecast.  

Nevada Data Analysis 

External Sensors 
The period used for comparison is from a trip where a vehicle was driven from Reno, NV to the Morro 
Bay, CA area.  The route is shown in Figure 18.  A Surface Patrol HD, a RoadWatch, and an Airmar 
sensor were all attached to the vehicle, and values from these sensors were compared with one 
another as well as to nearby RWIS stations.  The comparison with the nearby RWIS station was made 
only if the station observation was taken within 15 minutes and 25 km of the vehicle.  These criteria 
were employed to help control for the complex terrain that exists along portions of the route. 
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Some of the instrument observations were removed from the analysis for appearing to be anomalous 
or erroneous without any formal quality checking.  Some latitude/longitude pairs were reported as 
90°N, 180°W and were therefore marked as missing.  These accounted for less than 0.1% of 
latitude/longitude pairs.  There were 20 missing observations from the RoadWatch (0.03% of total).  
The values 127°C for air temperature, 127% for relative humidity, and 255°C for surface temperature 
were consistently reported by the Surface Patrol HD, and these values were marked as missing (22%, 
2%, and 2% of the total, respectively).  Values of 127 were also reported by the Airmar (64 
observations of each variable measured, or 0.1% of the total) and marked as missing.   
 
 

 
Figure 18. Map of vehicle route, shown by bold black line (Image courtesy of NCAR). 

 
The observations were recorded over three time periods (02 - 03 March 2012, 6 March 2012, and 7-8 
March 2012.  The number of observations collected for each period is given in Figure 19.  Each of 
these three time periods was analyzed separately. 
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Figure 19. Number of observations collected on each day (UTC) (Image courtesy of 
NCAR). 

 

CANbus Parameters 
Data from the NDOT heavy-duty vehicles were received and analyzed over the period from 1 
November 2011 to 31 May 2012.  Data were received from 15 different vehicles (Peterbilt heavy duty 
trucks).  Of the 22,054 total heavy duty observations, 4,509 had no vehicle identification associated 
with them (20%).   
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The observations were run through the VDT and the output, specifically the intake air temperature and 
barometric pressure, were compared with the nearest RWIS station to determine the quality of the 
vehicle data.  An RWIS match was made only if the station was within 50 km and 30 minutes of the 
vehicle observation.  Of the total vehicle observations, 81% were reported as missing.  For the 
remaining data, the non-QCed data were compared with the nearest RWIS station with four 
exceptions.  These were removal of values of 216°C and 255°C from the air temperature, 0 hPa from 
the barometric pressure, and one pressure observation of 2550 hPa.  This accounted for another 
1.0% and 12% of observations respectively. 

Segment vs. Point Analysis 
All available observations were compiled with their corresponding segment mean. In cases where 
point observations were not on a segment (for example, if they were at the shed), the observations 
were not used. For every five-minute window, this analysis compared each point to its corresponding 
mean value. Analysis included the MD (point observation – segment mean), MAD (abs(point 
observation) – abs(segment mean)), correlation coefficient, and histogram of differences. Data 
analyzed included CANbus air temperature and pressure, and external air temperature and surface 
temperature. 

Latency 
Analysis varied by state owing to the way data were recorded. Analysis focused on comparing the 
percentage of observations that arrived beyond their designated five-minute window. For instance, at 
10:55:00, all observations from 10:50:00 to 10:54:59 are assessed. Observations with timestamps 
from 10:50:00 to 10:54:59 that arrived after 10:55:00 are considered latent. For Nevada, only 
“snapshots” were sent every five minutes, with archived data to follow. Unfortunately, there was no 
way to discern a late observation from an archived observation. Nevada is currently performing post-
hoc analyses to attempt to solve this. In the meantime, we used a crude method. Because archived 
data are uploaded at the end of the day, we computed the number of observations that were more 
than five minutes late, but less than one hour late. Some of these may be truly latent observations, 
while some may be archived data.  

NCAR Data Analysis  
Statistical comparisons between the vehicle observations and the nearest RWIS station were made 
for the three cases with camera verification available (8 October, 19 November, and 1 December).  
Although the RWIS stations typically measure barometric pressure, there were no non-missing 
barometric pressure observations available for the times and locations examined here and thus 
barometric pressure was not analyzed. 
 
With only one vehicle present during testing, it is impossible to use the data to modify the VDT road 
weather analysis algorithms.  However, with the camera verification available for cases 8 October, 19 
November, and 1 December, it was possible to test the VDT 3.0 algorithms against this verification to 
an extent, as well as the general data collected from the vehicle, to form guidelines to move forward 
with continued testing and development.  The results of this testing will be used in conjunction with 
other datasets for future algorithm modification. 
 
To simulate the one-mile segments used in the VDT, a median or mode (depending on whether the 
observation was continuous or discrete) was taken every minute for each of the input observations 
from the vehicle for use in testing the algorithms.  Ancillary data, dewpoint temperature, radar 
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reflectivity, cloud mask, visibility, and wind speed, were matched up using the nearest surface station, 
gridded radar reflectivity, and satellite data.  Wiper status and speed ratio (specifically speed limit) 
were determined from the video.  Headlight status was set to “low” for every observation, based on 
information from the driver, and ABS and stability control, which were not reported, were set to “not 
engaged” for every observation.  The algorithm output was then compared with the verification 
determined by the video.  The modal observation occurring in the one-minute time span was chosen 
as the verification. 
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Chapter 4 Results  

Minnesota 

External Sensors 
The external sensor data were compared to nearby RWIS stations for air and pavement temperature 
observations. Figure 20 illustrates the distribution of the error (bias) statistics for air temperature (18a) 
and pavement temperature (18b). Overall, the bulk of the comparisons appeared to cluster between -
10°C and +10°C with the mode of the histogram right around 0°C for air temperature. The bulk of the 
pavement temperature errors resided between -25°C and +25°C with the mode being slightly less 
than 0°C, which indicates the possibility of a slight cold bias. Figure 21 is a scatterplot of the same 
datasets and shows the possibility of a slight warm by bias for air temperature but no obvious bias for 
pavement temperature.  
 

U.S. Department of Transportation, Research and Innovative Technology Administration 
Intelligent Transportation System Joint Program Office 

Results from the Integrated Mobile Observations Study |  29 

 



Chapter 4 Results 

 
Figure 20. Histogram of error (bias) statistics for external air temperature (a) and 
external pavement temperature (b) (Image courtesy of NCAR). 
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Figure 21. Scatterplot of RWIS air temperature vs. external air temperature (a) and 
RWIS pavement temperature vs. external pavement temperature (b) (Image courtesy 
of NCAR). 

Table 6 lists the bulk statistics over the entire time period with no stratification for bias and MAE. These 
results show a slight warm bias (+1.23°C) for air temperature and a slight cold bias (-1.86°C) for 
surface temperature. MAE values of 2.63°C for air temperature and 3.66°C are reasonably low.  
However, the MAE values are relatively higher than the bias statistics, indicating that the warm bias for 
air temperature and cold bias for pavement temperature are not consistent and likely cannot be 
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corrected for. Overall, the errors are low enough that the results likely lie within the noise of the 
resolution and precision of the instruments. 
 

Table 6. Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station (Table courtesy of NCAR). 
 # Obs Bias MAE Correlation 
Air Temperature 48324 1.23 2.63 0.86 

Surface Temperature  
21773 

 
-1.86 

 
3.66 

 
0.84 

 
Table 7 lists the statistics stratified by distance away from the RWIS station. Surprisingly, the results for 
both air temperature and pavement temperature appear slightly better the further away from the RWIS 
station. Again, these results still likely fall within the noise of the variability of the sensors. 
 

Table 7. Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by distance in kilometers (Table 
courtesy of NCAR). 
 Air Temperature Surface Temperature 
 # Obs Bias MAE # Obs Bias MAE 
0-4.99 km 17475 1.58 2.94 6787 -2.48 4.44 
5-9.99 km 10258 1.09 2.47 4264 -2.26 3.15 
10-14.99 km 8463 0.36 2.39 4507 -1.22 3.04 
15-19.99 km 5201 1.47 2.67 2911 -1.08 3.40 
20-24.99 km 3513 1.09 2.23 1931 -1.21 3.37 
25-29.99 km 2203 2.24 2.63 1097 -2.52 4.97 
30-34.99 km 784 1.46 1.81 115 -0.87 2.16 
35-39.99 km 270 -0.07 2.22 127 -0.67 2.27 
40-44.99 km 126 -0.43 3.28 34 -1.20 1.82 
45-50 km 31 -0.21 0.82 -- -- -- 

 
Table 8 lists the results stratified by time away from the RWIS station observation. While the results for 
the pavement temperature appear worse over time, the results for air temperature are slightly better.  

Table 8. Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by time difference in seconds (Table 
courtesy of NCAR). 
 Air Temperature Surface Temperature 
 # Obs Bias MAE # Obs Bias MAE 
0-299 sec 36481 1.10 2.63 17911 -1.75 3.64 
300-599 sec 8037 1.62 2.65 3320 -2.25 3.69 
600-899 sec 1139 2.46 3.14 221 -2.76 4.10 
900-1199 sec 1914 1.42 2.04 136 -1.94 4.34 
1200-1499 sec 567 0.97 2.63 116 -3.59 5.41 
1500-1800 sec 186 0.35 3.78 69 -3.05 3.75 

 
Table 9 lists the results by month of the year. The air temperature errors are very consistent and low 
over the winter months. The errors for the pavement temperature are also consistent over the cold 
winter months but spike during the months of April and May. This is likely due to the difference in the 
mechanics of the observations. The RWIS stations use embedded pucks to measure the pavement 
temperature and the mobile sensors measure the pavement temperature with an infrared sensor. 
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Thus, the two temperature measurements are slightly different. The embedded pucks measure from a 
bulk depth, while the infrared sensor is a skin temperature only. 
 

Table 9. Statistical comparison of Dicky John controller air temperature and surface 
temperature with nearest RWIS station, stratified by month (Table courtesy of NCAR). 
 Air Temperature Surface Temperature 
 # Obs Bias MAE # Obs Bias MAE 
November 1310 2.63 4.22 273 -2.11 5.26 
December 1589 1.27 3.29 790 -1.09 3.67 
January 15481 1.17 2.55 7303 -1.25 2.96 
February 18246 1.32 2.37 9084 -1.32 3.24 
March 4301 1.29 2.88 1724 -1.56 4.16 
April 3362 1.04 2.71 1087 -7.27 8.03 
May 4035 0.62 2.98 1512 -4.77 5.60 

 

CANbus 
Initially, simple data filtering was accomplished by eliminating obviously erroneous values for air 
temperature and barometric pressure. Additionally, values that had no valid location associated with it 
were also filtered out. After filtering out erroneous CANbus air temperature values (0 K, 2047.97 K) 
and values with no associated latitude or longitude, 10,004 air temperature observations remained. 
After filtering out erroneous CANbus barometric pressure values (0 mb) and values with no associated 
latitude or longitude, 31,570 barometric pressure observations remained. When examining the 
remaining data set, the two most common locations (latitude=44.24, longitude=-95.63 and 
latitude=45.15, longitude=-95.01) had no RWIS that was reporting nearby. Filtering out these locations 
meant that 81.4% of the CANbus air temperature values were removed and 83.0% of the CANbus 
barometric pressure values were removed. 
 
Where possible, the remaining values were matched with the nearest RWIS observations (within 50 
km).  Finally missing RWIS values were removed.  The following table (Table 10) lists the accuracy 
statistics for this data set: 

Table 10. Accuracy statistics for Minnesota CANbus data set (Table courtesy of 
NCAR).  
 # Obs Bias MAE Correlation 
Air Temperature 43 -0.47 °C 7.01 °C 0.57 
Barometric Pressure 140 4.69 mb 35.53 mb 0.51 

Point vs. Segment 

Air temperature 

There is a statistically significant, but not especially strong, relationship between point and segment-
based mean CANbus air temperatures (Figure 22). The correlation coefficient is 0.50, with a mean 
difference of -0.24°C. The mean absolute deviation is 6.05°C, relatively large, and based on some 
large differences between air temperature data in a given segment (e.g., Figure 23). The difference 
between the point and segment mean air temperature is 0°C in 33% of the cases; 36% of the cases 
have a point observation below the segment mean, and 31% have a point observation higher than the 
segment mean. 
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Figure 22. Minnesota CANbus air temperature, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 23. Minnesota CANbus air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). 

Barometric pressure 

Barometric pressure CANbus observations historically have lacked precision and accuracy (e.g., 
Chapman et al. 2010, Anderson et al. 2012). The lack of precision is noticeable here as well; however, 
the correlation between the point and segment-based mean is 0.69 (Figure 24). However, the mean 
difference (-0.35 hPa) and the mean absolute difference (5.73hPa) are very reasonable, indicating 
close correspondence between the point and segment-based data. In the vast majority of cases 
(54%), the point and segment data are the same (Figure 25). In 24% of the cases, the point 
measurement is below the segment-based mean, and in the remaining 22% of cases, the point 
measurement is higher than the segment-based mean. 
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Figure 24. Minnesota CANbus barometric pressure, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 25. Minnesota CANbus barometric pressure differences, point vs. segment 
mean (Image courtesy of NCAR). 

External data 

Air temperature 

Compared to Minnesota CANbus air temperatures, the external air temperature data show lower 
correspondence between point and segment-based mean observations (Figure 26). The correlation 
coefficient is 0.36, quite poor, with a mean difference of -0.10°C and a mean absolute difference of 
7.35°C. There appears to be numerous cases where the segment scatter is incredibly and 
unrealistically high. Additional QC will be needed to handle these noisy data. In 20% of the cases, the 
point and segment data are identical (Figure 27), with the point observation being higher (lower) than 
the segment-based observation 41% (39%) of the time. 
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Figure 26. Minnesota external air temperature, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 27. Minnesota external air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). 

Surface temperature 

The external surface temperature data show broad similarity to the external air temperature findings 
above (Figure 28). The correlation between the point and segment-based mean is 0.38, with a mean 
difference of -0.15°C and a mean absolute difference of 8.70°C. In only 15% of the cases are the point 
and segment data the same (Figure 29). For 44% of the time, the point observation is higher than its 
corresponding mean, and 41% of the time, the point observation is lower than the segment-based 
mean. 
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Figure 28. Minnesota external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 29. Minnesota external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). 

 

Latency 
Latency analysis for Minnesota is more straight-forward than Nevada given the way that data were 
received at NCAR. A time-series plot of the percentage of latent observations per day (Figure 30) 
shows similar variability to Nevada. There is no consistent pattern in the data, with latency ranging 
from 0% on some days to 100% on other days. It is not apparent as to why this disparity occurred. In 
terms of raw latent numbers, most days had less than 10,000 latent observations (Figure 31). There is 
a noticeable drop in the number of latent observations later in the experiment. 
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Figure 30. Percent of latent observations for Minnesota (Image courtesy of NCAR). 

 
Figure 31. Count of latent observations for Minnesota (Image courtesy of NCAR). 
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Value to Forecast 
VDT surface temperature analysis data were analyzed together with RWIS surface temperature 
observations and forecasted temperatures over a period from 23 December 2011 to 26 April 2012.  Of 
the 671 total data points, 48.0% were reported as missing.  To remove any outliers, values of the VDT 
analysis that were less than -35°C were eliminated.  This accounted for an additional 0.9% of the 
observations. 
 
First, the non-missing VDT analysis data and the forecasted surface temperatures were compared to 
the RWIS observations within 2 km of the station. The comparison of these data is given in Table 11.  
The comparison shows that the VDT analysis data are reasonably consistent with the RWIS 
observations and that the forecasted surface temperatures are nearly representative of the conditions 
observed at the RWIS stations.  The scatterplot in Figure 32 shows the strong correspondence 
between the VDT analysis and the RWIS surface temperatures at this distance and the plot in Figure 
33 reveals the same strong correspondence between the forecasted values and the RWIS 
observations.  The MAE (3.21°C) of the VDT analysis and the RWIS observations is a promising 
result as it is consistent with the Dickey John analysis in which over 21,000 vehicle observations were 
compared to RWIS stations. 
 
Table 11. Statistical comparison of the VDT analysis and the surface temperature 
forecast to the nearest RWIS observation within 2 km of the station (Table courtesy of 
NCAR). 

 # Obs Bias MAE Correlation 
VDT Analysis (°C) 93 -1.10 3.21 0.92 
Forecast (°C) 86 -0.95 2.03 0.92 

 

 
Figure 32. Scatterplot of all valid VDT analysis and RWIS observed surface 
temperature values within 2 km of the RWIS site (Image courtesy of NCAR). 
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Figure 33. Scatterplot of all valid forecasted and RWIS observed surface temperature 
values within 2 km of the RWIS site (Image courtesy of NCAR). 

Next, because the results indicated that the VDT output is reasonably consistent with RWIS surface 
temperature observations near the stations, the VDT analysis data were compared to the forecast 
values away from RWIS sites at distance intervals of 2 - 4.99 km, 5 - 9.99 km, and 10 - 20 km.  The 
comparison of these data is given in Table 12.  There is some indication of increasing variability 
between the forecast and the VDT analysis at greater distances.  However, at the greatest distances, 
the MAE and the standard deviation decrease and do not significantly differ from those values 
observed at less than 2 km from the RWIS station.  A t-test also failed to reveal a statistically reliable 
difference between the MAE at less than 2 km and the MAE at between 2 and 4.99 km (p = 0.581, α = 
0.05).  The test did show a significant difference between the MAE at less than 2 km and at the 
interval between 5 and 9.99 km (p = 0.008, α = 0.05).   

Table 12 Statistical comparison of the VDT Analysis and the forecasted surface 
temperature at different distance intervals away from the RWIS station (Table 
courtesy of NCAR). 

 Surface Temperature (°C) t-test for Equality of Means 
 # Obs MAE SD t-value p-value (2-tailed) 
< 2 km 86 3.43 3.40   
2-4.99 km 69 3.93 7.36 -0.553 0.581 
5-9.99 km 118 4.89 4.16 -2.670 0.008 
10-20 km 50 3.15 2.39 0.523 0.602 

 
To further visualize the differences in the error distributions at different distance intervals, histograms 
of the error (forecasted pavement temperatures – VDT analysis) were generated (Figure 34).  The 
plots reveal a clear increase in both mean and standard deviation at greater distances until the final 
interval of 10 - 20 km at which these values decrease. 
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Figure 34. Frequencies of error values (VDT analysis output subtracted from forecast 
values) at less than 2 km (top left), between 2 and 4.99 km (top right), between 5 and 
9.99 km (bottom left), and between 10 and 20 km (bottom right) (Image courtesy of 
NCAR). 

Overall, there is a consistently strong correspondence between the VDT analysis of surface 
temperature and what is being observed at RWIS stations.  Although this correspondence cannot 
prove irrefutably that the VDT output would have significant value if used to forecast pavement 
temperatures away from RWIS sites, it is a promising result.  Due to the small number of data points 
at each distance interval, the lack of significant change in variability, as shown in this section, between 
the forecast and the VDT analysis at greater distances is not necessarily conclusive. Further more 
robust analysis with a larger sample size is warranted.  

Nevada  

External Sensors 
Observations were compared among the three external sensors to determine how consistent they 
were with one another.  When available, the RoadWatch was used as the baseline for the MD and 
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MAD.  For relative humidity, the Airmar was used as the baseline.  A time series of air temperature for 
each time period is shown in Figure 35.  Most noticeable are the outliers reported by the Surface 
Patrol HD, particularly the very high temperatures on 6 March and 7 March.  These outliers accounted 
for 3.3% of non-missing observations.  Otherwise, the RoadWatch appeared to report slightly warmer 
temperatures than the Surface Patrol HD, and the Airmar reported cooler temperatures.  This is 
supported by the MD, which was -1.38°C with Surface Patrol HD outliers removed and -2.91°C for the 
Airmar.  The MAD was 2.12°C and 2.93°C respectively, and the correlation was 0.83 and 0.97.  
Overall, the three instruments tended to be within 2°C of each other and were fairly well correlated.  
The biggest issues were with the Surface Patrol HD outliers and the approximately two hour period 
from 02:00 UTC to 04:00 UTC on 3 March, where the RoadWatch air temperature was several 
degrees higher than the Surface Patrol HD and Airmar temperatures (Figure 35).  
 

 
Figure 35. Time series of air temperature recorded by the Surface Patrol HD (black), 
RoadWatch (green), and Airmar (purple) for each of the three time periods (Image 
courtesy of NCAR). 
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The surface temperatures reported by the Surface Patrol HD and RoadWatch sensors were also 
compared.  Time series for each time period are shown in Figure 36.  Far fewer outliers appeared in 
the surface temperature data compared with air temperature.  There was generally good agreement 
between the sensors during the period of analysis.  The MD was -0.73°C, the MAD 1.31°C, and the 
correlation 0.97.  This indicates that although the Surface Patrol HD tended to report slightly cooler 
temperatures, the two instruments were very well correlated and generally within 1°C of each other.  
 

 
 
Figure 36. Time series of surface temperature recorded by the Surface Patrol HD 
(black) and RoadWatch (green) for each of the three time periods (Image courtesy of 
NCAR). 

The last observation made by multiple external sensors was relative humidity, which was measured by 
the Surface Patrol HD and Airmar.  Time series for each time period are shown in Figure 37.  The two 
observations were generally in good agreement during the first period of 2-3 March.  However, there 
was a clear low bias of the Surface Patrol HD in the latter half of 6 March and much more variation in 
the observations on 7 March compared with the Airmar.  Using the Airmar as a baseline, the MD was 
3.03%, MAD 7.87%, and correlation 0.45.  This shows that overall the Surface Patrol HD tended to be 
slightly more moist and within 7% of the Airmar on average, but the two measures were poorly 
correlated.  This may be due, in part, to the noisiness of the Surface Patrol HD measurements during 
the 7 March period. 
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Figure 37. Time series of relative humidity recorded by the Surface Patrol HD (black) 
and Airmar (purple) for each of the three time periods (Image courtesy of NCAR). 
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Finally, the sensor observations were compared with a nearby RWIS station, which was considered to 
be the truth observation.  For air temperature, the overall comparison was reasonable for all 
instruments (Table 13).  The Airmar showed the closest match with the RWIS stations at a 0.30°C bias 
and MAE of only 2.08°C.  The Surface Patrol HD and RoadWatch, though exhibiting a warm bias with 
the RWIS stations, were slightly different than the Airmar with an MAE of about 3.5°C each.  The 
RoadWatch and Airmar were both highly correlated with the RWIS stations at value 0.90, but the 
Surface Patrol HD had a much lower correlation of only 0.53.  This may have been due to the outliers 
noted on the time series plots.  With these values removed (temperature > 40°C or < -20°C), the 
correlation jumped to 0.88 and MAE improved to 2.70°C. 

Table 13. Statistical comparison of air temperature (°C) between the external sensors 
and the nearest RWIS station (Table courtesy of NCAR). 
 Surface Patrol HD RoadWatch Airmar 
Bias 2.38 3.25 0.30 
Mean Absolute Error 3.73 3.56 2.08 
Correlation 0.53 0.90 0.90 
 
Surface temperature comparisons with RWIS were also favorable (Table 14).  Both the Surface Patrol 
HD and RoadWatch exhibited a slight positive bias and were on average a few degrees off from the 
RWIS station observations.  The correlations were very high at > 0.9. 

Table 14. Statistical comparison of surface temperature (°C) between the external 
sensors and the nearest RWIS station (Table courtesy of NCAR). 
 Surface Patrol HD RoadWatch 
Bias 1.06 2.16 
Mean Absolute Error 2.93 3.86 
Correlation 0.94 0.92 
 
Relative humidities were not as closely matched between the external sensors and the nearest RWIS 
stations (Table 15).  Both instruments had a dry bias and over 10% MAE.  The Airmar had a 
correlation of 0.75, which is appreciable but not as closely correlated as air temperature was with the 
RWIS station.  The Surface Patrol HD had a very low correlation of only 0.21.  As noted in the time 
series, there were several outliers during the 7-8 March time period.  Limiting the analysis to the first 
two time periods yielded a correlation of 0.87 between the Surface Patrol HD and nearest RWIS 
station, lending some credence to the supposition that the noisy data from 7-8 March was a factor in 
the low correlation. 

Table 15 Statistical comparison of relative humidity (%) between the external sensors 
and the nearest RWIS station (Table courtesy of NCAR). 
 Surface Patrol HD Airmar 
Bias -4.21 -9.50 
Mean Absolute Error 13.28 10.52 
Correlation 0.21 0.75 
 
The Airmar outputted barometric pressure reduced to mean sea level (MSL), without an associated 
station pressure.  The RWIS stations report only station pressure.  Because of the uncertainties 
related to the MSL calculation, especially incomplete moisture profile information, rather than 
calculating the RWIS MSL pressure to compare with the Airmar, ASOS stations were matched with the 
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vehicle data, and the MSL pressure these stations output was used.  The same matching criteria used 
for matching RWIS observations were used to match the ASOS observations. 
 
The comparison between the Airmar and the ASOS stations is given in Table 16.  The Airmar 
compared quite well with the ASOS stations, with an MAE of only 3 hPa and a high correlation of 0.88.  
Considering the Aimar uses GPS elevation for its sea level calculation, which is often time suspect, 
this is a very good result. 

Table 16. Statistical comparison of barometric pressure (hPa) between the Airmar and 
the nearest ASOS station (Table courtesy of NCAR). 
 Airmar 
Bias -1.78 
Mean Absolute Error 3.20 
Correlation 0.88 
 
The Airmar also measured wind speed and direction, and these were compared with the nearest 
RWIS station.  The Airmar measures the apparent wind speed and direction, which is the wind speed 
and direction relative to the moving vehicle rather than the fixed ground.  The instrument then uses a 
built-in GPS and compass to calculate the true wind based on the apparent wind, speed of the 
vehicle, and compass heading.  The Nevada data comes from a summary message, which includes a 
true wind direction, magnetic wind direction, and only one wind speed observation.  This is presumed 
to be the true wind speed, rather than apparent, but there is no way to know this for certain without 
additional testing. 
 
The statistics given in Table 17 were calculated using the wind speed in the summary message and 
the observation labeled true wind direction.  There was a very strong positive bias and high MAE of 
over 30 m/s for the wind speed and a poor, negative correlation with the RWIS stations.  The wind 
direction was also significantly different from the RWIS station observations.  The bias was only 
slightly negative, but the MAE was very high at 121.78° and the correlation was near 0. 

Table 17. Statistical comparison of wind (m/s and °) between the Airmar and the 
nearest RWIS station (Table courtesy of NCAR). 
 Airmar Wind Speed Airmar Wind Direction 
Bias 33.64 -7.24 
Mean Absolute Error 33.68 121.78 
Correlation -0.22 -0.07 
 
These poor statistics suggest that the Airmar is either not properly correcting the wind speed and 
direction at the high speeds of the vehicle, or in the case of wind speed the apparent wind is the one 
being reported.  Comparing the Airmar wind speeds with the vehicle speed shows a very strong linear 
relationship with vehicle speed, leading to speculation that the apparent wind may in fact be the one 
included in the summary message (Figure 38).  It is also possible that there is a flaw in how the Airmar 
calculates the true wind speed from the apparent wind speed, and that the magnitude of this error is 
dependent on vehicle speed. 
 
The Airmar wind direction was compared with the vehicle heading to determine if a similar linear 
relationship existed with the vehicle movement as with the Airmar wind speed.  This is shown in Figure 
39.  There is no clear linear dependence on wind direction with heading as was seen on wind speed 
with vehicle speed, but two areas of the image do stick out as having a linear relationship.  These are 
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marked with the solid blue lines in Figure 39.  Although not as obvious as with wind speed, it does 
appear that the true wind direction has, in some cases, a slight linear dependence on vehicle heading. 

 
Figure 38. Vehicle speed versus Airmar wind speed over the entire case period 
(Image courtesy of NCAR). 
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Figure 39. Vehicle heading versus Airmar wind direction over the entire case period.  
Blue lines indicate the linear relationships existing in the data that are discussed in 
the text (Image courtesy of NCAR). 

In order to control for these linear relationships between vehicle movement and calculated wind 
speed/direction, additional statistics were run for when the vehicle was not moving (Table 18).  The 
wind speed statistics are much improved, with only a slightly positive bias and an MAE of only 1.5 m/s.  
The correlation was also much higher at 0.84.  However, there was very little improvement in the wind 
direction statistics.  The negative bias was slightly stronger, the MAE only lowered by about 10°, and 
there was a near-zero correlation. 
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Table 18. Same as Table 17, but for 0 m/s vehicle speed only (Table courtesy of 
NCAR). 
 Airmar Wind Speed Airmar Wind Direction 
Bias 1.39 -17.24 
Mean Absolute Error 1.54 110.25 
Correlation 0.84 -0.17 
 
Overall, the air and surface temperatures of the external instruments seemed reliable within about 2-
3°C of the true temperature.  The Airmar and RoadWatch were more consistent in reporting valid 
numbers than the Surface Patrol HD, which reported many invalid observations (particularly for air 
temperature) and tended to be noisy at times.  The relative humidity was not as well correlated 
between instruments and the RWIS stations, particularly the noisy values of the Surface Patrol HD.  
Mean sea level air pressure from the Airmar correlated well with the ASOS stations.  The Airmar wind 
speed does not appear to be reported as the true wind, but rather the apparent, and wind direction is 
poorly correlated with the RWIS stations for both a moving and stationary vehicle. 

CANbus 
Statistical comparison of the non-missing observations with the nearest RWIS station is given in Table 
19.  It is clear from this table that neither vehicle-based observation is representative of the conditions 
observed by the RWIS stations.  The air temperature reported by the CANbus was an intake air 
temperature, meaning rather than being located in the front grill of the vehicle the sensor was located 
in the engine compartment, making the measurement much less representative of the actual 
atmospheric air temperature.  Correlation was also low. 
 
The barometric pressure was reported in a coarse 10-hPa resolution, which in addition to making the 
measurements impractical for meteorological applications (Drobot et al. 2009) could also explain part 
of the high MAE.  However, the large magnitude of this MAE cannot be fully explained by this 
resolution issue.  It is important to note that the negative leaning of the bias is due to several 
observations occurring on and after 23 May (Figure 40).  Because of these clearly erroneous 
observations, the remaining pressure statistics in this section do not include these dates.  Table 19 
shows the large change in the statistics with these values removed.  The bias and MAE are still very 
high (40.85 and 50.11 respectively), but there is an improvement in the MAE compared to that which 
includes the erroneous end of May values, and the correlation jumps to 0.49, closer in line with the air 
temperature correlation.  These statistics are also much more representative of the entire analysis 
period than those that include the end of May observations. 

Table 19. Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station (Table courtesy of NCAR). 
 Bias MAE Correlation 
Air Temperature 18.30 19.85 0.41 
Barometric Pressure -4.11 88.43 0.12 
Barometric Pressure 
(before 23 May) 40.85 50.11 0.49 
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Figure 40. Time series of all valid barometric pressure observations (i.e., with 0 hPa 
and 2550 hPa values removed) (Image courtesy of NCAR). 

 
To further explore the comparison between the vehicles and RWIS stations and determine if certain 
vehicles or conditions degraded the CANbus observations, the statistical calculations were stratified 
by the following factors: vehicle, ambient air temperature, date, and time of day.  Additionally, pressure 
calculations were stratified by RWIS station-observed pressure in order to determine if the VDT’s lack 
of an elevation criterion for matching the nearest station had a significant impact on the statistics. 
 
Typically the VDT strips vehicle identification information for privacy purposes.  However, for this 
dataset, vehicle identification information was retained, and the stratification by vehicle is shown in 
Table 20.  Immediately obvious is the overwhelming data contribution by vehicles A1 and A2 for intake 
air temperature.  Vehicles A4, C2, C3, C11, and C12 contributed less than 100 data points each (with 
some contributing less than 10).  The remaining vehicles had no valid observations reported.  
Additionally, only vehicle A1 reported valid pressure observations. 
 
For air temperature, the only variable to have valid observations reported by more than one vehicle, 
the A vehicles have a clearly higher bias and MAE compared with the C vehicles.  However, with so 
few observations reported by the C vehicles, it is difficult to draw any conclusions from this. 
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Table 20. Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station, stratified by vehicle (Table 
courtesy of NCAR).   
 Air Temperature Barometric Pressure 
 # Obs Bias MAE Correlation # Obs Bias MAE Correlation 
0682 0 n/a n/a n/a 0 n/a n/a n/a 
3319 0 n/a n/a n/a 0 n/a n/a n/a 
3320 0 n/a n/a n/a 0 n/a n/a n/a 
A0 0 n/a n/a n/a 0 n/a n/a n/a 
A1 1828 17.95 20.44 0.26 466 40.85 50.11 0.49 
A2 1360 20.36 20.36 0.77 0 n/a n/a n/a 
A4 8 28.61 28.61 -0.93 0 n/a n/a n/a 
A11 0 n/a n/a n/a 0 n/a n/a n/a 
B1 0 n/a n/a n/a 0 n/a n/a n/a 
B2 0 n/a n/a n/a 0 n/a n/a n/a 
C2 76 2.77 6.28 n/a 0 n/a n/a n/a 
C3 10 6.70 -6.70 n/a 0 n/a n/a n/a 
C11 1 0.89 0.89 n/a 0 n/a n/a n/a 
C12 46 0.80 5.33 n/a 0 n/a n/a n/a 
E1 0 n/a n/a n/a 0 n/a n/a n/a 
Note that 0 observations indicate that there were no non-missing observations collected from that vehicle, and 
some vehicles with few observations have no correlation because those few observations were collected in a 
small timeframe, meaning only one unique RWIS station observation could be attached to them. 
 
The statistics were also stratified by ambient air temperature, as observed by the nearest RWIS 
station, to see if the temperature condition affected the sensors’ abilities to accurately measure intake 
air temperature and barometric pressure (Table 21).  Intake air temperature observations tended to 
have a slightly lower bias/MAE closer to the freezing point (0°C), but the difference was only a few 
degrees.  There tended to be lower (more negative) bias for barometric pressure for warmer values, 
although it could be that the RWIS station was at a lower elevation/warmer temperature than the 
vehicle itself at those times.  Additional data and analysis is warranted to determine if there is a causal 
link between warmer temperatures and lower pressures measured by the vehicle. 

Table 21. Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station, stratified by RWIS station-
observed air temperature (Table courtesy of NCAR).   
 Air Temperature Barometric Pressure 
 # Obs Bias MAE Correlation # Obs Bias MAE Correlation 
< -20°C 0 n/a n/a n/a 0 n/a n/a n/a 
-20 – -15°C 9 20.49 20.49 -0.02 0 n/a n/a n/a 
-15 – -10°C 25 22.91 22.91 -0.04 0 n/a n/a n/a 
-10 – -5°C 179 17.23 17.23 0.29 9 55.61 55.61 -1.00 
-5 – 0°C 680 19.82 19.82 0.17 136 45.29 52.54 0.38 
0 – 5°C 924 14.22 15.88 0.07 199 49.54 49.54 0.76 
5 – 10°C 658 18.91 21.55 0.12 67 37.70 51.38 0.63 
10 – 15°C 527 21.68 23.87 0.13 32 1.71 36.52 0.57 
15 – 20°C 250 21.51 22.64 0.19 19 14.06 47.59 0.97 
≥ 20°C 77 15.61 21.55 -0.32 4 -82.19 82.19 -1.00 
See note in Table 20 for explanation of uncalculated statistics (n/a). 
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Stratification by date can be seen in Figure 41 for intake air temperature and Figure 42 for barometric 
pressure.  These plots show not only patterns in the statistics by date, but also timing and amount of 
valid data collected. 
 
First, for intake air temperature, the frequency of valid data collection prior to the middle of March 
2012 was spotty, as seen in Figure 41.  Valid data were first collected in the beginning of December, 
then again on a few days in early January before more frequent collection days for the rest of the 
month.  February and early March were again spotty until consistent collection occurred again in the 
middle of March through the end of the period.  The largest amounts of observations per day were 
collected in April (light blue to cyan colors), although a couple days in January had a large number of 
valid observations (red and cyan bars).  Collection of valid barometric pressure observations was 
significantly spottier than valid air temperature (Figure 42), although similar patterns of increased 
frequency and amount of observations per day observed in mid January and April are still apparent. 
 
Second, the highest bias and MAE values for intake air temperature were observed in December and 
early January.  These values were much lower after that period until about mid March, where they 
once again increased and were steadily in the 20°C – 30°C range for the rest of the period.  In April, 
where there were more valid observations per day, the errors tended to be slightly lower.  For the most 
part, though, the observations are not very representative of the RWIS station-observed temperature 
for the majority of the days. 
 
The barometric pressure observation errors tended to be steady through the days (Figure 42), 
although those from early January had negative as opposed to positive biases and slightly higher 
errors.  The issues with pressure observations in May that were noted at the beginning of this section 
are very obvious in the figure with negative biases approaching 400 and 500 hPa.  Unlike with intake 
air temperature, there is no indication that a larger number of observations on a particular day reduces 
the error. 
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Figure 41. Statistics of vehicle-observed intake air temperature compared to the RWIS 
station observations, stratified by date.  Colors indicate number of observations 
included in the statistic.  Dates with no bars indicate there were no valid observations 
for that date (Image courtesy of NCAR). 
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Figure 42. Same as Figure 41, but for barometric pressure (Image courtesy of NCAR). 

 
In addition to day, the observations were also stratified by time of day (Table 22), which can indicate 
trends with the diurnal cycle.  There is some difficultly in interpreting these results during the early 
morning hours, as there were very few observations available (09 – 13 UTC, or 01 – 05 PST).  
However, during these hours the intake air temperature errors are markedly improved over the errors 
at other times, which are steadily between 15° and 20°C.  For barometric pressure, there was no 
noticeable trend with time of day. 
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Table 22. Statistical comparison of vehicle-observed intake air temperature (°C) and 
barometric pressure (hPa) with nearest RWIS station, stratified by hour of day (UTC) 
(Table courtesy of NCAR).   
 Air Temperature Barometric Pressure 
 # Obs Bias MAE Correlation # Obs Bias MAE Correlation 
00 113 16.45 17.00 0.82 15 49.43 49.43 0.96 
01 119 17.60 19.16 0.63 15 50.23 50.23 n/a 
02 64 15.17 16.27 0.54 15 46.90 46.90 -0.22 
03 117 15.95 16.70 0.63 5 47.70 47.70 n/a 
04 128 15.16 16.18 0.45 17 48.38 48.38 0.38 
05 113 14.86 15.13 0.50 19 47.86 47.86 0.92 
06 105 13.43 14.43 0.23 20 49.85 49.85 0.88 
07 25 4.91 6.94 -0.38 15 53.90 53.90 1.00 
08 15 12.29 13.86 -0.08 10 53.00 53.00 1.00 
09 10 6.20 7.70 -0.99 5 48.50 48.50 n/a 
10 5 -1.70 1.70 n/a 5 48.40 48.40 n/a 
11 3 -2.30 2.30 n/a 3 48.20 48.20 n/a 
12 5 -2.30 2.30 n/a 5 48.50 48.50 n/a 
13 19 6.47 7.83 0.20 8 49.93 49.93 1.00 
14 89 18.04 18.62 0.60 14 51.46 51.46 0.97 
15 242 16.87 17.91 0.36 30 10.03 55.25 0.89 
16 335 18.47 20.01 0.26 40 43.59 59.52 0.32 
17 311 18.88 20.75 0.28 40 28.33 54.44 0.32 
18 275 19.08 21.13 0.26 30 47.22 47.22 -0.57 
19 242 21.38 22.94 0.18 38 49.52 49.52 -0.38 
20 307 22.76 24.58 0.41 45 26.99 39.31 0.66 
21 343 17.54 20.57 0.41 46 34.94 50.60 0.55 
22 206 20.64 22.37 0.43 21 47.99 47.99 0.51 
23 138 23.25 23.42 0.43 5 47.30 47.30 n/a 
 
Finally, to examine the large errors in barometric pressure, this observation was stratified by RWIS 
station-observed pressure (Table 23).  At lower RWIS station pressures (< 830 hPa), the vehicles had 
large positive biases, whereas at higher pressures (> 890 hPa), the vehicles had large negative 
biases.  Additionally, although there were only 10 matched vehicle and RWIS station observations that 
fit this category, the bias was much lower (6.66 hPa) in the 850 – 870 hPa range.  Although more 
analysis would need to be done to confirm this trend, it appears that at least part of the large pressure 
errors is due to the complex terrain of Nevada, with the nearest RWIS stations being at higher or lower 
elevations (lower and higher pressures) than the vehicles.   

Table 23 Statistical comparison of vehicle-observed barometric pressure (hPa) with 
nearest RWIS station (Table courtesy of NCAR).   
 #Obs Bias MAE Correlation 
<810 362 49.42 49.42 0.39 
810-830 63 51.37 51.37 0.44 
830-850 0 n/a n/a n/a 
850-870 10 6.66 6.66 n/a 
870-890 0 n/a n/a n/a 
890-910 5 -37.00 37.00 n/a 
910-930 17 -53.57 53.57 n/a 
930-950 0 n/a n/a n/a 
950-970 5 -98.66 98.66 n/a 
970-990 2 -124.28 124.281 n/a 
>990 2 -159.30 159.30 n/a 
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The road segment statistics of intake air temperature and barometric pressure produced by the VDT 
were also examined to determine if there were any significant differences when comparisons were 
made using a segment statistic as opposed to individual vehicle observations.  Because the road 
segment data combines information from vehicles along a segment, there was no way to control for 
any light duty truck information that may be included. 
 
Of 1,121 total road segments, 326 had missing observations (29.1%).  The same removal of 
erroneous air temperature and barometric pressure values done with the probe messages was also 
done for the road segments, and an additional 48 air temperature and 568 barometric pressure 
segments were removed from the analysis (4.3% and 50.7% respectively). 
Statistics comparing the road segment mean intake air temperature and barometric pressure with the 
closest RWIS station observation are found in Table 24.  Comparison with Table 19 shows that, as 
expected, the road segment statistics are similar to the individual probe message statistics.  There is a 
reduced impact from the erroneous pressures reported on and after 23 May when using road 
segments. 

Table 24. Same as Table 19, but using road segment statistics output from the VDT 
(Image courtesy of NCAR). 
 Bias MAE Correlation 
Air Temperature 20.70 21.66 0.33 
Barometric Pressure 25.25 67.64 0.11 
Barometric Pressure 
(before 23 May) 38.32 53.61 0.49 

 
Overall, neither the intake air temperature nor barometric pressure reported by the vehicles were 
representative of the RWIS station-observed atmospheric conditions.  For intake air temperature, this 
likely is due to the placement of the sensor.  For barometric pressure, the coarse reporting resolution 
and complex terrain of the area of study likely played a role in the observed errors.  However, it is 
uncertain whether these are the sole causes of the large errors.  In addition to the quality issues of the 
valid data, there were many missing or invalid observations gathered from the vehicle CANbus, such 
that the majority of valid observations were reported by a very small number of the total vehicles that 
were reporting. 

Point vs. Segment 

Air temperature 

There is a strong association between point and segment-based mean CANbus air temperatures 
(Figure 43). The correlation coefficient is 0.91, with a mean difference of -0.03°C. The mean absolute 
deviation is 3.10°C, much smaller than Minnesota, and based on a series of only a few large 
differences between air temperature data in a given segment (e.g., Figure 44). The difference 
between the point and segment mean air temperature is 0°C in 40% of the cases; 32% of the cases 
have a point observation below the segment mean, and 27% have a point observation higher than the 
segment mean. 
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Figure 43. Nevada CANbus air temperature, point vs. segment mean (Image courtesy 
of NCAR). 
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Figure 44. Nevada CANbus air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). 

Barometric pressure 

Barometric pressure CANbus observations have historically lacked precision and accuracy (e.g., 
Chapman et al. 2010, Anderson et al. 2012). The lack of precision carries a cost in this analysis as 
well; the correlation between the point and segment-based mean is only 0.58, in part because of the 
coarse resolution (Figure 45). However, the MD (0.15 hPa) and the MAD (0.58 hPa) are 
approximately an order of magnitude below the sensor resolution, indicating close correspondence 
between the point and segment-based data. In the vast majority of cases (97%), the point and 
segment data are the same (Figure 46). In 2% of the cases, the point measurement is below the 
segment-based mean, and in the remaining 1% of cases, the point measurement is higher than the 
segment-based mean. 
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Figure 45. Nevada CANbus barometric pressure, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 46. Nevada CANbus barometric pressure differences, point vs. segment mean 
(Image courtesy of NCAR). 

 

External data 

Air temperature 

Compared to Nevada CANbus and Minnesota air temperatures, the external air temperature data 
show an even higher correspondence between point and segment-based mean observations (Figure 
47). The correlation coefficient is 0.99, with a mean difference of -0.05°C and a mean absolute 
difference of 1.13°C. In 54% of the cases, the point and segment data are identical (Figure 48), with 
the point observation being higher (lower) than the segment-based observation 24% (23%) of the 
time. 
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Figure 47. Nevada external air temperature, point vs. segment mean (Image courtesy 
of NCAR). 
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Figure 48. Nevada external air temperature differences, point vs. segment mean 
(Image courtesy of NCAR). 

 

Surface temperature 

The external surface temperature data show broad similarity to the other findings above (Figure 49). 
The correlation between the point and segment-based mean is 0.95, with a mean difference of 0.50°C 
and a mean absolute difference of 1.85°C. In over half of the cases (58%), the point and segment 
data are the same (Figure 50). For 22% of the time, the point observation is higher than its 
corresponding mean, and 20% of the time, the point observation is lower than the segment-based 
mean. 
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Figure 49. Nevada external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). 
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Figure 50. Nevada external surface temperature, point vs. segment mean (Image 
courtesy of NCAR). 

 

Latency 
A thorough understanding of latency issues will require the in-depth analysis that the University of 
Nevada has recently begun. This is because the Nevada data were sent as “snapshots” of data every 
five minutes and also subsequently supplemented with observations via flash drive uploaded later. 
However, we cannot discern whether all of the snapshots arrived as they were intended, nor can we 
easily separate a late snapshot from an archived data point. In order to get an initial viewpoint 
however, this analysis examined the number of observations that were outside of their initial five-
minute window but less than one hour old. These are likely a combination of late observations and 
some early archival uploads. Overall, latency varies substantially (Figure 51), from near zero percent 
of the observations, such as on May 25, to over 20% late observations, such as on April 28, June 6, 
and June 14. 
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Figure 51. Percent of latent observations per day (Image courtesy of NCAR). 

NCAR Results 
Refer to NCAR (2012) for analyses of vehicle CANbus air temperature compared with the external 
sensors and DSC111 grip compared with surface temperature observations and pavement conditions. 

External Sensors 
Air temperatures measured by the external sensors, as well as reported by the CANbus, were 
compared in NCAR (2012).  Overall, the external instruments and vehicle CANbus temperature 
measurements were relatively close.  The vehicle tended to report slightly cooler temperatures 
compared to the other instruments.  Of the external instruments, the RoadWatch tended to be the 
coolest while the Surface Patrol HD was the warmest, but all the instruments were within 1 – 2°C of 
each other and correlated well. 
 
Only the Surface Patrol HD and RoadWatch sensors measured surface temperature.  Time series for 
each case day are shown in Figure 52.  The most obvious difference between the two sensors is the 
lack of reporting below 0°C by the Surface Patrol HD.  Additionally, such as seen for the 8 October 
case, the Surface Patrol HD would sometimes report much warmer temperatures when the 
RoadWatch was reporting temperatures below 0°C, rather than simply being reported as missing 
values as happened for nearly all observations on 22 December.  These differences are summarized 
in the boxplots in Figure 53. 
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The surface temperatures were compared with the pavement condition observed for the three cases 
for which the video camera was available for verification: 8 October, 19 November, and 1 December.  
For those Surface Patrol HD surface temperatures that were missing and a pavement condition was 
observed, 93% of the missing observations were recorded when there was snow or slush on the 
pavement, with the remaining 7% occurring with wet conditions.  For non-missing observations, only 
19% occurred with snow or slush on the pavement.  It is possible that neither subfreezing 
temperatures nor snow-covered pavement are handled well by the Surface Patrol HD. 
 
A statistical comparison (Table 25) between the Surface Patrol HD and the Road Watch sensors 
reflects the below freezing issue in the Surface Patrol sensor.  For the first three cases, the two 
sensors are fairly closely correlated and within a few degrees of each other.  For the last two, colder 
cases, the measurements are several degrees apart and not correlated. 
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Figure 52. Time series of surface temperature from the Surface Patrol HD (green) and 
RoadWatch (purple) for each case (Image courtesy of NCAR). 
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Figure 53. Boxplot of surface temperature from the Surface Patrol HD (SP) and 
RoadWatch (RW) for each case (Image courtesy of NCAR). 
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Table 25. Statistical comparison of Surface Patrol HD with RoadWatch surface 
temperature, non-missing pairs (Table courtesy of NCAR). 
 Mean Difference Mean Absolute Difference Correlation 
16 Sept 2011 -0.38 1.14 0.98 
8 Oct 2011 2.50 2.55 0.89 
19 Nov 2011 0.84 2.14 0.92 
1 Dec 2011 5.32 5.35 -0.01 
22 Dec 2011 9.02 9.02 0.11 

 

Verification of CANbus and external sensors against surface 
station 
Air temperature statistics are found in Table 26.  Overall, all the instruments matched fairly well with 
the RWIS stations.  As seen in NCAR (2012), the CANbus tended to be cooler than both the RWIS 
station and the external instruments, which was also true of Ford vehicles during DTE10 (Anderson et 
al. 2012).  All the instruments tended to be within 1 – 2°C of the RWIS station observation.  The 
largest discrepancy appears in the correlation values for 1 December, where there is either little 
correlation (CANbus) or negative correlation (external instruments).  This could be due to the fact that 
there was only one RWIS station along the 1 December route, and therefore the correlation did not 
have enough RWIS station observations to be meaningful in this context. 
 
Surface temperature was measured by the Surface Patrol HD and RoadWatch sensors and is found 
in Table 27.  It should be kept in mind that for values under 0°C, the Surface Patrol HD did not report 
values, so for this instrument the statistics are only valid over 0°C.  For this reason, to compare the 
two instruments, a second set of RoadWatch statistics were run using only values above 0°C.  The 
statistics varied, but overall for reported surface temperature above 0°C, the external vehicle 
instruments tended to be within 1 – 2°C of the reported RWIS station observation.  The statistics were 
also similar between the instruments.  However, when considering the RoadWatch observations 
reported below 0°C, there were much larger differences between the mobile observation and the 
RWIS station observation, particular for the 1 December case, which featured cold temperatures and 
very snowy pavement conditions.  As with air temperature, correlations may not be valid due to the 
few RWIS stations available. 
 
The Airmar and Surface Patrol HD both reported dewpoint temperature, and a statistical comparison 
between these and the RWIS stations is found in Table 28.  The Airmar tended to have a negative bias 
in terms of dewpoint while the Surface Patrol had a slight positive bias, but overall dewpoint 
temperatures tended to be within 1 – 3°C of the RWIS station observations.  As with the other 
observations, correlation issues may be due to the limited amount of close RWIS data available. 
 
Overall, the external instruments appear comparable to each other and the RWIS station, and the 
CANbus air temperatures are reasonable as well.  The biggest issue occurs with surface 
temperatures below 0°C and snow-covered pavements, where the Surface Patrol HD does not report 
a surface temperature and the RoadWatch tended to have larger discrepancies with the RWIS station. 
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Table 26 Statistical verification of air temperature observations (°C) from sensors on 
the vehicle with nearby RWIS stations.  Correlations were not possible for the 8 
October case because only one RWIS station observation fit the spatial and temporal 
criteria (Table courtesy of NCAR). 
Bias CANbus Airmar Surface Patrol RoadWatch 
8 Oct 2011 -2.44 0.84 1.45 0.54 
19 Nov 2011 -1.06 -0.22 0.91 0.75 
1 Dec 2011 -1.61 -1.27 0.56 0.07 
     
Mean Absolute Error CANbus Airmar Surface Patrol RoadWatch 
8 Oct 2011 2.44 0.84 1.45 0.54 
19 Nov 2011 1.31 0.93 1.15 1.09 
1 Dec 2011 1.61 1.28 0.58 0.18 
     
Correlation CANbus Airmar Surface Patrol RoadWatch 
8 Oct 2011 n/a n/a n/a n/a 
19 Nov 2011 0.88 0.93 0.94 0.94 
1 Dec 2011 0.44 -0.78 -0.70 -0.70 

Table 27. Same as Table 26, but for surface temperature.  No correlation was possible 
for the Surface Patrol for 1 December because only 1 RWIS station observation fit the 
spatial and temporal criteria for non-missing Surface Patrol observations (Table 
courtesy of NCAR).  
Bias Surface Patrol RoadWatch > 0°C RoadWatch 
8 Oct 2011 0.10 -0.63 -2.74 
19 Nov 2011 -2.02 -2.17 -2.33 
1 Dec 2011 1.41 0.81 -7.13 
    
Mean Absolute Error Surface Patrol RoadWatch > 0°C RoadWatch 
8 Oct 2011 0.52 0.63 2.74 
19 Nov 2011 2.76 2.59 2.63 
1 Dec 2011 1.41 0.81 7.14 
    
Correlation Surface Patrol RoadWatch > 0°C RoadWatch 
8 Oct 2011 0.21 0.22 -0.36 
19 Nov 2011 0.87 0.82 0.93 
1 Dec 2011 n/a n/a -0.47 
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Table 28. Same as Table 26, but for dewpoint temperature.  No correlation was 
possible for the 8 October case because only 1 RWIS station observation fit the 
spatial and temporal criteria (Table courtesy of NCAR).  
Bias Airmar Surface Patrol 
8 Oct 2011 -1.46 1.68 
19 Nov 2011 -1.17 2.62 
1 Dec 2011 -3.77 0.06 
Mean Absolute Error Airmar Surface Patrol 
8 Oct 2011 1.68 1.68 
19 Nov 2011 3.21 2.91 
1 Dec 2011 3.77 0.35 
Correlation Airmar Surface Patrol 
8 Oct 2011 n/a n/a 
19 Nov 2011 0.61 0.59 
1 Dec 2011 -0.79 -0.82 

VDT Algorithm Testing 
First, the vehicle observations were compared with various weather conditions to determine if patterns 
similar to those observed during DTE10 were present (NCAR 2010).  Such patterns were used for 
developing the Stage III algorithms, so these tests determined if the same concepts generally held 
true during DOCS. 
 
When considering pavement conditions, snow versus no snow is a major concern for motorists.  The 
speed ratio, or the ratio between the vehicle speed and road speed limit, is shown in Figure 54.  
Speed ratios for pavements with some snow or slush on them were considerably lower than for 
pavements clear of snow or slush: median 0.78 compared to median 1.0.  Traction control was also 
reported by the vehicle, but there were relatively few instances of engagement and it was never 
engaged during times when the video camera was recording.  During DTE10, larger interquartile 
ranges for acceleration, yaw, and steering angle were associated with instances of ABS, stability 
control, and traction control activation (NCAR 2010).  This was also tested with the DOCS data, using 
the one available vehicle and stratifying by whether there was snow or slush on the pavement or not 
(Figure 55).  Unlike with DTE10, for the acceleration and steering angle the snow-covered (and 
presumably slick) pavement condition did not show a higher interquartile range (IQR), and in fact the 
steering angle IQR was larger when no snow was present.  The yaw did have a higher IQR for snowy 
pavement than pavement without snow. 
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Figure 54. Boxplots of speed ratio for pavement conditions with snow (left) and 
without snow (right) (Image courtesy of NCAR). 
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Figure 55. Boxplots of select vehicle CANbus observations stratified by pavement 
with and without snow.  The y-axes for yaw and steering angle exclude some outliers 
(Image courtesy of NCAR). 

Second, the DOCS observations were run through the VDT 3.0 Stage III algorithms and the output 
compared with the verification determined from the video camera.  The results of this process are 
presented for each of the three Stage III algorithms. 

Precipitation 

Results for precipitation are shown in Table 1.  The “heavy” designation was subjectively assigned 
based on the video verification.  None of the dry, or no precipitation, observation times were 
misclassified.  However, several of the rain and frozen precipitation observations were misclassified, 
mostly with the precipitation being classified as not occurring, or dry. 
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The rain observations misclassified as frozen occurred over a 3-minute period on 8 October, when the 
vehicle was driven through the rain/snow line along the foothills west of Boulder.  The frozen 
classification was due to an air temperature of 0, which in the algorithm’s logic leads to a frozen 
distinction over liquid.  Future algorithm development will reconsider this logic along with the radar 
reflectivity categories.  The rain observations misclassified as dry occurred over a six-minute period on 
19 November.  On the video, raindrops were very small and infrequent, and the dry designation does 
not seem unreasonable. 
 
About 64% of the frozen precipitation observed was misclassified as dry.  This occurred on each of the 
three case days.  Over a non-contiguous period on 8 October, off wipers and high speed ratios led to 
the dry classification.  With the high reflectivity during this time (20.5 to 23.5 dBZ), this section of the 
logic will need to be further examined.  The observations during the non-contiguous 45-minute period 
on 19 November spanned both the frozen and mixed branches.  For the frozen branch, low radar 
reflectivities, off wipers, and high speed ratios all contributed to the misclassification.  Future work will 
consider how these classifications are made, particularly with very light reflectivity returns.  For the 
mixed branch, no radar return and off wipers led to the dry category, along with high speed ratios.  
Beam blockage in the mountains may cause issues with using radar reflectivity, so other observations 
will need to be considered.  This is likely the case for 1 December, where over a non-contiguous 50-
min period low reflectivity automatically led to a dry classification.  Additional observations will be 
considered for these low or no radar reflectivity cases. 
 
Several heavy frozen observations were also misclassified as dry.  This was due to the lack of radar 
reflectivity, which may be due to beam blockage in the mountains.  They all occurred on 19 November.  
Ways to determine precipitation in the absence of radar data will be explored with future datasets, 
including the use of satellite cloud classifications.  A few heavy frozen observations were also 
misclassified as light intensity, one observation on 19 November and the rest over a non-contiguous 
14-minute period on 1 December.  Speed ratios and wiper status for higher reflectivities played a role 
in the light designation, but there was still the issue of missing or reduced radar reflectivities. 
 

Table 29. Comparison of precipitation observed on the video camera with output from 
the VDT precipitation algorithm (Table courtesy of NCAR).  
   Observed 
F 
o 
r 
e 
c 
a 
s 
t 

 Dry Rain Heavy Rain Frozen Heavy 
Frozen 

Dry 31 7 0 81 24 
Rain 0 2 0 0 0 
Heavy Rain 0 0 0 0 0 
Frozen 0 3 0 45 8 
Heavy Frozen 0 0 0 0 8 

 

Pavement 

The pavement algorithm was particularly hard to verify for two reasons.  First, multiple pavement 
conditions often exist on the same surface, for example, a road surface is partially wet and partially 
snow-covered and road splash is occurring.  Second, the road conditions observed on the camera 
varied from the designations of the algorithm.  This was particularly an issue for slick pavement, which 
could not be observed, and slushy pavement, which was a mix of wet and snowy conditions.  For 
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these reasons, two comparisons were made: one using the possible algorithm outputs and one using 
the most accurate description of the observed road conditions. 
 
The first comparison (Table 30) was made by determining the pavement condition observed on the 
video camera using a predetermined list of possible outputs from the pavement condition algorithm.  
This allows for a straightforward comparison, but is less accurate than comparing to the actual 
observed conditions, particularly because slickness could not be observed on the camera.  If a road 
segment had the algorithm-outputted condition existing on it, it was counted as correct.  For example, 
if the pavement was observed to be both wet and snowy with road splash occurring, then the 
algorithm output of wet, snow, or splash could be counted as correct.  Slushy pavement was counted 
as snow.  In cases where the algorithm missed, this miss was counted in the snow column if slushy or 
snowy pavement was observed as one of the multiple conditions because this was the most 
hazardous condition and thus “worse” to miss.  For example, if the algorithm outputted “dry” and the 
observed conditions were wet and snowy, this was marked in the table in the snow column for 
observed and dry row for forecast.  Road splash was never considered for the misses column 
because it always occurred in conjunction with another condition, as the splash itself is not an 
independent pavement condition. 
 
If snowy pavement is assumed to be slick, then the algorithm did a comparable job to what was found 
for DTE10 data, with 58% of observations being correctly classified.  There was still some clear over 
alerting by the slickness algorithm.  The 12 dry observations classed as slick all took place on 19 
November at various points.  All video of these segments showed the vehicle making “S” curves, 
curving first one direction and then the other.  It is likely that the different IQRs used in the slick 
algorithm are overly sensitive to this type of movement.  The same was true with the wet segments 
misclassified as slick.  This would likely be a common problem in the mountains, where many roads 
weave through canyons. 
 
The other major issue was with wet and snowy pavements being misclassified as dry.  For the wet 
segments, all occurred on 19 November.  For some of these segments, the pavement had just 
transitioned from dry to becoming damp.  For several others, the algorithm was clearly wrong, and 
pavements were wet with road splash.  For these segments, low radar reflectivities and cool 
temperatures likely led to the dry classification.  These variables will be kept in mind as more datasets 
are analyzed to tune the algorithms.  For the snowy pavements, higher speed ratios and low 
reflectivity contributed to the misclassifications. 
 
The second comparison (Table 31) stratified the algorithm output by the exact conditions observed on 
the video camera, including several instances where more than one pavement condition existed on 
the roadway.  As noted in the analysis of Table 30, the major issues were dry conditions being 
assigned for several wet and snowy pavements, and the slick algorithm tending to over alert. 
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Table 30. Comparison of observed pavement conditions with output from the 
pavement condition algorithm where the observed pavement conditions were 
determined from the list of possible outputs from the algorithm (Table courtesy of 
NCAR). 
 Observed 
F 
o 
r 
e 
c 
a 
s 
t 

 Dry Wet Splash Snow Slick 
Dry 69 55 0 32 0 
Wet 2 17 0 7 0 
Splash 0 0 3 5 0 
Snow 0 0 0 1 0 
Slick 12 33 0 109 0 

 

Table 31 Comparison of observed pavement conditions with output from the 
pavement condition algorithm where the observed pavement conditions were not 
based on possible output from the algorithm (Table courtesy of NCAR).  
 Observed 
F 
o 
r 
e 
c 
a 
s 
t 

 Dry Wet Wet/ 
Slush 

Wet/ 
Splash 

Wet/ 
Snow 

Wet/ 
Slush/ 
Splash 

Wet/ 
Snow/ 
Splash 

Snow Snow/ 
Slush/ 
Splash 

Dry 69 24 3 31 6 11 12 10 2 
Wet 2 10 5 0 1 1 0 7 0 
Splash 0 0 0 0 0 3 0 5 0 
Snow 0 0 0 0 0 1 0 0 0 
Slick 12 20 12 13 16 10 5 69 2 

 

Visibility 

Results for visibility are shown in Table 32.  The normal and low visibilities were subjectively assigned 
based on the video verification.  Blowing snow and heavy rain were not observed, nor were they 
assigned by the algorithm. 
 
Nearly all the observations were classified as normal visibility by the algorithm.  The fuzzy logic 
equations were examined individually to determine which observations that occurred during low 
visibility observations contributed to increased interest (a low visibility designation occurs when 
interest is greater than 0.5). 
 
The low air temperature of -11 – 0°C contributed little to the interest.  The many “off” wiper 
designations also did not contribute.  The remaining were intermittent and would only have contributed 
slightly.  Speed ratios were 0.46 and greater, and the ratios on the lower end of this range would have 
contributed positively.  The headlight status only included low beams, and no fog lights, and the low 
contribution may indicate that there is too much emphasis on headlight status in the current algorithm, 
particularly fog lights.  The nearest surface station visibilities were quite low (under 2 miles) and thus 
would have contributed positively.  High relative humidities of 60% to 94% would have contributed 
positively as well. 
 
Overall, there are indications that certain aspects of the visibility algorithm, which was derived from 
DTE09 and DTE10 observations, may not be optimally tuned for a variety of regions and terrains.  In 
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particular, for the DOCS cases there was too much emphasis on fog light status, air temperature, and 
wiper status to allow the 0.5 interest threshold to be reached for the low visibility cases.  These results 
will be taken into account as future datasets are mined for the purpose of improving the algorithm. 
 

Table 32. Comparison of visibility observed on the video camera with output from the 
VDT visibility algorithm (Table courtesy of NCAR).  
 Observed 
F 
o 
r 
e 
c 
a 
s 
t 

 Normal Low Blowing Snow Heavy Rain 
Normal 175 182 0 0 
Low 2 1 0 0 
Blowing Snow 0 0 0 0 
Heavy Rain 0 0 0 0 
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This report discussed the data collection efforts undertaken by NDOT, MNDOT, and NCAR to achieve 
the goals of the IMO study during 2011 and 2012, including analyses of both the amount and type of 
data collected as well as the quality of these data.  Additionally, the data were used to help determine 
the usefulness of such data in pavement temperature forecasts and to inform the continued 
enhancement of the VDT Stage III algorithms.  The following are the major points and conclusions 
from these analyses: 

• The three external sensors used in the IMO (RoadWatch, Surface Patrol HD, and 
Airmar) were, overall, closely-matched and well-correlated with the nearby RWIS 
stations at all three IMO data collection regions.  There were two exceptions to this 
with the Surface Patrol HD, which tended to have periods of noisiness within its 
observations as well as issues dealing with snow covered pavement during DOCS. 

• A summary of MNDOT CANbus quality will be added once the analysis is complete. 

• The NDOT CANbus data is not currently of a very high quality, although the 
barometric pressure may be reasonable.  A major issue is the missing observations.  
Additionally, intake air temperature is not representative of the ambient air 
temperature around the vehicle and hence cannot be used as such.  The barometric 
pressure quality was difficult to analyze given the complexity of terrain and the 
coarse 10-hPa resolution. 

• The DOCS CANbus air temperature data was closely correlated with the nearest 
RWIS stations, matching the data quality expectations presented in Anderson et al. 
(2012). 

• The observations analyzed along VDT segments show overall close similarity with 
the individual observation points along these segments, leading to the conclusion 
that VDT segments are generally representative of what is being observed.  One 
possible exception is air temperature, which, although highly correlated between 
segment and point, does not capture variations along the segment with the mean 
value.  The standard deviation-related statistics also provided by the VDT would 
likely be useful representations of such variations.   

• Add MNDOT latency here.  Although final conclusions on NDOT data latency will 
have to wait until the University of Nevada completes their analysis, early indications 
are that latency varies substantially based on day, from a low of 0% to a high of 
about 20%. 

• Overall, there is a consistently strong correspondence between the VDT analysis of 
surface temperature and what is being observed at RWIS stations.  Although this 
correspondence cannot prove irrefutably that the VDT output would have significant 
value if used to forecast pavement temperatures away from RWIS sites, it is a 
promising result. 

• Data from DOCS was run through the VDT Stage III algorithms and the results 
compared with the video camera verification.  Although no actual changes can be 
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made to the algorithms based on the observations of a single vehicle over three 
days, the results of this analysis have provided guidance for algorithm development 
as it moves forward with additional and larger datasets. 

• There were substantial percentages of missing, improperly formatted, and invalid 
data received in the MNDOT and NDOT datasets, creating difficulties for the 
analysis. 

 

U.S. Department of Transportation, Research and Innovative Technology Administration 
Intelligent Transportation System Joint Program Office 

Results from the Integrated Mobile Observations Study |  83 



 

References 

Anderson, A. R. S., M. Chapman, S. D. Drobot, A. Tadesse, B. Lambi, G. Wiener, and P. Pisano, 
2012: Quality of mobile air temperature and atmospheric pressure observations from the 2010 
Development Test Environment Experiment.  J. Appl. Meteor. Climatol., 51, 691-701. 
 
Chapman, M., S. Drobot, T. Jensen, C. Johansen, W. Mahoney III, P. Pisano, and B. McKeever, 2010:  
Using Vehicle Probe Data to Diagnose Road Weather Conditions – Results from the Detroit 
IntelliDrive(SM) Field Study.  Transportation Research Record: Journal of the Transportation Research 
Board, 2169, 116-127 
 
Drobot, S., A. Anderson, M. Chapman, C. Johansen, 2009: Vehicle Standards.  NCAR Tech. Rep., 15 
pp. 
 
NCAR, 2010: Task 11: VDT Enhancements, 47 pp. 
 
NCAR, 2012: Task 9: Summary of the Demonstration of CANbus Study. 
 

U.S. Department of Transportation, Research and Innovative Technology Administration 
Intelligent Transportation System Joint Program Office 

Results from the Integrated Mobile Observations Study |  84 

 



 

Appendix A 

Tables describing each PGN group, the included SPNs, and range of values reported are included 
here. 
 
PGN 61441 
 
Electronic brake controller 1 
 
SPN # Description Values 
561 ASR engine control active 0, 2 
562 ASR brake control active 0, 1 
563 ABS active 0, 1, 2 
1121 EBS brake switch 0, 2 
521 Brake pedal position 0, 1.2, 3.75, 6.8, 7, 50.0, 76.8, 

100, 102.0, 102.7, 275.5 
575 ABS off-road switch 0, 1, 2 
576 ASR off-road switch 0, 1, 245 
577 ASR hill-holder switch 0, 1 
1238 Traction control override switch 0, 2 
972 Accelerator interlock switch 0, 1, 2 
971 Engine derate switch 0, 1, 2 
970 Engine auxiliary shutdown switch 0, 1, 2 
969 Remote accelerator enable switch 0, 1, 2 
973 Engine retarder selection 0, 1.6, 2.4, 8.4, 40.8, 76.8, 81.6, 

99.2, 99.7, 100, 102, 102.002, 
102.020, 102.092, 1022 

1243 ABS fully operational 0, 1, 1.816, 2 
1439 EBS red warning signal 0, 1, 2 
1438 ABS/EBS amber warning signal (powered vehicle) 0, 1, 2, 1287.75 
1793 ATC/ASR information signal 0, 1, 2 
1481 Source address of controlling device for brake control 0, 2, 6, 17, 20, 102, 192, 240, 

254, 255, 2515 
2911 Halt brake switch 0, 1, 2 
1836 Trailer ABS status 0, 1, 2 
1792 Tractor-mounted trailer ABS warning signal 0, 1, 2 
 
 
PGN 61442 
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Electronic transmission controller 1  
 
SPN # Description Values 
560 Transmission driveline engaged 0, 0.875, 1, 1.875, 2, 5, 9, 11, 

75, 102, 124, 160, 222.5, 1205 
573 Transmission torque converter lockup engaged 0, 0.75, 0.875, 1, 1.875, 2, 2.25, 

5, 5.996, 10.75, 11.875, 15, 55, 
102, 124, 169, 211, 700.25 

574 Transmission shift in process 0, 0.875, 1, 1.875, 2, 3, 4, 5, 8, 
15, 28, 32.875, 40, 75, 88, 99, 
102, 129, 136, 142, 1016 

4816 Transmission torque converter lockup transition in 
process 

0, 1, 2, 9, 128 

191 Transmission output shaft speed 0 to 80100, median 0 mean 
578.4 

522 Percent clutch slip 0 to 10260, median 102 mean 
101.6 

606 Engine momentary overspeed enable 0, 1, 2, 8.125, 128 
607 Progressive shift disable 0, 1, 2, 5, 10, 11, 12, 15, 102, 

129, 140.75, 151.266, 1127, 
11224.75, 28187.375 

5015 Momentary engine maximum power enable 0, 1, 2 
161 Transmission input shaft speed 0 to 65650, median 703 mean 

825.1 
PGN 61443 
 
Electronic engine controller 2  
 
SPN # Description Values 
558 Accelerator pedal 1 low idle switch 0, 1, 1.875, 2 
559 Accelerator pedal kickdown switch 0, 0.375, 1, 124 
1437 Road speed limit status 0, 1, 15, 75, 181, 1125, 1132 
2970 Accelerator pedal 2 low idle switch 0 
91 Accelerator pedal position 0 to 9607, median 0, mean 

16.09 
92 Engine percent load at current speed 0 to 2468, median 14, mean 

26.81 
974 Remote accelerator pedal position 0, 0.8, 1, 2.4, 6.8, 10, 10.375, 

16.4, 40.8, 76.8, 96, 102, 
102.01, 102.05, 102.088, 102.5, 
103, 105 

29 Accelerator pedal position 2 0, 0.8, 2.4, 40.8, 54, 76.8, 97.6, 
101, 102, 102.1, 102.645, 1020, 
10281 

2979 Vehicle acceleration rate limit status 0, 1, 2 
5021 Momentary engine maximum power enable feedback 0, 2 
5399 DPF thermal management active 0, 1, 2 
5400 SCR thermal management active 0, 1, 2 
3357 Actual maximum available engine percent torque 0 to 102.2, median 102 mean 

U.S. Department of Transportation, Research and Innovative Technology Administration 
Intelligent Transportation System Joint Program Office 

Results from the Integrated Mobile Observations Study |  86 



Appendix A 

SPN # Description Values 
87.83 

5398 Estimated pumping percent torque -1 to 2540, median 254 mean 
241.4 

 
PGN 61444 
 
Electronic engine controller 1  
 
SPN # Description Values 
899 Engine torque mode 0, 1, 1.875, 2, 4, 5, 6, 7, 8, 9, 11, 13, 

14, 15, 24, 62, 80, 102, 875 
4154 Actual engine percent torque high resolution 0 to 1875, median 1.875 mean 1.639 
512 Drivers demand engine percent torque -127 to 15660, median 124 mean 

136.5 
513 Actual engine percent torque -1 to 19490, median 130 mean 129.2 
190 Engine speed 0 to 94380, median 786.6 mean 918 
1483 Source address of controlling device for engine 

control 
0, 1, 2, 3, 4, 6, 11, 15, 17, 32, 40, 
55.25, 65.25, 102, 127, 135, 192, 
216, 240, 255, 256, 327.25, 677, 695, 
769.25, 1238, 1350, 25769 

1675 Engine starter mode 0, 1, 1.75, 2, 4, 5, 6, 8, 12, 13, 14, 15, 
29, 82.8, 139.25, 150, 155, 647.75, 
1515, 11454, 25481.5 

2432 Engine demand percent torque -54 to 135, median 212 mean 192.9 
 
 
PGN 61445 
 
Electronic transmission controller 2  
 
SPN # Description Values 
524 Transmission selected gear -1, 0, 1.875, 5, 12.75, 16, 123, 124, 

125, 126, 127, 128, 129, 129.75, 130, 
131, 132, 133, 134, 191, 254, 
2047.969, 12412 

526 Transmission actual gear ratio 0 to 1268, median 0.671 mean 1.045 
523 Transmission current gear -1, 1, 5, 31, 77, 120, 123, 124, 125, 

126, 127, 128, 129, 130, 131, 132, 
133, 134, 201, 203, 239, 254, 1240, 
1241, 1305 

162 Transmission requested range -1, 0, 1, 1.25, 5, 31, 77, 123, 124, 
125, 126, 127, 128, 129, 130, 131, 
132, 133, 134, 201, 203, 239, 254, 
1272 

163 Transmission current range n/a 
 
PGN 61469 
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Steering angle sensor info 
 
SPN # Description Values 
3683 Steering wheel angle n/a 
3684 Steering wheel angle range counter n/a 
3685 Steering wheel angle range counter type n/a 
3686 Steering wheel angle range n/a 
3687 Steering angle sensor active mode n/a 
3688 Steering angle sensor calibrated n/a 
3689 Message counter n/a 
3690 Message checksum n/a 
 
PGN 61482 
 
Angular rate info 
 
SPN # Description Values 
4983 Pitch rate extended range n/a 
4984 Roll rate extended range n/a 
4985 Yaw rate extended range n/a 
4986 Pitch rate extended range figure of merit n/a 
4987 Roll rate extended range figure of merit n/a 
4988 Yaw rate extended range figure of merit n/a 
4989 Angular rate measurement latency n/a 
 
PGN 61485 
 
Acceleration sensor 
 
SPN # Description Values 
5347 Lateral acceleration extended range n/a 
5348 Longitudinal acceleration extended range n/a 
5349 Vertical acceleration extended range n/a 
5350 Lateral acceleration extended range figure of merit n/a 
5351 Longitudinal acceleration extended range figure of 

merit 
n/a 

5352 Vertical acceleration extended range figure of merit n/a 
5353 Support variable transmission repetition rate for 

acceleration sensor 
n/a 

 
 
PGN 64773 
 
Direct lamp control data 1 
 
SPN # Description Values 
5093 Engine protect lamp n/a 
5094 Engine amber warning lamp n/a 
5095 Engine red stop lamp n/a 
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SPN # Description Values 
5096 OBD malfunction indicator lamp n/a 
5097 Engine brake active lamp n/a 
5098 Compression brake enable switch lamp n/a 
5099 Engine oil pressure low lamp n/a 
5100 Engine coolant temp high lamp n/a 
5101 Engine coolant level low lamp n/a 
5102 Engine idle management idle active lamp n/a 
5103 Engine air filter restriction lamp n/a 
5470 Engine fuel filter restricted lamp n/a 
5416 Engine wait to start lamp n/a 
 
PGN 64776 
 
Engine oil message 
 
SPN # Description Values 
5055 Engine oil viscosity n/a 
5056 Engine oil density n/a 
5468 Engine oil relative dielectricity (hi res) n/a 
 
PGN 64777 
 
High resolution fuel consumption (liquid) 
 
SPN # Description Values 
5053 Hi res engine trip  fuel n/a 
5054 Hi res engine total fuel used n/a 
 
PGN 64851 
 
Engine average info 
 
SPN # Description Values 
4151 Engine exhaust temp average n/a 
4153 Engine exhaust temp average bank 1 n/a 
4152 Engine exhaust temp average bank 2 n/a 
 
PGN 64870 
 
Engine temperature 4 
 
SPN # Description Values 
4076 Engine coolant temp 2 n/a 
4193 Engine coolant pump outlet temp n/a 
4194 Engine coolant thermostat opening n/a 
4288 Engine exhaust valve actuation system oil temp n/a 
5020 Engine exhaust gas recirculation 1 mixer intake temp n/a 
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PGN 64972 
 
Operators external light controls message 
 
SPN # Description Values 
2873 Work light switch 0, 15 
2872 Main light switch 0, 15 
2876 Turn signal switch 0, 1, 2, 14 
2875 Hazard light switch 0 
2874 High-low beam switch 0 
2878 Operators desired back-light n/a 
2877 Operators desired delayed lamp off time n/a 
 
PGN 64973 
 
Operator wiper and washer controls message 
 
SPN # Description Values 
2864 Front non-operator wiper switch n/a 
2863 Front operator wiper switch n/a 
2865 Rear wiper switch n/a 
2869 Front operator wiper delay control n/a 
2870 Front non-operator wiper delay control n/a 
2871 Rear wiper delay control n/a 
2867 Front non-operator wiper switch n/a 
2866 Front operator wiper switch n/a 
2868 Rear washer function n/a 
 
PGN 64992 
 
Ambient conditions 2 
 
SPN # Description Values 
2610 Solar intensity percent n/a 
2611 Solar sensor maximum n/a 
4490 Specific humidity n/a 
 
PGN 65031 
 
Exhaust temp 
 
SPN # Description Values 
65031 Engine exhaust gas temp right manifold n/a 
65031 Engine exhaust gas temp left  manifold n/a 
 
PGN 65088 
 
Lighting data 
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SPN # Description Values 
2404 Running light n/a 
2352 Alternate beam headlight n/a 
2350 Low beam headlight n/a 
2348 High beam headlight n/a 
2388 Running light n/a 
2386 Alternate beam headlight n/a 
2370 Low beam headlight n/a 
2368 High beam headlight n/a 
2392 Backup light and alarm horn n/a 
2376 Center stop light n/a 
2374 Right stop light n/a 
2372 Left stop light n/a 
2384 Implement clearance light n/a 
2382 Tractor clearance light n/a 
2380 Implement marker light n/a 
2378 Tractor marker light n/a 
2390 Rear fog lights n/a 
2358 Tractor underside mounted work lights n/a 
2360 Tractor rear low  mounted work lights n/a 
2362 Tractor rear high mounted work lights n/a 
2364 Tractor side  low  mounted work lights n/a 
2366 Tractor side  high mounted work lights n/a 
2354 Tractor front low  mounted work lights n/a 
2356 Tractor front high mounted work lights n/a 
2398 Implement OEM Option 2 light n/a 
2396 Implement OEM Option 1 light n/a 
2407 Implement right facing work light n/a 
2598 Implement left  facing work light n/a 
2396 Implement right forward work light n/a 
2407 Implement left  forward work light n/a 
2598 Implement rear work light n/a 
 
PGN 65100 
 
Total averaged info  
 
SPN # Description Values 
1834 Engine total average fuel rate n/a 
1835 Engine total average fuel economy n/a 
 
PGN 65134 
 
High resolution wheel speed  
 
SPN # Description Values 
1592 Front axle left  wheel speed n/a 
1593 Front axle right wheel speed n/a 
1594 Rear  axle left  wheel speed n/a 
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SPN # Description Values 
1595 Rear  axle right wheel speed n/a 
 
PGN 65171 
 
Engine electrical system/module info  
 
SPN # Description Values 
1204 Electrical load n/a 
1205 Safety wire status n/a 
 
PGN 65191 
 
Alternator temp  
 
SPN # Description Values 
1122 Engine alternator bearing 1 temp n/a 
1123 Engine alternator bearing 2 temp n/a 
1124 Engine alternator winding 1 temp n/a 
1125 Engine alternator winding 2 temp n/a 
1126 Engine alternator winding 3 temp n/a 
 
PGN 65215 
 
Wheel speed info 
 
SPN # Description Values 
904 Front axle speed 0 to 255.1, median 0 mean 18.81 
905 Relative speed front axle left  wheel -7.812 to 7.688, median 0 mean    

-0.2119 
906 Relative speed front axle right wheel -7.812 to 5, median 0 mean         -

0.2211 
907 Relative speed rear axle #1 left  wheel -7.812 to 8.125, median 0 mean  -

0.2392 
908 Relative speed rear axle #1 right wheel -7.812 to 15, median 0 mean       -

0.2258 
909 Relative speed rear axle #2 left wheel -7.812, -7.438, -6.75, -1.438, 

7.188, 8, 8.120, 8.125, 1778.5 
910 Relative speed rear axle #2 right wheel -7.812, -7.562, -7.438, -6.75, 

4.812, 7.188, 8.125, 8.153 
 
PGN 65217 
 
High resolution vehicle distance 
 
SPN # Description Values 
917 High resolution total vehicle distance Some 0, otherwise large #s 
918 High resolution trip distance Some 0, otherwise large #s 
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PGN 65237 
 
Alternator info 
 
SPN # Description Values 
589 Alternator speed n/a 
3353 Alternator 1 status n/a 
3354 Alternator 2 status n/a 
3355 Alternator 3 status n/a 
3356 Alternator 4 status n/a 
 
PGN 65248 
 
Vehicle distance 
 
SPN # Description Values 
244 Trip distance Some 0, otherwise large #s 
245 Total vehicle distance Some 0, otherwise large #s 
 
PGN 65253 
 
Engine hours & revolutions 
 
SPN # Description Values 
247 Engine total hours of operation 23 to 203.5, median 55.95 

mean 65.24 
249 Engine total revolutions Large numbers 
 
PGN 65255 
 
Vehicle hours 
 
SPN # Description Values 
246 Total vehicle hours 0 to 203.4, otherwise large 

numbers 
248 Total power takeoff hours 0 to 9.6 
 
PGN 65260 
 
Vehicle identification 
 
SPN # Description Values 
65260 VIN n/a 
 
PGN 65261 
 
Cruise control/vehicle speed setup 
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SPN # Description Values 
74 Max vehicle speed limit 112 
87 Cruise control high set limit speed 112 
88 Cruise control low  set limit speed 48 
 
PGN 65262 
 
Engine temperature 1 
 
SPN # Description Values 
110 Engine coolant temp -1 to 143, median 113 mean 

102 
174 Engine fuel temp 1 -1 to 254, median 69 mean 

112.6 
175 Engine oil temp 1 0 to 2048, median 351 mean 

496.1 
176 Engine turbo oil temp 0, 2047.969, 20128 
52 Engine intercooler temp -1, 239, 253, 254 
1134 Engine intercooler thermostat opening 0, 0.8, 96.4, 102 
 
PGN 65263 
 
Engine fluid level/pressure 1 
 
SPN # Description Values 
94 Engine fuel delivery pressure 0, 1020, 1021 
22 Engine extended crankcase blow-by pressure 0, 5.8, 12, 12.328, 12.5, 12.75 
98 Engine oil level 0, 0.12, 0.75, 1.68, 10, 10.2 
100 Engine oil pressure 0 to 1020, median 296 mean 

269.4 
101 Engine turbo oil temp 0 to 1279, median 512, mean 

446.2 
109 Engine coolant pressure 0 to 510, median 510, mean 

500 
111 Engine coolant level 0 to 100, median 100, mean 

97.96 
 
PGN 65265 
 
Cruise control/vehicle speed 
 
SPN # Description Values 
69 Two speed axle speed 0, 1, 396 
70 Parking brake switch 0, 1 
1633 Cruise control pause switch 0 
3807 Park brake release inhibit request 0 
84 Wheel-based vehicle speed 0 to 25880, median 0 mean 

35.69 
595 Cruise control active 0, 1, 2, 5, 102 
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SPN # Description Values 
596 Cruise control enable switch 0, 1, 1.875, 2, 1166 
597 Brake switch 0, 1, 2, 102 
598 Clutch switch 0, 1, 2 
599 Cruise control set switch 0, 1 
600 Cruise control coast/decelerate switch 0, 1, 7.125, 7.969, 15, 25 
601 Cruise control resume switch 0, 1 
602 Cruise control accelerate switch 0, 1 
86 Cruise control speed 0 to 6302, median 0 mean 

38.91 
976 PTO governor state 0, 1, 2 
527 Cruise control states 0, 1, 2, 15 
968 Engine idle increment switch 0, 1, 2 
967 Engine idle decrement switch 0, 1, 2 
966 Engine test mode switch 0, 1, 1265.75 
1237 Engine shutdown override switch 0 
 
PGN 65266 
 
Fuel economy (liquid) 
 
SPN # Description Values 
183 Engine fuel rate 0 to 3266, median 2.6 mean 

10.85 
184 Engine instantaneous fuel economy 0 to 1130, median 0 mean 

2.841 
185 Engine instantaneous fuel economy 0 to 128, median 1.74 mean 

2.476 
51 Engine throttle valve 1 position 0, 1.2, 2, 2.4, 4.4, 4.8, 5.2, 5.6, 

6, 6.4, 6.8, 7.2, 7.6, 8, 8.4, 8.8, 
9.2, 9.6, 10, 10.4, 10.8, 11.2, 
81.2, 96, 102, 147.969 

3673 Engine throttle valve 2 position 0, 0.25, 0.8, 4.5, 40.8, 76.8, 
100, 102, 102.5 

PGN 65269 
 
Ambient conditions 
 
SPN # Description Values 
108 Barometric pressure 0, 93, 93.5, 94, 94.5, 95, 95.5, 

96, 96.5, 97, 97.5, 98, 98.5, 99, 
99.5, 100, 100.5, 101, 101.5, 
102, 127.5 

170 Cab interior temp 0, 2047.969 
171 Ambient air temp 0 to 2048, median 2048 mean 

1377 
172 Engine air intake temp -1 to 254, median 137.7 mean 

137.7 
79 Road surface temp n/a 
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PGN 65271 
 
Vehicle electrical power 1 
 
SPN # Description Values 
114 Net battery current -1, 254 
115 Alternator current 0, 255 
167 Charging system voltage 0, 3276.75 
168 Battery voltage/power input 1 0 to 3277, median 14 mean 329 
158 Keyswitch battery voltage 0 to 3277, median 3277 mean 

2148 
 
PGN 65272 
 
Transmission fluids 1 
 
SPN # Description Values 
123 Clutch pressure 0, 4080 
124 Transmission oil level 0, 10.2, 68 
126 Transmission filter diff pressure 0, 510 
127 Transmission oil pressure 0, 4080 
177 Transmission oil temp 0 to 382, median 325.8 mean 

318 
3027 Transmission oil level high/low -62.5, 63, 65 
3028 Transmission oil level measurement status 0, 126, 222, 255 
3026 Transmission oil level countdown timer n/a 
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