MOUNTAIN-PLAINS CONSORTIUM

MPC 20-416 | X. Qin, Z. Chen and M.R. Shaon

Calibration of HSM
Predictive Methods on State
and Local Rural Highways

—
—_—

' d
e € pouge e

e S gy

A University Transportation Center sponsored by the U.S. Department of Transportation serving the
\ Mountain-Plains Region. Consortium members:

Colorado State University University of Colorado Denver Utah State University

MOUNTAIN-PLAINS North Dakota State University University of Denver University of Wyoming
CONSORTIUM recion s South Dakota State University University of Utah



Calibration of HSM Predictive Methods
on State and Local Rural Highways

Xiao Qin
Zhi Chen

Mohammad Razuar Shaon

Prepared by
University of Wisconsin-Milwaukee
Department of Civil and Environmental Engineering

Sponsored by

South Dakota Department of Transportation
Office of Research

August 2020



Acknowledgements

This work was performed under the direction of the SD2013-04 Technical Panel:

Lee Axdahl................. Department of Public Safety
Mike Behm ..........cccceeuvenennns Project Development
Harvey Fitzgerald ..........cccoeveevnirievennnnne. Research
Nicole Frankl .........c..cccueuenee. Project Development
David Huft ......cooeoeiieieeeee, Research
Sharon Johnson. Federal Highway Administration

Jess Powell..................... ...Operations Support
John Rehorst Operations
CUHff ReUer ... SDLTAP
Kelly Serr......cccoovvevennne. National Weather Service
Megan StEeVer .........coeevereveeruennenes Rpad Design
Andy Vandel..........cccvuenen. Project Development

Disclaimer

The contents of this report, funded in part through grant(s) from the Federal Highway Administration,
reflect the views of the authors who are responsible for the facts and accuracy of the data presented
herein. The contents do not necessarily reflect the official views or policies of the South Dakota
Department of Transportation, the State Transportation Commission, or the Federal Highway
Administration. This report does not constitute a standard, specification, or regulation.

The South Dakota Department of Transportation provides services without regard to race, color, gender, religion, national
origin, age or disability, according to the provisions contained in SDCL 20-13, Title VI of the Civil Rights Act of 1964, the
Rehabilitation Act of 1973, as amended, the Americans With Disabilities Act of 1990 and Executive Order 12898, Federal
Actions to Address Environmental Justice in Minority Populations and Low-Income Populations, 1994. Any person who has
questions concerning this policy or who believes he or she has been discriminated against should contact the Department’s
Civil Rights Office at 605.773.3540.

NDSU does not discriminate in its programs and activities on the basis of age, color, gender expression/identity, genetic information, marital status, national origin, participation in lawful
off-campus activity, physical or mental disability, pregnancy, public assistance status, race, religion, sex, sexual orientation, spousal relationship to current employee, or veteran status, as
applicable. Direct inquiries to: Vice Provost, Title IX/ADA Coordinator, Old Main 201, 701-231-7708, ndsu.ecaa@ndsu.edu.


mailto:ndsu.eoaa@ndsu.edu

TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
SD2013-04-F

4. Title and Subtitle 5. Report Date

Calibration of HSM Predictive Methods on State and Local Rural 06/30/2020

Highways

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Xiao Qin, Zhi Chen, Mohammad Razuar Shaon MPC 20-416

9. Performing Organization Name and Address 10. Work Unit No.
University of Wisconsin-Milwaukee HRY304

Department of Civil and Environmental Engineering 11. Contract or Grant No.
Milwaukee, WI 53201 311179

12. Sponsoring Agency Name and Address 13. Type of Report and Period
South Dakota Department of Transportation Covered

Office of Research Final Report

700 East Broadway Avenue 10/18/2013 — 06/30/2015

Pierre, SD 57501-2586 14. Sponsoring Agency Code

15. Supplementary Notes

An executive summary is published separately as SD2013-04-X.

16. Abstract

Performance-based safety goals and objectives are more attainable with the use of the Highway Safety Manual
(HSM). However, the safety performance functions (SPFs) in the HSM are not accurate because they are not calibrated
to local conditions. Additionally, each SPF and crash modification factor (CMF) assumes a set of base site conditions
which might not be realistic or representative of local roadways. The calibration procedures provided in HSM Part C
Appendix A should therefore be modified to accommodate local data availability as well as roadway, traffic, and crash
characteristics. Furthermore, a set of base conditions applicable to local highways should be determined.

This study presents the application of the HSM to rural state highways in South Dakota and provides important
guidance and empirical results regarding how to calibrate HSM models. Calibration guidelines have been developed to
facilitate future calibration activities. The calibration was based on crash data from three roadway segment types and
five highway intersection types during a five-year period (2008-2012). The calibration process includes establishing new
base conditions, developing SPFs, converting CMFs to base conditions, and deriving calibration factors. Considering the
sample size, base conditions, and prediction accuracy, four state-specific SPF models have been developed for two
segment types (two-way two-lane and multilane divided) and two intersection types (two-way two-lane three-leg STOP
and two-way two-lane four-leg STOP), respectively. The HSM SPFs are retained for other highway facility types. The
values of calibration factors for crashes are derived by injury severity scale (i.e., killed, type A, B, or C injury, and
property-damage-only crashes). Results show that the number of crashes observed in South Dakota can be drastically
different from those predicted by the HSM.

The HSM models in this study underestimate the total crash count on roadway segments for all rural state highway
segment types in South Dakota. On the other hand, the models overestimate the total crash count at intersections for all
the intersection types in South Dakota except multilane three-leg STOP sites. The HSM models overestimate fatal and
injury crashes in all highway facility types. Property-damage-only crashes are sometimes overestimated by 200% and
sometimes underestimated by 72%. The state-specific SPF models developed from South Dakota’s safety data perform
better for facility types that are not adequately predicted by the HSM method. The recommendation is to use a hybrid
method with both HSM and state-specific models for certain segment and intersection types to achieve high crash
prediction accuracy.

17. Keywords 18. Distribution Statement

highway safety; safety performance function; crash | No restrictions. This document is available to the

modification factor; calibration public from the sponsoring agency.

19. Security Classification (of this report) 20. Security Classification (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 89

iii



TABLE OF CONTENTS

1. EXECUTIVE SUMMARY 1
L1 INTEOAUCHION. ....eiieiiiciie et ettt e ettt e e et eeteeesabeesabeeenseeesseesareeans 1
1.2 ReESEATCH ODJECHIVES ...eieviieiiieiiiieiiieeteeeite et e e steesteeetbeestbeesbeeesseeessseessseessseeesssessssessnseeans 1
1.3 Task DeSCIIPHIONS.....eeitieitieeiiieiie ettt ettt et et et et sateeate et e ebe e be e bt e beesseesntesseeenseenseenseenne 2

1.3.1  Meet with Technical Panel............cccooiiiiiiniiiiiiiee e 2
1.3.2  Review and Summarize LIteTature . ..........cocerueeieriereeierieeeeeeeie e 2
1.3.3  Apply HSM Calibration .........cccveeriieiiiieiieeeieeeieeeeree et esvee st eesiaeeseveessseeeeneeeenas 2
1.3.4  Review Base CONAItIONS ......eeuiriiiiiiiieiiesieesieesieesi ettt 3
1.3.5 Identify Facility Types for Calibration ............ccccceevuierieriienienienieniesee e 3
1.3.6  Determine Needed HSM Modifications.........cocuevereerienienieiienieeieiesieeeeie e 3
1.3.7  Evaluate Crash Modification Factors..........c.ceceriririeiinieienieeeee e 4
1.3.8  Submit Technical Memorandum...........c.ccoccieiiiiiiiiiiiiiii et 4
1.3.9  Determine Need for Regional Calibration ...........c.ccccveveieiiviieniiiesiiieeie e 4
1.3.10 Calibrate Safety Performance FUNCtions.............ccoeeveeviieiiiiniesienieniesee e 5
1.3.11 Develop Guidelines for Future Calibration...........c.cceeveviveriereenienrenresee e 5
1.3.12 Prepare Final REPOTT ......c.cccveeiieiiiiieiieiieieertee et e v e esseere e ene e 5
1.3.13 Make Executive Presentation ...........cccceeveerierieiieniieii e 5
L4 FINAINES.ccutiiiiiieciiecite ettt ettt e et e st e et e e teeestbeessbeeesbeeesseesssaesssaeesssaessseessseeesseensseens 5
1.4.1 Data Collection and ProCESSING ........ccceereerierieriieiieieeir ettt esieesiee e see e 5
1,42 MeEthOAOIOZY ...ocevieiieiieiieieeteterte ettt ettt ettt teesteesraessaesnsesnnennnas 6
LA.3  RESUILS .ottt sttt ettt n et ee e 6
1.5 CONCIUSIONS ...ttt ettt sttt et et et b e beesbeesbeesaeesaeesateenee 8
1.6 Implementation Recommendations............ccccevierieriiiieniiieie e 9
1.6.1 Rural Two-lane Two-Way Segments (RT) .......cccceevieniiiiininiieneieee e 9
1.6.2  Rural Multilane Undivided Segments (RM4U) ........cccceeviirierieniinrinieeieeieeienn, 9
1.6.3  Rural Multilane Divided Segments (RM4D) ........cccoevvieviiivierienienrecreere e 9
1.6.4 Rural Two-Lane Three-Leg Intersections with STOP Control (RT3ST)................ 9
1.6.5 Rural Two-Lane Four-Leg Intersections with STOP Control (RT4ST) ................. 9
1.6.6  Rural Multilane Three-Leg Intersections with STOP Control (RM3ST).............. 10
1.6.7 Rural Multilane Four-Leg Intersections with STOP Control (RM4ST) ............... 10
1.6.8  Rural Multilane Four-Leg Signalized Intersections............ccceevevververieneenvenenns 10
1.6.9  Calibration by INJUIY SEVEIItY........cceeeiieeriiiiiieeiie e eieeeree e esveesveeeveeeeae e 10
1.7 Data CollECtION. .. .eciitiieiiiiciieeeiee ettt ettt e e vt e et e e teeeeebeeebaeesaseesaseeenseeesseesaneas 10
1.8 Data INTEGIAtiON.....ccuieviieriieriieeiiesiesteete et ete e e este e teeteesseessaessaesssessseasseenseensessseenseesseessaens 10
1.9 Calibration UPAAteS.......cccveruverieriiriieieeieesieesieesteesteesseesseesssesssesssesssesssesssesssesssesssesssesssesns 11

2. PROBLEM STATEMENT.. 12

3. LITERATURE REVIEW 13
3.1 SEEMENTATION . ...eeuiieiieeiiete et et eett et e st e ette et e eteeabeebe e bt e beenbeesbeesseesaeesnsesasesabeenseenseeseenseens 13
3.2 Safety Performance FUNCLION..........ccveeiirierieiieeie ettt sne e ennees 14
3.3 Crash Modification Factor ..........cccoeoiiiiiiiiiniieee et 15

v



4.

5.

6.

3.4 Calibration FACLOT........ccouiiiiiiiiiie ettt ettt et ettt eve e e tb e e saveeeteeesaneesaseas
OBJECTIVES
4.1  Calibrate HSM MOUEIS .....coovviriiiiiiiiieiie e ettt ere et steestaesteessaesesesssesssesssessseensens
4.2 Develop Calibration GUIAEIINES ........c.cccveevveevrierrieiiieiierieseesee e see e sreereereeseeseesseeses
TASK DESCRIPTIONS
5.1  Meet with Technical Panel...........cccooovviiiiiiiiiiiiiiceeee et
5.2 Review and SUmMmAarize LiteTature.........cccevverierierieiienieeieeieesieesieeseeseesenesseesenesssesnneens
5.3 Apply HSM CalibDration ........ccccccvieieiviieiieiieiieieesieeseesereseaessvessveesseesseesseesseesssesssesssessnenns
5.4  Review Base CONAITIONS .......cccuviiiiieriieiiieeiieeseeesteeeeteeesteeesreessreeeseeessseessseesssesessseesssenns
5.5 Identify Facility Types for Calibration..........c.ccccveeviiieriieeciieeiiieeieeeieeeiee e esveeevee e s
5.6 Determine Needed HSM Modifications...........cccuviecuiieiiieiiiieeiie ettt
5.7 Evaluate Crash Modification FacCtOrS..........ceevueriiriiiciiniieieeeeseesieesee e sneenre e ens
5.8  Submit Technical Memorandum............cccccverierieriiiiieieeieere e ere e e seesreseressreesneens
5.9 Determine Need for Regional Calibration ............cccceeveiieiiiieiiieeiiieciie e
5.10 Calibrate Safety Performance FUNCHONS..........cccvieviiieiiieiiieciie et
5.11 Develop Guidelines for Future Calibration.............cceecueeriierienienienieeie e
5.12 Prepare Final REPOTT .......cociiiiiiiiiiieiie ettt ettt enseesa e
5.13 Make EXecutive PreSentation .........c.cccvevvieriieriesiienieiiesreereereereeseesseesseesseesssesssessnessnenns
FINDINGS
6.1 DAt SOUICES. .. .eeiuvieiiieeiieeiieeetieette ettt esteeebteetaeesebeeasseeessaeasseesssaeasseeesseessseessseesssseesssens
6.1.1  INntersection Data ..........cccuiiiiiiiiiiiiii ettt et e b e eree e
6.1.2  Roadway Segment Data.........ccccceeviiriiiiiiiiiieeieeit et ens
6.1.3  Crash Data........cceeviiiiiiiiieierieciecte ettt aestbeeeveesbeeabeessaessaesaeseaens
6.2 DAt PrOCESSING ... .eeiiiieiieiiiiieeiieeiteerite e et e et e etteesbeeebeeetaeestaeessseeessaeessseesssaeasseeensseesssens
0.2.1  INEEISECIION .....iiiitiiieiiieciiee et ee ettt et e et e et e e et e e etaeeeteeeseseeebeeeaseeseseesnseeesseenens
0.2.2  SEEIMENL......iiiiiiiiiiiiiteee ettt ettt ettt et e st e e bt e e abe e s bt e e bt e e sbee e st esbeeeaee
6.2.3  TTaffic DAt .....ccciieiieiieiecieeiece ettt st s be e e be et e eneennae s
6.2.4 Event Tables Merging ProCesS.......c.cccveeiievvievieriesiesieesiesiesresnessesssessesssessseens
6.2.5 Lane Width Calculation ...........cceeviiiiiiieiiiie et eeree et e e seveeeveeeaae e
6.2.6  Segment Crash ASSIZNMENT .........cccueeiiriiiriiieieeie ettt eseesteeeeesee st seeeseeeeeeeeens
6.3 HSM CaliDIation ........eeoouiiiiiiieiiieeiie ettt ettt ete e eeteeestaeesveeebseesaseeseseeeseeessseesaseas
6.3.1 HSM Predictive MethodS........ccocveriiriiiiiiiieieeieeie et snnesnne e
6.3.2  HSM Calibration ProCedure...........cceecvireiiriiiiiieiiesiecsieesieseesee e svesreseneevessneens
6.3.3  HSM Calibration Factor.........ccciuiiiiiiiiieciie ettt vee e
6.4 Analysis and DISCUSSION .......eevieiieiiieiieieesteeste ettt et eteesteesbeesbeesseesneesneeeneeenseensens
6.4.1 Geographic Distribution of Calibration Factors............c.cceeevvevivervenvereenreneenenns
6.4.2  Factors Contributing to Calibration .............ccceerierierieeriieniienieereereereeseeseeeseeens
6.5 Modifications in the HSM Predictive Method ...........cooeevievieiiiiciiiiicieeeeeeeeeeeen,
6.5.1 Safety Performance Function (SPF)........cccveioiiiiiiiiiiiie e
6.5.2  Crash Modification Factor (CMEF) .........ccoouiiiiiiiiiiiiii e
6.5.3  Calibration FaCLOT ........cccvevieriieriieriieieriesee sttt stee st e sanessnesnne e
6.5.4 Measures of Prediction ACCUTACY ......c.eecvveevierieeriieniieniesiesteeeesresseeseeseeseesseens



7.
8.

9.

10.
11.
12.
13.

6.6 Calibration By INJUIY SEVEIILY ....c.cecuieriiiriieiieiieeie ettt ettt et es 52
6.6.1  Crash SeVETity DAta ........cccceeriieriieriierierie st seeete e ete e e teeseesseesseesseesenessnesnnenns 52

6.6.2  Calibration by INJUIY SEVEIILY......cccieevieeriiiriirieieesiesteeseeseesresresnesereseseesseesseens 54
CONCLUSIONS . .56
IMPLEMENTATION RECOMMENDATIONS 58
8.1 Rural Two-lane TWo-Way SEZMENLS........cccuevierieriiiieeieeieeieesieeeteesieesieesieeseteeneeseeeeeens 58
8.2  Rural Multilane Undivided SEZMENLS.........c.cccveviiriieciiiiieiieieerieeseeseesvesnesressesseeseens 58
8.3 Rural Multilane Divided SEZMENtS...........cccvevieiiiiiieiiiiieieee et sresreeveeneens 58
8.4 Rural Two-Lane Three-Leg Intersections with STOP Control..........cccceccveeeeiieenveenneennen. 58
8.5 Rural Two-Lane Four-Leg Intersections with STOP Control...........cccceeveveeeciieenieenieennen. 59
8.6  Rural Multilane Three-Leg Intersections with STOP Control ...........cccoevvevienienieninnncen. 59
8.7 Rural Multilane Four-Leg Intersections with STOP Control...........cceccvevvenieneenieneenenens 59
8.8  Rural Multilane Four-Leg Signalized INtersections...........cccveveeiveeveeiieeireecreereenseesseesneens 59
8.9 Calibration DY INJUIY SEVETILY .....cccuiiiiieeiieeiiiecieeeieeeite ettt e ereeeeveesreesbeeetaeeseseesaveeas 59
810 DAt COlIBCHION. .....iiiieiiieieete ettt ettt e b e bt e b e bt e sbt e st esaeeeaeeenteeneeenee 60
8 11 Data INTEEIatiON...ccuuietieieeiietierieeetteste et ettt ettt e e e ste e s bt e s st e sseesseesnteenteenseenseenseenseenne 60
8.12  Calibration UpPAates........ccccverierierieiieeieeie et ereert et eieesseesseeseeesssessnesssesssesssessseessesssennns 60
RESEARCH BENEFITS 61
REFERENCES 62
APPENDIX A: SELECTED HSM TABLES 64
APPENDIX B: HSM PREDICTIVE MODELS CALIBRATION GUIDE 66
APPENDIX C: R DATA-MERGING SCRIPT 76

vi



LIST OF TABLES

Table 1.1
Table 1.2
Table 1.3
Table 1.4
Table 1.5
Table 1.6
Table 1.7
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 6.6
Table 6.7
Table 6.8
Table 6.9
Table 6.10
Table 6.11
Table 6.12
Table 6.13
Table 6.14
Table 6.15
Table 6.16
Table 6.17
Table 6.18
Table 6.19
Table 6.20
Table 6.21
Table 6.22
Table 6.23
Table 7.1
Table 7.2

Facility Types Used for HSM Predictive Model Calibration ...........c.ccecevereevienineeneennene 2
Calibration Factors for Total Crashes and Crashes by Injury Severity..........cccoccveevveneennen. 7
South Dakota-Specific Base Conditions by Facility Type.......cccccceevvercrircrirciieienieereenneenns 7
Summary of South Dakota-Specific SPES .......cccociiviiiiiiececece e 7
Adjusted CMF for Shoulder Width for Rural Two-lane Two-way Segments..................... 8
Adjusted CMF for Shoulder Width for Rural Multilane Divided Segments ...................... 8
Calibration Factors Following South Dakota-Specific Predictive Methods....................... 8
Provided RIS Subsystem Event Tables and Key Variables...........ccccccvecvvicrinviecnieenieennenn, 23
Crash Counts by Distance and Intersection-Related Flag............cccooevveviiiinciciciienieennen. 25
List of Problems and ACHONS..........ccuieriiirienierieeritesteeee ettt sae e 26
List of CMFs for Rural Two-lane Two-way Highway Facilities.........c..ccoceviiriinniinnnnnne 31
List of9 CMFs for Rural Multilane Highway Facilities...........c.ccoevvervvercienciinienieeieenenn, 31
Calibration Results for Segments and INterseCtions ...........cccceevveeveerieriervenienreeveeveenns 33
Summary of the Whole Dataset and Dataset with Base Conditions...........ccccccvveeveennnenn. 44
Length Distribution for Rural Two-lane Two-way Segments ...........cccccceeveeneeriieneennenne 45
Length Distribution for Rural Multilane Undivided Segments ...........ccccecevenerieenennenee. 45
Length Distribution for Rural Multilane Divided Segments ............ccccecceverienenerceenenne. 46
South Dakota-Specific Base Conditions by Segment TYpe.......ccccveveverveevieevieenieeieeieenne 46
Statistics Summary of the Whole Datasets and Datasets for Base Conditions................. 46
South Dakota-Specific SPFs and HSM SPFS .......ccociiiiiiiiiiie e, 47
Adjusted CMF for Shoulder Width for Rural Two-lane Two-way Segments.................. 49
Adjusted CMF for Shoulder Width for Rural Multilane Divided Segments .................... 50
Calibration FACIOTS.....c.ieuiiiiiieiiee ettt sttt et a e e ne e e e 50
SAE fOr RESIAUALS. ...c.eeiitiiiiiiieiie ettt et et et et e e 51
Distribution of Crash INJury SEVETItY ........cccceeviiiiiiiiiieeie ettt 52
INJUIY SEVETity COING......eeiiirieriiiiieiieieeie ettt see st e see e e seaeesseesseessessseesseenseenseenses 53
Comparison of Injury Severities of Segment-Related Crashes.........c.cccceevvveviieveenieennnnnne. 53
Comparison of Injury Severities of Intersection-Related Crashes...........cccceevevvenirennenee. 53
Comparison Between Observed and HSM Severity Distributions ..........ccccccveeeeveeenveennee. 54
Calibration Factor for Different Severity Levels........coccovviriiiiiiiienieeieceeeee 55
Summary of HSM Calibration FACLOTS .........ccccvevvveriieriienieniierieree e ere e 56
Summary of Calibration Factors by Injury SeVerity........ccccccveevieciievrienienienieneesveeveeenes 57

vii



LIST OF FIGURES

Figure 1.1

Figure 1.2
Figure 5.1
Figure 6.1

Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18
Figure 6.19
Figure 6.20
Figure 6.21
Figure 6.22
Figure 6.23
Figure 6.24

HSM Calibration ProCedure...........c.ccocviiiiiiiiiiiiiiieciee ettt eseveeevee e 2
Modified HSM Predictive Method ..........ccooiiiiiiiiiiiinieeeeee e 3
Modified HSM Predictive Method ...........cooooiiiiiiiiiiice e 20
[lustration of Intersection-Related Crashes...........ccooeeiieniiniiniiniiiiecececeeee e, 24
Event Table Merging Technique with Mileage Information ............cccoecvvveiveierieeiennen. 27
RIS Event Table Merging SEQUENCE.......cccueervieruierieriieniieeiieeiteeiteeteeieereeseeveesseenseeseeas 28
[lustration of Buffer Distance Used to Link Crashes with Segments ...............cccceueeeen. 29
HSM Calibration ProCedUIE...........ccouieuieierieiieieeiee ettt see e 30
Distribution of Intersection Calibration Factor...........ccocoeciiiiiiiiiiinienceeieeeee, 34
Distribution of Segment Calibration Factor...........ccoecvviieiieiiieiiieiieeceeeeeee e, 35
Normal Q-Q Plot for Residuals by Intersection Type.......ccceevievierienienieiieeieeieeeee 36
Correlation between Residual and Intersection Characteristics.........ccoeevereveeereerreerreennenn 37
Boxplot of Residual by Left-Turn Lane Count..........c.cccveevieviieiienieneeneeneesiesvesve e 38
Boxplot of Residual by Lighting Condition for Different Intersection Types................ 38
Correlation between Residuals and Segment Characteristics (RT) .......ccoecvevverveneenen. 39
Correlation between Residuals and Segment Characteristics (RM4U) .........cccccveneeneee. 40
Correlation between Residuals and Segment Characteristics (RM4D) .........ccccccveneeneen. 40
Residual Plot with Correlated Variables (RT) .......ccccvvvviiiviiiiieriieiesieceecee e 41
Residual Plot with Correlated Variables (RM4U) ........cccoveeeiieriieiiieeie e 41
Residual Plot with Correlated Variables (RM4D) .......c.ccoocveiiieiiieniinieniecieeiecieee e, 42
Modified HSM Predictive Methods.........ccceeieiiiriiieiiiieieeceeeeeee e 43
HSM SPF and State-specific SPF vs. Major AADT (RT3ST) ...coocvvvvevieecieeiieieeieenen 47
HSM SPF and State-specific SPF vs. Major AADT (RT4ST) ..ccceevevcieeiieieeiieieeiens 48
HSM SPF and State-specific SPF vs. Minor AADT (RT4ST) .....cccovevviieeiieeiieeieeee, 48
HSM SPF and State-specific SPF vs. AADT (RT) Segment length = 1 mile ................ 48
HSM SPF and State-specific SPF vs. AADT (RM4D) Segment length = 1 mile .......... 48
Comparison of Residuals using Cumulative Density Function .............ccceveevveieenneenen. 51

viii



TABLE OF ACRONYMS

AADT = Annual Average Daily Traffic
AASHTO American Association of State Highway and Transportation Officials
C/Cr/Ci Calibration Factor (7 for intersection and 7 for segment)
CMF  Crash Modification Factor
DD Driveway Density
FI Fatal + Injury Crashes (including K, A, B and C)
FI* Fatal + Injury* Crashes (including K, A, and B)
GIS Geographic Information System
GLM | Generalized Linear Model
GOF | Goodness-of-fit
HSM | Highway Safety Manual
IHSDM | Interactive Highway Safety Design Model
LOESS = Locally Weighted Scatterplot Smoothing
LRS Linear Reference System or Linear Referencing System
Lw Lane Width
MRM | Mileage Reference Marker
NB Negative Binomial (distribution)
NSTRI = Non-State Trunk Road Inventory
PC Point of Curve
PHF Peak Hour Factor
PT Point of Tangent
PDO | Property Damage Only
PVI Point of Vertical Intersection
RIS Roadway Inventory System
RM3ST | Rural Multilane Three-Leg Intersection with STOP Control on the Minor Road Approach
RMA4ST | Rural Multilane Four-Leg Intersection with STOP Control on the Minor Road Approach
RMA4SG | Rural Multilane Four-Leg Signalized Intersection
RM4D = Rural Multilane Divided Segment
RM4U = Rural Multilane Undivided Segment
RT Rural Two-lane Two-way Segment
RT3ST = Rural Two-lane Three-Leg Intersection with STOP Control on the Minor Road Approach
RT4ST | Rural Two-lane Four-Leg Intersection with STOP Control on the Minor Road Approach
SAE Sum of Absolute Errors
SD South Dakota
SDARS | South Dakota Accident Records System
SDDOT = South Dakota Department of Transportation
SDDPS | South Dakota Department of Public Safety
SPF Safety Performance Function
SwW Shoulder Width
WVC | Wildlife-vehicle Collision

X



1. EXECUTIVE SUMMARY

1.1 Introduction

To meet the economic needs of local communities while also keeping motorists safe, transportation
agencies need to set safety goals and develop methods that will ultimately reduce fatalities and serious
injuries. The Highway Safety Manual (HSM) of the American Association of State Highway and
Transportation Officials (AASHTO) provides statistically sound safety analysis methods that have been
developed over decades of highway safety research.

The predictive models provided by the HSM offer reliable estimates of expected crash frequencies for
specific roadway segments and intersections. However, because safety conditions change over time, the
models should be calibrated to avoid compromising safety estimates, producing unrealistic results, or
undermining agency accountability. Calibration is also necessary if the results are to be compared to an
agency’s estimates based on historical crash data, as the HSM models were developed from safety data
collected in multiple states.

The South Dakota Department of Transportation (SDDOT) has implemented the HSM guidelines in its
project development and planning processes. For example, SDDOT uses HSM models to compare safety
design alternatives, evaluate site-specific safety issues, and plan future safety projects. Specifically, HSM
methods are used to screen South Dakota (SD) roadways to identify problem areas for further safety
review. This report presents a South Dakota version of HSM models and provides guidance for future
calibration activities. The principal findings are based on calibrating the HSM predictive models for
South Dakota rural state highway segments and intersections. The calibrated South Dakota HSM models
are a critical complement to the HSM models. For the highway sites whose crash observations
substantially deviate from the HSM prediction, the state-specific models provide more accurate estimates,
and should therefore be used to make more informed decisions regarding highway safety improvements.

1.2 Research Objectives

The main objectives of this project are to:
1) calibrate the HSM predictive models to South Dakota data for all rural facility types where SPFs
are available and provide guidance on the selection of Crash Modification Factors (CMF)
2) develop guidelines for future calibration of HSM predictive methods

The calibration method for the HSM predictive method followed HSM Volume 2 Part C — Appendix A.
Necessary modifications to the HSM safety performance functions (SPFs) and crash modification factors
(CMFs) were discussed and justified by rigorous engineering and statistical analyses. The scope of the
calibration was limited to the rural state highway segments and intersection types listed in Table 1.1. For
rural two-lane two-way highways, undivided highway segments (RT), three-leg stop-controlled (RT3ST),
and four-leg stop-controlled (RT4ST) intersections were calibrated. For rural multilane highways, both
undivided (RM4U) and divided highway segments (RM4D), three intersection types including three-leg
stop (RM3ST), four-leg stop (RM4ST), as well as four-leg signalized (RM4SG) intersections were
calibrated.



Table 1.1 Facility Types Used for HSM Predictive Model Calibration
Facility Type Segment Intersection

Three-Leg Stop (RT3ST)
Four-Leg Stop (RT4ST)
Three-Leg Stop (RM3ST)
Four-Leg Stop (RM4ST)
Four-Leg Signalized (RM4SG)

Rural Two-lane Two-way Highways | Undivided (RT)

Undivided (RM4U)

Rural Multilane Highways Divided (RM4D)

1.3 Task Descriptions

Thirteen tasks were performed to accomplish this project:

1.3.1 Meet with Technical Panel

Meet with the project’s technical panel in Pierre, SD, to review the project’s scope and work plan.
On February 7, 2014, the research team met with the project’s technical panel at the SDDOT office in
Pierre, SD, to discuss the project’s scope, work plan, and data needs. The research team presented the
required and optional data items for the calibration, and SDDOT agreed to provide such data.

1.3.2 Review and Summarize Literature

Review and summarize literature pertinent to the calibration of Highway Safety Manual predictive
methods, including information about other state DOT efforts to develop or calibrate HSM SPFs.

The literature related to the calibration of HSM predictive methods was reviewed and synthesized. The
review was focused on the criteria and methods for creating homogeneous highway segments, the
development of agency-specific SPFs, the application of CMFs, and the derivation of calibration factors.

1.3.3 Apply HSM Calibration
Apply the HSM Part C calibration technique to sample data provided by SDDOT.
The calibration procedure illustrated in Figure 1.1 was implemented. HSM models and equations were

used without alteration, and all the steps recommended in the HSM were strictly followed. Local
calibration factors were calculated for segments and intersections using South Dakota safety data.

—

1. Select a 2. Selectsites 3. Apply base 4. Apply 5. Determine 6. Calculate
facility type for model CMFs predicted calibration
calibration crash factor C
frequency

Figure 1.1 HSM Calibration Procedure



1.3.4 Review Base Conditions

Review base conditions for SPFs and define a set of base conditions appropriate for SPF and CMF
models to be used on South Dakota highways.

The base conditions for SPFs of a highway facility type represent the most prevailing attributes for that
facility. Since the HSM SPFs were developed with data from other states — not including South Dakota —
the HSM base conditions may inaccurately represent South Dakota roadways and compromise calibration
accuracy. After reviewing the same set of controlling variables used to define the HSM base conditions,
new base conditions were established if differences were found.

1.3.5 Identify Facility Types for Calibration

Identify which facility type SPFs will be calibrated based on the available data and needs of project
development staff.

Not all facility types in the HSM are available in South Dakota; thus, calibration was not performed for
facility types in which no data were available. Due to inadequate information on local roads, only rural
state highways were calibrated for this project.

1.3.6 Determine Needed HSM Modifications

Determine any necessary modifications to HSM procedures and calculate an appropriate sample size for
calibration.

Figure 1.2 presents the modifications made to the HSM predictive method.

‘ 1. Select a facility type ‘

v

‘ 2. Use all the available sites

base conditions

v

///\\\
YES >~ NO

—4. Are base conditions
v

5.a. Define South Dakota-specific
base conditions 5.d. Apply HSM SPF

A 4
‘ 5.b. Develop South Dakota-specific ‘ SELA LRI
SPF l

6. Determine predicted crash
frequency

‘ 3. Conformity review of ‘

A 4
5.c. Convert CMFs to South
Dakota-specific base conditions

‘ 7. Calculate calibration factor ‘

. £

6. Determine predicted crash —
‘ e e ‘ _— S~ NO 5.f. Develop and
8.0.67<C<1.33 apply South Dakota-
specific SPF
YES,

\ 4

9. Recommend SPF and
calibration factor

‘ 7. Calculate calibration factor ‘

Figure 1.2 Modified HSM Predictive Method
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For the facility types with South Dakota-specific base conditions, new SPFs were developed with all the
base condition sites. Accordingly, the HSM CMFs were converted because they represent the changes in
crash frequency from base conditions.

According to Section A.1.1.2 in the Appendix, HSM Part C, the desirable minimum sample size for the
calibration dataset is 30 to 50 sites, and these sites should have a minimum of 100 observed crashes per
year. This minimum crash count requirement was difficult to be met for South Dakota safety data if 30 or
50 sites were randomly selected. This was due to an extremely low number of crashes at most sites in
South Dakota. In this project, all available data were used to determine calibration factors.

1.3.7 Evaluate Crash Modification Factors

Determine which CMFs are appropriate for use in calibration and provide guidance on future
application of CMFss.

Since the values of CMFs in the HSM are determined for a specified set of base conditions, when the base
conditions change, the CMFs will change accordingly. In this project, the CMF for shoulder width was
adjusted due to the change of shoulder width in the base conditions. The adjustment procedure was
subsequently developed and the other CMFs remained unchanged. No new CMFs for the implementation
of a specific safety countermeasure have been evaluated and implemented in this project because such
information was either not available or not provided by SDDOT.

1.3.8 Submit Technical Memorandum

Submit a technical memorandum and make a presentation to the technical panel summarizing the
literature search and propose a methodology for approval.

A technical memorandum was delivered to the technical panel on October 9, 2014, and a presentation was
made at SDDOT in Pierre on October 14, 2014. The technical memorandum includes a literature review,
findings from the South Dakota-specific data, calibration methodologies, and proposed modifications.
The comparison with and without modifications was also included. The need for regional calibrations was
not pursued due to the mixed results of the calibration factors across the state. The attendees
acknowledged the challenge of defining boundaries between regions due to the absence of explicit spatial
patterns. In exchange, the calibration of crashes by severity level was added to the project scope. The
addendum proposal to calibrate crashes by injury severity scale was developed and delivered to the panel
via email on October 28, 2014.

1.3.9 Determine Need for Regional Calibration

Upon approval, apply a statistical technique to determine whether SPFs need to be developed for
different regions, such as Black Hills versus non-Black Hills roads, local and state roads, or other
categories deemed important by the technical panel or through the literature review.

To investigate the need for region-specific calibration factors, the ratio of the observed and predicted
crash frequency (aka, a calibration factor) was computed and mapped for all state highway segments and
intersections. After reviewing the calibration factor map, the research team and the technical panel were
unable to identify strong spatial patterns and therefore could not define explicit boundary lines between
regions without additional information and more in-depth analysis. The development of region-specific
calibration was decided to be replaced by the injury severity calibration, as explained in Task §.



1.3.10 Calibrate Safety Performance Functions
Calibrate the Highway Safety Manual SPFs to South Dakota’s data using the proposed methodology.

No additional comments were received from the panel for the technical memorandum. The research team
continued to develop and refine agency-specific SPFs for South Dakota rural state highways. The results
were summarized and the findings were included as part of the final report.

1.3.11 Develop Guidelines for Future Calibration
Develop guidelines that include procedures for the future calibration of SPFs.

Following the format presented in the HSM’s Volume 2 Part C, Appendix A.1 — Calibration of the Part
C Predictive Models, the guidelines for future HSM calibration at SDDOT have been developed. An
example calibration factor calculation has been included. Additional information for SDDOT data
sources, steps for data preparation and reduction, and recommendations have been described in detail.

1.3.12 Prepare Final Report
Prepare a final report summarizing research methodology, findings, conclusions, and recommendations.

A draft final report documents the project’s results, findings, data requirements, methodologies,
conclusions, and recommendations. This report was submitted to the SDDOT technical panel for review
on February 8, 2015. On March 23, 2015, the research team received the comments from the panel. The
revised final report was delivered to SDDOT on May 1, 2015.

1.3.13 Make Executive Presentation
Make an executive presentation to the SDDOT Research Review Board at the conclusion of the project.

The project PI will present the findings of the study, including a recommended methodology, comparative
tables, and analysis to the SDDOT Research Review Board at the conclusion of the project. This
presentation will summarize project activities and any conclusions or recommendations that emerge from
the research.

1.4 Findings
1.4.1 Data Collection and Processing

Calibration requires extensive data collection for each specific type of highway. Following the required
and desirable data items for calibration in the HSM, the available data elements in South Dakota have
been reviewed, processed, and prepared. The roadway data were provided by SDDOT, and the crash data
were provided by the South Dakota Department of Public Safety (SDDPS).

The data required for calibrating the HSM predictive method were collected from intersection and
segment shapefiles, the Roadway Inventory System (RIS), and the South Dakota Accident Records
System (SDARS). The intersection shapefile was readily available for processing, but the segment
shapefile required additional work such as the creation of homogeneous segments based on traffic and
geometric features. In this process, the RIS event tables of features, such as annual average daily traffic
(AADT), surface type, median, horizontal curve, vertical curve, and speed limit, were merged into one
single table. The roadway was then segmented wherever a feature changed. A roadway shapefile was
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created for homogeneous segments using the SDDOT linear reference system. After creating homogenous
segments, crashes between 2008 and 2012 were assigned to intersections and segments.

Several key data elements were redefined after the project’s technical panel deliberated. In this study, a
rural state highway refers to a US or South Dakota (non-interstate) highway that is located outside city
boundaries. A rural state intersection refers to an intersection between two rural state highways or a rural
state highway and a federal-aid non-state highway. Segment-related crashes include wildlife-vehicle
collisions (WVCs). An intersection-related crash is defined as: 1) a crash that happens within a 100-foot
radius of the center of the intersection; 2) any crash occurring within a 200-foot radius from the
intersection that is coded in the accident database as “intersection” or “intersection-related.” All critical
issues encountered and steps taken to prepare the final dataset for calibration are documented in detail in
Chapter 6: Findings.

1.4.2 Methodology

The HSM recommends using three indicators to predict the number of crashes for a given roadway
segment or intersection: Safety performance function (SPF), Crash modification factor, or function,
(CMFs), and calibration factor (C). The SPF predicts crash frequency as AADT for roadway segments
with basic geometric and traffic conditions. The CMF is a measure of the safety effectiveness of a
particular treatment or design element, which is not different from the basic conditions described in the
SPF. After all available CMFs have been considered, the calibration factor serves as the ultimate
adjustment for all the other known or unknown and measurable or immeasurable differences, such as
climate, driver populations, animal populations, crash reporting thresholds, and crash reporting system
procedures. The calibration factor is the ratio of the observed number of crashes and the expected or
predicted number of crashes (e.g., a value larger than one suggests underestimation of the HSM predicted
value).

Each of the three indicators yields the opportunity for calibration if more accurate results are desired. The
base conditions defined in the HSM may not be representative of South Dakota. If the base conditions are
not representative of South Dakota, the CMFs and calibration factors can scale the safety performance up
or down to correlate with the base conditions. The modification strategies include:

a) Defining South Dakota-specific base conditions: all South Dakota rural state highways were
screened using the controlling variables for base conditions specified in the HSM. The highway
segments or intersections with attributes that are different from the HSM base conditions were
defined as state-specific base conditions;

b) Developing South Dakota-specific SPFs: South Dakota-specific SPFs were developed using the
same statistical techniques applied in the HSM (i.e., negative binomial generalized linear
regression model). It is believed that agency-developed SPFs were more accurate than SPFs in
the HSM.

¢) Converting CMFs to South Dakota-specific base conditions: The development of two methods
allowed for the adjustment of CMFs to state-specific base conditions. One method treated a CMF
as a scale factor and the other treated a CMF as a function of AADT.

1.4.3 Results

The HSM predictive method was used to calculate calibration factors for total crashes and for crashes of
different injury severities, as shown in Table 1.2.



Table 1.2 Calibration Factors for Total Crashes and Crashes by Injury Severity

Facility Type' Calibration Factor
Total FI FI? PDO
RT 1.18 0.56 0.72 1.47
Segment RM4U 1.14 0.38 0.46 2.52
RM4D 1.57 0.30 0.26 3.50
RT3ST 0.55 0.55 0.73 0.55
RT4ST 0.33 0.35 0.45 0.31
Intersection RM3ST 1.36 0.53 0.31 2.16
RMA4ST 0.56 0.56 0.59 0.57
RM4SG? 0.04 0.00 0.00 0.07

1. Refer to the list of acronyms and abbreviations.

2.Results are not reliable because only one site is available for calibration. RM4SG is not included in any
discussion hereinafter.

3. The KABCO (killed, type A, B, or C injury, and O for property damage only) scale is used, but includes only
KAB crashes; crashes with severity level C (possible injury) and O are not included.

South Dakota-specific predictive methods were developed for RT, RM4D, RT3ST, and RT4ST. The
state-specific base conditions for these four facility types are given in Table 1.3, which lists only the base
conditions that are different from those in the HSM. Complete base conditions of rural two-lane two-way
and rural multilane highway facilities are shown in Appendix A (Table 11.1 and Table 11.4).

Table 1.3 South Dakota-Specific Base Conditions by Facility Type

Facility Type RT RM4D RT3ST RT4ST
South Dakota e Lane Width = 13 ft - .
Base Conditions Shoulder Width =4 ft Shoulder Width = 4 ft No Deviations No Deviations

The state-specific SPFs were developed only with the new base condition sites. The negative binomial
regression model, the same methodology used to develop all HSM SPFs, was used to develop the state-
specific SPFs. Table 1.4 presents the state-specific SPFs for each of the four facility types.

Tablel.4 Summary of South Dakota-Specific SPFs

Segment Intersection
RT AADT X L X 365 % 1076 x (-01101) | RT3ST e—9.93+0.66><ln(AADTmaj)+0.52xln(AADTml-n)
RMA4D | ¢(~19.7106+2.4597xIn(AADT)+In(L)) RT4ST e—10.55+0.79><ln(AADTma]-)+0.51><ln(AADTmin)

After establishing the state-specific SPFs, CMFs must be converted accordingly as they represent
quantitative changes in predicted crash frequencies that result from site characteristic variations from base
conditions. The base conditions for intersections were the same as these in the HSM, while the South
Dakota base conditions of rural roadway segments were different. The adjusted CMF for RT shoulder
width is given in Table 1.5. The adjusted CMF for RM4U shoulder width is given in Table 1.6.




Table 1.5 Adjusted CMF for Shoulder Width for Rural Two-lane Two-way Segments

AADT

Shoulder Width

<400 400-2000 >2000
0 feet 1.078 1.078 + 1.4 X 10™*(AADT — 400) 1.304
2 feet 1.049 1.049 + 5 x 1075(AADT — 400) 1.130
4 feet 1.000 1.000 1.000
6 feet 0.980 0.980 — 6.9 x 1075(4ADT — 400) 0.869
8 feet or more 0.961 0.961 — 1.28 X 10™*(AADT — 400) 0.756

Table 1.6 Adjusted CMF for Shoulder Width for
Rural Multilane Divided Segments

SW CMF

0 feet 1.082

2 feet 1.037

4 feet 1.000

6 feet 0.954

8 feet or more 0917

Calibration factors were calculated after the state-specific SPFs and CMFs were applied. Table 1.7
summarizes the calibration results.

Table 1.7 Calibration Factors Following
South Dakota-Specific Predictive Methods

Facility Type Calibration Factor
RT3ST 1.29
RTA4ST 1.11
RT 1.05
RM4D 1.23

1.5 Conclusions

This report summarizes the effort to calibrate the HSM predictive method for different segment and
intersection types on South Dakota’s rural state highways. Beginning with a strict implementation of the
predictive methods documented in Part C of the HSM, the calibration factors based on both total number
of crashes and crashes by severity level were calculated for each highway facility type studied in this
project. The KABCO scale (referred to in Table 1.2), obtained from the “Person” table in SDARS by
identifying the highest severity level of all persons involved, presents crash injury severity. Predicted
crash injuries were estimated using the HSM recommended method. For a rural two-lane highway,
predicted crash frequency by injury severity was obtained by applying the HSM crash severity proportion
to the total number of predicted crashes. For a rural multilane facility, the predicted crash frequency by
injury severity was calculated using the SPFs for different severity levels. The results show large
variations in the calibration factors across injury severity and facility type. In general, the HSM models
underestimated the total number of crashes on roadway segments for all South Dakota rural state highway
types in this study; however, they overestimated the total number of crashes at intersections for all South
Dakota intersection types except RM3ST sites. The HSM models overestimated fatal and injury crashes



(FD) for all highway facility types. For property-damage-only (PDO) crashes, the estimates ranged from
overestimation (Ci=0.31 for RT4ST) to underestimation (Ci=3.50 for RM4D).

Large differences remained between prediction and observation for individual sites after calibration
factors were applied. The presence of large deviations prompted the establishment of local base
conditions and the development of agency-specific models. Among all facility types, RT and RM4D had
base conditions that were different from those in the HSM. Due to the sample size constraint, state-
specific SPFs were developed only for RT, RM4D, RT3ST, and RT4ST. HSM SPFs were recommended
for all other highway facility types (i.e., RM4U, RM3ST, RM4ST, and RM4SGQG). All new calibration
factors for RT, RM4D, RT3ST, and RT4ST were found to be closer to one when compared with the
values following the HSM method. A combination of state-specific and HSM models resulted in specific
recommendations for each highway facility type. Specific recommendations are discussed in the next
section.

In conclusion, the HSM predictive method was assessed for its ability to provide reliable crash predictions
when used with South Dakota data. When the HSM method was inadequate in providing close estimates,
modifications were introduced (i.e., establishing local base conditions, developing state-specific SPFs,
and adjusting CMFs accordingly). After this calibration, predicting crashes on South Dakota’s rural state
highways is now more accurate.

1.6 Implementation Recommendations
The following implementation recommendations can be made based on the findings in this project.
1.6.1 Rural Two-lane Two-Way Segments (RT)

The state-specific SPF and the adjusted CMF for shoulder width should be used for rural two-lane two-
way highway segments. A calibration factor of 1.05 should be used.

1.6.2 Rural Multilane Undivided Segments (RM4U)

The HSM SPF and CMFs should be followed for rural multilane undivided highway segments. A
calibration factor of 1.14 should be used.

1.6.3 Rural Multilane Divided Segments (RM4D)

The state-specific SPF and adjusted CMF for shoulder width should be used for rural multilane divided
highway segments. A calibration factor of 1.23 should be used.

1.6.4 Rural Two-Lane Three-Leg Intersections with STOP Control (RT3ST)

Rural two-lane three-leg stop controlled intersections can use the HSM SPF with a calibration factor of
0.55 or the state-specific SPF with a calibration factor of 1.29, given the marginal calibration
improvement.

1.6.5 Rural Two-Lane Four-Leg Intersections with STOP Control (RT4ST)

Rural two-lane four-leg stop-controlled intersections can use HSM SPF with a calibration factor of 0.33
or the state-specific SPF with a calibration factor of 1.11, given the marginal calibration improvement.



1.6.6 Rural Multilane Three-Leg Intersections with STOP Control (RM3ST)

Due to the small sample size, calibration is not recommended for rural multilane three-leg stop-controlled
intersections. More data should be collected, but in the mean time, it is recommended to use the HSM
predictive method for rural multilane three-leg intersections with stop control.

1.6.7 Rural Multilane Four-Leg Intersections with STOP Control (RM4ST)

Rural multilane four-leg stop-controlled intersections should use the HSM SPF and CMFs with a
calibration factor of 0.56. Predicted crash frequency should be used with caution; however, this type of
facility has 71 sites and just 125 crashes between 2008 and 2012, which is substantially lower than the
HSM recommendation of 30-50 sites with at least 100 crashes per year.

1.6.8 Rural Multilane Four-Leg Signalized Intersections

Due to the small sample size, calibration is not recommended for rural multilane four-leg signalized
intersections. More data should be collected, but in the mean time, it is recommended to use the HSM
predictive method for rural multilane four-leg signalized intersections.

1.6.9 Calibration by Injury Severity

The HSM SPFs and CMFs should be used along with calibration factors by injury severity for RT,
RM4U, RM4D, RT3ST, and RT4ST. For RM4ST sites, the calibration factor should be used with caution
because of the relatively small sample size (71 sites) and low crash frequencies observed. It is not
recommended to use injury severity calibration for RT3ST and RM4SG sites because of the extremely
small sample sizes (19 RT3ST sites and 1 RM4SG site) and low crash frequencies observed. More data
from the two facility types should be collected in the future.

1.7 Data Collection

Although all required data items for intersections are available in the SDDOT

“StatetoState_and StatetoNonStateFedAid” file, data items, such as driveway density, horizontal curve
superelevation, roadside design, lighting, and number of passing lanes and two-way left-turn lanes, are
not available for roadway segments. The missing data items should be collected in future research for a
more accurate prediction. The complete list of data available in South Dakota can be found in Table 6.4,
List of CMFs for Rural Two-lane Two-way Highway Facilities, and Table 6.5, List of CMFs for Rural
Multilane Highway Facilities.

1.8 Data Integration

The data source tables pertaining to intersections have been integrated into an intersections toolbox that is
currently in use to apply the HSM predictive methods at SDDOT. The parameters in SPFs can be easily
modified in the toolbox to implement state-specific models; however, there is no such convenience for
road segments, as those data items are stored in separate tables. The process of integrating the segment
data tables developed in this project was complicated because dynamic segmentation cannot be performed
without access to SDDOT’s linear referencing system (LRS); therefore, alternative computer programs
(e.g., R, MS Excel, ArcGIS) were employed to merge files. These disjointed steps can be integrated and
streamlined in a GIS environment with the aid of SDDOT LRS. The data reduction criteria and specific
file merging procedures are detailed in Section 6.2 Data Processing.
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1.9 Calibration Updates

The HSM recommends that “the new values of the calibration factors be derived at least every two to
three years, and some users may prefer to develop calibration factors on an annual basis” (1). There are no
other standards regarding how often the calibration should be updated. Due to the complexity of
calibration, it is recommended that the new values of the calibration factors be derived every three years
or when crash frequency or injury severity distribution has been significantly changed for a specific

facility (e.g., £10%).
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2. PROBLEM STATEMENT

Defining safety performance expectations is a challenge for transportation agencies. The HSM provides
guidance for safety analyses using scientific and statistically sound methods (7). Given the expense of
engineering studies and limited funding, safety reviews based on expected safety performance are a useful
way to identify hot spots in a highway network as well as site-specific safety problems. Predictive crash
models, as formulated in Equation 1, can pinpoint sites that have a good chance of crash reduction based
on decades of safety research and statistical analysis.

N

predicted = Nspg X C X (CMF; X - X CMFE,) (2-1)

where Npredicted 18 the predicted average crash frequency for a site, Nypr is the predicted average crash
frequency for base conditions for a site (also called safety performance function [SPF]), and C is the
calibration factor (C; is for a roadway segment and C; is for an intersection). A series of CMFs account for
changes in the number of crashes due to specific site characteristics or safety treatments. Locations where
the actual crash count is higher than the predicted crash count need to be further investigated for safety
improvements.

Because safety conditions change over time and conditions in South Dakota (or other places) may differ
from the conditions assumed in the HSM models, agencies should use calibrated HSM models.
Uncalibrated models compromise safety estimates, produce unrealistic results, and undermine
accountability. Even agencies that use their own data to develop SPFs should consider calibrating the
models every two to three years. HSM models must be calibrated for the results to be comparable to the
estimates obtained from an agency’s records.

SDDOT has implemented HSM guidelines in its project development and planning processes.
Specifically, HSM SPFs and CMFs are used to screen SD roadways to find problem areas for further
safety review. SDDOT also uses HSM models to compare safety design alternatives, evaluate site-
specific safety issues, and program and plan future safety projects. Although calibration procedures are
available in the HSM in Appendix A, they need to be refined or modified to accommodate South
Dakota’s data availability, as well as roadway, traffic, and crash characteristics. It is imperative to
develop a South Dakota version of the HSM models by using proper calibration methods and to provide
guidance for future calibration activities.
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3. LITERATURE REVIEW

Decades of research has demonstrated that highway safety analysis can be improved substantially when
using a scientific, systematic, consistent, and proactive approach. The HSM provides ways to predict
crash frequencies for various facility types (/); however, because calibration leads to a more accurate
prediction, the HSM models need to be calibrated if they are to be comparable to an agency’s estimates.
Although calibration procedures are available in HSM Part C, Appendix A, they should be refined or
modified to accommodate for local data availability and roadway, traffic, and crash characteristics.

The calibration process accounts for different safety effects due to driver population, environmental
variables, and other unobserved or unmeasured factors. The HSM recommends the use of the safety
performance function (SPF), crash modification factor or function (CMF), and calibration factor (C) to
predict the number of crashes for a given roadway segment or intersection.

In the HSM predictive method, the SPF predicts crash frequency as a function of AADT for roadway
segments with basic geometric and traffic conditions. However, the base conditions defined in the HSM
may not be the most prevailing for local conditions. For example, the rural two-lane, two-way road SPF
assumes the following base conditions in the HSM:
12-foot lane width

6-foot shoulder width

paved shoulder

a 3-point roadside hazard rating

5 driveways per mile

level grade with no horizontal curvature

no vertical curvature

no centerline rumble strips

no passing lanes

no two-way left-turn lanes

no lighting

no automated speed enforcement

Note that not many sites on rural local roads have paved shoulders, let alone a 6-foot paved shoulder.
Additionally, not many rural highways are without horizontal curves. Each of the aforementioned
components should be calibrated if more accurate results are desired. A review of existing HSM studies
identified the four areas that are most relevant to this project: highway segmentation, SPFs, CMFs, and
calibration factors or calibration functions.

3.1 Segmentation

The HSM requires that a site should be either an intersection or a homogeneous roadway segment. A
roadway segment is defined as a part of roadway not interrupted by intersection and consists of
homogeneous geometric and traffic control features (/). For roadway data, an important step is to create
homogeneous segments. Homogeneity is the key for a successful development or implementation of SPFs
for roadway segments.

Segmentation of a roadway network based on multiple variables can result in very short roadway
segments (2). Shorter roadway segments are undesirable because roadway features associated with crash
risk may not be prominent given a very short distance or given that crash location information may not be
accurate enough to appropriately assign each crash. Moreover, when linking crash data with roadway
data, the presence of short segments can lead to a large number of segments with zero crashes, which can
become problematic for proper statistical inference.

According to the HSM, the rules of dividing a highway include the beginning or ending of a horizontal
curve, point of vertical intersection (PVI) of a vertical curve, passing lane or two-way left-turn lane and
changes with respect to AADT, lane width, shoulder width, driveway density, and roadside hazard rating
(I). There is no prescribed minimum segment length for application of the predictive models, but there is
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a suggestion to have a segment length of at least 0.10 miles. Recognizing the potential issue of creating
short segments, Part C provides the following guidance: “When dividing roadway facilities into small
homogenous roadway segments, limiting the segment length to a minimum of 0.10 miles will decrease
data collection and management efforts,” and “When dividing roadway facilities into small homogenous
roadway segments, limiting the segment length to a minimum of 0.10 miles will minimize calculation
efforts and not affect results.” (1)

Aside from the HSM, researchers have adopted a variety of approaches for segmentation. Miaou and Lum
suggested that short sections less than or equal to 80 meters could create a bias in the estimation of linear
models except when using Poisson models (3). Ogle et al. demonstrated that short segment lengths, less
than 160 m, cause uncertain results in a crash analysis (4). Qin et al. studied the relationship between
segmentation and safety screening analysis using different lengths of sliding windows (5), concluding that
short segments or extremely long segments created a bias in the identification of sites with safety
problems. In a motorway study using sample data from Italy, Cafiso et al. (6) used the general estimating
equations (GEE) methodology to evaluate three models with the following five approaches to
segmentation: 1) homogeneous segments with respect to AADT and curvature using AADT and curvature
as explanatory variables; 2) two curves and two tangents within each segment, avoiding short segments
when using a single curve; 3) segments having constant AADT; 4) segments having a constant length;
and 5) all the variables used in the stepwise procedure are constant within each segment with their
original value. Approaches two and four returned the best results.

As can be seen, there are no prescribed rules, but there is some general guidance on how to divide a
highway and how to set the minimum segment length. Because a set of variables described in the HSM
are required to be the same within each segment, creating homogeneous segments based on one or two
specific variables will not be consistent with the definition of segments in the HSM. A balance between
segment homogeneity and length must be maintained. Although the minimum segment length can be
decided after applying all the required roadway geometric characteristics, such as horizontal curve,
vertical curve, etc., the minimum length of 0.01 mile was considered for this study because hundredth of a
mile is usually used as the distance unit for locating a crash.

3.2 Safety Performance Function

The SPF is a regression equation for estimating the predicted average crash frequency of individual
roadway segments or intersections (/). SPFs have been studied in different forms, either in the
specification of the equation or in the number of variables. Banihashemi (7) used roadway segments that
satisfy the base conditions to develop two respective base models: L X AADT and L X AADTP, where L is
the segment length, A4ADT is the annual average daily traffic, and p is power coefficient. Kononov et al.
(8) evaluated an alternative approach for choosing a functional form of the SPF. Authors used related
traffic flow parameters such as speed and density and chose the SPF developed in sigmoid and
exponential functional forms using a neural network (NN). The results show that the NN-generated SPF
has less bias and a better fit when compared with power-function SPFs developed in the generalized
linear model (GLM) framework with a negative binomial (NB) error structure.

Brimley et al. (9) hypothesized new variables to have a measurable correlation for total crash frequencies,
which were not used in the HSM SPF for rural two-lane two-way roads. Results showed that among those
new variables tested, speed limit and the percentage of multiple unit trucks have a significant correlation
with crash frequency. Martinelli et al. (/0) employed an alternative method in an attempt to develop
predictive crash models. The study used the model proposed in the HSM prototype chapter (11, 12), with
variables including:

e segment length e lane width

e AADT e shoulder width
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e roadside hazard rating e grade rate for crest vertical curves
e driveway density e percent grade for straight grade
e horizontal curvature

To obtain the SPF, the authors substituted values of variables corresponding to base conditions, except for
AADT and segment length. This method seemed to address the low sample issue by including all sites,
but it is essentially the development of a full-scale crash prediction model, which is different from the
approach used in the HSM predictive method. Developing a full-scale model is certainly more
complicated than developing a model with just AADT and length (/3). Model specification, variable
correlation, and interaction need to be carefully considered when more variables are involved.

In the SPFs developed for the HSM, the predicted average crash frequency is for a roadway segment or
intersection under base conditions, and the independent variables are the AADTSs of the roadway segment
(and, for roadway segments, the segment length) (7). This definition considerably limits the flexibility of
the model form and variables to be included. Here, the base conditions should be the most representative
segments among all types, guaranteeing a sizable sample for developing statistically robust models.
Because the most representative roadway type may vary from state to state, it is necessary to check if the
most prevailing conditions conform to the HSM base conditions before applying the HSM SPFs.

In a recent study, Abdel-Aty et al. (/4) developed statewide SPFs for various subtypes of multilane
roadway and freeway segments in Florida using a simple SPF form, which contained only AADT as the
sole explanatory variable. The calibration factors were applied to the default SPFs, and the calibrated
SPFs could match statewide SPFs at conditions with average AADT levels; however, at low or high
AADT levels, crash frequency was either overestimated or underestimated. To account for this
discrepancy, Florida was arbitrarily divided either by region or by district, and region-specific or district-
specific SPFs were developed. A population group-level calibration factor was put in place of the state-
level calibration factor.

The previous studies have shown that adopting new function forms, including new variables, and using
complicated statistical methodologies for SPFs may improve the prediction power. But the tradeoff is the
increased complexity of the model. A complicated model can be data demanding as well. Considering
these limitations, in this study, only the SPF coefficients were calibrated with local data so the state-
specific models could be compared with the HSM predictive models.

3.3 Crash Modification Factor

Each CMF represents one type of change being made from the base conditions. CMFs could be in the
format of a scale factor or a function for a specific site, based on its characteristics. Crash modification
functions are useful when a treatment has a varying safety effect at sites with different characteristics. For
instance, a crash modification function for a horizontal curve is a function of curve length and degree of
curve. Sun et al. (/7) created a database of the available variables, such as segment length, ADT, lane
width, and shoulder type and width, while setting other variables to be the same as the base conditions.
When the empirical Bayes method is used and the calibration parameter is a function of ADT, the
differences between the observed and predicted crash frequencies are well within the 5% range, meaning
the results are satisfactory. A sensitivity analysis was performed by collecting additional data to test the
effect of driveway density and horizontal curves. It was concluded that omitting one or more insignificant
variables in the model calibration will not compromise the model’s accuracy, but will instead help to
alleviate the burden of collecting additional data.

Kweon and Lim (/5) developed CMFs for various treatments in Virginia. Some of the CMFs were
already included in the HSM, while some were not. Before-and-after studies (naive before-after, before-
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after with comparison group, and before-after with empirical Bayes) were used to develop CMFs. For
some treatments, a cross-sectional method was applied to estimate CMFs, and a generalized linear model
(GLM) with a negative binomial distribution (NB) was chosen as the estimation method. Among various
CMFs developed for a given treatment with multiple methods, the CMF with the lowest standard error
was chosen for application in Virginia. For CMFs included in the HSM, most Virginia-specific CMFs
show similar values while a few carry different values and even opposite trends.

The two main resources for CMFs are the HSM (volume 3, Part D) (/) and the FHWA CMF
Clearinghouse (www.cmfclearinghouse.com) (/6). The CMF Clearinghouse is a comprehensive database
of all the CMFs available for a given safety treatment, including all the treatments and CMFs in the HSM.
Despite the star-rating provided by the CMF Clearinghouse website, the quality of the CMF cannot be
guaranteed. On the contrary, each CMF in the HSM passed a rigorous evaluation and was considered to
be reliable.

3.4 Calibration Factor

Both the SPF and CMFs account for the safety effects of measured variables. The unmeasured factors can
be estimated via an overall calibration factor or function. A calibration factor (C) is the ratio of the
expected crash frequency (calculated by the SPF multiplied by all the available CMFs) to the observed
crash frequency. C can be directly estimated through the Interactive Highway Safety Design Model
(IHSDM) once the data are imported. The HSM recommends using C to adjust for regional differences
(10, 17). The literature shows that this factor can be affected by sample size as well as other site
characteristics. Banihashemi (7) evaluated the quality of Cs generated from datasets of different
percentages of a complete data set. The methodology for conducting this sensitivity analysis relied on the
assumption that Cs calculated based on different subsets of the same dataset are normally distributed. The
author also evaluated different data size percentages for various highway types that fell within a 5% to
10% limit of the ideal C.

Mehta and Lou (/8) treated C as a special case of the NB regression model, but the results showed that
the HSM-recommended method outperforms the proposed method for estimating the C. When
unmeasured errors represented by the C are correlated with observable variables such as AADT, the
calibration function can be more effective than a single ratio in describing the trend or pattern. This
argument is similar to that of the crash modification factor vs. crash modification function. In another
study, Sun et al. (/) treated the calibration parameter as a function of AADT and set different calibration
values for different ranges of AADT. The trend of the ratio of the estimation to observation may change
considerably, making it difficult to be represented by a single value. However, compared with the large
number of papers adopting the single value as the C (9, 10, 17), there is little research regarding how a
well-defined calibration function can greatly improve the power of prediction models.

To avoid the sampling bias mentioned in the previous studies, all South Dakota safety data provided by

SDDOT were used to derive the calibration factors. Statistical analysis can answer whether or not a
calibration should be considered as a factor or as a function of some site characteristics.
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4, OBJECTIVES
4.1 Calibrate HSM Models

Calibrate HSM predictive models to South Dakota’s data for all rural facility types where SPFs are
available and provide guidance on the selection of CMFs.

All available safety data for rural state highway facilities were provided by SDDOT, including three
segment types and five intersection types. Following the HSM calibration procedures and models, values
were derived for calibration factors for these facility types using South Dakota’s data. Following a
comprehensive review, highway facilities with base conditions different from HSM base conditions were
identified, and state-specific safety performance functions were developed. A method for converting the
HSM CMFs, based on the new base conditions, was proposed and implemented. After implementing
these enhancements to the HSM predictive method, new values were derived for calibration factors, and
significant improvements were observed for all highway facility types.

4.2 Develop Calibration Guidelines

Develop guidelines for future calibration of HSM predictive methods.

Step-by-step procedures have been developed to guide future calibration activities at SDDOT. The
guidelines, presented in Appendix B, include data requirements, calibration procedures, sample size
recommendations, and an example for rural multilane undivided highway segments with three-year crash
data. Diagrams, tables, and equations are supplied when appropriate in order to make the guidelines more
reader-friendly.

Even with these guidelines, the current data processing method for integrating multiple tables is complex.
A more streamlined process should be implemented through dynamic segmentation using the linear
referencing system. We anticipate the same process can be replicated and simplified using the SDDOT
linear referencing system with the aid of the GIS unit.
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5. TASKDESCRIPTIONS

5.1 Meet with Technical Panel

Meet with the project’s technical panel in Pierre, SD, to review the project scope and work plan.

On February 7, 2014, the research team met with the project’s technical panel at the SDDOT office in
Pierre, SD, to discuss the project’s scope, work plan, and data needs. The research team presented the
required and optional data items for the calibration, and SDDOT agreed to provide all available data.

5.2 Review and Summarize Literature

Review and summarize literature pertinent to the calibration of Highway Safety Manual predictive methods,
including information about other state DOT efforts to develop or calibrate HSM Safety Performance
Functions.

The literature related to the calibration of HSM predictive methods was reviewed and synthesized. The
review was focused on the criteria and methods for creating homogeneous highway segments, developing
agency-specific safety performance functions, applying crash modification factors, and deriving
calibration factors.

5.3 Apply HSM Calibration
Apply the HSM Part C calibration technique to sample data provided by SDDOT.

According to the HSM, the calibration of the Part C SPFs will yield satisfactory results that compare with
predictive models developed with agency safety data. To prove this concept, all HSM equations were
used without modification and all steps recommended in the HSM were strictly followed. The list of data
requirements for each of the 10 intersection types and five segment types was submitted to SDDOT. After
receiving the raw data tables from SDDOT, the tables were processed and prepared in the format needed
for calibration. The local calibration factors for rural state highway segments and intersections were
calculated. A greater-than-one calibration factor means more crashes were observed than predicted, while
a smaller-than-one calibration factor means fewer crashes were observed than predicted. These calibration
factors were compared with those calculated by the South Dakota-specific models as described in Task 6:
Determine Needed HSM Modifications.

5.4 Review Base Conditions

Review base conditions for SPFs and define a set of base conditions appropriate for SPF and CMF
models used on South Dakota highways.

The base conditions for SPFs of a highway facility type represent the most prevailing highway attributes
within the facility. Since the HSM SPFs were developed using data from states that do not include South
Dakota, it is likely that these base conditions do not represent South Dakota roadways, thus
compromising calibration accuracy. All roadway segments and intersections within each facility type
defined in the HSM (e.g., rural two-lane two-way roads, rural multilane highways) were reviewed in this
task. Using the same controlling variables (e.g., lane width, shoulder width and type, etc.), we determined
new base conditions if they were different from those in the HSM. For example, if the prevailing rural
two-lane two-way highway shoulder width was 4-feet wide, we used a 4-foot shoulder width rather than a
6-foot shoulder width (as recommended in the HSM) for one of the base conditions. The HSM default
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base conditions were applied when data were either not available or not applicable for certain variables,
such as automated speed enforcement, red-light cameras, lighting, passing lanes, side slopes, on-street
parking, and traffic signal timing. A set of suitable base conditions for South Dakota highways was
prepared in order to develop state-specific SPFs.

5.5 Identify Facility Types for Calibration

Identify which facility type SPFs will be calibrated, based on the available data and needs of project
development staff.

The first edition of the HSM contains 10 intersection types and five segment types, some of which are not
available in the predominantly rural state of South Dakota. Some facility types in South Dakota constitute
a very small portion of the highway system, such as rural multilane signalized intersections and rural
multilane four-leg intersections with stop control.

Another concern is that data availability is highly disproportional between the state highway system and
local roads. After reviewing all available data with the technical panel, it was decided that the project be
limited to rural state highway calibration and that all facility types be provided by SDDOT. The facility
types identified for calibration are as follows:
e For rural two-lane two-way highways: undivided highway segments (RT), three-leg stop-
controlled (RT3ST), and four-leg stop-controlled (RT4ST) intersections
e For rural multilane highways: both undivided (RM4U) and divided highway segments (RM4D),
three intersection types including three-leg stop (RM3ST), four-leg stop (RM4ST), and four-leg
signalized (RM4SG) intersections

5.6 Determine Needed HSM Modifications

Determine any necessary modifications to HSM procedures and calculate an appropriate sample size for
calibration.

Modifications to HSM predictive methods were proposed in Figure 5.1. Conformity review is the process
of examining whether the prevailing roadway characteristics in South Dakota are the same as those in the
HSM. If the characteristics are different, new base conditions should be established. For the facility types
with the South Dakota-specific base conditions, new SPFs were developed with all the base condition
sites. Subsequently, the HSM CMFs were converted because they are related to the base conditions.
South Dakota-specific SPFs have also been developed for the highway facility types under the
circumstance when the calibration factor is considerably smaller than or greater than one.

According to Section A.1.1.2 of the Appendix to HSM Part C, the desirable minimum sample size for the
calibration data set is 30 to 50 sites. These sites should have a minimum total of 100 observed crashes per
year. It was difficult for South Dakota to meet this requirement when the sites were randomly selected. In
this project, all available data were used to determine the calibration factor.
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5.7 Evaluate Crash Modification Factors

Determine which CMFs are appropriate for calibration and provide guidance on the future application of

CMFs.

Since the values of CMFs in the HSM are determined for a specified set of base conditions, they will
change when base conditions change. In this project, the CMF for shoulder width was adjusted due to the
change in shoulder width for the base conditions. The adjustment procedure was subsequently developed,
and the other CMFs remained unchanged. The project did not evaluate or implement new CMFs for

5.f. Develop and
apply South Dakota-
specific SPF

specific safety countermeasures because SDDOT did not provide that information.

5.8 Submit Technical Memorandum

Submit a technical memorandum and present to the technical panel a summary of the literature review.

Propose a methodology for approval.
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A technical memorandum was delivered to the technical panel on October 9, 2014, and a presentation was
made at SDDOT in Pierre on October 14, 2014. The technical memorandum included a literature review,
South Dakota data findings, calibration methodologies, and proposed modifications. Discussion regarding
the need for regional calibrations was not pursued, as results are not uniform throughout the state. The
meeting attendees acknowledged the challenge to define boundaries between regions because of the
absence of explicit spatial patterns; thus, it was decided that the calibration of crashes by severity level be
added to the project scope. Per the panel’s request, the addendum proposal to calibrate crashes by injury
severity scale was delivered to the panel via email on October 28, 2014.

5.9 Determine Need for Regional Calibration

Upon approval, apply a statistical technique to determine whether SPFs should be developed for different
regions (e.g., Black Hills roads versus non-Black Hills roads, local roads versus state roads) or for other
categories deemed important by the technical panel or by the literature review.

One proposed modification in Task 5.6 is to stratify the calibration factor by region or by another
category if a large variation is found within a similar state facility. To investigate the need for region-
specific calibration factors, the ratio of the observed and predicted crash frequency (i.e., calibration
factor) was calculated and mapped for all state highway segments and intersections. After reviewing the
calibration factor map, the research team and the technical panel were unable to identify clear spatial
patterns; therefore, there was no way to define explicit boundary lines between regions without a more in-
depth analysis. It was decided that region-specific calibration factors be developed to replace the injury
severity calibration, as explained in Task 8.

5.10 Calibrate Safety Performance Functions
Calibrate the Highway Safety Manual SPFs to South Dakota’s data using the proposed methodology.
No additional comments have been received from the technical panel for the technical memorandum. The

research team continued to develop and refine agency-specific SPFs for South Dakota rural state
highways. The results were summarized and the findings were presented as part of the final report.

5.11 Develop Guidelines for Future Calibration
Develop guidelines that include procedures for future calibration of SPFs.

Following the format in HSM Volume 2 Part C, Appendix A.1 — Calibration of the Part C Predictive
Models, the guidelines for future HSM calibration at SDDOT have been developed. The guidelines
include an example calibration factor calculation. Additionally, information for SDDOT data sources and
procedures for data preparation and reduction are presented in detail.

5.12 Prepare Final Report

Prepare a final report summarizing research methodology, findings, conclusions, and recommendations.
A draft final report has been prepared documenting project results, findings, data requirements,
methodologies, conclusions, and recommendations. This report was submitted to the SDDOT technical

panel on February 8, 2015. On March 23, 2015, the research team received the panel’s comments. A
revised report was delivered to SDDOT on May 1, 2015.
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5.13 Make Executive Presentation

Make an executive presentation to the SDDOT Research Review Board at the conclusion of the project.
The project PI will present the findings of the study, including a recommended methodology, comparative
tables, and analysis, to the SDDOT Research Review Board at the conclusion of the project. This

presentation will summarize project activities and any conclusions or recommendations that emerged
from this research project.

22



6. FINDINGS

6.1 Data Sources

Highway segment and intersection data along with historical crash information are required to calibrate
the HSM predictive models. The roadway inventory data used in this study were supplied by SDDOT and
the South Dakota Department of Public Safety.

6.1.1 Intersection Data

SDDOT provided the intersection data in two shapefiles (a popular geospatial vector data format for
geographic information system (GIS) software): 1) “all intersection” and 2)
“StatetoState_and_StatetoNonStateFedAid.” The shapefile of all intersections in South Dakota has very
limited information and therefore not adequate for HSM calibration. However, the
“StatetoState _and StatetoNonStateFedAid” shapefile includes all intersections between one state
highway and another state highway and all intersections between one state highway and a federal-aid non-
state highway. The dataset has information on the intersection’s lane type (two-lane or multilane), traffic
control type, AADT of major and minor roads, first and second skew angles, left- and right-turn lane
counts, and existence of lighting.

6.1.2 Roadway Segment Data

Roadway segment data were obtained from the Roadway Inventory System (RIS), which is maintained by
SDDOT. RIS has six (6) subsystems, including mileage reference marker (MRM), roadway features,
intersection inventory, traffic inventory, GIS data extract, maintenance cost inventory, and RIS validation.
Prior to requesting data items, a data requirement study was completed by reviewing both the previous
literature and the HSM. Based on the data requirement list provided by the research team, SDDOT
provided event tables for each highway, as shown in Table 6.1.

Table 6.1 Provided RIS Subsystem Event Tables and Key Variables
Event Table Key Variables
MRM Mileage, MRM
A - Admin System Data City Code, Functional Class, Rural-Urban Code
B - Surface Property Data | Surface Type, Surface Width, Shoulder Width
C - Median Data Rumble Strip, Median Type, Median Width
L - Horizontal Curve Data | Degree Curve, Deflection Angle, Spiral Length
N - Vertical Curve Data Elevation, Grade Value, Length In/Out
P - Speed Limit Data Speed Limit
Traffic Data Current Annual Average Daily Traffic, Peak Hour Factor

6.1.3 Crash Data

Five-year crash data (2008 to 2012) were collected from SDARS, the database of motor vehicle crash
information that provides the statistics necessary to identify problems, assist in countermeasures, and
evaluate applied countermeasures to promote safe roadways. Multiple event tables depict crash
information from all aspects, including accident, vehicle, and person. The accident table details
information such as area type (rural/urban), crash type, and crash location. The information on the
vehicle(s) and occupant(s) involved in the crash are contained in the vehicle and person table. These
tables can be related by a common primary index called “AccidentSeqID.”
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6.2 Data Processing

To generate homogeneous highway segments or intersections that met the HSM requirements without
creating extremely short roadway sections, the data event tables containing various highway and traffic
information need to be processed, integrated, and reduced to a format that is appropriate for calibration.
The crash data were joined to either the segment table or the intersection table to produce crash count for
each site. The following section introduces the data processing of the shapefile.

6.2.1 Intersection

The intersection shapefile provided by SDDOT can be used without processing, but intersection-related
crashes need to be spatially joined to individual intersections to create an intersection crash count.

6.2.1.1 Intersection-Related Crash Assignment

A crash event can be joined to an intersection based on the spatial distance between the two items. The
spatial join function provided in ArcMap requires both crash and intersection datasets to be in a shapefile
format. Crash data in a CSV format can be converted to a point shapefile by importing the geographic
coordinate information (i.e., latitude and longitude fields) with the “Add XY Data” function. After
successfully importing the crash data, intersection and crash locations can be joined based on their
proximity.

Figure 6.1 illustrates the intersection-related crashes in relation to state highway intersections. In the
figure, intersections on state highways are marked by red and blue dots, and only intersections marked by
red dots are included in the scope of this study. Red dots represent intersections with approaches as either
a state highway or a highway included in the Non-State Trunk Road Inventory (NSTRI) with federal aid.
Blue dots represent intersections with the other approach as a highway included in the NSTRI without
federal aid, such as highways administrated by towns or counties. This figure also illustrates how crashes
were assigned to each intersection in the study. Each circle has a different radius, 100 feet and 200 feet,
respectively. Red crosses represent intersection-related crashes and blue crosses represent non-
intersection-related crashes. Crashes within 100 feet of the center of intersection are treated as
intersection-related. Crashes within 200 feet of the center of the intersection with an ILTIntersectFlag as
“TRUE” are also treated as intersection-related. All crashes outside of the 200-feet radius are not
considered intersection-related.

ILTIntersectFlag:TRUE ILTIntersectFlag:FALSE

State Highway

NSTRI {Non Fed Aid
State AN /"
100-feet radius
~~~~~~~~ 200-feet radius

Figure 6.1 Illustration of Intersection-Related Crashes
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Although the spatial join function connects the two locations based on the “closest” distance, it is
important to know that one intersection can be closest to more than one crash. Therefore, when joining
crash locations to intersections, it is possible for a crash to be joined to multiple intersections, resulting in
over-counting crashes. To ensure a crash is uniquely joined to an intersection, the crash and intersection
shapefile should be defined as “Target Features” and “Join Features,” respectively. In other words, the
intersection attributes are joined to a crash. The “CLOSEST” option is used as the joining rule. “Search
Radius” is defined as 200 feet. When the spatial join operation is completed, a new field called “Distance
Field Name” is created to measure the distance between the target feature and the closest joined feature. It
is convenient to post-process the data if necessary, as all the key crash attributes (e.g., rural/urban, animal
collision, intersection flag, injury severity, manner of collision, etc.) are maintained. Table 6.2 presents
the relationship between the distance and the intersection flag for all crashes that occurred within 200 feet
of an intersection in a rural area.

Table 6.2 Crash Counts by Distance and Intersection-Related Flag

[LTIntersectFlag Total
Closest Distance FALSE | TRUE
100 feet < Distance < 200 feet 59 17%* 76
Distance < 100 ft 155% 572% 727*
Total 214 589 803
*SDDOT definition of intersection-related crashes.

According to SDDOT’s definition of intersection-related crashes, 744 crashes were included in the HSM
calibration.

6.2.2 Segment

Processing highway segment data is more complicated than processing intersection data because of the
definition of homogeneity. Various highway geometric attributes required by the HSM are stored in
several event tables in RIS. To combine all the roadway information required for the HSM calibration
into one dataset, these event tables need to be merged. The following sections discuss the problems
encountered, the actions taken, and the major steps taken to convert the event tables that were eligible for
merging.

Four clarifications should be made before proceeding with the data processing:
e Rural roads are defined by “City Code” in the Admin dataset.
e The “mileage” of the last segment can be calculated by the MRM dataset.
e The “mileage” field in the horizontal curve file is the midpoint of each horizontal curve.
e The “mileage” field in the vertical curve file is the point of vertical intersection (PVI) of a vertical
curve.

6.2.2.1 Horizontal Curve

The horizontal curve table archives only curve information, and the “mileage” field refers to the middle
point of each horizontal curve. Out of 6,710 observations, 165 had a tangent flag, and the calculated curve
length ranges from 0 mile to 11 miles. The intent is to convert the horizontal curve file into a highway
table that includes both tangents and horizontal curves with continuous mileage. Table 6.3 summarizes
the problems encountered and the decisions made during this conversion.
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Table 6.3 List of Problems and Actions

Problem

Description

Action

Given Mileage
0

!

Starting of
Highway

Highway starting with a curve
with given zero (0) mileage.
There are 12 highways that have
this kind of data issue.

Considered half of the length of
curve when the curve is starting
with zero mileage.

PCl
PC2

PT1+
PT2

Overlap of horizontal curves.
There are 342 pairs of curves
(684) which are overlapping.

Equally divide the overlapped
length into both of the curves.

PC=-0.08

Given
Mileage=0.22

Starting of
Highway

Curve Length= 0.6 mi FT=052

The PC of first curve is negative.

This situation can occur when a
highway starts with a tangent
and the following curve has a
large curve length. [PC= Given
mileage - (curve length/2)].
There are 20 cases.

The starting tangent was
neglected and the PC of the
curve was considered at zero
(0) mileage. Now, the
maximum curve length changes
from 11.04 miles to 4.155 miles
and the average curve length is
0.214 mile as opposed to 0.226
mile before.

PT of the last curve was

PC Curve Mid- The calculated PT of the last . X
Point . considered as maximum
curve exceeds the maximum . . .
. . . mileage given in the MRM file.
End of mileage given in the MRM file. : .
Highway . . PT will not be calculated using
giway | There are 17 highways with .
3 : curve length but be considered
v calculated PT exceeding the . . .
A . . as the highest given mileage for
PT M maximum mileage.

the highway.

In previous studies, researchers investigated the safety effect of horizontal curve and grade combinations
on rural two-lane roads (/9) and the impact of spatial relationship on horizontal curve safety (20). Based
on the recommendations from the HSM and previous studies (/9; 20), threshold values below were used
to exclude extremely short segments and low curvature horizontal curves. The threshold values are as
follows:

1. The threshold value used as minimum degree of curve is 1 (degree). As we processed the data
table to create segments with continuous mileage, curves with less than 1 degree of curve were
considered as tangents instead of curves.

2. Bauer et al. noted in her study, curves with less than 0.01 miles were extremely short segments
that can represent horizontal feature of the segment (14). Another reason for choosing 0.01 mile
as the minimum length is that hundredth of a mile is usually used as the distance unit for locating
a crash. Any curve less than 0.01-mile long was considered a tangent and then merged with an
adjacent tangent in the processed table.

All curves and tangents were calculated using mileage value with six digits after the decimal point. After
calculating the mileage information and length of each curve and tangent, the mileage and length were
rounded to three digits after the decimal point to remain consistent with the other data tables. Considering
all the above recommendations, the number of horizontal curves was 3,667 and the number of tangents
was 3,608.
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6.2.2.2 Vertical Curve

Similar to the horizontal curve table, the vertical curve is a point file that contains both MRM and mileage
values for each vertical curve. The given mileage is the point of vertical intersection (PVI) of each
vertical curve. The table has 29,720 observations, 2,111 of which have zero length.

The vertical curve file was converted to a table with continuous mileage, and had the same types of issues
as the horizontal curve event table. For example, 12 curves had negative mileage information for the
beginning of the curve. There were 3,203 pairs of curves that overlapped. Treatments for these issues
were the same as the recommendations for the horizontal curve.

The HSM recommends a new segment start at the PVI of each vertical curve so that each segment should
have a uniform grade value. Considering this recommendation, each vertical curve was split at the PVI.
The sign of the grade (e.g., + is upgrade and — is downgrade) was not critical because when the grade in
one direction is positive, it must be negative in the other direction for two-way traffic, therefore offsetting
any overall positive or negative safety effects.

The HSM also recommends a 3% minimum grade for any vertical curves. In this study, any grade less
than 3% was considered to be level. Similar to horizontal curves, 0.01 mile was considered as the
minimum threshold value for vertical curve length, resulting in 7,077 grade segments and 3,421 level
segments.

6.2.3 Traffic Data

The traffic data table contains 1,867 observations, and each has an MRM value. All event tables include
mileage, and thus mileage information was used to merge tables needed to create a comprehensive
calibration database. The original traffic data table did not include mileage information, so a mileage
check was conducted to retrieve the mileage value for any given MRM in the table. Among the 1,867
given MRM values, all mileage values could be retrieved from other tables. Figure 6.2 illustrates the data
table clipping procedure in a finer scale, also called dynamic segmentation.
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Figure 6.2 Event table merging technique with mileage information
6.2.4 Event Tables Merging Process
By clipping two or more data tables based on mileage value, the clipped file has created a new segment

on each unique mileage available in the data tables used for clipping. The sequence of the merge was
important, as different sequences may produce a different number of segments. The merging principle
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proceeded from coarse to fine (see Figure 6.3) to avoid creating short segments at the start of a merging
sequence and improve computational efficiency.

Admin Data Speed Limit data
1711 Obs. 1296 Obs.
| |
Median Data

Admin_SpeedLimit_Clip 2261 Obs

Admin_SpLim Med _Clip S‘;"ngclcolizm
| |
Admin_SpLim_Med_Surface_Clip Hogi%l;t%g st B

| |

\ J
: . . Vertical Curve
Admin_SpLim_Med_Surf HCur_Clip 10920 Obs

| |
Y
Admin SpLim Med Surf HCur VCur Clip

Traffic Data
2187 Obs

Homogeneous Segmentation
Road Data Table

[Note: Horizontal and Vertical curve file in this chart represents the processed event table for clipping |

Figure 6.3 RIS Event Table Merging Sequence

Figure 6.3 illustrates the data table merging sequence to obtain the homogeneous roadway segment table.
As discussed earlier, the main rationale considered for table merging went from coarse to fine to avoid
creating short segments. The table merging scripts were written in such a way that it can only merge two
separate data tables at once. In the RIS inventory data tables, “A-Admin System Data” and “P-Speed
Limit Data” had the lowest number of observations to represent the state highway roadway network. This
means that both were coarse data tables in the RIS data inventory. So, the merging sequence starts with
“A-Admin System Data” and “P-Speed Limit Data” data tables. After merging the two files, it followed
the descending order of number of observations in one data table for merging other data tables. The traffic
data table was merged at the end of the sequence because it did not have the mileage value. For this
reason, the traffic data table was merged with other data table based on “MRM?” value. The final roadway
table is generated by clipping event tables from the RIS subsystems based on the mileage value. Each
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observation in this dataset has uniform attribution. Each highway is segmented according to the change in
the roadway features in different data tables. The segment length is calculated using the mileage value. A
roadway shapefile was created based on this table by using the linear referencing system (LRS) at
SDDOT.

6.2.5 Lane Width Calculation

One of the important data items to apply to HSM predictive models is the lane width. The lane width
information was not directly available in any of the RIS inventory data tables. The lane width can be
simply calculated by dividing surface width by number of lanes. Surface width information was available
in “B-Surface Property Data” as “SurfaceWidthNbr” (Item 66) and number of lane information was
available in “C-Median Data” as “NumberLanesNbr” (Item 87). After joining the data tables from RIS
inventory, both surface width and number of lane information was available in the homogeneous
segmentation road data table. The formula used to calculate lane width can be expressed as follows:

SurfaceWidthNbr
NumberLanesNbr

Lane Width =

(6-1)

6.2.6 Segment Crash Assignment

All crashes that occurred on state roads outside the urban boundary were filtered from the original crash
dataset to be linked with the roadway shapefile. ArcMap was used to assign crashes to each segment
based on their spatial distance. Similarly, to avoid the situation of joining a crash to multiple roadway
links, the crash dataset was set as target features and the roadway shapefile was set as joined features in
“Spatial Join.” Each crash was linked with its closest segment. All key crash characteristics (i.e., area
type, animal collision, injury severity, and manner of collision) were maintained, which made it more
convenient to run attribute-specific queries. Only 0.35% (or 46 out of 13,337) crashes have the distance
from the centerline of the roadway longer than 51 feet. Therefore, a 50-foot buffer distance was assumed
for each crash when finalizing the linkage between the crash dataset and the roadway dataset because
crashes more than 50 feet from the centerline are probably wrong. All crashes, including animal
collisions, within a 50-foot buffer distance of each roadway segment were linked with that segment.
Figure 6.4 illustrates the join procedure.

50 ft Buffer ROADWAY
. _____________________________________________________________________________________________|
50 ft Buffer * <« linked crashes
Unlinked crashes *

Figure 6.4 Illustration of Buffer Distance Used to Link Crashes with Segments

Following the following steps, the database was condensed even further:
o The total roadway file, which included both rural and urban roads, was used in the joining stage,
meaning a few of the crashes linked with those segments have a city flag. After removing those
crashes, the total number of joined segment crashes was 21,767.
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e Some of the roadway segments were specified as being state highways divided by one lane.
Those segments included 22 crashes and were 8.861-miles long. The HSM does not have such a
category, so those segments were removed for consistency.

6.3 HSM Calibration

In this section, the calibration factors were calculated using the HSM procedures that have not been
modified. The HSM recommends following certain steps to calibrate the HSM predictive models. For
both rural two-lane two-way and multilane facilities, there are six steps to follow when calibrating HSM
predictive models. A summary of these steps is illustrated in Figure 6.5.

2 Select sites 5. Determine 6. Calculate

1. Select a for 3. Apply base 4. Apply predicted calibration
facility type a0 model CMFs crash factor (C, or
calibration frequency C) r

Figure 6.5 HSM Calibration Procedure
6.3.1 HSM Predictive Methods
For any facility type, the HSM provides the following predictive model equation:

N

predicted = Nspg X C X (CMF; X - X CMFE,) (6-2)

where Npedicred 18 the predicted average crash frequency for a site, Ny, is the predicted average crash
frequency for the base conditions for a site, which is also called safety performance function (SPF). C is
the calibration factor (Cr is for a roadway segment and Ci is for an intersection). A series of crash
modification factors (CMFs) account for changes in the number of crashes due to site characteristics or
safety treatments that are different from base conditions.

The base conditions need to be identified to calculate the SPF. Tables in the appendix present the base
conditions, SPF functions, and CMF list for each facility type.

Table 6.4 and Table 6.5 list the availability of CMF data in South Dakota.
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Table 6.4 List of CMFs for Rural Two-lane Two-way Highway Facilities

Data
CMF Description* Availability
CMF;; | Lane Width X
CMF;,: | Shoulder Width and Type X
CMF;; | Horizontal Curve X
CMFy4: | Horizontal Curve Superelevation
CMFs; | Grades X
Roadway CMFs: | Driveway Density
Segments CMF5: | Centerline Rumble Strip X
CMFs: | Passing Lanes
CMFy, | Two-way left-turn Lanes
CMFio: | Roadside Design
CMFii; | Lighting
CMF 1 | Automated Speed Enforcement Not applied
CMF\i | Intersection Skew Angle X
Intersections CMPF,; Intersect%on Lc?ft-tum Lanes X
CMF3; | Intersection Right-turn Lanes X
CMF4 | Lighting X
* Ttalic style indicates desirable data, and the others are required data.

Table 6.5 List of CMFs for Rural Multilane Highway Facilities

Data
CMF Description Availability
Rural CMF i | Lane Width X
Multilane CMFyn, | Shoulder Width and Type X
Undivided CMFs., | Sideslopes X
Segments CMF4n | Lighting
(RM4U) CMFsn | Automated Speed Enforcement Not applied
Rural CMFq | Lane Width X
Multilane CMF34 | Right Shoulder Width X
Divided CMFsq | Median Width X
Segments CMF4q | Lighting
(RM4D) CMFsq | Automated Speed Enforcement Not applied
Rural CMFy; Intersect.ion Skew Angle . X
Multilane CMFy; Intersecqon Lc.eft-turn Lanes on Majqr Road X
Intersections CMF3; Intersection Right-turn Lanes on Major Road X
CMFy; Lighting X

* Ttalic style indicates desirable data, and the others are required data.
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6.3.2 HSM Calibration Procedure

The calibration procedure recommended in the HSM was followed when calibrating predictive models for
both segments and intersections. The procedure involved five steps:

Step I—lIdentify facility types for which the applicable Part C predictive model is to be calibrated.

Three facility types were identified: rural two-lane two-way segments (RT), rural multilane undivided
segments (RM4U), and rural multilane divided segments (RM4D). In this study, there are five
intersection types: rural two-lane three-leg intersections with STOP control (RT3ST), rural two-lane four-
leg intersections with STOP control (RT4ST), rural multilane three-leg intersections with STOP control
(RM3ST), rural multilane four-leg intersections with STOP control (RM4ST), and rural multilane four-
leg signalized intersections (RM4SQ).

Step 2—Select sites for calibration of the predictive model for each facility type.

The HSM suggests that the desirable minimum sample for each facility type be 30 to 50 sites and have
more than 100 crashes per year. Therefore, a desirable total would consist of more than 500 crashes in
five years. The HSM also suggests using all available sites for calibration if there are fewer than 30 sites
for a specific type.

The numbers of rural multilane undivided highway segments were 1,211 with 940 crashes. All the facility
types fulfilled the HSM recommended number of sites and number of total crashes. Within each facility
type, all segments were considered to calculate the calibration factor.

Among all intersection types, only RT4ST had more than 500 crashes in five years. It was more accurate
to use the entire dataset for calibration than using a sample that could harbor selection bias. Hence, for all
facility types, the entire dataset was used for calibration. Although RM4SG had only one site, the
calibration was still developed for reference.

Step 3—Obtain data applicable to a specific calibration period for each facility type.

The observed crash frequencies from 2008-2012 were obtained for both the segments and the
intersections under consideration. Most of the data items required by the HSM for calibration were
available for each segment, referred to in Table 6.4 and Table 6.5. A unit value of one was used for
unavailable CMFs. The intersection data contained all necessary information for applying the predictive
models.

Step 4—Apply the applicable Part C predictive model to predict total crash frequency for each site during
the whole calibration period.

The SPF equations provided in the HSM were used to calculate the total crash number prediction for the

base conditions. The CMFs were applied to the predicted total to account for the conditions that deviate
from the base conditions.
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Step 5—Compute calibration factors for use in Part C predictive model.

The following equation was used to compute the calibration factors for each facility type:

ites Observed crashes
Cr or Ci — Zallswes (6-3)

Y ail sites Predicted crashes

6.3.3 HSM Calibration Factor

The calibration procedure was conducted for each facility type. The calibration results for both segments
and intersections were summarized in Table 6.6.

Table 6.6 Calibration Results for Segments and Intersections

Crashes . .

Facility Type N“m.b.e? Observed | Predicted Calibration
of Facilities Factor

(2008-2012) | (5 years)

RT 6,362 10,418 8,861 1.18
Segments RM4U 152 940 822 1.14
(miles) RM4D 634 1791 1139 1.57
Grand Total 7149 13,149 10822 1.22
RT3ST 337 170 309 0.55
RT4ST 582 415 1276 0.33
Intersections | RM3ST 19 26 19 1.36
(number) RM4ST 71 125 222 0.56
RM4SG 1 2 52 0.04
Grand Total 1,010 738 1,878 0.40

In summary, about 81% of the segments are rural two-lane two-way. Crashes occur on South Dakota rural
state highway segments at an average 22% higher rate than what is predicted by the HSM. Although the
calibration factors vary between different types of highway facilities, the deviation is relatively small,
ranging from 1.14 to 1.57. Crashes on rural state highway intersections were found to occur 60% fewer
times than what is predicted by the HSM. The calibration factors, however, change drastically among
different types of intersections. RM3ST has a calibration factor of 1.36, whereas the calibration factor for
RTA4ST is only 0.33. Note that the calibration reliability can be affected by a small sample size. There are
only 19 RM3ST facility types and one signalized intersection in this study; therefore, the calibration
factors for these types of facilities may not be reliable.

6.4 Analysis and Discussion

Although the calibration factor has been estimated for each state highway facility type in South Dakota,
individual site performance is unknown. It is possible that the calibration factor may vary considerably
among the sites within the same facility type; if so, new information that may explain the within-facility
variability should be introduced to further classify the current calibration factor.

A logical starting point is to review the calibration factor for each site over the entire state highway
system and identify any spatial patterns that may support a regional stratification. The regional factor is
often considered the surrogate measure for conditions other than those used in the HSM predictive
methods (e.g., weather, animal population, terrain, crash reporting threshold and criteria). Next, several
roadway attributes included in RIS are not included in the HSM predictive methods (e.g., posted speed
limit, the degree of curve, grade); these factors contribute to crash occurrence and they might also explain
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variability within the same facility. Lastly, the effect of the variables already included in the HSM
predictive methods (e.g., AADT, lane width, shoulder width) should be evaluated because the HSM SPFs
and CMFs were not developed with local data. Furthermore, the quantitative relationship presented as the
coefficients of SPF does not necessarily hold in South Dakota. The following analysis and discussion
provide factual information and statistical evidence to support any modification to the current HSM
calibration.

6.4.1 Geographic Distribution of Calibration Factors
The calibration factor of each intersection was calculated and mapped in Figure 6.6.

The size of the circle denotes the calibration factor value. Most calibration factors are lower than one,
suggesting that the HSM predictive method overestimates crash frequency for most intersection sites in
South Dakota. Moreover, no visible spatial clusters or patterns can be discerned (e.g., east of the Missouri
River vs. west of the Missouri River, or in the vicinity of large cities such as Sioux Falls and Rapid City).
It was concluded that a region-specific model may not be effective in distinguishing different safety
performances among intersections.

@ 0.401-0.700
) 0.701 - 1.000

@ 1.001 - 2.000
@ 2001- 14679

Figure 6.6 Distribution of Intersection Calibration Factor
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Figure 6.7 presents the map of calibration factors for each highway segment. Unlike intersections, the
spatial distribution suggests there may be two distinctive zones for segments in South Dakota. In western
South Dakota, the predicted number of segment crashes is overestimated, whereas it is underestimated in
eastern South Dakota. The denser highway network in southeastern South Dakota may contribute to the
average calibration factor of 1.22. Despite noticeable patterns, the mixed results indicate that it can be
challenging to draw boundaries between regions.
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Figure 6.7 Distribution of Segment Calibration Factor

The calibration factor maps reveal a large disparity between intersections and segments. Compared with
intersection crashes, segment crashes disclose some features that may be attributable to regional effects
(i.e., weather, terrain, animal population). However, it is unclear how much better a region-specific SPF
will be in comparison to a state SPF, and the challenge of defining explicit boundary lines between areas
is daunting due to the lack of information and in-depth analysis. Dividing the state by geographic areas
and developing region-specific SPFs were not further pursued in this project.

6.4.2 Factors Contributing to Calibration

Spatial analysis indicates whether or not the dataset should be divided to better represent the geographic
disparities. The difference between observation and prediction reveals whether or not the relationship
between the predicted crash frequency and the explanatory variables should be changed for higher
accuracy. This entails adding new variables to the current SPFs or calibrating SPFs with local data. In this
exploration, “residual” was used to examine which factors contribute to the difference between
observation and prediction, which was formulated as the observation minus the prediction multiplied by
Cr (or Ci). It is a measure for within-facility variation and indicates how dispersed the data can be.
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Beginning with intersections, four types of intersections were considered: RT3ST, RT4ST, RM3ST, and
RMA4ST. RM4SG was not included because there is only one site. The normal Q-Q plots for residuals in
Figure 6.8 present two remarkably different patterns for two-lane two-way highways and multilane
highways, respectively. Note that the Q-Q plot shows the residual quantiles against the theoretical normal
quantiles. When the plots are generally aligned on a straight line, the residuals approximately follow the
normal distribution. Denoted by green and orange dots in Figure 6-8, residuals of intersections on two-
lane facilities are not normally distributed, but are skewed to the right. This pattern suggests that the HSM
predictive model for rural two-lane intersections does not competently account for data skewness. In this
event, a prediction model has to be calibrated with local data. Denoted by purple or blue dots in Figure 6-
8, residuals of intersections on multilane facilities approximately formed a straight line, suggesting strong
normality. The HSM prediction models for multilane intersections can effectively correct the skewness in
crash data and do not require a new model.

Intersection Type

* RT3ST
* RT4ST
* RM33T

RM4ST

Residuals

theoretical

Figure 6.8 Normal Q-Q Plot for Residuals by Intersection Type
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Figure 6.9 shows the correlation between the residual and intersection characteristics. According to the
correlation matrix, none of the correlation coefficients between the residual and highway characteristics are
large enough to warrant a significant linear dependence. Among them, the number of left-turn lanes has the
highest correlation coefficient. Different lighting conditions have different residual distributions. Both
prompt further analysis.
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Figure 6.9 Correlation between Residual and Intersection Characteristics

Since the left-turn lane count is a categorical variable, the boxplots were generated by intersection type in
Figure 6.10. At first glance, the HSM prediction generally overestimates the crash frequency for base
condition intersections (i.e., without left-turn lanes). A closer review indicates that the residuals increase
from negative to positive as the number of left-turn lanes increases. This is similar to the change that
takes place when the HSM prediction goes from underestimation to overestimation. Note that there is
already a left-turn lane CMF in the HSM that declines from one as the number of left-turn lanes increases.

The boxplots of residuals for lighting conditions in Figure 6.11 were produced to depict the relationship
between the residuals and lighting conditions. Again, the HSM prediction generally overestimates the
crash frequency for intersections with base conditions (i.e., no light). A significant difference is not
present between the “no light” condition and “light” condition on rural two-lane highway intersections,
but is present at multilane highway intersections, which may be attributed to the randomness caused by
the small sample size for multilane intersections.

Since the number of left-turn lanes has been taken care of by a CMF in the HSM and few sites were

available in the multilane intersections, the adjustment for the number of left-turn lanes and light
conditions at intersections was not pursued further in this project.
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Similar analyses were conducted on rural highway segments for RT, RM4U, and RM4D. First, the
correlation matrix plots between residual and segment characteristics were produced in Figure 6.12,
Figure 6.13, and Figure 6.14. The four largest correlation coefficient values between residual and segment
characteristics are marked by a red circle. None of the correlation coefficients is larger than 0.3,
indicating a weak linear correlation between residual and segment characteristics.
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Linear correlation may not be adequate to depict the possible non-linear dependence between residual and
segment characteristics. The nonlinearity can be revealed by the locally weighted scatterplot smoothing
(LOESS) curve. The residuals were plotted with LOESS from Figure 6.15 to Figure 6.17 for the four
variables (i.e., AADT, segment length, left-shoulder width, and the degree of curve) with the largest
correlation coefficients in each of the three segment types to investigate any non-linear effect.
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Figure 6.15 Residual Plot with Correlated Variables (RT)
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Figure 6.1 Residual Plot with Correlated Variables (RM4D)

In these plots, LOESS shows a downward trend between residuals and AADT for rural multilane
segments. A closer review of this relationship suggests the LOESS fit curves were bent down because of
outliers in a high AADT region. Removing these outliers led to no apparent dependence between
residuals and AADT. No distinct trends were found between residuals and other variables.

After extensive statistical and spatial analysis, some patterns and trends have been discovered from the
perspective of either geography or contributing factor. But no pattern or trend is substantial enough to
warrant the development of region-specific SPFs or add any change to the current HSM predictive
method, except for calibrating intersection SPFs for rural two-lane two-way intersections with South
Dakota data. As mentioned at the beginning of the section, the series of analysis is based on the residual,
which is the observation minus the prediction multiplied by Cr (or Ci), and the prediction is calculated by
strictly following the HSM predictive method. In the next section, base conditions in South Dakota are
established and discussed; and appropriate modifications are recommended and carried out based on the
outcome presented in this section and base conditions in the next section.

6.5 Modifications in the HSM Predictive Method

The HSM calibration process in Part C of the Predictive Methods Appendix A was reviewed. Figure 6.18
illustrates the procedure of a modified HSM predictive method. The first step is to select a facility type
for modification. Step 2 is to use all the available sites. In the third step, the most prevailing conditions of
this facility type in South Dakota are identified as state-specific base conditions. The state-specific base
conditions are compared with those defined in the HSM in Step 4. If they are different, Step 5.a, 5.b, and
5.c are executed. Otherwise, Step 5.d and 5.e are followed. The calibration factor is derived following
Step 6 and 7. If the value is between 0.67 and 1.33, suggesting the observed crash frequency is above or
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below the predicted crash frequency by one-third, the HSM SPF and the corresponding calibration factor
are recommended in Step 9. Otherwise, state-specific SPF should be developed in Step 5.f. Following
Step 5.e and Step 6 and 7, the new calibration factor is derived.

1. Select a facility type

v

2. Use all the available sites

v

3. Conformity review of
base conditions

/) \\\
YES NO

4. Are base conditions
different?
A 4

5.a. Define South Dakota-specific
base conditions 5.d. Apply HSM SPF
\ 4

5.b. Develop South Dakota-specific S.e. Apply HSM CMFs N

SPF l

6. Determine predicted crash
frequency

\ 4
5.c. Convert CMFs to South l
Dakota-specific base conditions

7. Calculate calibration factor

| v

6. Determine predicted crash - i \\ NO 5.f. Develop and

frequency 8. 0.67<C<1.33 D apply South Dakota-
specific SPF
v YES,

9. Recommend SPF and
calibration factor

7. Calculate calibration factor

Figure 6.2 Modified HSM Predictive Methods
6.5.1 Safety Performance Function (SPF)

For each intersection and segment facility type, base conditions should first be defined and SPFs should
be calibrated with the sites satisfying the base conditions. The HSM suggests that the agency-specific
base conditions be designed to represent the most common characteristics of facilities. SPFs should be
developed using statistically valid methods by using the local data that represent base conditions.

6.5.1.1 Base Conditions

Base conditions for different facility types in the HSM can be found in Table 11.1 and Table 11.4 in
Appendix A. For rural RT3ST intersections, the most representative base conditions in South Dakota, or
162 out of 337 sites, are the same as the HSM base. For South Dakota RT4ST intersections, 409
intersections out of 582 have the same base conditions as the HSM base.

Table 6.7 summarizes the site counts and observed crash counts for the entire dataset and for the sites
with base conditions only.
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Table 6.7 Summary of the Whole Dataset and Dataset with Base Conditions

Total Base Conditions
Intersection Type | Site Counts | Observed Crashes | Site Counts | Observed Crashes
RT3ST 337 172 162 (48%) 53 31%)
RT4ST 582 416 409 (70%) 235 (56%)

Lane width and shoulder width are the two roadway features that can have a wide range of values. Note
that the lane width is not directly available in RIS but was calculated by dividing the surface width by the
number of lanes. Details are referred to Section 6.2.4. Shoulder width was directly retrieved from RIS.
The length distribution for various combinations of lane and shoulder width was used to identify the
conditions with the largest share of mileage. The segment length distribution for different lane and
shoulder width are provided for the three segment types in Table 6.8, Table 6.9, and Table 6.10. Cells in
green indicate the largest total length. Note that the average number for left- and right-shoulder width was
considered as the shoulder width for both rural two-lane two-way and multilane undivided facilities.

Representing the maximum length, the state-specific base conditions were determined from the cell
values. In Table 6.8, the maximum length for lane width and shoulder width combination found is 12-foot
lane and 4-foot shoulder. In Table 6.11, the maximum length for the combination is 12-foot lane width
and 2-foot shoulder width; and in Table 6.12, the maximum length for the combination is 13-foot lane
width and 4-foot shoulder width. For RM4D facility, the highest segment length was found with 30-foot
median width.

Table 6.10 shows the facility length distribution with lane width and shoulder width after filtering the
sites with 30-foot median width. Table 6.11 displays the new base conditions for each segment type. Base
conditions for other geometric characteristics, such as lane width, curve information, and grade, were the
same as the HSM recommended base conditions.
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Table 6.8 Length Distribution for Rural Two-lane Two-way Segments

SW
LW 0 1 2 3 4 5 6 7 8 9 10 11 12]>12
9 0.24 1.66
10| 19.35 0.35] 2398 13.48 583 35.18 0.19
10.5 0.03
11) 67.84| 2579 31.22 5.51 15.20 8.89
11.5] 421 12.00 0.22
12) 145.82 | 122.15 | 563.20 | 402.40 | 750.37 | 252.78 | 230.93 | 128.30 | 96.29 | 30.76 | 32.53 | 41.71 | 13.87| 0.31
12,5 4.56
13| 67.72| 20.54| 102.50 ) 196.54 [ 27.34| 21.80| 12.62| 27.54| 21.30 7.46
13.5] 343 13.88
14| 7145 6.88 | 50.18 [ 65.14| 358.38 | 176.36 | 461.14 | 86.86 | 129.27| 25.78 | 8.31 1.19
14.5 0.03
15 89.93 0.96 0.80 | 10.05 9.28 | 41.85 17.88 | 54.79 [ 14.73 16.22 0.40
15.5] 0.72
16) 101.98 0.20 2.19 0.41 1.94 0.65
16.5 1.44 0.10 0.27
17| 57.24 1.74 0.20 0.42
17.5| 0.84 0.11 0.82 0.13
18] 66.96 0.39 1.27 0.92 3.28 0.59 0.42 022] 0.08[ 0.11
18.5 0.05
19] 544 0.40 0.09 0.67 0.21
19.5 0.04
20( 24.84 0.17 3.91 0.90 0.32 0.36
21 0.33 0.41 0.08 1.59 0.07 0.21
22  0.61 0.25 1.97 0.06 2.11 0.39
23 0.64
24  0.02 1.30 0.32 0.04 0.11
26 0.15 0.25 0.05
30 0.02
Total| 734.18] 180.011| 796.772| 680.024| 1173.59[ 530.646| 758.753| 306.408| 262.343| 56.612| 64.855| 41.714| 13.867| 1.905

Table 6.1 Length Distribution for Rural Multilane Undivided Segments

SW

LW 0 1 2 3 4 5 6 7 8 9 10 11 | >11
6 0.10 0.13
7.5 2.48
8 022 0.83]| 0.08 0.22 ] 0.95 | 0.56
9 0.19

9.5 0.43

10 0.141 0.22
10.5 0.17
11 0.56
11.5 0.07 0.32

12) 1.94 11.87] 079 244 | 6.85| 2.64| 158 472] 1.56] 0.37
12.5 0.08 ] 0.03 020] 0.21] 0.18 1.22

13] 0.27 2141007 ] 1.15] 555]| 561]045]| 184 0.18
13.5| 0.13] 1.69]| 0.71] 0.20] 040 | 0.19] 2.07] 0.39] 2.52

14 2.85[0.05[ 035[1.95[1.68| 3.13[ 1.89 1.14 | 0.25

14.5 0.07 1.07 0.20

15| 0.58] 0.15] 1.70 0.84| 0.06]| 1.11] 0.02

15.5 0.10 1.06

16 1.76 | 0.74] 2.13| 2.10 0.22] 0.19 0.13

16.5 1.27

17 0.61 1.07

17.5| 0.24 0.39 ] 0.02

18 0.36

18.5| 2.78

19 0.29

19.5| 0.26

20, 0.291 0.23 [ 0.29
Total| 10.81 | 2.79] 20.97 | 6.98| 8.13| 17.67| 14.05]| 4.87| 11.71 | 1.81] 1.25] 0.95] 3.52
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Table 6.2 Length Distribution for Rural Multilane Divided Segments

Sum of Right Shoulder Width
Length
Lane Width of 1 2 3 4 5 6 7 ) of 10 >10
10 020 025 0.19
11 0.05| 005
12| 2.50 1621 | 55.35| 44.52| 5.69| 27.96] 20.75 | 6037 | 29.43 | 2336 | 4.15
12.5 0.12 1.08
13] 013 1133 | 050 1362 0.49| 53.83| 11.77] 462| 086] 9.05
13.5] 045 0.45
14] 005]125| 054| 513| 059 10.16 0.60
14.5 0.77 0.77
15] 1652 1.75] 042 032] 656| 1636] 9.07 2.29
16| 0.46 479 0.08
16.5 0.16
17 0.03
18] 27.68 | 228 | 1.42] 031 0.24
19] 0.61
20 0.18 0.20
24 0.05
34 0.22
Total 48.79 | 527 36.27] 6133 | 182.15 | 12.75 | 109.51 | 41.59 | 66.24 | 31.37 | 34.69 | 4.59

Table 6.3 South Dakota-Specific Base Conditions by Segment Type

RT RM4U RM4D
Shoulder Width = 4 feet Shoulder Width =2 feet Lane Width= 13 feet
Shoulder Width = 4 feet

The statistic summaries of state-specific base conditions are shown in Table 6.12. The proportion of
observed crashes is comparable to the proportion of length for both the RT and RM4D base conditions. In
the base condition dataset for RM4U, the share of observed crashes (3.3%) is less than half of the length
proportion (7.81%). Additionally, the number of observed crashes is only 31 and the sample size is 75.

Table 6.4 Statistics Summary of the Whole Datasets and Datasets for Base Conditions

Whole Dataset Dataset for Base Conditions
Length | Observed ample Length Observed .
Type (m%) Crashes > Sizlt)e (m%) Crashes Sample Size
RT 6361.531 10418 16828750372 (11.8%)| 949 (9.11%)|1002 (5.95%)
RM4U 152.158 940 1210 11.88 (7.81%) 31 (33%)| 75 (6.2%)
RM4D 634.246 1791 1619| 97.427 (15.36%)| 110 (6.14%)| 209 (12.9%)
Grand Total| 7147.935 13149 19657 (859.679 (12.01%)| 1090 (8.29%)|1286 (6.5%)

6.5.1.2 Developing SPFs

Similar to the SPFs in the HSM, the negative binomial regression analysis was used to develop these
SPFs. All equation forms of SPFs for each facility type can be found in Table 11.2 and Table 11.5 in
Appendix A. For comparison purposes, the equation forms of South Dakota-specific SPFs were the same
as those in the HSM but coefficients were calibrated with local data. For intersections, only the AADTSs of
the major approach and minor approach were included in the SPFs. AADT and segment length were the
only two variables in the SPFs for segment facilities. Model results show that all explanatory variables are
statistically significant. SPF was not developed for RM3ST intersections as there are very few such sites
and not developed for RM4ST intersections as the HSM has successfully corrected the data skewness (see
Figure 6-8). No SPF was developed for RM4U because it had a very small sample size and very few
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crashes. The SPFs for two intersection types and two segment types are provided in Table 6-13 along
with the HSM SPFs.
Table 6.5 South Dakota-Specific SPFs and HSM SPFs

Facility HSM SPFs South Dakota-Specific SPFs
Types

Intersection

RT3ST | ¢ —9.86+0.79XIN(AADT q)+0.49XIN(AADT min) e—9.93+0.66><ln(AADTmaj)+O.52Xln(AADTmin)

RT4ST e—8.56+0.60><ln(AADTmaj)+0.61xln(AADTmin) e—10.55+0.79><ln(AADTmaj)+0.51><ln(AADTmin)

Segment

RT AADT X L x 365 x 1076 x ¢(=0-312) AADT X L x 365 X 1076 x ¢(=0-1101)

RMA4D | o(~9-025+1.049xIn(4ADT)+In(L)) o (-19.7106+2.4597xIn(AADT)+In(L))

Figure 6.19 to Figure 6.22 illustrate the difference between the HSM SPFs and state-specific SPFs. SPFs
for intersections involve major AADT (AADT on the major road) and minor AADT (AADT on the minor
road). To visualize both, two figures were created with one being fixed and the other being varied and the
average AADT is the fixed value.

For RT3ST, the average major AADT and minor AADT are 1,172 and 307, respectively. In Figure 6.19,
the graph on the left shows the trend of predicted crash frequency against major AADT when the minor
AADT is 307; and the graph on the right shows the trend of predicted crash frequency against minor
AADT when the major AADT is 1,172. Both figures show that the predicted crash frequency using the
HSM SPF is always greater than that of state-specific SPF, and the difference increases as AADT
increases.

HSM HSM
__ South Daketa __ South Dakota
“Specific “Specific

e
|

Predicted Crash Frequency
< ° p
Predicted Crash Frequency

00 4000 4500 5000 5500 0 500 1000 1500 2000 2600
Minor AADT

Figure 6.3 HSM SPF and State-specific SPF vs. Major AADT (RT3ST)
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For RT4ST, the average major AADT and minor AADT are 1,299 and 373, respectively. Figure 6.20 shows
the trend of predicted crash frequency against major AADT when the minor AADT is 373; Figure 6.21
shows the trend of predicted crash frequency against minor AADT when the major AADT is 1,299. Both
figures show that the predicted crash frequency using the HSM SPF is always greater than state-specific
SPF, and the difference increases as AADT increases.

HSM
_ South Dakota
“Speciic

HSM
__ South Dakota
“Specific

_Predicted Crash Frequency
~_ Predicted Crash Frequency

00 4000 4500 5000 7000 7500 8000 0 500 1000 1500 2000 2500
Major AAD Minor AADT

Figure 6.5 HSM SPF and State- Figure 6.4 HSM SPF and State-
specific SPF vs. Major AADT specific SPF vs. Minor AADT
(RT4ST) (RT4ST)

SPFs were developed using the database that included all the attributes identified as “base conditions.”

The comparison between the HSM and state-specific SPFs was plotted in Figure 6.22 and Figure 6.23 for
RT and RM4D, respectively. Figure 6.22 shows the state-specific SPF consistently predicts a higher
number of crashes compared with the HSM SPF. Figure 6.23 shows that the state-specific SPF predicts
fewer crashes in the lower bound of AADT but more crashes in the higher bound of AADT.

e <= HSM
% N . ;S%Ezi&akota % ad - —SSD;t;EiﬁDCakma
.
0 5000 10000 15000 20000 0 2000 4000 000
AADT AADT
Figure 6.22 HSM SPF and Figure 6.63 HSM SPF and
State-specific SPF vs. AADT State-specific SPF vs. AADT
(RT (RM4D)
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6.5.2 Crash Modification Factor (CMF)

After defining and establishing base conditions, CMFs must be converted because they represent
quantitative changes in predicted crash frequencies resulting from site characteristic variations from base
conditions. The base conditions for South Dakota intersections do not differ from the HSM bases; hence,
no changes were made for CMFs. However, the South Dakota base conditions of rural roadway segments
are different from those defined in the HSM; hence, CMFs were modified accordingly.

The new base lane width is 13 feet for rural multilane divided highway facilities. In the HSM, the CMF
for lane width is the same for a width of 12 feet or larger. Since 12 feet is the base lane width in the HSM,
the CMF for lane width is intact when the base lane width becomes 13 feet.

The shoulder width for both rural two-lane two-way and multilane divided state highways in the new base
conditions is 4 feet. The CMF for shoulder width is divided into three domains based on AADT as shown
in Table 11.3 in Appendix A. For AADT less than 400 vehicles/day and over 2,000 vehicles/day, the
CMF value is a scale factor from the study conducted by Zegeer et al. (21). The CMF for AADT between
400 and 2,000 vehicles/day is formulated as a linear equation where the variable is (AADT - 400), the

intercept is the CMF value for AADT less than 400, and the slope is CMF>22388:21::<4°°. The conversion of

CMFs according to the new base conditions was performed using the CMF values in the HSM. When the
CMF value is a scale factor, the new base condition is reset to one, and the others can be adjusted by a
corresponding multiplier. The CMF for the transition zone is then adjusted using the two scale values.
The adjusted CMF is provided in Table 6.14 (refer to Table 11.3 for the original CMF).

Table 6.6 Adjusted CMF for Shoulder Width for Rural Two-lane Two-way Segments

J 5y 104 = 150 — 110

2000 — 400

AADT
Shoulder Width <40k\\ 400-2000 >2000
0 feet 1.10 1.10|+[2.5 x 107*(4AADT — 400) 1.50
2 feet 1.07 1.07 + 1.43 X 10~*(4ADT — 400) 1.30
4 feet 1.02 1.02 + 8.125 x 10~5(4ADT — 400) 1.15
6 feet 1.00 1.00 1.00
8 feet or more 0.98 0.98 — 6.875 x 10™>(AADT — 400) 0.87

The CMF for shoulder width for rural multilane divided highway facilities was calculated the same way
as the two-lane two-way highway. For shoulder width, all CMF values were adjusted with corresponding
multipliers by resetting the CMF value for the new base conditions to one. The conversion of CMF for
shoulder width in the multilane divided highway is provided in Table 6.15, in which the original CMF

value for 4 feet was reset to 1 and the other CMF values were adjusted by multiplying ﬁ.
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Table 6.7 Adjusted CMF for Shoulder Width for Rural Multilane Divided Segments

Shoulder Width CMF (HSM) CMF (South Dakota-Specific)

1.18

0 feet 1.18 —— =1.082
1.09
1.13

2 feet 1.13 —— = 1.037
1.09 03

4 feet 1.09 1.00
1.04

6 feet 1.04 —— =10.954
1.09

8 feet or more 1.00 ! =0.917

' 1.09

6.5.3 Calibration Factor

After the state-specific SPFs and CMFs were calculated, the calibration factors were derived again. Table
6-16 summarizes the calibration results. Only facility types with available state-specific SPFs and CMFs
are included. The table shows that all the calibration factors using the state-specific SPFs and CMFs are
closer to one when compared with those using the HSM method. The larger the calibration factor, the
more the prediction deviates from the observation. From this perspective, the state-specific predictive
models outperform the HSM ones.

Table 6.8 Calibration Factors

Predicted Crashes Calibration Factor
Observed
Facility Type Crashes HSM State- HSM State-
(2008-2012) Original Specific Original Specific
Model Model Model Model
Intersection RT3ST 170 309 131.61 0.55 1.29
RT4ST 415 1276 374.25 0.33 1.11
Segment RT 10418 8,860.31 9,898.45 1.18 1.05
RM4D 1791 1138.77 1,455.17 1.57 1.23

6.5.4 Measures of Prediction Accuracy

After applying the calibration factor, the overall prediction is equal to the observation. However, for
individual sites, some predictions may overestimate crash frequency while others underestimate. The
residual is the difference between observation and prediction. The residual analysis helps to assess the
overall prediction accuracy of the model for all the sites, and the sum of absolute errors (SAE) is the

accuracy measurement. The equation of SAE is as follows:

SAE =YL, |V, - Y|

where Y; is the observation and Y, is the prediction.

4)

Table 6.17 presents the SAE values that were calculated for the residuals of both state-specific and HSM
methods. For two-lane two-way highways, the difference is so small that it can be neglected for both
segments and intersections; however, the difference is rather significant for multilane divided highways.
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Table 6.9 SAE for Residuals

Facility Crashes _ SAE :
Type (2008- HSM Original South Dakota-Specific
2012) Model Model
Intersection RT3ST 170 193.80 193.89
RT4ST 415 401.82 400.86
Segment RT 10,418 8,715.65 8,686.92
RM4D 1791 1,419.63 1,673.58

In general, the state-specific models did not show superiority over the HSM models in terms of the
prediction accuracy, and in the case of RM4D, it was worse. Although the specific models were
developed from South Dakota sites, the proportion of the base condition sites and the CMFs can
contribute to the value of SAE. Moreover, SAE is a scale-dependent measure and is sensitive to errors
calculated at different scales (in this case, the number of crashes). For example, if the errors of majority
sites are very small (i.e., much smaller than one), the error of 10 crashes or more at one site may
significantly affect the value of SAE.

An alternative way is to look at the cumulative density function and examine where the large error or
residual may occur. RM4D sites were plotted because of their larger SAE. The comparison of residuals
between the HSM and the state-specific models shown in Figure 6.24 suggests both models have high
prediction accuracy as a large portion of residuals are at or around zero. Also, 99% of the residuals are
within the range of -5 to +5 and the distributions are almost identical.

< -
@ _
o
o
E
8 o |
> o
E
]
O,
= |
o
(
™~
o
—— HSM
o | — — - SD-Specific
o
I I I I I I I Crash F
10 5 0 5 10 15 gp S TTEAIEnEY

Figure 6.74 Comparison of Residuals using Cumulative Density Function

A closer look reveals that the state-specific model generated more negative residuals, which explains the
larger SAE value. Later, only the RM4D sites with base conditions were compared, and the SAE value for
the HSM model is 163.25, whereas the SAE value for the state-specific prediction model is 152.89,
suggesting more accurate prediction by the state-specific model. But the performance is inconsistent for
the rest of the segments, resulting in an overall larger SAE by the state-specific model.
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6.6 Calibration by Injury Severity

It is necessary to develop calibration factors in accordance with the differing injury severity levels across
South Dakota. This chapter discusses where the crash injury severity data were retrieved, what procedures
were followed, and how they were followed to calculate the calibration factors for each crash injury
severity level by highway facility.

6.6.1 Crash Severity Data

In the crash data obtained from the “Accident” table provided by SDDOT, the severity of each crash is
categorized by three levels: fatal, injury, and PDO (property damage only). Table 6.18 summarizes the
distribution of severity levels by facility type. Eighty-five percent of the total crashes that occurred
between 2008 and 2012 in South Dakota are considered PDO. The percentages of all fatal and injury
crashes are 0.97% and 14.27%, respectively. The percentage of fatal crashes ranges from 0.34% to 1.07%
within different segment types. When comparing segment types, RM4U has the highest percentage of
combined fatal and injury crashes (21.06%), while RM4D has the lowest percentage of those crashes. A
small percentage (2.30%) of intersection-related crashes were fatal. PDO crashes dominate among
segment-related crashes; the percentage of PDO crashes (55.69%) is slightly greater than that of injury
crashes (42.01%). Among RT3ST, RT4ST, and RM4SG, all of which have relatively large crash counts,
the percentages of injury crashes are close, ranging from 40.59% to 45.60%. This is also true for PDO
crashes among the three intersection types.

Table 6.10 Distribution of Crash Injury Severity

Facility Type CI;’:;LS Fatal Tnjury PDO
RT 10418 | 111 (1.07%)| 1492 (14.32%)| 8815  (84.61%)
RM4U 940 | 10 (1.06%)| 188  (20.00%)| 742  (78.94%)
Segments
RM4D | 1791 | 6  (0.34%)| 197  (11.00%)| 1588  (88.67%)
Total | 13149 | 127  (0.97%)| 1877  (1427%)| 11145  (84.76%)
RT3ST 170 | 1 (059%)] 69 (40.59%)| 100  (58.82%)
RT4ST | 415 | 13 (3.13%)| 179  (@3.13%)| 223 (53.73%)
L [RMBST 26 | 0 (000%)| 5 (1923%)] 21 (80.77%)
ntersections
RM4ST | 125 | 3 (240%)| 57  (45.60%)| 65  (52.00%)
RM4SG 2| 0 (000%)] 0 (0.00%) 2 (100.00%)
Total 738 | 17 (230%)| 310  (42.01%)| 411  (55.69%)

The HSM recommends calibrating the crash prediction method based on the KABCO scale to get
calibration factors based on injury severity. The KABCO scale consists of five crash severity categories
designated as fatal (K), incapacitating injury (A), non-incapacitating injury (B), possible injury (C) and
property damage only (O). As discussed in Section 6, SDARS manages the crash dataset, and multiple
tables depict detailed crash information in different aspects. The injury severities of all persons involved
in each crash are available in the KABCO scale within the “Person” table. In this table, each person has a
unique “PersonSeqID,” and all persons involved in the same crash share one “AccidentSeqID.” The
injury severity of each crash can be obtained in the KABCO scale by identifying the highest severity level
of all persons involved in that crash. The injury severity information of each person provided in the
“Person” table was coded by consecutive numbers from the least severe injury to the most severe injury to
find the most severe injury of each crash (see Table 6.19). Aside from the five levels included in the
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KABCO scale, there are three additional levels that describe the injury status of each person: “wild
animal hit,” “not applicable,” and “unknown.” The three levels were assumed to be “no injury.”

Table 6.11 Injury Severity Coding

Injury Status Injury Severity | Coded Number

Fatal injury

Incapacitating Injury
Non-incapacitating Injury
Possible

No injury

Wild animal hit

Not applicable

Unknown

O|I0|C |0 |O|®m|» R
— === [N W B[,

After coding each injury severity in the Person table, the maximum coded number for each unique
AccidentSeqID was calculated. For example, a crash event involves three persons, and their injury
severities are incapacitating injury (4), possible (2), and wild animal hit (1). The maximum coded number
for this crash will be 4, and the injury severity of this crash will be designated as incapacitating injury (4).
The severity of each crash that occurred in a site was obtained by linking the crash data of all facilities
with the Person table based on shared AccidentSeqID. The three-level injury severity data were compared
with the KABCO-scale severity obtained from the Person table for segment-related and intersection-
related crashes, as presented in Table 6.20 and Table 6.21, to examine the consistency of severity
designation in the two tables.

Table 6.12 Comparison of Injury Severities of Segment-Related Crashes

K A B C (0) Total
Fatal 127 127
Injury 562 723 592 1877
PDO 11,145 11,145
Total 127 562 723 592 11,145 13,149

Table 6.13 Comparison of Injury Severities of Intersection-Related Crashes

K A B C (0] Total
Fatal 17 17
Injury 88 118 104 310
PDO 417 417
Total 17 88 118 104 417 744

Tables 6.20 and 6.21 show that all K and O injury severities are linked to fatal and PDO crashes,
respectively, and all A, B, and C injury severities are linked to injury crashes. This indicates that the
injury severity in the crash data and Person tables are consistent, and the previous assumption that “wild
animal hit,” “not applicable,” and “unknown” all qualify as “no injury” crashes is correct.
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6.6.2 Calibration by Injury Severity

After crash observations by severity were obtained, it was necessary to identify the crash prediction by
severity to calculate the calibration factor. In the HSM for rural multilane facilities, SPFs are available for
total crashes, fatal + injury (KABC) crashes, and fatal + injury* (KAB) crashes. However, for rural two-
lane two-way facilities, SPFs are available only for total crashes. The problem was solved by using the
distributions for crash severity level to generate the crash counts of differing severity levels.

The CMFs do not change for different severity levels at the same site, so the same CMF values were used
to calculate the predicted crash frequencies of different severity levels at the same site. Therefore, the
distribution for crash severity level can be directly applied to the predicted total crash counts to get the
predicted crash frequency of different injury severities for rural two-lane two-way facilities. For rural
multilane facilities, predicted PDO crash frequency was calculated as the difference between predicted
total crash frequency and fatal + injury crash frequency.

The distributions for crash severity level of observed crash counts and predicted crash counts following
HSM procedures were compared and are presented in Table 6.22. It should be noted that the predicted
crash counts for rural two-lane two-way facilities are derived from the default severity distribution given
in the HSM, while rural multilane facilities have SPFs by severity level to calculate the predicted crash
counts of different severity levels. The comparison results show that the two distributions are similar for
intersections, except RM3ST and RM4SG, which have a small sample of crashes. However, a significant
deviation is found between the distributions for segments. Generally, much smaller proportions of FI
(fatal + injury) and FI* (fatal + injury®) crashes are found in South Dakota. Thus, with the same amount
of total crashes, much fewer FI and FI* crashes have occurred in South Dakota.

Table 6.14 Comparison Between Observed and HSM Severity Distributions

Facility Observed HSM

Type FI FI* PDO FI FI* PDO
Segments

RT 15.4% 10.8% 84.61% 32.1% 17.6% 67.9%
RM4U 21.0% 16.1% 78.9% 64.1% 40.2% 35.9%
RM4D 11.3% 7.4% 88.7% 60.1% 44.1% 39.9%
Intersections

RT3ST 41.2% 29.4% 58.8% 41.5% 22.3% 58.5%
RT4ST 46.3% 30.8% 53.7% 43.1% 22.3% 56.9%
RM3ST 19.2% 7.7% 80.8% 47.4% 31.6% 52.6%
RMA4ST 48.0% 34.4% 52.0% 48.4% 32.6% 51.6%
RM4SG 0.0% 0.0% 100.0% 40.4% 13.5% 59.6%
*Using the KABCO scale, these include only KAB crashes. Crashes with severity level
C (possible injury) are not included.

Calibration factors were calculated as the ratio of the observed and predicted crash counts. The calibration
factors by severity level for all segments and intersections are presented in Table 25. The calibration
factors for FI and FI*crashes are all smaller than 1, while the calibration factors for PDO crashes and total
crashes are all larger than 1. This finding indicates that although a higher number of total crashes occurred
in South Dakota than predicted, the number of fatal and injury-causing crashes was lower than predicted
for South Dakota. As calibration factors for FI and FI* crashes become smaller than 1, those for PDO
crashes get larger beyond 1. Among three segment types, RT calibration factors for FI and FI* crashes are
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the largest (0.56 and 0.72) and the calibration factor for PDO crashes is the smallest (1.47). The
distinction between calibration factors for FI and FI* crashes and for PDO crashes is related to the
different severity distribution for segment-related crashes shown in Table 6.23. For intersections, except
RM3ST and RM4SG, the calibration factors of different severity levels are close to each other and are
also close to those for total crashes. The distributions for severity level in South Dakota are similar and
therefore consistent with distributions for HSM predicted crashes.

Table 6.23 Calibration Factor for Different Severity Levels

Observed Crashes Predicted Crashes Calibration Factor
g;;‘é‘ty FI FI* | PDO | FI FI* | PDO | FI | FI* | PDO | Total®
Segment
RT 1,603 1,127 | 8815 | 2,841 1,558 | 6,011 | 0.56 | 0.72 1.47 1.18
RM4U 198 152 742 526 330 295 038 | 0.46 | 2.52 1.14
RM4D 203 133 1588 684 502 454 0.30 | 0.26 | 3.50 1.57
Intersection
RT3ST 70 50 100 128 68 181 055 | 0.73 | 0.55 0.55
RTA4ST 192 128 223 550 284 726 035 | 0.45 | 0.31 0.33
RM3ST 5 2 21 9 6 10 0.53 | 0.31 2.16 1.36
RMA4ST 60 43 65 107 72 114 0.56 | 0.59 | 0.57 0.56
RM4SG 0 0 2 21 7 31 0.00 | 0.00 | 0.07 0.04
a. It is the calibration factor for the total crash counts.

b. Using the KABCO scale, these include only KAB crashes. Crashes with severity level C (possible injury)
are not included.
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7. CONCLUSIONS

This report summarizes the effort to calibrate the HSM predictive methods for available segment and
intersection types on rural South Dakota highways. The calibration began with a review of existing
SDDOT safety data sources that follow the HSM application data requirements, and continued with a
faithful implementation of the HSM SPFs and CMFs. The calibration concluded by making appropriate
modifications to highway facility types that otherwise could not make adequate predictions with the HSM
predictive method. The recommendation is to use a hybrid method including both HSM models and state-
specific models for specific segment and intersection types in order to achieve high crash prediction
accuracy. Guidelines for future calibration have been included in this report.

The data required for calibrating the HSM predictive methods were collected from intersection and
segment shapefiles, RIS, and the South Dakota Accident Records System (SDARS). Preparing the
segment shapefile required the creation of homogeneous segments based on traffic and geometric features
in which the RIS event tables (which include features such as AADT, surface type, median, horizontal
curve, vertical curve, and speed limit) were merged into a single table. The roadway was then segmented
wherever a feature changed. After creating homogenous sites, crashes that occurred between 2008 and
2012 were assigned to intersections and segments. The HSM predictive methods were employed to
predict crashes for all facility types. The calibration factor for each facility type was computed as the ratio
of observed crashes and predicted crashes. Table 7.1 summarizes the calibration factors. It was clear that
the calibration factor varied remarkably across the facility types. The HSM underestimated the total
number of crashes on roadway segments for all South Dakota rural state highway types included in this
study; on the other hand, it overestimated the total number of crashes at intersections for all South Dakota
intersection types except RM3ST.

Table 7.1 Summary of HSM Calibration Factors

Facility Type Facilitzf Observed | Calibration
Count Crashes | Factor (C)
Rural | pp 2-lane undivided | 6,362 | 10,418 1.18
Segmentsf Two-Lane —
Rural RM4U | 4-lane undivided 152 940 1.14
Multilane | RM4D | 4-lane divided 634 1791 1.57
Rural RT3ST | 3-leg, minor STOP 337 170 0.55
Two-Lane | RT4ST | 4-leg, minor STOP 582 415 0.33
Intersections Rural RM3ST | 3-leg, minor STOP 19 26 1.36
Multilane RMAST | 4-leg, minor STOP 71 125 0.56
RMA4SG | 4-leg, signalized 1 2 0.04
* For segments, the number is the length (miles); for intersections, the number is the frequency

After applying the calibration factors, considerable differences still existed between prediction and
observation for individual sites within the same highway facility type across the state. The geographic
distribution of calibration factors for individual sites was plotted to identify any spatial pattern that may
support region-specific models rather than a single-state model. While no apparent pattern was found for
intersections, clusters were observed for segments. Despite mixed results, the prediction pattern of
segment crashes appears to be overestimated in Western South Dakota but underestimated in Eastern
South Dakota. It is challenging to divide South Dakota into regions due to the calibration factor and
unknown benefits gained through this effort; therefore, it was decided that a single-state model should
remain.
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The roadway characteristics were evaluated in the crash prediction models to find novel ways of
improving prediction accuracy. Prediction accuracy, also called the residual, was measured by the
difference between the observation and the prediction. Because of the combined effects of both a limited
sample size and an overall weak correlation between the residual and each studied attribute, only rural
two-lane intersections with stop control (RT3ST and RT4ST) were recommended for the development of
state-specific performance functions. The nature of base conditions in South Dakota is another
justification for developing South Dakota models. Base conditions represent the most prevailing roadway
or traffic characteristics within each facility type. A conformity review revealed that the base conditions
for RT, RM4D, and RM4U were different from the ones defined in the HSM. Subsequently, SPFs were
developed for RT, RM4D, RT3ST, and RT4ST. RM4U was excluded due to its small sample size.

The base conditions for RT are the same as those in the HSM except for the 4-foot shoulder width. For
RMA4D, the new base lane width and shoulder width are 13 feet and 4 feet, respectively. According to the
HSM, a 12-foot lane width has the same CMF value as a 13-foot width; therefore, no change is needed for
the CMF lane width. The CMF shoulder width, however, should be adjusted for both RT and RM4D. The
calibration results, which show that the calibration factor is now almost one, show that the state-specific
predictive method provides a more accurate prediction of crash frequency than the HSM method.

In addition to calibrating the total number of crashes for each facility type, calibration factors by severity
level were calculated as the ratio of the observed and predicted crash frequency by injury severity. The
injury severity by KABCO scale was obtained from the “Person” table in SDARS by identifying the
highest severity level of all occupants involved in a crash. For rural multilane facilities, the HSM crash
frequencies by injury severity were calculated by SPFs of different injury severities. Rural two-lane
highway crash frequencies were obtained by applying the HSM severity distribution to the total number
of predicted crashes. The calibration factors are summarized in Table 7.2. The calibration factor shows a
large diversity across facility type and injury severity level. For all fatal and injury crashes (FI), the HSM
overestimated for all highway facility types. For property damage only (PDO) crashes, the HSM estimates
ranged from overestimation (0.31) for RT4ST to underestimation (3.50) for RM4D.

Table 7.2 Summary of Calibration Factors by Injury Severity

. Facility Calibration Factor
Facility Type Count | FI | FI’ [ PDO
Rural RT 2-lane undivided 6,362 | 0.56 | 0.72 | 1.47
Two-Lane
Segments Rural RM4U |4-lane undivided 152 038 | 046 | 2.52
Multilane  |p\4p | 4-lane divided 634 030 | 026 | 3.50
Rural RT3ST |3-leg, minor STOP 337 0.55 | 0.73 | 0.55
Two-Lane  |RT4ST |4-leg, minor STOP 582 0.35 | 0.45 | 0.31
Intersections RM3ST |3-leg, minor STOP 19 0.53 | 0.31 | 2.16
Rura! RMA4ST |4-leg, minor STOP 71 056 | 0.59 | 0.57
Multilane - -
RMA4SG |4-leg, signalized 1 0.00 | 0.00 | 0.07
a. For segments, the number is the length (miles); for intersections, the number is the frequency.
b. These include only KAB crashes. Crashes with severity level C (possible injury) are not
included.
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8. IMPLEMENTATION RECOMMENDATIONS

This section presents the recommendations for implementation of the HSM calibration at SDDOT.

8.1 Rural Two-lane Two-Way Segments

The state-specific SPF and adjusted CMF for shoulder width should be used for rural two-lane two-way
highway segments with a calibration factor of 1.05 for improved crash prediction accuracy.

The shoulder width in the South Dakota base conditions for RT sites is 4 feet, which is different from the
6-foot shoulder width defined in the HSM. Since the base conditions have changed, the state-specific SPF
is now: Ngpr pr = AADT X L X 365 X 1076 x e(=0-1101) (Table 6.15). CMF for shoulder width was

adjusted accordingly, and is presented in Table 6-14. The calibration factor is 1.05 as shown in Table
6.16.

8.2 Rural Multilane Undivided Segments

For rural multilane undivided highway segments, the HSM SPF and CMFs should be followed, and a
calibration factor of 1.14 is recommended.

Although the South Dakota base conditions of RM4U are different from the HSM base conditions, only
31 crashes occurred at base conditions sites between 2008 and 2012. The crash frequency is too low to
develop any statistically reliable SPF. The calibration factor following the HSM predictive method is 1.14
as shown in Table 7.1.

8.3 Rural Multilane Divided Segments

For improved crash prediction accuracy, the state-specific SPF and adjusted CMF for shoulder width
should be used for rural multilane divided highway segments with a calibration factor of 1.23.

The shoulder width in the South Dakota base conditions for RT sites is 4 feet, which is different from the
6-foot shoulder width defined in the HSM. Since the base conditions have changed, the state-specific SPF

is now: Ngy ¢ ryap = e (~19.7106+24597xIn(AADT)+In(L)) (Taple 6-15). CMF for shoulder width was

adjusted accordingly as presented in Table 6.15. The calibration factor is 1.23 as shown in Table 6.16.

8.4 Rural Two-Lane Three-Leg Intersections with STOP Control

Either the HSM SPF with a calibration factor of 0.55 or the state-specific SPF with a calibration factor of
1.29 is acceptable for rural two-lane three-leg stop controlled intersections, as the calibration
improvement is marginal.

The South Dakota base conditions for RT3ST sites are the same as the HSM base conditions. Also, the
overall prediction accuracy is similar for that of the HSM model and the state-specific model; therefore,
either can be applied for RT3ST. The calibration factors for using the HSM SPF and the state-specific
SPF are 0.55 and 1.29, as shown in Table 6.16.
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8.5 Rural Two-Lane Four-Leg Intersections with STOP Control

The calibration improvement for rural two-lane four-leg stop-controlled intersections is marginal,
meaning either the HSM SPF with a calibration factor of 0.33 or the state-specific SPF with a calibration
factor of 1.11 is acceptable.

The South Dakota base conditions for RT4ST sites are the same as the HSM base conditions, and the
overall prediction accuracy of the two models is similar; therefore, either can be applied for RT4ST. The
calibration factors for using the HSM SPF and state-specific SPF are 0.33 and 1.11, as shown in Table
6.16.

8.6 Rural Multilane Three-Leg Intersections with STOP Control

For rural multilane three-leg intersections with stop control, the HSM SPF and CMFs should be followed
along with a calibration factor of 1.36, as shown in Table 7.1. The predicted crash frequency should be
used with extreme caution, however, because this category failed to meet the HSM recommended
calibration sample size requirement. The current dataset has 19 sites and 26 crashes from 2008 to 2012,
while the HSM recommendation is to have more than 30 sites and at least 100 crashes per year. More data
should be collected in the future to warrant any calibration. In the meantime, the HSM predictive method
for rural multilane three-leg intersections with stop control should be used with a calibration factor of one.

8.7 Rural Multilane Four-Leg Intersections with STOP Control

The HSM SPF and CMFs should be followed along with a calibration factor of 0.56 for rural multilane
four-leg stop-controlled intersections, as shown in Table 7.1. The predicted crash frequency should be
used with caution, however, because this type of facility had 71 sites, representing 125 crashes from 2008
to 2012. This amount is lower than the HSM-recommended 30 to 50 sites with at least 100 crashes per
year.

8.8 Rural Multilane Four-Leg Signalized Intersections

Due to the major limitation of a small sample size, calibration is not recommended for rural multilane
four-leg signalized intersections. More data should be collected in the future. In the meantime, the HSM
predictive method for rural multilane four-leg signalized intersections is recommended.

In the current SDDOT dataset, there is only one RM4SG site with two crashes in five years. This is
substantially lower than the HSM-recommended 30 to 50 sites with at least 100 crashes per year.

8.9 Calibration by Injury Severity

The process for predicting crashes by injury severity is reiterated here because of the huge difference in
methodology between rural multilane and two-lane facilities. The HSM provides the SPFs for both FI and
FI* injury severities for rural multilane facilities. The predicted PDO crashes can be calculated as the
difference between the predicted total and predicted FI crashes. For rural two-lane facilities, the HSM
provides the proportion of crash frequency by severity level. It is recommended that the HSM SPF and
CMFs be used along with calibration factors by injury severity for RT, RM4U, RM4D, RT3ST, and
RT4ST, as shown in Table 7.2; however, for RM4ST, the calibration factor should be used with caution.
It is not recommended to use calibration by injury severity for RM3ST and RM4SG.

59



8.10 Data Collection

As SPFs are developed for the sites that conform to base conditions, CMFs account for any variation of
site characteristics from the base conditions. Although all required data items for intersections are
available in the SDDOT “StatetoState and StatetoNonStateFedAid” file, data items such as driveway
density, horizontal curve superelevation, number of passing lanes, two-way left-turn lanes, roadside
design, and lighting are not available for roadway segments. These missing data items should be collected
for a more accurate prediction. The complete list of available South Dakota data can be found in Table
6.4, List of CMFs for Rural Two-lane Two-way Highway Facilities, and Table 6.5, List of CMFs for
Rural Multilane Highway Facilities.

8.11 Data Integration

The data source tables pertaining to intersections have been integrated in an intersections toolbox
currently in use to apply the HSM predictive methods at SDDOT. The parameters in SPFs can easily be
modified in the toolbox to implement state-specific models; however, there is no such convenience for
road segments as those data items are stored in separate tables. The process of integrating segment data
tables was complicated because dynamic segmentation could not be performed without access to
SDDOT’s linear referencing system (LRS); instead, alternative computer programs (e.g., R, MS Excel,
and ArcGIS) were employed to merge files. These disjointed steps can be streamlined, simplified, and
implemented in a GIS environment with the aid of SDDOT LRS by the GIS unit. The data reduction
criteria and specific file merging steps and procedures are detailed in Section 6.2, Data Processing.

8.12 Calibration Updates

As road conditions change over time, the amount and types of crashes will also change. To maintain the
integrity and accuracy of calibration results, it is recommended to evaluate existing base conditions that
are significantly different. The HSM states, “It is recommended that the new values of the calibration
factors be derived at least every two to three years, and some users may prefer to develop calibration
factors on an annual basis” (1). There is no other guidance regarding how often the calibration should be
updated. Due to the complexity of calibration, it is recommended that new values for calibration factors
be derived every three years, or when crash frequency or injury severity distribution is significantly
changed for a specific facility (e.g., £10%).
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9.

RESEARCH BENEFITS

The calibrated HSM crash prediction models for the implemented facility types reflected local safety
conditions in South Dakota. The calibration of HSM predictive models also sought to quantify the
empirical benefits of safety conditions in South Dakota. SDDOT can benefit from this research in the
following respects:

1.

Safety Data Preparation: SDDOT maintains roadway geometric characteristics data and traffic
information in separate data tables stored in RIS. The crash database was maintained by SDARS,
which is completely separate from RIS. To develop a crash prediction model, all the roadway
geometric characteristics data and traffic data need to be merged along with the crash assignment
for each site. This process involves separate data tables and includes a procedure to integrate all
necessary tables for HSM calibration. This data integration process can be repeated for a specific
area or for the entire state when developing a single database appropriate for other safety
analyses.

Agency-developed SPFs: This research includes the development of South Dakota-specific SPFs
for predicting crashes. The SPFs developed with South Dakota data were more accurate and
reliable for predicting crash frequencies under South Dakota-specific base conditions.

CMF Adjustment: For South Dakota-specific SPFs, the CMFs were adjusted to the new base
conditions in order to obtain expected crash frequency for a site. The adjusted CMFs can reflect
the trend for the effect of countermeasures on new base conditions.

Accurate Crash Prediction: One of the most substantial benefits of calibrating HSM predictive
methods across all facility types is the ability to provide more accurate safety benefits. This can
be done by comparing the predicted and expected numbers of predicted crash frequencies over a
multiple-year time horizon. This can also help in comparing, selecting, and recommending safety
design alternatives, evaluating site-specific safety issues, and budgeting and planning future
safety projects.

Development of Calibration Guidelines: The guidelines for future calibration outline the data
requirements, identify key components for calibration, and recommend calibration time intervals.
SDDOT can obtain reliable, correct, and consistent results for the South Dakota version of HSM
safety predictions when following these guidelines.

Identification of Future Safety Data Needs: The application and calibration of the HSM predictive
method requires extensive data items in order to quantify safety conditions. This research
investigated data requirements and prepared a list of data items needed for calibration. A future
recommendation to collect new data items was proposed after developing state-specific SPFs, as
not all required data items for calibration were available in RIS data tables. By collecting the
previously unavailable data items, the prediction accuracy of original or modified HSM
predictive methods would be greatly improved. Higher prediction accuracy helps to obtain more
accurate calibration factors, which will in turn contribute to a more accurate predication.
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11. APPENDIX A SELECTED HSM TABLES

Table 11.1 Base Conditions for Rural Two-lane Two-way Highway Facilities

Roadway Segments

Lane Width (LW) 12 feet

Shoulder Width (SW) 6 feet

Shoulder Type Paved

Roadside Hazard Rating (RHR) 3

Driveway Density (DD) 5 driveway per mile

Horizontal Curvature None

Vertical Curvature None

Centerline Rumble Strips None

Passing Lanes None

Two-way left-turn Lanes None

Lighting None

Automated Speed Enforcement None

Grade Level 0%

Intersections

Intersection Skew Angle 0°

Intersection Left-turn Lanes none on approaches without stop control
Intersection Right-turn Lanes none on approaches without stop control
Lighting None

Table 11.2 SPF for Rural Two-lane Two-way Highways

Facility Type Ngyf!

RT AADT X L X 365 x 107° x ¢(70312)

RT3ST exp [—9.86 + 0.79 X In(AADT,,;) + 0.49 X In(AADT ;)]
RT4ST exp [—8.56 + 0.60 X In(AADT,,;) + 0.61 X In(AADTy;))]
RT4SG exp[—5.13 + 0.60 X In(AADT;,4;) + 0.20 X In(AADTyi)]

N, ¢ = Predicted total crash frequency per year for roadway segment/ intersection for base condition
AADT = Average Annual Daily Traffic volume (vehicle per day) on segment

L = Length of roadway segment (miles)

AADTp,q; = AADT (vehicle per day) on major road

AADT,,;, = AADT (vehicle per day) on minor road

Table 11.3 CMF for Shoulder Width for Rural Two-lane Two-way Segments

AADT
Shoulder Width <400 400-2000 >2000
0 feet 1.10 | 1.10 + 2.5 x 10~*(AADT — 400) 1.50
2 feet 1.07 1.07 + 1.43 X 10~*(4ADT — 400) 1.30
4 feet 1.02 1.02 + 8.125 X 107>(AADT — 400) 1.15
6 feet 1.00 1.00 1.00
8 feet or more 0.98 0.98 — 6.875 x 107°(AADT — 400) 0.87
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Table 11.4 Base Conditions for Rural Multilane Highways

Undivided Roadway Segments (RM4U)
Lane Width (LW) 12 feet
Shoulder Width (SW) 6 feet
Shoulder Type Paved
Side slopes 1v:7h or flatter
Lighting None
Automated Speed Enforcement None
Divided Roadway Segments (RM4D)
Lane Width (LW) 12 feet
Right Shoulder Width 8 feet
Median Width 30 feet
Lighting None
Automated Speed Enforcement None
Intersections (RM3ST and RM4ST)
Intersection Skew Angle 0°
Intersection Left-turn Lanes 0°, except on stop-controlled approaches
Intersection Right-turn Lanes 0°, except on stop-controlled approaches
Lighting None
Table 11.5 SPF for Rural Multilane Highway Facilities
Facility Type Ngys
RM4U /RM4D AADT? X L x e®
RM3ST/ RM4ST/ RM4SG exp [a + b X In (AADTpn,5) + ¢ X In(AADTyi,)] or
exp [a + d X In(AADTya1)]

N, s = Predicted total crash frequency per year for roadway segment/ intersection for base condition
AADT = Average Annual Daily Traffic volume (vehicle per day) on segment

L = Length of roadway segment (miles)

AADTpq; = AADT (vehicle per day) on major road

AADT,,;, = AADT (vehicle per day) on minor road
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12. APPENDIX B: HSM PREDICTIVE MODELS CALIBRATION GUIDE

The calibration procedure includes five steps as illustrated in Figure 12.1:

Step 1: Identify facility types for which the appropriate predictive models are to be calibrated.

Step 2: Select sites from selected facility types for calibration.

Step 3: Obtain data for each facility type during a specified calibration period (e.g., 3-year or 5-
year).

Step 4: Estimate crash frequency for each site using the HSM predictive method.

Step 5: Compute calibration factors.

Step 1 Identify facility types
|
v
Step 2 Select sites from selected facility types
|
v

Collect site characteristics data during
a specified calibration period

v

Collect crash data during a specified
calibration period

v

‘ Assign crash frequency to each site

|
h 4

‘ Apply recommended SPF ‘

v

Step 4 ‘ Apply recommended CMFs ‘

v

Determine predicted crash frequency
for each site

|
h 4

Step 5 ‘ Compute calibration factor ‘

Step 3

Figure 12.1 Procedure of HSM Predictive Models Calibration

12.1 Step 1: Identify facility types for which the appropriate models
are to be calibrated.

The identified facility types for calibration include rural two-lane two-way segments, rural multilane
undivided segments, rural multilane divided segments, rural two-lane three-leg intersections with STOP
control, rural two-lane four-leg intersections with STOP control and rural multilane four-leg intersections
with STOP control.

12.2 Step 2: Select sites from selected facility types for calibration.

The minimum sample size for the calibration data recommended by the HSM is 30 to 50 sites. The HSM
also recommends that the entire group of the calibration sites should represent at least 100 crashes per
year. In this guide, all sites can be used for the calibration because 1) all sites have the same data items,
2) selection bias resulting from the sampling procedure can be avoided; and 3) calibration bias due to low
crash counts can be mitigated.
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12.3 Step 3: Obtain data for each facility type during a specified
calibration period.

12.3.1 Roadway Segments

All required roadway geometric and traffic characteristics along with crash count for each segment need
to be stored in a single data table.

12.3.1.1 Join Site Characteristics Data Tables

All HSM calibration required site characteristics data are stored in eight RIS event tables. They are:

A-Admin System Data
B-Surface Property Data
C-Median Data
L-Horizontal Curve Data
N-Vertical Curve Data
P-Speed Limit Data
Traffic Data

MRM data

XA RN =

Join all data tables to get one data table appropriate for HSM predictive model application. The table
merging sequence is provided in Figure 6.3 RIS Event Table Merging Sequence. Table merging script
written in statistical analysis software R is provided to join data tables in such a way that it can only join
two data tables at a time. All steps conducted to merge all data tables are summarized below:

Step a. Export all data tables from RIS to a comma separated value file and then import them to Excel
and save in the R working directory.

Step b. Using R script to merge “A-Admin System Data” and “P-Speed Limit data.” Name the output file
from R as “Admin_SpeedLimi_Clip.” Note, the output file format is comma separated.

A- P-
Admin System Speed Limit
R Data
Merging Script
Admin

_SpeedLimi_C

Figure 12.2 Data Table Merging Mechanism

Step c. Open “Admin_SpeedLimi_Clip” in Excel and save it as an Excel file in the R working directory
of the computer.

Step d. Merge next set of data tables using the same R script but user need to rename input data tables
and change merging column numbers based on two input data tables to get all the attributes.
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Step e.

Step f.

Step g.

Step h.

Step i.

Change input data table names and column numbers in merging script to get all data attribute
after data table merging.

Use “Admin_SpeedLimi_Clip” and “C-Median Data” as input file in R merging script and name
the output data table from R as “Admin_SpeedLimi_Median_Clip.

Perform Step 3 with “Admin_SpeedLimi_Median Clip” data table. Perform Step 4 with next set
of tables in the merging sequence. Use “Admin_SpeedLimi Median Clip” and “B-Surface
Property Data” as input data tables and name the output data table from R as
“Admin_SpeedLimi_Median_Surface Clip.”

Repeat Step 3 and Step 4 following the table merging sequence provided in Figure 6.3 until
Traffic data.

After joining Admin data, speed limit data, median data, surface property data, horizontal curve
and vertical curve data, the merged file need to be joined with Traffic data. Using the data table
merging script sample provided in Appendix, use these two data tables as input data table. The
output data table is “Homogeneous Segmentation Road Data Table.”

Using simple MS-Excel formula, the maximum mileage of each highway is collected from MRM
data table. The maximum mileage is then used to calculate segment length for the last segment of
each highway.

12.3.1.2 Merge Crash Data

Create roadway network shapefile, a workable file format in ArcMap using linear referencing
system developed by SDDOT. Accident table contains crash occurrence location geographic coordinates
e.g. Longitude and Latitude. Using location coordinates, convert crash data to point shapefile in ArcMap.
This crash data shapefile can be used for both segments and intersections.

To obtain crash frequency for each site, follow the steps below:

Step a.
Step b.
Step c.

Import both roadway segment shapefile and crash data shapefile to ArcMap.

Create a unique identification number for each highway segment in segment shapefile.

Use the “Spatial Join” toolbox as illustrated in Figure 12.3, a build-in analysis tool in ArcMap, to
join each segment to a crash with “CLOSEST” as the match option and calculate join distance by
creating a new attribute called “Join_Dist” in the “Spatial Join” tool as shown in Figure 12.4.

System Toolbox . Analysis Tools » Overlay »[ Spatial Join ]

Figure 12.3 Spatial Join Toolbox in ArcMap
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#., Spatial Join |=|=0] =

Target Features

J Rural_State_Crash_Final ..:.J

Join Features

] Rural_Seg_Final :—j

Cutput Feature Class
\imoray.jacks.localrazaur.shaon\Documents and SettingsMy Documents'ArcGIS\Default.gdb\Crash_2008_2012_Spatialloin

(Y

Juoin Operation (optional)
JOIN_ONE_TQ_OME -

[¥] Keep All Target Features {optional)

Field Map of Join Features {optional)
+- AccidentSe (Long)

AccidentMb {Long) |
AcddentDa (Date) I
AccidentTi (Text)

Accident_1 (Long)

Accident_2 (Long)

-TimeZoneDe (Text)

CityMame (Text)

CountyMame (Text)

FHEvent (Text)

FHELocDesc (Text)

Interchang (Text)

MOCDesc (Text)

LightDesc (Text)

RoadCondDe {Text) -

1 Opti ional)
CLOSEST -

Search Radius {optional)

13

CIREINEINE

—1

[Feet - ]

Distance Field Mame {optional)
Join_Dist

-

[ Ok ] [ Cancel l [En\tironments... ] I Show Help == ]

Figure 12.4 Spatial Join Tool Features in ArcMap

Step d. Open spatial join output feature class “dbf” file in MS-Excel and save it in a MS-Excel file.

Step e. Establish join distance threshold value by generating join distance count pivot table in Excel. Filter
crashes within join distance threshold (e.g., 50 feet join distance threshold) value.

Step f. After joining roadway data with crash data, each crash has a segment ID. In roadway dataset, use
“COUNTIFS” formula in MS-Excel to count the number of crashes occurred on each unique highway
segment ID. Figure 12.5 illustrates an example of “COUNTIFS” formula in MS-Excel.
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12.3.2

frx | =counTIFs($D$2:3D5$17,G2)

C D E F G H
AccidentSeglD Join_Seg_ID Join_Seg|ID |Crash Count

134296 101 101 5

134297 108 102 0

134298 103 103 4

134299 108 104 0

134300 101 105 3

134301 106 1

134302 101 107 0

134303 101 108 2

134304 105 109 1

134305 109 110 0

134306 105

134307 103

134308 101

134309 103

134310 106

134543 105

Figure 12.5 Example of "COUTIFS" Formula in MS-Excel

Intersections

“StatetoState_and_StatetoNonStateFedAid” shapefile has all required roadway and traffic data for
calibration. To obtain the crash count for each intersection, follow the steps below:

Step a.

Step b.

Step c.

Step d.

Step e.

Import both “StatetoState and StatetoNonStateFedAid” shapefile and crash data shapefile to
ArcMap.

Use “Spatial Join” toolbox as shown in Figure 12.3, a build-in analysis tool in ArcMap, to join
each intersection to a crash with “CLOSEST” as the match option and calculate join distance by
creating a new attribute called “Join_Dist” in the “Spatial Join” tool similar to the example shown
in Figure 12.4.

Open the output file with the extension of “dbf” in MS-Excel software and save it as a MS-Excel
file.

Filter crashes to obtain appropriate intersection-related crashes following two criteria: 1) a crash
that happens within a 100-ft. radius of the center of the intersection; 2) any crash occurring within
a 200-ft. radius from the intersection that is coded in the accident database as intersection or
intersection related (i.e., ILTIntersectFlag=TRUE and non-WVC).

After joining intersection data to crash data, each crash now has a “Grouping Number” field. In
the intersection worksheet exported from the shapefile, use “COUNTIFS” formula in MS-Excel
to count the number of crashes related to one unique “Grouping Number.”
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12.4 Step 4: Estimate crash frequency for each site using the HSM
predictive method.

Follow the HSM predictive method and apply appropriate SPF models and CMFs to each site with the
site characteristics obtained in Step 3. In this step, only use SPF and CMFs. The expected average crash
frequency obtained by applying the predictive method is the annual crash frequency, and the calibration
duration needs to be considered in the calculation.

12.4.1 Rural Two-lane Two-way Segments

For rural two-lane two-way roadway segments, state-specific base conditions shown in Table 12.1 are
different from those defined in the HSM. Use state-specific SPF and CMFs. If there is an adjustment for
CMF, use adjusted CMFs.

Table 12.1 South Dakota-Specific Base Conditions for Rural Two-lane Two-way Segments

Road Characteristic Base Condition
Lane Width (LW) 12 feet
Shoulder Width (SW) 4 feet*
Shoulder Type Paved

Roadside Hazard Rating (RHR) 3

Driveway Density (DD) 5 driveway per mile
Horizontal Curvature None

Vertical Curvature None
Centerline Rumble Strips None

Passing Lanes None

Two-way left-turn Lanes None

Lighting none
Automated Speed Enforcement none

Grade Level 0%

* This value is different from that defined in the HSM.

Safety Performance Function
State-specific SPF is presented in Equation 12-1:

Ngps = AADT X L X 365 X 1076 x e(-0-110D) (12-1)
Where:

Ngpy= predicted total crash frequency for roadway segment base conditions;

AADT = average annual daily traffic volume (vehicles per day); and

L = length of roadway segment (miles).
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Crash Modification Factors

The CMF for shoulder width is adjusted and presented in Table 12.2. All the other CMFs remain unchanged,
and users can refer to Chapter 10 in the HSM to find them.

Table 12.2 South Dakota-Specific CMF for Shoulder Width for Rural Two-lane Two-way Segments

AADT
Shoulder Width <400 400-2000 >2000
0 feet 1.10 1.10 + 2.5 X 10~*(4ADT — 400) 1.50
2 feet 1.07 1.07 + 1.43 X 107*(AADT — 400) 1.30
4 feet 1.02 1.02 + 8.125 x 107°(4ADT — 400) 1.15
6 feet 1.00 1.00 1.00
8 feet or more 0.98 0.98 — 6.875 x 1075(4AADT — 400) 0.87

12.4.2 Rural Multilane Undivided Segments

For rural multilane undivided roadway segments, state-specific base conditions are the same as those
defined in the HSM. Apply original HSM SPF and CMFs in HSM Chapter 11.

12.4.3 Rural Multilane Divided Segments

Both lane width and shoulder width in base conditions of South Dakota rural multilane divided segments
are different from the HSM. State-specific base conditions are shown in Table 12.3. Under different base
conditions, use state-specific SPF and CMFs. If there is an adjustment for CMF, use adjusted CMFs.

Table 12.3 South Dakota-Specific Base Conditions for Rural Multilane
Divided Segments

Road Characteristic Base Condition
Lane Width (LW) 13 feet*
Shoulder Width (SW) 4 feet*
Shoulder Type paved

Side slopes 1v:7h or flatter
Lighting none
Automated Speed Enforcement none

* This value is different from that defined in the HSM.

Safety Performance Function

State-specific SPF is presented in Equation 12-2:

Nspf —e (—=19.7106+42.4597xIn(AADT)+In(L)) (12_2)

Where:
Ny = predicted total crash frequency for roadway segment base conditions;
AADT = average annual daily traffic volume (vehicles per day); and

L = length of roadway segment (miles).
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Crash Modification Factors

Adjust the CMF for shoulder width accordingly. The adjusted CMF for shoulder width is presented in
Table 12.4. The CMF for lane width remains the same as the original HSM CMF because it is larger than
12 ft. All the other CMFs in the HSM should be applied.

Table 12.4 South Dakota-Specific CMF for Shoulder
Width for Rural Multilane Divided Segments

Shoulder Width CMF
0 feet 0.082
2 feet 1.037
4 feet 1.000
6 feet 0.954
8 feet or more 0.917

12.4.4 Rural Two-Lane Three-Leg Intersections with STOP Control

The base conditions of rural two-lane three-leg intersections with STOP control in South Dakota are the
same as those defined in the HSM. Either HSM SPF or state-specific SPF in Equation 12-3 can be
applied. Use original HSM CMFs in Chapter 10.

Ny = = 9:93+0.66xIn(AADT q;)+0.52XIN(AADT min) (12-3)

Where:
Ny, ¢ = predicted total crash frequency for roadway segment base conditions;
AADT,q; = average annual daily traffic volume (vehicles per day) for major-road approaches; and

AADT,,;, = average annual daily traffic volume (vehicles per day) for minor-road approaches.
12.4.5 Rural Two-Lane Four-Leg Intersections with STOP Control

The base conditions of rural two-lane three-leg intersections with STOP control in South Dakota are the
same as those defined in the HSM. Either HSM SPF or state-specific SPF in Equation 10-4 can be
applied. Use original HSM CMFs in Chapter 10.

Nspf =e —10.55+0.79XIn(AADT ;) +0.51XIN(AADT min) (12-4)

Where:
Ng, ¢ = predicted total crash frequency for roadway segment base conditions;
AADT,q; = average annual daily traffic volume (vehicles per day) for major-road approaches; and
AADT,,;, = average annual daily traffic volume (vehicles per day) for minor-road approaches.
12.4.6 Rural Multilane Four-Leg Intersections with STOP Control
The base conditions have not been reviewed due to the small data size. It is assumed that the base

conditions in South Dakota are the same as those defined in the HSM. SPF and CMFs in Chapter 11 of
HSM should be applied.
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12.5 Step 5: Compute calibration factors

The final step is to compute the calibration factor as:

Y all sites 0Observed crashes

C.or C; = (12-5)

Y all sites Predicted crashes

12.6 Example of Calibration Factor Calculation

Eight rural multilane divided roadway segments have AADT and segment length shown in Column 1 and
2 in Table 12.5. This example is intended solely to illustrate the computation as so the number of sites
here is below the recommended sample size, which is 30 to 50. All the other site characteristics of these
eight sites are the same as state-specific base conditions in Table 12.3, except the lane width and shoulder
width as shown in Column 4 and 6 in Table 12.5.

Table 12.5 Example of Calibration Factor Computation

1 2 3 4 5 6 7 8 9 10
Predicted
Years Average Observed
SPF Lane Shoulder of Crash Crash
AADT | Length | Prediction | Width | CMF|, Width CMF, Data Frequency | frequency
1200 1.1 0.114 11 1.03 2 1.037 3 0.364 2
3100 2.3 2.450 12 1 6 0.954 3 7.013 4
1600 14 0.293 10 1.23 4 1 3 1.082 1
2300 0.8 0.409 12 1 6 0.954 3 1.171 2
800 0.5 0.019 10 1.09 4 1 3 0.062 1
1700 1.5 0.365 11 1.0425 4 1 3 1.140 3
1500 2.0 0.357 11 1.0375 6 0.954 3 1.061 2
2500 1.8 1.130 13 1 2 1.037 3 3.515 4
Sum 15.407 19
Calibration Factor
(C» 1.233
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The SPF for rural multilane divided roadway segments from Equation 12.2 is:

Where:

Nepp = (~19.7106+2.4597xIn(AADT)+In(L))

Ng, ¢ = predicted total crash frequency for roadway segment base conditions;

AADT = average annual daily traffic volume (vehicles per day); and

L = length of roadway segment (miles).

For the first segment in the example, the predicted crash frequency for base conditions is:

Nbase — e(—19.7106+2.4597X1n(1200)+ln(1.1)) =0.113 Crashes/year

This segment has 11-foot lane width and 2-foot shoulder width. Based on Table 10-8 in the HSM,
CMF;, = 1.01 + 2.5 X 107> x (1200 — 800) = 1.03. And CMF, is 1.037 based on Table 12.4.
The predicted crash frequency without calibration is:

N = Npgse X CMF;, X CMF,, X (number of years of data) = 0.113 X 1.03 X 1.037 X 3 =

0.364 crashes in three years, shown in Column 9.

Similar calculations were conducted for each segment in the table.

The calibration factor is computed as:

__ YallsitesObserved crashes 19

C, = 1.233.

Yall sites Predicted crashes T 15.407
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13. APPENDIX C: R DATA-MERGING SCRIPT

##Set working directory
setwd("C:\\Users\\razaur.shaon\\Desktop\\HSM")
##Required library to load excel file
require(XLConnect)

##Load data tables

SurfaceXL<- readWorksheet(loadWorkbook("Admin_Calc_Final xIsx"),sheet=1,header
TRUE,forceConversion = TRUE)

SurfaceXL.names <- names(SurfaceXL)

names(SurfaceXL)

fix(SurfaceXL)

AdminXL<- readWorksheet(loadWorkbook("Speed Limit Final Calc.xIsx"),sheet=1,header =
TRUE,forceConversion = TRUE)

AdminXL.names <- names(AdminXL)

names(AdminXL)

fix(AdminXL)

##Filter & Sort Highways

surface.highway <- unique(SurfaceXL$Highway)

length(surface.highway) #171

data.frame(surface.highway)

admin.highway <- unique(AdminXL$Highway)

length(admin.highway) #171

data.frame(admin.highway)

highway <-
merge(data.frame(surface.highway),data. frame(admin.highway),by.x="surface.highway",by.y="admin.hi
ghway")

names(highway)

class(highway)

fix(highway)

highway.nbr <- nrow(highway) #171 identical highways

highway.nbr

highway[3,1]

nrow(highway)

highway[2]

highway[n,1]
n=1

n=2
sort(c(2,1,3))
i=1

=1
class(temp)
fix(temp)

for (n in 1:highway.nbr)

{
SurfaceXL.temp <- SurfaceXL[SurfaceXL$Highway == highway[n,1],]
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AdminXL.temp <- AdminXL[AdminXL$Highway == highway|[n,1],]
SurfaceXL.sort <- SurfaceXL.temp[order(SurfaceXL.temp$Mileage),]
AdminXL.sort <- AdminXL.temp[order(AdminXL.temp$Mileage),]
mileage <- unique(c(SurfaceXL.sort$Mileage,AdminXL.sort$Mileage))
mileage <- sort(mileage)

mileage.nbr <- length(mileage)
SurfaceXL.sort.rows <- nrow(SurfaceXL.sort)
AdminXL.sort.rows <- nrow(AdminXL.sort)
temp <- matrix(NA, nrow=mileage.nbr,ncol=22)
temp <- data.frame(temp)

colnames(temp)[1:10] <  ¢(

"Mileage",

"Admin_ MRMNbr",

"Slimit MRMNbr",

"Slimit_DisplacementNbr","Speed Limit")

colnames(temp)[11:22] <- colnames(SurfaceXL.sort)[7:18]

temp[,"Mileage"] <- mileage
temp[,"DataClassCode"] <- 1
temp[,"Highway"] <- as.character(highway[n,1])

for (i in 1:SurfaceXL.sort.rows)

{

SurfaceXL.sort$Mileagel[i])

SurfaceXL.sort§Mileage[i]

SurfaceXL.sort$Mileage[i+1])

temp[SurfaceXL.index,c("Sadmin_ID","Admin_ MRMNbr","Admin_DisplacementNbr")]

if (i == SurfaceXL.sort.rows)

{

SurfaceXL.index <- which

}

else

{

SurfaceXL.index <- which

&

}

SurfaceXL.sort[i,c( "Sadmin_ID", "MRMNbr", "DisplacementNbr" )]
temp[SurfaceXL.index,11:22] <- SurfaceXL.sort[i,7:18]

}

for (j in 1:AdminXL.sort.rows )

{

AdminXL.sort$Mileage[j])

AdminXL.sort$Mileage[j]

if (j == AdminXL.sort.rows)
{

AdminXL.index <- which
}

else

{

AdminXL.index <- which
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"Sadmin_ID","Slimit_ID","Highway","DataClassCode",

"Admin_DisplacementNbr",

(temp[,"Mileage"]

(templ[,"Mileage"]

temp[,"Mileage"]

(temp[,"Mileage"]

(temp[,"Mileage"]



& temp[,"Mileage"] <
AdminXL.sort$Mileage[j+1])
}
temp[AdminXL.index,c("Slimit_ID","Slimit MRMNbr",
"Slimit_DisplacementNbr","Speed Limit")] <-  AdminXL.sort[j,c(  "Slimit ID", "MRMNbr",
"DisplacementNbr","SpeedLimitNbr" )]

H

if(n==1)

{

join.table <- temp

} else

join.table <- rbind(join.table,temp)

}

}
fix(join.table)

write.csv(data.frame(join.table),"export4.csv"
p

Sample 2: Data Table Merging Script for Traffic Data

setwd("C:\\Users\\razaur.shaon\\Desktop\\HSM")

require(XLConnect)

mergel<- readWorksheet(loadWorkbook("Semi_Clip_part2.xlsx"),sheet=1,header =
TRUE, forceConversion = TRUE)

mergel.names <- names(SurfaceXL)

names(mergel)

fix(mergel)

freememory()

###Input Admin Data

curve<- readWorksheet(loadWorkbook("Traffic 2.xIsx"),sheet=1,header =

TRUE,forceConversion = TRUE)

curve.names <- names(curve)

names(curve)

fix(curve)

ncol(curve)

##Filter & Sort Highways

mergel.highway <- unique(mergel $Highway)

length(mergel.highway) #171

data.frame(mergel.highway)

curve.highway <- unique(curve$Highway)

length(curve.highway) #171

data.frame(curve.highway)

highway <-
merge(data.frame(mergel.highway),data.frame(curve.highway),by.x="mergel.highway",by.y="curve.hig
hway")
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names(highway)

class(highway)

fix(highway)

highway.nbr <- nrow(highway) #171 identical highways
highway.nbr

highway[3,1]

nrow(highway)

highway[2]

highway([n,1]
n=1

n=2
sort(c(2,1,3))
i=1

j=1
class(temp)
fix(temp)

## Merge Tables of Surface & Admin Data

for (n in 1:highway.nbr)

{
mergel.temp <- mergel[mergel$Highway == highway[n,1],]
curve.temp <- curve[curve$Highway == highway[n,1],]
mergel.sort <- mergel.temp[order(mergel.temp$Mileage),]
curve.sort <- curve.temp[order(curve.temp$MRMNbr),]
Merge Mileage <- mergel.sort$Mileage
Merge Mileage <- sort(Merge Mileage)
Merge MRM <- mergel.sort$Join5 MRM
Merge MRM <- sort(Merge MRM)
MRM.nbr <- length(Merge Mileage)
mergel.sort.rows <- nrow(mergel.sort)
curve.sort.rows <- nrow(curve.sort)
temp <- matrix(NA, nrow=MRM.nbr,ncol=61)
temp <- data.frame(temp)

colnames(temp)[1:7] <- c( "Mer2_ID","Highway","DataClassCode","Traffic ID",
"Merge MRM", "Merge Mileage","Mer_ Displacement")

colnames(temp)[8:52] <- colnames(mergel.sort)[7:51]
colnames(temp)[53:61] <- colnames(curve.sort)[8:16]
temp[,"Merge MRM"| <- Merge. MRM
temp[,"Merge Mileage"] <- Merge Mileage
temp[,"DataClassCode"] <- 1
temp[,"Highway"] <- as.character(highway[n,1])

for (i in 1:mergel.sort.rows)

if (i == mergel.sort.rows)

{
mergel.index < which (temp[,"Merge_Mileage"] -
mergel.sort$Mileage[i])

}

else
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{

mergel.index <- which (temp[,"Merge Mileage"] >=
mergel.sort$Mileage][i]
& temp[,"Merge Mileage"] <
mergel.sort$Mileage[i+1])
h

temp[mergel.index,c("Mer2_ID","Mer_Displacement")] <-

mergel.sort[i,c( "Mer2 ID", "Join5_Displacement™)]
temp[mergel.index,8:52] <- mergel.sort[i,7:51]
}

for (j in 1:curve.sort.rows )

{ if (j == curve.sort.rows)
cfn‘ve.index <- which (temp[,"Merge MRM"] >= curve.sort$MRMNbr{[j])
}
else
{
curve.index <- which (temp[,"Merge MRM"] >= curve.sort$MRMNbrfj]
& temp[,"Merge MRM"] <
curve.sort$MRMNbr[j+1])
}
temp[curve.index,"Traffic ID"] <- curve.sort[j, "Traffic ID"]
temp[curve.index,53:61] <- curve.sort[j,8:16]
}
if(n==1)
{
join.table <- temp
} else
{
join.table <- rbind(join.table,temp)
}
}
fix(join.table)

write.csv(data.frame(join.table),"export120.csv")
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