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EXECUTIVE SUMMARY

Raised pavement markers (RPMs) are traffic safety control devices that are installed on
roadways to delineate lanes. The condition of an RPM is assessed primarily by its
retroreflectivity. Retroreflection is the process in which light is returned in the opposite direction
of the source light path, which makes the entrance and exit light paths almost parallel. This
property is often maintained over wide variations of the direction of incident radiation.
Currently, the Florida Department of Transportation (FDOT) assesses the quality of in-service
RPMs as part of a visual inspection procedure. Due to the subjectivity of visual inspections and
the inability to perform them on a large scale, the FDOT desires a method of detecting and
quantifying RPM retroreflectivity on a network level. A prospective solution was to modify an
existing vehicle-mounted mobile retroreflectivity unit (MRU) used for assessing line-stripe
pavement markings (PMs) to also analyze RPMs.

Currently, the FDOT State Materials Office collects 25,000 lane miles of line-stripe PM
retroreflectivity data each year using Laserlux G7 MRUSs. Since these MRUs were designed to
measure PMs in units of retroreflected luminance [RL (mcd/m?/lux)], a primary objective of this
study was to derive regression equations that correlate the industry standard units of luminous
intensity [Ri (mcd/lux)] for RPMs and the R. values collected by an MRU. An additional
complexity is that the MRU utilizes a 30-meter measurement geometry related to R, and Ry is
calculated at a 220-meter measurement geometry.

The 220-meter RPM handheld retroreflectometer, which measures in Ry, used in this
study was the Zehntner ZRP 6030+. The accuracy of the Zehntner handheld device was validated
on a series of RPM samples in a photometric range. Comparing retroreflectivity measurements
from the handheld to those from the photometric range indicated an average measurement error
of £6.6%. As a result, subsequent testing used measurements produced by the Zehntner handheld
(Ri) as a “ground-truth” for comparisons with MRU readings (RL).

After executing many research-based experiments, modifications were made to the
Laserlux G7 MRU to detect and measure RPM retroreflectivity in terms of R.. Next, using the
Zehntner RPM retroreflectometer, the research team collected reference retroreflectivity readings
of in-service RPMs on several roadways throughout Northeast and Central Florida. The modified
MRU was then used to capture R measurements on the same RPMs to evaluate a relationship
between R. and Ri. The results show that the modified MRU can effectively be used to assess
RPM retroreflectivity in tenth-mile intervals in a highly repeatable manner with an average error
in estimated R, of £16%. Additionally, data processing software was designed to summarize
information extracted from the MRU produced RPM files. Within the output of this data
processing software are estimated R, values and three classifications that classify each tenth-mile
reading as “LOW?”, “MID”, or “HIGH”. Overall, utilizing the modified MRU for statewide RPM
assessments is a significant improvement from the current process of visual assessments and
allows maintenance personnel to quantify RPM quality on a network level.



TABLE OF CONTENTS

DISCLAIMER ...ccccoovvaneecsssnnsscssssnssscssnnns i
METRIC CONVERSION CHART .cceeeeerrsssnsasaeseccsesssssanssssessssssssssnssssassssssssssssnsssssssssssssssnsassssssssssssssnns ii
TECHNICAL REPORT DOCUMENTATION PAGE ....ccciieeeenncrnnnneeeeecceccsssnsasssseccecssssssnsssssssssssssssssanses iii
EXECUTIVE SUMMARY .cvveiccesssreccssssssscsssssssessssssssssssssnsssssssssssssssssssssssssasssssssssssssssssssssssssasssssssssssass iv
LIST OF FIGURES ...cccconvnnrcccsnnneccsnnns vii
LIST OF TABLES ..ccccceerencnnennnecccssssens X
CHAPTER 1 - INTRODUCTION . .cuuceeeeeeeeeecccssssssnssssssecssssssssasssssassssssssssnssssssssssssssssasssssssssssssssansansans 1
CHAPTER 2 - LITERATURE REVIEW 2
EXISTING STANDARDS......uttiiititeeitieeeitteeeitreessteeesteeesibeeesbeeestaeessbaeessseeessteeessbeeesseeessseeessseeeans 2
EXISTING LITERATURE .....uvii ittt e itiee ettt e ettt e s stee e s tee e st e s te e e snta e e sabae e sntaeesntaeesnteeesneeeenneeeenseneans 8
University of Maryland [L].......cccoveoiieiicece e 9

Texas A&M Transportation INSEIULe [2]........ccovevviieiieiicc e 11

Texas A&M Transportation INStItUte [3]......c.cooveveiieiieieccce e 13

FDOT and University of North Florida [4] ......ccoevveiiiieieeece e 16

RPM REFLECTIVITY MEASUREMENT DEFINITIONS ....vceciitiieiiieeiieeeciee e ste e sive e srve e sneeesnee s 18
HIGH-SPEED RPM RETROREFLECTIVITY GAP ANALYSIS ...cciitiieiiieeiieeeiieeeseeeesnneessnneesnnnens 19
CHAPTER 3 - TEST PLAN..cciiiiiiiiiinnnteiiicccsissssssssssssecssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 20
OVERVIEW .etiiiitiee ettt ettt e it e e e et e e et e e e s aee e e atee e e abeeeaabeaeaabeaeaabeeesnbeeeanbeeeasbeeessbeeesaeeeeseeenanes 20

TEST PLAN APPROACH .....eeiiiiieitiee e itiee e etteeeetteeseteeessteeesbeeesabeeesstaeesnbaeesnbeeessbeeesseeessseeeesseeeans 20
StANAAIAIZEA TESES ...eiviiiiiciiie ettt be e sbe e s be e s beesbe e sbeesnbeesbeeenreeas 23
DeVelopMENTal TESES ......iiiiiecie et 23
REPEALADTIITY TESL....cviiiiiic et sre e nre e 24

DatA ANAIYSIS....uviitieie ettt e e e e reenne e 24

TEST DESCRIPTION ...ttiiiiittieee ettt e e eittee e e s eittee e e e atbe e e e e sste e e e e sssaeeeeassbeeeeasstaeeeesansneeesanrneaeeannens 24

RPIM IMOGEIS......ccevieiieie ettt ettt et e s b e e sbe e s nbe e s bt e s beesreeenns 25
PhotOmMetriC RANGE TESL .....eivieiciiecie ettt re e 26

Portable RetrorefleCtomMeter TESt........covviiiiiiiece e 27
Modified MRU Validation TSt ........cccuiiiiiiiiiiic et 28

TEST PLAN SCHEDULE........cuiiiiiitiiie ettt e e ettt e et e e e ettt e e e sttt e e e e et e e e e s sabae e e e sannaeeesanaeeaeeannens 29
CHAPTER 4 - MODIFIED MRU EXPERIMENTAL TESTING 30
(@ 1 = Y| YR 30
PHOTOMETRIC RANGE TEST ..utiiiiiiiiiii ettt ettt e ettt e et e e e et e e e st e e e e e nat e e e s snbnae e e e annaneeas 30
PORTABLE (HANDHELD) RETROREFLECTOMETER TEST ..icviiiiiiiieiiiecieesire e e siee e siee e 35
MODIFIED MRU TEST oottt ettt et e et e e e e et e e e e s eaare e e e e abaeeessnnrneeeaans 37
Modified MRU Line-Stripe PM PreciSion TeSES.......cccviiveiieiiiieiii e 37
Modified MRU RPM Detection and Retroreflectivity ..........ccccovvviiieiiiiie i 44

(070] N o1 IU ] [0 N1 J RSP 50



CHAPTER 5 - MODIFIED MRU VALIDATION TESTING

OVERVIEW ..ottt bbbt
MRU MODIFICATION ...ttt sttt sie s
DATA COLLECTION w..vtiiiiietieiieiesie ettt sttt
Reference Data ..........ccccveeeiieie e
High-speed Data..........cccceoveiieveiie e
RESULTS ottt ettt
RPM CoUNt DALA .....cvveiiiieiiiieeiiee e
RL and R; COMPATiSONS .....ccuviveriiiiiiieieieniesie e
RPM Processing Uity ..........ccoeveiiiiieiice e
Precision RESUILS ......cc.cccveiieieciccece e
CONCLUSIONS ..vtviiitieieeseeie sttt sae sttt sne e nens

CHAPTER 6 - IMPLEMENTATION PLAN

OVERVIEW ..otiiiiiiit ittt sttt sntaa e snnee e
OPERATIONAL PROCEDURE ....covviiiiiiesirissiressireesieeesieeessessnnneas
DATA PROCESSING PROCEDURE ......ccvviiiiiiieniiiessineessineessineesseeenns
CALIBRATION PROCEDURE ....cccitviiiiiiieisiresssinessireesinesssseessseessnneas
DEVICE VERIFICATION ..iitiiiiiiiesiieesieeesiieesssieessinesssinessseessnnee s
PARAMETER CONFIGURATION ...ciiiiviiiiiiiessiiiessiieessireesssnesssnesssnnens
ANNUAL SURVEY IMPLEMENTATION ..cciiviiiiiiiesiireesineesnneesseeennns
FLORIDA TEST METHOD REVISIONS .....cciiiiiiiiiiiiiie e
RECOMMENDATIONS ...vviiiiieiiiiesieeesieeesiieesssieessinessssnessseeesnseee s

REFERENCES .oeeeeeteecereeccreeecsesecsseocsees

APPENDIX A — OPERATIONAL PROCEDURE

APPENDIX B —DATA PROCESSING PROCEDURE

APPENDIX C — PARAMETER CONFIGURATION

Vi



LIST OF FIGURES

Figure 1-1. Class B RPM commonly found in Florida (left). Centerline PM (right). .................... 1
Figure 2-1. Optical angles for Ry measurements on RPMs using the 220-meter geometry [8]...... 4
Figure 2-2. Optical angles for the standard 220-meter geometry with +20° rotation [8]. .............. 5
Figure 2-3. Retroreflectometer 30-meter standard optical geometry for R. measurements [6]..... 5
Figure 2-4. Location of the corresponding axes for use in RPM retroreflectivity [5]........c.cc.coe..e. 6
Figure 2-5. Angles and apertures for collimating type portable retroreflectometer for RPMs [5]. 6
Figure 2-6. Standard 30-meter geometry as specified in ASTM E1710 [7]...cccccooeviieniiinininnnns 7
Figure 2-7. RPM test deCk SECTION [L]. ..oveieeiieiie et 9
Figure 2-8. Gamma Scientific 1200SP RPM portable reflectometer [1].......ccccccvvevvviieiiiieiiennn. 9
Figure 2-9. Maryland Laserlux RPM test location layout [1]..........ccccooeiiiiiiniiiiienccce 10
Figure 2-10. Photometric range data collection SEtUP [2]......cccovrereneieniiireeeeee e 11
Figure 2-11. Portable reflectometer data collection Setup [2].......ccccooveieiinininiiieee e 12
Figure 2-12. CCD photometer data collection SEtUp [2].......cccevveveiiieiieii e 12
Figure 2-13. Portable reflectometer SEtUP [2]. ..ccveoveiveiiic e 13
Figure 2-14. Laserlux G7 MRU SELUP [3]. .. ceeveieieiieiiiiseseeiee e 14
Figure 2-15. MRU R readings on RPMs using a 20-mW laser strength [3]. ......cccccoovniiinnnnnn 15
Figure 2-16. MRU R readings on RPMs using an 8-mW laser strength [3]. ......cccccoovniiinnnnnne 15
Figure 2-17. Example of an RPM voltage Signal [4]. ......cccooieiiiie i 17
Figure 2-18. Thin stripe signal due to partial RPM reading [4].......ccccoeveiieiieeie i 17
Figure 3-1. PM optical angles for the standard 30-meter measurement geometry. ..........cc.ce...... 21
Figure 3-2. RPM retroreflective SUITACe @XES. .........cccoiiiiriiiiiiierese e 21
Figure 3-3. RPM optical angles for the standard 220-meter measurement geometry. ................. 22
Figure 3-4. RPM optical angles for the standard 220-meter geometry and a 20° rotation. .......... 22
Figure 3-5. Ennis Model C80-FH (white-red/yellow), TYPe L. ......cccovveieiiiiieieiie e 25
Figure 3-6. Ennis Model 980 (White-red), TYPE 2. ...c.oov i 25
Figure 3-7. 3M 290 Series (YElIOW), TYPE 3. 25
Figure 3-8. RoadVista 940D photometric range apparatus [12].........ccocevvvririinieieieieneseseee 26
Figure 3-9. RPM setup on the goniometer in the photometric range [12]........ccccoeviveviiiieieennns 26

Figure 3-10. Zehntner ZRP 6030+ 220-meter geometry handheld RPM retroreflectometer [12].27
Figure 3-11. RoadVista Stripe Master 2 30-meter geometry line-stripe retroreflectometer [12]. 27

Figure 3-12. FDOT G7 MRU and the test VENICIE...........ccccoiiiiiiiiee e 28
Figure 3-13. Test plan Gantt Chart. ..........ccooiii i 29
Figure 4-1. RoadVista 940D photometric range equipment [12]. .....cccccovevieiiieiieiiiese e 30
Figure 4-2. Rotated vs. non-rotated RPM Rj ValUes. .........ooovoiiiiiiiiiee e 31
Figure 4-3. RPM R, values trend for 220-meter geometry at 0° and 20° rotation..............c.c....... 31
Figure 4-4. Tilted vs. non-tilted RPM R VAIUES. ........cccoiiiiiiiiiieei e 32
Figure 4-5. RPM R, values trend for 220-meter geometry at 0° and 2° vertical tilt. .................... 32
Figure 4-6. 30-meter vs. 220-meter RPM Ry VAIUES. .......ccooiieiiiiiiiciceee e 33

vii



Figure 4-7.
Figure 4-8.
Figure 4-9.

Figure 4-10.
Figure 4-11.
Figure 4-12.
Figure 4-13.
Figure 4-14.
Figure 4-15.
Figure 4-16.
Figure 4-17.
Figure 4-18.
Figure 4-19.
Figure 4-20.
Figure 4-21.
Figure 4-22.

Figure 5-1.
Figure 5-2.
Figure 5-3.
Figure 5-4.
Figure 5-5.
Figure 5-6.
Figure 5-7.
Figure 5-8.
Figure 5-9.

Figure 5-10.
Figure 5-11.
Figure 5-12.
Figure 5-13.
Figure 5-14.
Figure 5-15.
Figure 5-16.
Figure 5-17.
Figure 5-18.
Figure 5-19.
Figure 5-20.
Figure 5-21.

Figure 6-1.
Figure 6-2.

RPM R values trend for 30-meter and 220-meter geometries. ........cccoceveverervrennn. 33

ZRP 6030+ vs. photometric range Ri values Plot. .......cccooeviiiiiniiniiiiiene e 36
Precision site 1 LZ1017 channel 0, channel 1, and historical data plot. .................... 38
Precision site 2 LZ1017 channel 0, channel 1, and historical data plot. .................. 38
Precision site 1 LZ1017 channel 0 and historical data plot. ............cccccovevveviennnne 39
Precision site 1 LZ1017 channel 1 and historical data plot. ............cccccovvivivieennne. 39
Precision site 2 LZ1017 channel 0 and historical data plot. ............cccccevvvverieennene. 40
Precision site 2 LZ1017 channel 1 and historical data plot. ............ccccociiniiinnnn. 40
Precision site 3 LZ1017 channel 0 and historical data plot. ............cccccoiiniiinnne. 41
Precision site 3 LZ1017 channel 1 and historical data plot. ............cccccevivvivirennenn. 41
Precision site 4 LZ1017 channel 0 and historical data plot. ............cccccoeveivevieennnne 42
Precision site 4 LZ1017 channel 1 and historical data plot. ............cccccovevveieennnn. 42
Precision site 5 LZ1017 channel 0 and historical data plot. ...........cccccooeiiiiiinene. 43
Precision site 5 LZ1017 channel 1 and historical data plot. ...........cccccoociiniiinenn. 43
Modified MRU setup at the Williston Airport test track. ...........cccccveveieeieeieceene. 44
RPM retroreflectivity values on the 13 RPMs used for detection. ............ccccceveee. 48
High-speed testing vehicle equipped with the modified MRU device. ..................... 51
Collecting reference data with the Zehntner handheld device. .........cccccovoevvirinnee. 52
TESE SIEE MAP. 1.t b e ene s 53
Comparing 7-mW laser power to the 20-mW laser POWET. ..........cccccvevveveeieeiieseene. 54
Static RPM test results using the 7-mW configuration. ............cccoccevveieiicceeie s, 55
Static RPM test results using the 20-mW configuration. ...........ccccceoeveienciennnnnnnns 55
26010000 R1SL line-stripe retroreflectivity COMPAriSoN. ........ccocevveverenereneneninns 56
26060000 R1SL line-stripe retroreflectivity COMPAariSon. .........ccccceoveveienereneneninns 57
26080000 L1SL line-stripe retroreflectivity comparison............ccccceeveveieeieeiiesnene. 57
RPM locations in a single tenth-mile SECtion............cccceeveiicie i, 58
MRU laser spectrum during high-speed data collection.............cccccevvvievveineennee. 59
Example of centerline varying between single- and double-striping.............cc.c...... 60
Graph comparing RL and RI values at the four one-mile test sites. ............cccceneee. 61
Low retroreflectivity RPMs with MRU readings below 10,000 RL. .........cc.ccceeee 62
Mid retroreflectivity RPMs with MRU readings between 10,000 and 30,000 RL. . 62
High retroreflectivity RPMs with MRU readings greater than 30,000 RL. ............. 62
RL vs. Ry at the low retroreflectivity RPM test SitesS. ......coovvvvviiiieieiene s 63
RL vs. Ry at the mid/high retroreflectivity RPM test SiteS. .......cccocvvvieiencieniiinins 64
Front panel of Excel processing ULIHTY. .........cccooeiiiiiiiiienisieee e 65
Graph produced by the processing utility showing RPM retroreflectivity. ............. 65
Comparing R. values between the LZ1017 and LZ1030 modified MRUs. ............ 66
Single- vs. double-stripe collection MOde. .........cccovveiiiiiicie e 70
Laserlux data collection USer INTerface..........ocuvviirieienine s 70

viii



Figure 6-3.
Figure 6-4.
Figure 6-5.
Figure 6-6.
Figure 6-7.
Figure A-1.
Figure A-2.
Figure A-3.
Figure A-4.
Figure A-5.
Figure B-1.
Figure B-2.
Figure B-3.
Figure B-4.
Figure B-5.
Figure B-6.
Figure B-7.
Figure C-1.
Figure C-2.
Figure C-3.

Minimum and maximum stripe width thresholds found on the settings page. .......... 71

RPM processing program front panel. ..........cccoooveviiie i 71
RPM retroreflectivity graph produced by the processing program...........c.ccocceevevene. 72
Precision results section of the RPM processing program. ..........cccceeeeerenerenennenn 73
26130000 RCL RPM measurement Verification Site. .........ccocvvvvivriininiene s 73
The front page of the Laserlux data collection program. .........ccccceecevvveviveiesiieseennnns 79
The arrow indicates the location of stripe Selection. .............cccceevveve i s 79
The arrow indicates the location of RPM threshold............ccccccovviiiiiiiiiiiiieieee 80
The arrow indicates the location of the settings tab within the Laserlux program. .. 80
The arrows indicate the location of the stripe width settings. ..........c.cccoevevvviieieenns 80
Processing program front panel prior to loading RPM data............cccccceeveveiiiieennnns 82
The RPM data files from the MRU. ........ccoiiiiiiii e 82
Populated “Summary Report” page based on the imported RPM file. ..................... 83
RPM summary information for the imported RPM file. ..o 83
Data summary showing number of RPMs and estimated RI on a tenth mile basis... 84
RPM retroreflectivity graph. ... 84
Table showing the approximate locations of two successively missing RPMs. ....... 85
The arrow indicates the URL entry to access the engineering settings. .................... 87
RPM parameters exclusive to the updated Laserlux firmware (post v1.318). .......... 87
Stripe threshold parameter found under the engineering settings page............c.c...... 87



Table 2-1.
Table 3-1.
Table 3-2.
Table 3-3.
Table 4-1.
Table 4-2.
Table 4-3.
Table 4-4.
Table 4-5.
Table 4-6.
Table 4-7.
Table 5-1.
Table 5-2.
Table 5-3.
Table 5-4.
Table 5-5.
Table 6-1.
Table 6-2.

LI1ST OF TABLES

ASTM D4280 minimum acceptable R values for new RPMS [8]........cccoeiiiininnninne 2
PropoSed teSt I0CATIONS. ........eeieieiiieeie e 21
Optical angle configurations for the standard measurement geometries..................... 23
Measurement apparatus and their corresponding geometry. ........ccccvvveveveereervesnenne 24
Photometric range PreCiSioN rESUILS. ..........viiiieieiee e 34
Zehntner ZRP 6030+ retroreflectivity and precision data from 19 RPM samples...... 35
Data representing the PM interference with RPM readingsS...........cccoovevevinneniennnnn. 45
RPM detection test (nine RPMs) at the Williston Airport test track. ............ccceveneee. 46
RPM detection test using upgraded firmware (V1.318)........cccccevviiieiieieiiie e 47
Final RPM detection test using firmware V1.318. .........cccooeiiiininiinieicee e 48
Precision data on the 13 RPMs used for detection testing. ........cccccevvrereneienennnnnns 49
ONE-MIlE RPIM TESE SITES. ...vviieeiie ettt eeenee e 53
RPM detection results produced by the modified MRU. ...........cccooiiieiiiic i, 60
Precision testing l0CAtIONS. .........cccvcueiiiieiie e 66
Precision results for RPM detection in tenth-mile intervals. ..., 67
Precision results using for RPM retroreflectivity in tenth-mile intervals. .................. 67
2020 — 2021 annual retroreflectivity survey target mileage. ...........cccoceveviieiiicnnnne. 74
Proposed annual retroreflectivity survey target mileage. .........ccccvevveveeii e iecce e, 75



CHAPTER 1 - INTRODUCTION

Raised pavement markers (RPMs) are traffic safety control devices that are installed on
roadways to delineate lanes. The condition of an RPM is assessed primarily by its
retroreflectivity. Retroreflection is the process in which light is returned in the opposite direction
of the source light path, which makes the entrance and exit light paths almost parallel. This
property is often maintained over wide variations of the direction of incident radiation.
Currently, the Florida Department of Transportation (FDOT) assesses the quality of in-service
RPMs as part of a visual inspection procedure. Due to the subjectivity of visual inspections and
the inability to perform them on a large scale, the FDOT desires a method of detecting and
quantifying RPM retroreflectivity on a network-level. A prospective solution was to modify an
existing vehicle-mounted mobile retroreflectivity unit (MRU) used for assessing line-stripe
pavement markings (PMs) to also analyze RPMs. Figure 1-1 shown below contains images of an
RPM and a PM.

W A% AW TR,

N
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Figure 1-1. Class B RPM commonly found in Florida (left). Centerline PM (right).

MRUs are primarily used for measuring the retroreflectivity of PMs and ignore RPMs
through data filtering. This is done in an effort to prevent unwanted influence on PM
retroreflectivity data. In recent years, MRU technology has greatly increased its data sampling
rate, which could potentially count in-place RPMs and measure their retroreflectivity. This
information would be recorded separately from the PM data, thus providing a way to assess
network-level RPM retroreflectivity at highway speeds.

Previous studies conducted on RPMs addressed installation standards, cost effectiveness,
safety, and in-lab RPM retroreflectivity standard evaluations [1, 2, 3, 4]. However, there have
been minimal assessments of in-service retroreflectivity, especially retroreflectivity
measurements using highway-speed mobile technology.

This project includes examining the feasibility of network-level RPM retroreflectivity
assessments, development of equipment and software, determination of measurement precision,
and survey protocols for implementing RPM data onto the Pavement Marking Management
System (PMMS). The PMMS is an online database hosted by the FDOT that contains 25,000
miles of PM retroreflectivity data collected each year as part of an annual survey. This database
was established to improve the efficiency of statewide PM maintenance.
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CHAPTER 2 - LITERATURE REVIEW

EXISTING STANDARDS

Currently there are no definitive standards or values for RPM retroreflectivity analysis
using highway speed mobile reflectometers. The current RPM standards have focused on
instrumentation measurement geometry for stationary field testing with portable handheld
devices. These standards also prescribe the RPM orientation geometry and minimum values of
retroreflectance for sufficient road safety [5, 8]. As for PM retroreflectivity, there are currently
standard test methods for both MRU and portable handheld assessments [6, 7].

The FDOT’s retroreflectivity assessment method for new RPMs is through random
sample testing in a photometric range. The coefficient of luminous intensity, R, values measured
in the photometric range are to be compared to the minimum acceptable retroreflectivity values
as defined in ASTM D4280 [8]. Table 2-1 represents the minimum acceptable coefficient of
luminous intensity, R, values, for RPM retroreflectivity. Maintenance personnel check if the
RPM is visible using a halogen light (replicating vehicle headlights) directed at them from a set
distance of at least 250 feet. Since these on-road assessments are conducted as a visual
inspection, it is subjective to each maintenance personnel. According to the Federal Highway
Administration (FHWA) RPM guidelines, another criterion for Florida RPM maintenance is to
replace RPMs in sections where eight or more consecutive markers are missing [9].

Table 2-1. ASTM D4280 minimum acceptable R, values for new RPMs [8].

Minimum Value Ry, med/Ix

Entrance Angle Component p2 Observation Angle a

White Yellow Red Green Blue
0° 0.2° 279 167 70 93 26
+20°/-20° 0.2° 12 67 28 37 10
' Minimum Value R, cd/fc
Entrance }l\ngle Component p2 Observation Angle a White Vellow Red Groen Biue
0° 0.2° 3.0 1.8 0.75 1.0 0.28
+20°/-20° 0.2° 1.2 0.72 0.30 0.4 0.1

According to the FDOT Maintenance Rating Program (MRP), 70% of markers on a given
roadway are functional (reflective), and no more than 100 feet of continuous centerline or lane
line is without a reflective marker. The evaluation for each test section is as follows [11]:

e Daytime: Check to make sure the correct number of markers are installed. Count all the
markers that should be present, based on RPM placement specifications. Then count the
number of missing markers. Determine the percentage of markers missing by dividing the
number missing by the total number that should be present.

e Nighttime: RPMs shall be visible and reflective at night with low beam headlights.
Determine if the markers are reflective at night for a distance of 528 feet. Two lane
roadways shall be evaluated from both directions.

e No more than 100 feet of continuous centerline or lane line should be without an RPM.

e |f RPMs are required on edge lines, they should be rated.

o At least 70% of the required markers should be functional (reflective) at a distance of 528
feet.

e Designed breaks in pavement lines (crossovers, intersections) shall not be included in the
100 feet.



RPMs fail to meet MRP standards if any of the following exist [11]:

e More than 30% of the required raised pavement markers are missing.

e More than 30% of the required markers are not functional (reflective) at an observation
distance of 528 feet.

e More than 100 continuous feet of centerline or lane line is without an RPM.

e If the raised pavement markers are installed incorrectly, such as being imbedded into the
pavement or rotated more than 20° in any direction.

Currently, there are no national guidelines for when to replace an RPM. As of now, no
individual state replaces markers based on measured retroreflectivity values. Instead, they use
visual inspections for missing or poorly functioning RPMs. According to the FHWA RPM
guidelines, several states use their own different criteria to determine the "effectiveness™ of
RPMs and when to replace them [9]:

« California RPMs are replaced when two or more consecutive markers are missing.

e Texas RPMs are replaced when 50% or more markers are missing within one mile.

o Massachusetts replaces only reflective lens if casting is intact.

« Michigan replaces only reflective lens if casting is intact.

« New Jersey replaces only reflective lens if casting is intact.

e Massachusetts snow-plowable RPMs (SRPMs) are replaced when 30 percent or more
markers are missing on a roadway.

o New Jersey uses visual inspection to determine if RPMs need to be replaced.

e Pennsylvania uses visual inspection to determine if RPMs need to be replaced.

« South Carolina, North Carolina, Alabama, Mississippi, Florida, and many other states
replace RPMs periodically every 18-24 months regardless their in-service assessment.

The Texas Department of Transportation (TXDOT) is one of the leading active state
highway agencies in RPM assessments. TXDOT mentions in roadway specification 6021 that the
department uses the following visual evaluations to assess the performance of in-service RPMs:

Retroreflectivity of RPMs: TxDOT will perform night retroreflectivity evaluations using a
passenger vehicle with the headlights set on low beam. The RPMs within the range of the
headlights must appear reflective. Exceptions are to be made where road geometry affects RPM
visibility. The evaluation may include a video recording to be used for additional review [10].

e At 80-ft spacing, a minimum of 4 RPMs must be retroreflective.
e At 40-ft spacing, a minimum of 8 RPMs must be retroreflective.

Missing RPMs: TxDOT will perform visual evaluations to determine if RPMs are missing [10].

ASTM, ASHTO and FHWA published test methods for measuring PM and RPM
retroreflectance. The current national standard test methods and guidelines regarding PMs and
RPMs are as follows:

e ASTM D4280 — “Standard Specification for Extended Life Type, Non-plowable, Raised
Retroreflective Pavement Markers™ [8].

e ASTM E1710 — “Standard Test Method for Measurement of Retroreflective Pavement
Marking Materials with CEN-Prescribed Geometry Using a Portable Retroreflectometer”

[6].



e ASTM E1696 — “Standard Test Method for Field Measurement of Raised Retroreflective
Pavement Markers Using a Portable Retroreflectometer” [5].

e AASHTO TP 111-14 — “Standard Method of Test for Measuring Retroreflectivity of
Pavement Marking Materials Using a Mobile Retroreflectivity Unit” [7].

e FHWA-RD-97-152 — “Guidelines for the Use of Raised Pavement Markers.”

A thorough review of relevant standards and published literature were completed with the
purpose of reviewing methods, determining values previously researched and tested for assessing
RPM retroreflectivity using highway speed mobile retroreflectometer, and to understand lessons
learned from previous attempts. It was concluded that no reliable correlation has been established
between mobile testing data and the handheld or photometric range testing data.

An important factor within the standards are the optical angles which defines the
geometric setup. There are the following three main angles: a (observation angle), p1 (entrance
angle 1) and B2 (entrance angle 2). The observation angle is the angle between the illumination
axis and the observation axis. The entrance angle 1 is the angle of vertical rotation between the
illuminating axis and the datum axis. Finally, entrance angle 2 is the angle of horizontal rotation
between the illuminating axis and the retroreflector axis. For the standard 220-meter RPM
geometry, a is 0.2°, B1 is 0°, and B2 is 0°.

ASTM D4280 discusses the laboratory photometer retroreflectivity testing standards for
RPM coefficient of luminous intensity (R)) values pertaining to the 220-meter measurement
geometry [8]. The standard mentions that the angular aperture of the source and angular aperture
of the receiver shall each be no larger than 0.1°. Angular aperture of the retroreflective elements
shall be no larger than 0.02°. If the retroreflective elements are no larger than 0.21 in (5.3 mm) in
diameter, suggested test dimensions are at a 50-foot (15.2-m) distance, 1.0-inch (25.4-mm)
diameter receptor, and 1.0-inch (25.4-mm) diameter source. Other test distances are acceptable,
provided that the stated angular aperture requirements are met, and that the marker subtends no
more than 1° at the source [8]. These angles are shown schematically in Figures 2-1 and 2-2.

Standard 220-m Geometry

Receiver

Observation Angle, a = 0.2°—

Light Source /

Entrance Angle, B, = 0°

Figure 2-1. Optical angles for Ry measurements on RPMs using the 220-meter geometry [8].



Vertical Axis Rotation

Entrance Angle, B, = +20°

Figure 2-2. Optical angles for the standard 220-meter geometry with +20° rotation [8].

ASTM E1710 discusses the 30-meter portable reflectometer testing standards for
measuring the retroreflectivity of PMs [6]. This test method involves the use of commercial
portable retroreflectometers for determining the coefficient of retroreflected luminance (RL) of
horizontal coating materials used in PMs. For the measurement geometry, this standard test
method states that the light source and receiver may be either at optical infinity or at a finite
distance from the measurement area, and they shall be separated from each other by a distance
corresponding to an observation angle (a)) of 1.05° £ 0.02°. The entrance angle () of the
retroreflectometer shall be 88.76° + 0.02° with respect to the entrance aperture plane. This
entrance angle produces a co-entrance angle (Bc) of 1.24° + 0.02° relative to the source and
ground. The presentation angle of the retroreflectometer shall be 0° and shall be stated in the
instrument specifications. See Figure 2-3 for an illustration of the optics geometry [6].

RECEIVER RECEIVER APERTURE

OBSERVATION ANGLE o

SOURCE

-~

SOURCE APERTURE
B CO-ENTRANCE

Figure 2-3. Retroreflectometer 30-meter standard optical geometry for R;, measurements [6].

ASTM E1696 discusses the standard test method for field measurement of RPMs using a
portable retroreflectometer [S]. The term “portable retroreflectometer” refers to a handheld
instrument that can be placed over a raised retroreflective pavement marker to measure R; using
the prescribed 220-meter geometry. This test method involves the use of commercial portable
retroreflectometers for determining the coefficient of luminous intensity of pavement markers.
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As shown in Figure 2-4, the retroreflector center is located on the surface of the effective
retroreflectivity area, centered both vertically and horizontally]. The retroreflector axis extends
parallel to the road surface from the retroreflector center. The datum axis extends vertically from
the road surface plane starting at the retroreflector center [5].

Datum Axis

~Emseeee -

= Retroreflector
Retroreflector Center
Axis

Figure 2-4. Location of the corresponding axes for use in RPM retroreflectivity [5].

ASTM E1696 goes on to describe the relevant optical angles; entrance angle component
B1 shall be between —2° and 0° and entrance angle component 32 shall be 0° + 2° [5]. Unless
otherwise specified by the user, the observation angle shall be 0.2° + 0.01°. If a device with
collimating lens or mirror is used, the angle setup differs [5]. Geometry for collimating type
reflectometers shown in Figure 2-5. This test method’s geometry for Rj measurement is
considered a setup to imitate a visual observation of the RPM when illuminated by a tungsten
filament light source such as a car headlight at approximately 220 meters for cars or 440 meters
for trucks [5].

RECEIVER - RECEIVER APERTURE

COLLIMATING
LENS OR MIRROR

MARKER

ENTRANCE
ANGLE B,
agty Tr . .: s daP

sy a ] o, " . a ERLE,
o Y L P L . et L. a ot wd
S R T T S P e e B L Ry e Tt e

Figure 2-5. Angles and apertures for collimating type portable retroreflectometer for RPMs [5].

AASHTO TP 111-14 discusses a test method that covers measurement of the
retroreflective properties of dry, horizontal pavement marking materials, using a vehicle
mounted mobile retroreflectivity unit (MRU) operated at posted roadway speeds and a prescribed
measurement geometry. The prescribed 30-meter geometry corresponds to the European
Committee for Standardization (CEN) geometry and is the standard geometry adopted by ASTM
E1710 [7]. The angles specified for the 30-meter geometry, as shown in Figure 2-6, for
measuring Ry are as follows [7]:

» The entrance angle (B) is fixed at 88.76° [co-entrance angle (Bc) 1.24°].
» The observation angle (o) is fixed at 1.05°.
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Standard 30-m Geometry

0.65
m Observation Angle = 1,05°

1.2m ~o \ Co-Entrance Angle = 1.24°

30 m

Figure 2-6. Standard 30-meter geometry as specified in ASTM E1710 [7].

Calibration is a very important process. The reflectometer needs to be calibrated to
conform to the 30-meter geometry. In addition, the distance measuring instrument (DMI) is also
to be calibrated monthly with an error tolerance of £3.0 feet per mile or less. The MRU
calibration equipment should be verified by the manufacturer at least once a year. The equipment
must be capable of measuring retroreflectivity of PMs ranging from 75 to 1200 R, (mcd/m?/lux)

[7]1.

Vehicle speed relative to the stripe type being assessed are important factors. For
continuous edge and center lines, the MRU may be operated at a speed up to 60 mph. To ensure
sufficient data is collected, it is recommended to not exceed 60 mph when testing. A minimum of
30 data points should be collected every 0.1 miles for the data to be considered reliable. For skip
lines that are not continuous, the MRU may be required to travel at a lower speed to obtain a
minimum of 30 data points per 0.1 miles. For precision, two factors to be considered [7]:

» Repeatability, as the difference between two properly conducted retroreflectivity tests
using the same MRU on the same pavement marking test section should not exceed 10%
at a 95% confidence level.

» Reproducibility, as the difference between two properly conducted retroreflectivity tests
using different MRUs on the same pavement marking test section should not exceed 15%
at a 95% confidence level.

The MRU described in this method is a RoadVista Laserlux G6. The G6 (6" generation)
may be operated at a speed up to 60 mph as mentioned, but the new G7 (7" generation) unit can
operate at a speed up to 70 mph. This is due to the higher sampling rate of the G7 being 400 Hz
compared to the 20 Hz sampling rate of the G6. This upgrade allows for better precision and
resolution at a higher speed, as well as achieving the minimum resolution requirement for the test
method. In addition, the G7 integrated a better background filtering system allowing for less
signal influence from solar light.

FHWA-RD-97-152 discusses guidelines for the use of RPMs, which includes the
retroreflectivity of the RPMs. These guidelines address multiple characteristics for RPM use.
These characteristics are as follows:



General Delineation Requirements
RPM Location

RPM Color

RPM Placement

e RPM Spacing in Traffic Zones

e RPM Spacing in Construction Zones
e RPM Type

e RPM Application and Maintenance
e RPM Reflectivity

Of the characteristics listed above, RPM reflectivity was a main topic of the review. The
guidelines stated that “there are no current standard for minimum RPM reflectivity on the basis
of how much information the driver requires for controlled driving performance” [7]. The report
brings up multiple issues with determining the brightness of the RPM. For example, establishing
a minimum preview distance for the average driver must account for the increased processing
time and decreased discrimination ability of older drivers. Also, establishing the appropriate
level of contrast to optimize driver performance must account for ambient lighting, weather
conditions, headlight glare, and additional complexities produced by the surroundings.

The guidelines go on to state that “The Roadway Delineation Practices Handbook”
discusses these issues and establishes a criterion of 100 R, (mcd/m?/lux) as the minimum
retroreflectivity for PMs on dry roads [7]. The guidelines also include the following statements
regarding roadway delineation visibility requirements:

Drivers over 65 may require four times as much light to see relative to a 39-year—old [9].

Older drivers adopt less flexible searching strategies [9].

Driver perception and reaction time continually increases with age [9].

Recommendations were made to double the value of luminance contrast to account for

older or impaired drivers [9].

e Two seconds of preview time are required for short—range guidance and a minimum of
three seconds are required for long—range guidance. At 25 mph (40 km/h), delineation
must be visible at a minimum of 110 feet (34 m) ahead. At 55 mph (90 km/h), delineation
must be seen at least 250 feet (76 m) ahead [9].

e Optimal contrast levels and the required reflectivity of RPMs to allow for processing at a

higher level must account for conditions (such as fog, rain, dew, glare) that could change

the required minimum contrast achieved in clear, dry weather [9].

EXISTING LITERATURE

As previously mentioned, there has been minimal research focused on highway speed
MRU technology for RPM assessments. The topic was covered by the University of Maryland in
2003, Texas A&M in 2017 and 2018, and addressed indirectly by the University of North Florida
(UNF) and the FDOT on optimizing mobile retroreflectivity units (MRUSs) for line-stripe
pavement markings (PMs) [1,2,3,4]. The following section provides brief summaries regarding
the research involved in each one of these aforementioned studies.



University of Maryland [1]

This research aimed to compare the accuracy and productivity of using the Laserlux 30-
meter geometry MRU to measure the retroreflectivity snow-plowable RPMs (SRPMs). These
measurements captured with the MRU in R. were compared to R; measurements produced by a
Gamma Scientific 1200SP RPM handheld retroreflectometer. Moreover, since there were no
known statewide records of retroreflectivity data, another objective was to collect “benchmark”
PM and RPM retroreflectivity data for the state of Maryland. The measurements were performed
on the Capital and Baltimore Beltway in Maryland to determine if this type of data can be used
in a management system and provide guidance in the selection of PM materials for Maryland
State Highway Administration [1].

For the handheld reflectometer testing, each manufacturer installed 40 SRPMs (10 groups
of 4) on each test section. There was a space of approximately 50 feet maintained between each
different manufacturer’s SRPMs. In this research, four SRPMs were placed between each skip
line to reduce the total length of the study site. SRPMs were installed in the same order and with
the same spacing at both sites. Figure 2-7 shows the typical layout of a section of test deck [1].

OO Cait,

Existing Blank Separating Manufacwure. Test SRPMs -10
RPMs sets of 4

Figure 2-7. RPM test deck section [1].

Retroreflectivity readings were collected using two Model 1200SP Retroreflectometers
(Figure 2-8), manufactured by Gamma Scientific of San Diego, California. According to this
report, one device had been used previously for a study completed by the Ohio Department of
Transportation; the second device was new for this study [1].

Figure 2-8. Gamma Scientific 1200SP RPM portable reflectometer [1].
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As for the RPM retroreflectivity measurement at highway speeds, an MRU made for PM
retroreflectivity measurements was used. All retroreflectivity readings were done using a
RoadVista Laserlux 30-meter geometry MRU, which has an accuracy of +15% relative to
handheld measurements. The MRU was calibrated a minimum of once per day and the reference
devices measurements were taken with a Delta LTL 2000 handheld retroreflectometer with an
accuracy of £5% relative to photometric range measurements [1].

The continuous line retroreflectivity data was based on station intervals with average
measurements recorded every 528 feet by DMI including the exact route, direction, line type,
color, and start and stop distance. A video of the data collection process with retroreflectivity
data overlay and a corresponding videotape log was created. The videotapes with their
corresponding data overlay provided real time documentation of weather conditions at the time
of measurement. The mobile RPM retroreflectivity measurements were compared to those
measurements taken by the RPM 1200 handheld retroreflectometer [1].

Figure 2-9 illustrates the layout of the MD 100 RPM test site used for measuring the
retroreflectivity of RPMs with the Laserlux MRU. Four RPMs were installed between each skip
line. The test location contained a total of seven sections with 40 RPMs in each section. Each
section of 40 RPMs was assigned a site number. The RPMs were installed approximately eight
feet apart within each of the seven sites. There was a 100-foot gap between each of the seven test
sites [1].

Figure 2-9. Maryland Laserlux RPM test location layout [1].

The major findings from this study were that the retroreflectivity readings collected from
the portable handheld device and the MRU do not correlate for the following reasons [1]:

e The geometry used by the two retroreflectometers is different.

e The scanning light source used in the Laserlux may not illuminate the entire
surface of each RPM, even at low vehicle speeds.

e The MRU optical system for detecting and measuring RPMs distorts incoming
retroreflectivity readings.

e Modifications made to the Laserlux software introduced unknown errors into the
retroreflectivity data.
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Texas A&M Transportation Institute [2]

The research objective was to provide quantitative means of evaluating new or in-service
RPMs. This effort aimed to evaluate RPMs at varying geometries (optical angles), including the
standard RPM 220-meter geometry as well as the standard PM 30-meter geometry [2].
Researchers used three data collection setups to implement three different methods. The three
setups included a photometric range shown in Figure 2-10, a portable reflectometer shown in
Figure 2-11, and a CCD (charge-coupled device) photometer shown in Figure 2-12. The
photometric range collected R, measurements in units of mcd/lux. In addition to the standard
measurement, the researchers also incorporated geometries from the portable RPM
retroreflectometer and the standard PM geometry (Rv). The factors considered and focused on by
the researchers were a and 1. The entrance angle 2, B2, was fixed at 0° for all measurements [2].
The standard raised pavement marker geometry was o. = 0.2° and B1 = 0°. Following the
standards, the researchers considered other geometries to compare with the range allowed by the
portable retroreflectometer, which were o = 0.2°, B1 =-1° and o = 0.2°, B1 =-2°. An additional
geometry to compare with the PM geometry was also incorporated: a = 1.05°, B1 = 1.24° [2].

Figure 2-10. Photometric range data collection setup [2].

The portable RPM retroreflectometer was used to collect R, in units of mcd/lux for all
RPMs evaluated in the photometric range. The portable retroreflectometer test was performed in
a lab environment. The device was designed with a standard geometry of o = 0.2°, B1 = 0°. As
with the photometric range, B2 was fixed at 0° for all measurements.
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Figure 2-11. Portable reflectometer data collection setup [2].

The inconsistency of the measurements with the portable unit was a cause for concern.
Researchers aimed for measurement variation of less than 10%, but in some cases the variation
was greater than 40%. One reason was for this large variation was stated to be due to the
different types of markers being tested. Since the device was calibrated to one type of RPM, it
produced retroreflectivity measurements that were very close to those from the photometric
range. However, RPMs with different types of retroreflectors other than the one used for
calibration produced large measurement variability. This indicates that picking an appropriate
calibration marker is necessary and vital for accurate data collection.

The CCD photometer was used to collect luminance data in units of mcd/m?2. Unlike the
other two instruments, where R, data does not consider the area of the marker, these luminance
measurements considered the area being evaluated. The researchers wanted to compare the
standard marker and marking geometries. The standard 220-meter RPM geometry evaluated
was o = 0.2°, B1 = 0°. The standard 30-meter PM geometry evaluated was a. = 1.05°, p1 = 1.24°.
Illuminance (lux) at the face of the RPM was also collected using an illuminance meter so that
the quantity of light falling on the marker could be factored into the data analysis [2].

/)
RADIANT

Figure 2-12. CCD photometer data collection setup [2].
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The research determined that when the observation angle is held at 0.2° and the entrance
angle increases, the coefficient of luminous intensity also increases. This is true for each color
and brand of marker for the geometries tested. There is a notable drop in performance when the
evaluation geometry was changed from RPM geometry to PM geometry. The PM 30-meter
geometry resulted in significant decrease of the data values relative to the RPM 220-meter
geometry. The 30-meter geometry data values averaged around 7.8% of the RPM 220-meter
geometry data values when using the photometric range. The CCD photometer measurements
gathered using pavement marking geometry resulted in data that was an average 6.7% of the
value of the RPM geometry. These values being close indicate that the two measurement types
are comparable and that the markers can consistently be evaluated using the two geometries [2].

Texas A&M Transportation Institute [3]

This research effort served as a follow-up to previous 2017 study, which was an initial
investigation into the impacts of different measurement systems and geometries on evaluating
the retroreflectivity of RPMs [2]. The 2018 study aimed to explore how two devices (a portable
retroreflectometer and an MRU) measure retroreflectivity levels of in-service markers. One goal
was to evaluate if MRUSs can aid in maintenance decisions for determining when RPMs should
be replaced [3]. The portable retroreflectometer shown in Figure 2-13 was used to obtain R;
(mcd/lux) readings on RPMs. The measured markers were installed at a closed course test area, a
county-maintained road test area, and a wet testing in the TTI Visibility Lab [3].

|
|

Figure 2-13. Portable reflectometer setup [2].
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The MRU shown in Figure 2-14 recorded RPM retroreflectivity in units of Rp
(mcd/m?/lux). The MRU system was designed to evaluate the retroreflectivity of line-stripe PMs.
The research noted that little work has been done to determine if the mobile data that is collected
on markers is useful or how it correlates with standard marker evaluation techniques. The
software that controlled the retroreflectometer allowed researchers to filter data greater than a
specified value to a separate file, which was where high retroreflectivity values were recorded.
RPM Ry values tend to be in the tens of thousands, much greater than typical line striping [<
1000 R. (mcd/m?/lux)] [3].

———ls
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Figure 2-14. Laserlux G7 MRU setup [3].

For the researchers to properly analyze the RPM data, it needed to be processed to
separate retroreflectivity of RPMs from PMs. Some PMs on the roads have values from 400-750
Re (mcd/m?/lux), which are close in range to some RPMs and needed to be removed from the
RPM data file. Moreover, averaging out repeat hits on the same RPM was necessary due to the
speed of data collection. The researchers decided that when multiple hits were recorded for a
marker, hits less than 1000 R (mcd/m?/lux) would be ignored because the laser most likely only
hit a portion of the marker. For the remaining multiple hit RPMs, the R values were averaged to
obtain a single value. Next, using the coordinate system to make sure the markers lined up, the
markers were matched to their corresponding marker numbers from the portable data [3].

Finally, the multiple runs were averaged together to generate average values for each
marker. Once the mobile data was collected and synthesized it was determined that most markers
had values around 9000 R, (mcd/m?/Iux). Figure 2-15 provides the average data for each marker
from the closed course test area [3].
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Figure 2-15. MRU R readings on RPMs using a 20-mW laser strength [3].

It was determined that the laser strength was too intense to show retroreflectivity
variations due to over saturation of the retroreflectometers photodetector. The laser strength was
lowered from 20 mW to 8 mW and additional data was collected. The new data was processed
using the original set of procedures. Figure 2-16 provides the average data for each marker from
closed course test area 2 with reduced laser power. The data from Figure 2-16 was more realistic,
which made for a better comparison to the portable data given the range of values that were
measured using the portable retroreflectometer. However, it is apparent that with lower laser
strength, not all the RPMs registered values during the evaluation. During the lower laser power
experiment the experiment, 15 of the 24 markers were detected compared to all 24 being
detected at full laser strength [3].
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Figure 2-16. MRU Ry readings on RPMs using an 8-mW laser strength [3].

15



It was determined that the MRU can record Ry values for PMs and RPMs simultaneously.
However, the researchers determined that the MRU retroreflectivity values for the RPMs do not
correlate well with the portable RPM retroreflectometer. To account for what appeared to be
oversaturation of the MRU photodetector, the researchers lowered the laser output power to
reduce the signal. This resulted in a larger range of retroreflectivity values, but the data still did
not correlate with the portable RPM retroreflectometer. The lower laser strength also resulted in
a decrease in RPM detection rate from approximately 95% to 60%. When observing the portable
retroreflectivity values of individual markers, researchers found a large R, difference when
evaluating the two faces of the double-sided markers. Both new and in-service markers showed
directional differences [3].

FDOT and University of North Florida [4]

This multi-year study was focused primarily on developing data processing algorithms to
improve the performance of the Gamma Scientific G7 MRU in assessing PM retroreflectivity.
Initial evaluation and optimization of the technology focused on improving the hardware. For
example, a cooling system was integrated into existing MRU design to tightly control its
operating temperature. Additionally, new calibration materials were tested and selected to
establish an optimized, robust calibration process. Most recently, this study focused on data
processing algorithms and factors affecting retroreflectivity data collection with the MRU [4].
The identified factors on the repeatability and reliability of the data were as follows:

e Signal Characteristics:

a. Low Stripe Reflectivity

b. RPM Signal Filtering

c. Excessive RL Signal from surrounding markings like stop lines
e Algorithm Based Optimization for:

a. Scan Bounding

b. Lateral Wander Correlation
e On-Road Debugging for:

a. Power Supply Inconsistency

b. Background light effects

c. Voltage Offset

d. Spinning Mirror Assembly Effects

Researchers concluded that one of the signal characteristics found was an RPM signal.
For the purpose of that research, it was crucial to filter out any detected RPM signal or even a
partial RPM signal. These RPM signals cause interference with pavement marking readings [4].
As the laser light hits an RPM during its sweep, the system would capture a saturated voltage
signal. This is saturation was due to exceeding the maximum photodetector voltage, as the RPM
is a highly reflective surface [4]. The saturation is shown in Figure 2-17. The impact of the RPM
retroreflectivity was eliminated from the data set by establishing a maximum voltage level
threshold. Whenever the signal rises above the threshold, the data was flagged as an RPM
reading and removed from the data set.
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Figure 2-17. Example of an RPM voltage signal [4].

Partial RPM hits were detected during the one-meter-wide laser sweep. The MRU
response when the laser light partially hits the RPM is similar to a very thin stripe without having
a high voltage response, as shown in Figure 2-18. This erroneous data was identified and
removed by setting a minimum line-stripe width, which is normally six inches wide in Florida.
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Figure 2-18. Thin stripe signal due to partial RPM reading [4].

In conclusion, a new software application called the Florida Retroreflectivity Software
(FRS) was successfully developed that provides complete MRU control as well as providing an
easy-to-use operator interface. Substantial testing was conducted to characterize the MRU
response towards line-stripes. Additionally, algorithms were developed to ensure that only data
that is truly representative of the stripe is used to evaluate its retroreflectivity [4].
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The FRS software provides much more data to the investigators than the vendor-supplied
software. As a result, it was determined that data collected under conditions of variable ambient
light conditions showed vertical shifting between runs and was characterized with inferior
repeatability. The background R. readings correlate to the vertical shifting, and such background
R is due to a combination of pavement R, and background solar light. The MRU is designed to
mitigate the effect of background solar light using internal interference filters in the MRU
hardware, but testing showed that hardware performance is insufficient to achieve improved
levels of repeatability under ambient light conditions. Additionally, the quality of interference
filters degrades with age. Further testing is needed to characterize this degradation effect [4].

RPM REFLECTIVITY MEASUREMENT DEFINITIONS

RPM retroreflectivity is measured or calculated in values of coefficient of luminous
intensity, Ry, or coefficient of retroreflected luminance, R.. These two values differ slightly
where the R accounts for the illuminated area where R; does not. We can acquire R values
using the photometric range and the MRU, while R, values are acquired using the photometric
range and the handheld portable reflectometers. The following equations represent the values and
terms affiliated with reflectance and retroreflectance:

Luminous Intensity = 1 Candelas (cd),1 milli — Candelas (mcd)

Luminous Flux = 1 Lumens (Im)

) Luminous Intensity /mcd
Luminance = ( >

Area m2

Luminous Flux (Ilm
[lluminance (Lighting level on a surface) = (

Area F) or (lux)
Coefficient of Luminous Intensity, Ri: The ratio of the luminous intensity (1) of the
retroreflector in the direction of observation to the illuminance (E) at the retroreflector on a plane

perpendicular to the direction of the incident light, expressed in candelas per lux (cd/lux) [5].

_ Luminous Intensity (mcd)

R, =

I[lluminance lux

Coefficient of Retroreflected Luminance, Ri: The ratio of the luminance, L, of a
projected surface to the normal illuminance, E', at the surface on a plane normal to the incident
light, expressed in candelas per square meter per lux (cd/m”2/lux). Because of the low luminance
of pavement markings, the units used commonly are millicandelas per square meter per lux
(mcd/m?/lux) [6].

Luminance (mcd mcd
(o) @ tor ()

L= ;
[lluminance
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HIGH-SPEED RPM RETROREFLECTIVITY GAP ANALYSIS

There are no studies in the published literature that detail network-level experience with
implementing high-speed assessments of RPM retroreflectivity. The limited number of studies
that utilized MRU technology to assess RPMs reported that identification of RPMs was possible
[1, 2, 3, 4]. The resulting MRU-measured retroreflectance, however, did not align other
measurement techniques such as handheld measurements [2, 3, 4]. The difference in
retroreflectance measurements is thought to be, in part, due to different geometries being
employed to acquire measurements (MRU 30-meter versus RPM handheld 220-meter).

To properly evaluate MRU technology for RPM assessments, hardware designed
specifically for RPM measurement is required. There are many options, such as installation of a
second laser sub-assembly optimized for RPM measurement by modifying the existing hardware
currently used for PM evaluations. There are many trade-offs ranging from cost to maintaining
the ability to measure color.

Given the varying geometries of the different measurement techniques, it is not expected
that assessments of RPM retroreflectance will perfectly align between different technologies [2,
3, 4]. Rather, as part of this study, there will be a concentrated effort to develop correlations
between the different measurement techniques to facilitate comparisons. At the heart of this
comparison effort is the underlying repeatability and reproducibility of the different
measurement techniques. The level of repeatability will directly relate to the uncertainty of the
correlations. As a result, early and on-going efforts will be placed on studies to quantify and
improve the repeatability of the RPM-focused MRU.

Once laboratory testing has been sufficiently completed, on-road effects will need to be
analyzed. These effects, for the most part, are well understood by the project team for MRU
pavement marking assessment and have been shown to have a significant impact on repeatability
and reproducibility. Some of these effects include but are not limited to:

Vehicle-related issues (acceleration/deceleration, changing fuel levels, etc.)

Road effects (bumps, turns, changing ambient conditions such as ambient light levels)
MRU hardware sensitivities (lane wander, operating temperature, etc.)

RPM installation tolerances (levelness, angle to direction of motion, etc.)

Data processing algorithms will need to be developed. Impact of partial RPM hits, hits on
multiple RPMs (closely installed RPMs), and multiple hits on the same RPM are examples of
situations that will need to be identified in the MRU response. Algorithms developed will ensure
the processed data represents a true system response related to the RPM retroreflectance
performance. Finally, further investigation of the distance measuring system (DMI) will be
required. The on-road accuracy of the DMI will determine the MRU ability to properly identify
closely installed RPMs.
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CHAPTER 3 - TEST PLAN

OVERVIEW

Current RPM retroreflectivity assessment practices include using static devices, such as
the photometric range or handheld devices. These devices, based on present standards, utilize a
long-range 220-meter measurement geometry. For a highway-speed mobile device, such long-
range geometry is not practical given issues with vehicle dynamics, road conditions, RPMs
shading each other, multiple hits on the same RPM, etc. The existing MRU technology utilizes a
30-meter geometry to measure PM retroreflectivity, and this study proposes to utilize a similar
arrangement to measure RPM retroreflectivity. Correlations were developed between the
different devices and corresponding different geometries to make measurement comparisons.

Previous studies showed that the MRU is capable of RPM detection utilizing the standard
30-meter geometry. An important benefit of this arrangement is that a single MRU can
concurrently assess both RPM and PM retroreflectivity. No published studies detail network-
level experience with high-speed assessment of RPM retroreflectivity. The limited number of
studies that utilized MRU technology to assess RPMs reported that identification of RPMs was
possible. The resulting MRU-measured retroreflectance, however, did not align with other
measurement techniques such as handheld devices. The difference in retroreflectance
measurement is thought to be, in large part, due to different geometries being employed to
acquire measurements.

For proper RPM assessment using MRU technology, hardware designed specifically for
RPM measurement is required. One of the early goals of the project team was to work closely
with Gamma Scientific (MRU original equipment manufacturer) to develop such equipment. The
project team decided that based on the many trade-offs (cost, ability to measure color, etc.), a
current Laserlux G7 MRU would be modified to measure both RPM and PM retroreflectivity. As
a result, testing ensured the quality of the PM retroreflectivity measurement.

Given the varying geometries of the different measurement techniques, MRU assessment
of RPM retroreflectance was not expected to perfectly align with different technologies. Thus,
there was a concentrated effort to develop correlations between the different measurement
techniques to facilitate comparisons. At the heart of this comparison is the underlying
repeatability of the different measurement techniques as the level of repeatability directly relates
to the uncertainty of the correlations. As a result, early and on-going efforts to quantify and
improve the repeatability of the RPM-focused MRU occurred.

TEST PLAN APPROACH

Based on the above-mentioned challenges, the test plan focused on RPM retroreflectivity
assessment using both geometries. This project included five measurement devices that utilize
the two geometries. The five devices included the following: the photometric range, two portable
devices [one for PM measurements (30-meter geometry) and one for RPM measurements (220-
meter geometry)], the modified Laserlux G7 MRU, and one unmodified Laserlux G7 MRU.
Table 3-1 lists each device and the corresponding locations for testing each device. The two
measurement geometries analyzed were the 30-meter geometry (referred to as PM geometry) and
220-meter geometry (RPM geometry). Figures 3-1 to 3-4 show diagrams pertaining to these
measurement geometries. Testing occurred at the following four locations:
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1. EDOT photometric test lab: Static measurement of RPM retroreflectivity for both
geometries.

2. EDOT MRU calibration bay: Static measurements using handhelds and incorporating both
geometries and MRUs.

3. EDOT Williston Airport Test Track: Both handheld and mobile RPM assessment under
isolated, controlled conditions

4. Precision Test Sites: Approximately 10 test sites, including five from the PM precision
test, to allow for assessment of the MRU technology under road conditions.

Table 3-1. Proposed test locations.

Test Location

Apparatus Photometric MRU Williston Airport | Precision
Test Lab Calibration Bay Test Track Test Sites
Photometric Range X

Retroreflectometer (30-m)

Retroreflectometer (220-m)

X
X
Modified G7 MRU X

XX | XX

Unmodified G7 MRU

Standard 30-m Geometry

Observation Angle = 1.05°
\ Co-Entrance Angle = 1.24°

AN

Figure 3-1. PM optical angles for the standard 30-meter measurement geometry.
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Figure 3-2. RPM retroreflective surface axes.
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Standard 220-m Geometry
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Figure 3-3. RPM optical angles for the standard 220-meter measurement geometry.

Entrance Angle 2, B, = +20°

Figure 3-4. RPM optical angles for the standard 220-meter geometry and a 20° rotation.

For the RPM 220-meter geometry, there are three main angles: o (observation angle), 1
(entrance angle 1), and B2 (entrance angle 2). The observation angle is the angle between the
illumination axis and the observation axis. Entrance angle 1, shown in Figure 3-3, is the angle of
vertical tilt between the illuminating axis and the datum axis. Entrance angle 2, shown in Figure
3-4, is the angle of horizontal rotation between the illuminating axis and the retroreflector axis.
For the 30-meter PM geometry, the co-entrance angle (B¢) is denoted as entrance angle 1 (B1)
when referring to the 220-meter geometry angle nomenclature. Table 3-2 shows the optical angle
configurations for each standard geometry.

22



Table 3-2. Optical angle configurations for the standard measurement geometries.

Geometric Optical Angle Configurations
Standard Observation, o Entrance Angle 1, B1 | Entrance Angle 2, B>
Standard PM 30-m 1.05° 1.24° 0°
Standard RPM 220-m 0.2° 0° 0°
Standard RPM 220-m o o o
w/ Horizontal Tilt 0.2 0 -20
Standard RPM 220-m 0.2° 9o 0°

w/ Max. B1 Tolerance

Standard RPM 220-m
w/ Horizontal Tilt & 0.2° -2° -20°
Max. B1 Tolerance

Standardized Tests

The standardized tests utilized existing instrumentations configured to current standards.
For the RPM geometry tests, the photometric range configured to standard RPM optical angles
and the RPM portable retroreflectometer acquired retroreflectivity values. For the PM geometry,
the photometric range configured to standard PM optical angles and the PM portable
reflectometer acquired retroreflectivity values.

Developmental Tests

The existing MRU was to be modified to measure the higher retroreflectance of RPMs.
Thus, the modified MRU underwent extensive static and mobile testing to evaluate and optimize
measurement of RPM retroreflectivity. Quantification of the MRU response to RPMs ensued to
develop appropriate data processing algorithms and ensure the assessment of only quality data.
Sensitivities of the new device to highway conditions (turns, bumps, etc.), vehicle dynamics
(speed, acceleration/deceleration), ambient conditions (light levels, temperature, etc.) were also
evaluated.

The MRU has three channels capable of holding three laser sub-assemblies. Usually,
three channels are utilized for color detection, which is an add-on option. At this point, the
FDOT does not utilize the color detection option. A second laser sub-assembly was incorporated
into the first iteration of the modified MRU to have a total of two laser sub-assemblies. The first
laser sub-assembly was the same as used in existing MRUs capable of measuring PMs only. By
incorporating the second laser sub-assembly for RPM measurements, a direct comparison
between the modified laser sub-assembly used for RPM and PM assessment and the nominal
PM-assessment laser sub-assembly could occur. As a result, any impact of the modifications on
PM measurements can be directly quantified. It is not expected that future modified MRUs will
include the second laser sub-assembly. Table 3-3 lists the measurement geometries associated
with each testing apparatus.
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Table 3-3. Measurement apparatus and their corresponding geometry.

Geometric Test
Measurement Apparatus Standard PM 30-meter Standard RPM 220-meter
Photometric Range X X
Portable Retroreflectometers X X
Modified G7 MRU X
Unmodified G7 MRU X

Repeatability Test

Repeatability testing of each device, using the standard precision test methods, occurred.
For the photometric range and the handheld retroreflectometers, three measurements of eight
random RPM samples were conducted with each device under both the 30-meter and 220-meter
geometries. The MRU precision tests occurred at nine defined test sites with each measured three
times. The sites included four from existing MRU PM test sites and five newly defined test sites.
The newly defined test sites included different RPM manufacturers. Precision testing of both
RPMs and PMs measurement by the modified MRU also occur.

Data Analysis

The first goal of the data analysis was to determine correlations between the different
measurement geometries. This included correlations between measurements of the same device
but different geometries; for example, the photometric range RPM retroreflectance measurement
with 30-meter geometry versus 220-meter geometry. It also included correlation development
between different devices, including the two different geometry-based handheld devices. Most
importantly, correlations were developed between the modified MRU (30-meter geometry) and
existing RPM measurements (220-meter photometric range and 220-meter handheld device).

The second goal was to evaluate any impact of the MRU modification on PM
retroreflectivity measurements. RPM retroreflectivity [up to 50,000 R. (mcd/m?/lux)] is much
higher than typical pavement marking [< 1000 R, (mcd/m?#/lux)]. Note that measurement of
RPMs mainly focused on R)values (mcd/lux), as the RPM is considered a point source of
retroreflectance rather than a large area as in line-stripe PM calculations.

TEST DESCRIPTION

As mentioned above, testing incorporated four devices. Each apparatus was unique in its
setup, configuration, and data collection process. The existing devices (photometric range and
handheld devices) were calibrated according to manufacturer specifications. For the modified
MRU, development of a calibration procedure for RPM measurement needed to occur. To ensure
testing was useful to the FDOT, the selected RPM models were from the FDOT Approved
Product List (APL). An assortment of brand new, used but still functional, and used non-
functional RPMs were employed.
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RPM Models

The RPM models shown below (pictures from FDOT specification manual 706 - Raised
Pavement Markers and Bituminous Adhesive) were used for this project. These Class B RPMs
are the most commonly used RPMs on Florida roadways. The RPM samples were labeled
according to the sample number, RPM type, and RPM condition. For example, 1-1W is sample
1, Type 1, white reflective surface, new condition. While 2-2Y/U is sample 2, Type 2, yellow
reflective surface, used condition. The following RPM models shown in Figures 3-5 to 3-7 were
chosen from the APL for testing.

Figure 3-5. Yellow two-way reflector, Type 1.

Figure 3-7. Yellow one-way reflector, Type 3.
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Photometric Range Test

The photometric range is the most flexible setup for standard retroreflectivity tests. The
testing utilized the FDOT’s 940D RoadVista photometric range built by Gamma Scientific which
is capable of both 30-meter and 220-meter measurement geometries. The testing accounted for
vertical and horizontal tilts in order to observe the effect that these optical angles have on the
retroreflectivity readings. In this testing, retroreflectance was measured in R and R units. Each
sample had three measurements using each variation of optical angles for to check for
repeatability and accuracy. Figures 3-8 and 3-9 show the photometric range equipment.

Figure 3-8. RoadVista 940D photometric range apparatus [12].

Figure 3-9. RPM setup on the goniometer in the photometric range [12].
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Portable Retroreflectometer Test

The portable retroreflectometer testing utilized one RoadVista PM handheld
retroreflectometers and one RPM handheld made by Zehntner. For the RPM 220-meter
geometry, the Zehntner ZRP 6030+ was used. The Zehntner device outputs retroreflectivity
measurements in Ry (mcd/lux). As for the PM 30-meter geometry, the RoadVista Stripe Master 2
was used, which outputs retroreflectivity in R (mcd/m?/lux). These devices are shown in Figures
3-10 and 3-11.

Figure 3-11. RoadVista Stripe Master 2 30-meter geometry line-stripe retroreflectometer [12].

27



Modified MRU Validation Test

The hardware validation tests initially took place in the MRU calibration bay. The test
bench in the calibration bay utilizes a 1/5" scale of the 30-meter measurement geometry while
maintaining the same optical angles listed in the standard. These tests evaluated MRU
performance in a controlled environment to ensure that the MRU was capable of measuring the
high R. values associated with RPMs. The testing also defined the MRU signal response to RPM
retroreflectivity. Measurement of PM retroreflectivity occurred for comparisons between the
modified MRU and the unmodified FDOT MRU. This was done to ensure the validity of the
modified MRU PM readings and that the modifications did not affect the PM measurements.

The FDOT Williston Airport test track was also used for this study. The % mile roadway
is located within the Williston Airport boundary, and as such, is gated with limited access. The
test track allowed for testing different vehicle conditions (such as speed) and different RPM
configurations (such as distance between RPM installations). Back-to-back repeat testing of the
two laser sub-assemblies (one nominal and one modified for RPM measurement) was able to
occur without traffic disruption.

Development of the data processing algorithms also occurred during this testing. These
algorithms eliminated the impact of low-quality data, such as partial hits on an RPM, from the
data set. Mitigations to external factors (such as ambient light levels) and internal factors (such
as vehicle wander) were also implemented. Continual improvement of the performance of the
modified MRU was the goal of algorithm development.

A series of precision tests also occurred during this study. Similar to the testing
performed for existing FDOT MRUEs, these tests occurred at nine test sites in the Gainesville
area. Precision estimates were determined for both PMs and RPMs with the modified MRU. To
achieve repeatable and reproducible measurements between different MRUs, the FDOT
designated multiple field sites to verify the precision of MRU measurements. The test sections
consisted of various pavement markings. The range of PM retroreflectivity for these test sections
was from 100 to 800 R, (mcd/m?/lux). The modified MRU performed three repeat runs at each
test section at the posed roadway speeds. The results of the modified MRU at each test section
were expected differ by no more than £10.0% for repeatability and £15.0% for reproducibility
when compared reference data [13]. Figure 3-12 shows the MRU test vehicle.

Figure 3-12. FDOT G7 MRU and the test vehicle.
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TEST PLAN SCHEDULE

The test plan included a comprehensive study for RPM assessments including detection
and retroreflectivity evaluations. The defined tests also facilitated the development of
comparison correlations of different testing devices and the corresponding differences in
geometries. As well, quantifying and minimizing the impact of MRU modifications on PM
retroreflectivity measurement was planned to occur. The resulting information, including
precision values, allowed for development of a successful implementation plan for network-level
RPM assessments. Shown below in Figure 3-13 is a Gantt chart showing the test plan timeline.

9N 211 /21 10/1 10/11 10/21 10/31 1110 11/20 11/30

RPM Sample Collection -
Photometric Range Test -

Photometric Range Precision Test

Photometric Range Data Processing .

Handheld Retroreflectometer Calibration Bay Test -

Handheld Retroreflectometer Certification Track Test _

Handheld Retfroreflectometer Precision Test
Handheld Retroreflectometer Data Processing -

MRU Upgraded Hardware Valdation Test -

MRU RPM Retroreflectivity Test _

MRU Precizsion Test

MREU Data Processing -

Mass Dota Compiing and Analysis

Figure 3-13. Test plan Gantt chart.
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CHAPTER 4 - MODIFIED MRU EXPERIMENTAL TESTING

OVERVIEW

Based on the test plan established in the previous chapter, the testing focused on RPM
retroreflectivity assessment using both geometries. Per Task 3 agreement, the research team
evaluated the data acquisition software and data processing algorithm while working together
with Gamma Scientific (original equipment manufacturer). The research team provided
recommendations to the manufacturer for modifying the test equipment, algorithms, and
software to ensure that the RPM data collected by the MRU are comparable to reference
equipment such as handheld retroreflectometer and lab-based photometric range. A precision test
was conducted to assess repeatability and accuracy for all apparatuses used in this study.

PHOTOMETRIC RANGE TEST

Tests were executed using the FDOT’s 940D RoadVista photometric range built by
Gamma Scientific, involving both 30-meter and 220-meter geometries. The testing accounted for
vertical tilts and horizontal rotations in order to observe the effect that changes to the optical
angles have on retroreflectivity readings. According to the test plan, retroreflectance was to be
measured in Ry (mcd/lux) and R. (mcd/m?/lux) units, where R is the retroreflectance of a surface
without accounting for its area (point source) and R accounts for surface area. Each sample had
three non-consecutive measurements for each set of optical angles to assess measurement
precision. Figure 4-1 shows the photometric range equipment.

Figure 4-1. RoadVista 940D photometric range equipment [12].

The RPM retroreflectivity measurements collected from the photometric range test were
used as reference data. This assumption was based on the photometric range being a certified
apparatus with standard testing methods already being implemented. A variety of angle
combinations were used. As mentioned in the optical angles section, (B1, o, B2) were set to (0°,
0.2°, 0°) for the 220-meter geometry, and (1.24°, 1.05°,0°) for the 30-meter geometry. The
vertical tilt applied according to the ASTM D4280 standard was -2° for B1, and the horizontal
rotation was -20°. The 30-meter geometry accounted for a horizontal rotation of -20°.
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The sensitivity to variations in horizontal angle and vertical angle were assessed
independently. Using the ASTM standard testing method, RPMs were assessed using the 220-
meter geometry. Two scenarios were applied, first a 20° horizontal rotation then a 2° vertical tilt.
For the 20° horizontal rotation, the values obtained in Figures 4-2 and 4-3 averaged
approximately 56% of the 220-meter geometry 0° rotation value.

Photometric Range - 0° Rotation vs. 20° Rotation
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Figure 4-2. Rotated vs. non-rotated RPM R, Values.
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Figure 4-3. RPM R, values trend for 220-meter geometry at 0° and 20° rotation.
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As for the 2° vertical tilt, the values obtained in Figures 4-4 and 4-5 averaged
approximately 106% of the 220-meter geometry 0° tilt value. Overall, these tilted and non-tilted
measurements had strong agreement with each other, indicating a minimal effect on
measurements by the 2° vertical tilt.
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Figure 4-4. Tilted vs. non-tilted RPM R, values.

800
NS

700
600
40
20
10
0
@@@'& féf" *$\\§$\\5$\\)Q~\0Q~\0A\\5§\\)§\0*\\)A\0*\\5
’1/ '\/ ’T/ ”)

NN
’1/ ":»

m(0°,0.2°,0°) m(-2°,0.2°,0° Sample No.

RI (mcd/lux)
w (9]
o o
o o o o

o

Figure 4-5. RPM R, values trend for 220-meter geometry at 0° and 2° vertical tilt.
32



For the 30-meter geometry, retroreflectivity measurements averaged approximately 9%
of the 220-meter geometry value. On the other hand, the correlation was at 70% and trends were
different to some extent, with a low linearity depending on R2. These results are shown below in
Figure 4-6 and Figure 4-7.
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Figure 4-6. 30-meter vs. 220-meter RPM R, values.
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The repeatability study in the photometric range presented an average coefficient of
variation (COV) of only 1.6% using the standard 220-meter geometry. This indicates low
measurement variability between measurements of the same sample. Three non-consecutive
measurements were acquired for each sample, and the coefficient of variation (COV) was
calculated from the three runs average and standard deviation at a 95% confidence interval. It
should be noted that the two red RPMs exhibited low R, values, which introduced a higher COV
with any slight difference. Table 4-1 shows the precision data sheet for the photometric range
using the standard 220-meter geometry. In addition, the results of the photometric range testing
are summarized below:

e The photometric range showed high measurement repeatability using the standard 220-
meter measurement geometry with a COV of 1.6%.

e Using the 220-meter geometry, a 20° horizontal rotation causes a 44% drop in the RPM
retroreflectivity relative to a non-rotated orientation.

e Using the 220-meter geometry, a 2° vertical tilt causes a 6% rise in the RPM
retroreflectivity relative to a 0° tilt.

e Using the 30-meter geometry, the RPM retroreflectivity averaged around 9% of the 220-
meter geometry RPM retroreflectivity value.

Table 4-1. Photometric range precision results.

Test Date Unit \ Variance | St. Dev | COV
9/26/19 mcd/lux 8 3 1.6
Test ID Type Run 1 Run2 | Run3 | Average | Variance | St. Dev | COV
1-1W 758 754 753 755 8 3 0.38
2-1W 726 722 722 723 7 3 0.37
3-1W 689 685 684 686 9 3 0.43
1-1R 270 265 265 267 9 3 1.14
2-1R 216 214 214 215 1 1 0.48
1-1Y 582 578 578 579 6 2 0.42
2-1Y 528 523 523 525 9 3 0.58
_ 3-1Y 613 608 609 610 6 3 0.42
Photometric 1 ow/u | 410 405 | 406 407 9 3 0.72
honde  [22wiu| 618 | 612 | 612 | 614 10 3 | 052
(0°,02°,0°) | 3-2W/U | 390 | 384 | 383 | 386 14 4 1098
1-2R/U 31 26 26 28 8 3 10.44
2-2R/U 35 30 30 31 8 3 9.27
3-2Y/U 507 503 503 504 7 3 0.52
1-2Y/U 181 176 176 178 8 3 1.57
2-2Y/U 327 323 322 324 8 3 0.89
1-3Y/U 371 372 371 371 0 1 0.15
2-3Y/U 344 339 339 341 9 3 0.86
3-3Y/U 311 306 306 308 9 3 0.97
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PORTABLE (HANDHELD) RETROREFLECTOMETER TEST

The portable retroreflectometer tests utilized one RoadVista handheld retroreflectometer
and one from Zehntner. For the RPM 220-meter geometry measurements, the Zehntner ZRP
6030+ was used. As for the PM 30-meter geometry measurements, the RoadVista Stripe Master
2 was used. Each RPM sample had three non-consecutive measurements for the precision study
and the average of the three measurements were used as the final RPM retroreflectivity value.

During preliminary testing, the 30-meter geometry handheld failed to achieve a proper
quantitative RPM retroreflectivity measurement. It is believed to have been the result of
oversaturation in the device’s photodetector from the high retroreflectivity signal of RPMs.
Therefore, the RoadVista Stripe Master 2 did not qualify for this test. The Zehntner 220-meter
geometry handheld on the other hand demonstrated promising results. The same RPM samples
from the photometric range test were laid down on a flat pavement surface and a series of
measurements were acquired. Table 4-2 shows the data sheet and precision analysis for the
Zehntner ZRP 6030+ handheld device. Three non-consecutive measurements were acquired for
each sample and the coefficient of variation (COV) was determined.

Table 4-2. Zehntner ZRP 6030+ retroreflectivity and precision data from 19 RPM samples.

Test Date | Unit Variance | St. Dev | COV
9/23/19 | mcd/lux 17 4 1.0
Test ID Type Run 1 Run2 | Run3 | Average | Variance | St. Dev | COV
1-1W 660 667 678 668 82 9 1.36
2-1W 650 656 657 654 14 4 0.58
3-1wW 642 644 643 643 1 1 0.16
1-1R 254 256 253 254 2 2 0.60
2-1R 228 225 228 227 3 2 0.76
1-1Y 559 560 556 558 4 2 0.37
2-1Y 534 543 532 536 34 6 1.09
3-1Y 569 568 575 571 14 4 0.66
7RP 1-2W/U 408 399 398 402 30 6 1.37
6030+ 2-2W/U 600 600 601 600 0 1 0.10
Handheld | 3-2w/u 432 433 431 432 1 1 0.23
1-2R/U 29 28 29 29 0 1 2.01
2-2R/U 32 32 31 32 0 1 1.82
1-2Y/U 552 555 555 554 3 2 0.31
2-2Y/U 201 201 197 200 5 2 1.16
3-2Y/U 311 309 314 311 6 3 0.81
1-3Y/U 414 398 405 406 64 8 1.98
2-3Y/U 392 391 384 389 19 4 1.12
3-3Y/U 286 285 295 289 30 6 1.91
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These results had an average difference of 0.8%, repeatability COV of 1.0%, and
reproducibility between the handheld and the photometric range of 5.3%. The average error
between the handheld and photometric range was £6.6%. According to the above results, the
handheld falls within the FDOT’s acceptable repeatability and reproducibility COV values of
10% and 15%, respectively. These results indicate that this device produces accurate
retroreflectivity measurements on RPMs will be useful for reference data. Figure 4-8 shows data
plotted to demonstrate the correlation between the photometric range data and the handheld ZRP
6030+ device. The two devices show a high correlation with an R? of 0.9751.

Zehntner ZRP 6030+ (220-meter) vs. Photometric Range (220-meter)
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Figure 4-8. ZRP 6030+ vs. photometric range R, values plot.

After completion of a series of tests with the portable retroreflectometers, the following is
concluded:

e The striping retroreflectometer, the RoadVista Stripe Master 2, failed to measure RPM
retroreflectivity due to oversaturation of the photodetector.

e The 220-meter geometry Zehntner ZRP 6030+ showed promising repeatability and
reproducibility with the photometric range having COVs of 1.0% and 5.3%, respectively.

e The ZRP 6030+ obtained a 99.86% correlation with the photometric range 220-meter
geometry test, with almost a direct linearity based on an R? value of 0.9751. The resulting
average percent error between the two devices was £6.6%.
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MODIFIED MRU TEST

The MRU underwent a series of tests at the following three locations:

e FDOT MRU Calibration Bay: a controlled lab environment that replicates a the 30-meter
geometry setup.

e FDOT Williston Airport Test Track: mobile (dynamic) RPM assessment on roads with no
traffic, and variable conditions such as RPM placement and retroreflectivity values.

e FDOT Precision Test Sites: an on-road testing environment with no control over
placement or retroreflectivity values.

Modified MRU Line-Stripe PM Precision Tests

The modified unit for these experiments was a Laserlux G7 MRU identified as LZ1017.
The LZ1017 MRU is equipped with two channels, channel 0 (modified channel) and channel 1
(standard channel identical to the unmodified LZ1030). The hardware validation tests initially
took place in the MRU calibration bay followed by the local precision test sites. The test bench
within the calibration bay utilizes a 1/5" scale of the standard 30-meter geometry while
maintaining the standard optical angles. These tests aimed to evaluate the modified MRU
performance in a controlled environment, such as the calibration bay, to ensure the capability of
the MRU to measure the higher RPM Ry values. The testing also aimed to define the MRU
signal response to RPM retroreflectivity. Measurement of PM retroreflectivity occurred for a
comparison between the modified MRU (LZ1017) and the unmodified FDOT MRU (LZ1030).
This is to ensure the validity of the modified MRU PM readings, and that the modifications did
not affect the PM R_ value measurements.

Initially LZ1017 was calibrated using the Gamma Scientific calibration plate, which had
predetermined assigned values of 294 and 306 R. (mcd/m?/lux) for channels 0 and 1,
respectively. The modified MRU had 7-mW laser power instead of the standard 20-mW for the
FDOT boxes. The concept behind reducing the laser power on the modified unit was to avoid
photodetector saturation previously seen with the 30-meter handheld retroreflectometer.
Circuitry gains were adjusted accordingly by the manufacturer.

For RPM readings, channel 0 (modified) was able to detect RPMs with a wide range of
R. readings from 20,000 to 100,000 R, (mcd/m?/lux) showing a promising variation of R, values
relative to the photometric range readings. However, channel 1 (unmodified) could not achieve
accurate readings, since all RPM samples saturated around a constant value of 10,000 R,
(mcd/m?/lux).

For PM readings in the calibration bay and at the precision sites, LZ1017 showed a
significant difference in the readings when compared to LZ1030 and the pooled historical data.
For reference, the pooled historical data is a 6-month moving average of accepted
retroreflectivity readings at each of the five precision sites. Figures 4-9 and 4-10 shown below
contain precision results for sites 1 and 2. Both channels 0 and 1 were used to measure line-
striping retroreflectivity at each site. The repeatability and reproducibility (between LZ1017 and
historical pooled data) did not pass with precision COV thresholds acceptable by the FDOT,
which are 10% and 15%, respectively. Channel 0 read higher values while channel 1 read lower
values relative to the other MRUs
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Figure 4-9. Precision site 1 LZ1017 channel 0, channel 1, and historical data plot.
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Figure 4-10. Precision site 2 LZ1017 channel 0, channel 1, and historical data plot.

Moreover, the LZ1017 did not pass the FDOT accuracy test or lateral test. The accuracy
test is executed by reading a set of stripes identified by the FDOT with known Ry values then
calculating the average percent difference of the readings. For an MRU to pass this test, its
average percent difference should be less than 10%. The LZ1017 achieved a 15% and 19%
difference for channels 0 and 1, respectively.

The research team then investigated using the FDOT MRU calibration method. The
calibration procedure was performed using the ceramic standard which measured 161 R
(mcd/m?/lux) according to the FDOT’s photometric range measurements. The new calibration
values assigned to the Gamma Scientific calibration block were 314 and 344 R for channel 0
and channel 1, respectively. Next, the team decided to run a full precision test and compare
values with the FDOT MRU historical data for the precision test sites. This time the repeatability
and reproducibility values passed the FDOT standards. Channel 0 had a COV of 6.4% for
repeatability and a COV of 8.4% for reproducibility. Channel 1 had a COV of 5.5% for
repeatability and 15.6% for reproducibility.
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While the reproducibility for channel 1 was outside of the maximum COV value of 15%,
the research team went ahead with line-stripe testing at the five precision sites. Channels 0 and 1
were both activated and ran simultaneously at each site. Each channel was collecting l