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EXECUTIVE SUMMARY

This report investigatthe application of invisiblenarkings arranged idetectablepatternsto
enhance construction work zone (CV3&jety.Past research has shown thatvehicleaudio/visual
warnings to drivers can potentially alert drivers to the beginning of the CWZ, to reduce spadde
produce sooner merge actionshe proposed lectromagnetic (EMjnarkingsin CWZcould
communicate information t@dvanced driveqassistance systeffADA$-equippedvehicles to slow
down, merge, or exitThefirst research objectivevas toevaluatethe implementation of 3-axis
magnetometerson pavementassisted passive sensing syssdor improving safevehiclemovements
through CW2. Second, theesearchstudy explorel the development of programmable roadway
coatings that came usedto provide speed and maneuvering information to ABe&Bipped vehicles.

Theinitial experimenal phasesvaluatd the implementation of3-axis fluxgate magnetometeim
pavementt 33Aa0SR LI aaAQ@S aSyaiy3d dza AeyiEddedSmidpxy | 3y S i
based pavement markings. The experimaséda cart(instead of a vehiclegquipped with 3axis
magnetometers to detect and process EM signals from these markings. The chromium dioxide
content varied from 10% to 20% by weighest esults demonstrated thaas theCrQ content
increased the EM signals across all tleelimensions (X, Y, and Z ax#sje moredistinguishablgor
the proposedspeed warnings, lane merge alerts, and lkeeping assistanc&urthermore, he
signal outputvaried based on the distance between the EM specimen and sensor.-&kis sensor
(vertical direction)produced thestrongestoverallmagnetic fieldsignals, followed by the-direction
(forward-backward direction) The yaxis sensoflateral direction)had the lowest signal strength
across all specimen layouts and orientations.

The second phase of the research validated the sy&t@ffectiveness in an extended test section

with eight EM strips. Each strip contained 2@ by weight, with a coating size of 6 inches in width
and 28 inches in length. These strips were set up on the pavement surface to simulate CWZ warning
applications, including speed warnings and vehicle maneuvering instructions. After the raw sensor
signalswere processed through several stepsmcluding normalizing signals to their initial values,
subtracting bakground magnetic flux, and applying higimd lowfrequency filtering the processed
signals confirmed that the observed EM pavement signatures accurately corresponded to the
intended setup. Not only did the speed predictions closely align with GPS datank merge
suggestions and cart positioning also accurately matched the intended results.

Thispilot studyvalidated the effectiveness of EM signature coated on pavement surface for
application toconstruction work zonsafety. Theexperimentalresults suggesid that this passive
materialtechnology can provide valuable feedback for vehicle control systems, improve traffic flow,
and reduce congestion. Future work should focus on refining the materials used for EM markings,
integrating additional sensors, and validating system performanceuwmarious reaivorld vehicle
conditions.
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CHAPTER INTRODUCTION

BACKGROUND

Construction work zones awadways have been identified as highk areasecause of the&eomplex
activitiesandtraffic patternsassociated with themPrevious studies have shown thae risk of
accidens, injuries, and fatalities increased wherivers fail to adhere to posted speed limits and
disregard warning signs and traffic control devif@gman & Agent, 1990; Raub et al., 2001; Bai & Li,
2006) Safety enhancements are continuougheingupdated to increasevork zonesafety for drivers
and workersFor instance, rumble spshave been installed on road surfade vibrate vehicles,
make noise, andlert drivers of an approaching work zone ar&éarning signdave beerplaced
strategi@lly to provide instructions to drivers that guideem through the work zone safe(f{£tRayes
et al., 2014; Fontaine & Carlson, 20(Hyrthermore,intelligent transportation systems, such as
advancewarning mechanisms and retine traffic updates, have beeemployedto further improve
safety (Azimi et al., 2021; Darwesh et al., 2021; Li et al., 2D&8pite the development of various
safety measures, the number of accidents and fatalti@ge trendedupwardin work zonever the
past decade

A previous CCAfrojectby SakulneyandRoesler (2023 xplored the potential of irvehicle

message warning systems to improve driver responses and safety when approaching work zones,
particularly focusing on electromagnetic (EM) passigasing strip®n the road andingleaxis
fluxgate magnetometesensorarrayson the vehicleAn experimental plan was executed to test the
responses of EMignatures from several EM passsensing strip configurations, including varying
strip spacing and inclination aleg The laboratory proebf-concept results demonstrated that the
responses ofheseEMcodedsignatures exhibited potential for the establishment of a vehiole
infrastructure (V2I) systerfor work zoneghat includes an irvehicle speed and larmerge warning
system. Each Efgtrip configuration generated response signatures at diffesdrdpesjntensities

and offsets For the initial study,he signalclarity of the passivsensing signatures was primarily
influenced by the spacing between the EM strigimately, he experimental findings demonstrated
that different configurations of theserips could producainique EM signatures that could be
effectivelydeployed n a VV2I syster(Sakulneya &oesler 2023 Sakulneya & Roesler, 2024

The purpose of thisesearchprojectwasto advance construction workone safety by implementing
3-axis fluxgatanagnetometersensors coupled witprogrammable ferromagnetic oxide materias
the surface of the roadThecurrent researctexplored whether 3-axis fluxgatenagnetometer
sensorscan provideadditionaldetection and respores benefitscompared tosingleaxis
magnetometers offering enhanced vehicle control within work zones. Additionally, the integration of
programmable ferromagnetic oxide matatcoatings aimedto create passivsensing signatures on
roadways, which can be used for r¢mhe communication with ADA&quipped vehiclesThe
purpose of the EM surface coating wasmprove thepracticality of passive sensing signatures
compared topreviousembedded method¢Dahal& Roesler, 202, Dahal 2022Roesler & Dahal
2024). The passive EM surface coatiegquires lessnstallationtime, is non-evasiveto pavement
materials,andis easily removable, which is essential &mplications in CWZs.




Research Objectives

The objective of thisesearchisto advance construction workone safety througintegraton of 3-
axismagnetometerson a cart vehicledevelop and implement programmable ferromagnetic oxide
materials for roadway coatingbat form the passive sensing communication betweehiclesand

the roadway, anavaluae this V2lenhancenent¥ 2 NJ RSGSNX¥YAYAyYy3I GKS OF NI
position, and potential future maneuvershd& goal ofadding a3-axisversus a singlaxis

magnetometeris to assess forward or lateral detectiohthe approaching passive material senasr
extra positional or coded signatumeformation. Thesetwo mainefforts seek tamprowve driver safety
through construction work zoneby communicating and warninthpe driverdirectly, minimizing
unplannedcongestion andmaintaining the targettraffic flow.

Overview of the Report

This report is structured into five chaptersith Chapter Iproviding background on the research
problem, researchobjectives, and scope @fork forthe enhan@d construction workzone safety
study. Chapter 2emonstrates the potential fo¥2I communication through invisible passsensing
signatures orthe pavement This chapter includes documentation of tb@dedsignaturealgorithms
for CWZ safety antthe selection of materials for EMassive sensing signatures coded on the
pavement surfacdi.e., nvisible pavement markinngChapter 3 details the developmenttbie
invisible pavement markingystem includingmaterials, nixingprocessproceduresfor encodingand
establishment of a-&xis magnetometer array fafield pilot study. Chapter 4efinesthe
experimental setuand data collectiorfior passive EMsensing signaturefor CW2Awvarning andsafety
enhancementsas well as thesignalprocessing techniques. Finally, Chapter 5 synthesimes
experimentalresearchfindingsinto conclusions and recommendations for implementing pavement
assisted, passiveensing technology tmnprove work-zone safety.




CHAPTER 221 COMMUNICATION FOR ROAD SAFETY

PAVEMENT SIGNAGEDED ONROAD SURFACE

Pavement markings have been one of the most commonly used forms of signage coded on road
surfacedgo provide indirect messages to drives safevehiclemovemens. These markings provide
essential guidance for drivers bgfiningtravel paths and conveying important information about
roadway alignmentlane demarcations, passing zoneg:

According to AASHT(@008), a highway fatality occued every 21 minutedecause ofane
departures, totaling over 25,000 deaths annually. In response, AASHTO developed a Strategic
Highway Safety Plaargeted at reducing thesdatalities. The pla@® primary goalvasto keep
vehicles within their lanes and on the roady. Researclinas showrthat pavement markings can
significantly reduce crashes under certain conditions, especadlyrun-off and headon collisions
that are prevalent on curves arat night. Enhanced or additional markings, like increased width or
improved retroreflectivity, have been shown to reduce these types of craategll(Hal, 1987;
Cottrell, 1987; Hughes et dl989).

Maintaining vehicle lane position remains a significant challenge, particularly under varying
conditions and adverse weather. According to the National Highway Traffic Safety Administration
(NHTSA202)), lane departures werstill responsible for 50% of fatal crashes from 2015 to 2019,
with this figure increasing to 75% during adverse weather. Lane departure incidents contribute to
1.13 million crashes annually, resulting in substantial fatalities, injuries, vehicle damage, and
ecoromic costyWang, 2019)These statistics highlight the potentraedfor advanced vehicle
technologiessuch adane-keepingto save thousands of lives and billions of dollars annuBégpite

the reliance of autonomous vehicles (AVs) on @rameraspr LIDARor lanekeeping system
challenges persist when lane markings are obsc(ibathal& Roesler2022)

Passive pavement sensing technology, recently proposed by Roesler andZD&i2jloffers a
potential complementarysolution. This technology involves creating passive EM signatures on the
road, which can be detected by vehigteunted magnetometersThe EM material embedded on the
pavement has been shown to successfully detect a veialieral positioning within the lane in
normalconditionsandeven inadverse weather conditions such as sn@ahal & Roesler, 2022)

In this study, passive pavemeassisted EM signature technology has been adapted for coating on
road surfaces, functioning as pavemeadedsignage. The goal of integrating this technology with
vehicleto-infrastructure (V2I) strategies it only toassist vehiclavith lanekeepng, but alsoto
alertdriversand have driversespord to reaktime in-vehicle warnings about speed limits, merging
instructions,andexitsin construction work zore The proposedM codedsignaturesoriented an

the pavement surfacavill be tested with3-axis magnetometer array@ast research only useddkis
magnetometers) offeringpotentially moreprecise data on vehicle lateral positiorehicletrajectory,
and speedrom multiple magnetometer sesor axes This information can be used to guide drivers
safely through work zones, ensure compliance with speeid, and assist with larmerging
instructiors.




Construction Work Zon&afety Enhancement

Pavemenassisted passive sensing technologies represent a significant advancement in enhancing
safety withinconstruction work zong(CWZ% These technologies utilize EM signatures codethen
roadway to establisipassivecommunication with vehiclewith the goal ofimprovingdriver

awareness andedudngaccident risks.

The theoretical application for the sing#xis sensor systecompleted by Sakulneya and Roesler
(2023)involved an invehicle speedvarning system (Figusel and 2), where uniformly spaced EM
strips interaced with vehiclemountedmagnetometerda Sy a2 NA® / 2y G NRf f SR o0&
control unit (ECU), this system activates upon detecting EM signatures surpassing a predefined
magnetic field strengtlhreshold. It compares time intervals between EM peak responses against a
universal time constant gdsted for the workzone speed limit, alerting drivetsrough vsualand

audio cuedo potential speed limiexceedancesAnotherpreviouslyexplored application is the in
vehicle lanemerge warning system (Figure 3 and 4), wiantployeddiagonal EM strips to facilitate
lane changes effectivelfsakulney#® Roesler, 2023)Similar to the spee#arning system, the ECU
triggers alerts based on EM intensity detections, providingtiea@ merging instructiongaudio and
visual) inthe vehicle. These integradl systems enhance overall safety by promptly informing drivers
aboutil K S @ $peadd@rhit@itnminentlane-mergingrequirement, which shouldhinimiz
accidents andnaintain the expectedWaraffic flow.

To extend the previous work,three-axis magnetometer systemas employed to improve the
reliability of EM signatures by incorporating algorithms to crdssckcalculated actions acroske
different sensoraxes(i.e., %, y-, and zaxeg. The thewetical explanationfor the speed and lane

merge warning system of the&xis sensor systemre illustrated in Figumd5 and 6, respectivelylhe
addition of multiple axes of detection for one sensor provides redundant irdbom to avoid the risk
of erroneous maneuvers triggered by unexpected EM noise, widniald occuron singleaxis systems.
By validatinghe acquiredsignalson orthogonalaxes before issuing instructions to the vehicle control
unit, the proposedsystem ensures more robust performance in diverse operational conditions.
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Figurel. Diagram Proposed invehicle speedwvarning system for smartonstruction work zones.
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Figure3. Diagram Proposed lanemerge warning system for smart construction work zone.
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Figure5. Diagram Flowchart of the proposed speed warning system for smart construction work
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Figure6. Diagram Flowchart of the proposedane-mergewarning system for smart construction
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Material for Pavement Sighage

In generalthe pavement surfaclas no uniquer preferredelectromagnetic propees in any
directions(Dahal 2023. The addition of metalliconstituents (e.g., iron powder, steel fibers, etc.)
SYKIFIyoSa (KS LI @gSYSyiQa St SOGNRO O2yRdzOGADAG R
magnetic fields. This change is crucial as it allows for the induction of magnetization within the
pavement materialAccording to the principles of magnetization (M), which is defined as the

magnetic moment per unit volume, it depends on the magnetic flux density (B) and magnetic field
intensity (Hwhere, * is the permeability of free space, equal to ¥107H/m. The relationship

between M and H is influenced by the ferromagnetic properties of the matdiied.induced

magnetic flux density (B) in the pavement material can be significantly increased by incorporating
ferromagnetic materialsvith highmagneticpermeability such as steel fibers or iron powdegw),
compared tonormal roadwayconstruction material§>cw). Thisdifference(>em>>>cy) indicates a

higher concentration of magnetic flidensityin sections containing EM materialempared tothe

section without EM materialsFigure 7 illustrates a standard pavement section with unifdow)
YIFIAYySGAO LINRPLISNIASE AyTFfdzSYyOSR o0& GKS 9 NIKQa
ferrous materials exhibit a concentrated magnetic flux pattern, distorting the-sediace magnetic

field. This induced magnetization can be detected by neé@mneters, withthe magnetic fieldsignal
strength depending on factors such msgneticmaterial type,shape, volume, dosage, addtance

of sensorto material These modifications enable the creation of distinct electromagnetic signatures
spatiallyon or near thepavement surface, eabling vehicleo-infrastructureapplications such as

vehicle localizatiom laneand V2l communication likemartconstruction work zones
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Figure 7. DiagramComparison ofmagnetic lines ora standard pavement section and pavement
section with channelized magnetitines.

Material selection for coating applications requires specific properties, such as the ability to reorient
magnetic polarity in the preferred directio@hromium dioxide (Crppossesses a low Curie

temperature (Tc) of around 120°C, whiclpismisingfor generatingcodablemagnetic fieldsn near
pavementsurface or surfaceoating applicatioa Tcdenotes the threshold above which materials

lose their permanent magnetic properties in the absence of an external magnetic field. When an
external magneticfi®@ Aa | LIJX ASR | 620S ¢0X GKS YIFGSNARIFT Qa
direction and strength, can be altered. As the temperature drops below Tc, this induced magnetism
becomes permanentlgtampedr & G KS YIF GSNRAF f Q& ATkidicNdkayterisgti©® Y I Iy S
originallyallowed magnetic patterns from a master tape, typically made of higher Tc magnetic

materials, to be permanently transferred to blarécordingtapes composed af-iron oxide or

chromium dioxide when heated above their respective Tc am$equently cooled. The Tc of GrO

that are embedded in existingaving materialgnsures stability under normal roadway conditions

(e.g., hot summerand during themagnetic field creation procesBorexample, wherapplied as a

powder on concrete surfacemd magnetizedCrQ generates aletectablemagnetic signature, which

can be erased by heating above itsof ¢20°Cand then renewed agairusing an external magnetic

field coupled with heatingabovea Tcof 120°C(Dahal 2022)




CHAPTER BNVISIBLPAVEMENMARKING-OR PASSIVE
SENSING

This chaptedevelops a procedure to creat&Vsurfacemarkingswith ferromagnetic oxideg a host
material that can be applied ascaating.This development will be demonstrated and validatedaon
field pilot study aimed at assessing tpeocess, material proportions, and implementatioha
custom EMpassivematerial formulation. This formulation combin€Q with an epoxy mastic paint
base and activatorAdditionally, this part of the researdhvolves adetectionsetupthat incorporaes
a 3axis magnetometer array for capturing and analyzing electromagnetic signatutege
orthogonal directions

FERROMAGNETIC OXIDE MATERIAL

TheEMmaterialexploredin this study wa<CrQ as depicted in Figure, &r its high purity of 99.5%

and particle size dess than 45 micronshis EM material was mixed with an epoxy mastic paint base
designed to withstand temperatures up to 1%0 o mixturescompositiors (#1 and #2vere
formulated (Table ), where thepercentages of epoxy base, epoxy hardener, @n® were adjusted

with the volume fraction of the epoxy base and epoxy hardener faetito 1 as recommended by

the producer.The Cr@Qwas varied between thewvo mixes to evaluate its effect on the signal

response captured by the-@&is magnetometer array.

Table 1. MixCompositionof Invisible PavementMarking

Components Mix #1 (% by wt./wt.) | Mix #2 (% by wt./wt.)
Epoxy Base 45% 40%
Epoxy Hardener 45% 40%
ChromiumDioxide(CrQ) 10% 20%

(sromium Dioxide
et No.:  CHRDXS500G Purity: 99.5%

Lot N CHRDX011320 Quantity: 500g l
(SN 12018-01-8 Formula: CrO: |
LADNG UN No.: NR
feet ety

el LTSN

ey Mg - PP
A W tha bening, Woar pestective ploved €y prstoction/ face protestiom 1F IN EYES: B ot

"ol natm - el
. I it e, I persent and eavy ko 85, Continm rasing. 1 eye iminion panes (¥

l "
Cosh SDS before wse. For R&D use oaly. Not for drug, coseetic el 8

Figure8. Photo. Chromium dioxide for invisiblgpavementmarking mixture




Mixing Procedure andagnetizationStepsfor InvisibleEM PavementMarkings

Theweightof each material iMable lwas batched and thethe epoxy base and hardenerere
thoroughly mixedin a container using an electric paint mixerhomogenizehe two components.
CrQ powder was gradually added to the epoxy paint mixture. The mixing continued until the CrO
powder was fully dispersed and uniformly blended, achieving a consistent color throughout the
mixture to ensure even coatingnd CrQdistributionon the pavement surface.

The CrQ@containing pavement markingas applied tdhe surface of concretesubstrateusing a4-
inch-wide paint brush.The next stepwvas to establislthe desired EM signature on the pavement
surfacethroughthe magnetiation process. The magnetiion stepintroducedan external magnetic
field after theinvisible lanemarkingcoating had sufficientlgured Themagnetiation setup isshown
in Figure 9lnitially,a 2,500 W infrared heating lamp wassedto heat thecoatedspecimensandan
infrared laser thermometer was used to evaluatben thesurface temperature exceed 120°C
Permanent magnets weréhen positioned 6inchesapart (seerigure 9 atapproximatelylinch above
the concrete surfaceto align the magnetic field of the invisig@@vementmarking sampleAfter
alignment ofthe sampleQ magnetic fietl, thed LIS O A t¥nSpgra@uie was coeld to below60°C
before removing the externahagnets @erthe coated specimen® ensure that the newCrQ
polarity orientation was fixedrigure 10 presents the final concrete specimen coated with the
invisible pavement marking after the magnetization process. For this test series, a green pigment was
applied to distinguish the marking. Due to the black color ofGn€& powder, the specimens with a
darker green hue represeatl the 20%CrQ mixture, while the lighter green specimensrresponded
to the 10%CrQ mixture.

6” » 6” 5 "
>|< »le—>
| —> | ]

[ |
| Top View |
| |
. : I : I :
y E o ommn 3 om—
17 ¢_ === 1 5 1 : '
Permanent —
_\Iagnet Coated K—-l-s”_-.'
Bars Specimen Front View

Figure9. Diagram Magnetization setup for invisiblepavementmarking.
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Figurel0. Photo. Fnal concrete specimes (10% and 20%rQ) with coatedinvisible pavement
marking after magnetization

3-AXISMAGNETOMETER ARRAY SETUP

In order tosimulate a vehicle with sensors that can detda highermagnetic fieldsurrounding the
invisible lane markingghis studyconstructeda smallcart equipped withan array of3-axis
magnetometer sens& asshownin Figure 1. The cart features six&xis fluxgatanagnetometers
arranged in the lower row with a spacing of 6 inchesl an upper rav containing two additional 3
axis fluxgate magnetometers specifically designed to mitigate background noise in the test
environment. Thdluxgate nagnetometer modelised duringhis experimentwas the Stefan Mayer
FLC370, characterized by its measurement capability ranging 800 uT to 200 uT with a
maximum bandwidth of 1 kHz. Eacla8is magnetometer independently detects variations in
magnetic fluxin the X, Y, and dimensionsIn this studythe X-direction corresponds to the vertical
axisrelative tothe vehiclé® movement path, while the-direction represents the forwarthoving
axisdirection, and the ¥irection indicates the lateraxis perpendicular to the vehicleovement.
The magnetometemarraysetupis calleda gradiometer, where the upper row recadll background
magnetic fludensityO2 YLI2 y Sy Gax Ay Of dzRAy 3 GKS 9 NIKQa
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materials(steel, buried utilities, etcpresent around the teshg location By subtracting the upper
row from the bottom row magneticfield signals the sensorsystem effectivelgaptures the intended
engineered magnetic signatufer the work zone instructions ovehiclelane positioning and
guidanceand the background noise is cancelled out or minimized.

= 18in

6in

15in 1

30in |
I

I FRONT VIEW | I SIDE VIEW

Figurell. Diagram Magnetometer sensor array setupriented as gradiometer on a mobile cart

EXPERIMENTAL SETUP FOR FIELD PILOT STUDY

Thefield pilot studyconducted in a parking l@reaencompassed a comprehensive range of
experimental setupsf the markings to test the invisible pavement markings and tai8
magnetometer As illustrated in Figure2] invisiblepavementmarkings werelaced in various
orientations (transverse or longitudinal), offset from the centerline (right, kit variable), and
strength of magnetic field (commercial magnetic tape, 10%Q20% Crg). The transverse
orientations of the invisible markings/iere spaced feet andwere analogous to @onstruction work
zone applicationvhere a speed check or warning would be given to a vehitlesetest cases were
conductedat different speed conditions, ranging from slow walking pé&<E) kn/h), normal walking
speed(F 10 km/h), and running spee¢> 10 kn/h). Collectively, lhis experimental test factoriabas
designed to investigate the sensitivity of the signal responses generated by the EM matehals
coatingsas well as a means for reading and interpreting the sensor responses to the magnetic field
changes for near future implementation into a Levelltonomousvehicle that would alter the
vehicle trajectory based on the sensor output.
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Figurel2. Diagram Test cases fofield pilot experimentin auniversity parking lot
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FieldPilot Experimental Results

Although the fluxgate magnetometer used in this experiment had a bandwidth capacity of up to

1,000 Hz, the data collection rate was set at 100 Hz, as this frequency was sufficient to capture the
speeds utilized in the experimenthe raw output okachmagnetometer wasargelyinfluenced by

GKS 9FNIKQa YIF3IySGiAO TAiStdependwd of hé lgcatioshdNR2 Y HH X 1N
orientation of the specimensgeading To extracthe distinguishable EM flux patterns from the EM

signature strips, signal processifog both high and lowfrequencynoisecomponentswas essential

because of thesignificant background noise S I NI KQ&a YIF 3IySGiA O FASt Rz 20l
materials, and other EMF noise affecting signal outplile signaprocessingprocedureinvolved

several steps to refinthe raw outputdata from the main sensors:

1. 9 OK aSyaz2Nna Ay jatlapprokimaie® t= R degodsy subtéactibg$he2 S R
initial data point(magnetic flux readingyom subsequent readings.

2..FO13INRdzyR YIF3AySGAO FtdzEX O2YLINAaAy3d G(GKS 9
ferromagnetic materials, was minimized using a gradiometer setup wherelestdm
rowd Sy & 2 N®di, sdrdorillto 6yas adjusted by subtracting the nearest top row
a Sy a2 N®g, sdRdoni$ R onih. Figure 1)1

3. Highfrequency noise wageduced byusing a 4point moving average technique.

4. The effect ofdw-frequency noise was reduced kaking the derivative of the processed
signal to achieve the rate of change of the EM flux dermtyveen consecutive data

points collected ). This processing step also allowed for determining

more reliable the spacing between EM strips for speed or orientation calculations.

¢tKS ardaylrf NBalLkRyasSaszs AyOfdzZRRAYy3I (K2aS 6AGK 91 NI
responses under various moving speed conditions, are detaildeiappendces One observation

was that byincreasing cart speed, there wagreasedow-frequencysignalnoise,whichhighlighted

the need for effective filtering to distinguish the unique EM signatures. This chapter focuses on
evaluating themagnitudeof the finalprocessed signal resporsgom the invisible markingspaced

along the pilot sectionsDetailed discussions on sigipaibcessing techniques will follow in the

subsequent chapter. The signal responses from five distinct cases are illusteatied

Case #1tLane Departure Layo(€Centerlinelravel

Figurel3to Figurel5 showthe processedsignal result®f case #Xor the 3axis magnetometer array
under slow moving speed conditionhe maximum signal was between sensors 3 a(spdceds

inches apart) in Figure31The shape of the signals was consistent forftue invisible marking
specimensbut the magnitude level reflected the amount of Grast two signals) or if the cart and

one of sensors (#3) passed closely over the invisible marking specimen (see time 20 to 21 seconds)
The magnetic tape at the beginning of the section was detected but generally below the acceptable
threshold of 30(hT.
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Figurel3. Graph ProcessedEM Flux in Xlirection with time for Case#1.

In Figurel4, the y-axis magnetometer (lateral detection of magnetic field) had relatively low signal
strength except for the 20% CySpecimens. The specimen was between sensors 3Y and 4Y as the
cart passed over iiThe magnetic tape at the beginning of the section was detected but below the
acceptable threshold of 300T for the y-axissensors (3Y and 4Yheabsolute value of th@eaks in

the y-axis correspond to the times of the peaks of thaxts sensorgFigure 13)
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Figurel4. Graph ProcessedEM Flux in Mirection with time for Case#1.

In Figure B, the z-axis magnetometerférward detection of magnetic field) halkighersignal
strengththan the yaxis sensors but signelarity for some specimens was not geodand repeatable
as seen in the-axis sensors. The highest signal came from20# Cr@specimensAgain,the
activated sensors were 3Z and 4he magnetic tape at the beginning of the section wais
detectable even though there was a signal recorded at 18 seconds for sehJare5absolute value
of the peaks in theyaxis correspond to the times of the peaks of thaxts sensor€EEvenwith
filtering, the signaktill has around100 nTof baseline noise.
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Figurel5. Graph ProcessedEM Flux in Airection with time for Case#1.

Case #21ane Departure Layout (Right Edge)

Figurel6 to Figure B show theprocessedsignal result®f case #2or the 3axis magnetometer array
under slow moving speed conditioThe EM signatures were placed longitudinally along the right
edge of the sensor arrayAs shown in Figure 16, theaxis signals peaked predominantly at sensor 2,
followed by sensor 1 for the four invisible marking specimens. The magnitude of the signals was
strongly influenced by the Cp@ontent, with the last two signals (occurring between 24 to 25

seconds and 26.5 to 27.5 seconds) significantly ssipg thel0%CrQ content Although the

magnetic tape at the beginning of the section was detected)iEM flux remained noticeably low.

While themagnitudeof the rawEM flux from the magnetic tape was generally higher than that of the
invisible marking specimens, tleMflux change of the tape was more gradual. Consequently, the

DEM of the invisible marking specimens was more prominent compared to that of the magnetic tape.
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Figurel6. Graph ProcessedEM Flux in Xirection with time of Casef2.

In Figure 17, the-pxis magnetometer (lateral detection of the magnetic field) exhibited relatively low
aAA3AylLFE a0NBy3IGKI gAGK GKS wmx: [/ Nhi &ALISOAYSya LI
other specimens. The observable signals were predantly detected by sensors 1, 2, and 3. This

pattern can be attributed to the fact that these sensors wasarest b the offset specimens from
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the centerline When the cart, passed directly over the EM specimens, setsord 2 were more
likely to detect the lateral flux generated by the specimens.
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Figurel7. Graph ProcessedEM Flux in Mirection with time of Case#2.

In Figure 18, the-axis magnetometer (forward detection of the magnetic field) exhibited higher

signal strength compared to theaxis sensors; however, the clarity of the magnetic tajgmalwas

not as distinct, similartothek EA & NXB adzZ (ad ¢KS KAIKSaAdG arayrt ¢
specimens, with sensor 2 recording the strongest signal, which aligned well with the signals observed

in the other axes. UnexpectddEM noise, approximately 300 nT in th@xs and 900 nT in theaxis,

was observedt around 25.2 seconds on sensor 1. These anomalies could be attributed to

interference from a strong magnetic source beneath the parking lot, such as an electrical cable.

00 | MAGNETYAPE ™ 109 Cro, ™ 168 €, " 30% €16, 203 €D,

qEM Flux in Zaxis, nT

Time Stamp, Second
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Figurel8. Graph ProcessedEM Flux in Airection with time of Case#2.

Case #3Lane Departure LayoutéftEdge

Figurel9to Figure 2 show theprocessedsignal result®f case B8 for the 3-axis magnetometer array
under slow moving speed conditiohhe EM specimens were placed longitudinally along the left edge
of the sensor arrayin Figure 19, the-axis magnetometer (vertical detection) shows that sensor 5
captured the highest signal strength, aligning with the placement of the EM specimens near the left
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and Z seconds. The magnetic tape at the beginning of the section was detected but exhibited lower
DEM flux compared to the invisible marking specimens.

1500
1200 | |menermes
900
600
300

25 26 28

gEM Flux in X-axis, nT
w
o
(@]
[y
N

Time Stamp, Second
—1X —2X 3X 4X —=——B5X ——B6X

Figurel9. Graph ProcessedEM Flux in Xirection with time of Case#3.

In Figure 20, the-gxis magnetometer (lateral detection of the magnetic field) displayed relatively
f26 aradylf AGNBYy3aIGKI SEOSLII 7T 2eMdinedite primayy sensdkh i
detecting the signals, some detectable responses were also observed on sensors 4 and 6. These
additional responses can be attributed to the lateral flux influence as the cart passed over the EM
specimens, causing the nearby sensorsdptare some lateral magnetic field variations.
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Figure20. Graph ProcessedEM Flux in irection with time of Caset3.

In Figure 21, the-axis magnetometer (forward detection) produced higher signal strengths than the
y-axisandremained consistenin time and peak sensavith the results from the saxis. The highest
signal was recorded at sensor 5, correlating with the placement of the EM speadieartbe left

edge of the arrayThe ambient EM noise remained below 300 nT, indicdtirge wereno significant
external disturbancesh the z-directionof the signal data in this trial.
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Figure21. Graph ProcessedEM Flux in Airection with time of Case#3.

Case #4t ane Departure Layout (Wandering Motion)

Figures 22 to 24 present the processed signal results of case #4 foattie Biagnetometer array,

where the EM specimens weptacedstrategically to simulate a wandering motion of the cart

despite the cart actually movirgjraight forward. This configuration included a magnetic tape placed
along thecenterline of thepath, followed by alternating invisible marking specimens positioned along
the right and left edges of the sensor array. Specifically, one invisible marking specimen was placed
on the rightedge, the next on the left edge, followed by a 20%3@cimen on the left edge, and
finally, the last specimen on the right edge.

In Figure 22, the-axis magnetometex(vertical detection) revealed distinct peaks different

sensorghat correspon@dto the placement of the invisible marking specimens. The highest signals
observed atach specimen were the following in sequensensor 2, followed by sensor 5, with

another peak at sensor 5, and concluding with signals at sen&ee Figure 22 te signapatterns

were consistent with the position of the sensors on the cart relative to the EM specimbas20%

/ Nhi & LJS Gated'tBeymod Bomihent peakecause of thénigher concentration of

ferromagnetic material. In contrast, the magnetic tape, positioned alond-theli K Qa OSy (i SNX A
exhibitedthe lowestDEM flux compared tall invisible marking specimens.
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Figure22. Graph ProcessedEM Flux in Xirection with time of Case#4.
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In Figure 23, the-gxis magnetometer (lateral detection) detected weaker signals overall compared

to the xaxis, butthe sensorsstill followed the patternof the invisible marking specimebsit slightly
differentthan Figure2® ! &8 SELISOGSRE (KS wmx: [/ Nhi &aLSOAYSY
the y-axis. The last two invisible marking specimens recorded the dominant signal on sensors 4, 5,

and 6, followed by sensors 1, 2, and 3, respectively.
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Figure23. Graph ProcessedEM Flux in irection with time of Caset4.

In Figure 24, the-axis magnetometer (forward detection) showed consistent peak sigtiglising

with the positions of the invisible marking specimens. The strongest peaks were found at sensors 2

and 5, correlating well with the data from theaxisin Figure 2® ¢ KS H &2 / Nhi & LIS OA"
the highest signal, while the magnetic tape produced a lower and less diBkhdtflux.
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Figure24. Graph ProcessedEM Flux in Airection with time of Case#4.

Case #5CWZ Layout (Speed Warning Setup)

Figure25to Figure Z show theprocessedsignal result®f case #3or the 3-axis magnetometer array

under slow moving speed conditidar the speed warning configuration aCWZIn Figure 25, the-x

axis magnetometer (vertical detection) demonstrated noticeable peak signals for both the magnetic

QF LIS yR GKS Hm:DIYaNhFif GEISNIAYWBSR @6 SEKSSSY cnn | YR
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specimens, showingsimilarA y i Sy a A G &
to generate distinguishable signals, witkM flux values below 300 nT. Furthermore, for the CWZ
setup, simultaneous peak responses from sensors 3 and 4 were expected, and as shown in this figure,

both sensors peaked at the same time, confirming the intenoleiphut of the system.
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Figure25. Graph ProcessedEM Flux in Xirection with time of Casetb.

GF LIS | 2

In Figure 26, the-paxis magnetometer (lateral detection) did not show any distinguishable peaks, and
signals were weak across all specimén300 nT) including the magnetic tapes. The absence of clear
peaks indicates that the-gxis detection did not capture significant lateral variations in the magnetic
flux from either the magnetic tapes or the invisible marking specinfienthis transverse orientation

of the EM specimens
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Figure26. Graph ProcessedEM Flux in Mirection with time of Case#5.
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In Figure 27, the-axis magnetometer (forward detection) produced distinct peaks corresponding to
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with those observed in the-axis, further supporting the relbility of the transverse setup for speed

warning in CWZ applications. As withthe E A & =
signals, with flux values consistently below 300 nT. Additionally, the simultaneous peak responses

0KS wmmx: [/ Nhi

AaLISOAYSya
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fromsensors 3and 4inthelzEA & FdzNIIKSNJ O f ARFGSR (KS &deaidsSyQ:
consistently when the cart passed over the specimens, as expected in the CWZ setup.
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Figure27. Graph ProcessedEM Flux in Airection with time of Casetb.

The results of the field pilot studshowthat all sensors&nd respectiveaxes can detect a signéthe

EM specimen is in very close proxintiythe sensor. The magnitude of the signal output depended

on the relative distance between the EM specimen and the sensor.-akes sensor produced the
largest signals overall followed by thelirection, which closely followed the time activation as the

axis sensor. Thegxis sensor had the lowest signal strength for all specimen layout and orientations.
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CHAPTER 4: EXPERIMENTAL SETUP FOR PASSIVE EM SENSII
SIGNATURES FGRZ

The goal of this chaptewasto further investigate the applicability of EM signatures generated by
invisible markings under variogenfigurations angbatternsespecially looking at coded signatures
that communicate a warning or requiréoptional maneuver to a vehicl&or example, theseM
pavement signatures distinct orientation and patterns can ldentified and provide specific
instructions for vehicles approachingaversing, or exiting eonstruction work zone. The3&|
safetyinstructionscould bespeed warningdane-merge warningslanekeeping assistan¢er
entrance/exit rampsUnlike theinitial pilot study, which hadfive EM specimenshe field
experimental setup involetan extendedtest sectionwith eight EMstrips with theability to run the
test atseveralart speeds.

EXPERIMENTAL SETUP

The experimental setup for this phase mainthe invisible marking composition used in timgial
pilot studybut with only20%o0f CrQ. Figure 8 illustrates themagnetizationrsetup and specimen size
specifi@ally for this expanded tesmatrix. The invisible marking was now B&heslong instead of 15
inches in the pilot studyChapter 3) The sensor configuration on the catso wasadjusted, with
sensors positione8 inchesabove the groundinstead ofl10inches in the pilot studyand equipped
with a GPSamera (GoPrélERO11)as shown in Figure 29

Theinvisible markingtrip patterns tesédin this field experimeninclude the speed warning

signatures, lanenerge warning signatures, and lakeeping signaturefor construction work zones,
whichareillustrated in Figure80and detailed in Casgflto #3in Table 2Figure31is an example of

the field experimental setup in a parking lot nédewmarkLaboratoryon campus.This experiment

was conducted at the highest possible speed the cart could achieve in order to observe the recorded
EM signatureselative topreviousslow-movingexperiments and to recheck the accuracy of the back
calculated speed from the speed warning setup. These test cases were performed under running
speed conditions exceeding 10 kn{Bee Figure 31c)
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Figure29. Diagram Magnetometer sensor array setup

Table 2.Cases withStrip Numberand Inclination Anglefor Speedand LaneMerge Warning Test

Case Inclination | Inclination | Inclination | Inclination | Inclination | Inclination | Inclination | Inclination
Number angle of angle of angle of angle of angle of angle of angle of angle of
strip #1 strip #2 strip #3 strip #4 strip #5 strip #6 strip #7 strip #8
1 90 90 90 90 90 90 90 90
2 90 90 20 90 60 60 60 60
3 180 180 180 180 180 180 180 180
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C. Field experimental setup samplgth moving cart

Figure31. Photo. Held experimental setupwith cart traversing over transverse specimensa
parking lot near theNewmarkresearch laboratory

FIELD EXPERIMENTAL RESULTS
SpeedWarning Signatures

SignalProcessindor EMSignatures

This sectiomwill first discuss thaignalprocessingequirementsfor interpreting correctly thespeed
warningEMsignatures. FigureZllustrates the raw EM flugensityfor 3-axis magnetometeralong
the cart pathfor Case #1 where all strips are 9Grom the direction of travelFigure 2 demonstrates
the variation in initial EM flux values acras$sensorq2 to 5)and axeswhich wasattributable to

both the Eartl® magnetic field antbcal magnetic disturbances. To accurately interpret the signals
from each axisit was essential taormalizeeach sensor tthe initial valuesNext,the background
magnetic fux (earth and other local environmental factonspsremoved furtherby subtractinghe
signaldata from the nearest top row senseignal

Figure 3 shows the EM flufor the X-axissensorafter normalizing the signal tthe initial data points
and removinghe background magnetic flubor Case#1. Note, thehigh- and lowfrequency noise
persisted in tleseprocessed signals. To address Higlguency noise, a-point moving average
technique was applied, with the resulting EM flux shown in Figdré.8wfrequency noise was
further reduced bytaking the stepwiselifferential of each data point relative to its preceding point
0 n 9, as depicted in Figures3in the final step, signals bela#200 nTthresholdwerefiltered out
as shownn Figure 8 to focus on the primary signals representing the encoded EM signature.

Figures 2through Jillustrate the progression from raw to fully processed EM flux sigoalhe X-

axis sensors 2 to. Figures 32 through 36 illustrate the progression from raw to fully processed EM
flux signals for the -éxis sensors 2 to 5. For the EM flux in the Y and Z axes, similar processing steps
are detailed irthe gppendces with fully processed signals shown in Figures 37 and 38dor- and
Z-axes, respectivelyrrom the results obtained in Figures 36 to 38, thaxi¢ exhibited the higlss
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signal magnitudeandsuccessfully captured all eight peak signals corresponding teigfin

transverse specimestrips. However, two peak signals were missed in tHai¥ (around 12.1 and

16.7 seconds), and one peak signal was undetected in-thes4around 17.4 second8ecausehe

Y-and Zaxes captured flux on the lateral plane to the moving direction, their ability to detect signals
was more sensitive to the vertical distance between the sensor and the EM source compared to the
X-axis. In contrast, the-®xis demonstrated consistent andlieble EM flux detection across the
specimensandsetup.

Verification of Processed EBignaturegor Speed Warning Signatures

Thefinal processed EM signaturésr the 3-axis of the magnetometer sensors allestrated in
Figures 8 to 38. Theyreveakddistinct and consistent patterns in both theaXis and Z&xis
directions.Theresponses from the signgkocessed data witlDEM flux values belowhe absolute
value of150 nT were excludetd make the speed calculation more automaté&dgure39 provides an
example of the axis responses for the first two EM strips, as recorded by sensors 2 throtigh 5.
determinewnhat value oftime should be selectetbr | K S €peadXia®@dation, the peak of the
differentiated EM flux waselectedbecauset represents the point of maximum rise in the Elx
signal. This peasignalis approximatelywhenthe cartis beginning tomove acrosshe EM strip. For
instance, as shown in Figus8, the time stamp for the peak response of the first EM strip is 12.18
seconds, while the peak response of the second strip occurs at 13.06 seconds. These time intervals
translate to an approximate speed d2 km/h.

To validate the accuracy of the calculatatt speed derived from the peak responses of the EM
strips, these calculations were compared with the GPS speed recorded BPBmmeraon the

cart, as detailed in Tablea&d 4 Furthermore,a comparisorbetween the zaxis and »axis calculated
speeds, asbservedin Table 3and 4 showed that the average speed derived from the peak
responses of the EM strips correlated well between tkexis and zaxis
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Figure32. Graph Rawsensorsignals(EM flux)for 3-axis magnetometersensors 2 to §Case#l).
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Figure33. Graph X-axissignals (EM flux)for sensors 2 to &fter normalizing signal tdime zero
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Figure 3. Graph Highfrequency filteredresponseqDEM flux)for the X-axisof sensors 25 (Casét1).
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Figure 3. Graph Lowfrequency filtered responseéDEM flux)for the X-axis ofsensors 25 (Casetl).
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Figure36. Graph SgnalprocessedesponsegDEM flux)for the X-axis ofsensors 25 (Casetl).
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Figure37. Graph SgnatprocessedesponsegDEM flux)for the Y-axis ofsensors 25 (Caseétl).
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Figure38. Graph SgnalprocessedesponsegDEM flux)for the Zaxis ofsensors 25 (Case#l).
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axisof sensors 2 to 5 (Casglt Cart Speed)
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Figure40. Graph Example of two consecutive processed signd@&EM flux)with peaks forthe Z-
axisof sensors 2 to 5 (Casglt Cart Speed)

Table 3. CalculatedCartand GPS Spesaf Test Case#1 for-xxis and ZaxisMagnetometer

Time Stamp (s) al EM EM EM EM EM EM EM EM
Peak in XAxis Stripl | Strip2 | Strip3 | Strip4 | Strip5 | Strip6 | Strip7 | Strip8
Sensor 2 12.18 |13.06 |13.82 |1454 |15.26 |1594 |16.62 |17.34
Sensor 3 12.18 |13.06 |13.82 |1454 |1526 |1594 |16.62 |17.34
Sensor 4 12.18 13.06 13.82 14.54 15.26 15.94 16.62 17.34
Sensor 5 12.18 |13.06 |13.82 |1454 |15.26 |1594 |16.62 |17.34
Calculatedspeed
(km/h) G 12 14 15 15 16 16 15
GPS Speed (km/f ¢ 12¢13 | 14¢15 |15 15 15 15 15¢14
Table 4. CalculatedCartand GPS Spesaf Test Case#1 for-dxisMagnetometer
Time Stamp (s) al EM EM EM EM EM EM EM EM
Peak in ZAxis Stripl | Strip2 | Strip3 | Strip4 | Strip5 | Strip 6 | Strip 7 | Strip 8
Sensor 2 1222 |13.06 |1386 |14.54 |15.26 |1594 |16.66 |NA
Sensor 3 12.18 |13.06 |1386 |14.54 |15.26 |NA 16.66 | NA
Sensor 4 NA 13.06 |1386 |14.54 |15.26 |15.94 |16.66 |NA
Sensor 5 12,18 |13.06 |1386 |14.54 |15.26 |1594 |16.66 |NA
Calculatedspeed
(km/h) q 12 14 16 15 16 15 NA
GPS Speed (km/lf ¢ 12¢13 | 14¢15 |15 15 15 15 15¢14
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LaneMerge WarningSignatures

SignalProcessindor EMSignatures

The signaprocessing techniques for lamaerge warning signatures followed the same approach as
for speed warnings. FigurEl illustrates raw EM flux variations for lameerge test cases, influenced
similarly byboth the Eartf® magnetic field and local disturbances. The standardization process
involved adjusting initial readings, mitigating backgrotdflux, and applying filtering techniques to
refine the datafor calculations The final processed EM flux for these signatures is presented in
Figures42to 44.
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Figure4l. Graph Rawsensorsignals(EM flux)for 3-axis magnetometeisensors 2 to 5 (Casg).
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Figure42. Graph SgnalprocessedesponsegDEM flux)for X-axissensors 25 (Caset2).
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Verification of Processed EBlgnaturedor LaneMerge WarningSignatures

For the lanemerge warningsystem, the results frorase #2, which included four series of EM strips
at a 90degree inclination and four series at a-868gree inclination, were used for verification. Figure
45 provides an example of peak observations for EM strip number -4i¢g@ee inclination) and EM
strip number 5 (6@egree inclination) within the lanmerge scenario. The processed data and
calculations fronCase #2 are detailed in Talleand 6 including comparisons of bacllculated

speed, GPS spegdnd lanemerge actions. The time differences of peak responses from sensors on
the left, center, and right of the cart were analyzed to determine the suggested rubrgetion, as
shown in Tabl® and 6
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Table 5. Comparison of BacKalculated and GPS&artSpeed of Test Cas for xaxisMagnetometer

Time Stamp (s) at Peak irf Strip | Strip | Strip | Strip | Strip | Strip | Strip | Strip
X-axis #1 #2 #3 #4 #5 #6 #7 #38
Sensor 2 (R) 111 | 1190 |12.58 |13.26 |13.86 | 14.5 |15.14 | 15.78
Sensor 3 11.1 11.90 | 12.58 | 13.26 | 13.90 | 145 15.14 | 15.82
Sensor 4 11.1 11.90 | 12.58 | 13.26 | 13.90 |14.54 | 15.18 | 15.82
Sensor 5 (L) 111 1190 |12.58 |13.26 |13.94 | 14.54 | 15.18 | 15.9
AverageSpeed (km/h) C 14 16 16 17 18 17 16
GPS Speed (km/h) q 1315 | 15¢16 | 16¢17 | 17 17 17 1614
n ¢(Sensor 2) 000 |0.80 |1.48 |216 |276 |3.40 |4.04 |4.68
n & (Sensor & 4) 000 |0.80 |1.48 |216 |280 |342 |4.06 |4.72
n &(Sensor 5) 000 |0.80 |1.48 |216 |2.84 |3.44 |4.08 |4.80
igﬁ‘gﬁswda”e'\"erge C C C C LEFT |LEFT |LEFT |LEFT

Table 6. Comparison of Baclalculated and GPS Cart Speed of Test Gastor ZaxisMagnetometer

Time Stamp (s) at Peak i Strip | Strip | Strip | Strip | Strip | Strip | Strip | Strip
Z-axis #1 #2 #3 #4 #5 #6 #7 #8
Sensor 2 (R) 111 | 119 |12.62 |13.26 |13.9 NA 15.14 | 15.82
Sensor 3 111 | 119 |12.62 |13.26 |13.9 144 |15.18 | 15.82
Sensor 4 111 | 119 |12.62 |13.26 |13.94 | 1454 |15.18 |15.9
Sensor 5 (L) 111 119 |12.62 |13.26 |13.94 |1462 |15.22 |15.98
AverageSpeed (km/h) C 14 15 17 17 18 17 16
GPS Speed (km/h) C 13¢15 | 15¢16 | 16¢17 | 17 17 17 16¢14
n ¢(Sensor 2) 0.00 |0.80 |1.52 2.16 2.80 NA 4.04 4.72
n & (Sensor 3&4) 0.00 |0.80 |1.52 2.16 2.82 3.44 | 4.08 4.76
n &(Sensor 5) 0.00 |0.80 |152 2.16 2.84 352 4.12 4.88
igggr‘?Steda”eMerge C C C C LEFT |LEFT |LEFT |LEFT

LaneKeeping Signatures

SignalProcessindgor EMSensing Signatures

For lanekeeping signatures, the sigraitocessing employed the sameethodology as described for
speed and langnerge warnings. Figure/4lepicts the raw EM flugensor data as the capiath for
the lane-keeping casesThe processing steps includedrmaizingthe data, mitigating background
magnetic flux, and applying higand lowfrequency filters. The process&EM flux across the three
axes ishownin Figures 8to 50.

37

















































































































































































	Disclaimer
	Acknowledgment, Disclaimer, Manufacturers’ Names
	Executive Summary
	Table of Contents
	List of Figures
	List of Tables
	Chapter 1: Introduction
	Background
	Research Objectives
	Overview of the Report


	Chapter 2: V2I Communication for Road Safety
	Pavement Signage Coded on Road Surface
	Construction Work Zone Safety Enhancement
	Material for Pavement Signage


	Chapter 3: Invisible Pavement Marking for Passive Sensing
	Ferromagnetic Oxide Material
	Mixing Procedure and Magnetization Steps for Invisible EM Pavement Markings

	3-Axis Magnetometer Array Setup
	Experimental Setup for Field Pilot Study
	Field Pilot Experimental Results
	Case #1: Lane Departure Layout (Centerline Travel)
	Case #2: Lane Departure Layout (Right Edge)
	Case #3: Lane Departure Layout (Left Edge)
	Case #4: Lane Departure Layout (Wandering Motion)
	Case #5: CWZ Layout (Speed Warning Setup)



	Chapter 4: Experimental Setup for Passive EM Sensing Signatures for CWZ
	Experimental Setup
	Field Experimental Results
	Speed Warning Signatures
	Signal Processing for EM Signatures
	Verification of Processed EM Signatures for Speed Warning Signatures

	Lane-Merge Warning Signatures
	Signal Processing for EM Signatures
	Verification of Processed EM Signatures for Lane-Merge Warning Signatures

	Lane-Keeping Signatures
	Signal Processing for EM-Sensing Signatures


	Findings

	Chapter 5: Summary, Conclusions, and Recommendations
	Project Outputs, Outcomes, and Impacts
	Outputs
	Outcomes
	Impacts
	Challenges and Lessons

	References
	Appendix A: Signal-Processing Results of Pilot Study (Chapter 3)
	Case #1
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #2
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #3
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #4
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #5
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux


	Appendix B: Signal-Processing Results of Experimental Study (Chapter 4)
	Case #1
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #2
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux

	Case #3
	Raw EM Flux
	Referenced EM Flux Signal after Initializing Initial Reading Value at Zero and Gradiometer Processing
	High-Frequency Filtered EM Flux
	Low- and High-Frequency Filtered EM Flux



