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EXECUTIVE SUMMARY

Winter maintenanceperations particularly snow removal and deiciraye key activitie®of
state transportationagenciesto improve roadway safety and mobility during winter weather
conditions. However, due to slower travel speeds during these operddvnsisibility and
reduced pvement friction, the is an increasedisk of collisions between motorists and winter
maintenance trucks (WMTSsphus, improvinghevisibility and conspicuity ofvinter maintenance
vehicles and equipment is a critical research toPit.particular inteest are the colos and
configurationof auxiliary warninglightsthat are installed on these vehiclglschiganPublic Act
161 of 2016 whichwent into effect September 7, 2QHlows for the use of green lights as an
alternative to traditional ambéghts. Subsequentlythe Michigan Department of Transportation

(MDOT) added geen warning lightso all of its WMTs over a threg/earperiod

This studyinvolved a comprehensivewvestigaton of the efficacy of variouswarning light
systenconfigurations used dWMTs with an emphasis on the usegoéenlights. Firg, the current
state of practicevasassessed across tbaited Statesthrough a comprehensive survefystate
transpotation departmentisin this survey,agencies werasked to provide details aurrent
warning lightconfiguratiors in terms ofthe colors, flasksynchronizatiorpatternsand types of
light that are utilizedor bothwinter and general maintenance operations. In addition, the level of
interest andlegree to whiclgreen warning lightare currently usedere explored amonghese
states. Finally, the survey providéscumentation of oth@nnovative solutions that ageesihave
implemented to improveisibility during maintenance operations. Tresultsshowedthatevery
stateDOT uses amber warning liglt on WMTs. However, mosistatesincorporatealternate
complementaryolors including blue, red, white and greefbout 50% of responding agencies
are interesteth or already usgreen warning light$-or those agencies where green lights are not
in use or under consideration, a primary reason waslstastationthat prohibited their us@he
survey resultprovided support for investigatingthe impactsof using green warning lightsn
WMTs. This study providd important insights that can serve as support for policy discussions in

Michigan and other states.

The study utilize a series of closed course studiesvaluatehe visibility of 37 different
warning light configurationshat comprisedzarious color combinations (green and amber) and

flashing patterns (single and quatihe warning light system includes two LEfyle lights that

Vi



wereinstalled on thegerimeterof the rear side of the truclas well aswo beaconghat were
mounted on top of the cabhe light color (greennly, ambeonly, or green and amber) was varied

at each of these locations (rear LED and top ®m@gacesulting in me differentcombinations of

color andlight placementWithin eachof thesegroups, four flashing patterng/ere considered
totaling 36 differentwarning light configurationsThe first flash pattern udesingle flashing for

both rearand top warning lights. The second and third flash patterrtssisgle flashing orthe

rear or top warning lights and quad flashing for the other placement. The last flash pattern use
qguad flashing at both placements (rear and tlspaddition, he curent MDOT warning light
configurationwasincluded resulting in the final set &7 warning light configuratiathat were

evaluated in this study

These configurationwere evaluaed to identify the most effective configurations based on
feedback provided bgeveral panels dfuman subjectshree sets of experimenigeredesigned
in consideration of potential differences in performance udagrersus nighighting conditions

clearversus snowyveatherand static versus dynanscenarios

In the static experimerttie full set of 37 configurationgasassessely both expert and public
panels while the research subjects 8 Ts were both stationaryat distances o450 fed and
150fed. Subsequently, aubset of th&7 warninglight configuratiors wasselectedased on the
results of the static experimerfts furtherconsiderationin a dynamic experimerity the same
panels Boththe static and dynamic experimemsreconductedunder clearweather conditions
In addition the performance undeadverse weather conditiongas examined by repeating
portion of the static experimentsider snowy conditionsThis evaluation engaged the expert

panelists unddoothdaytime and nightime conditions

Under ech of theeexperimentsmultiple testsvereconductedo evaluatedifferent measures
of effectivenessasto how the light configuratioa impact visibility. These tess included the
following: aconspicuityassessment wiscern the degree to which each configuration was able to
attract the attention of the humsubjectsthe level of glare introduced by each configuratibe;
maximumperipheral detection angler each configuration; tr@inimumdistance from the WMT
at which thesubject would choose to take actiang(,brakeor change lanesgndthe specific
action that would be taken in each scenafdaman subjectsvere employed to conduct the

experimentsand the test resulisereevaluatedusinganalyss of variance (ANOVA) to discern

vii



where there were statistically significant differences in performance across the various

configurations

In general, addingreen lighs is shownto improve the visibility of the WMTs across the
various scenarios that wereaduated Resultssuggesthat theuseof green lighs in the warning
light configuration is dradeoff betweenra sufficient level of conspicuity analsatisfactory level
of glare. The fashing pattern is aherimportant factor affecting both conspiguiand glare
levels.A greenLED usedin a quad flashingpatterngenerateexcessiveglare, whilea single
flashing ambeLED does not provide sufficient conspicuity. According to the test results, the use
of single flashing greelights along withquad flashing ambdights providesadequate conspicuity
and a satisfactory level of glarevhich is what MDOT usesin the currently implemented
configuration However, to provide maximum flexibility across a variety of conditions,
implementation of programmable warning lights that facilitate afsearious warning light
configurations intensitiesandflash patternds recommendedsuch a systemvould allow forthe
use ofguad flashing green lights combination witramber lightdo maximize conspicuitguring
daytime conditionswhile changing tosingle flashing green light® reduce glare at nighthe
programmable warning light:iay bealsousedin a similar fashion to decrease glare in other
situations, including at signalized intersections mtiievers are queued in close proximity behind
a WMT.
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CHAPTER 171 INTRODUCTION

1-1- Statement of theProblem

Theroadwaymaintenancéaskis a significantchallenge fotransportatioragencies in states
with severewinter seasog, such as MichiganPoor visibility andthe accumulation ocdnowand
iceon the roadway surfackegraddraffic operationsnd ncrease the risk of traffic crash¥ginter
maintenance activitiesparticularly snow removal and deicingare critical to maintaining
acceptable levels ohobility andmitigating crash riskdHowever, winter maintenanbeidges are
limited and as suchijt is crucial for sate, county and local road agenctesmake informed

investments that optimize the use of available resources

One ofthe most criticaklemens of winter maintenancplanningis howagencies implement
snowpbwing and deicing operations.These operations generally require winter maintenance
trucks (WMTSs) to travel at a lower range of speé@ds, from 30 to 40 mphto maximizether
efficiency. These speeds are significantly lower than the operating speedsy highways,
resulting in large speed differentials between the WMTs and other vehicles. Considering the
adverse weather conditions (e.g., lasibility andreduced pavement friction) under which these
maintenance operations take place, this speeeréliffial can become a significant hazamdhis
regard, to address the safety issues associated with WMT operSgorade Bill 47passed the
Michigan Senate andwassigned into law byhe Michigangovernor(Lawler, November 2018).
The new law mandaseall vehicles to drivé0 mphlower than the posted speed limiten passing
a stopped vehicle witflashing lights onVehicles must also move over to another lane unless it

is not possible due to the lane availability or gap availability in the other la

To address these concerns, transportatgen@es have implemented variousgning and
lighting technologiedo raise awareness amouigivers as they approach WMTs so that these
drivers can adapt their behavior accordingly (dgreducingspeed). For example, th#ichigan
State University MISU) research team recently completed an evaluationcofligion avoidance
and mitigation System(CAMS) that was designed to provide an active warning to drivers
approaching WMTs from behdhat high speed differential&Zockaie et al., 2018; Verma et al.,

2019. Given the costs of such systems, an appealing alternative is the consideration of different



lighting technologies (e.g., beacons, strotwesED strobes)flash patterns (e.g., siregbr quad),

and configurations of warning lights on the equipment.

Of particular interest is the color of the lightdichigan Public Act 161of 2016 went into
effect September 7, 2018éllowing for the use of green lights as an alternative to the tadlti
color of amberon public vehicles engaged in the removal and control of either snow or ice.
However thereareconcernsegardinggreen warning lightsonfusng drivers giventhatthe main
application ofgreen lightgs in traffic signak. This concern isddressedly using flashingrather
than steadygreen lighs in the WMTwarning light systemn the transportation domaittashing
greenlights havealreadybeen used irapplications such asmergency operatioria Incident

Command Post(ICPs) and pedestrian crossisg

More recently Michigan Public Act 342 of 208 broadened the list of eligible vehiclegh
green lightso include those involved in highway repair or maintenance. In addition to green, states
have also consideramlors such as blue and whégher insteaaf or in combination witlamber
to improve the visibility of WMTs during maintenance operations. Although a few studies have
evaluated the use of white and blue lightsVBNITs, no rigorous studgexiststo evaluée and
assess the potential impacts of using green warning lights for these purposes.

The present gap in the literatupeovides a compelling motivation for tleeirrentresearch,
which examine the effectiveness of using green lights on WMTSs versus athrabinations of
colors, in addition to assessing complementary parameters such as flash patterns &idoates.
winter maintenance operations are performed at various times of day and under a range of weather
conditions (e.g., clear, overcast, rand snow), it is important to considesuch factorsin
examining the effectiveness of WMTs with different colors and configurasore specific

colors and other parameterggim be optimal forsome but not albf these scenarios.

To determine the optimal diginfor parameteref WMT lighting systems, a rigorous human
factor studyis requiredhat evaluates the degree to which drivers are able to perceive, understand
and react to the information being conveyed by these systdmssevaluatiorshould mimicreal-
world conditions as closely as possibldws, in this projecta research plaris developedhat
utilizes theAmerican Center for Mobility (ACNlfacility to provide asimulationenvironment that
meets this critical objective. In addition to providingealistic testbedthe ACM allows for a

carefully controlled comparison of driver optical response under various lighting conditions. To



further mirror actual driving conditions, the field experiments consider scenarios where both the

WMT andthe followingvehicleare moving at realistic speeds (and speed differentials).

Becausethis type of experiment requires the following vehicles to adapt their speeds (i.e.,
acceleratenddeceleratg at least two additional concerns arise. First, there are poteatifity
issues with the use of actual drivers. Therefore, the use of professional drivers through ACM
mitigates this concern. Second, as both the ACM afidhigan Department of Transportation
(MDOT) WMT drivers are trained professionals, the testsconductedsuch that the drivers
maintain consistent speed and acceleration profiles, providing critical consistency within and
acrosdest subjects whiode as passengers in these vehicles. These mrsl#tiso provide distinct
advantages to other potential environments, such as driving simulators, which are plagued by
difficulties in recreating reduced visibility conditions (e.g., nigitsusday andadverse weather).
Ultimately, this reporfprovidesa robust and rigorous means to determine the effectiveness of green
strobes on WMTs.

1-2- Study Obijectives

Given the lack of a comprehensive study on green warning lights in the existing research
literature, the primary goal of this studytasdeterminetie effectivenessf greenauxiliary lighting

on WMTs in Michigan. To this endhe followingresearclobjectives are defineir this study

1 Evaluatehe impacs, positive or negative, of the usegvéen auxiliary lighting on roadway
WMTs.

1 Evaluate the siations (e.g., daytime versus nighttime) and weather conditions (e.g., clear,
overcast, rain, fog and snow) for which green lighting is the most or least effective.

1 Determine whether green alone is effective or whetteruse otwo colors(i.e., green
with ambey is preferred.

1 Evaluate flash patterns to determine whpdtterr{s) is(are)the most effective (single
versus quadr fast versus slow).

1 Provide recommendations ftite use and placement of green auxiliary lights, including
the conditiondor use, type of equipment and location of the lights on the equipment.



1-3- Research Plan

To accomplish the aforementioned objectibs, research team prepared a detailed research
plan tooutlinethe process for evaluatimggeen auxiliarywarninglightson WMTs. To accomplish

theprojectobjectives, the proposed reseaptéinwasconducted according to th@lowing tasks

1 Task 1: Literatur@eview.

Task 2: Review oturrentpractice(DOTssurvey).

Task 3:Crashdata evaluation

Task4: Experimentdesignandformationof humansubjectpanels

Task5: Simulatedwvarninglight evaluation(static experiment

Task6: Warninglight evaluationon controlledtestroadway(dynamicexperimenk

Task7: Recommendations farseandplacemenof greenstrobes

= =4 4 A4 A A -

Task8: Developnentanddelivery of draft andfinal reports

1-4- Report Structure

The remainder of this report is structureda®ws: Chapter 2 providesldaerature review of
thebasic conceptsf the study. Chapter 3 reviews th@rent practices utilized by transportation
agenciesvia a conducted surveyhapter4 providesthe details of an experimental design to
evaluate the effectiveness of differerdarwing light configurations in the visibility improvement.
Chapter5 presents theesults andstatistical findings of the conducted experime@bapter6
provides a review of crash data analyses regarding green auxiliary lighting application in
Michigan.To conclude Chapter7 includes a summary of findings and the recommendations for
consideration by MDOT



CHAPTER 21 LITERATURE REVIEW

2-1- Human Vision

Approximately 90% ofiriving information is acquired visualfBivak, 1996) Thereforethe
visual medium has been suggested as the magpropriateform of delivery of pertinent
information to drivergSaedi and Khademi, 201Bhademi and Saedi, 2019 he characteristics
of the human visual system in terms of sensitivitytie basic image featurgsday an essential
preliminary role in the perception and cognition of complex environsr&nth asthe driving
condition (Blakemore and Campbell, 1969Yisual abilities required foracquisition and
perception of dynamic information are correlated wridlffic crashegHenderson and Burg, 1975)
Therefore, it is important tonderstand thieuman visual system and its response to warning lights
Consideations should includéhe impacts of different factors such as size, contrast, color, flash
pattern and intensity. For example, brightness asitility were shown to vary across different
colors(Gibbons, 2008)As compared to blue and red, white and amber were found to show the

highest effectiventensity.

There is substantial evidence to suggest that different colors astd gltternshave a
significantimpactond r i v e r s @Gndaespgorse WMTsnOn the other hand, there is no
univocal evidence suggesting priori that one particular color or flash pattern would be better
suited than others, which underscores the nmamce of researchtudiesthat investigatehis

guestionAvailable evidence is summarized below.

Some patterns of viswual stimulation tend to
Arguably, the most reliable way of drawing attention and gaz® igseabruptly changing and
moving patterns, known as transients (YaatidJonides1996; Carrascd2011). When it comes
to the temporal sequence of flash patterns on service vehicles, it isthitlgynamic flash
patterns will have a greater ability of drawir
static patternswill have. When it comes tdhe color of warning lighs, even though there are
indications that specific coloraay have a stronger impact on behavior than others, the evidence
indicates that this type of difference is contd@pendent | ndeed, the i mpacts o
highly depend on the situation in which the colors are encountered @idfiaier, 2012). This

finding is consistent witta more general observation that people tend to direct their attention to



theelements in their environment traerelevant to the task at hand (Most et 2001; Melloni

et al, 2012). This is in part the direct resultaf intentional strategy, but it is also an indirect and
involuntary result of task history (Wolfe et,a2003; Lamyand Kristjansson 2013) If certain

features (such d@hke colorred) have been relevant ton ebéhavior in the recent pagenhis or

her attention is automatically drawn to new elements that have those featurgedeobjects). In

the contexbf the present studyhis consideration raisghe possibility that red or amber warning

lights might have an increased ability to draw dsvér at t enti on gi ven the b
of red lights €.g.,traffic lights andbrake lights) to people whose context consists of navigating

traffic.

The impactof visual information ond r i vbehawob deperslon multiple factors which
makes itdifficult to determine griori which flash pattemsor colois will be the most effectiveA
significant factor is thaattention is involuntarily drawn to ¢helementsof surroundingswith
uncommonfeaturesin the present environmerknown asoddball elenents (Wolfe et al.2003;
Melloni, et al. 2012). This would suggest a potential benefit of green warningdigktsa green
light in a sea ofed lights amplifiesits impact ond r i vbehawodln sum, it is plausible that
more dynamic flash patterrigave more significantmpacs ondr i ver s6 behavi or ,
different and partly contradictory arguments can be made with regard to Tolgy.empirical

research directly addressing this isgieequired

2-2- Warning Lights

Historically, efforts to enhane thevisibility of highway maintenancé&ucks, vehicles and
equipmenhavefocused orthe provision of various types wfarning lights Variousfactors(e.g.,
type of light, configurationsand weather conditionjshave beennvestigated taetermine how
warning lighs may be usetb make slowmoving vehiclesmoreeasily dtectableby other road
users.Unfortunately,there are no national regulations for warning light configuratisnlight
sourcas and colors.American Associatin of State Highwayand Transportation Officials
(AASHTO) guidance recommendsmber and white as the primary warning light colfns
WMTs. AASHTO also recommends the use of LE&-Bsynchronous flash patterand installation

of lights at high elevations i solidcolored contrastThe Manual on Uniform Traffic Control



Devices MUTCD) similarly provides recommendationalso suggesting amber and white for

highwaywork.

Prior research suggestsat using differencolor combinatios may affectthetraffic behavior
in response to warning ligh(Hanscom and Pain, 1990; Raimondo, 1994; Uliman, 2000; Ullman
et al., 1998) In astudy byUllman (2000) the combination of ble and amber was found to be
more effectivein conveyng a sense of hazard to motorisfhis combination redusevehicle
speed when compared tausing only amber lightsA similar study byKamyab et al. (2002)
reviewed the state of practies it relates tenhancinghevisibility of WMTSs. This studyshowed
almost all responding states use reflective materials to increase the visibM 8. All of these
statesndicatal theyuse more warning lights aMTs ascompared to othdypes ofmaintenance
vehicles.Reflective taps, warning flags, strobe lights and auxiliary headlanmpse amongthe
common materials used to enhance the visibility of WMTs and other mainterguipenent.
Stidger (2003)reviewed generalguidelines for snow removaind ice control vehiclesand
suggested that retrorefiitve magnetic tapes and stedalyrning light bars can improve vehicle

visibility underadverse weather and nighte condiions

Color has been identified as one of tm@nary factors that influence driveisesponse to
warning lights. A study conducted fordianaDOT (McCullouch and Stevens, 2008y estigated
the effectiveness of warning lights with different colors and shapes mount&drs under
different weather conditions (Figugel). The lrightness and visibilitypf various colorsgmber,
blue, red and whide lighting technologiesstrobes, LEDs and beaors); and shapes ¢und and
rectangulay were compared under cloudy and snowy conditions. Results suggested that amber,
rectangulasshapd LEDs werebrighter and more effectiviellowed byblue. A recent srvey by
Howell et al. (2015)n Kentucky found that all respondents dsenber LER as the main warning
light. The application chmber withother color combinatiagvarieddepending othevehicle type

andpurpose



Figure2-1 Examples ofwarning lights layout (Source: McCullouch and Stevens, 2008)

Flash patteriis another important factéo consider in the design of warning light systeimns.
a studyby Taylor et al. (1967 )flasher conspicuitandthe type of flashing deceswereproposed
asfactors that may influend@enumber of crashe# similar studyevaluatedhe effectiveness of
a flashing warning light system for work zoapplicationgFinley et al., 2001)Results showed
significant operational and safety benefits whdlashing devicgvasimplemented in a shoeterm

maintenance project

In addition to color andlash pattern the light source (such as lwgen, strobe, LED and
beacon) s also influential in drivesresponse to warning lightduthumani et al. (2015)
summarizedest practices in the use of warning lightal foundthe warning light height, light
source, light coloandflashingpatternandthe use of retroreflective tape®reinfluential factors
affectingroad user@behaviowhen they encounter WMTA combination of flashing and steady
burn lights was strongly recommendednd retroreflective tapwas found to be effective in
providing additional warning althoughthe cleanliness of such tapean issue during winter
operations. The study also suggestifterent intensity settings by timef day to avoid glare
discomfortat night

Gibbons (2008xonducted aomprehensivatudyon warning light system$4ore than 135
different flash patterns ar8b devices were considereml comparehe effectiveness of different
light sources. Among tke light sourceg¢halogen, LED angtrobg andfour colors(amber, blue,
red and whitg halogerwhite showed théhighest effective intensityStatic screeningandfield
performance experimentvere also conductea this study Figure2-2a stows the warning lights
layoutin the static sceningexperiment. Results showed tlia combination chmber and white
provides the highest conspicuityA higher effective intensity providedreater conspicuity;

however it tended tocause glare discomfoat night. An asynchronous flashing light a lower



frequencywas identified as the best flaphttern. LED seemed to provitiee best results among

all other light sources, and ardi-color contrastvas also recommended

High-Mounted Beacons

Low-Mounted Beacons

(b)

Figure2-2 Warning lights layout(a) static screening experiment and (b) field performance
experiment (Source: Gibbons, 2008)

Figure 2-2b shows thewarning light arrangement frorthe field performance test The
experiments showed themfiguration ofthe warninglight system affectqiumerousvariables
including lanechange distan¢eehicle identification distance, pedestrian detection distance, level
of urgency felt bythe subject, discomfort glare mght, confidence level of the subjeitt see the
warning lightandrated conspicuity. A dark backgrounevas found effectivéor thewarning light
system, especially during the diaye. Using a double flaspatternwas highly recommended to
improve the vehicle visibility. Results recommendedalancingthe effective intensity of the
warning lights between the level that providgesimum conspicuity and the levgrior to which
glare discomfortbecomes an issudRetroreflective tape was also suggested to be used as a
supplement to warning lighystens. Finally, the research concluded that nighttime and daytime

conditionsmay requirealternative varninglight systems.



MDOT and otheMichigan road agencies have recersigrtedadding green lights ta/MTs
givenminimal implementation cosaind bettrhumaneye sensitivity tahegreen/yellowspectrum
(Figure2-3). MDOT hasalsoadded lights to the esdf its plows to increase visibilitfHowever,
the extant literature has not evaluated the impacts of the green sfbbesck of evaluation
provides motivation for a comprehensive study evalgdhe effectiveness of these green strobes,
in addition to identifying the best warning light configurations. Furthermore, the recenstaige
installation of green strobes will allow for a detaitzdsh data analysis to understand the short
term impacts of this program.

(b)

Figure2-3 Winter maintenance vehicle warning ligh{g) MDOT vehicle warning lights
(Source: Weingarten, 2016nhd (b)new proposed green warning ligl{&ource: Walker, 2014)
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CHAPTER 317 REVIEW OF THE STATE OF PRACTICE

3-1- Purpose

In an attempt to investigate thargent practice ofuxiliary warning lights on maintenance
trucks a nationwide survey was developed and distributed among different states. Each state has
its own policy regarding the auxiliary warning lightnd there is not any uniquely defined
criterion to unify the policies. Térefore, each statBOT may use a different warning light
configuration from other state DOTBhe four main objectives of tleirrent surveyvere to:

1 Compile the current status of the lighting configurations used by different state DOTs for
maintenance trcks, particularly as it pertains WMTSs.

1 Gatherinformation about the effectiveness of different configurations and the adopted
approaches

1 Gatherany studies conducted by other states regarding the effectiveness of different
auxiliary warning light confurations

1 Identify the most promising and feasible configurasiéor WMTs in Michigan by

investigating the effectiveness of different colors and flashing patterns.
3-2- Survey Design

The MSU research teardeveloped a survey to investigate the statprattice for auxiliary
warning lights ormaintenance truckspecificallyWMTs. The survey was designed electronically
through MSU Qualtrics systeriDOT distributedthe survey on behalf of the research te¢amall
50 state DOTsn October 2019 The survey consisted d9 questionseekingthe following

informationaboutWMTSs:

Type and color of auxiliary warning lights

Flashing pattern and synchronization type

The interest of agencies in installing green lights on mainteriaunzies

Technologies or equipment to enhance the visibility of winter maintenance operations
Previous research on evaluations of auxiliary warning lights

Suggestions about snevovering issue

= =2 4 4 A A -

Policies or standards regarding the use of green strobes

11



1 Initiatives to inform road users of any changes in installed warning lights

The respondents were askegtovidedetailed contact informatiaio allow forfollow-up. In
November and December, reminders were sent tstéteDOTsthatdid not provide a copiete
response to the survey. Some states provided multiple responses. Therefore, these states were
contacted talarify the final responsia case of some inconsistenci&se original survey template

is provided in Appendix A.
3-3- Summary of Results

Transportation agencies responding togbhevey includd states from th&VestCoast to the
EastCoast affording a vast range of weather and terrain conditidlhstates provided complete
responses for general maintenance trucks, while 49 states responded to quegtialing

WMTs. Hawaii was the only state that did not resptmthe questionfor WMTSs.

The summary of the responses for ym®lois and flas patteris of auxiliary warning lights
on WMTs and other maintenance trudsspresented in Figurd-1 and Figure8-2, respectively.
As shown inFigure3-1a 88% of state DOTs are using directional or flat igbad warning lighst
onWMTs under their jusdictiors, while 80% are using a rotational warning lighpproximately
67% of state DOTs are using both warning light typeg statesnotedusingotherlight typesin
addition to the two options provided in the survayow boards and light bafsSigure 31bshows
the distribution of colorsisedfor the warning light ofWVMTs amongdifferent states. According
to this figure, all surveyed states currently use amber as one of their used lights. Aftettznber,
color white has the highest use among different state D@Uigently Michigan, Connecticut,

Maine, North Carolina and Ohigsegreen lights o theirWMTs.

Figure 3-1c illustrates the distribution of flash pattemnsedon WMTSs by different states.
According to this figure, double flash pattern is the most common pattern among alhvgtéees
the single flash is the secomsbstcommon patterrAlthough quad flash is not as common as other
flash patternghe National Cooperative Highway Research Progld@HRP) suggestsesing it.
According to Figure3-1c, 17 states use flash patterns other thaseprovidedin this figure and
the survey. Thse flash patterns and the number of states using them are presented3nlTable

terms of synchronization type, as shown in Fig8ukd, the distribution is almost even among
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different states. Six states use both synchronousanslynchronoupatterrs, depending on the

type of work, location and crew prefereace
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Figure3-1 Types, colors and flash pattesof auxiliary warning lights oWMTs: (a) types of
auxiliary warning lights(b) coloss of auxiliary warning lights(c) flash pattersand
(d) synchronization type
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Table3-1 Flash patterns other than the listed patterns in the survey

FI ash Pattern Number of

Random patmaetrioct ati aotof all |
No standard pattern

Wi -wag

Pinwheel

4cor nermBofulnacg lands Btedilde X confi
ActionFlash150

P P P N W ©

Types of auxiliary warning lights on maintenance trucks other WkiT's used by different
state DOTs are shown in FiguBe2a. According to this figure, 86% of the state DOTs use
directional or flat lighthead warning lights on their maintenamicecks while 74% use rotational
warning lights. Expectedly, in terms of warning light ce]aill states usatleastanambemwarning
light, as shown in Figurd-2b. According to this figure and similar to the patteriitWMTs, white
is the second mossad colorOklahomaand Connecticutsegreenwarning lightson maintenance
trucks other thallVMTs. Figure3-2c illustrates the use of different flash patterns among different
state DOTSs. Similar t?&/MTs, double flash pattern is the most common pattermarstate DOTS.

As shown in Figur&-2d, 46% of state DOTs are using only a synchronous flash patteneir
maintenance trucks, 40% are using oalfinot synchronizeal pattern, and 14% are using both

patternsdepending on the type of work and crew prefees.

The respondents were also asked whether riligirt consider installing green lights on any
maintenance vehiclé theiragency does naurrentlyusethem. The interest ianduse of green
lights on maintenance trucks working under the jurisdistimindifferent state DOTSs is illustrated
in Figure3-3. As shown in this figure, 12% of sta{gsx out of 50)are currently using green lights
on theirmaintenance vehicles, aB#% of surveyed states are interested in using green lights given
that the results of th projector othersimilar ongoingstudies show its effectiveness. However,
more than half of the states are not interested in using green auxiliary warning lightsron
maintenance vehicles. Most of these states mentioned legislation as an obstacle to thé change.
summary of the reasons provided by different states that are not interested in green lights is
provided in Table-2.
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B Not Interested (56% of
Surveyed States)

| Interested (32% of Surveyed
States)

[ Aready Using Green Lights
(12% of Surveyed States)

Figure3-3 Use ofinterest in green lighion maintenance trucks

Table3-2 Comments from states that are not interested in green lights okMikEis

Reason Number of States
Current legislation or state regulations 13
Satisfactory performance of their current color combinations 6

Using geen for _other vehicle types such as police, fire and 5
emergency vehicles

An informal study on green lights showitieeir ineffectiveness 1

Green meanfgoo 1
Perception®f different colordy thegeneral public 1
Financialconcerngegarding the investment cost 1

State DOTs were also asked if they suggest any other technologies and/or innovative
equipment to enhance visibility of winter maintenance operationstaravoid the snow
accumulation on warning light§he suggested technologies or equipnaricategorized ird

threemaingroupsas listed below:

1. Technologies on the back or side of trucks
A Adding retroreflective auxiliariesuch agapes, glow sticksand devronmarkings
or painting to backor plow of the truck

A Using flashing erow boardson the back of the truck
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A Incorporating adynamic warning light controller (e,gWhelen) for specific
applications such adifferent configurations foday andnightimesor dimming
the lights atintersectionsto reduce glare for drivers whestoppedin close
proximity behindthe WMT at signalized intersections.

A Usingcamerasystems tamprove visibility for the truck driver over thearzone
and blind spot@ addition to usingnidship turn lights

2. Technologies for the wings

A Usinginnovatie approachegssuch as LED stick light markerr outside edge of
theplow.

A Incorporating potights for wing plows tanakethe edge of the roadsible for the
truck driver

A Incorporating ving plow lasergo provide theruck drivera better perspective of
where the end dhe truckwing plow is located durinthe maintenanceperations

3. Technologies to avoid snoaccumulatioron the back of trucks

A Adding drfoils to the warning lights

A Using reated lensefr warning lights

A Placingthewarninglights on highet possibldocations

A Using bong rubber flaps on plows to reduce snow fog for front plows, wings and

tow plows

The respondents also suggested some initiatives to inform users of the recently adopted green
strobes or any othdechnologies associated with the visibility of maintenance vehicles. Press
releass, public service announcemepnsocial media, websitg, media interviewsand dynamic
message sign boards are among the suggested and used initiatives by different states. Overall, the
outcomes of this survey can be used in the current study and other similar studies by other agencies
as the current state of practice for wagiight configurations on maintenance trudkstermining
the impediments to the use of new technologies or light configurationscansidering the

suggestionsf other statefor future implementations.
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CHAPTER 41 EXPERIMENT AL DESIGN

To evaluate theeffectiveness of different configuratisof warning lightson visibility of
WMTs, two setsof experimentsvere designed staticanddynamic. In the static experimera,
greaternumber of warning light configurationgere testedamong a sufficient numberf o
participants. Thearticipants evaluated the capabilityvedrning lightsto improvethe visibility
of WMTs utilizing multiple measures of effectivenesssdiscussedater. A selectedsubset of the
evaluated light configurations in the stagkperimentvasconsidered for further assessnsnta
dynamicexperiment Both static and dynamiexperimentswvere conductedon clear dag and
nights(with no or minimal snovevens). Furthermore, a portion of the static experiment @ste
repeated under adverse weather conditions to explore impacts of the weather conditions on the

visibility of warning lights. The latter is referréd astheweather experimen this study

The man objective ofthesestepwise experimentsasto evaluatehe visibility effectiveness
of a greaternumber of light configurations in different contexts (day versus night, clear versus
snowy and static versus dynamic). Eacthefdescribeéxperiments astained multiple tests that
aimed to identify different measures to assess the light configurafbaiency in terms ofthe
visibility improvement.Details of the experimesre presenteth the following sectionsThe

various warning light configuratis used in different experiments are also listed in this section.
4-1- Human Subjects

Human subjectsvere employedo conduct the experimengvaluating various warning light
configurations Theresearchsubjecs formed two panels of experts and public participants. The
expert paneincluded the MSU research tearmé@inly graduatetudentsiand MDOT staffwhile
the public panel membergere recruited from nonexpert individualBhe subjects of the public
panel participad in the static and dynamic experiments only in clear weather conditions, while
the subjects of the expert panel participated in the weather experiments in addition to the static and
dynamic experimentsto facilitate animpartial comparison between diffent contexts of
experimentsThe static experimeniscluded 24 researclsubjectsasparticipaits andthe dynamic
experimeng includel 25 research subjectwith 16 participants in common with the static
experiments The participantpopulationin both stéic and dynamic experiments inclutiboth

genders and coved a wide range of ages (fror22 to 65 years old The weather experiment
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were conducted onlypy the expert panel with Jgarticipantsificluding13 participants in common

with the staticexperiments) The public panel research subjewtere not employed for these
experiments due to uncertainties associated with the weather condiwotige extentpossible

the sameparticipantswere employed to conduct the experimetdsavoid impartialbiases in
comparison of different experiments due to the small number of available research subjects
However, snce multiple experimentwaere performed tadifferent eventsit wasnot possible to

employ exactly the same research subjects for all expeismen
4-2- Static Experiment

In the static experimepparticipantsand the experiment vehicle (MT with warning lights)
were in stationary conditia Following the instructions dICHRP Report 624Gibbons,2008),
the clearancelistancebetween the participantnd the experiment vehiclgas set to450 feet.
This valuewasdecreased to 150 feet forparticulartest(glarerating). Figure4-1 illustrates a
schematic configuration of the static test bedide visualization of the actua¢xperiment
environment

Experiment Truck

Participants

(a) (b)

Figure4-1 Staticexperimentconfiguration (a) schematic and (bfield testenvironment
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4-2-1- Conspicuity Test

To measure the effectivenegbthewarninglighting configuratios in terms of appearanges
participants were asked to rates level of attentiongetting of these configurationsParticipants
were exposed to each light configuration falbout15 seconds &t distance of 450 fedb the
experimentvehicle Then theywere asked taleclare their perception abaiie attentiongetting
capability of each light configuration using arpaint rating scalgTable 4-1). This testwas
conducted in both daytime and nighttini@e test environment is illustest in Figured-2. Various
configurationswvere ordered randomly with the same order for all participants to prevent any bias
in the data collection process. Furthermore, the first three configurateyegxactlyrepeated as
the last three configurations consider avarmupperiod for participants (to ignore the first three

configurations). Notéhat mrticipants were not aware of these repetitive configurations.

Table4-1 Conspicuity test #point ratingscale

Description Score
Not at allattentiongetting 1
Minor level ofattention-getting 2
Moderate level oéttentiongetting 3
Quite attentiongetting 4
Extremelyattentiongetting 5

Experiment Vehicle

“| Participant =5
| Vehicles

Figure4-2 Conspicuitytest configuratiorfparticipantsarein stationary vehicles during the test)
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4-2-2- Appropriate Driving Action Test

The djectiveof this testwasto identify what driving action (if any) subjeqiseferedto take
when they encounteda truck with warning lightsThis testwas concurrentlyaccomplished with
the conspicuity testParticipantswere exposed to each light configuration for 15 secoata
distance of 450 fedb the experiment vehiclgmatchingthe conspicuity test)Then theywere
asked to choosehat driving action (if any) thepreferedto take for each light configuration
from Table4-2. This testwasconducted in both daytime améghttime. The test environment is
the same as Figure2, and the same procedus@s applied to ensure preventing any bias in terms
of the order of various warning light configurations (random but the same oradirfarticipants

and repeating the &t three configurations at the énd

Table4-2 Alternatives inappropriate driving actiotest(static experiment)

Description Item

No action 1

Take foot off accelerator

2
Apply brake 3
4

Lane change

4-2-3- Maximum Peripheral Detection AngleTest

This testwas designeda measure the maximum horizontal angle at which the warning light
could be detected his wasconducted only in the daytime, when the light contrastirimum
(the worst condition). Participantswvere exposed to each light configuration for 15 seconds at
distance of 450 fedb the experiment vehicl&henthey were asked taleclare the maximum
angle in which thegoulddetect the light for each light configuratigks shown in Figurd-3, the
participantstried sevenanglesin 15degree increment® identify the maximum peripheral

detection angle.
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Figure4-3 Maximum peripheraldetectionangletestconfiguration

4-2-4- Glare Rating Test

In this testthe discomfort leveposedby the warning lights to drivers of the vehicles that
follow the WMT (in this test experienced by theesearclhsubjecs who were exposed to these
lights) is measured-histestwasconducted onlyatnighttime, when the light contrast is maximum
(theworst conditionin terms of glarg Participantsvere exposed to each light configuration for
15 seconds adistance of 150 feab the experiment vehicl&@hen theywere asked taleclare the
level of discomfort they experiengaising an rmpoint rating scalgTable 4-3) for each light
configuration The same proceduwmss applied to ensure preventing any bias in terms of the order
of various warning light configurations (random but the same order for all participants and

repeating the first three configuratiat the end)-igure4-4 illustrates the test environment.

Table4-3 Glareratingtest rpoint rating scale

Description Score
Not noticeable 1
Just noticeable 2
Satisfactory 3

22



Disturbing 4

Unbearable 5

Figure4-4 Glareratingtest configuration

4-3- Dynamic Experiment

The dynamicexperimentwas an infield simulation of realvorld conditiors, where a
passenger cancountera WMT equipped with warning lights. The main objectivethis test
was to evaluate thefficiency of a set oflight configurations (whichs a subset othe considered
light configurationsin the static experimegt in terms ofvisibility. In this experimenthuman
subjectswere movedas passengers i participant vehiclethat follows the experimenttruck
displayinga particulaiwarning light configuratiorat each runTwenty-five subjects participated
(80% ofthem alsgarticipatedn thestatic experimertb make the two experiments as comparable
as possible Figure4-5 providesa schematic configuration of tidgnamictest beside pictureof
the experiment environmem.layout of the AMC, where thexperimentvas conductedis shown

in Figure4-6.
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Participant Vehicle

Experiment Truck

@ (b)

URBAN ARTERIAL
55 MPH

A
TRIPLE-DECKER”
HIGHWAY LOOP LA
50 MPH .

Test Road

CONFIGURABLE
PARKING

USE
DEFINED AREA
AREA

HIGHWAY LOOP'
55 MPH

WILLOW RUN BYPASS AND

INNEL 56 MPH HIGHWAY LOOP
65 MPH

/ ke panERAE

GARAGH

SITE ENTRANCE N TECH

2701 AIRPORT DRIVE RN PARK ' '

ACM HQ
HANGAR 1
801 KIRK PROFIT DR

Figure4-6 Dynamic experiment test roat ACM
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Each run bthe dynamic experiment includéhe process in which the participant vehicle and
experiment truckbeganto move from an initial clearance distance up to the point that the
participant vehicle pasdehe truck due to its higher speeik the beginning ofeach run, the
participant vehiclevaspositioned at thetarting poinof an experiment road (see Figur&¥ The
experiment vehiclevas stopped at distance of 0.4 mildrom the participant vehicle. The
experiment vehicle statimovingat25 mph. At the same timthe participant vehiclaccelerated
to 55 mph and pasd¢he experiment vehicle atdistance of 0.73 mile from the starting point.
theseexperimengthe participantsompletel four differenttests:actiontaking distance (mimum
gap) conspicuity appropriate driving actioandglarerating. All of thesetestswere conductect
once on eaclhun of the dynamic experiment foeach warnindight configuration.The action
taking distance testas accomplished before the partigipaarpassedhe experiment vehicj¢he
other three testvere completedvhen the participant cpassedhe WMT. Details of the test are
discussedn the following sectionsFigure 4-7 illustrates the schematic configuration of the

dynamic experiment.

First Stage — Experiment Start

0.4 mile —»I

1.0 mile

} 0.73 mile “

Figure4-7 Different stages afhe dynamic experiment
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4-3-1- Action-Taking Distance (Minimum Gap) Test

This testaimedto identify the danger zone (unsafe distance) felpasticipantsbehind a
WMT. Participantsatin the front passenger seat of a vehicle paggmatoximately ondalf mile
behind aWMT. The participant vehicle (whiclwasdriven by an experienced driverlpsedthe
gap between the two vehicles with a relative speed of 30 mph. Particymatmstructed tsay
A A c t assaoroas they fahat the gap between the two vehicles (the participant vehicle and the
WMT) wasunsafe. A member of the research teaitting on the back seatcordedhe relative
distance between the two vehicles at this moment. Particpwente awar e tActond t he
representedne ofthreedriving maneuversbraking, taking the foot ofthe accelerator or lane
changing. They might prefeneof these actions at the time theyt thiat the gapvas not safe and
a driving action (maneuver) must be accomplished. Figt8&illustrates the test environment.
The participarg and experiment vehicdewere equipped with racer toolshat provided the
information of relative kinematics of the two vehicles such as the longitudinal distance. Racelogic
Vbox wasused as the racer tool (Figur@B). The accuracy of this tool for collecting the velocity

information is 0.kilometer per houandat adistanceof less than 5@entimetergperkilometer.
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Figure4-8 Action-taking distance(minimum gap) test (a) testenvironmeniand(b) racer tool

4-3-2- Conspicuity Test

At the end of eachun of thedynamic experimenfwhenthe participant canadfully passed
the WMT), participantsvere asked talescribetheir perceptiorof the attentionrgetting capability
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of the ongoindight configuration using an-point rating scaléTable4-1). Figure4-9 shovs the

test environment.

T

Figure4-9 Conspicuity, apropriatedriving action and glare rating test thedynamic
experiment

4-3-3- Appropriate Driving Action Test

At the end of each round of tdgnamic experimer(ivhenthe participant canadfully passed

the WMT), participantsvere asked ta@hoose thelriving action theyhad on their mind once they
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saidil Ationo i rectidntakingdistance tesfor each light configuration. Thewereprovided

with three optionsas shown in Tablé-4. Figure 49 shows theest environment.

Table4-4 Alternatives in appropriate driving action test (dynamic experiment)

Description Item
Take foot off accelerator, 1
Apply brake 2
Lane change 3

4-3-4- Glare Rating Test

At the end of each round of tdgnamic experimenivhenthe participant canadfully passe
the WMT), participantswere asked talescribethe level of discomforthey experiencd using an
n-point rating scaléTable 4-3) for the ongoinglight configuration Figure 49 shows thdest

environment.
4-4- Weather Experiment

In the weather experimengfficiency of different warning light configurations iterms of
visibility was evaluatedn a snowy daywhich represerdgd an actual environment th&/MTs
operate on the roads&or safety concernghe experimentwas only conductedunder static
experiment settingsThe two tests of conspicuity (daytime) and gleagng (nighttime) of the
static experimestwere performedin the weather experimenthe configuration of the testvas
exactly the same as the static experimdot the clear weather conditionBhe dayime test
conducted frond p.m.to 5:30p.m, when the snow rate was 0.l¢h per houand the visibility
was 1 mile (relative to 10 miles for clear weather conditiorif)e sunset time was 6:30m,
therefore he nighttime testvasconductedrom 7 p.m.to 7:30p.m. when the snow rate was 0.15
inch per hourand the visibility wa® miles. This means that the daytime and nighttime thats

almost the same weather and visibility conditions.

To facilitate an impartial comparison between tiigerent context of experimengse., clear

day versus snowy daythe participants of the weather experimaete selected among those who
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were involved in the static experiment. Overall, 14 subjects participated in the weather experiment
(13 of them pticipated in the static experimenhder clear weather conditioas well) Due to
uncertainties in arranging an experiment under adverse weather conditions, it was not possible to
use the public panel for this experiment (only expert panel participanéstiae research subjsict

Figure4-10 illustrates the weather experiment environment.

Figure4-10 Weather experiment environment

4-5- Warning Light Configuration s

Different sets of warning lightonfigurationsbased orthetwo elementf color and flashing
pattern were considered in this studg identify the most effective configurations in improving
the WMT visibility. MDOTO surrent configuration for warning lights installed on thMTs
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includestwo LEDs and two beacons. LEDs are installed on the edges of thsideai the truck
while beacons are mounted on top of the cab (see Hgliig. In the current configuration, the
LEDs flash in green and the beacons switch between green and dimbgreen warning light
(in both LEDs and beacorffashes irsingle while the amber coldtashes imquad.Using different
color and flashing pattewombinationgor LEDs and beac@)36 configurationsvere considered

Table 45 shows lhese configuri@gons along with the currestetupimplemented byMDOT.

In all of these configurations, the two LED liglasvayssynchronously flash on and off the
same colar The two beacon lights alsdwayssynchronously flash on and off the same color.
However, the LEB flash asynchronously relative to the beacdor each color. Imddition in
configurations thatisethe same colofor both LEDs and beaconi the othercolor isalsoused
onLEDs or/and kacons, thethegreen and amber lighisshsynchronoushpetween LEDs and
beaconsHowever,in configurations that EDs andbeacons do not use the same cdloen the
green and amber lights flash asynchronously between LEDs and béaaiurst5 provides these
specifications for each configuratiofigure 4-12 illustrates differentolor combinations of
warning lighs (nine configurationsgonsidered in this studfor each of thesmlor combinations
four different flashingratterngin terms of sinte and quad flashingyereconsideregdresulting in
36 overall configurationsNote that he color and flashing pattern combinations used by MDOT
are similar to warning light configuration 23. The only difference is that in the cuwiBQT-

implemented configuration on WMTS, the LEDs flash independently relative to the beacons

Note that the two LEDs have the same configuratioierms of thecolor and flash pattern.
Similar colos and patteraarealsoconsidered for the two beacoi$iecolor display between the
LEDs and beacons are asynchrondts instance, if the green color is included in both LEDs and
beaconswhenthe green color goes off on the LE@Bss colorgoeson (or swithiesto amber) on
the beacons. The flashing pattefrthe same color of warning ligh¢scluded in both LEDs and
beaconsare assumeth besynchronizedFor instance, in a case that the amber color is included
in both LEDs and beaconthe flashing pattern of this color is either single or quad in bothsLED
and beaconsThese assumptions aestablished based on the MDOT guidelines on the existing
warning light configurationand NCHRP Report 624 recommendati¢@gbons,2008.
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Beacons (switch between single
flash green and quad flash amber)

Figure4-11 MDOT current configuration for warning lights

All light configurations (including 36 designed light configurations plus the MDOT current
setup)were evaluated in the static and weather experiments. Due to the complexity of the dynamic
experiments, only six candidate configurations, wviehe selectedased on the results of the
static experimentsyere chosen to be evaluated. As discussed before, differenweestdesigned
to assess the efficiency of each light configuration in terms &/f@ visibility. Results of these

tests for all the experiemts (static, dynamic and weather) are discussed in the next chapter.
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Table4-5 Warning light configuratioa(S: single flash, Q: quad flasBync: flash at the same

time, Async: never flash at the satmae, Rand: flash randomly relative to each other

BeaconLights LED Lights Beacons
Beacons LEDs Relativeto Relativeto Relativeto
Each Other Each Other LEDs
ID (Color and (Color and Flash Amber Amber Amber
Flash Type Type) Same Same Same

Color and Color and Color and
Green Green Green

LCO1 | Ambe(S) AmbelS) Sync | N/A Sync | N/A Async | N/A

LCO2 | AmbelS) Ambel(Q) Sync | N/A Sync | N/A Async | N/A

LCO03 | Ambe(Q) Ambei(S) Sync | N/A Sync | N/A Async | N/A

LC04 | Ambe(Q) AmberlQ) Sync | N/A Sync | N/A Async | N/A
LCO5 | Ambe(S) Greer(S) Sync | N/A Sync | N/A N/A Async
LCO6 | AmbelS) Green(Q) Sync | N/A Sync | N/A N/A Async
LCO7 | Ambe(Q) Green(S) Sync | N/A Sync | N/A N/A Async
LC08 | Ambe(Q) Green(Q) Sync | N/A Sync | N/A N/A Async
LCQ9 | GreenS) Ambel(S) Sync | N/A Sync | N/A N/A Async
LC10 | GreenS) Ambel(Q) Sync | N/A Sync | N/A N/A Async
LC11 | GreenQ) Ambel(S) Sync | N/A Sync | N/A N/A Async
LC12 | GreenQ) AmberQ) Sync | N/A Sync | N/A N/A Async

LC13 | Greern(S) Greer(S) Sync | N/A Sync | N/A Async | N/A

LC14 | Greer(S) Green(Q) Sync | N/A Sync | N/A Async | N/A

LC15 | Green(Q) Green(S) Sync | N/A Sync | N/A Async | N/A

LC16 | GreenQ) Green(Q) Sync | N/A Sync | N/A Async | N/A
LC17 | AmberlS)+green(S) | AmbelS) Sync | Async | Sync | N/A Async | Synch
LC18 | AmbelS)+green(Q) | AmbelS) Sync | Async | Sync | N/A Async | Synch
LC19 | Ambe(Q)+green(S) | AmbelQ) Sync | Async | Sync | N/A Async | Synch
LC20 | Ambe(Q)+green(Q)| AmberQ) Sync | Async | Sync | N/A Async | Synch
LC21 | AmbelS)+green(S) | Green(S) Sync | Async | Sync | N/A Async | Synch
LC22 | AmbelS)+green(Q) | GreenQ) Sync | Async | Sync | N/A Async | Synch
LC23a | AmbelQ)+green(S) | Green(S) Sync | Async | Sync | N/A Async | Synch
LC23b | Ambe(Q)+green(S) | Green(S) Sync | Async | Sync | N/A Rand | Rand
LC24 | AmbelQ)+green(Q)| GreenQ) Sync | Async | Sync | N/A Async | Synch
LC25 | Ambe(S) AmberS)+green(S) | Sync | N/A Sync | Async | Async | Synch
LC26 | AmbelS) Ambel(S)+green(Q) | Sync | N/A Sync | Async | Async | Synch
LC27 | Ambe(Q) Ambel(Q)+green(S) | Sync | N/A Sync | Async | Async | Synch
LC28 | Ambe(Q) Ambel(Q)+green(Q)| Sync | N/A Sync | Async | Async | Synch
LC29 | Greer(S) AmberS)+green(S) | Sync | N/A Sync | Async | Async | Synch
LC30 | Greer(S) Amber(Q)+green(S) | Sync | N/A Sync | Async | Async | Synch
LC31 | GreenQ) AmberS)+green(Q) | Sync | N/A Sync | Async | Async | Synch
LC32 | Green(Q) Ambel(Q)+green(Q)| Sync | N/A Sync | Async | Async | Synch
LC33 | AmbelS)+green(S) | Ambel(S)+green(S) | Sync | Async | Sync | Async | Async | Synch
LC34 | Amber(S)green(Q) | Ambe(S)+green(Q) | Sync | Async | Sync | Async | Async | Synch
LC35 | Amber(Q)Hgreen(S) | AmbeQ)+green(S) | Sync | Async | Sync | Async | Async | Synch
LC36 | Amber(Q)+green(Q)| AmbelQ)+green(Q)| Sync | Async | Sync | Async | Async | Synch
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LC33 -LC36

Figure4-12 Warning light configurationtestedn the currenstudy
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CHAPTER 517 EXPERIMENT RESULTS AND ANALYSES

Two panels of honan subjectsvere formedto conduct thestatic and dynamiexperiments
under cleaand snowy conditionsThis chapter presents the test resultstaeanain findings in
identifying the most appropriateonfigurations for warning lights to be installed WMTSs to
improvetheir visbility. As discussed in the previous chapter, each experiment consists of multiple
tests providing several measures of effectiveneh reported average valuegqover all
participans). To identify the level of effectivenesst various warnindight configurations the
analysisof variance(ANOVA) and Tukey testswvere utilized for each measureThese two
statistical testsdetermineif there were any statistically significant differenceshetweenthe
efficiendesof various warnindight configurations in tems of thevisibility improvement In this
study, he significance levetasconsiderecs95%for these statistical testhis means thathen
the significance valuef the ANOVA or Tukey tests isqual or less than 0.0the null hypothesis
(there isno significant difference between the groups) is violased astatisticaly significant
difference is observedhe testresultsand interpretations are presented fottalexperimentsas

follows in this section
5-1- Static Experiment Results

The stéic experimerd under clear weather conditiowere conductedcat the MDOT garage
located in Paw Paviichigan Intheseexperimens, 24 subjects participated bothdaytime and
nighttime testsAll the participants examined all 37 light configuratigmesented in the previous
chaptey excepfor themaximum peripheral detection angle tegtere theywereonly exposd to
six light configurations. For this specific test, two participamésetested at the same tinmeeach
round of the testThe number of participants in this test was limited to two due to the required
space at exactlgright anglebehind the truckor the rest of the tests, the participamese subject
to the tests in two rousdandin each round of the tests two vans &employed to contaih2
participants at the same tima& randomorder (but fixed over various rounds in daytime and
nighttime tests) was used for the warning light configuratiorall of the testsThe firstthree
configurationsvererepeatedt the enaf each test for all participantseeping only the repeated
test results and ignoring the initial on@fis wasdone to keep out the unfamiliarity bigspact
It is worth mentiong that therewas no statisticallysignificant difference between tleaage

values reported by the research subjects fofitsteand las{repeatedjhree configurations. This
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shows thathe order ofdisplayof the light configuratios doesnot generate any biagheresults

for each tesare provided below.
5-1-1- Conspicuty Test Results

The average conspicuity values for the daytime and nighttime tests are illustrated irbFigure
1 for the nine color categories (see Figdr&2). The case witlll-amberlights has the lowest
conspicuity while the case with amber and green lights in both LEDs and beacons shows the
highestattentiongetting capability. Intuitively, the conspicuitywas higher during the nighttime
for all cases in comparison to the daytimbe significance value for the AN test is equal to
zero for the nine groups of different color categofi@sboth daytime and nighttima the
conspicuity tesgwhich shows the statistically significant difference between these configurations)

Notethatall the color groups contaedfour different subsets of flashing patterns.

Table5-1 shovs the Tukey test resul{significance valuesior the nine color combinations.
Thetestresultsindicate whichpair of color combinationsiada statisticaly significantdifference
in terms of the attentiongetting rate with 5% confidence levelln this table, the daytime
conspicuity test results are shown in the upper cowigte the nighttime test results asBown
in the lower corneiThe cases with significance value of less than 0.05 are highlighted in yellow
and show that these cases have statistical differefloegesultsndicatethat color group4 and

9 havea statistical difference with glbr most of the other color groups.

The average Vaes of the conspicuity evaluationfer the four flash patternased in this
experimentare illustrated in Figur&-2. The results are provided by considering only the cases
with onewarninglight on LEDsor beacons (C1 to C4). The combined cases (twaswld EDs
andor beacons) are not includadthese analysess thosarenot consistenin terms of flashing
patternsamong all groups of colors (C5 to CB)gure5-2 indicates that the flashing pattern of all
guad (for both LEDs and beacons) have tighést impact on thettentiongetting capability of
the lightsin comparison tdhe other flashing pattern®n the other hanahe all-single flashing
pattern has the lowest impact. The significance value of the ANOVA test is equal to zero for the
flashing pattern group$or both daytime and nighttiman the conspicuity tesfconfirming a
statistically significant difference between the four flashing patteiiig Tukey test results are
provided in Tablé-2. A significant differencevasnotobservedetweer-P2 and FP3wvhile FP1

and FPMave astatistically significant ifference from each other afidm FP2 and FP.3
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® Daytime ™ Nighttime

Overall

Color ID | Beacon Color | LED Color
2 Cl Amber Amber
§ 4 C2 |Amber Green
= C3  |Green Amber
8 ;) C4 Green Green
Lo)) C5 Amber + Green |Amber
éﬂ C6 Amber + Green |Green
D 2 C7 Amber Amber + Green
< C8 Green Amber + Green
1 C9  |Amber + Green |Amber + Green
Cl C2 C3 C4 C5 C6 C7 €8 O(©9

Figure5-1 Static experimentinder clear weather conditimrConspicuity tesresultsfor nine
color groupsn daytime and nighttime contrasts

Table5-1 Static experimentinder clear weather conditieTukey tessignificancevaluesfor
the conspicuityof nine color group$or daytime and nighttimeontrastgyellow highlight
indicatesa pvalueless than 0.05)

Daytime*
C1 C2 C3 C4 C5 C6 C7 C8 C9
Nighttime**

C1 0.000 | 0.001| 0.001| 0.000 | 0.000 | 0.000 | 0.000 | 0.000
C2 0.000 1.000 | 1.000 | 0.207 | 0.015| 0.207 | 0.039 | 0.000
C3 0.000 | 1.000 1.000| 0.177 | 0.012 | 0.177| 0.031 | 0.000
C4 0.000 | 1.000 | 1.000 0.105| 0.005| 0.105| 0.015| 0.000
C5 0.000 | 0.988| 0.979| 0.869 0.997 | 1.000 | 0.999 | 0.502
C6 0.000 | 0.393| 0.339| 0.136 | 0.959 0.997 | 1.000 | 0.906
C7 0.000 | 1.000 | 1.000 | 0.999 | 0.996 | 0.509 0.999 | 0.502
C8 0.000 | 0.902 | 0.869| 0.629 | 1.000 | 0.998 | 0.951 0.890
C9 0.000 | 0.003 | 0.002 | 0.000 | 0.081 | 0.606 | 0.006 | 0.218

* The upper corner of tharray shows the daytimesults.
** Thelower corner of tharray shows the nighttimessults.
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® Daytime ® Nighttime = Overall

FP1 FP2 FP

W

S

Average Conspicuity
[\ w

[

3 FP4

Figure5-2 Static experimentnder clear weather conditimrConspicuity test results fdour
flash patterrgroupsin daytime and nighttime contrasts

Table5-2 Static experimentinder clear weather conditign ukey test significancealuesfor
the conspicuity ofour flash patterrmgroupsfor daytime and nighttimeontrastgyellow highlight
indicates a gralue less than 0.05

Flash Pattern ID Beacon LED
FP1 Single Single
FP2 Single Quad
FP3 Quad Single
FP4 Quad Quad

Daytime*
FP1 FP2 FP3 FP4
Nighttime*
FP1 0.000 | 0.000 | 0.000
FP2 0.000 0.679 | 0.001
FP3 0.000 | 0.963 0.031
FP4 0.000 | 0.001 | 0.006

* Theupper corner of the array shows thaytimeresults

** Thelower corner of the array shows théghttimeresults

5-1-2- Appropriate Driving Action Test Results

Results of the appropriate driving action test for the nine color and four flash pattern groups
are illustrated in Figur&-3 and Figureb-4, respectively. For the static experiment, the action of
taking the foot off the acceleratarasthe most selectedctionby the participargtfor almost all
the light configuratioa (colors and flash pattes). However, not a specific pattegould be
observedover the variousonfigurations. The ANOVA test results for both color and flash pattern

groups(for both daytime and nighttimé)dicate that therevasno statisticaldifferencebetween
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the colorandflashing patterrtombinationgthe significant alues of the ANOVA tess aremuch
higher than 0.06 Thus, the observed differencegrenot statistically significantHowever, in
color groups, C1 (which indicates all ambleapa highpercentagef no actiondecisiongelative

to other color groups. Bilarly, in flash pattern groups, FP1 (which indica#dissingle flashes)
hada highpercentagef no actiondecisiongelative to other flash pattern groups. This means that
by adding the green color switching the single flashes to gquilashesthe road useraremore

likely to reactand respond to the warning liglatsa450-foat distance.

50%

) (a)
E 40%
2
g 30%
[
=}
©,20%
8
5 10%
% ° Color ID | Beacon Color LED Color
a 0% mCl Amber Amber
’ . ®C2  |Amber Green
No Action  Take Foot off Apply Brake Lane Change
mC3 Green Amber
Accelerator
o C4 Green Green

50% BCs Amber + Green |Amber
B 1o B C6 Amber + Green |Green
g 40% B C7 Amber Amber + Green
= o mC8 Green Amber + Green
é 30% mC9 Amber + Green |Amber + Green
&
©
g 20%
i)
§10% III II Ill‘lll |
g i (b)

No Action

Take Foot off  Apply Brake
Accelerator

Lane Change

Figure5-3 Static experimentinder clear weather conditimmppropriatedriving actiontest
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Figure5-4 Static experimentnder clear weather conditimmAppropriatedriving action test
results forfour flash patterrgroups (a) daytime and (b) nighttime

5-1-3- Maximum Peripheral Detection AngleTest Results

Due to the timeconsuming nature ahe maximum peripheral detection angkst, itwas
conducted only for six light configurations (see FigurB)5These light configurationwere
selectedo cover a spectrum afariouscolor combinations and flashing patterns. This, &gtilar
to the conspicuity testwasconducted onlgluring thedaytime, considering the lowest contrast as
the critical scenarioResults for the subjects with and witheytglasses are distinguished in this
figure andinterestinglyhigher valuesvere observed for the subjectvithout eyeglasses. The
ANOVA test result sugests that thergvas no statisticdl/ significant difference between the
examined light configurations in terms dfie maximum peripheral detection ang(¢he

significance value is much higher than OtB%eshold. Therefore, this measure also failed to

distinguish the capabilities of different light configurationgarms ofvisibility.
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m Overall = With Glasses ® Without Glasses Light Beacon Color | LED Color
o 90 Configuration | (Flash Pattern) | (Flash Pattern)
-% 80 i i | ] Il LC03 Amber (Quad) |Amber (Single)
g2 70 ‘ ; LC10 Green (Single) |Amber (Quad)
A 60 | Amber (Quad) +
— |
g .50 ‘ LC19 Green (Single) Amber (Quad)
< T 40 Amber (Quad) + .
o
.E :é 0 ‘ LC23b Gireen (Single) Green (Single)
Ay |
g 20 | LC30 Green (Single) ATHEY (Quad) *
£ 10 | Green (Single)
'5 0 ‘ LC35 Amber (Quad) + |Amber (Quad) +
= LC03 LC10 LCI9 LC23b LC30 LC35 Green (Single) |Green (Single)

Figure5-5 Static experimentinder clear weather conditimMaximum peripheral detection
angle test results for slight configurations

5-1-4- Glare Rating Test Results

The results of the glare rating tegthich was conducted onlyduring nighttime due to the
maximum contrast as the critical scenafar, the nine color and four flash pattern groups are
illustrated inFigure5-6 and Figuré-7, respectively. The color gro@® (in which both green and
amber colors are included in both LEDs and beacons) has thestuédre ratewhile it has the
highest conspicuity level as well. On the other handallikember cas€C1) has the lowest glare
while it alsohas the lowest conspicuity level. According to the results provided in FagRissd
Figure 5-6, considering green light in the warning light configuration increasesttéetion

getting capability of thewarninglight, while it also elevatethe glardevel.

Based on the average values presented in Figidrfor the glare rates, FP4 (all quad) has the
highest glares well aghe highest conspicuity and FP1 (all single) has the lowestagasell as
the lowest conspicuity levelhe significance values of the ANOVA test results for baftthe
color and flash pattern groups are equal to ZEteTukey test results for nirmlor and four flash
pattern groups are presented in Tabi@ and Tables-4, respectivelyThe significance values
show that theC1 andC9 were statistically different with all or most of the other color groups.
Also, Table5-4 indicates that FP1 and &£Rerestatistically different from thether flash ptterns

in terms oftheglare effect.
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= Nighttime

Color ID | Beacon Color | LED Color
Cl Amber Amber
) 4 C2 |Amber Green
= C3  |Green Amber
% 3 C4  |Green Green
&D C5 Amber + Green |Amber
> C6 Amber + Green |Green
< 2 C7 Amber Amber + Green
C8 Green Amber + Green
1 C9 Amber + Green |Amber + Green
cC2 C3 ¢4 Cs C6 (C7

Figure5-6 Static experimentnder clear weather conditigrGlare ratingtest results for nine
color groupsn nighttime contrast

5 = Nighttime
L4
E Flash Pattern ID Beacon LED
% FP1 Single Single
= 3 FP2 Single Quad
5 FP3 Quad Single
<2 FP4 Quad Quad
1

Figure5-7 Static experimentinder clear weather conditimrGlare ratingtest results for four
flash pattern groups nighttime contrast

42



Table5-3 Staticexperimenunder clear weather conditimTukey test significance valuésr
theglareof nine color groups nighttimecontrast(yellow highlight indicates a-palue less than

0.05
C1 Cc2 C3 C4 C5 C6 C7 C8 C9

Nighttime

C1

Cc2 0.000

C3 0.000 | 1.000

C4 0.000 | 0.991 | 0.970

C5 0.000 | 0.175| 0.111 | 0.751

C6 0.000 | 0.003 | 0.001| 0.082 | 0.966

C7 0.000 | 1.000 | 1.000| 0.998| 0.261| 0.006

C8 0.000 | 0.021 | 0.011 | 0.261 | 0.998 | 1.000 | 0.038

C9 0.000 | 0.000 | 0.000 | 0.004 | 0.431| 0.970| 0.000 | 0.894

Table5-4 Static experimentinder clear weather conditimnTukey test significance valuésr
theglareof four flash pattern groups nighttimecontrastyellow highlight indicates a-palue

less than 0.05
FP1 | FP2 | FP3 | FP4
FP1
FP2 0.001
FP3 0.000 | 0.324
FP4 0.000 [ 0.000 | 0.000
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5-1-5- Interpretation of Static Experiment Results

Based orthe findings ofthe conductedests in the static experimenthe two measures of
conspicuity at daytimeontrastand glare at nighttimeontrastwerethe most influential factors in
identifying the most effectivevarninglight configurationin terms of visibility Results suggest
that there is a direct correlatitretween the conspicuity and gldesels Therefore, selecting a
proper light configuration is a traddf between these two factors. Figuse8 illustrates the
relationship between these two measures for all 37 light configurations. Each plotted ot in
graph is an average valaeerall participantdor one particular warning light configuratiofiable

4-5 presents the details associated with each waltighgconfiguration.

In Figure5-8, the most desirable areatle lower right corner, wheréhe conspicuity igthe
highestand the glare ithe lowest Overall, Figures-8 suggestthat adding green light increases
the conspicuity. The alhmber cases have the lowest conspicuity and glare. If the glare rate is
limited to the maximumvalue of 4 ad the conspicuity tahe minimumvalue of 4, three light
configurations’ LC19, LC27 and_.C3571 would be the best candidatésee Figures-9). These
three light configurationsbesides the modified current MDOT warning lightconfiguration
(LC23a) MDOTO spreviously implemerdd configuration [CO03) and a representative
configuration of higher values of glare and conspicuity (LC3®3re selected for further
assessmestn therealistic drivingenvironmenexperimeni{dynamic experimentSee Figuré-

9 for the details of these configurations.
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Figure5-8 Static experimentnder clear weather conditimrRelationship between conspicuity
(daytime) and glare (nighttime)
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5.0

4.5 LC32
L] ‘ °
° Current MDOT *
g 4.0 Configuration ¢
ﬁn . T LC19
Z . . *LC23b
. LC35
[} ']
£ 35 e . e LC23a Lo
O [ ] L N
0 Modified MDOT
S . N Configuration
230 LCO03
< (] : [ ] l
Old Configuration
25 . (All Amber)
2.0
2.0 2.5 3.0 35 4.0 4.5 5.0
Average Conspicuity (Daytime)
Light
. Beacon Color (Flash Pattern) LED Color (Flash Pattern)
Configuration
LCO03 Amber (Quad) Amber (Single)
LCI19 Amber (Quad) + Green (Single) |Amber (Quad)
LC23a Amber (Quad) + Green (Single) |Green (Single)
LC27 Amber (Quad) Amber (Quad) + Green (Single)
LC32 Green (Quad) Amber (Quad) + Green (Quad)
LC35 Amber (Quad) + Green (Single) |Amber (Quad) + Green (Single)

Figure5-9 Candidate light configurations for further assesssiarthe dynamic experiment
(orange dots are selected configurations for the dynamic experiment and the blue dots are
configurations usednly in the static experiment)

Further analysislsocompaesresults of the two subject panels (expert versus pul@ialy
the expert paneksearchsubjecs participated in the weather experimeritherefore comparing
the stated responsdsetweenthe expertand publicpanet was neeckd to better interpret the
weather experiment resultsgure 510 illustrates the conspicuity (daytime) and glare (nighttime)

results for the two panels. Each plotted point is an average value of the measurall the
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participants and stands for ataén light configurationThis means that each graph contains 37
data pointsThe ANOVA test result$or both measures (conspicuity and glare) indicatettieat

difference between the public and expert parelsot statistically significant (the significance

value is much higher than 0.05)
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g 4 e® o7 0 ° s 4 o o °
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< E . [=le) : 5
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) . g 2
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= <
L
z 1 1

1 2 3 4 5 1 2 3 4 5
Average of Expert Panel Conspicuity Average of Expert Panel Glare
(Daytime) (Nighttime)
(a) (b)

Figure5-10 Conspicuity and glare results for the expert versus public panels

5-2- Dynamic Experiment Results

The dynamic experimesitvereconductedcat ACM only for clear weather conditions these
experimers, 25 subjects participated in both daytime and nighttime téétef whomwere also
involved in the static experimentAll participants examinethe six light configurationsselected
based on the atic experiment result$or this experimenteach participant performed the tests
individually. A random order of the lightonfigurationswas shown toeachparticipant. This
random ordemeans thadifferent participantavere not exposed to the sanwder of light
configurations unlike the static experimenthis wasthe case to avoid the order bias since the
number of configurations to be test@dslimited. To keep out the unfamiliarity biaspact due

to the new experimer@nvironment the first onfiguration(which wasrandomly selected out of
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the six configurations for each participamsrepeated at the end tife test for all participants

andits resultswereeliminated from the analysis. Tests results are provided below.
5-2-1- Action-Taking Distance (Minimum Gap) Test Results

Figure5-11 illustrates the averagactiontaking distanc€over all participantsjor six light
configurationsin both daytime and nighttimeases The significance value of the ANOVA test
shows that thererasno statstical difference between any of these six light configurations when
theactiontaking distancevasconsidered as a measure of effectiveness (the significance value is
much higher than 0.05]herefore, this test fako distinguisha statistically significanpattern in
performance oflifferent light configurations iterms of action distancEigure5-12 indicateghat
theactiontaking distance during the nighttimeashigher tharthe actiontaking distanceluring
the daytimeas exgcted In this figure, each plotted point is the averaggontaking distance
value of all light configurationstatedoy a participant. The higher number of plotted points in the

upper corner shows that thetiontaking distancevashigher during the ighttime.
5-2-2- Conspicuity TestResults

The average conspicuity valueslculatedover all participant$or the daytime and nighttime
tests are illustrated in Figurel3 for the nine color categori€see Figure 42). The case with
all-amber lights (IC03) has the lowest conspicuityhile the case withall-quad flashing lights
and green color in both LEDs and beacfr332) shows the highesittentiongetting capability.
The significance value for the ANOVA test is equal to zero for the six lightgumafiionsduring
the daytime and nighttimecases Table 5-5 shows the Tukey test results for the six light
configurations. The tests results indicate that tE®3 and LC32light configurationshave
statistical difference with all or most of the otleenfigurations in both daytime and nighttime
tests Intuitively, the conspicuitywashigher during the nighttime for all cases in comparison to
the daytime. This fact is shown in both Figbr&3 and Figures-14. In Figure5-14, each plotted
point istheaverageonspicuity value of alight configuratiors statedby a participant. The higher
number of plotted points in the upper corner shows that the conspiastizigher during the

nighttime.
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Configuration | (Flash Pattern) | (Flash Pattern)
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Figure 5-11 Dynamic experimentunder clear weather conditimnAction-taking distanceest
results forsix light configurationsn daytime and nighttime contrasts
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Figure5-12 Dynamic experimentinder clear weather conditimrComparison ofiverage action
takingdistance (for all participantsglues indaytimeandnighttimecontrasts
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Figure5-13 Dynamic experimentinder clear weather conditimrConspicuitytest results for six

Overall

LC32

LC35

Light Beacon Color LED Color
Configuration | (Flash Pattern) | (Flash Pattern)
LCO03 Amber (Quad) |Amber (Single)
Amber (Quad) +
LC19 A
£ Green (Single) tnben(Quad)
Amber (Quad) + .
LC23a Groer: {Single) Green (Single)
Amber (Quad) +
LC27 Amb d
E <2 (Quad) Green (Single)
Amber (Quad) +
LC32 Green (Quad) Green (Quad)
LC35 Amber (Quad) + |Amber (Quad) +
Green (Single) |Green (Single)

light configurationsn daytime ad nighttime contrasts

Table5-5 Dynamicexperimenunder clear weather conditimTukey test significance values

for the conspicuity o$ix light configurationsn daytime and nighttimeontrastgyellow
highlight indicates aalue less than 0.05

Daytime*
LCO3 | LC19 | LC23a| LC27 | LC32 | LC35
Nighttime*

LCO3 0.000 | 0.000 | 0.000 | 0.000 | 0.000
LC19 0.012 0.939| 0.876 | 0.160 | 1.000
LC23a 0.042 | 0.998 1.000 | 0.013| 0.939
LC27 0.003 | 0.998 | 0.959 0.007 | 0.876
LC32 0.000 | 0.006 | 0.001 | 0.023 0.160
LC35 0.003 | 0.998 | 0.959 | 1.000| 0.023

* The upper corner of the array shows the daytigsalts.

** The lower corner of the array shows the nighttigults.
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Figure5-14 Dynamic experimentinder clear weather conditimrComparison ofiverage
conspicuity(for all participantsyalues indaytimeandnighttimecontrasts

5-2-3- Appropriate Driving Action Test Results

Results of the appropriate driving action testsi@definedlight configurationsare illustrated
in Figure5-15. For thedynamicexperiment, théane changactionwasselected the mogsly the
participans for all the light configuratios in both daytime and nighttimeases However,no
specific patterrcould be observed overall for differefight configurations. The ANOVA test
results for thdight configurationgfor both daytime and nighttimease} indicate that therevas
no statisticdly significant difference betweenvarious light configurationsin dictating the
appropriate driving actiofthe significant value of the ANOVA tes much higher than 0.05).
Therefore, this measurailed to assess the differences in the capabilityvafious light

configurations irterms ofvisibility.
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Figure5-15 Dynamicexperimenunder clear weather conditimrmAppropriate driving action test
results forsix light configurations(a) daytime and (b) nighttime

5-2-4- Glare Rating Test Results

The results of the glare rating testhich was conducted only in nighttimas the critical
contrastare illustrated in Figurg-16 for the six light configurationsr'he light configuratioh C32
has the high&t glare ratewhile it alsohas the highest conspicuity level. On the other hand, the
light configuration LC03 has the lowest glanedthe lowest conspicuity level. According to the
results provided in Figurg-13 and Figure5-16, consdering green light in the warning light
configuration increases tlatentiongetting capability of the light while it also elevates the glare.
The significance value of the ANOVA test for the six light configurations is equal tq zero
indicating astatistically significant difference between the light configuratidriee Tukey test
results are presented in Tablé. The significance values show thight configuration LC32vas

statistically differenfrom all otherconfigurations
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Light Beacon Color LED Color
Configuration | (Flash Pattern) | (Flash Pattern)
LCO03 Amber (Quad) |Amber (Single)
Amber (Quad) +
LC19 Green (Single) Amber (Quad)
Amber (Quad) + .
LC23a Green (Single) Green (Single)
Amber (Quad) +
LC27 Amber (Quad) Green (Single)
Amber (Quad) +
LC32 Green (Quad) Green (Quad)
LC35 Amber (Quad) + |Amber (Quad) +
Green (Single) |Green (Single)

Figure5-16 Dynamic experimentinder clear weather conditigrGlaretest results for six light

configurationan nighttime contrast

Table5-6 Dynamic experimeniinderclear weather conditienTukey test significance values
for theglareof six light configurationsn nighttimecontrast(yellow highlight indicates a-palue

less than 0.05
LCO3 | LC19 | LC23a| LC27 | LC32 | LC35

LCO03
LC19 0.012
LC23a 0.091| 0.979
LC27 0.258 | 0.833| 0.997
LC32 0.000 | 0.000 | 0.000 | 0.000
LC35 0.049 | 0.997 | 1.000 | 0.979 | 0.000

* Theupper corner of the array shows the daytirasults.
** Thelower corner of the array shows the nighttinesults.
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5-2-5- Interpretation of Dynamic Experiment Results

Similar to the static experimentand based orthe findings of all tests in the dynamic
experiment, the two measures of conspicuity at daytime and glare at nighttiraehe top
influential factors in identifying the most effective light configurations. Results siegbjisstt
there is a direct corralion between the conspicuity and glare levélaus a tradeoff between
these two factors is inevitable to identify the most appropriate walighmgconfiguration. Figure
5-17 illustrates the relationship between these two measures for all six ligfigw@tions. Each
plotted point in this graph is an average value over all participalusg with the same line of
the static experimeriindings, the results of the dynamic experimsengggestdthat adding green
light increasd the conspicuitysignificantly, while he allamber cas@adthe lowest conspicuity

and glare.

According to theesultsof Tukey tes{Tables5-5 and5-6) for theconspicuity(atdaytimeand
nighttime) and glare (at nighttime), the light configuratiavere classified in three ffierent
clusters low conspicuity or glare, moderate conspicuity or glare, and high conspicuity or glare.
These clusters are shown in Fig@48. If a statisticdly significantdifference is not observed
between a light configuration of a clusterdthelight configuratiors of the other two clusters, it
is includedin both clustersFigure 5-18 showsthat the light configuration LC32 provides
disturbingglare and is not a proper configuration. On the other hand, LC03 does not provide a
sufficient conspicuity.Four light configurations of LC19, LC23a (modified MDOT current
configuration), LC27 and LC3%verethe most capable configurationsterms ofimproving the

visibility , while producinga bearablglarediscomfort to travelers
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Figure5-17 Dynamic experimentinder clear weather conditi®h comparingaverage
conspicuity (daytimeandaverageaglare (nighttime) for six light configurations
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Figure5-18 Dynamic experimentinder clear weather conditimnNarninglight configuration
clusters based on Tukey tdst conspicuity and glare measurés) daytime conspicuity clusters
(b) nighttimeconspicuityclusters and(c) nighttime glare clusters
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