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ABSTRACT

Twostudiesinvestigatedtheconceptoffollowingaleadvehicleasanavigationalaid.Thefirstvideo-
basedstudy(n=34)consideredhowdriversmightuseareal-worldleadvehicleasanavigationalaid,
whistthesecondsimulator-basedstudy(n=22)exploredhowanAugmentedReality(AR)virtual
car,presentedonahead-updisplay(HUD),mayaidnavigationaroundacomplexjunction.Study1
indicatedthataleadvehicleismostvaluedasanavigationaidjustbefore/duringarequiredmaneuver.
Duringthesecondstudythedynamicvirtualcar(whichbehavedlikearealvehicle)resultedingreater
confidenceandlowerworkloadthanastaticvirtualcarthat“waits”atthecorrectjunctionexit,but
resultedinmoregazeconcentration.Itisconcludedthatavirtualcarmaybeavaluableelementofa
navigationsystem,incombinationwithotherformsofinformation,tocompletelyfulfilalladriver’s
navigationaltaskrequirements.
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INTRoDUCTIoN

Therapiddevelopmentofhead-updisplays(HUDs)isreducingthelimitationsonhownavigational
aidsmayfunctionwithinvehicles.Atpresent,informationcanbelayeredoverthedriver’sviewof
theroadenvironment(Gabbardetal.,2014),potentiallyreducingtheneedtolookawayfromthe
roadsceneforgatheringdisplayinformation(cf.Victor,2005).Hence,augmentationoftheroad
environmentposesatemptingopportunitytobetterprovidethedriverwithinformation,asmanyhave
startedtoinvestigate(e.g.Tonnis,Sandor,Klinker,Lange,&Bubb,2005).Currently,novelaugmented
reality(AR)HUDconceptsarehighlightinghazardsinrealtimetoencouragethedriver’sattention
tosafetycriticalinformation(Park,Park,Won,Kim,&Jung,2013).Othersareaidingnavigationby
highlightingrelevantroadsigns(Chu,Brewer,&Joseph,2008)orsuperimposingpaperairplanes
ontotheroadenvironment,whichactasarrowstoindicateadirection(Bark,Tran,Fujimura,&
Ng-Thow-Hing,2014).AstudyinvestigatingARnavigationsystemshighlightingrelevantlandmarks
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foundthattheselandmarkcuesrequiredlessvisualattentionthanconventionalcues(Boltonetal.,
2015).ThepresentworkinvestigatesanovelapproachtoaidingnavigationusinganARHUD.

Usinga‘front’vehicleasanavigationalaidmaybeconsideredabroadlyfamiliarexperience:
Adriverwhoisawareofaroutemayleadanother,unawaredriverinaseparatevehiclewhofollows
behind.Althoughworkhasexaminedcar-followingbehavioursextensivelyfromtheperspectiveof
generaltrafficbehaviours,withconsiderationofdriverbehaviours(Ranney,1999),minimalresearch
hasactuallyinvestigatedcarfollowingfornavigationalpurposes(McNabb,Kuzel,&Gray,2017).

Thisworkaimstoclarifyhowdriversusealeadvehicleasanavigationalaidinthismanner,
how this lead vehicle affects visual behaviour (eye-movement) since driving is a predominantly
visualtask(Foley,2009),andthenexaminehowanARversionofthisconceptmayperformwithin
aspecificnavigationalexample.

The Navigational Task
Inordertoappreciatehownavigationalinformationisusedwhilstdrivingandduringcarfollowing
scenarios,itisfirstvitaltounderstandthetypicalstructureofthenavigationaltask(seeFigure1).
Burnett(1998)developedaframeworkbasedoninterviewsandadirection-givingstudythatconsiders
thenavigationaltaskacontinuousprocess;makingitidealforthecurrentapplication.According
toBurnett(1998),beforesettingoff,driverswillusuallygothroughsomeformof“Tripplanning”
stage,wheretheyestablisharoute,andthenthereare5subsequentstagesofthenavigationaltask
thatoccurwhilstdriving.

The stages of navigation are distinguished by the different aims or goals a driver is trying
toachieve.Eachof thesedifferentgoalsrequiresorbenefitsfromdifferent typesofnavigational
information.Thefirstthreestagesaredescribedinrelationtoamanoeuvrethedriverisrequired
tomaketostayonthecorrectroute.Thedriverfirstgoesthroughthe“Preview”stage,wherethey
aimtogatherinformationinordertoanticipatetheupcomingmanoeuvre.The“Identify”stagethen
occurs,wherethedriverwillattempttoapprehendtheprecisespeed,directionandroadpositioning
requiredfortheupcomingmanoeuvre.Next,the“Confirm”stageoccursjustbeforeandafterthe
manoeuvre;duringthisstagethedriversearchesforindicationsthatthecorrectmanoeuvreisbeing
performedoroccurred.

Twofurtherstagesaredescribedby(Burnett,1998)whichcantakeplaceatanypointduringthe
navigationaltask.The“Confidence”stageoccurswhenadriverisaimingtogainreassurancethatthey
areonthecorrectrouteorgainreassurancethatthemethodtheyareusingtonavigateisfunctioning
asitshould.Finally,the“Orientation”stagedescribesapointinthenavigationtaskwhereadriver
aimstoidentifytheiroveralldirectioninrelationtotheirdestinationandthesurroundingenvironment.

Thisdefinitionofthenavigationtaskinthedrivingcontexthasbeenusedbyothers(e.g.Lee,
Forlizzi,&Hudson,2008)–sincethethoroughandcontinuousdepictionofthetaskmakesevaluating
informationfromanavigationalsystemsimplertoanalyse.Therefore,itformsanidealframeworkto
evaluateleadvehicles(whetherrealorasanARimplementation)asnavigationalaids.

our Studies
Twostudieswereconducted.Thefirststudyaimedtoestablishhowdriversusedifferenttypesof
visualandauditoryinformationtonavigateduringashortjourneywithseveraldifferentjunctions
andmanoeuvres.Specifically,theworkfocusedonhowdrivers,whoarefollowinganothervehicle
fornavigationalpurposes,usetheleadvehicleasanaidfornavigation.Thesecondstudy,conducted
withinasimulatorenvironment,used the informationgatheredduring the initial investigation to
explorehowanARleadvehicle,presentedonaHUD,couldbeusedasanelementwithinavehicle
navigationsystem.
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STUDy 1

Methodology
Design
Inordertoevaluatehowdriverswouldtypicallyuseareal-worldleadvehicleasanavigationalaid,
astudywasfirstconductedusingavideo-basedprocedurewithabetween-subjectdesign.

Participantsweredistributedinto4conditions,eachinvolvingaleadcar;theindependentvariable
wasthemodalityofinformationavailablefromasatellitenavigationdevice(GarminNüvi52LM).
Thisvariablewasselectedasitwasassumedthatalead-vehiclewouldnotbeusedinisolationasa
navigationalaidbutwouldinsteadbeincludedtosupplement.Thus,evaluatinghowadrivermayuse
aleadvehiclesimultaneouslywithotherinformationavailablewouldbeimportanttounderstandfor
thedevelopmentofARsystems.Thefourlevelsofinformationavailablewere:leadcaronlywith
noadditionalinformation(L),theleadcarwiththevisualelementsofasatellitenavigationsystem
(LV),theleadcarwiththeaudioinstructionsfromasatellitenavigationsystem(LA)andfinally,the
leadvehiclewithafullsatellitenavigationsystemwithallelementsfunctioning(F).Theseconditions
aresummarisedinTable1.

Twoprimarymeasureswererecordedduringtheprocedure.First,averbalprotocolwascollected:
Participantswereaskedtocontinuouslyspeakaloudwhilstwatchingavideoofacarjourney.The
verbalresponseswererecordedandanalysedinordertogaininsightintotheirthoughtprocesses.
Secondly, SMI eye-tracking glasses monitored participant eye-movements, which were analysed
accordingtonumberofglancesandglancedurationtoareasofinterest.

Participants
Atotalof34participantswereopportunistically selectedvia theemail systemat theUniversity
ofNottinghamandwereopportunisticallyallocatedtooneofthefourconditions.Allparticipants
heldadrivinglicence,thoughthedrivinglicencecouldoriginatefromanycountrytobeeligible
forparticipation.Mostparticipants(29)answeredthattheywereunfamiliarwiththeareawherethe
journeytookplace.Participantsbelongedto5differentagecategories,withthelargestportionbeing

Figure 1. Stages of the driver’s navigation task (Burnett, 1998)

Table 1. A summary of the four conditions

Condition Information Present in Video

L Leadcaronly

LV Leadcarandvisualnavigationsystem

LA Leadcarandaudionavigationsystem

F Leadcarwithfullnavigationsystem(visualandaudio)
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inthe26-35yearsrange(44.1%),thenthe18-25yearsrange(35.3%),thenthe35-45range(11.8%),
thenthe46-55range(5.9%)andfinallythe56-65range(2.9%).Participantswereprovidedwitha
£5amazonvoucheruponcompletionofthestudyascompensationfortheirtime.

Materials
Thestudywasvideo-basedandconductedusinganLCDscreenstandingonadeskforparticipantsto
sitat(seeFigure2).Adesk-mountedsteeringwheelwasplacedinfrontoftheparticipanttoprovide
somecontext,althoughtherewasnoactualdrivingtaskinvolved.

Thevideos,whichweredisplayedonthemonitor,wereallrecordedusingaBlackvueDR550GW-
2CHdashboardcameraandincludedthenaturalenvironmentalsoundsfromdriving.Twovideoswere
shown:the“practice”videopresentedashortjourneytofamiliariseparticipantswiththeprocedure,
whilst the second “main” drive was used during the full experimental procedure. The satellite
navigationalelementswereeditedinthevideolater.Theexperimentalvideoalwayscontainedalead
vehicleshowingthewaythroughajourneyandthesatellitenavigation,ifpresent,wasaddedtothe
bottomleftcornerofthevideoimage(seeFigure2&3).Boththeleadvehicle,andthefollowing
vehicle,whichcontained thedashboardcamera,weredrivenby researchers from theUniversity
ofNottingham.The journey for the “practice”video involveda4-minutedrive aroundBeeston,
Nottinghamshire,UK.Thejourneyforthe“main”videostartedattheUniversityofNottinghamand
finishedatapublichouseinClifton,Nottinghamshire,UK,andlastedapproximately15minutes.

Procedure
Prior to thestudy’s initiation,ethicalapprovalwasgrantedby theFacultyofEngineeringethics
committee.

Whenarrivingattheirscheduledtime,participantswereaskedtoreadtheinformationsheet
andsignaconsentform.Next,theycompletedademographicquestionnaireandwereprovidedwith
standardisedinstructionsbytheresearcher.

Inordertoensuretheywerefamiliarandcomfortablewithprovidingaverbalprotocol,participants
firstcompletedtheprocedurewiththepracticevideo.Duringtheshortcarjourney,theparticipants
were asked toverbalise their internal thoughts on anyhazards (anything that couldbe a risk to
themselvesorothers)theywereencountering.Thisfocuswasdifferenttothefocusofthemaintask

Figure 2. A screen capture from the main video, condition LV

Figure 3. An example of the visual satellite navigation system approaching a roundabout junction (movements through junctions 
were indicated by white arrows on this system)
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sothatnoprimingoccurred.Participantswereinstructedtoimaginethattheyweretheonedrivingthe
vehicle.Theywereaskedtoturnthedesk-mountedwheelinordertomimictheon-screenmovements.
Askingparticipantstocompletetheadditionaltaskofmimickingsteeringwheelmovementsensured
theywereengagedinthevideo,andisamethodsuccessfullyusedbyothers(Martens&Fox,2007).
TheverbalprotocoltechniqueusedwasdevelopedfromBoren&Ramey(2000),andmeantthatthe
researchercouldpromptandaskforclarificationwhenrequired.

Oncethepracticevideofinished,theinstructionsforthemainvideowerereadtotheparticipants:
“Becauseyouareunsurehowtogetthere,youarefollowingthebluecarinfront.”Ratherthanverbally
reportinginstancesofhazards,participantswereinsteadaskedtorecountanythingthatwashelping
themunderstandtheupcomingroute,wheretoturnandwheretheywere.Theywereinformedthey
weretravelingfromTheUniversityofNottinghamtoapublichouseinCliftonandthatthejourney
shouldtakearound15minutes.ParticipantswereaskedtoputontheSMIeye-trackingglasses,which
werethencalibrated.Duringthe“main”video,participantswereagainaskedtointeractwiththe
mountedsteeringwheeltomimicthefilmedcar’smovements.Thewholeprocedurelastedroughly
35minutes.Atanypoint,participantswerepermittedtoaskquestions.

Analysis
Theeye-trackingdatawereanalysedusingareasofinterest.Theseincludedbutwerenotlimitedto:the
leadcar,roadsigns,roadmarkings,pedestrians,othertraffic(stationaryandmoving),trafficlights,
thejunctionenvironmentandbuilding/landmark/thegeneralenvironment.Wheneveraglancewas
recordedoveroneoftheseelementsthefixationwasassignedtothatlocationforfurtherscrutiny.
TheseareasofinterestarerepresentedintheheatmapresultsinFigure4.Theanalysisinvolved
comparisonsoflengthofglancedurationandglancecountbetweenareasofinterest.

TheverbalprotocolsweretranscribedandanalysedbyonecoderinNVivobasedonBurnett’s
(1998)frameworkofthenavigationaltask.Codingwithinthisframeworkisdescribed,withexamples,
inTable2.

RESULTS

Verbal Protocol
Preview
DuringconditionL,participantsindicatedthattheleadcarinisolationdidnotprovidesufficient
informationtoreachtheiraimsduringthePreviewstage:

I’d like to know kind of how far we need to go ‘cause I’m just waiting for that moment when it’s 
indicating- the front car. (Participant 1, minute 6, condition 1)

Theseissuesarelargelyevidentinparticipantsspeculatingaboutpotentialroutes:

I wonder whether we are going onto the A45-6 or 453, I wonder whether we take that. I don’t know. 
(Participant 1, minute 5, condition 1)

Iftheleadvehiclereadilyinformedtheparticipantswithpreviewsoftheupcomingroute,itis
unlikelythesecommentswouldbemade.

Identify and Confirm
ThereportingoftheIdentifyandConfirmstageshavebeencombined,asdistinguishingwhenthe
participantswerewithinthesestageswascomplicatedduetothemoftenbeingmixed.
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Whetherparticipantsreliedupontheleadvehicleorthenavigationalsystem(ifprovided),during
thesestageslargelydependedonthetimingofwheninformationbecameavailable.Ifthenavigation
systemwasfirsttoindicateanupcomingmanoeuvre(presentinconditionsLV,LAandF)thenit
wasusedtoidentifytherequiredmanoeuvre,whilsttheleadvehiclewasusedfortheConfirmstage
toaffirmtheroute:

OK, and he’s gone into the 3rd lane now. That confirms that we’re going right but he’s, oh yes we 
are indicating so through there. (Participant 12, minute 3, condition 2)
Yep this is guy signalling off. (Participant 29, minute 3, condition 4)

Thereversewasalsoevident.Iftheleadcarwasfirsttoindicateanupcomingmanoeuvreit
fulfilledtheIdentitystagewhilstthenavigationsystemwasusedtoconfirm:

We are going to the left according to the blue car’s light, to the left. (Participant 20, minute 6, 
condition 3)

ThisindicatesthataleadvehicleisabletosupportboththeIdentifyandConfirmstagesofthe
navigationtask.

Furthermore,14outof24participantsdidexpressadesiretousetheleadvehicleasaprimary
aidduringthesestages,evenwithatleastsomeelementofasatellitenavigationsystempresent:

…here I feel like… they’re a better reference of where to go. (Participant 26, minute 8, condition 4)

Typically,participantsreferredtothecomplexityoftheroute,orhazardsintheareaasareason
forthispreference:

Table 2. The coding system from the verbal protocols

Code Name Code Description Time Frame Examples From Verbal 
Protocols

Preview Theparticipantattemptstodiscover
preparatoryknowledgeforthenextmanoeuvre
including:roadposition,timeordistanceuntil
thenextmanoeuvre,anddevelopamental
pictureofthenextmanoeuvre

Occursfromthe
completionofa
manoeuvreupuntil
theapproachofthe
next

“Theroadbends”,“roadclear”,
“frontpersonnotindicating”,
“he’sintheright-handlane”

Identify Theparticipantisintheprocessof
determiningtheexactspeed,location,
positioninganddirection,detailsofthenext
manoeuvre

Occursduringthe
finalapproachtoa
manoeuvre

“Takingthethirdexit”,“just
goingstraighton”,“bearing
right”

Confirm Theparticipantisestablishingwhetherthe
manoeuvrewasidentifiedcorrectly

Occursimmediately
beforeandaftera
manoeuvre

“Notexitinghere,theystopped
indicating”,“weareindicating
sothroughthere,Iseenow,yep”

Confidence Theparticipantisaimingtoestablishwhether
theyarefollowingtherightpath

Canoccuratany
pointduringthe
journey

“MaybetheGPSisnotreally
updated”,“stillfollowingthe
bluecar”

Orientation Theparticipantisattemptingtolocate
themselveswithintheenvironment,orin
relationtothedestination

Canoccuratany
pointduringthe
journey

“Goingtowardsengineering”,
“weseemtobeinCliftontown
centrenow”,“we’reonGlencoe
Road”,“IthinkI’mnearmy
destination“
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It’s a bit of a, it’s a bit hard to keep looking at the sat nav at the moment because the roads quite 
um, quite narrow, speed bumps, parked cars so, and as there’s a guy in front who’s leading the way 
it seems to make sense to follow him rather than pay so much attention to the sat nav. (Participant 
12, minute 8, condition 2)
Ok this part is a bit complicated, so I’m just following the blue car. (Participant 27, minute 12, 
condition 4)
looking at what the car in front of me is assigning cause it’s too fast that I can’t look at the navigation 
system. (Participant 15, minute 8, condition 2)

Itisapparentinthesequotesthatparticipantsalsopreferredthelocationoftheleadvehicle,since
itenabledthemtomaintainfocalattentiontowardstheroadenvironment.

Confidence
Duringthisstageparticipantsdidnotalwaysgainoverallreassurancefromtheleadvehicleorfeel
confidentthattheyweretakingthecorrectroute.Thiswasevidentinthefrustrationsomeparticipants
expressed:

Still following the blue car, they’re not making any indication to do anything. (Participant 2, condition 
L)
Ah, because I don’t have a visual of the map. Ah! (Participant 24, condition LA)

Theseresponsesalsodemonstratethatsomeparticipantspreferamapviewoftheupcomingroute
inordertofeelreassuredthattherouteisplannedandthenavigationalaidisfunctioning.

Theroutedisplayedtoparticipantswasdesignedtocontainmanydifferentjunctiontypes.Asa
results,sixparticipantscommentedthatitfeltasthoughtheleadvehiclewastakinganindirectroute
orarbitrarydiversionsorthoughtithadbecomelost:

Feels like we have, like, done a circle, made a circle around the square. (Participant 8, condition L)
I actually think that we’re a little lost as well. (Participant 8, condition L)
I feel like I’m going in a circle. (Participant 24, condition LA)
So I’m now wondering if they are lost as well. (Participant 5, condition L)

Orientation
Broadly,theleadvehicleappearedinefficientincommunicatinginformationfortheOrientationstage
ofthenavigationtask.WithinconditionL,withonlytheleadvehiclepresent,9of10participants
relieduponenvironmentalcues,regardingthedistricttheywerein,tounderstandtheirorientation
andproximitytothedestination:

Looks like a more likely area for a pub to be compared to the dual carriage way but I still don’t know. 
(Participant 5, condition L)
Ok the pub, yeah, it sounds like it would be in a more residential area. It seems like we’re getting 
close. (Participant 7, condition L)

Eye-Tracking
AsummaryofresultsarefoundinTable3.

Theaverageglancedurationofeachparticipantwascompared,nosignificantdifferencewas
foundbetweentheconditions[F(3,29)=1.20,p=0.33].Therewasalso:nodifferenceintheglance
durationstowardstheleadvehicle[F(3,29)=1.22,p=0.32];thejunctionenvironment[F(3,29)=
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0.80,p=0.50];thebuildings/landmarks/environment[F(3,29)=0.67,p=0.58];ortowardshazards
(suchastrafficandpedestrians)betweenconditions[F(3,29)=0.19,p=0.90].

Lookingattheoverallnumberofglancesbetweenconditionsfoundnosignificantdifferences
[F(3,29)=0.94,p=0.43],meaningthenumberofglancesparticipantsperformedwasroughlyequal
acrossconditions.Inspectingthenumberofglancestotheleadvehicle,asignificantdifferencewas
found[F(3,29)=3.29,p<0.04],withparticipantsinconditionLAperformingsignificantlymore
glancesthantheLcondition.Thenumberofglancestowardsthebuildings/landmarks/environment
betweenconditionswasnotsignificant[F(3,29)=2.27,p=0.10].Therewasasignificantdifference
intheglancestowardsthejunctionenvironment[F(3,29)=3.57,p<0.03].Thepost-hocrevealeda
significantdifferencebetweenconditionsLVandLA(p<0.03);withconditionLAdemonstratinga
highermeannumberofglances(331.25).Next,inspectingthenumberofglancestowardspotential
hazards:anANOVAfoundnosignificantdifferencesintheglancestowardspedestrians[F(3,29)
=2.32,p>0.09]betweenconditions,orothertraffic[F(3,29)=1.97,p=1.41].Finally,t-tests
foundthatparticipantsinconditionLV[t(7)=2.47,p=0.04]andconditionF[t(7)=4.70,p<
0.00]exhibitedasignificantlyhigherglancecounttotheleadvehicleovervisualsatellitenavigation
system.AsummaryoftheseresultsispresentedinTable3.Heatmapswereproducedtoevaluate
thedistributionofglances,theseshowedthattheglancedistributionwaslargelysimilarbetween
conditions.SeeFigure4.

Discussion
Theresultsheredemonstratehowdriversusealeadvehicleasanavigationalaid.Theverbalprotocol
responsesrevealedthattheinformationrequirementsduringthePreviewandOrientationstageswere
perhapsleastfulfilledbytheleadvehicle.Toreachtheaimsforboththesestages,globalinformation
about thewhole journeywasused instead.Forexample,participantswererelianton thegeneral
environmenttheywerein(whethertheywereonamajorroad,orinaresidentialarea)todetermine
their orientation to the destination, and preview upcoming manoeuvres. Thus, the lead car was
insufficientfortheseparticularstages.

SomedifficultieswerealsoevidentduringtheConfidencestageofthenavigationtask.Some
participantsbecamefrustratedorconcerned.ThereasonforthisismostlikelysimilartothePreview
andOrientationstages,asdiscussedabove–specifically,theleadcarwasnotabletoprovideglobal
informationabouttheroute,andthusparticipantswereunabletogainreassurancethattheywereon
thecorrectrouteorthattheleadcarknewwhereitwasgoing.Thiseffectwaslikelyamplifiedby
theroutetheleadcartooksince,inordertoincorporatemanyroadandjunctionenvironments,the
cartookregularturnings.Generally,driverswouldanticipateahierarchyofroadsduringajourney:
withmotorwaysleadingtomainroadsandthensmallerroadsiftakinganidealroute(Car&Frank,

Table 3. A summary of significant eye-tracking results. Shaded/bolded areas denote significance.

NumberofGlancesto
LeadVehicle

NumberofGlances
toBuildings/
Landmarks/
Environment

AverageNumber
ofGlancesto
theJunction
Environment

Numberof
Glancesto
Pedestrians

NumberofGlances
toOtherTraffic

M SD M SD M SD M SD M SD

L 736.67 311.67 329.78 191.354 264.89 49.592 30.78 15.802 105.67 27.987

LV 859.63 353.86 214.50 185.260 241.63 74.780 26.00 10.690 75.25 27.932

LA 1160.13 216.78 233.00 80.278 331.25 55.224 32.88 7.376 106.38 31.744

F 896.25 223.43 149.25 67.646 298.75 54.316 19.00 9.695 96.88 30.442

M: Mean
SD: Standard Deviation
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1994).Residentialstreetswouldcommonlybeusedatthebeginning/endofthejourney,yetthey
werepresentfromhalfwayintothejourneyforthisstudy.Theconfusionandtrustissuesexpressed
areexpectedtobeduetothesetwofactors.

In contrast, the verbal protocol responses indicated that the lead car excelled at aiding the
participanttocompletetheIdentifyandConfirmstageofthenavigationaltask.First,participants
usedtheleadvehicletoaidbothstages,dependingonthetimingofwheninformationwasprovided
(byeithertheleadcaroranyothernavigationsystem,ifpresent).Secondly,participantsshoweda
clearindicationtousetheleadcaroverothernavigationalsystemswhichwerepresent.According
toparticipants’comments,thispreferencewascommonlyduetothecomplexityofthejunctionor
hazards in theenvironment.Basedontheseresults, the leadcarofferedtheclearestclarification
ofwheretogoinacompleximmediateenvironmentwhilstalsoenablingparticipantstomaintain
theirattention,atleast,towardstheroadscene,wheretheirperipheralvisioncanbeusedtodetect
immediatehazards.Recentwork(e.g.Wolfe,Dobres,Rosenholtz,&Reimer,2017)hasreaffirmed
theimportanceofperipheralvisionwhiledriving,andtheseissuesarelikelytobeimpactfulwith
theincreasingimplementationofHUDs.Ourresultsclearlyindicatethattheparticipantsreliedupon
aleadvehicleprimarilyduringtheIdentifyandConfirmstages,andtherefore,maybenefitfroma
“lead-vehiclenavigationalaid”duringthesestages.Thus,asdemonstratedbyFigure1,thiswould
bebestimplementedjustbefore,duringandimmediatelyafteramanoeuvreintheroute.Theverbal
protocolreliabilitywaslimitedbytheuseofonecoder,theseconclusionswouldbefurthersupported
ifanothercoderwasusedandinter-raterreliabilitywasassessed.

Theeye-movementanalysisshowedthatglancedurationdidnotvarybetweenconditionsor
stimuliwithinthevideos.ThenumberofglancestotheleadvehiclewasgreatestintheLAcondition
where the audio navigation system was present. Potentially, the regular audio inputs may have
encouragedglancestotheleadvehicle,whilsttheaddedinformationparticipantsreceivedfromthe
audiosystemmadethemfeelthattheydidnotneedtolookelsewhereforothernavigationinformation.
Incontrast,participantsintheLcondition(leadcaronly),performedthefewestglancestothelead
vehicle.Incombinationwiththeverbalprotocolresults,itislikelythattheyweresurveyingtheir
environmentforfurtherinformationandgreaterguidance,whichtheleadvehiclecouldnotprovide.
Asignificantdifferencewasalsofoundinthenumberofglancestothejunctionenvironment;with
mostglancesbeingperformedbyparticipants in theLAcondition.Again, it ispossible that the
audiosystemwasencouragingmoreglances.TheLVconditionperformedthefewestnumberof
glancestothejunctionenvironment,thiswaslikelyduetothepresenceofthevisualsystem.Afinal
examinationofparticipanteye-movementrevealedthatparticipantsglancedsignificantlymoreoften
totheleadvehiclethanthevisualnavigationsystem(whenitwaspresentinthevideo).Research
oneye-movementwhilstdrivinghasshownthatwhendriversfollowothervehicles,theleadvehicle
becomestheirprimaryfocalpointwith38.7-44.3%ofeye-glancesbeingdirectedtowardthelead
vehicle(Mourant,Rockwell,&Rackoff,1969).Thus,theparticipantsheremaybemimickingthis

Figure 4. Heat maps of participant glance behaviours across conditions
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typicaldrivingbehaviourwhilstwatchingthevideo,andasaresult,focusingprimarilyonthelead
vehicleratherthanthevisualnavigationsystem.Equally,theleadcar’smovement(oritsposition
withinthecentreoftheimage)couldfurtherencourageglancestowardsit.Furthermore,inorderto
“follow”theleadcarasinstructed,participantswouldhavebeenrequiredtoregularlymonitorits
movements.Acombinationofthesefactorslikelyledtoahighnumberofthefixationsonthelead
carcomparedtothevisualnavigationsystem.Itisimportanttonotethatfixationsonhazards(suchas
othertrafficorpedestrians)andthegeneralroadenvironmentwasnotsignificantlydifferentbetween
tasks.Thus,althoughtheparticipantswerenotdriving,theeye-trackingresultssuggestthattheystill
attendedtohazardsthroughouttheconditions.InrelationtothedevelopmentofARnavigationaids,
theeye-trackingresultsindicatethatalthoughandARleadvehiclemayencourageregularglances,
driverswillstillappropriatelyattendtohazardsandtheroadenvironment.

Insummary,differentsourcesofnavigationinformation(inthisrespecttheleadvehicleandthe
satellitenavigationalsystem)appeartoaidtheaccomplishmentofdifferentnavigationaltaskstages.
Inparticular,theleadvehiclewasmostproficientattheIdentifyandConfirmstages,whichoccur
immediatelybeforeandafteramanoeuvre.Thus,theseresultswouldsuggestthatanARleadvehicle
wouldbebestbeintegratedasanaidatthesepointsduringajourney.ThisconceptofanARlead
vehiclewastestedinthesubsequentstudy.

STUDy 2

Design
Awithin-subjectsdesignwasusedtoevaluatetwodifferentdesignsofARleadvehicleaswellasa
moretraditionalARarrownavigationsystempresentedonaHUD.Theindependentvariablewas
theexactnatureoftheHUDinterface:

• Thedynamicvirtualcarcondition(DC),whereavirtualcarmovedthroughthejunctionahead
oftheparticipant’svehicle,justasareal-worldvehiclewould;

• Thestaticvirtualcarcondition(SC),avirtualcarappearsbutonly“waits”forthedriveratthe
correctexit;itdoesnotmovethroughthejunctionasintheDVCcondition;

• Thescreen-fixedarrowcondition(SA),wherearingofarrowswasshowntoindicatetheupcoming
junctionisaroundabout.Withinthearrowsanumberisdisplayedtoinformthedriverwhich
exitnumbertheyshouldtake.

Depictionsoftheseconditionsareshownbelow(Figure5&6).Theseconditionswereselected
sothatarealisticvirtualcarcouldbetested(DC)andamoretypicalformofinformationcouldbe
examined(SA).Thestaticvirtualcar(SC)wasalsoincludedsinceavirtualcarisnotlimitedinthe
samewayasarealone,soitwasimportanttoexaminewhethervariationsinaleadcarsbehaviour
wouldmakeadifference.Itwasconsideredthat thestaticcar“waiting”at thecorrectexitcould
actasalandmarktodrivers;landmarksareconsideredimportantelementsinnavigationalaidsfor
effectivenavigationwhilstdriving(Burnett,2000)andaugmentedlandmarkshavebeensuccessfully
implementedinHUDnavigationsystemsbefore(Boltonetal.,2015).

Measures
Dependentvariablesweredefinedandaimedtounderstand:

• Drivingperformance:
◦ Speed:Meanandstandarddeviation;
◦ Lateral control:Standarddeviationoflateralposition;
◦ Speed of decision:Indicationlocation;



International Journal of Mobile Human Computer Interaction
Volume 11 • Issue 2 • April-June 2019

29

◦ Steering reversal rate:Numberofspecifiedchangesinthesteeringangleperminute(related
totaskdifficulty,e.g.higherspeeds,deGrootetal.,2011,Theeuwesetal.,2002);

• Navigationperformance:
◦ Accuracy of decision:Correctturns;
◦ Subjective confidence level;

• Objective workload:TactileDetectionTask(TDT)performance:
◦ Reaction time:Meanandstandarddeviationindicatinggeneralworkloadlevelandvariability

ofworkloadduringdifferentphasesofroundaboutnavigationandpresenceoftheHuman
Machine Interface (HMI), indicating interferencebyvisual stimuliand theparticipants’
movementsovertime(Juravleetal.,2010);

◦ Hit rate:%correctresponses;
• Subjectiveworkload(NASA-TLXcumulativescores,HartandStaveland,1988);
• Visualbehaviour:

◦ Mean fixation duration:Meandurationofallfixationsinadrive-representstaskdifficulty
anddegreeofinformationprocessing;

◦ Glances towards the HMI,innumberandduration;
◦ Spread of search:Standarddeviationofhorizontalcoordinatesofthefixationsinadrive

[inpixels(px)];
◦ Percent road centre:Shareoffixationsintheroadcentre(200pxhorizontallyand150px

verticallyaroundthemeanfixationpoint)-measureoftaskdifficultyandcognitiveload
(Victoretal.,2005).

Participants
Twenty-twoparticipantswererecruitedopportunisticallyviaTheUniversityofNottinghamemail
system.Theywereselectediftheywereexperienceddrivers(UKdrivinglicenceheldfor>3years)
and were familiar with navigational systems. The 22 participants were aged 22 to 57 years and
consistedof14males(meanage31.3years,SD=10.9years)and8females(meanage30.3years,
SD=10.4years).Ascompensationfortheirtime,participantsweregivena£15Amazonvoucher.

Figure 5. A stylised depiction of what the participant could see in the virtual car conditions (DC and SC)

Figure 6. A stylised depiction of what the participants could see in the SA condition



International Journal of Mobile Human Computer Interaction
Volume 11 • Issue 2 • April-June 2019

30

Materials
ThesecondstudywasconductedattheUniversityofNottinghaminamedium-fidelitystationary
drivingsimulator(Figure7).Thesimulatorconsistsofacompleteright-handdriveAudiTTanda
270-degreescurvedscreen.LCDsidepanelsandarear-viewmirrorreflectingtheviewontoarear
screenprovidesideandrear-viewsforthedriver.Withinthedrivingsimulator,aPioneerCarrozzeria
LaserNDHUD1displaywasplacedinthepositionofthesunvisor.Theglasscombinerscreenis
visiblefromthedriver’sperspectiveinFigure8.

ThedrivingscenariowasdevelopedusingSTISIMversion3.Thepostedspeedlimitwas50mph
throughout.Duringthescenario,theparticipantstravelledthroughruralandsuburbanroadsfollowed
byalargeroundaboutenvironment,withmostexitsinvisiblefromtheentrypoint(seeFigure7).
Theroundaboutwasselectedasitrepresentedadifficultnavigationchallenge(multiplenavigational
options,highworkloaddrivingtask,etc.).Basedonstudy1,theroundaboutwasalsoexpectedtobe
ascenariowherealeadvehiclecouldbevaluable.

The navigation aid imagery was presented on the HUD. In order to co-ordinate with the
participants’positionwithintheroadenvironment,thegraphicdisplayfortheHUDwassynchronised
withtheSTISIMsoftware.ARimagery(differingaccordingtothecondition)wasthereforeoverlaid
ontotheroadenvironmentfromtheperspectiveofthedriver(seeFigure8).Videocameraswere
unobtrusivelyplacedwithin thesimulator to recordparticipant responses to theconditions.SMI
eye-trackingglasseswereusedtomonitortheparticipants’eyemovements.

Inordertomeasureobjectiveworkload,theTactileDetectionTask(TDT)wasused.Thisisan
ISOstandardisedmethod(ISO17488)involvingtheattachmentofasmallmotortothebaseofthe
participant’sneck.Whenthemotorthenvibratesseeminglyrandomlywithabrieflowintensitypulse,
theparticipantisaskedtodismissthebuzzingbypressingabuttonattachedtotheirfinger(thiscould
bepressedagainstthesteeringwheelsoasnottointerruptcontroloverthecar).

Figure 7. Driving Simulator at The University of Nottingham showing the car entering the roundabout with one exit visible

Figure 8. Internal view of the HUD and virtual car imagery demonstrated
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Procedure
Beforethestudywasinitiated,approvalwasgainedfromtheFacultyofEngineeringEthicsCommittee.
Onceparticipantsarrivedforthescheduledtime,theywereprovidedwithaninformationsheetto
readandaconsentformtosign.Next,theycompletedapracticedrivewithinthesimulatortoensure
theywerefamiliarwiththecontrols.Priortothemainexperimentalconditions,theparticipantswere
askedtoputontheSMIeye-trackingglasses,whichwerethencalibrated.

Oneshortjourney(5minutes)wascompletedforeachHUDconfiguration.Partwaythrougheach
journey,theparticipantwouldencounteralargeroundaboutjunctionandatthispoint(150ft/46mbefore
thejunction),theHUDstartedtocommunicatetothedriverwhichexitoftheroundaboutshouldbe
taken.Participantshadtousethisinformationtonavigateoutofthejunctionthroughthecorrectexit.

Totestnavigationalperformanceandconfidence,roundaboutexitswerelabelledusingcoloured
overlaysontheroads.Whenaparticipanthaddecidedwhichexittheyweregoingtotake,theywere
askedtofirstactivatethecar’sindicators,andthenspeakaloudthecolouroftheirchoiceandrate
theirconfidenceonascaleof1(notatallconfident)to5(veryconfident)(e.g.“green,4”).

Ifthedrivermadeamistakeandtravelledalongthewrongexitparticipantswereinstructedtoturn
thevehiclearoundasthesimulatedenvironmentdidnotcontinuealongincorrectroutes.Ifthiswas
notpossible,thedrivewasrepeated,buttherepeatedroadsectionswereexcludedfromtheanalysis.

Attheendofeachjourney,subjectiveworkloadwasmeasuredusingtheNASA-TLXquestionnaire.
Participantswerealsobrieflyquestionedabout their experiences. In total, theexperiment lasted
approximately90minutes.

Results
Driving Behaviours
Asummaryofthedrivingbehaviourresultsarepresentedinthetablebelow(seeTable4)andthe
significantdifferencesinFigure9.Amaineffectforthereactiontime[χ2(21)=23.52,p<0.01,φ=
1.06]showsthattheDCleddriverstoindicateearlier(furtherawayfromtheexit)thantheSC(p<
0.01)andtheSA(p<0.01).Theanalysisofthenumberofsteeringreversalsalsoproducedamain
effect[F(1.49,31.29=45.92,p<0.01,η2=0.69],withmoresteeringcorrectionsinthecaseofthe
DCthantheSC(p<0.01)orSA(p<0.01).

Nosignificanteffectswerefoundforthemeasuresofmeanspeed(p=0.07),speedvariation(p
=0.64)aswellasthevariationofthelaterallaneposition(p=0.46).

Navigation Performance, Confidence and Mental Workload
Allofthenavigationsysteminterfacestestedgenerallyresultedincorrectexitdecisions,witherrors
occurringforlessthan5%oftheroundaboutsexperiencedwiththeVCandSC,and2%withtheSA.
Intermsofthestatedconfidencelevels,therewasasignificantmaineffect[χ2(21)=11.7,p<0.01,

Figure 9. Location of indication and steering reversal rate
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φ=0.75].Post-hoccomparisonsassignthiseffecttolowerconfidencelevelswiththeSCcompared
totheSAcondition(p=0.04).

AnanalysisoftheTDTperformancealsodidnotresultinsignificantdifferencesforthemeasures
of reaction time(p=0.58)andhit rate (p=0.05).However, theoverall scoreof thesubjective
responsestotheNASA-TLXwassignificantlyaffected[F(2,42)=7.07,p<0.01,η2=0.25].Post-
hoctestsshowthatsubjectiveworkloadwashigherwiththeSCcomparedtotheDC(p<0.02)and
SA(p<0.01).TheresultsfornavigationperformanceandmentalworkloadareprovidedinTable5
andthesignificantdifferencesareillustratedinFigure10.

Visual Behaviours
AsummaryofvisualbehavioursisprovidedinTable6.Therewasamaineffectformeanfixation
duration[F(2,34)=6.41,p<0.01,η2=0.27].Thedynamicvirtualcarresultedin14%longerfixation
durationscomparedtothescreen-fixedarrow(p<0.01).Also,thedurationofglancesontotheHMI
producedamaineffect[F(1.35,22.94)=11.12,p<0.01,η2=0.4].Comparedtothescreen-fixed
arrow,singleHMIglanceswerelongerwiththeDC(p<0.01)andtheSC(p<0.01).Thetotal
glancedurationtowardstheHMIshowedasignificanteffectaswell[F(2,34)=60.65,p<0.01,η2

Table 4. A summary of driving behaviour results. Significant results are shaded/bolded.

MeanSpeed(mph) SDSpeed(mph) SDLateral
Position(ft)

Locationof
Indication(ft)

SteeringReversal
Rate(no/min)

M SD M SD M SD M SD M SD

DC 30.4 5.90 9.59 3.69 6.29 1.45 880 484 11.0 3.3

SC 29.5 6.45 9.37 3.73 6.73 1.36 465 261 6.95 2.1

SA 31.3 6.68 9.05 3.78 6.53 1.28 472 150 7.35 2.3

Table 5. A summary of navigation performance, confidence and mental workload results. Significant results are shaded/bolded.

CorrectExits(c)vs.
Errors(err)

ConfidenceLevel
(1-5Scale)

TDTReaction
Time(ms)

TDTHitRate(%) NASA-TLXScore

c err M SD M SD M SD M SD

DC 104 5 4.01 1.19 631 166 57 26 49.2 24.3

SC 102 5 3.76 1.27 605 139 48 25 60.1 26.1

SA 107 2 4.24 1.08 582 121 61 19 48.5 21.7

Figure 10. Confidence ratings and NASA-TLX scores
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=0.78],withthehighestglancedurationfortheDCcomparedtotheSC(p<0.01)andtheSA(p<
0.01).TheSCalsoattractedalongertotalglancedurationthantheSA(p=0.01).Amaineffectalso
occurredforthenumberofglancestowardstheHMI[F(2,34)=73.938,p<0.01,η2=0.81].They
werehigherwiththeDCthanfortheSC(p<0.01)andtheSA(p<0.01),butstillhigherfortheSC
comparedtothescreen-fixedarrow(p<0.01).

Theanalysisof thepercentageoffixations towards theroadcentreresultedinamaineffect
[F(2,34)=26.3,p<0.01,η2=0.61].TheconcentrationontheroadcentrewashigherfortheDC
thanfortheSC(p<0.01)andSA(p<0.01).InthecaseoftheSC,however,itwaslowerthanfor
theSA(p=.012).Thedispersionofglancesmaybeanindicationofadriverssituationalawareness
(Salmon,Stanton,Walker,&Green,2006).Thehorizontalspreadofsearchalsoindicatedamain
effect[F(2,34)=20.49,p<0.01,η2=0.55].TheSCresulted inawidervisualsearchthanthe
DC(p<0.01)andtheSA(p<0.01).Thisanalysisisreflectedintheheatmaps(Figure11),which
demonstratethelocationanddurationoffixations.

Discussion
TheconceptofanARleadcarwastestedatalargecomplexjunction(roundabout),whereitwas
expectedtobethemostusefultodrivers,asstudy1suggested.Thecomparisonofthedynamicvirtual
ARcarwithitsstaticequivalentandascreen-fixedarrowprovidedinterestingresults.Navigation
performancewasgoodinallconditions.However,statedconfidence levelswere lowestwith the
SC, and this systemalsoproduced thehighest subjectiveworkload.Objectivementalworkload,
measuredwiththeTDT,wasnotaffectedbythenavigationsystems.Theseresultscouldindicatea
certainsubjectivediscomfortwiththestaticvirtualcar,whichdidnotbehaveasnaturallyasalead
carortheDCsystem.Additionally,theincreasedworkloadmaybeduetotheparticipantshavingto
workhardertointerpretwhatthestaticcar’sintentionswere.

Regardingeye-movementbehaviors,thedynamicvehicle(DC)resultedinlongerglancedurations.
Singleglancesmadetowardsthedynamicvirtualcarwerelongerandthehighestnumberofglances
towardstheHUDoccurredinthiscondition.ItislikelythatthedynamicnatureofthecarintheDC
conditionattractedattentiontowardstheHUDmorethantheotherconditions,inaneffectsimilar
tovideoroadsideadvertising(Chattington,Reed,Basacik,Flint,&Parkes,2009).Furthermore,the
informationprovidedintheSAconditionwasrelativelysimplistic,andcouldbereceivedinaquick
glanceifrequired.Incontrast,theDCwouldrequireconstantmonitoringtounderstandwhichexit
wascorrect.Thus,increasedeye-glanceswouldbeencouragedbythiscondition.Asmentionedin
relationtothepreviousstudy,driversfollowingothervehiclesspendaprimaryportionofglances
lookingtowardstheleadvehicle(Mourantetal.,1969).Intypicaldriving,driversperformingthese
glancesaremaintainingasafedistancetotheleadvehicle(cf.Goodrichetal.,1998).However,this
isnotnecessarywiththevirtualcarusedinthesecondstudysinceitisnotarealobject,butthe
effectsontheperceivedneedtoobservethesafetymarginmaystilloccur.TheSCconditionalso
attractedincreasedvisualattention,whichmaybereflectiveoftheincreasedworkload.Furtherwork

Table 6. A summary of visual behaviours. Significant results are shaded/bolded.

MeanFixationDuration
(ms)

MeanGlance
Duration
Towards

HMI(ms)

TotalGlance
Duration

TowardsHMI
(s)

TotalNumber
ofGlances

TowardsHMI

Percentage
RoadCentre

Horizontal
Spreadof

Search(px)

M SD M SD M SD M SD M SD M SD

DC 240 63.0 267 76.6 78.4 31.8 291 99.2 54.5 11.5 180 33.1

SC 228 64.8 288 102 36.7 25.7 127 72.2 25.5 11.2 233 33.6

SA 212 58.7 211 66.4 17.2 14.5 72.2 51.5 36.0 10.5 200 33.2
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isrequiredtoestablishwhetherthiseye-glancebehaviourcouldinterruptthedetectionofhazardsin
theroadenvironment,andtowhatextenttypicalscanningbehavioursareinfluenced.

No conditions affected driving performance (speed, speed variation and lateral stability)
significantly,butthedynamicARfrontcarledtoactivationsoftheindicatorfurthestawayfromthe
exit(soonerindication)andthelargestnumberofsteeringcorrections.Thesebehaviouralchanges
couldmeanthatparticipantswereclosely“following”thedynamicleadcarandcopyingitsactions,
whichledtoearlierindicating.Anincreaseofsteeringreversalswithnodeteriorationsinlanekeeping
hasalsobeenshowninarecentdrivingsimulatorstudyemployingasecondaryvisualtaskplacedin
thefrontofthedriver(Kountouriotisetal.,2016).Itisnotclear,whetherourbehaviouralchangecan
beexplainedbyheightenedmentalworkloadorthevisualtaskcharacteristics.Theplacementofthe
DCinthepresentresearch,however,couldhavecausedverysimilareffects.Acomparisonbetween
theARsystemandamoretypicalLCDdisplaywouldhelpclarifythisphenomenon.

Overall,allthreeconditionssuccessfullyguidedparticipantsthroughthecomplexroundabouts
encounteredintheirjourneys.Focusingonthevirtualvehicles,thedynamiccarperformedbetter
thanthestaticwithrespecttoworkloadandconfidencerating,whilebothvirtualcarsattractedmore
visualattentionthanthetraditionalHUDarrowinterface.

GENERAL DISCUSSIoN

Intotal,thisworkhasexploredtheconceptofaleadvehicle,realorvirtual,asanavigationalaid
whiledriving.

Thefirststudyhasclearlydemonstratedtheroleofa‘real’leadvehicleinthenavigationtask.
Basedupontheseresults,aleadcarshouldaiddriversaimingtoidentifyupcomingmanoeuvresand
confirmthecorrectmanoeuvrehasbeenperformed,withinBurnett’s(1998)framework.

ThesecondstudyhasfurthershownthatanARleadvehicle,presentedonaHUD,haspotential
asanavigationalaidwithintherolesindicatedbythefirststudy.Since,previousnovelnavigation
HUDdesignshavealsobeenbeneficial,(Bark,Tran,Fujimura,&Ng-Thow-Hing,2014)itisevident
thatHUDnavigationdesignscanvarygreatlyyetbevaluednavigationalaids.AllHUDconditions
testedledtogoodnavigationalperformances,indicatingthattheyallfulfiltheneedsoftheIdentify

Figure 11. Heat maps across conditions from study 2
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andConfirmstagesofnavigation.Inaddition to testingadynamic leadvehicle(actingasareal
vehiclewould),astaticversionwasexaminedthat“waited”fortheparticipantatthecorrectexit
oftheroundabout.Althoughthedynamiccarattractedmorevisualattentionfromthedriver,the
staticcarresultedinhigherworkload.Thus,itcanbeassumedthestaticcarwasnotfunctioningas
intended,asalandmarkforparticipants.DriversindicatedearliestintheDCconditiondespitethe
SAconditionprovidingtheparticipantwiththecorrectexitnumbersooner.Apossibleexplanation
forthisisthatparticipantsintheDCconditionwereimitatingthebehaviourofthedynamicvirtual
car;whenitindicatedtheywouldalsoindicate.

This observation of participants mimicking the virtual lead vehicle is of particular interest.
Positively,itsuggeststhevirtualcarwasclearlyprovidingthemwithinformationandcouldeven
actarolemodelforconsideratedriving.However,thoughtlesslyimitatingthedynamicvirtualcar’s
behaviourscouldbeproblematic.Forexample,ifadriverindicatestwoturningsbeforetheirintended
turning,otherroaduserscouldbemisled.McNabbetal.(2017)havedemonstratedthatfollowing
afriendinanothervehiclehasthepotentialtoencourageriskybehaviours,duetotimeandsocial
pressures.However,inthisinstance,theseissuesarenotentirelyapplicable.Thedrivershouldnot
experienceanytimeorsocialpressuresfromthenavigationalaidexaminedhere.Furthermore,the
virtualcarnavigationaidshouldbeawareoftheroadnetworktopreventitencouragingindication
whichwouldmisleadotherroadusers.Finally,thestudieshereshownosignsofdangerousorerratic
drivingbehaviours,exceptagreatersteeringreversalrateintheDCcondition.Steeringreversalrates
canreflecthowmucheffortadriverisputtingintomaintainlanepositioningandcanbelinkedto
improvedlateralperformance(Kountouriotisetal.,2016),forexample,athigherspeeds(McLean&
Hoffman,1975;Salvucci&Gray,2004).Thehighersteeringreversalratecouldalsobeindicativeof
followingbehaviours,wheredriversareputtinginextraefforttostayinaparticularpositionbehind
theleadvehicle,ratherthananindicationofdistractedordangerousdriving.

Comparingstudyoneandstudytwo,eye-trackingshowedsomebehaviouralsimilarities.Both
demonstratedahighconcentrationofglancestowardstheleadvehicle,beitavirtualorreal-world
vehicle,whichmaybeaconcern.Thisisperhapsduetothedynamicnatureoftheleadvehicle,
asdiscussedpreviously(Chattingtonetal.,2009),orsimplyrepresentativeoftypicaldriverfocal
positioning(Mourantetal.,1969;Land&Horwood,1995).Furthermore,theleadvehiclemayhave
requiredmoreregularmonitoringinordertointerpretitsongoingintentionsthroughoutthejunction
environment,comparedtothenavigationsysteminstudyoneandtheSAconditioninstudytwo.
Eitherway,itcouldbearguedthatcarfollowingfornavigationalpurposesdoesencouragedrivers
tokeeptheirattentiontowardstheforwardroadenvironment,sothathazardsmaybedetectedwith
peripheralvision(seeWard&Parkes,1994).

Participantsinstudyoneexperiencedsomefrustrationandconcernwhenusingsolelythelead
vehicletonavigate.Thiswaslargelytheresultoftheleadvehiclebeingunabletoprovideandpreview
orglobalinformationabouttheupcomingroute,leavingsomeparticipantsfeelinganxious.Therewas
noevidenceofthiswithinthesecondstudysinceitfocusedonthestagesaroundthejunction(Identify
andConfirm)wheretheleadcarwasobservedtoperformwellinstudy1.Basedonthesefindings,a
virtualcarshouldonlybeusedincombinationwithotherelementsthatareabletoprovideinformation
whichcanfulfilthePreviewandOrientationstagesofthenavigationaltask(Burnett,1998).

ItisimportanttodiscusshowanARHUDvirtualcarsystemmaybehavewithinanaturalistic
environment with many other real-world vehicles. First, it should only be present at junctions.
Thiswouldpreventitconflictingwithothervehiclesforthemajoringofajourney.Furthermore,
studyoneindicatesitmayonlybeusefultodriversatthispointanyway,whereIdentificationand
Confirmationaremostimportant.Thesecondstudythenshowsthatavirtualleadcarisusefulat
complexroundaboutsduringthesesamestages.Personalisationoptionswouldalsohelppreventthe
systemfrombeingintrusive.However, interactionswithotherroadusers,andpossiblestrategies
toaccommodatethemtogetherwithanARoverlay,stillneedtobeinvestigatedinfutureresearch.
Furtherworkwouldalsoneedtoinvestigatewherethehighervisualattentiontowardsthedynamic
carcouldbeproblematic.
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CoNCLUSIoN

OurresultsdemonstratethataleadcarfornavigationpurposesisbestvaluedduringtheIdentify
(approachingaturning)andConfirm(approachingandimmediatelyafteraturning)stagesofthe
navigational task. Moreover, we have established that AR virtual cars presented on a HUD can
successfullysupportdrivers throughcomplexroundabout junctions,withthemostrepresentative
dynamicversion,whichactssimilartoarealfrontvehicle,havingadvantagesintermsofconfidence
levelsandsubjectiveworkload.TheseARsystemscouldprovideavaluedelementtofuturevehicle
navigationsystems,especiallywhencomplementedbymoreglobalinformationsources(e.g.anin-
vehiclemapdisplay,additionalvoiceinstructions).
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