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Using Multimodal Displays to Signify 
Critical Handovers of Control to 
Distracted Autonomous Car Drivers
Ioannis Politis, School of Computing Science, University of Glasgow, Glasgow, UK

Stephen Brewster, School of Computing Science, University of Glasgow, Glasgow, UK

Frank Pollick, School of Psychology, University of Glasgow, Glasgow, UK

ABSTRACT

Untilfullautonomyisachievedincars,driverswillstillbeexpectedtotakeovercontrolofdriving,
andcriticalwarningswillbeessential.Thispaperpresentsacomparisonofabstractversuslanguage-
basedmultimodalwarningssignifyinghandoversofcontrol inautonomouscars.Whileusingan
autonomouscarsimulator,participantsweredistractedfromtheroadbyplayingagameonatablet.
Anautomationfailuretogetherwithacarinfrontbrakingwasthensimulated;ararebutverycritical
situationforanon-attentivedrivertobein.Multimodalabstractorlanguage-basedwarningssignifying
thissituationwerethendelivered,eitherfromthesimulatororfromthetablet,inordertodiscoverthe
mosteffectivelocation.Resultsshowedthatabstractcues,includingaudio,andcuesdeliveredfrom
thetabletimprovedhandovers.Thisindicatesthepotentialofmovingsimplebutsalientautonomous
carwarningstowhereagamingsidetasktakesplace.

KeywoRDS
Audio, Autonomous Cars, Games, Handover, Multimodal Feedback, Speech, Tactile, Tactons, Urgency, Visual, 
Warnings

INTRoDUCTIoN

Autonomouscarsarebecomingamoreandmorepopulartopicofresearch,althoughnotwithout
concernsfromthepublicoverthesafetyofthisnewtechnology(Kyriakidis,Happee,&Winter,2014).
Toaddresssuchworries,thereiscarefulexaminationofroadaccidentsinvolvingautonomousvehicles
fromtechnologyproviders(Google,2015b).Thisshowstheimportanceofsafetywhileautomationis
becomingmorerobust.Carautonomyisastagedratherthanbinaryprocess,withlevelsofautonomy
increasingasdriverinvolvementdecreases(NationalHighwayTrafficSafetyAdministration,2013;
SAEJ3016&J3016,2014).Therefore,userinterfacesarerequiredthatimprovesafetywhendriver
involvementisreducedbutstillnecessary.Thehandover,thepointoftransitionofcontrolfromthe
cartothedriver,andviceversa,isacriticalpartofthisinteraction.Aneffectivewarningmechanism
forsuchacriticalcaseisessential,aslackofclarityoverwhohascontrolofthevehicleatagiven
momentcanbecatastrophic,e.g.(Politis,Brewster,&Pollick,2015a).
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Inparallel,asvehicleautomation increases,driversaremore likely toengage in tasksother
thandriving.Gamingisapopularactivitythatdriversareexpectedtoengageinwhilethecaris
inautonomousmode,andisatopicofongoingresearch,e.g.(Krome,Goddard,Greuter,Walz,&
Gerlicher,2015;Neubauer,Matthews,&Saxby,2014).Duetothehighlevelofconcentrationrequired
byagame,aparticularlydemandingscenariowouldbeattendingtoacriticalhandoverwhilegaming.
Acriticalhandoveroftenexaminedisanautomationfailure,sinceithappensunexpectedly,leaving
littletimetoreact(Gold,Damböck,Lorenz,&Bengler,2013;Moketal.,2015;Pfromm,Khan,
Oppelt,Abendroth,&Bruder,2015).Signifyinghandoverswithmultimodalwarnings(Naujoks,
Mai,&Neukum,2014;Politisetal.,2015a),usingvaryingmessagecontents (Kooetal.,2014)
andevaluatingtransitiontimes(Goldetal.,2013;ChristianGold&Bengler,2014)areimportant
aspectsofthiscriticalcase.However,thereisnoworkonhowcriticalhandoverscanbefacilitated
bymultimodalwarningsoriginatingfromthegamearea.Inthisstudy,weuseanengagingtablet
gamingtaskandtestthetimerequiredtoresumedrivingduringanautomationfailure.Handover
notificationsaremovedtothetabletandabstractversuslanguage-basedmultimodalwarningsare
comparedasalertsforthisscenario,bothbeingnovelinterventions.

Multimodal Displays Varying in Urgency
Multimodaldisplayshaveconsistentlyshownadvantagesinalertingdriverstovariousroadevents.
Simplespatialvibrotactilecuescomingfromthedirectionofathreatimprovedreactiontimesof
drivers(Ho,Tan,&Spence,2005).Ho,Reed&Spence(Ho,Reed,&Spence,2007)showedadded
benefitwhenavibrotactilecueandacarhornsoundweredeliveredincombination.Thebenefitof
directionalityinthecueswasalsoobservedby(Serrano,DiStasi,Megías,&Catena,2011),who
foundimprovedrecognitionperformanceofwhetheraroadscenewashazardousornotwhencues
werepresentedformthedirectionofthehazard.Inourstudy,wepresentthecueseitherfromthe
front,whereathreatisapproaching,orfromthetabletonwhichtheparticipantsareplayingagame.
Inthisway,weevaluatetheeffectofwarningsfromtheareawhichtheparticipantsarefocusedon
comparedtothedirectionofanapproachingthreatwhichtheyarenotattentiveto.

In termsofdesign, reflecting theurgencyof theevent in thewarninghasrepeatedlyshown
benefits.Politis,Brewster,&Pollick(2014a,2013,2014b)usedallunimodal,bimodalandtrimodal
combinations of cues varying in urgency to achieve lower response times and higher perceived
urgencyformoreurgentcues.Inthispaper,weusetheseresultstodesignmultimodalwarningsthat
convey the increasedurgencyneededforacriticalsituation.Further,Politis,Brewster&Pollick
(2015b)extendedthecomparisoninallunimodal,bimodalandtrimodalcombinationsofabstractand
language-basedwarningsandfoundanadvantageofabstractcuesintermsofrecognitiontimesina
non-criticalsituation,butnodifferenceintermsofreactiontimesinthepresenceofacriticalevent.
Inthiswork,wecomparehighlyurgentabstractandlanguage-basedmultimodalwarningspresented
fromdifferentlocationsinthecontextofautonomouscars,acomparisonthathasneverbeenattempted.

Handovers of Control in Autonomous Cars
Thecaseofanautomationfailurehasbeenstudiedinthepastasalikelyreasonforahandoverof
control.Goldetal.(2013)investigatedautomationfailureswhendriversweredistractedthrougha
tabletsidetask.Apuretoneandavisualiconcalledthedriversbacktothewheelduringanunexpected
event.Thesewarningswereeitherdelivered5secor7secbeforetherequiredhandover.Itwasfound
that5secwasabettertimetopreparedriverstoresumecontrol.Gold&Bengler(2014)extended
thisdiscussion,reportingthatduringahandoverofcontrol,bothtime(howlongittakes)aswell
asquality(drivingperformanceduringandafterresumptionofcontrol)areimportantissuestobe
considered.Inourwork,weusetheaboveideas,bysimulatinganautomationfailurethatcoincides
withacriticalevent,whichmakesdriverinterventionessential.Wealsomeasurebothtimeandquality
of thecar todriverhandovers in thisscenarioandpresentsimilarorquicker timesof transitions
achievedwiththeusedwarnings.
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Intermsofhandoverwarningdesign,Naujoksetal.(2014)investigatedahandoverfromthe
cartothedriverduetoanautomationfailure.Apuretoneandaflashingicononthedashboard
createdshorterhandovertimesandbetterdrivingbehaviourwhencombinedcomparedtotheicon
alone.Telpaz,Rhindress,Zelman,&Tsimhoni(2015)usedahapticseatdisplayingthepositionof
anapproachingvehiclefromthebackusingamappingwithtactilealerts.Theuseoftheseatalong
withasimpleaudioandvisualindicationimprovedhandovertimesandsatisfactioncomparedtothe
absenceoftheseat.WalchLange,Baumann,&Weber(2015)usedspeechandtexttoalertdrivers
abouthandoversduringasharpcurve,whenavehiclewasblockingtheroadorwhentherewasno
hazard.Inallcasesexceptthesharpcurve,3secwasanadequatetimeforasafehandoverintermsof
responsetimesandcomfortableintermsofparticipantresponses.Politisetal.(2015a)madeadetailed
evaluationofaudio,visualandtactilelanguage-basedwarningstosignifyhandoversbetweenthecar
andadistracteddriverwhowasplayingagame.Theyfoundthatmoreurgenthandoverwarningswere
identifiedassuchinurgencyratingsandcreatedshorterhandovertimes.Visualwarningspresented
fromthedrivingsimulatorcausedslowerreactiontimes,sincevisualattentionwasdirectedtoatablet
gameandparticipantsoftenmissedthesecues.Thisledtoadangeroussituationwherethedriverswere
notawarethattheyhadcontrol.WeaddresstheissuediscoveredinPolitisetal.(2015a)bymoving
thewarningstothefocusofinteraction.Allwarningsarepresentedfromeitherthesimulatorora
tablet.Further,wecomparetheeffectivenessofcuesvaryinginmessagecontent,byusingabstract
orlanguage-basedwarningssignifyingacriticalhandover.Thisisanovelapproachbothintermsof
warninglocationaswellasmessagecontent.

Driver Distraction in Autonomous Cars
Whenacarispartiallyorfullyautonomous,theabsenceofadrivingtaskallowsthedrivertoengage
inotheractivities.Neubaueretal.(2014)foundthattheengagementwithatriviagameoraphone
conversationduringadrivethatinvolvedautomatedandmanualpartsreducedfatigueandimproved
drivingmetricswhenparticipantshadcontrolofthevehicle.However,engagementwithasecondary
taskcreatedhigherreactiontimestoanunexpectedevent.Milleretal.(2015)alsofoundthatmedia
consumptiononamobiledevicereducedfatigueofdriversanddidnotslowhandoverswheninvited
backtodrivingshortlybeforeenteringanareaofincreasedhazard.Theirhandoverwarningswere
visualandauditory,comingeitherfromthe tabletor thedashboard,butnocomparisonbetween
locationswasmade.

Otherthanthestudiesdescribedabove,interactionwithgamesisalittleexploredtopic,with
availablestudiesmainlyincaseswherethecarisfullyautonomousandnointerventionisexpected
(seeforexample(Kromeetal.,2015;Terkenetal.2013)).Further,resumingcontrolwiththehelp
ofwarningsoriginatingfromtheareaofthegaminginteractionasopposedtothecarhasnotbeen
studied.Weaddressthisgapinourexperimentbyinvestigatingasetofurgentmultimodalwarnings
designedforanautomationfailure,requiringimmediatedriverattention.Wedeliverthewarnings
eitherfromthesimulator,whichisthemostcommonapproachintheliteratureorfromatabletwhere
theuserisplayingagameasasecondarytask.Differentwarningdesignsareused,utilisingabstract
andlanguage-basedcuesneverbeforecomparedinthissetting.

wARNING DeSIGN

Thewarningsdesignedaddressedahighlyurgentsituation,whereacarwouldhandovercontrol
tothedriverduringacriticalevent,duetoanautomationfailure.Theabstractwarningsconsisted
ofpuretones,coloursorvibrationsdeliveredasrepeatedpulses,asinPolitisetal.(2013).Inline
withthisstudy,thewarningshadanincreasedpulseratetoconveyhighurgency.Theyconsistedof
8pulseshaving0.1secsinglepulsedurationandinterpulseintervalandhad1.5secduration.The
auditorywarningvariedadditionallyinbasefrequency(1000Hz)inlinewithEdworthy,Loxley,
&Dennis(1991).AsinPolitisetal.(2013),thevisualwarningalsovariedincolourandwasRed
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(RGB(255,0,0)).Thetactilewarninghadafrequencyof150Hz,thenominalcentrefrequencyof
theELV-1411ATactor1,usedtodelivervibrationalmessages.InlinewithPolitisetal.(2015b),the
abstractaudioandtactilecueshadthesameintensityasthespeechcues.Simultaneousdeliveryof
unimodalsignalswasusedinthemultimodalcues,creatingasynchronouseffectofsound,vibration
andvisuals.

Forthelanguage-basedwarnings,thespeechmessageusedwastakenfromPolitisetal.(2015a).
ItwasahighprioritymessageaccordingtoLee,Bricker,&Hoffman(2008)andSAE(2002),with
theword“Danger!”added in thebeginning to increaseperceivedurgency, in linewithBaldwin
(2011)Edworthy,Hellier,Walters,Clift-Mathews,&Crowther(2003)andPolitisetal.(2014b).At
theendofthemessageanexplanationthatthedriverhadvehiclecontrolwasadded,asinPolitisetal.
(2015a).Theresultingmessagewas“Danger!CollisionImminent.Youhavecontrol!”.Themessage
wasspokenurgentlybyafemaleactor,asifalovedonewasindanger,inlinewithEdworthyetal.
(2003),andPolitisetal.(2014b,2015a).Itwasmodifiedtoremovepausesanddecreaseduration.
Theresultingdurationofthemessagewas2.7sec,withapeakof-0.0dBFSandanaveragefrequency
of371Hz.ThetactileequivalentoftheaudiowarningwasaSpeechTactondeliveredwiththeELV-
1411ATactor,whichwasconstructedasdescribedinPolitisetal.(2014b).Thedurationofthetactile
warningwasalso2.7sec,thepeak-0.0dBFSandtheaveragefrequency370Hz.Thevisualwarning
wasthetextofthewarningdisplayedforthedurationoftheutteranceinRed(RGB(255,0,0)),asin
Politisetal.(2015b).

Allwarningsweredeliveredeitherfromthedrivingsimulatorinfrontoftheparticipantorfrom
aWindowstablettotherightofthedriver,aswillbedescribedbelow.Wepresentedtheabstractand
language-basedwarningsinallcombinationsoftheaudio,visualandtactilemodalities:Audio(A),
Visual(V),Tactile(T),Audio+Visual(AV),Audio+Tactile(AT),Tactile+Visual(TV),Audio
+Tactile+Visual(ATV).Asaresult28differentcueswerecreated,7cueswithallmodalities
(A,T,V,AT,AV,TV,ATV)×2typesofInformation(Abstract,Language-based)×2Locations
(Simulator,Tablet).Thesewarningswereevaluatedinanexperimentlookingatreactiontimesand
drivingmetricsofparticipantswhenexposedtothecues.

eXPeRIMeNT

Anexperimentwasconductedtoinvestigatehowquicklyandeffectivelyparticipantswouldbeable
toresumecontrolofanautonomouscar,whiledistractedbyagameona tablet.Weuseda task
similartoPolitisetal.(2015a),whereaperiodicaltransitionbacktodrivingwouldbeenforceddue
toanunexpectedcriticalevent.InlinewithPolitisetal.(2015a),weinvestigatedhowquicklyand
accuratelysuchatransitionwouldhappenandhowitwouldaffectdrivingmetrics.However,weused
onlycriticalwarningsvaryingindesign,anddeliveredfromdifferentlocations.Thereasonwasthat
thefocusofthisstudywascriticalhandoversasaresultofanautomationfailure,inwhichPolitiset
al.(2015a)didnotprimarilyfocus,and,asdescribedbefore,thereisverylittleresearchonhowto
designsuchwarnings.Investigatinghowdeliveringthecuesfromthetabletwouldimproveresultswas
notaddressedinPolitisetal.(2015a)orinanyotherstudyonthetopic.Asaresult,a7×2×2within
subjectsdesignwasused,withModality,InformationandLocationastheindependentvariablesand
ResponseTime(RT),ResponseAccuracy(RA)andLateralDeviationafterHandover(LDaH)as
thedependentones.AsinPolitisetal.(2015a),RTwouldbeameasureofalertnesswhenresuming
driving,RAwouldindicateanymissedresponsesandLDaHwouldshowthelevelofdistraction
whenresumingdriving(lowerLDaHwouldindicatelowerdistraction,seealsoLindgren,Angelelli,
Mendoza,&Chen(2009),andLiu(2001).

Theexpectationsformingthehypothesesofthisstudywerefirstlythatthemodalitiesused
inthewarningswouldaffectresponses.AsinPolitisetal.(2015a),multimodalwarningswere
expectedtobemoreeffectivethatunimodalones,whilethevisualdisplaysonthesimulatorwere
expected tobeproblematic. In termsof Information, in linewithPolitis et al. (2015b), itwas
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expectedthatabstractcueswouldcreatequickresponses,whilelanguage-basedoneswouldaffect
drivingless.Finally,thelocationofthetabletwasexpectedtoaffectresponsespositively,since
itwouldbelocatedintheparticipants’fieldofview,inlinewithMilleretal.(2015).Asaresult,
therewerethefollowinghypotheses:

• RTwillbeinfluencedbyModality(H1a),Information(H1b)andLocation(H1c);
• RAwillbeinfluencedbyModality(H2a),Information(H2b)andLocation(H2c);
• LDaHwillbeinfluencedbyModality(H3a),Information(H3b)andLocation(H3c).

Participants and equipment
Twentyparticipants(7female)agedbetween20and45years(M=25.25,SD=5.67)tookpartin
theexperiment.Therewere17Universitystudentsand3privateemployees.Theyhadavaliddriving
licenseandbetween1and24yearsofdrivingexperience(M=6.18,SD=5.50).Allwereright
handedandreportednormalvisionandhearing.TheexperimenttookplaceinaUniversityroom,
whereparticipantssatinfrontof27-inchDell2709Wmonitor,aPCrunningthedrivingsimulator,a
MicrosoftSurfacePro32tabletPCrunningagame(placedtotherightofthedriver)andaLogitech
G27gamingwheelandpedals.Thedrivingsimulatorsoftwaredepictedaruralroadscenewitha
curvyroadandacarinfront,whichhasbeenusedinmanystudies,e.g.Zhao,Brumby,Chignell,
Salvucci,&Goyal(2013).SeeFigure1forthesetupoftheexperiment.

The tabletwas running theConcentrationmemorygame,usedalso inPolitis et al. (2015a)
andbasedonWarnock,McGhee-Lennon,&Brewster(2011)(seeFigure2b).Itwasasimplecard
matchinggameona3×8grid.Thisgamehasawell-definedsetofperformancemetricsandrequires
highlevelsofconcentration.Asitislikelythatdriverswilloccupythemselveswithotheractivities
whileanautonomousvehicleisdrivingitself,thistaskwaschosensoastodecreasetheirengagement
withdrivingandcreateamorechallenginghandover.

Threesoundswereaddedtothegameinordertoincreaseauditorydistractions.Thefirstsound
wasa100mseclong440Hztone(noteA4) thatsoundedeverytimetheparticipant touchedthe
tabletscreen.Thesecondsoundwasa100msec330Hztone(noteE4)thatsoundedeverytimea
pairofpicturesrevealedwasnotamatch.ThethirdonewasanEarconwiththreetones(100msec
of262Hzfollowedby100msecof330Hzfollowedby100msecof392Hz–notesC4,E4,G4).This
soundedeverytimeapairofcardswasmatched.Inthisway,anadditionalsensoryloadwascreated

Figure 1. The setup of the experiment with the tactile wristbands (a, b), the driving simulator (c) and the tablet (d)
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intheaudiomodality,whichwasnotpresentinPolitisetal.(2015a).Also,ecologicalvaliditywas
increased,sincesoundeffectsarefrequentlyfoundingames.

AuditorycuesandgamesoundsweredisplayedthroughthreeBetronportablespeakers3,one
locatedbehindthescreen(fortheSimulatorwarninglocation)twobehindthetablet(fortheTablet
warninglocationandoneforthegamesounds).Tactilecuesweredisplayedthroughawristbandon
bothoftheparticipants’hands.TherighthandwasusedfortheTabletlocation,sinceitwasthehand
interactingwiththetabletandthelefthandforthesimulatorlocation,beingthehandremainingon
thesteeringwheel.Pilotstudiesshowedthatthismappingwascleartoparticipantsandtheywerealso
familiarizedwithitduringtrainingwiththecues(seebelow).Visualabstractcuesweredisplayed
throughRedcirclesthatflashedinthetopcentralareaofthemonitor(fortheSimulatorlocation,see
Figure2c)orthetablet(fortheTabletlocation,seeFigure2b),andweresized400×400pixels(about
12×12cmforthemonitorand5×5cmforthetablet).Visuallanguage-basedcuesusedRedtext
displayingthewordsfromthespeechwarning,whichappearedonceandforaslongasthewarning
wasutteredinthetopcentralareaofthescreen,andwassized228×700pixels(about17×7cmfor
themonitorand7×3cmforthetablet,seeFigure2d,2b).Thevisualcuesdidnotobstructthelead
caronthemonitororthegameonthetablet.

Procedure
Afterbeingwelcomedandexplainedtheexperimentalprocedure,the28cuesweredisplayedina
randomordertoparticipantsforfamiliarization.Foreachcue,theycouldeitherrepeatitorgotothe
nextwhentheywerefamiliarwithit.Afterwards,theywerepresentedwiththedrivingsimulator
softwareandthegametofamiliarizethemselves.Inthemainexperiment,inlinewithPolitisetal.
(2015a),participantswereaskedtofocusonthegame,unlessinterruptedbyawarning.Theywereable
tousetheirrighthandtoplaythegameonthetablet,whichwasplacedonastandtotherightofthe
simulator.Thiswouldbeastandardsetupforleft-handdrivecar.Ifallcardsinagridwerematched,

Figure 2. The driving simulator with the participant’s car in autonomous mode, as indicated visually on the top right of the 
screen, and the car in front driving at a safe distance (a). The tablet game with some pairs already matched, indicated in grey (b). 
The handover situation, where the car in front brakes suddenly and the automation fails on the same time. In this case control 
is handed to the driver, as indicated visually on the top right of the screen (b,c). This handover is signified through an abstract 
warning (the visual warning is depicted in c) or a language-based warning (the visual warning is depicted in d).
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thegamewouldreloadwithanewsetofcardschosenrandomly.Whileplayingthegame,thecarwas
inautonomousmodeinthecentreofthelaneataspeedofaround60mph.ThecarsimulatedLevel
3Automation(seeNHTSA(2013))notrequiringcontinuousintervention,butexpectingavailability
foroccasionalcontrol(seeFigure2aforascreenshotofthesimulatorinautonomousmode).

Atrandomintervalsofanyintegralvaluebetween(andincluding)27–32sec(inlinewithPolitis
etal.(2015a))awarningwaspresented.Inthiscase,controlwaspassedtothedriver(seeFigures2c,
2d).Thissimulatedautomationfailuresthevehiclecouldnotcorrectandthereforeaswitchtomanual
modewasneeded.Tocreateamorecriticalsituation,thecarinfrontstartedbrakingatthesametime
asthepresentationofthewarning,asinPolitisetal.(2015a).Participantswerethenhandedcontrol
andwereinstructedtobrakeimmediatelywiththeirrightfootandreturntosafedriving.Oncethe
participantbraked,thecarinfrontwouldadvanceawayfromtheparticipant’scar.Itshouldbenoted
thattheintervalof27–32sechadlimitedecologicalvalidity,sincecriticaleventsareexpectedto
occurlessfrequently.However,itwasfoundnecessaryinordertobeabletoevaluateallthedifferent
cuesdesigned.Otherstudieshaveusedsimilarorshorterintervals,e.g.Hoetal.(2005).

To manage experimental length, all abstract warnings were presented in one block of the
experimentandalllanguage-basedonesinanother,withtheorderofblockscounterbalancedacross
participantsandwithasmallbreakbetweenthem.Eachwarningwaspresentedtwiceineachblock,
resultinginatotalof56presentationsforbothparts(7Modalities×2typesofInformation×2
Locations×2presentations).Whenbacktodriving,participantswereabletosteerusingthewheel
for10sec(therewasnoneedtousetheacceleratorpedal).

During this period, they were asked to stay in the centre of the lane. After 10 sec, the car
automaticallytookoverfromtheparticipant,initiatingthenexttrial.Onthetoprightofthescreen,
acariconwouldbedisplayedwhenthecarwasinautonomousmodeorapersoniconformanual
mode(seeFigure2a,2c,2d).

Responsetime(RT)wascalculatedfromtheonsetofastimulusuntiltheparticipantpressedthe
brakepedal.Ifparticipantsdidnotrespondtoacue,theirresponseaccuracy(RA)was0,otherwiseit
was1.TheirLateralDeviationafterHandover(LDaH)wastheRMSEoftheirlanepositionvalues,
loggedfor10secaftertheonsetofastimulusandstartofthebrakingeventoftheleadcar.Thevalue
of10secwaschosensinceithasshowntobeanadequatetimetocomebacktodrivinginhandover
situations(Merat,Jamson,Lai,Daly,&Carsten,2014;Politisetal.,2015a).Theexperimentlasted
about45minutesandparticipantswerethendebriefedandpaid£6.

ReSULTS

Response Time
Thedataofoneparticipantwereexcludedduetosoftwareissues.Fortherestoftheparticipants
therewere1064trialsintotal.Ifparticipantsdidnotrespondtoacue(whichwasthecasein14
trials–1.3%),theirRTwasadjustedtothemaximumavailabletimetorespond,10sec,toallowa
threefactorANOVAanalysis.

Data forRTwereanalysedusinga three-way repeatedmeasuresANOVA,withModality,
Information and Location as factors. Due to sphericity violations, degrees of freedom were
correctedusingGreenhouse–Geisserestimates.TherewasasignificantmaineffectofModality
(F(2.11,78.19)=34.95,p<0.001).ContrastsrevealedthatVcausedslowerresponsescompared
toallothermodalities,seeFigure3a(F(1,37)=27.42,r=0.65,p<0.001).Further,AV,AT,ATV
andAcreatedquickerresponsescomparedtoTandV(F(1,37)=17.45,r=0.57,p<0.001),but
notcomparedtoTV.Asaresult,H1awasaccepted.SeeTable1forpairwisecomparisonsbetween
modalitiesforResponseTime.TherewasasignificantmaineffectofInformation,indicatingthat
abstractcuescausedfasterresponsesthanlanguagebased-ones(F(1,37)=20.50,r=0.60,p<
0.001).Asa result,H1bwasaccepted.Finally, therewasasignificantmaineffectofLocation,
indicatingthatwarningsfromthetabletcausedfasterreactiontimesthansimulator(F(1,37)=
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12.62,r=0.50,p<0.01).Asaresult,H1cwasaccepted.SeeTable2forvaluesofRTacrossall
factorsandFigure3aforvaluesacrossmodalities.

TherewasasignificantinteractionbetweenModalityandInformation(F(1.87,69.13)=21.04,p
<0.001),indicatingthatthedisadvantageoftheVmodalitywasstrongerinlanguage-basedwarnings
(F(1,37)=22.11,r=0.61,p<0.001).TherewasasignificantinteractionbetweenModalityand
Location(F(2.19,81.06)=23.14,p<0.001),indicatingthatTwarningscreatedquickerresponses
whencomingfromthesimulator(F(1,37)=7.59,r=0.41,p<0.01),whiletheobserveddisadvantage
ofVwarningswasstrongerwhencomingfromthesimulator(F(1,37)=33.25,r=0.69,p<0.001).
TherewasasignificantinteractionbetweenInformationandLocation,indicatingthattheobserved
disadvantageoflanguage-basedcueswasstrongerwhencomingfromthesimulatorcomparedtothe
tablet(F(1,37)=28.30,r=0.66,p<0.001).Finally,therewasaninteractionbetweenModality,
InformationandLocation(F(2.35,87.03)=19.99,p<0.001),indicatingthatwhencomingfrom
thesimulator,thelanguage-basedVcuesshowedadisadvantagecomparedtoTVcues,whilewhen
comingfromthetablettheabstractVcuesshowedanadvantagecomparedtoTVones(F(1,37)=
30.54,r=0.67,p<0.001).SeeFigure3cfortheinteractionbetweenModalityandInformationand
3.efortheinteractionbetweenModalityandLocationforRT.

Response Accuracy
DataforRAweretreatedasdichotomousandanalysedwithCochran’sQtests.Itwasfoundthat
modalityVwaslessaccuratecomparedtoAT,AV,TVandATV(Q(1)=11.00,p<0.01)andalso
comparedtoT(Q(1)=9.00,p<0.01)andA(Q(1)=10.00,p<0.01).Abstractcuesweremore
accuratethanlanguage-basedones(Q(1)=8.00,p<0.01).Finally,cuesdeliveredthroughthetablet
weremoreaccuratethanthesimulator(Q(1)=8.00,p<0.01).Asaresult,H2a,H2bandH2cwere
accepted.SeeTable2forvaluesofRAacrossallfactors.

Lateral Deviation
Therewere1120trialsforLDaH,sincenodatawereexcludedforthismetric.DataforLDaHwere
analysedusingathree-wayrepeatedmeasuresANOVA,withModality,InformationandLocationas
factors.Duetosphericityviolations,degreesoffreedomwerecorrectedusingGreenhouse–Geisser
estimates. There was a significant main effect of Modality (F(1.78,69.37) = 13.83, p < 0.001).
ContrastsrevealedthatVwarningscreatedhigherLDaHvaluescomparedtoallothermodalities
(F(1,39)=16.76,r=0.55,p<0.001).Asaresult,H3awasaccepted.Therewasasignificantmaineffect
ofInformation,revealingthatlanguage-basedwarningscreatedhigherLDaHthanabstract(F(1,39)
=7.03,r=0.39,p<0.05).Asaresult,H3bwasaccepted.SeeTable3forpairwisecomparisons
betweenmodalities forLateralDeviationafterHandover.Therewasa significantmaineffectof

Table 1. Pairwise comparisons between modalities for Response Time. The significance (p) values are reported after 
Bonferroni corrections.

AV AT ATV A TV T V

AV .845 .576 .689 .004 .001 .000

AT .845 .721 .700 .002 .001 .000

ATV .576 .721 .822 .009 .002 .000

A .689 .700 .822 .064 .000 .000

TV .004 .002 .009 .064 .134 .000

T .001 .001 .002 .000 .134 .000

V .000 .000 .000 .000 .000 .000
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Locationrevealingthat,whenwarningswerecomingfromthetablet,LDaHwaslowercomparedto
whencomingfromthesimulator(F(1,39)=10.18,r=0.45,p<0.01).Asaresult,H3cwasaccepted.
SeeTable2forvaluesofLDaHacrossallfactorsandFigure3bforvaluesacrossmodalities.

TherewasasignificantinteractionbetweenModalityandInformation(F(1.63,63.73)=12.01,
p<0.001),revealingthattheobserveddisadvantageofVwarningswasmainlypresentinlanguage-

Table 2. The mean values, of Response Time (RT), Lateral Deviation after Handover (LDaH) and Response Accuracy (RA). For 
RT and LDaH values in brackets indicate lower – upper 95% confidence intervals.

Measure Factor Mean

RT (sec)

Modality

A 1.03(0.88–1.18)

T 1.36(1.13–1.59)

V 2.24(1.89–2.60)

AT 1.01(0.93–1.09)

AV 1.00(0.92–1.08)

TV 1.19(1.04–1.33)

ATV 1.01(0.94–1.09)

Information
Abstract 1.11(0.98–1.23)

Language-based 1.42(1.27–1.56)

Location
Simulator 1.35(1.21–1.49)

Tablet 1.18(1.07–1.27)

LDaH (m)

Modality

A 0.96(0.67–1.24)

T 1.10(0.71–1.47)

V 2.10(1.43–2.78)

AT 0.87(0.66–1.09)

AV 0.81(0.63–0.99)

TV 0.93(0.73–1.13)

ATV 0.84(0.64–1.03)

Information
Abstract 0.94(0.68–1.21)

Language-based 1.23(0.93–1.53)

Location
Simulator 1.20(0.90–1.50)

Tablet 0.97(0.74–1.20)

RA

Modality

A 99.3%

T 98.7%

V 92.8%

AT 100%

AV 100%

TV 100%

ATV 100%

Information
Abstract 99.4%

Language-based 97.9%

Location
Simulator 97.9%

Tablet 99.4%
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basedwarnings(F(1,39)=12.11,r=0.49,p<0.01).Therewasasignificantinteractionbetween
ModalityandLocation(F(1.53,59.60)=11.89,p<0.001),revealingthattheobserveddisadvantage
ofVwarningswasmainlypresentwhentheywerecomingfromthesimulator(F(1,39)=13.02,r
=0.50,p<0.01).TherewasasignificantinteractionbetweenInformationandLocation,revealing
that theobserveddisadvantageof language-basedwarningswasmainlypresentwhen theywere
comingfromthesimulator(F(1,39)=16.25,r=0.54,p<0.001).Finally,therewasasignificant
interactionbetweenModality,InformationandLocation(F(1.76,68.80)=11.57,p<0.001),revealing
thatwhileforwarningscomingfromthesimulator,modalityVcreatedhigherLDaHforlanguage-
basedwarnings,whenwarningswerecomingfromthetabletthedisadvantagewasmainlypresent
inlanguage-basedTcues(F(1,39)=14.92,r=0.53,p<0.001).SeeFigure3dfortheinteraction
betweenModalityandInformationand3.ffortheinteractionbetweenModalityandLocationforLDaH.

DISCUSSIoN

Theresultsoftheexperimentconfirmedtheobservedlimitationofvisuallanguage-basedcuescoming
fromthesimulatorinPolitisetal.(2015a).Thesecuescreatedthelongestresponsetimes,theleast
accurateresponsesanddisturbedthedrivingthemost.However,theinterventionofthisstudy,i.e.
movingthecuesfromthesimulatortothetabletandaddingabstractcuedesigns,positivelyinfluenced
metricsandaddressedtheproblemwithvisualcuesinPolitisetal.(2015a).

Response Time
AnotabledifferencetoPolitisetal.(2015a)isthelowerhandovertimesobservedinthisstudy.This
waspartlybecauseallhandoverswerecritical,requiringimminentattention.Anotherreasoncould
bethesimplicityofthetask,whichincontrastwithPolitisetal.(2015a)wasalwaysthesameand
didnotinvolvedifferenttypesofresponses.Theorderofmodalitiesintermsofaverageresponse
timeswassimilartoPolitisetal.(2015a),which,incombinationwiththebetterperformanceofcues
includingaudiocomparedtounimodaltactileandvisualcues,increasesconfidenceintheadvantage
ofaudiocuesforsignifyinghandoversinautonomouscars.Thisextendsthefindingsofprevious
studies(Naujoksetal.,2014;Politisetal.,2015a)byprovidingamoreelaborateexaminationof
warningmodalitiesforthissituation.Italsointroducesanextensivesetofpossiblecuestobeused
aswarningsduringanautomationfailure,extendingthecasepresentedbyGold&Bengler(2014).

Intermsofwarningdesigns,language-basedwarningsshowedadisadvantage,whichwasmainly
observedinthesimulatorlocationandthevisualmodality.ThisconfirmsthefindingsofPolitisetal.
(2015a)andonceagainshowsthattheproblemwiththevisualwarningswasamelioratedbymoving
themtotheareaofthegaminginteraction.ThisalsoextendsfindingsinPolitisetal.(2015b),where

Table 3. Pairwise comparisons between modalities for Lateral Deviation after Handover. The significance (p) values are 
reported after Bonferroni corrections.

AV ATV AT TV A T V

AV .512 .387 .029 .151 .059 .000

ATV .512 .641 .075 .233 .058 .000

AT .387 .641 .416 .481 .180 .000

TV .029 .075 .416 .805 .236 .000

A .151 .233 .481 .805 .265 .000

T .059 .058 .180 .236 .265 .000

V .000 .000 .000 .000 .000 .000
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abstractandlanguage-basedcuesshowedsimilarperformanceinacriticaltask.Inourstudy,we
examinedthesecueswhendeliveredfromdifferentlocationsinsimulateddriving.Itwasfoundthat
abstractandlanguage-basedcuesareequallyeffectivewhencomingfromthegamelocation,while
language-basedonespresentlimitationswhendeliveredawayfromit.Thisextendsfindingsofprevious
studies(Naujoksetal.,2014;Telpazetal.,2015;Walchetal.,2015)byinvestigatingamuchwider
setofmodalitiestoinformaboutimminenthandovers.Asaguideline,inavehiclewherethedrivers
couldbeinattentivetotheroadbutstillexpectedtointerveneperiodically,itwouldbeessentialto
capturetheirvisualattention.Achievingthisbyinterruptingthegameonthetabletshowedgood
resultsinourstudy.Abstractcuesalsoshowedapossibilityofcapturingattentionwhendelivered
fromthesimulator,possiblybecauseoftheirpulsatingdesign.Investigatingthisfurtherbyusing

Figure 3. (a) Mean Response Time (RT) and (b) mean Lateral Deviation after Handover (LDaH) across Modalities. (c) The interaction 
between Modality and Information for RT and (d) for LDaH. (e) The interaction between Modality and Location for RT and (f) for 
LDaH. Error bars indicate 95% confidence intervals.
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eye-trackingtechniqueswouldbepromising.Wenotethat,asinsomepreviousstudies(Politisetal.,
2015a,2015b),language-basedcueswereslightlylongerandthismighthavecreatedanadvantage
forabstractcues.However,reactionswererequiredimmediatelyforbothcuedesigns,andsimilar
resultswereachievedforbothdesignswhencomingfromthetablet.

Afurthercommentrelatedtothelocationusedforinformingdriversisthattactilemessages
deliveredonthehandthatwasinteractingwiththetabletshowedadisadvantagecomparedtothe
handthatwasassignedforsimulatorcues.Additionally,whentactilemessagesweredeliveredin
combinationwithvisualones,thebimodalpresentationwasbeneficialwhencomingfromthesimulator
forlanguage-basedcues,butproblematicwhencomingfromthetabletforabstractcues.Thefact
thatcombiningvisualandtactilemodalitiesforlanguage-basedwarningsshowedanadvantagewhen
comingfromthesimulator,revealsthatthisbimodalpresentationmayhavebeenclarifyingthemessage
contentwhichwasnotsalientenoughwhendeliveredonlyvisually,asinPolitisetal.(2014b).In
contrast,thelimitationofunimodaltactilepresentationfromthetabletcouldrevealunfamiliarityof
thistypeofwarning,sincewechoseanovellocationforvibration,eventhoughparticipantswere
trainedwiththesecuesuntiltheyfeltconfidentwiththem.Futurestudiescouldexperimentondifferent
locationsfortabletvibrations,e.g.thefinger,andwithmoreextensivetraining.

Thelimitationsofbimodaltactileandvisualpresentationfromthetabletcouldalsorevealahigh
cognitiveloadwhenbeingoccupiedwithanon-drivingtaskwhilestillbeingexpectedtoperiodically
returntodriving.Thisisinlinewithsomeparticipants’comments,mentioningthat,evenwhenplaying
thegame,theirattentionwasstillpartiallyontheroad.SimilareffectswereobservedinPolitisetal.
(2014a)andinthevisualmodalitywhencombinedwithothermodalities.Sinceourstudywasamore
demandingone,requiringattentiontoboththeroadandagame,seemstohavecreatedthiseffect
ofincreasedattentionaldemand.InlinewithPolitisetal.(2014a),wesuggesttheuseofalimited
numberofmodalitiesinwarningsunlesstheeventtobesignifiediscritical.Evenwhencritical,
whenawarningisdeliveredthroughatablet,wesuggestapreferenceforaudioandvisualmodalities.

Response Accuracy
TheresultsofRAshowedthatthevisualmodalitycreatedtheleastaccurateresponses,inlinewith
Politisetal.(2015a).Abstractcuesandcuescomingfromthetabletcreatedmoreaccurateresponses,
indicatingtheadvantageofaddinganewcuedesignandcuelocationcomparedtoPolitisetal.(2015a).
Thisfurthersupportstheguidelineofusingtheareawhereinteractiontakesplacetowarnthedrivers
ofimminentevents,aswellasanabstracturgentcuedesign.Itcanalsoinformdesignsofprevious
studies(Kromeetal.,2015;Terkenetal.,2013),bycombiningagaminginteractioninthecarwith
morecriticalinterventions.Itisworthnotingthat,althoughthedescribedresultsaresignificant,the
overallRAismuchhigherthaninPolitisetal.(2015a)(1.3%ofresponseswereinaccuratehere,as
opposedto9.4%inthatstudy).Thisimprovementcanbeattributedtothenewcuedesignandcue
location,butalsotothesimplernatureoftheresponsetask.

Lateral Deviation after Handover
ResultsofLDaHconfirmtheobserveddisadvantageoftheVwarningsfoundinthereactiontime
analysis,whichisalsoinlinewithpreviousstudies(Naujoksetal.,2014;Politisetal.,2015a).The
disadvantagewasstrongerinthesimulatorandlanguage-basedcondition,asinRT.Thisagainshows
thebenefitof thisnewsetup,which improvedLDaH,andthusreduceddriverdistractionduring
critical events requiring intervention.Whencoming from the tablet, language-based tactile cues
showedalimitationintermsofLDaH,whichisinlinewiththeslowerresponsesobservedinRT.
ThishighlightsthecautionneededwhenusingspeechTactonsunimodally,alsoobservedinother
studies(Politisetal.,2014b,2015a,2015b).

Westressthatinthefewcaseswheretherewasanabsenceofresponse,theeffectswouldbe
catastrophic.This isbecause thevehiclewouldbeuncontrolled,as theautomationfailurewould
havedisabledautonomousdrivingandtheenforcedhandoverwouldhavebeenmissedbythedriver.
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Warningdesignersshouldaimtoeliminatesuchcasesbycreatingsalienthandoverwarningsthat
willbenoticedbydrivers.

Finally, in terms of the game performance, the results of the tablet game were as follows4:
142.76secmeantimetocompleteonegame,0.45ClicksperSecondand0.27SuperfluousViewsper
Click.Thesearesimilartopreviouswork(Politisetal.,2015a;Warnocketal.,2011),showingthat
participantswereattentivetothegameandconfirmingthedemandingnatureofthistask,makingit
agoodchoiceforuseindrivingexperiments.

General Discussion
Asevidentfromtheresults, thereispotentialinwarningdriversnotonlyusingtheconventional
methodsavailableincars,butalsoattheareaofattentionfocus.Inourstudythiswasatablet,butone
caneasilyimagineotherlocationsawayfromthecentralareaofattention,suchasthecarcentrestack.
Synchronisingthesedeviceswiththecarwarningmechanismwouldincreasesaliencyofwarnings
andenabledriverstoreturntodrivingpromptlyinanautonomouscar.Ifthisisnotpossible,thegood
resultsobservedwithabstractwarningscomingfromthesimulatorshowsbenefitinusingmultimodal
messagestocaptureperipheralattentionincriticalsituations,asalsoobservedinSpence(2010).The
saliencyofcuesincludingaudiocanalsobeused,bycombiningvisualandaudiowarningsinthe
areaofattentionfocusincriticalcases.Futureworkshoulduseshorterspeechmessagesconveying
handoversandinvestigateiftheireffectivenesscomparedtoabstractoneswillimprove.

Toexplore further locations, futureworkshouldalsoexplicitlycompare thepresentationof
warningsonmobiledevicesversusonthecentrestack,whichisanotherpossiblelocationforplaying
gamesinautonomouscars.SystemssuchasAppleCarPlay(2015)andAndroidAuto(2015a)are
gainingpopularitywithusersandcarmanufacturers.Thesesystemslinkmobiledevicestocarsystems
socouldpotentiallycaptureanddisplaycarwarningsandmessagesonphonesortabletsinthecar.
Thiscouldbeonadeviceusedbythedriver,orevendevicesusedbyotherpassengersthatmightbe
connectedtothecar.Ourguidelinesarerelevanttotheseapplications,aswellastoappdesigners
whoconsideranautonomouscardriverasapossiblepartoftheirusergroup.

CoNCLUSIoN

Thispaperpresentedastudyofcriticalhandoversinanautonomouscar.Participantswereoccupied
withatabletgame,anactivityverylikelytooccurasdriversbecomelessengagedontheroadand
drivingrequireslessinvolvement.Handoversweresignifiedbymultimodalcombinationsofabstract
andlanguage-basedcues.Deliveringthewarningswithabstractcuesincludingaudioandvisualsfrom
theareaofthegamecapturedvisualattentionwhensignifyingahandoverofcontrol.Therefore,we
suggesttheutilisationofthisareawhenadriverisdistractedinanautonomousvehicle.Sinceina
realdrivingsituationtheremayormaynotbeasidetask,wesuggestthesynchronizationofmobile
devicesusedbythedriverwiththeautonomousvehiclesothatwarningsandnotificationsfromthe
carcanbepresentedwherethedriver’sattentionisfocused,increasingwarningsaliency.
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