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ABSTRACT

Predictivetouchtechnologyaimstoimprovetheusabilityandperformanceofin-vehicledisplays
undertheinfluenceofperturbationsduetotheroadanddrivingconditions.Itfundamentallyrelieson
predictingandearlyinthefreehandpointingmovement,theinterfaceitemtheuserintendstoselect,
usinganovelBayesianinferenceframework.Thisarticlefocussesonevaluatingfacilitationschemes
forselectingthepredictedinterfacecomponentwhilstdriving,andwithoutphysicallytouchingthe
display,thustouchless.Initially,severalviableschemeswereidentifiedinabrainstormingsession
followedbyanexpertworkshopwith12participants.Asimulatorstudywith24participantsusing
aprototypepredictivetouchsystemwasthenconducted.Anumberofcollectedquantitativeand
qualitativemeasuresshowthatimmediatemid-airselection,wherethesystemautonomouslyauto-
selectsthepredictedinterfacecomponent,maybethemostpromisingstrategyforpredictivetouch.
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INTRodUCTIoN

PredictivetouchisanemergingHMItechnologythatemploysaprobabilisticBayesianframework
andnovelalgorithmstopredicttheinterfacecomponenttheuserintendstoselect,notablyearly
inthepointing-selectiontask(Ahmad,Murphy,Godsill,Langdon&Hardy,2017).Itinfersthe
user intentfromtheavailablefreehandpointingmovements in3D,forexamplefromgesture
trackerswhichare increasinglybecomingcommonplace invehicles (Zhang&Angell,2014;
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Ohn-Bar&Trivedi,2014),andpotentiallyotheravailablesensorydatasuchaseye-gaze.The
pointing-selectiontaskissimplifiedandexpeditedbythesystemviaapplyingasuitableselection
facilitation scheme. This can significantly reduce the effort and distractions associated with
using in-vehicledisplayswhilstdriving (Jæger,Skov&Thomassen,2008).Figure1depicts
thesystemblockdiagramincludingthesensorydatasourcesutilizedbyaBayesianpredictor
toestimate,earlyinthepointingtask,theprobabilityofeachoftheselectableinterfaceitems
beingtheintendedon-screendestination.Predictivetouchwasoriginallydevelopedtomitigate
theeffectsofperturbationsontheuserinput,forexamplevibrationsandaccelerationsdueto
the road anddriving conditions.They canhave a detrimental impact on theperformanceof
interactivedisplays,suchastouchscreens(Goode,Lenné&Salmon,2012;Ahmadetal.,2015),
whichoftenactasthegatewaytocontrolin-vehicleinfotainmentsystemsandareanintegrated
partofmodernvehicles(Harvey&Stanton,2016).

Withpredictivetouch,whichisnotapointing/ray-castingorconventional“symbolic”
gestures recognition solution; as will be discussed, the user does not need to physically
touchadisplaytoselectaninterfacecomponent.Therefore,thistouchlesstechnologycan
notonlyimprovetheusabilityandperformanceofin-vehicleinteractivedisplays,butitalso
providesthemeanstointeractviatheintuitivefree-handpointingwithnewautomotivedisplay
technologiesthatdonothaveaphysicalsurfacesuchashead-updisplaysand3Dprojections
(Barketal.,2014;Broyetal.,2015).Italsooffersadditionaldesignflexibilitiesinterms
of the display placement and size which is otherwise limited by the reach of the driver/
passenger.Thiscanpromote inclusivedesignpracticesby tailoring thedisplayoperation
to the user capabilities by adequately configuring the “software-based” intent prediction
algorithmsandpointingfacilitationschemes.

Inthispaper,weaddresstheproblemofidentifyingthemostsuitableschemeforfacilitatingthe
selectionofthepredictedinterfacecomponentwhilstdriving.Thishumanfactoraspectiscrucialforthe
deploymentofthepredictivetouchtechnologyinautomotive.Theselectionfacilitationfunctionality
belongstotheFacilitationSchememoduleinFigure1.Itinvolvesalteringtheinterface,forinstance
highlightingthepredicteditem,andthentriggeringtheselectionaction.Theusersreceivevisual
feedbackontheirinputastheinterfacetypicallychangesandtheGraphicalUserInterface(GUI)
pageupdateswitheachselectionaction.Otherfeedbackmodalitiescanbeexplored,e.g.audible
(Ahmadetal.,2016b)ormid-airhaptic(Shakeri,Williamson&Brewster,2018),howeverthisis
outsidethescopeofthisarticle.

Here,thestudiesareconductedtoestablishthemosteffectiveselectionfacilitationscheme(s)
forpredictivetouchasdescribedinFigure2.First,asetofeightviableschemesinanautomotive
environmentareunveiledinabrainstormingsessionwhichisfollowedbyanexpertworkshopstudy
toidentifythethreehighestratedones.Theywere:

1. Immediate mid-air selection:Thesystemautonomouslyauto-selectsthehighlightedpredicted
itemonbehalfofthedriverwithoutdelay;

2. Hover/dwell:Thedriver’spointingfingerhoversovertheintended,highlighted,interfaceitem
forafinitedurationoftime;

3. Steering wheel button press:Driverpressesaneasilyaccessiblebuttononthesteeringwheel
toselectthehighlightedpredictedGUIcomponent.

Thesethreeselectionfacilitationschemesweresubsequentlyevaluatedinastudycarriedoutin
amid-fidelitysimulatorwith24participantsusingaprototypepredictivetouchsystemthatoperates
seamlessly in real-time. The range of collected objective and subjective measures showed that
immediatemid-airselectionisthemostpromisingfacilitationschemeforapredictivetouchsystem
usedbyadriver,i.e.inasplitattentionscenario.
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Figure 1. System block diagram showing an in-car touchscreen, partial 3D pointing-finger trajectory (black solid line) available 
at the current time instant tk with tracked locations (crosses), future pointing trajectory (red dotted line) and intended on-screen 
destination (red circle)

Figure 2. Studies in this paper to evaluate pointing facilitation schemes for predictive touch
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BACKGRoUNd ANd ReLATed WoRK

Accordingtothehumanmotormovementmodel,Fitts’law,theindexofdifficulty( 
D

)andthe
movementtime(T

P
)foracquiringaninterfacecomponentaregivenby:


D

L W= +( )log /
2
1 ,T a b

P D
= +   

suchthatWandLdenotethewidthofthetargetGUIitemanditsdistancefromthestartingposition
ofthepointingapparatus,respectively;aandbareusuallysetempirically(Soukoreff&MacKenzie,
2004).Theselectiontaskcanthereforebesimplifiedandexpeditedbyincreasingthetargetsize(larger
W)ormovingitclosertothepointingapparatus(smallerL); theseobservationsmotivatedbasic
pointingfacilitationstrategiesinHCI(McGuffin&Balakrishnan,2005).Sinceatypicalgraphical
userinterface,forexampleaninfotainmentmenu,containsseveralselectableitems,afacilitation
strategyshouldbeprecededbyapredictortoidentifytheintendedon-screenicon,i.e.whichicon(s)
toexpand,drag,etc.Hence,theproblemofinferringtheendpointofapointingmovementhasbeen
addressedinseveralHCIstudies,e.g.(Murata,1998;McGuffin&Balakrishnan,2005;Pasqual&
Wobbrock,2014),tonameafew.However,themajorityofthesestudiesconsidermethodsbasedon
pointingonacomputermonitorviaamouseormechanicaldevicetoacquireaGUIiconin2Dusing
predictivemodelsthatarenotpertinentforfreehandpointinggesturein3D,e.g.interactionswith
in-vehicledisplays,asshownbyAhmadetal.(2016a)andAhmadetal.(2017).

Unlikepreviousstudiesonpredictivetouchwhichfocusedondevisingintentpredictionalgorithms
frompre-recordeddata (Ahmadet al., 2016a),here the selection facilitationaspectof thisHMI
technologyisconsidered.Theevaluationstudyinthispaperalsousesaprototypesystemthatrunsin
real-timewithnovisibledelayinthesystemresponse.Itexaminesvariousselectionschemesandthe
systememploysanautomotive-gradeproprietygesturetrackerwhichdoesnotconstrainthedriver’s
interactionstyleorareacontrarytothetrackerusedin(Ahmadetal.,2016b).Thispaperexpands
on(Ahmadetal.,2018),e.g.incorporatingvisualbehaviormeasures,andpresentsamoredetailed
analysisofcollecteddata.

Itshouldbenotedthatpredictivetouchisnotapointingorray-casting(e.g.,pointingatfaraway
items)approach.Itdoesnotusethepointingfinger/hand/armlocationororientationasapointing
apparatus,withorwithoutavisualfeedbackonthepointingposition(e.g.,viaprojectingacursor
orcrosshairontheGUI).Forinstance,itdoesnotrelyonthepointingfinger(s)simplyenteringa
predefinedvirtualinteractionregionin3Dspaceorcastingarayintothedistantinterface(e.g.,as
perthepointingfinger-arm,possiblycombinedwithheadoreye-gaze,direction-orientation)toselect
a correspondingGUIcomponentaswith themid-airpointingapproaches in (Plaumann,Weing,
Winkler,Müller&Rukzio2018;Mayer,Schwind,Schweigert&Henze2018;Roider&Gross,
2018).Therefore,unlikesuchdeterministictechniques,thestudiedpredictivetechnologyinthispaper
intrinsicallydependsonaprobabilisticBayesianframeworkthatpermitspredictingtheuserintent
fromthetrackedpointingmovementsin3Dandotherdatasources.

Additionally,predictivetouchutilizesnaturalpointinggestures,thatenabletheusertoacquire
(pointandselect)variousinterfacecomponentswithoutanylearningoverheads.Thisiscontraryto
classicalgesture-recognition-basedinteractions,whichhavevariouswell-establishedbenefitsand
led to theproliferationofgesture trackers inautomotive (Zhang&Angell,2014;May,Gable&
Walker,2017;Shakeri,Williamson&Brewster,2018).However,theyrequiretheusertopre-learn
particulargestureshapestooperatecertainvehiclefunctionsandtheinteractionareaisoftenlimited
toapredefinedsmallregionwheretherecognitionisrobust.Inevitably,itcanbecomemoredifficult
oroverwhelmingforsomeuserstoremembertheentire“symbolic”gesturessetasthenumberof
gesture-controlledfunctionsincreases.Nonetheless,thepopularityofgesturerecognitionsolutions
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amongstthemajorOEMsenabledpredictivetouchasatechnologythatcanutilizeanexistingin-
vehiclegesturetrackerthatcanaccuratelyandreliablytrackthepointingmovementin3D.

Finally,aselectionstrategyistypicallyanintegratedpartofmosttouchscreeninterfacedesigns
andnumerousestablishedcriteriaexist.Theyarebasedonmultiplefingertouchactionssuchas:
locationofon-screenmouseupordownevents;hovertime;doubletap;pressureappliedduringa
touchactionandothers(Zhai,Kristensson,Appert,Anderson&Cao,2012).However,predictive
touchpresentsanewmodeofinteractionwheretheuserdoesnotneedtotouchthedisplaytoselect
an interface component.Therefore,many selection strategies for touch-based interaction arenot
suitableforthepredictiveHMItechnology.

eXPeRT WoRKSHoP STUdy

Identifying Potential Facilitation Schemes
Inordertolimittheconsideredschemestothoserealizableinanautomotivesettingundertypical
practicalhardwareandsoftwareconstraints,fiveindustrialspecialistsparticipatedinasessionand
brainstormedseveralideas.Theparticipantswere:a)threeindustrialhumanfactorsspecialists,b)one
softwareengineerandc)oneinterfacedesigner.Nodemographicdatawascollected.Attheendof
thissession,eightvalidselectionfacilitationschemesforanin-vehiclepredictivetouchsystemwere
identified,noneofwhichentailtheuserphysicallytouchingthedisplay.Aswellasthethreepreviously
describedschemes,i.e.immediatemid-airselection,pressbuttononsteeringwheel(instrumentation
isdepictedinFigure3)andhover/dwell,theotherfiveschemeswere:

• Prompt:Apromptscreenisproducedtoinformtheuserthat thehighlightedinterfaceitem
hasbeenpredictedastheintendedon-screenitemofthecurrentpointing-selectiontask.The
participantisthenrequiredtoconfirmtheirselectionbypressingon“Confirm”or“Return”
iconsonthepromptwindow;

• Voice command:Thepredictedinterfaceitemishighlightedandtheparticipantisrequiredto
confirmbyavoicecommand,i.e.say“Select”,toexecutetheselectionaction;

• Tap gesture:Theparticipantmakesamid-airtapmotionovertheGUIitemtoselectit,without
touchingthescreen;

• Thumbs up gesture:PredictedGUIitemishighlightedandtheusermakesathumbsuphand
gesturetoexecutetheselectionaction;

• Flicking gesture:Theparticipantmakesaflickingside-waysmotionofthehandtoselectthe
highlightedpredictedGUIicon.

Figure 3. Instrumented button on the steering wheel for the button press selection scheme
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expert Workshop Study and outcome
TwelveHumanMachine Interface (HMI) researchers,ofwhichsixwere industrialhumanfactor
specialists,participatedintheworkshop.Theobjectiveoftheworkshopwastoestablishthethree
mostpromisingpointingfacilitationschemesforanin-vehiclepredictivetouchsystem,outofthe
eightidentifiedvalidschemes(seeFigure2).

Atthestartoftheworkshop,organizersdescribedthepredictivetouchconcept,itsvariousmodules
andpotentialfacilitationschemesinaneutralfashion.Eachoftheparticipantsthen:

1. Rankedthethreetheyperceivedasthemostpromisingapproaches(firstchoicebeingthemost
promisingone),suchthateachrankwasweightedasper:1)first=3points,2)second=2points
and3)third=1point;

2. Describedtheprosandconsofeachfacilitationscheme,withrationaleandsuggestions.

Table1givestherankingscoresforeachoftheeightconsideredselectionfacilitationschemes
fromall12participants.Italsooutlinestheprosandconsofeachschemeasstatedbytheparticipants.
ItcanbeseeninTable1thatthethreehighestrankedapproacheswere:1)immediatemid-airselection,
2)hover/dwelland3)pressingabuttononthesteeringwheel.Thesewereselectedforsubsequent
evaluationinthestudy.Someoftheidentifieddisadvantagesoftheotherschemesfurtherreinforced
therationalebehindrejectingthemforapracticalin-vehiclesystem.Forinstance,avoicecommand
canpotentiallyconflictwithlisteningtomusicorspeakingtoothervehicleoccupants.Addinga
promptwindowcanaddseveralstepstoasinglepointing-selectiontask.Interestingly,someofthe
disadvantagesofthethreeselectedschemesinTable1werereflectedintheresultsoftheevaluation
studydescribednext.

eVALUATIoN STUdy: MeTHod

Participants: demographics and other Relevant Information
Twenty-fourparticipants(12females)wererecruitedfromthegeneralpublicthroughanexternal
agency.WhilstallhadavalidUKdrivinglicense,participantsweresplitintothreeagegroups:1)
18-38years(29.2%),2)39-59years(41.7%),and2)60+years(29.2%).Table2summarizestheir
demographicsandrelatedinformation.

Table 1. Pros and cons as well as ranking scores of the considered selection facilitation schemes

Facilitation Scheme Pros Cons Ranking Score (Points)

Immediatemid-air Fastandmaynotrequire
eyesoffroadtime

Possibilityoffrequentfalse
selections 16

Hover/Dwell - Increasedworkloadwith
dwelltimecanbetoolong 13

ButtonPress Lessfalseselections - 16

Prompt - Addstoomanystepsto
entry 5

VoiceCommand - Passengerpresenceand
musicconsiderations 4

Tap/Thumb-up/Flick -
Conflictswithpredictive
touchintentinferenceand
limitssuccessiveselections

11/1/5
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Additionally,participantsreportedthattheydrovethefollowingdiverserangeofcarmodels:
Jaguar(2),BMW(5),Porsche(1),Audi(4),LandRover(4),Mercedes(7)andVolvo(1).Theywere
alsoqueriedbeforethestudyontheirpreferred:handednessofcontrolandthemostcommonstart
locationoftheirpointinghandwheninteractingwiththein-vehicledisplayonthecenterconsole.
TheirresponsesaregivenintermsofpercentageofparticipantsinTable3.Itisevidentfromthetable
thatpotentialusersofapredictivetouchcanstarttheirfreehandpointingmovementfromvarious
locations.Therefore,itwasdeemedcriticalthatthegesturetrackerusedhadawidecoveragetosupport
naturalisticinteractions.Hence,aproprietaryautomotive-gradetrackerwasemployedinthisstudy.

Conditions: Selection Facilitation Schemes
Basedonthepredictedon-displaydestinationofthetrackedmovement,theprototypepredictivetouch
systemimplementedoneofthefollowingthreeselectionfacilitationschemes:1)immediatemid-air
auto-selectionofthehighlighteditemwithoutdelay,2)hover/dwelloverthehighlightpredicteditem
for2secondstotriggertheselectionaction,and3)abuttonpressonthesteeringwheel.Thesewere
thetestedconditionsinthisstudy.The2secondsdwelldurationwassetafterpilottrialstominimize
successiveunintentionalerroneousselections.

Predictions
• Immediatemid-airselectionwouldexpeditetheinteractions,wouldbethehighestratedinterms

ofusability,andrequiretheminimumlevelofvisualattention;
• However,dwellwouldbethemostdemandingschemeinthesplitattentionscenario;
• Theselectionfacilitationschemewouldnothaveanotableimpactonthedrivingperformance,

duetothedriverprioritisingthedrivingtask,andtherelativesimplicityoftheLCTtask.

Apparatus
Ademonstrationoftheoverallexperimentalset-up,apparatus,isshowninFigure4.Here,theleft-
handdriveconfigurationwasusedwithoutaHUD.

Table 2. The participants’ demographic information

Mean Minimum Maximum

Age(years) 47 23 75

Drivingexperience(years) 29 5 59

Milesperyear(miles) 14,375 3,000 30,000

Table 3. Percentage of participants in relation to handedness of control and pointing start location

Use left-hand drive (%)

Never Rarely Sometimes Often

16.7 41.7 29.2 12.5

Common start location of the pointing hand/arm (%)

Armrest Steeringwheel GearStick Lap

20.8 62.5 12.5 12.5
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Driving Simulator and Lane Change Test
Thisevaluationstudywasconductedinafixedmid-fidelitylefthanddrivesimulator.Theprimary
drivingtaskwastheSimulatedLaneChangeTest(LCT)aspertheISO26022.Roadsigns,separated
byunequaldistances,appearedrandomlyinstructingthedrivertochangebetweenthethreepresent
lanesonaclosedcircuitwithbendsofvaryingradii;nootherroaduserswerepresent.Participants
wererequiredtomaintainanearlyfixedspeedof60km/h.Adrivecovered10tracks,whichconsisted
ofmainlystraightsectionsofthecircuitandhenceresemblingmotorway-styledriving.Eachtrack
included18lanechangesandlastedforapproximately3minutes.

Display, Interface and Interaction Tasks
A13.3inchtouchscreenwitharesolutionof1920 1080× pixelswasmountedtothesimulatorvehicle
dashboard,centralconsole,anddisplayedanewlydesignedJLRproprietaryautomotiveinterface.
TheexactGUIiscommerciallysensitive.However,adescriptionofitisprovidedhere,particularly
inrelationtothetwointeractiontasksusedinthisstudy.

TheinterfaceHomescreenhadthreeicons,including“Media”and“Contacts”icons,eachsized
559 330px px× .Fourfixedshortcuticons,120 120px px× each,werealwayspresentontheleft-
handsideoftheinterfacetoallowquicknavigationtoothermenuoptions.Figure5showstheselection
sequencesofthetwoconsideredinteractiontasks,whichbothstartedattheHomepage.Theywere:

1. Change music track: Once the “Media” icon on the Home page was selected, the display
presentedthetitleandanimageaswellasfivebuttonsincludingloop,rewindtrack,play/pause,
forwardtrackandrandomplaytrack.ThesizesoftheseselectableGUIiconsweresimilarto
thoseoftheshortcuts.Thedisplayedinterfaceupdatedonceaselectionwasmade;

2. Dial a phone number:Oncethe“Contacts”buttonontheHomepagewasselected,thedisplaypresented
ascreenconsistingofthreemainareas:1)theshortcutsonthefarleftside,2)acompletelistofthe
availablecontactsdisplayedtotherightofshortcuts,and3)onthefarrightanumberkeypadwhich
consistedofbuttonsfornumbers0-9(240 120px px× ),“*”,“#”,“Delete”and“Dial” icons.On
selectinganumber,itwasimmediatelyshowninthekeypaddisplay.Oncethephonenumberentrywas
complete,“Dial”iconwasselectedandtheinterfacepresentedaprompttoshowthedialingaction.

Figure 4. Example simulator with gesture tracker mounted on the car roof (grey rectangle)
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Predictive Touch Prototype: Gesture Tracker and Predictor
Sincethemainpurposeofthisstudywastoevaluatethemostsuitableselectionfacilitationscheme
forpredictivetouch,asimpleconfigurationofthesystem,intermsofdatasourcesandprediction
algorithm,wasappliedhere.Forinstance,noeye-gazeandadditionaldatawereused.Theemployed
prototyperaninreal-time,implementingthepredictivetouchfunctionalities(forexample,tracking,
predictionandselectionfacilitationscheme)inreal-timewithoutanyvisibledelay.
Automotive-Grade Tracker
Aproprietaryautomotive-gradegesturetrackerwasmountedtotheceilingofthesimulatorcar,facing
downwardsasdepictedinFigure4.Thisgavethetrackerawidecoverageareaincorporatingthe
entirepotentialinteractionareaasinTable3,forexamplesteeringwheel,lap,gear-stickandarm-rest
todisplayregions.Itcontinuouslytrackedthefreehandpointingmovementsin3Datarateofupto
60Hzandwithanaccuracyofafewmillimeters.Itprovidedthe3DCartesiancoordinatesofthe

pointingfinger-tipin3D.Forinstance,m x y z
k t t tk k k
= 





ˆ ˆ ˆ�
��

’

denotesthesensorymeasurementatthe

time instant t
k

 and thereby the partial pointing trajectory available to the prediction module is
m m m m

k k1 1 2:
, ,...,= { } pertainingtothesequentialtimeinstants t t t

k1 2
, ,....,{ } .Itwasnotedthat

datasortingandassociationareoftenneededpriortoattainingthem
k1:

usedbythepredictor.
Intent Prediction and Decision Criterion
Theintentinferencemoduleestimatestheprobabilityofeachoftheselectableinterfaceiconsbeing
theintendedon-screendestinationbasedontheavailablesensoryobservationsm

k1:
at t

k
.Within

theproposedBayesianframework,theseprobabilitiescanbeexpressedby:
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Figure 5. Selection sequence of the two interaction tasks
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where = ={ }
i
i N�: , ,...,1 2 isthesetofN selectableGUIitemsand

I
isthetrueintended

on-displayendpoint.Thetermp
i I
 =( ) isthepriorontheith selectableitemanditcanobtained

fromcontextualorsemanticinformation,frequencyofuse,interfacedesign,additionalsensorydata
suchaseye-gaze,etc.Anumberofeffectivelowcomplexityprobabilisticmodelsthatareamenable
toreal-timeimplementationswereproposedforpredictivetouchwithinagenericBayesianinference
framework, see (Ahmadet al., 2016a;Ahmadet. al., 2017).A few lead to aKalman-filter-type
implementation of the intent prediction routine, namely to estimate the likelihoods in (1), i.e.
p m

k I i1:
|  =( )  for all interface components 

i
∈ . Here and for simplicity, the following

intuitivemodelisutilized:
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 isthe3Dlocationofthe ith selectableinterfaceitem

i
, e a B; ,( ) is

amultivariatenormaldistributionwithmeanaandcovarianceB.Thisapproachtherebydesignated
ahighprobabilitytotheselectableinterfaceiconthatisclosetothelocationofthepointingfinger
andviceversa,withthecovarianceσ

NN
2 in(2)dictatingpredictioncertaintylevel.Italsoimplicitly

assumedthatalliconshadequalpriors p N
I i
 =( ) = 1/ ,

i
∈ .

Basedonthecalculatedprobabilitiesandbeforeapplyingaselectionfacilitationscheme,the
systemusesadecisioncriteriontodeterminetheintendedon-displayendpointattime t

k
.Inthis

study,theprototypesystemdecidedthataselectableinterfaceitem 
i
∈ wastheintentofthe

pointingtaskifitscalculatedprobability p m
I i k

( | )
:

 =
1

exceededapredefinedthreshold γ for
Lp successivepredictions.Thisisinordertominimizefalsepositives,i.e.erroneouslyunintended
selections.Thevaluesof γ andLp wereempiricallychosengiventheGUIdesign;theytrade-off
earlypredictionsforfalsepositives.Nevertheless,withintheintroducedBayesianframework,this
decisionprocesscanresultfromminimising D C D D

I I k
m*
:

, |( )



1

where C D D*,
I( )  isthecost

functionofdecidingthat* istheendpointgiventhat
I

isthetrueintendeddestination.

Recording Visual Behavior
AfrontfacingGoProwebcamrecordedtheparticipants’actionswhileperformingthedrivingand
interactiontasks.Gazeandheadposedatawasextractedusingtheopen-sourcetoolOpenFace2.1.0
(Baltrusaitisetal.,2018).Subsequently,themeannumberofglancesatthetouchscreenandduration
perglancewasobtainedfromtheanalysisoftheeye-gazedirection.ASupportVectorMachine(SVM)
classifierwithaGaussiankernelwastrainedon3585labelledimagesfromthestudy.Inputdatafor
theclassifierwere3Dvectorsforeacheyeandheadposerotation.Themodelcorrectlyclassified
99.8%oftrueeyes-on-touchscreen(10-foldcrossvalidation).

Performance Measures: dependent Variables
Objective Measure
• Lane deviation:RepresentedthedrivingperformanceandwasmeasuredaccordingtotheISO

26022,forinstance,deviationsfromanadaptivelanekeepingmodelwereestimated;
• Task Completion Time (TCT):Wasthetotalduration(inseconds)ofcompletinganinteraction

task,i.e.changemusicordialaphonenumber,whichencompassedseveralpoint-selectactions;
• Glance count (GT) and Durations (GD):Wasthenumberandduration(inseconds)ofoff-road

glancesduringtheinteractiontasks,e.g.glancingatthedisplay.
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Subjective Measures
• The NASA Task Load Index:Theperceivedworkloadindexfromaquestionnairecompleted

byparticipantsattheendofevaluatingeachcondition(Hart&Staveland,1988);
• Customized preferences questionnaire:Duetothelimitedtimeavailablewithparticipants,

aquestionnaireadaptedfromthetwoexistingusabilityquestionnaires,SUSandPSSUQ,was
used.Itaddressedtheselectionfacilitationschemesfourkeyattributes:complexity,effectiveness,
easiness and overall satisfaction. Participants accordingly responded to the following four
statementsusingascale1to5suchthat1isstronglyagreeand5isstronglydisagree:
◦ Ifoundtheselectionmethodunnecessarilycomplex(i.e.,complexity);
◦ I could effectively complete the tasks and scenarios using this selection method

(i.e.,effectiveness);
◦ Easiness:Overall, Iamsatisfiedwithhoweasy it is touse thisselectionmethod

(i.e.,easiness);
◦ Overall Satisfaction: Overall, I am satisfied with this selection method (i.e.

overallsatisfaction);
• Post-trial ranking:Thematicanalysisoftheoverallrankingstogoverndesignrecommendations

(Glaser&Stauss,2017).

Procedure
Pre-Trials
Onarrival,eachparticipantcompletedtheconsentform,pre-simulatorsicknessformanddemographic
questionnaire. After entering the simulator and adjusting the seat and steering-wheel to their
preferences, the predictive touch prototype system operation was checked and calibrated by the
experimenter.Participantswerethenprovidedwithanintroductionandinformedthattherewereno
restrictionsonthefreehandpointingmovementstartpositionorstylewheninteractingwiththedisplay.

Eachparticipantthenundertook“training”drivestofamiliarizethemselveswiththestudyset-up,
atleastoncewithandwithoutinteractingwiththedisplay.Theywereclearlyinstructedtofollowthe
rulesoftheroad,maintainthemaximumspeedlimitof60km/handdrivethesimulatorastheywould
inthereal-world.Prioritizingthedrivingandlanechangetasksduringthestudywasemphasized.

Trials
Duringthetrials,eachparticipantwasaskedtoperformthelanechangedrivingtask,maintainthespeed
of60km/handcompleteoneofthefollowingtwointeractiontaskswheninstructed(seeFigure5):

1. Enteranddialaparticularphonenumber,outoftheset1118,8111,1181and1811;or
2. Chooseandplayaparticularmusictrackbyscrollingthrough(forward/backward/rewinding)

theavailablelistoftracks.

An equal number of phone number entries and music track changes were executed. In an
attempttoincreasethedifficultylevelofthesecondarytaskofinteractingwiththedisplay,requests
tocompleteagiveninteractionwereissuedasorjustbeforealanechangingroadsignappearedon
thesimulatorscreen.

Thisprocedurewasrepeatedoncepertestedcondition,i.e.immediatemid-airselection,hover/
dwellandbuttonpress.ParticipantsfilledtheNASATLXandthepreferencesquestionnairesafter
usingeachofthethreeselectionfacilitationschemes.Thetrialsdurationrangedfrom60to90minutes
perparticipant.Duringthestudy,conditions,includingthetypeofinteractiontask,wererandomized
andcounterbalancedtocontrolordereffectsfortherepeatedmeasuresdesign.Throughoutthetrials
participants were monitored for simulator sickness and breaks were introduced when simulator
sicknesswasreported.
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Post-Trials
Aftercompletingallofthedrives-interactionsforthethreeevaluatedselectionfacilitationschemes,
eachparticipantwasaskedtocompleteapost-trialrankingforqualitativeanalysisaswellasfillin
asimulatorsicknessquestionnaireandpost-consentform.

ReSULTS

Figure6outlinestheprocedurefollowedheretodeterminethestatisticalsignificanceandacceptor
rejectthenullhypothesis(i.e.nodifferenceintheoutcomesofthethreefacilitationschemes)forall
collectedperformancemeasures(dependentvariables),exceptfortheeye-gazedataandqualitative
analysis.Forinstance,iftheone-wayAnalysisofVariance(ANOVA)indicatedstatisticalsignificance
amongstthethreetestedconditionsforagivenperformancemeasure,theTukey’sHSDrangetest
(95%family-wiseconfidenceinterval)wascarriedouttoconfirm.Datafrombothinteractiontasks
(dialaphonenumberandchangesong)wereaggregatedfortheanalysisofallmeasures,exceptthe
TCT.Thetaskcompletiontimeswereanalyzedseparatelytorevealstatisticaleffects.

Lane deviation
Themeansandstandarddeviationsoftherecordedlanedeviationswere:immediatemid-airselection
(mean1.12andstd0.35),hover/dwell(mean1.15,std0.42)andbuttonpress(mean1.04andstd
0.36).TheboxplotinFigure7showstwooutliners,whichwereeliminatedfromtheANOVAtest.
Whilstpressingabuttononthesteeringwheelresultedinmarginallybetteraverage-mediandriving
performance,ANOVAresultsindicatednostatisticalsignificantbetweenthethreeconditionsand
thenullhypothesiswasnotrejected,F(2,63)=0.55,p=0.58.

Task Completion Time
ThemeanTCTsofchangingthemusictrackandenteringaphonenumbertasksareshowninFigure
8(a)foreachofthethreetestedconditions.Theerrorbarisonestandarddeviation.Itcanbeseenthat
theimmediatemid-airselectionschemehadthelowestaverageTCT,particularlyforthemoredifficult

Figure 6. Procedure for determining statistical significance
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Figure 7. Boxplot for the lane deviations measure

Figure 8. Analysis of the interaction task completion times. (a) Mean TCT and error bars are one standard deviation. (b)Tukey 
post-hoc analysis for dialing a phone number.
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interactiontaskofdialingphonenumber.Itisover38%lowerthantheTCTsofthehover/dwelland
buttonpressapproaches.Comparedwithchangingthemusictrack,dialingaphonenumberentailed,on
average,notablymorepointing-selectionactions(i.e.,perceptual-actioncycles)andthenumberspadicon
sizeswererelativelysmall(Anderson,Matessa&Lebiere,1997;Soukoreff&MacKenzie,2004).Thus,
dialingaphonenumberwasmoredemandingandrequiredsignificantlylongertimesasdemonstrated
inFigure8.WhilstnooutliersweredetectedinthecollectedTCTdata,theANOVArevealed:

• Changing music track:Nostatisticalsignificantdifference,F(2,69)=1.77andp=0.18,and
thenullhypothesiswasaccepted;

• Dialing a phone number:Thereisstatisticalsignificancebetweentheoutcomesofthethree
conditions,F(2,69)=6.46andp<0.01,andtheTukeyposthocanalysisresultsinFigure8(b)
confirmedthattheimmediatemid-airselectionschemehasasignificantlydifferent(lower)mean
TCT.Thenullhypothesiswasthereforerejected.

Glance Count and duration
Thenumberanddurationofoff-roadglancesaredepictedinFigure9;datafromtwooftheparticipants
hadtobediscardedduetopoorqualitycameraoutput.Whilsttheimmediatemid-airselectionhad

Figure 9. Visual behavior analysis during the interaction tasks: (a) Number of off-road glances; (b) Duration of the glances
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a noticeably lower mean number of eyes-off-road glances followed by hover then button press.
Althoughallconditionshadsimilardurationofglances,immediatemid-airselectionhadamarginally
loweraverageglancesduration.TheFriedman test for thenumberofglancesmeasureshoweda
significantstatisticaldifferencebetweentheconditions, 2 =60.59,p<<0.05.PosthocWilcoxon
signed-ranktestsconfirmedthatallpairwisecomparisonsweresignificant(p<0.05),exceptfor
hover/dwellandbuttonpresswherep=0.56.Thenullhypothesiswasrejectedfortheglancescount.
Thisanalysisconfirmsthatimmediatemid-airselectionrequiredsubstantiallylowernumberofeyes-
off-roadglances,comparedwithhover(27.5%less)andbuttonpress(33.2%less).Ontheotherhand,
Friedmantestrevealednostatisticalsignificantbetweentheglancesdurationsforthethreefacilitation
schemes,p=0.63,andthenullhypothesiswasaccepted.

NASA TLX
Figure10displaysthemeanandstandarddeviationoftheweightedNASATLXscoresforeachof
thethreetestedconditions.Itcanbenotedfromthefigurethatimmediatemid-airselectionhadthe
lowestmeanweightedsubjectiveworkloadscore;itis18%and20%lowerthanthehover/dwelland
buttonpress,respectively.Nonethelessandaftercheckingthatnooutlierswerepresentinthedata,
theANOVAindicatedlackofstatisticalsignificancebetweentheoutcomesofthethreeevaluated
selectionfacilitationschemes,F(2,69)=2.42andp=0.09.Consequently,thenullhypothesiswas
acceptedforthismeasure.

Preferences Questionnaire
Theratingsforthefourquestionscoveringcomplexity,effectiveness,easinessandoverallsatisfaction
were1to5suchthat1isstronglyagreeand5isstronglydisagree.Themeanandstandarddeviation
(errorbars)ofthescoresforallthreeselectionfacilitationschemesaredisplayedinFigure11.Only
theoverallsatisfactionquestiondatahadoneoutliner,whosedatawaseliminatedfromthesubsequent
statisticaltests.Tukeypost-hocanalysisinFigure12wasconductedforthelastthreequestions.

The mean scores of complexity for all conditions were similar and the null hypothesis
wasaccepted;ANOVAF(2,69)=0.195,p=0.823.Theparticipantsdidnotconsideranyofthe
evaluatedfacilitationschemesparticularlycomplextouseandthusthescoresdidnotnoticeably
differbetweenmethods.Thehover/dwellapproachreceivedthehighestmeanscore(i.e.,lowest
rating)foreffectiveness,whilstimmediatemid-airselectionhadthehighestrating(i.e.,lowest
score) as in Figure 11(b). The data spread for the effectiveness question is comparable for
the threeconditions.Theone-wayANOVAshowedsignificant statisticaldifferencebetween

Figure 10. Mean and one standard deviation (error bars) of the weighted NASA TLX scores for three evaluated selection 
facilitation schemes
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Figure 11. Mean and one standard deviation (error bars) of the ranking scores of the preferences questions: (a) Complexity; (b) 
Effectiveness; (c) Easiness; (d) Overall satisfaction
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conditionsF(2,69)=3.58,p<0.05.ATukeypost-hocanalysisinFigure12(a)clearlyindicated
thatparticipantsrecognizedthatimmediatemid-airselectioncouldbeusedmoreeffectivelyto
completetheinteractiontaskscomparedwithhover/dwell,butlesssothanwhencomparedto
pressingabuttononthesteeringwheel.ItisalsoevidentfromFigure11(c)thatparticipants
werefavorabletowardshoweasyitwastoutilizeimmediatemid-airselectioncomparedwith
theothertwoapproaches.One-wayANOVA,F(2,69)=8.09,p<0.01,ledtotherejectionofthe
nullhypothesisfortheeasinessquestion.Tukeypost-hocanalysisinFigure12(b)confirmedthat
participantsagreedthattheimmediatemid-airselectionwassubstantiallyeasiertousecompared
withthehover/dwellandbuttonpresstechniques.Participantsfeltthattheywereoverallmore
satisfiedwiththeimmediatemid-airselectionincomparisontothebuttonpressandhover/dwell
conditions;themeanbeingvisiblythesmallestinFigure11d.Aone-wayANOVArevealedthat
therewasahighlysignificantdifferencebetweenconditions,F(2,68)=3.749,p<0.05.The
Tukeypost-hocanalysisshowedthatimmediateselectionwasmarkedlymoresatisfactorythan
hover,seeFigure12(c).

Thematic Analysis: Post-Trial Ranking
Therankfrequencycountsfromtheconductedpost-trialqualitativeinterviewanalysisforeachofthe
selectionfacilitationschemesaredepictedinTable4.Ranks1to4wereusedforclarityofexposition
andthetableonlydisplaysRank1(best)andRank4(leastpreferred).

Theimmediatemid-airselectionschemehassubstantiallymoreoveralltotalRank1scoresand
lowerRank4scores.OnlyuncertaintyisidentifiedasRank4themeforimmediatemid-airselection,
whichwaspredictablesincetheparticipanthadlesscontroloverwhentotriggertheselectionaction
comparedwithpressingabuttononthesteeringwheelandhover/dwell.Thehover/dwellmethod
hadnoticeablymoreRank4scores.Ingeneral,therankinginTable4confirmstheprosandconsof
eachapproachidentifiedduringtheearlierexpertworkshopstudy.

Intermsofthespeedtheme,thebuttonpressappearstohaveahigherscorecompared
with immediate selection, despite the button press complexity theme in Rank 4. This is
contrarytothepreviouslyanalyzedobjectivemeasureofinteractiontasktimefordialing
a phone number. It is also expected that undertaking several secondary motor actions
of pressing a button to execute the selections actions for a given interaction task should
consumelongertime.However,thiscouldbeexplainedbythefactthattherewasnoclear
non-visual feedback to confirm the executionof a selection action (e.g., an audible cue)
for the immediate mid-air selection. This could have altered the participant’s perception
of the taskduration,whereas theyknewforsure that theydidperformaselectionaction
uponpressingthebuttononthesteeringwheel.Itisalsolikelythatabuttonpressisawell-
practicedskillrequiringlittleeffort.

Figure 12. Tukey HSD post-hoc analysis for the preferences questions with ANOVA indicating statistical significance: (a) 
Effectiveness; (b) Easiness; (c) Overall satisfaction
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dISCUSSIoN

ThesummaryofthekeyobservationsacrossallthecollectedmeasuresarelistedinTable5.Overall,
it is clear that the hover/dwell has limited benefits and is the least suitable for predictive touch
accordingtoseveralquantitativeandqualitativemeasures.Theseresultsalsoconfirmourpredictions
onthebenefitsofimmediatemid-airselectionintermsofthetaskcompletiontime,visualdemand
andusabilityrankings.

The lack of significant statistical difference in the driving performance for the immediate
selectionandbuttonpressconditionscanbeattributedtotheparticipantsprioritizingthedriving
taskas instructedbytheexperimenter.Nevertheless, thetimerequiredtoaccomplishthetaskof
dialingaphonenumberclearlydemonstrates that immediatemid-airselection isanotablymore
efficientapproachcomparedtobuttonpress.Werecallthatdialingaphonenumberisnoticeably
moredemandingwhencomparedwiththechangingmusictracktask.

Immediatemid-airselectionhasthelowestvisualdemandamongstthethreeassessedschemes,
whereasnosignificantdifferencebetweentheconditionsisobservedintermsofthedurationofthese

Table 4. Participants rank frequency score only for ranks 1 and 4 from the analysis for all three evaluated conditions

Rank 1 Rank 4

Theme Score Theme Score

Immediate mid-air selection

Speed 2 Uncertainty 1

Ease 8

Effectiveness 1

Distraction 2

EyesOffRoadTime 2

Familiarity 1

Hover/Dwell

Certainty 1 Difficulty 2

Selection 3

Visibility 1

Effectiveness 1

Speed 3

Accuracy 2

RequiredConcentration 1

Button Press

Speed 4 Tasks 2

Ease 3 Speed 1

Confirmation 2 TwoHandRequirement 1

Control 1 Difficulty 1

Distraction 1 Distraction 1

Complexity 2
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glances.Thiscanbepredictedsinceprioritywasgiventotheprimarytaskofdrivingasinstructed,
therebyminimisingthedurationofeyes-off-roadglances.However,thefrequencyoftheseglances
wasdrivenby the implemented selection facilitation schemewhere immediate selectiondidnot
demandmultipleactionsthatnecessitatevisualattention.Forinstance,itdidnotinvolvemonitoring
thepointing fingerposition in3Dcomparedwithhover/dwellwhichhas thehighest numberof
glances.Unexpectedly,buttonpressonthesteeringhadamarginallyhighermeanoff-roadglances
countcomparedwithhover/dwell.Thiscanbeexplainedbytheneedofseveralparticipantstolook
atthesteeringwheelpriortoperformingthebuttonpressactionasconfirmedbytherecordedvideos.
Thisledtomoreoff-roadglancesandchallengedtheassumptionthatbuttonpressisawell-practiced
skillbyallparticipants.

Intermsofsubjectivemeasuresfromthepreferencesquestions,immediatemid-airselection
wasratedsubstantiallyhigherthanthebuttonpress.Therankinganalysisalsoconfirmedthis.For
NASATLX,thejointanalysisofbothinteractiontaskstogether(changingsonganddialingaphone
number)mighthaveledtothelackofsignificantstatisticaldifferencebetweentheconditions.For
example,thelowerrecordedmeanweightedscoreandthenotablylowp-valueoftheANOVAmay
havebeenduetoaggregatingthescoresfrombothinteractiontasks,whichinfluencedtheoutcome.
SinceeachparticipantfilledtheNASATLXformafterperformingallinteractiontasksunderoneof
thethreeconditions,itwasnotpossibletoexaminethisfurtherbystudyingdataforeachinteraction
taskseparatelyaswiththeTCTmeasure.

From a practical implementation perspective, the button press approach has two drawbacks
comparedtotheimmediatemid-airselection:1)itrequiresasteeringwheelinstrumentedwithan
easilyaccessibleswitchorbutton,dedicatedtothepredictivetouchsystem,and2)itcannotbeused
bypassengers,e.g.toenternavigationinformationorconfiguremedia.Ontheotherhand,immediate
mid-airselectionhasnoadditionalhardwarerequirementsanditsimplementationdoesnotnecessitate
introducingchangestolegacyautomotiveHMIsoftwarearchitecture;itonlyentailssendingatrigger
selectionsignaltotheexistinginterfacesoftwaremodule.Overall,thedataanalyzedinthispaper
showed that immediatemid-air selection is, ingeneral, themostpromising selection facilitation
schemeforthepredictivetouchtechnology.

Table 5. Summary of overall results

Measure Selected Key Results

LaneDeviation Nosignificancebetweenconditions.

TaskTime Immediate mid-air selectiontasktimeissubstantiallylowercomparedwithhover/dwell
andbuttonpressforenteringaphonenumber.

Visualdemand Immediate mid-air selectionrequiresthelowestnumberofoff-roadglances;no
significantdifferencebetweenconditionsforglancesdurations.

Workload(NASATLX) Nosignificancebetweenconditions.

ComplexityScores Nosignificancebetweenconditions.

EffectivenessScores Immediate mid-air selectionismoreeffectivetocompletetheinteractiontasksthan
hover/dwell.

EasinessScores Easescoresshowthatparticipantsweremarkedlymoresatisfiedwithimmediate 
selectionincomparisontohover/dwellandbuttonpress.

SatisfactionScores Moresatisfiedwithimmediate selection(considerablymorecomparedwithhover/dwell).

RankAnalysis Immediate mid-air selectionwasrankedsignificantlythehighestforRank1andlowest
forRank4acrossseveralrecognizedthemes.
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CoNCLUSIoN ANd FINAL ReMARKS

Predictive touch isanovelHMI technology thatenables thereliable interactionswith in-vehicle
displays,withouttheneedtophysicallytouchasurfacetoacquireaninterfacecomponent.Hence,it
constitutestouch-free,mid-air,controlthatuses(intuitive)freehandpointinggestures,withoutthe
needforlearningsymbolicgestures.Nevertheless,thisHMIposesnewchallenges,suchasselection
facilitationstrategies,whicharewellstudiedformoreconventionalapproachessuchastouch-based
inputonascreenorpadorusingamouse-cursor.Theevaluationstudyinthispaperillustratesthat
immediatemid-airselectionisaneffectivepointing-selectionfacilitationschemethatbestexploits
thepotential of thepredictive touch technology.Conversely, a hover/dwell approach is the least
suitablestrategyasrevealedbytheobjectiveandsubjectivemeasures.Interestingly,theimmediate
mid-airselectionisparticularlyrelevanttointeractingwithproliferatingnewdisplaytechnologies
inautomotive,suchas3Dprojectionsandhead-updisplays,whichdonothaveaphysicalsurface.
It also requires minimal modification to existing legacy automotive GUI software architecture
withminimaldisplayoverheads.Itisimportanttonotethatpredictivetouchiscapableof(andwas
originallydesignedfor)compensatingforvibrationsandaccelerationsinthemovingvehicledueto
roadanddrivingconditions,withintheproposedBayesianfilteringframework.Inthisrespectitis
uniqueandnotcomparablewithconventionalpointing(Plaumann,Weing,Winkler,Müller&Rukzio
2018;Mayer,Schwind,Schweigert&Henze2018;Roider&Gross,2018)andgesturerecognition
approaches(Zhang&Angell,2014;May,Gable&Walker,2017).

Thispapercanmotivatefurtherfutureworktoevaluatetheoverallpredictivetouchtechnology
inmoreecologicallyvalid,naturalistic,drivingsettingsandaddressthemethodologicallimitations
ofthestudiespresentedhere.Thisincludeson-roadevaluationsthatincorporatetheinfluenceof
road-drivingconditions(e.g.,vibrationsandaccelerations)onthepointinggestures,andundertaking
moredemandingdrivingscenarioscomparedwiththeLCT.Theimpactofprovidingtheuserwith
feedbackonthecompletionoftheinteractiontask,i.e.beyondvisualasinthispaper,needtobe
investigated.Additionally,moreadvancedintentpredictorscanbeutilized,e.g.thosethatemploy
stochasticmotionandmeasurementsmodelstoachieveearlyaccurateinferenceresults(Ahmadet
al.,2017)andfusemoresensorydatasuchaseye-gaze.Therankinganalysispresentedaboveonly
focusedonthetopandbottomranksforeaseofexplication.Onlyasmallnumberofperformance
measuresandacustomizedquestionnairescoreswerealsocollectedduetooperationalconstraints.This
invitesmoredetailedqualitativeanalysis,exploringusabilityingreaterdepthwithvalidatedmethods
andcapturingadditionalmeasuressuchas(objective)workloadanddrivingperformancemetrics.
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