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G Introduction

A wide variety of eye trackingapplicationsexist, eachvariantincreasinglyrelying on advancedgraphicaltechniques.Eye tracking appli-
cationscanbroadlybe describecby two catgyories,termedhereasdiagnosticor interactive In its diagnosticrole, the eye tracker provides
objective andquantitatie evidenceof the users visualand(overt) attentionaprocessesAs aninterfacemodality, the eye tracker sernesasa
powerful input device which canbe utilized by a hostof visually-mediatedipplications.

In generaljn their diagnosticcapacity eye movementsaresimply recordedo ascertairthe users attentionapatternsover a given stimulus.
Diagnosticapplicationsaredistinguishedy theunobtrusie useof theeyetrackingdevice. In somecasesit mayevenbedesirabldo disguise
theeye tracker sothatpotentialsubjectsarenot awareof its presenceFurthermorethe stimulusbeingdisplayedmay not needto changeor
reactto the viewer's gaze.In this scenariothe eye tracler is simply usedto recordeye movementdor post-trial,off-line assessmerdf the
viewer's gazeduring the experiment. In this way, eye movementdatamay be usedto objectively corroboratehe viewer's point of regard,
or overtlocusof attention.For example,studieswhich testthe appearancef someaspecbf a display saythelocationof anadertisement
bannemn awebpage maybebolsteredoy objective evidenceof theusers gazefalling (or missing)the bannemunderconsiderationTypical
statisticalmeasurementsayincludethe numberof xations countedover the bannerduringa 5-minute“web browsing” sessionRecently
eye trackinghasexperienceda resugencein interestin the areaof usability testing. Diagnosticeye trackingtechniquesare applicable(but
notrestricted)to the elds of PsychologyandPsychophysicsMarketing/Adertising,andErgonomicsandHumanFactors.

Equippedwith an eye tracker as an input device, an interactve systemis expectedto respondto, or interactwith, the user Interactive

applicationsarethereforeusually expectedto respondo the users gazein somegaze-contingnt manner The archetypicainteractie eye

trackingapplicationis onewherethe users gazeis usedasa pointing device. This type of ocularinteractioncanbe consideredut oneof a

setof multimodalinput stratgjiesfrom the systems point of view [Hut93, Nie93 Sch93,Sch93k. An exampleof a systenrelying solelyon

gazeasinputhasbeenshavn to be animportantcommunicatiortool for quadripl@ics, wherethe eyesareusedfor positioninga cursorover

anoversized projectedkeyboard. Usinggazeto aid communicatiorhasalsobeenexploredin multi-party computersupportectollaboratve

work systemqVer99]. Here,gazewas usedas a color-codedpointerindicating participants'interestin locationson a shareddocument.
Besidesheingusedasa pointing device, knowledgeof the users gazemay be utilized to alterthe displayfor speed-upurposesasmay be

requiredin therenderingof comple virtual environmentdMBD96]. Interactive eye trackingtechniquesreapplicable(but notrestricted)o

the elds of Human-Computeinteraction Digital Displays,andComputerGraphics.

H Psychology , Psychophysics, and Neuroscience

A wide assortmenbf eye trackingapplicationscanbe foundin PsychologyPsychophysicsandNeuroscienceangingfrom basicresearch
in vision scienceo theinvestigationof visualexplorationin aesthetic¢e.g.,perceptiorof art).

Basicvision scienceresearchexploresthe phenomenorf vision itself. A hostof usefulfactualinformationhasbeenderived throughpsy-
chophysicatesting(e.g.,spatialacuity, contrastsensitvity function, etc.). Thesetypesof studiesoftenrely on the display of basicstimuli,
e.g.,sinewave gratings but studiesarealsobeingconductedn thevisual perceptiorof naturalscenerfHNK96].

Anotherapplicationof eye trackingin basicperceptuatesearchnvolvesstudyingeye movementsduringreadinglRay93. Variousissuesare
explored,rangingfrom the determinatiorof the attentionalwindow (e.g.,a few words), patternsof eye movement(left-to-right for English
readers)andperceptiorof font types.

Neuroscienti cinvestigationof eye movementsincludesthe useof eye trackersduring FMRI recordingsandduring performancef natural
tasks[GT97, BHP95]. Thesetypesof studiesinvestigatethe cognitive loadsduring variousvisualtasks. Eye movementdatamay be com-
paredwith brainimagingdata(e.g.,FMRI) to identify active functionalcorticalregions.

Eyetrackinghasalsobeenemployedin thefascinatingstudyof perceptiorof art[Sol99]. As obseredby Yarkus,aviewer'sintentin uences
eye movementsand xations over a scene Eye movementsover art have furtherre ned the scopeof thesestudies.examiningdifferencesn
how trainedviewerssearchfor meaningandaesthetiqualitiesin ne art pieces.An exampleof suchstudiesis shavn in Figure48, where
smalldifferencesn scanpathsanbeseerbetweergroupsof subjects/iewing theartwork for its semantianeaningor for its aestheti@appeal.
Remarkablyhowever, bothsetsof scanpatharevery similarin termsof xated imagefeatures.

Thereis a gooddealof potentialfor collaborationbetweencomputerscientists gye trackingresearchersandscientistsnvestigatingvisual
perception. Inevitably, the study of visual perceptionwill requireincreasinglyricher setsof visual stimuli. Providing the capability of
recordingeye mavementsover thisimagerywill undoubtedlyextendour knowledgeof vision andvisual perception.

| Ergonomics and Human Factors

Participantsat arecentSIGCHI conferencexpressedigni cant interestin emplo/ing eye traclersin usability studie§KEJ99]. Indeed it is
believedthateye movementscansigni cantly enhancahe obsenation of users'stratgieswhile usingcomputerinterfaceg GK99]. Among
variousexperimentsgye movementshave beenusedto evaluatethe groupingof tool icons[GK99], comparegaze-basedndmouseinterac-
tion techniquegSB00], evaluatethe organizationof click-dovn menugBADM99], andtestthe effectivenesf electronicmapdesignsfor
pilots' visual ight rules(VFR) navigation[OHR99.

Besidesusability issues,eye movementscanbe usedto elucidatevisual searchpatternsof expertsduring inspectiontasksin an effort to
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(a) Aestheticgroup. (b) Semantigroup.

Figure48: Graphof 60 xations of two subjectsriewing Rembrands AnatomylLesson From[Mol81] (ascitedin [Sol99]).

improve training techniqueg§SGM73,MR79]. In our lab at ClemsonUniversity, we arefollowing this line of researctwithin a computer
generatedyirtual inspectionenvironment. We usea binoculareye tracker mountedwithin anHMD to calculatethe viewer's gazein three-
space.Theernvironmentis arelatively simplegeometricamodelof theinterior of anaircraft's caigo bayin a statereadyfor physicalvisual
inspection. In the physicalervironment,the bay's panelsare removed to exposethe fuselage. Our environmentusespolygonaltexture
mapsof imagesof the fuselageto simplify the underlyinggeometry Three-dimensionacanpathsecordedn the simulatorareshavn in

Figure49(b). Scanpathén the gure arerenderedy joining consecutie gaze/vall intersectiorpointswith straightline segments.

(a) Subjectimmersedn binocularlyeye-tracled virtual (b) 3D scanpathsluring simulatedinspection.Courtesyof Vinay
ervironment. Shivashankaraiah.

Figure49: Virtual aircraftcaigo-bayinspectiorervironment.

J Marketing/Ad vertising

Eye trackingcanaid in the assessmentf ad effectivenessn suchapplicationsascopy testingutilizing images,video, or graphics,andin
disclosureresearchnvolving perceptionof ne print within print mediaandwithin availabletelevision andemeging High De nition TV
(HDTV) displays.For example,analyse®f eye mavementsover adwertisementsn theyellow pagedisclosedhatquarterpageaddisplays
weremuchmorenoticedthantext listings,andcoloradswerescanneanorequickly, moreoften,andlongerthanblackandwhite ads[Loh97].

Eyemovementgecordedver adwertisementsireparticularlyinformative sincescanpath#mmediatelyprovide a visual depictionof whether

theintendedtext or objectwas xated (or at leastscannedver). This wasa topic of study of a pair of seniorundegraduatestudentspne
from ComputerSciencethe otherfrom Marketing. Exampleof scanpathsecordedver adwertisementmagesareshavn in Figure50.
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(a) Altoids ad. (b) M&Ms ad.

(c) TommyHil ger ad. (d) Hugoad.

Figure50: Scanpathsver adwertisementsCourtesyof Cristy LanderandKarenKopp.
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K Digital Displays

Humanvisual perceptiorof digital imageryis animportantcontributing factorto the designof perceptually-baseinageandvideodisplay
systemsHumanobsenrershave beenusedin variousfacetsof digital displaydesign rangingfrom estimationof correctve displayfunctions
(e.g.,gammafunction) dependentn modelsof humancolor andluminanceperceptiongcolor spacege.g.,CIE Lab color space)andimage
andvideo codecs.JPEGand MPEG bhoth usequantizatiorntablesbasedon the notion of JustPerceptibleDifferenceso quantizecolorsof
perceptuallysimilar hue[Wal91]. Variousgaze-contingerdpproachesave beenproposedor foveal Region Of Interest(ROIl)-basedvideo
coding[KG96, TEHM96, NLO94, ST94]. Often, however, thesestudiesare basedon automaticallylocatedimageregions,which may or
may not correspondo foveally viewed segmentsof the scene.Thatis, thesestudiesdo not necessarilyemplo/ an eye tracker to verify the
ROI-basedcoding schemes.Instead,a gure-ground assumptioris often usedto argue for more or lessolvious foveal candidatesn the
sceneThisis aresearclareawhereeitherdiagnosticeye movementstudiescanbe usedto corroborateéhe gure-groundassumptionor gaze
may be useddirectly to displayhigh-resolutiorROls at the point of regardin real-time(asin eye-basedeleconferencingystems).

Insteadof assuminga feature-basedpproacho foveal (high-resolutionencodinganeye tracker canbe usedto directly establistthe foveal
ROI anda suitableimagedegradationschemamay be employed to renderdetail at the point of regard. This motivatedresearchinto nding
a suitableimagedegradationschemewhich would matchfoveal acuity [Duc0(Q. Usingthe DiscreteWavelet Transformfor smoothimage
resolutiondegradationjmagesdemonstratinghreeacuity mappingfunctionsareshavn in Figure51. For demonstratiorpurposesthe cnn
imagewas processedvith an arti cially placedROI over the anchors right eye andanotherover the “timebox” foundin the bottomright
cornerof theimage. Haarwaveletswereusedto accentuatehe visibility of resolutionbands.Figure51(b), (d), and(f) shav the extent of
waveletcoefcient scalingin frequeny space.The middlerow shavs a reconstructedmagewhereresolutiondropsoff smoothly matching
visualacuityfor a particularscreerdisplayat a particularviewing distance.

L Human-Computer Interaction (HCI) and Collaborative Systems

Eye-basednteractie systemshave beenpresentedat several SIGCHI conferencesvith a signi cant increasein the numberof papersin
recentyears. Oneof the rst eye-basednteractive systemsdemonstrateén intelligent gaze-baseéhformationaldisplay—atext window
would scrollto shav informationon visually selectedtems—andlescribecanimportantconsideratiorin eye-basednteractve systemsthe
Midas Touchproblem[Jac9(Q. Thisis animportantproblemin systemavheregazeis usedasaninteractionmodality Essentiallyif theeyes
areusedin amannersimilarto amousethedif culty arisesin determiningintendedactivation of foveatedfeatureqthe eyesdo notregister
buttonclicks!). Severalnotablesolutionsto the Midas Touchproblemwereinvestigatedncluding blinks anddwell times.

At the sameSIGCHI meeting,a graphical“self-disclosing” display was presentedvhere story world charactersespondedn interesting
waysto the users gaze,e.g.,visually selecteccharactersvould blush[SB90]. At morerecentSIGCHI meetings several novel eye-based
interactie systemsveredescribedrangingfrom gaze-augmentemiousepointingto the useof hiddenMarkov modelsto analyzesye move-
ments[ZMI99, Sal99].

Besideinteractie systemsgye trackingcanbe utilized to aid multiparty communicationin collaboratve systemgVer99. In the GAZE

Groupwvare system,an eye tracker is usedto corvey gazedirectionin a multiparty teleconferencinganddocumentharingsystem solving

two problemsn multipartymediateccommunicatiorandcollaboration knowing whois talkingto whom,andwhois talking aboutwhat. The
systemdisplays2D imagesof remotelylocatedparticipantdn aVRML virtual world. Theseémagesrotateto depictgazedirectionalleviating

the problemof turn-takingin multiparty communicatiorsystemsFurthermorea gaze-directedlightspot” is shavn over a shareddocument
indicatingthe users' xated regionsandtherebyproviding a deictic(“look atthis”) referenceThesystemdisplayis shavn in Figure52, with

thethesysteminterfaceshavn in Figure53. For furtherinformation,see: http://wwwcs.queensu.ca/homeéi/gaze/hombatml .

M Graphics and Virtual Reality

Gaze-contingerihteractve graphicaldisplayshave beenexploredwith limited successn early ight simulatorsvhereemphasisvasplaced
onrepresenting detailedfoveal Region Of Interest{ROI) while homogeneouslgdegradingthe periphery{Koc87 LTFW+89. Early systems
useda display-basedstratayy to effectively alter the resolutionof the displayby ltering peripheralregions. Today's simulatorsmay once
againbene t from gaze-contingerdtratgieswherethefoveo-peripheratenderings object-basegdthatis, effectively alteringtheresolution
of individual objectsin the scenethroughLevel-Of-Detail (LOD) modelingstrataies. A fair amountof work hasrecentlybeendevotedto
LOD modeling [EDDH+95, LKRH+96, MK96, CPDD+96 Hop96 ZSS96,Hop97, ZSS97 SS97].Althoughsomeof theseauthorsaddress
view dependenbbjectrepresentatiorit doesnot appeathatary of thesetechniqueave beentestedn atrue gaze-contingergystem(i.e.,
equippedvith anHMD- tted eyetracler).

For ervironmentscontainingsigni cant topologicaldetail, suchasvirtual terrains,renderingwith multiple levels of detail, wherethe level
is basedon userpositionandgazedirection, is essentiato provide an acceptableombinationof surfacedetailandframerate[DDGMO0O].
Recentvork in thisareahasbeenextensve. Particularlyimpressie is Hoppes view-dependenprogressie meshframevork [Hop99g, where
spatialcontinuityis maintainedhroughstructuredesign andtemporalcontinuity is maintainedoy geomorphs

The approachpursuedat Clemsonis comparatrely simple, but still reasonablyeffective. A surfacewith signi cant topologicaldetail is

represente@sa quadrilateramesh,which is dividedinto x ed-size(numberof vertices)sub-blocks.Renderingfor level of detail is then
carriedouton a persub-blockbasis.Fromafully-detailedsurface lower levels of resolutionareconstructedy removing half of thevertices
in eachdirectionandassigningnew vertex values. The new valuesare averagef the higherresolutionvalues. Resolutionlevel is chosen
per sub-block,and is basedon viewer distance. The resolutionlevel is not discrete;it is interpolatedbetweenthe pre-computedliscrete
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(a) Haarlinearmapping. (b) Linearmapping.

(c) HaarHVS mapping. (d) HVS mapping.

(e) Haarnonlineamrmapping. () Nonlinearmapping.

Figure51: Imagereconstructiorandwaveletcoefcient resolutionmapping(assuming0dpiscreerresolution).From[Duc0d.
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Figure52: GAZE Groupwaredisplay Courtesyof RoelVertegaal.

(a) Userinterface. (b) Eyetrackingoptics.

Figure53: GAZE Groupvareinterface.Courtesyof Roel Vertegaal.
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levelsto avoid “popping” effects. Theterrain,prior to gaze-contingerdlteration,is shavn in Figure54. Rocksin theterrainarerenderedy

(a) Wireframe. (b) Rendered.
Figure54: Martianterrain:fractalterrainusedfor gaze-contingentirtual ervironmentgenerationFrom[DDGMOQ].

bill-boarding,i.e.,imagesf rocksfrom the Path nder missionto Mars(see: http://mass.jpl.nasa.ge ) wererenderednto2D transparent
planeshatrotateto maintainanorientationorthogonako theviewer. Two views of the gaze-contingergrvironment(shavn renderedandin
wireframe)areseenn Figure55. To exaggeratehe gaze-contingergffect, in this environment fractalmountainsaappeamanddisappeafrom
view, basedbon directionof gaze.Noticealso,in Figures55(a)and(b), theincreasdesolution(numberof quads)elov thegazevector The

imagesin the gure aresnapshot®f the scenemagesgeneratedy the eye tracler, i.e., whatis seenby the operator—the point of regard
cross-haircoordinatesandSMPTEtimecodearenot seenby the viewerimmersedn theenvironment.

N Summary

A wide variety of (interdisciplinary)eye tracking applicationsare available, eachpotentially relying on the incorporationof increasingly
sophisticatedjraphicsandimagery The examplesdescribecandshavn hereby no meansconstitutea completesuney of the eld, butit is
hopedthatthey provide sufcient motivationto spurfurtherinterestin this fascinatingarea.
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(a) Looking left (wireframe). (b) Looking right (wireframe).

(c) Looking left (rendered). (d) Lookingright (rendered).

Figure55: Martianterrain: gaze-contingentndering.
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