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G Intr oduction

A wide variety of eye trackingapplicationsexist, eachvariant increasinglyrelying on advancedgraphicaltechniques.Eye trackingappli-
cationscanbroadlybedescribedby two categories,termedhereasdiagnosticor interactive. In its diagnosticrole, theeye tracker provides
objective andquantitative evidenceof theuser's visualand(overt)attentionalprocesses.As aninterfacemodality, theeye tracker servesasa
powerful inputdevice whichcanbeutilizedby a hostof visually-mediatedapplications.

In general,in their diagnosticcapacity, eye movementsaresimply recordedto ascertaintheuser's attentionalpatternsover a givenstimulus.
Diagnosticapplicationsaredistinguishedby theunobtrusiveuseof theeyetrackingdevice. In somecases,it mayevenbedesirableto disguise
theeye tracker sothatpotentialsubjectsarenot awareof its presence.Furthermore,thestimulusbeingdisplayedmaynot needto changeor
reactto theviewer's gaze.In this scenario,theeye tracker is simply usedto recordeye movementsfor post-trial,off-line assessmentof the
viewer's gazeduring theexperiment. In this way, eye movementdatamaybe usedto objectively corroboratetheviewer's point of regard,
or overt locusof attention.For example,studieswhich testtheappearanceof someaspectof a display, saythelocationof anadvertisement
bannerona webpage,maybebolsteredby objective evidenceof theuser's gazefalling (or missing)thebannerunderconsideration.Typical
statisticalmeasurementsmayincludethenumberof �xations countedover thebannerduringa 5-minute“web browsing” session.Recently,
eye trackinghasexperienceda resurgencein interestin theareaof usability testing.Diagnosticeye trackingtechniquesareapplicable(but
not restricted)to the�elds of Psychology(andPsychophysics),Marketing/Advertising,andErgonomicsandHumanFactors.

Equippedwith an eye tracker as an input device, an interactive systemis expectedto respondto, or interactwith, the user. Interactive
applicationsarethereforeusuallyexpectedto respondto theuser's gazein somegaze-contingent manner. Thearchetypicalinteractive eye
trackingapplicationis onewheretheuser's gazeis usedasa pointingdevice. This typeof ocularinteractioncanbeconsideredbut oneof a
setof multimodalinputstrategiesfrom thesystem'spointof view [Hut93, Nie93, Sch93,Sch93b]. An exampleof a systemrelyingsolelyon
gazeasinputhasbeenshown to beanimportantcommunicationtool for quadriplegics,wheretheeyesareusedfor positioninga cursorover
anoversized,projectedkeyboard.Usinggazeto aid communicationhasalsobeenexploredin multi-partycomputersupportedcollaborative
work systems[Ver99]. Here,gazewasusedasa color-codedpointer indicatingparticipants'interestin locationson a shareddocument.
Besidesbeingusedasa pointingdevice, knowledgeof theuser's gazemaybeutilized to alter thedisplayfor speed-uppurposes,asmaybe
requiredin therenderingof complex virtual environments[MBD96]. Interactiveeyetrackingtechniquesareapplicable(but not restricted)to
the�elds of Human-ComputerInteraction,Digital Displays,andComputerGraphics.

H Psyc hology , Psyc hoph ysics, and Neuroscience

A wide assortmentof eye trackingapplicationscanbefound in Psychology, Psychophysics,andNeurosciencerangingfrom basicresearch
in visionscienceto theinvestigationof visualexplorationin aesthetics(e.g.,perceptionof art).

Basicvision scienceresearchexploresthephenomenonof vision itself. A hostof usefulfactualinformationhasbeenderivedthroughpsy-
chophysicaltesting(e.g.,spatialacuity, contrastsensitivity function,etc.). Thesetypesof studiesoftenrely on thedisplayof basicstimuli,
e.g.,sinewave gratings,but studiesarealsobeingconductedon thevisualperceptionof naturalscenery[HNK96].

Anotherapplicationof eye trackingin basicperceptualresearchinvolvesstudyingeyemovementsduringreading[Ray92]. Variousissuesare
explored,rangingfrom thedeterminationof theattentionalwindow (e.g.,a few words),patternsof eye movement(left-to-right for English
readers),andperceptionof font types.

Neuroscienti�cinvestigationof eye movementsincludestheuseof eye trackersduringFMRI recordingsandduringperformanceof natural
tasks[GT97, BHP95]. Thesetypesof studiesinvestigatethecognitive loadsduringvariousvisual tasks.Eyemovementdatamaybecom-
paredwith brainimagingdata(e.g.,FMRI) to identify active functionalcorticalregions.

Eyetrackinghasalsobeenemployedin thefascinatingstudyof perceptionof art [Sol99]. As observedby Yarbus,aviewer's intentin�uences
eye movementsand�xations over a scene.Eyemovementsover art have furtherre�ned thescopeof thesestudies,examiningdifferencesin
how trainedviewerssearchfor meaningandaestheticqualitiesin �ne art pieces.An exampleof suchstudiesis shown in Figure48, where
smalldifferencesin scanpathscanbeseenbetweengroupsof subjectsviewing theartwork for its semanticmeaningor for its aestheticappeal.
Remarkably, however, bothsetsof scanpathsareverysimilar in termsof �xated imagefeatures.

Thereis a gooddealof potentialfor collaborationbetweencomputerscientists,eye trackingresearchers,andscientistsinvestigatingvisual
perception. Inevitably, the study of visual perceptionwill requireincreasinglyricher setsof visual stimuli. Providing the capability of
recordingeyemovementsover this imagerywill undoubtedlyextendourknowledgeof visionandvisualperception.

I Ergonomics and Human Factor s

Participantsata recentSIGCHIconferenceexpressedsigni�cant interestin employing eye trackersin usabilitystudies[KEJ99]. Indeed,it is
believedthateye movementscansigni�cantly enhancetheobservationof users'strategieswhile usingcomputerinterfaces[GK99]. Among
variousexperiments,eyemovementshave beenusedto evaluatethegroupingof tool icons[GK99], comparegaze-basedandmouseinterac-
tion techniques[SB00], evaluatetheorganizationof click-down menus[BADM99], andtesttheeffectivenessof 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) Semanticgroup.

Figure48: Graphof 60 �xations of two subjectsviewing Rembrandt's AnatomyLesson. From[Mol81] (ascitedin [Sol99]).

improve training techniques[SGM73,MR79]. In our lab at ClemsonUniversity, we arefollowing this line of researchwithin a computer-
generated,virtual inspectionenvironment.We usea binoculareye tracker mountedwithin anHMD to calculatetheviewer's gazein three-
space.Theenvironmentis a relatively simplegeometricalmodelof theinterior of anaircraft's cargo bayin a statereadyfor physicalvisual
inspection. In the physicalenvironment,the bay's panelsare removed to exposethe fuselage. Our environmentusespolygonaltexture
mapsof imagesof the fuselageto simplify the underlyinggeometry. Three-dimensionalscanpathsrecordedin thesimulatorareshown in
Figure49(b).Scanpathsin the�gure arerenderedby joining consecutive gaze/wall intersectionpointswith straightline segments.

(a)Subjectimmersedin binocularlyeye-trackedvirtual
environment.

(b) 3D scanpathsduringsimulatedinspection.Courtesyof Vinay
Shivashankaraiah.

Figure49: Virtual aircraftcargo-bayinspectionenvironment.

J Marketing/Ad ver tising

Eye trackingcanaid in the assessmentof ad effectivenessin suchapplicationsascopy testingutilizing images,video, or graphics,andin
disclosureresearchinvolving perceptionof �ne print within print mediaandwithin availabletelevision andemerging High De�nition TV
(HDTV) displays.For example,analysesof eye movementsover advertisementsin theyellow pagesdisclosedthatquarter-pageaddisplays
weremuchmorenoticedthantext listings,andcoloradswerescannedmorequickly, moreoften,andlongerthanblackandwhiteads[Loh97].

Eyemovementsrecordedoveradvertisementsareparticularlyinformative sincescanpathsimmediatelyprovideavisualdepictionof whether
the intendedtext or objectwas�xated (or at leastscannedover). This wasa topic of studyof a pair of seniorundergraduatestudents,one
from ComputerScience,theotherfrom Marketing.Examplesof scanpathsrecordedover advertisementimagesareshown in Figure50.
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(a)Altoids ad. (b) M&Ms ad.

(c) TommyHil�ger ad. (d) Hugoad.

Figure50: Scanpathsover advertisements.Courtesyof CristyLanderandKarenKopp.
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K Digital Displa ys

Humanvisualperceptionof digital imageryis animportantcontributing factorto thedesignof perceptually-basedimageandvideodisplay
systems.Humanobservershave beenusedin variousfacetsof digital displaydesign,rangingfrom estimationof corrective displayfunctions
(e.g.,gammafunction)dependenton modelsof humancolor andluminanceperception,color spaces(e.g.,CIE Lab color space),andimage
andvideocodecs.JPEGandMPEGboth usequantizationtablesbasedon thenotion of JustPerceptibleDifferencesto quantizecolorsof
perceptuallysimilar hue[Wal91]. Variousgaze-contingentapproacheshave beenproposedfor fovealRegion Of Interest(ROI)-basedvideo
coding[KG96, TEHM96, NLO94, ST94]. Often,however, thesestudiesarebasedon automaticallylocatedimageregions,which may or
maynot correspondto foveally viewedsegmentsof thescene.That is, thesestudiesdo not necessarilyemploy aneye tracker to verify the
ROI-basedcodingschemes.Instead,a �gure-groundassumptionis often usedto arguefor moreor lessobvious foveal candidatesin the
scene.This is aresearchareawhereeitherdiagnosticeyemovementstudiescanbeusedto corroboratethe�gure-groundassumption,or gaze
maybeuseddirectly to displayhigh-resolutionROIsat thepointof regardin real-time(asin eye-basedteleconferencingsystems).

Insteadof assuminga feature-basedapproachto foveal(high-resolution)encoding,aneye tracker canbeusedto directlyestablishthefoveal
ROI anda suitableimagedegradationschememaybeemployedto renderdetailat thepoint of regard.This motivatedresearchinto �nding
a suitableimagedegradationschemewhich would matchfovealacuity [Duc00]. Using the DiscreteWaveletTransformfor smoothimage
resolutiondegradation,imagesdemonstratingthreeacuitymappingfunctionsareshown in Figure51. For demonstrationpurposes,thecnn
imagewasprocessedwith an arti�cially placedROI over the anchor's right eye andanotherover the “timebox” found in the bottomright
cornerof the image. Haarwaveletswereusedto accentuatethevisibility of resolutionbands.Figure51(b), (d), and(f) show theextentof
waveletcoef�cient scalingin frequency space.Themiddlerow shows a reconstructedimagewhereresolutiondropsoff smoothly, matching
visualacuityfor a particularscreendisplayat a particularviewing distance.

L Human-Computer Interaction (HCI) and Collaborative Systems

Eye-basedinteractive systemshave beenpresentedat several SIGCHI conferenceswith a signi�cant increasein the numberof papersin
recentyears. Oneof the �rst eye-basedinteractive systemsdemonstratedan intelligent gaze-basedinformationaldisplay—atext window
wouldscroll to show informationonvisuallyselecteditems—anddescribedanimportantconsiderationin eye-basedinteractive systems:the
MidasTouchproblem[Jac90]. This is animportantproblemin systemswheregazeis usedasaninteractionmodality. Essentially, if theeyes
areusedin a mannersimilar to a mouse,thedif�culty arisesin determiningintendedactivationof foveatedfeatures(theeyesdo not register
buttonclicks!). Severalnotablesolutionsto theMidasTouchproblemwereinvestigatedincludingblinksanddwell times.

At the sameSIGCHI meeting,a graphical“self-disclosing”displaywaspresentedwherestory world charactersrespondedin interesting
waysto theuser's gaze,e.g.,visually selectedcharacterswould blush[SB90]. At morerecentSIGCHI meetings,several novel eye-based
interactive systemsweredescribed,rangingfrom gaze-augmentedmousepointingto theuseof hiddenMarkov modelsto analyzeeyemove-
ments[ZMI99, Sal99].

Besideinteractive systems,eye trackingcanbe utilized to aid multiparty communicationin collaborative systems[Ver99]. In the GAZE
Groupwaresystem,aneye tracker is usedto convey gazedirectionin a multiparty teleconferencinganddocumentsharingsystem,solving
two problemsin multipartymediatedcommunicationandcollaboration:knowing whois talkingto whom,andwhois talkingaboutwhat.The
systemdisplays2D imagesof remotelylocatedparticipantsin aVRML virtual world. Theseimagesrotateto depictgazedirectionalleviating
theproblemof turn-takingin multipartycommunicationsystems.Furthermore,a gaze-directed“lightspot” is shown over a shareddocument
indicatingtheusers'�xated regionsandtherebyproviding adeictic(“look at this”) reference.Thesystemdisplayis shown in Figure52,with
thethesysteminterfaceshown in Figure53. For furtherinformation,see: � http://www.cs.queensu.ca/home/roel/gaze/home.html� .

M Graphics and Vir tual Reality

Gaze-contingentinteractive graphicaldisplayshave beenexploredwith limited successin early�ight simulatorswhereemphasiswasplaced
onrepresentingadetailedfovealRegionOf Interest(ROI) while homogeneouslydegradingtheperiphery[Koc87, LTFW+89]. Earlysystems
useda display-basedstrategy to effectively alter the resolutionof thedisplayby �ltering peripheralregions. Today's simulatorsmay once
againbene�t from gaze-contingentstrategieswherethefoveo-peripheralrenderingis object-based, thatis, effectively alteringtheresolution
of individual objectsin thescenethroughLevel-Of-Detail (LOD) modelingstrategies. A fair amountof work hasrecentlybeendevotedto
LOD modeling [EDDH+95, LKRH+96,MK96, CPDD+96, Hop96, ZSS96,Hop97, ZSS97, SS97].Althoughsomeof theseauthorsaddress
view dependentobjectrepresentation,it doesnot appearthatany of thesetechniqueshave beentestedin a truegaze-contingentsystem(i.e.,
equippedwith anHMD-�tted eye tracker).

For environmentscontainingsigni�cant topologicaldetail,suchasvirtual terrains,renderingwith multiple levelsof detail,wherethe level
is basedon userpositionandgazedirection,is essentialto provide anacceptablecombinationof surfacedetailandframerate[DDGM00].
Recentwork in thisareahasbeenextensive. Particularlyimpressive is Hoppe'sview-dependentprogressivemeshframework [Hop98], where
spatialcontinuityis maintainedthroughstructuredesign,andtemporalcontinuityis maintainedby geomorphs.

The approachpursuedat Clemsonis comparatively simple,but still reasonablyeffective. A surfacewith signi�cant topologicaldetail is
representedasa quadrilateralmesh,which is divided into �x ed-size(numberof vertices)sub-blocks.Renderingfor level of detail is then
carriedoutonaper-sub-blockbasis.Fromafully-detailedsurface,lower levelsof resolutionareconstructedby removing half of thevertices
in eachdirectionandassigningnew vertex values.Thenew valuesareaveragesof thehigherresolutionvalues.Resolutionlevel is chosen
per sub-block,and is basedon viewer distance.The resolutionlevel is not discrete;it is interpolatedbetweenthe pre-computeddiscrete
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(a) Haarlinearmapping. (b) Linearmapping.

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

(e) Haarnonlinearmapping. (f) Nonlinearmapping.

Figure51: Imagereconstructionandwaveletcoef�cient resolutionmapping(assuming50dpiscreenresolution).From[Duc00].

Siggraph2000CourseNotes III–6 Eye-BasedInteractionin GraphicalSystems



Figure52: GAZE Groupwaredisplay. Courtesyof RoelVertegaal.

(a) Userinterface. (b) Eyetrackingoptics.

Figure53: GAZE Groupwareinterface.Courtesyof RoelVertegaal.
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levelsto avoid “popping” effects.Theterrain,prior to gaze-contingentalteration,is shown in Figure54. Rocksin theterrainarerenderedby

(a) Wireframe. (b) Rendered.

Figure54: Martianterrain:fractalterrainusedfor gaze-contingentvirtual environmentgeneration.From[DDGM00].

bill-boarding,i.e., imagesof rocksfrom thePath�ndermissionto Mars(see: � http://mars.jpl.nasa.gov � ) wererenderedonto2D transparent
planesthatrotateto maintainanorientationorthogonalto theviewer. Two viewsof thegaze-contingentenvironment(shown renderedandin
wireframe)areseenin Figure55. To exaggeratethegaze-contingenteffect, in thisenvironment,fractalmountainsappearanddisappearfrom
view, basedon directionof gaze.Noticealso,in Figures55(a)and(b), theincreasdresolution(numberof quads)below thegazevector. The
imagesin the �gure aresnapshotsof thesceneimagesgeneratedby theeye tracker, i.e., what is seenby theoperator—thepoint of regard
cross-hair, coordinates,andSMPTEtimecodearenot seenby theviewer immersedin theenvironment.

N Summar y

A wide variety of (interdisciplinary)eye trackingapplicationsareavailable,eachpotentially relying on the incorporationof increasingly
sophisticatedgraphicsandimagery. Theexamplesdescribedandshown hereby no meansconstitutea completesurvey of the�eld, but it is
hopedthatthey provide suf�cient motivationto spurfurtherinterestin this fascinatingarea.
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(a) Looking left (wireframe). (b) Looking right (wireframe).

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

Figure55: Martianterrain:gaze-contingentrendering.
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