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Abstract

Thecontributionsof this paperare thedevelopmenaindevaluationof a nonisotopic model-basedlevel Of Detall
(LOD) renderingtechniquefor gaze-contingntviewing of multiresolutionmeshesA high resolutionportion of the
modelis rendeed at the eye-tradked Point Of Regard (POR).A methods givenfor cornvertinga closedpolygonal
meshto a nonisotopic LOD representationsuitablefor gaze-contingnt viewing. Basedon a theoketical model
of visualacuity, a three-dimensionaspatial dggradationfunctionis obtainedfrom humansubjectexperimentsn
an attemptto renderimperceptiblydegradedgeometricobjects.Unlike previousLOD approades,our resolution
degradationmethodis basedon the measuementof visual anglein world coodinatesandis applieddirectly to
objectgeometriegrior to rendering Thegaze-contingnttedniqueis evaluatedin a Mirtual Reality(VR) system
integrated with a binocular eye tradker. To our knowledg, this is the first exampleof a binocular eye-tracked
VR systemusedto evaluatea gaze-contingnt modelingtechnique Resultsare reportedin termsof rendering
performanceindicatingan overall 4-fold avelage framerateimprovementluring gaze-contingntviewing. Frame
rate improvementranged from a factor of at least2, up to a 15-fold gain in performanceover full resolution
display varyingwith the modelcomple&ity andtheinstantaneouslirectionof theviewer's gaze

1. Introduction

To increasdlisplayratesabove thosecurrently provided by
view-dependent.evel Of Detail (LOD) renderingmethods,
it hasbeensuggestedhat an eye tracker is requiredto en-
ablethepresentatiomf high resolutionportionsof thescene
or objectonly at the point of highestvisual acuity i.e., at
the foveal Region Of Interest(ROI).2° The motivation be-
hind suchproposedyaze-contingnt systemss to minimize
overall displaybandwidthrequirementdy reducingperiph-
eral informationin concordancevith the perceptualimits
of the Human Visual System(HVS). Efforts at providing
peripherallydegradedinformation date back to early eye-
slavedflight simulators.Sincethen,developmentof similar
screen-baseperipheraldegradationapproachesascontin-
uedto shav promisefor gaze-contingendlisplay accelera-
tion with minimal costto eitherperceptionor performance.
Model-basedpproachediowever, have notenjoyedsimilar
progressAlthough a good deal of work hasrecentlybeen
devotedto the developmentof meshsubdvision techniques
for multiresolutionsimplification of complex models32 we
are not aware of ary publishedresultsconcerningdisplay
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(a) PORover left cheek.

(b) PORbelow right cheek.

Figure 1: Two framesduring gaze-contingnt viewing of
igeamodelwith superimpose®@ORboxes.

speedupshaving successfuadaptationof thesetechniques
within atrue gaze-contingergystemj.e., onewhereaneye
trackeris employed.

The contritutions of this paperarethe developmentand
evaluation of a nonisotropicmodel-based_OD rendering
techniquefor gaze-contingenviewing of multiresolution
mesheswherea high resolutionportionof themodelis ren-
deredat the eye-tracled Point Of Regard (POR),asshavn
in Figure 1. Sincemeshgeometriearegenerallynot stored
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with the information necessaryor sucha display scheme,
a methodis given for corverting closedpolygonalmeshes
to representationsuitablefor gaze-contingendisplay The
modelingtechniqueis then evaluatedin a Virtual Reality
(VR) systemintegratedwith a binoculareye tracker. Eval-
uationconsistsof the determinatiorof an empiricalresolu-
tion degradationfunction andthe measuremerf resultant
renderingoerformance.

The paperis organizedasfollows. Section2 briefly sur
veys eye trackingapplicationsandgaze-contingeninterac-
tion techniqguesand summarizegprevious geometricmod-
eling work suitablefor gaze-contingentlisplay Graphics
andeye trackinghardwarecomponentaredescribedn Sec-
tion 3, alongwith techniquegelatedto eye tracker andVR
systemintegrationprovidedin Sectiord. Section5 givesde-
tails of thenonisotropid_OD techniquedevelopedfor gaze-
contingentviewing in VR, and Section6 gives the spatial
acuitydegradatiorfunctionobtainedrom humansubjectri-
als. Section7 reportsthe resultantrenderingperformance,
followedby concludingremarksin Section8.

2. Background

Interestin gaze-contingennterfacetechniquesasendured
sinceearly implementationof eye-slared flight simulators
andhassincepermeatedeseral domainsincluding human-
computer interaction, teleoperatorervironments, and vi-
sualcommunicatiormodalities® The useof eye trackersin
graphicalsystemsfalls into two generalapplicationtypes:
diagnosticandinteractive

Diagnosticapplicationgypically involve therecordingof
eye movementsovertime, i.e. scanpathspr postfactoanal-
ysisof theusers overtvisualattentionoveragivenstimulus.
For example,Duchawski et al. usean eye tracler to record
eye movementsin avirtual aircraftcaigo bay for inspection
training4 Otherexamplesof diagnosticapplicationscanbe
found elsavhere® Diagnosticsystemsgenerallydo not re-
quirethedisplayto reactto theusers gaze andaretherefore
outsidethe scopeof this paper

Interactive eye trackingsystemspn the otherhand,typi-
cally respondn someway to thelocationof theusers gaze.
Early notavorthy examplesdatebackto thework of Starler
and Bolt?” and Jacob'! Suchinteractve systemsmay be
classifiedby two applicationsub-typesselectiveandgaze-
contingent The latter canbe further delineatedn termsof
displayprocessingasshavn in the hierarchyin Figure?2.

In selectve applicationsasexemplifiedby Jacobs work,
theusers gazeactsasanalternatemodeof input, oftencom-
paredto a pointing device. For example, Tanriverdi and Ja-
cob have recentlyusedan eye tracker asa selectiondevice
in VR.28

In gaze-contingendlisplays,the objectie is to partition
the display into two imperceptiblespatialregions, a high-

Eye Tracking Systems

/\
Interactive Diagnostic
/\
Selective Gaze-Contingent
/\

Screen-Based Model-Based

Figure 2: Hierarchy of eyetracking applications.
resolutionfoveal ROI surroundedby a low-resolutionpe-
ripheral region. There are two main approachesscreen-
basedand model-basedThe former dealswith the manip-
ulation of framehluffer contentsjust prior to display The
peripheryof the display is often maslked or smoothedin
someway, reducingthe bandwidthrequirementsy com-
pressingthe information (in bits-perpixel) requiredto dis-
play or transmitthefinal image.

Theideaof gaze-contingerdisplaysis notnev anddates
backto earlymilitary applications3 17 In the SuperCockpit
Visual World SubsystemKocian consideredvisual factors
including contrast,resolution,and color in the designof a
head-trackddisplay In their SimulatorComplexity Testbed
(SCTB), Longridgeet al. includedan eye-slaved ROl asa
major componenbf the HelmetMountedFiber Optic Dis-
play (HMFOD). This ROI provided a high resolutioninset
in a low resolution(presumablyhomogeneousijeld which
followed the users gaze.The precisemethodof peripheral
degradationwasnot describecapartfrom the criteriaof low
resolution.However, theauthorsdid point out thata smooth
transitionbetweenthe ROl and backgroundwas necessary
in orderto circumwentthe possibility of a perceptuallydis-
ruptive edgeartifact.

Recently sophisticatecapproachesiave beendeveloped
for ROI-basedmageandvideocodingl4 5 18 23 For screen-
basedVR renderinghework of Watsonetal. is particularly
relevant3! The authorsstudiedthe effects of LOD periph-
eraldegradationon visual searchperformanceBoth spatial
and chrominancedetail degradationeffects were evaluated
in HeadMountedDisplays(HMDs). To sustainacceptable
framerates,two polygonsweretexture mappedn real-time
to generatea high resolutioninsetwithin a low resolution
displayfield. The authorssuggestedhat visual spatialand
chrominanceompleity canbereducedy almosthalf with-
outdegradingperformance.

In an approachsimilar to Watsons, Reddyuseda view-
dependengcreen-basedOD techniqueo evaluatebothper
ceptualeffectsandsystemperformancegains?* The author
reporteda perceptuallymodulatedLOD systemwhich af-
fordsafactor4.5improvementn framerate.lt is notentirely
clearhow the LOD model was constructedj.e. what was
the methodof degradation,nor is it clearwhatkind of ap-
paratusvasused.Reddys empiricalevaluationof the LOD
modelwasperformedna43.6x 33.4degreeField Of View
(FOV) display presumablya desktopmonitor without the
useof aneye tracler.
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As an alternatve to the screen-basegeripheraldegrada-
tion approachmodel-basednethodsaim at reducingres-
olution by directly manipulatingthe model geometryprior
to rendering.The techniqueof simplifying the resolutionof
geometricobjectsasthey recedefrom the viewer, asorigi-
nally proposedy Clarke! is now standardoractice partic-
ularly in real-timeapplicationssuchasVR.2° Clarke’s orig-
inal criteria of usingthe projectedareacoveredby the ob-
jectfor descendingheobjects LOD hierarchyis still widely
usedoday However, asClarke suggestedheLOD manage-
menttypically employed by thesepolygonalsimplification
schemegelies on pre-computedine-to-coarsehierarchies
of anobject. This leadsto uniform, or isotropic in termsof
resolutiondegradation simplificationof objects.

A gaze-contingentmodel-based adaptve rendering
schemewas proposedby Ohshimaet al., wherethree vi-
sual characteristicsvere consideredcentral/peripherali-
sion, kinetic vision, and fusional vision22 The LOD algo-
rithm generatedsotropically degradedobjectsat different
visual angles.Although the useof a binoculareye traclker
wasproposedthe systemasdiscussedisedonly headtrack-
ing asa substitutefor gazetracking.

Isotropicobjectdegradations notalwaysdesirableespe-
cially whenviewing large objectsat closedistancesin this
casefraditionalLOD schemesvill displayanLOD meshat
its full resolutioneven thoughthe meshmay cover the en-
tire field of view. Sinceacuteresohability of humanvision
is limited to thefoveal5°, objectresolutionneednot be uni-
form. Thisis the centraltenetof gaze-contingergystems.

Numerous multiresolution mesh modeling techniques
suitable for gaze-contingentwiewing have recently been
developed?? Techniquesrange from multiresolution rep-
resentationof arbitrary meshesto the managementof
LOD through peripheral degradation within an HMD
where gaze position is assumedto coincide with head
direction16.21.9.3325 Although some of theseauthorsad-
dressview andgazedependenbbjectrepresentatiorfew re-
sultsconcerningdisplay speedupmareasyet available shav-
ing successfubhdaptatiorof thesetechniqueswithin a true
gaze-contingergystemj.e. onewhereaneyetrackeris em-
ployed. Dueto the advancement®f multiresolutionmodel-
ing techniquesndto theincreasedffordability of eyetrack-
ers,it is now becomingreasibleto extendthe LOD approach
to gaze-contingerdisplayswheremodelsarerenderedon-
isotropically.

An early exampleof a nonisotropicamodel-basedjaze-
contingentsystem wheregazedirectionis directly applied
to the renderingalgorithm, was presentedby Levoy and
Whitaker.’> The authors’spatially adaptve nearreal-time
ray tracerfor volume datadisplayedan eye-slared ROI by
modulatingboth the numberof rays castper unit areaon
the imageplaneandthe numberof samplesdravn perunit
length along eachray as a function of local retinal acuity
The ray-tracedimagewas sampledby a nonisotropiccon-
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volution filter to generatea 12° foveal ROl within a 20°

mid-resolutiortransitionalregion. Basedon preliminaryes-
timates,the authorssuggestea reductionin imagegener
ationtime by a factorof up to 5. An NAC Eye Mark eye
tracker wasusedto determingheusers PORwhile viewing
acorventionall9’ TV monitot A chinrestandimmobiliza-
tion strapwereusedto eliminatethe needfor headtracking.

Danforth et al. usedan eye tracker as an indicator of
gazein a gaze-contingentnultiresolution terrain naviga-
tion ervironment? A surface, representedas a quadrilat-
eralmesh,wasdivided into fixed-size(numberof vertices)
sub-blocks allowing renderingfor variableLOD on a per
sub-blockbasis.Resolutionevel waschoserpersub-block,
basedon viewer distance The resolutionlevel wasnot dis-
crete;it wasinterpolatechetweerthe pre-computedliscrete
levelsto avoid “popping” effects. The approachusedis rea-
sonablyeffective; however, it is not clearwhetherthe tech-
nigueis applicableto arbitrarymeshes.

Perhapshe mostcloselyrelatedwork to the currentmod-
eling approachs thatof Luebke et al. Recently the authors
have developeda gaze-directed.OD techniqueto facili-
tate the gaze-contingendisplay of geometricobjects!® To
testtheir renderingapproactthe authorsemployed a table-
mountedmnonoculaeyetrackerto measurg¢heviewer'sreal-
timelocationof gazeoveradesktopdisplay While thiswork
shaws the feasibility of emplo/ing an eye tracler, the im-
plementatiorframeavork usedby the authorslacked a head
tracker andrequireda chin restto ensurdracker accurag.

Herewe presentainobject-basedtOD method similar to
thatof Ohshimaet al., whereobjectsare modeledfor gaze-
contingentviewing. Unlike theirapproachresolutiondegra-
dationis appliednonisotropicallyi.e. objectsare not nec-
essarilydegradeduniformly. We choseto follow the work
of Eck et al.” as a suitable starting point for developing
our modelingtechnique We summarizethe main points of
our strat@y, identifying differencesof our implementation
where appropriate We then discussa spatial degradation
functionobtainedfrom humansubjecttrials.

It shouldbe notedthat our spatial degradationfunction
for LOD selectiondiffers significantly from the area-based
criteriaoriginally proposedy Clarke. Insteadof evaluating
the screerncoverageof the projectedobject,our degradation
functionis basedon the evaluationof visualanglein world
coordinatesSincegaze-contingeritOD managemerntlies
on the selectionof object polygonsfor multiresolutionre-
constructionit wasdeemedsimplerto follow a ray casting
approachassuggestethy Levoy andWhitaker,1° ratherthan
to pursuea polygonal screencoveragecalculationas pro-
posedby Clarke.

Systemperformanceneasuremen@reobtainedrom ex-
perimentsusinga binoculareye traclker built into an HMD.
To our knowledge, this is the first example of a binocular
eye-tracled Virtual Reality systemusedto evaluatea gaze-
contingentmodelingtechnique.
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3. Hardware Components

Our primary renderingengine,housedin the Virtual Real-
ity Eye Tracking (VRET) lab at Clemson, is a dual-rack,
dual-pipe,SGI Onyx2@® InfiniteRealityZ" systemwith 8
rastermanagersand 8 MIPS®R) R12000" processorsgach
with 8MB secondargachelt is equippedvith 8Gbof main
memoryand0.5Gbof texture memory

Multi-modal hardware componentsnclude a binocular
eye tracker mountedwithin a Virtual Researchv8 (high-
resolution)HMD. The V8 HMD offers 640x 480resolution
pereye with individual left andright eye feeds.HMD posi-
tion andorientationtrackingis provided by an Ascensioné
Degree-Of-Freedon6DOF) Flock Of Birds (FOB).

The eye tracker is a video-basedgornealreflectionunit,
built jointly by Virtual Researchand ISCAN. Eachof the
binocularvideoeyetraclkersis composeaf aminiaturedigi-
tal cameraandinfraredlight sourceswith thedualopticsas-
sembliesconnectedo a dedicatedpersonakcomputer(PC).
ThelSCAN RK-726PCIHigh ResolutionPupil/CorneaRe-
flectionProcessousescornealreflectiong(first Purkinjeim-
ages)of infra-redLEDs mountedwithin the helmetto mea-
sureeye movements Figure 3 shavs the dual camerasand
infra-red LEDs of the binocular assemblywith a picture
of the helmetinset at top-center The processoroperates

Figure 3: Closeupof HMD binoculareyetrader optics.

at a samplerate of 60Hz and the subjects eye position
is determinedwith an accurag of approximately0.3 de-
greesover a +20 degreehorizontalandvertical rangeusing
thepupil/corneateflectiondifference The maximumspatial
resolutionof the calculatedPOR provided by the tracker is
512x512pixelspereye.

Thebinoculareye trackingassemblyallows the measure-
ment of vergenceeye mavements,which in turn provides
the capability of calculatingthe three-dimensionavirtual
coordinate®f theviewer’s gaze Usingthe vendors propri-
etarysoftwareandhardware,the PC calculateghe subjects
real-time POR from the video eye images.In the current

gaze-contingen¥R configurationthe eye tracler is treated
as a black box delivering real-time eye movementcoordi-
nates(x, yi,t) and(xr, yr,t) overal9.2KbaudRS-232serial
connectionandcanbe consideredsan ordinarypositional
trackingdevice.

4. EyeTracking
4.1. EyeTracker Coordinate Mapping

A critical concernin designingagaze-contingeri¥R system
is the mappingof eye tracker coordinatego the application
programs referenceframe. The eye tracker calculatesthe
viewer's PORrelative to the eye tracker’s screenreference
frame,e.g.,a512x 512 pixel plane,perpendiculato the op-
tical axis. The eye tracker returnsa samplePOR coordinate
pairfor eacheye. Thesecoordinatepairsmustbe mappedo
the extentsof the applicationprograms viewing window.

Rawv eye tracker coordinatesare in the range[0,511].
In practice,the usable or effective, coordinatesare depen-
denton: (a) the size of the applicationwindow, and (b)
the position of the applicationwindow, both relative to the
eye tracler’s referencdrame. Propermappingbetweereye
tracker and applicationcoordinateds achievzed throughthe
measuremertf the applicationwindow’'s extentsin theeye
tracler'sreferencdrame.Thisis accomplishedby usingthe
fine cursormovementandcursorlocationreadoutf theeye
tracler.

To obtainthe extentsof theapplicationwindow in theeye
tracler’s referencerame, the applicationwindow’s corners
are measuredvith the eye tracker’s cursor Figure 4 illus-
tratesan example of a 600x 450 applicationwindow asit
wouldappeaontheeyetrackerscenamonitor Giventheex-

Application //482'53
51,53 ] 267,250
<F//’/ (as shown in
data display)
0 D:0 00:00:00:00 482,446
51,446
LEFT
SCENE
MONITOR

Figure 4: Mappingmeasuementexample

tentsof bothapplicationandeye tracker screercoordinates,
a simple linear interpolationmappingis usedto map raw
PORdatato the graphicsscreencoordinates. While seem-
ingly trivial, this mappingis key to propercalculationof the
gazevectorin world coordinategrom raw PORdataandis
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alsoessentiafor alignmentof targetpointsdisplayedby the
applicationprogramduring calibrationof the eye tracler.

4.2. Gaze Vector Calculation

The calculationof gazein three-spacelependsonly on the
relative positionsof thetwo eyeson the horizontalaxis. The
parameter®f interestare the three-dimensionatirtual co-
ordinates (g, Yg, Zg), which canbe determinedrom tradi-
tional stereagjeometrycalculations® Helmettrackingdeter
minesboth helmetpositionandthe (orthogonal)directional
andup vectors which determinenead-centricoordinates.

Giveninstantaneousye tracked coordinates(x,y; ) and
(Xr,Yr), in the left and right image planes(mappedfrom
eye traclker screencoordinatego the nearview plane),and
head-trackd headposition coordinates(xy, n, Z,), the co-
ordinatesof the gazepoint, (xg,Yg,Zg), are determinedby
therelations:

Xg = (1= +8(X +x)/2 (1
Yg = (1—-9)yn+s(yi+yr)/2 2
Zzg = (1-9)z+sf @3)

wheres=b/(x —xr +b), bis thebaselinadistancebetween
theleft andright eye centersandf is thedistanceo thenear
viewing planealongthe head-centriz-axis.

Notethatsincetheverticaleye tracked coordinatey; and
yr areexpectedto be equal(sincegazecoordinatesare as-
sumedto be epipolar),the vertical coordinateof the central
view vectordefinedby (y; + yr)/2 is somevhatextraneous;
eithery; or yr would do for the calculationof the gazevec-
tor. However, sinceeye tracker datais also expectedto be
noisy this averagingof thevertical coordinategnforceghe
epipolarassumption.

To enablegaze-contingeritOD renderingjt is necessary
to calculatethe intersectionof the users gazewith the en-
vironmentalpolygons.To calculategazedirection,the gaze
pointis expressegarametricallyasapointonaraywith ori-
gin (Xn, Yh, Zn), with theray emanatingalonga vectorscaled
by parametes. Thatis, rewriting Equationg1)—(3) in vector
notation,g = h + sv, whereh is the headposition, v is the
centralgazevectorands is the scaleparameteas defined
previously. To align the gazevector with the currenthead
orientation,it is first transformedo the instantaneoukead-
centricreferencdrameby multiplying the gazevectorv by
the orientationmatrix returnedby the headtraclker. Further
technicaldetailsof the eye trackingsystemintegrationmay
befoundelsevhere®

5. Multiresolution Geometric Modeling

Theproces®f convertingtheoriginalmeshto amultiresolu-
tion representatiomvolvesthreeprimarystepspartitioning
themeshinto tiles, mappingthetiles to n-gons,andremesh-
ing into multiresolutionform. Thesestepscloselyfollow the
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work of Eck et al.;” only a brief review of this approach
is givenwith deviationsfrom the original processdentified
whereappropriate.

5.1. Tiling

Becausameshfiles rarely containexplicit connectiity in-
formation,implicit connectvity informationis extractedby
growing tilesacrosgheentiresurfaceof themesh Tiles par
tition a meshinto local groupswhereeachtile is a contigu-
oussubsebf the original mesh,i.e., a setof facesenclosed
within a single non-self-intersectingpoundary Tiling is fa-
cilitatedthroughtheuseof a Voronoidiagram|n this casea
groupof tiles in which the geodesidistancefrom ary face
in atile to the centroidof thetile is shorterthanits distance
to ary othertile’s centroid.Sincethe meshgeometryis in-
herentlydiscrete a true Voronoidiagramis difficult to con-
struct.A discreteapproximatioris usedinstead.

Constructionof the Voronoi diagramis accomplishedy
using Dijkstra’s ShortestPath algorithm. A priority queue
is initialized with a randomface that senes as the seed
for a new tile. The facewith the shortesigeodesidistance
from the centroidof its assignedile is removedandchecled
againstheexisting facesn thetile for violationsof the sin-
gle boundaryrule. A triangleviolating this rule is addedto
the priority queueasanew tile seed Assumingno violation
occurredthefacesneighborsareaddedo thepriority queue
andthe processs repeatedintil the priority queueis empty

Figure 5: Original meshand Voronoi tiling with boxessu-
perimposeaver selecteccornervertices.

Upon completionof the initial partitioning processtwo
additionalconditionsareaddressedrirst, exactly threetiles
mustmeetat ary corner(SeeFigure5). Examinationof the
facessharinga cornervertex canrevealviolations,resulting
in one of the facesheingaddedto the priority queueasa
new tile seed.Secondatile mayshareonly oneedgewith a
neighbor If morethantwo cornersaresharedbetweertiles,
aviolation occursanda facefrom the offendingcornerver
tex is addedto the priority queueas a new tile seed.En-
forcementof thesetwo rulesallows the Voronoitiling to be
corvertedto its dual Delaunaytriangulation.
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Figure 6: Harmonicmapping

surethateachboundaryertex is of degreethree whichisre-

A final smoothingoperationis appliedto eachtile to en- Ky i
A\,

quiredduringthe mappingprocesgo preventthe formation
of degeneratdriangles.If anon-cornewertex with only two
edgess discovered,the facein thetile to which the vertex Ki,j
belongss surrenderedb thetile with which theboundaryis

shared.

Eck et al. designedtheir tiling approachto provide

| 2

(llesa 2+ llejuq 12 ~lleviII7) /Area juq +
(el + llejuel? — lleilI%) /Area, i

Figure 7: Springconstantsisedin harmonicmapping

subdvision connectvity, a requirementfor their wavelet-
based_OD models Wavelet-basedeometriaeconstruction 5.3. Remeshing

was deemedioo computationallycostly for real-timenon-
isotropic meshreconstructionpbviating the needfor De-
launaytriangulation.Iln addition, only closedmesheswere
consideredfurther reducingthe computationalburden. If
the tiles cover the entire meshand adhereto the threere-
quirementsspecifiedabose, mappingof thetiles canoccur
A completediling of theigeamodelis shawvn in Figure5.

5.2. Harmonic Mapping

Onceall thepointsin atile aremappedthenev meshcanbe
projectedontothe planarn-gon.Thefirst of the multiresolu-
tion levelsis constructedby connectingwo adjacentorners
of themapto the centerof the map,creatingoneface.Each
faceis then4-to-1 split by bisectingits edges(referredto
as parametricallyuniform resamplingby Eck et al.) creat-
ing four new facesin the next level of subdvision. These
arestoredin a completequadtreedatastructurefor efficient
rendering Theprocessontinuegecursvely to a predefined
level of subdvisions, eachlevel a closerapproximationto

Mappingeacttile to aplanam-goncanbevisualizedaspeg- the original meshthanits predecessoOncethe nev mesh
ging the cornerverticesof an elastictile andallowing it to hasbeendefinedon the n-gon, the 2D pointsaremappedo

flattenunderits own internaltension.Piecevise linear har 3D from their barycentriccoordinateslefinedfor eachface
monic maps,by minimizing total elasticenegy, minimize in the original mesh.This meansthat eachpointin the new

distortionof thetile’s topology The n-gonto which thetile meshlies exactly on the surfaceof the original mesh.When
is peggedis constructedy affixing the cornerverticesto a this processhasbeenrepeatedor everytile, anew multires-
circle with arc-lengthsetweercornerverticesproportional olutionapproximatiorof theoriginal meshhasbeencreated.

to tile edgelengthsin the original mesh.Thesenew coordi-
natesareassignedo theappropriatecornervertices Bound-

ary verticesarealsoassignechev coordinatesy maintain- 5.4. Geometric Reconstruction

ing theratiobetweertheoriginal comervertex positionsand Given a multiresolutionrepresentatiomf an object, it can
thenew cornervertex positions Springconstants; j, shavn now berenderedn agaze-contingennannerOurapproach
in Figure7 asderved by Eck etal., aredefinedalongtrian- is to calculatethe visual angle in world coordinatesbe-

gle edgesto minimize topologicaldistortion.In somecases tweenthe gazevector v and the verticesof eachtriangle
uniform springconstantsnustbeusedto allow thesystemnio in the level one (coarsestgeometry An acuity-basedes-
corverge. While the total enegy 2k; j||&,j| is greaterthan olution degradationfunction (seebelaw) modelingperiph-
apresetimit, eachvertex is displacedby the scaledsumof eralfalloff is usedto selecttrianglesfor further subdiision

forcesactingdirectly on it. Whenthe enegy of thetile has (higherresolutionapproximation)lf ary vertex in thetrian-

beenminimized,theoriginal pointshave beenmappedo lo- gle beingtestedtalls within thecurrentrangeof thedegrada-
cationson then-gon.A mappedile is shavn in Figure6. tion function, eachtrianglein its next level of subdisionis

recursvely testedat the next highestdegradationlevel. For

(© TheEurographic#ssociation2001.
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Figure 8: Gaze-contingntgeometricreconstruction.

example,asillustratedin Figure 8, AABC is testedagainst
thefurthestrangeof thedegradatiorfunction.VerticesB and
C fall within thatrange SOAABC is testedatits next highest
resolution(subdvision level), this time againste[n,l]. Ver-

tex B of ADBE falls within that range,resultingin ADBE

beingtestedatits next highestresolutionagains®j,_j;.

6. Estimating Resolution Degradation

An experimentwas conductedto find a resolutiondegra-
dationfunction andto comparethe resultantfunction with
a theoreticalmodel of visual acuity At photopiclight lev-
els (daylight) foveal acuity is fairly constantwithin the
central2® (visual angle)and dropsapproximatelylinearly
from thereto the 5° foveal border Beyond5° acuity drops
sharply(approximatelyexponentially).At scotopidight lev-
els (nighttime) acuity is poor at all eccentricities\We con-
sideredan eccentricvisual acuity function at photopiclight
levelsreportedby Davsor? asastartingpointfor modelres-
olution degradatiorwhenviewing a modelata constantis-
tance.

To modelresolutiondegradationasan objectrecedeswe
also consideredvisual resolutionas a function of stimulus
distance(depth).Visual resolutionis necessarilydependent
upon the quality of its optical componentsand variations
with stimulusdistanceesultfrom inaccuraciegh accommo-
dation(focusing)!2 Thecorrectionof accommodatie errors
effectively eliminatesthesevariations.Interferometricres-
olution studieshave shavn that the effect is dioptric and
it is highly likely that the accommodatiormechanismis
the specificcomponenf visual optics responsiblor the
phenomenone thereforehypothesizedhatrelative spatial
acuity diminishesat increaseddepth.To arrive at aninitial
estimateof depthscalefactor we consideredhe National
Bureauof StandarddNBS) resolutionchart. This chartis
constructedof squarewave gratingsover a wide rangeof
spatial frequenciesbasedon a sequencedescribedby the
equationg(i) = o(1)r'~tin cycles/unitdistancewhereo (i)
is the spatialfrequeny of theith pattern,o(1) is the spatial

(© TheEurographicsAssociation2001.

frequeny of thefirst pattern,andr is the sizeratio26 The
spatialfrequeng of the NBS chartrangesrom 1.0c/mmto
18 c/mm,with o(1) = 1.0 c/mmandr = 1.122.Thechartis
constructedy reducingthe size of successie squaregrat-
ingsby factorr' —1. We thereforeexpectedvisualacuity and
hencemodelresolution to degradewith distanceata similar
rate.Figure9 shavs the expectedacuity function.

relative (%) acuity
@
g

2

unit depth
deg. visual angle

Figure 9: ExpectedD acuityfunction.Thediagramis plot-
ted with unit depth (bot. right axis) vs. deg. visual angle
(bot. left axis), whee cell shadingindicates% rel. acuity
as a fcn. of eccentricityand distance with brightestvalue
indicating 100%at (0O, 0), thetop-mostcell.

6.1. Participants

Four participantswith a broadrangeof experiencewerere-
cruitedin an attemptto reducebiasinducedby foreknawl-

edgeof VR andeyetracking.Thegroupconsistedf 2 males
and2 femalesbetweertheagesf 21 and47, all with normal
or correctedo normalvision. Participantswvereindividually
briefedon equipmenuseprior to the experimentanda non-
technicalexplanationof the graphicalsystemwas given to
familiarizethemwith the effectsthey wereaboutto obsere
andevaluate.

6.2. Procedure

Eachparticipanwasimmersedn avirtual ervironmentcon-
taining a single multiresolutionobject. A short5-point eye
tracker calibration sequencevas performedat the begin-
ning of eachtrial. Following a modified two-alternate-
forced-choice(2AFC) (methodof limits) thresholddetec-
tion paradigmhe participantwasaskedto focuson the ob-
ject andto respondverbally to changesn the appearance
of the objectwhen prompted.Betweenresponsesthe ex-
perimentemanipulatedhe degradationfunction by gradu-
ally increasingheresolutionlevel until adetectiorthreshold
wasreachedthe participantreportednot perceving further
increasesn resolution).To reducethe possibility of error
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in thresholdestimation a staircasemethodof stimuluspre-
sentationwas used,in which the experimenterwould first
present seriesof the stimulusin increasingresolutionuntil
the obserer changedheir responseThe serieswould then
bereversed trackingthe stimulusbackandforth acrosshe
obserer’'sthresholdThis processvasrepeatedit 5 succes-
sive levels of depth.Assumingthefield of view of theHMD
is 75.3 x 58.#visualangle3° the objectwassuccessiely
displayedto subtend26°, 24°, 22°, 20°, and18° visualan-
gle.

6.3. Discussion

The extentsof resolutionlevels of the empirically derived
degradationfunction are shawvn in Table 6.3 A compari-
sonof theempirically determinediegradatiorfunctionwith
expectedtheoreticalacuity limits is shavn in Figure 10.
It should be notedthat the theoreticalacuity function re-
lies on a uniform relative acuity scale,whereasthe empir
ical functionis nonuniformlydistributedon the samescale.
Figure 10(b) wasconstructedy resamplinghe datain Ta-
ble 6.3 to matchthe scaleof the theoreticalvisual acuity
functionin Figure10(a). Thetwo functionsplots aresimi-

Depth Level5 Level4 Level3 Level2 Levell
(fine) (coarse)
0 2.5 6.0° 9.8 14.5 15.5
1 1.0 6.3 8.5° 14.¢° 14.5
2 0.0° 4.3 9.5° 11.8 13.2
3 1.0 5.0° 9.5° 10.8 11.8
4 0.0° 3.5 8.3 13.7 11.8

Table 1. Deg. fcn.: extentof res.levels(deg. vis. angle).

lar in termsof spatialresolutiondegradation(shavn ascell
shading),with an obvious trend within depths(rows) to-
wardsdecreasedesolutionat increasedvisual angle. This
trendis alsonoticeablebetweerdepths(columns),suggest-
ing thatasthe objectrecedesandhencediminishesin size,
lessdetailis required.Oneanomalyin the datais the Level
2 geometryat Depth 4: this is mostlikely dueto the small
samplesizeof theexperiment.

Two qualitatve obserations relevant to future gaze-
contingentapplicationswvere notedduring the courseof the
experiment,both stemmingfrom subjects’reportsof being
aware of peripheralmotion. At leasttwo characteristicof
theHVS arecooperatiely responsibléor this phenomenon:
selectve visual attention,which allows oneto attendto ob-
jectsoutsidethe foveal ROI, andthe acutemotion sensitv-
ity of the peripheralvisual system.To our knowledge, no
adequatenethodscurrentlyexist for trackingattentionade-
viationsfrom the POR; this would requiretracking of both
eye motionandbrainfunctions.Recentnnovationscombin-
ing MRI brainimagingand eye trackingtechnologiesnay

05

unit depth

35

0 2 4 6 8 10 12 14 16
deg. visual angle

(a) Theoreticalrelative % acuity).

0.5

=
@

~

unit depth

N
o

35

0 2 4 6 8 10 12 14 16
deg. visual angle

(b) Empirical (relative % resolution).

Figure 10: Comparisorof empiricalresolutionandtheoet-

ical acuity degradationfunctions.Thediagramsare plotted
with unit depth(ordinate) vs. dgg. visual angle (abscissa),
wheee cell shadingindicates% rel. acuityor resolutionwith

brightestvalueindicating 100%at (0, 0), thetop-leftcell.

eventuallybecomesuitablefor this purposeTo provide im-
perceptibleperipheraldegradationin gaze-contingensys-
tems, the motion sensitvity of peripheralvision must be
addressedOur spatialdegradationmethodaloneappeargo
beinsuficient for this purpose;a completegaze-contingent
renderingsolution may benefitfrom a hybrid screen-and
model-basedpproach.

7. Results

After empirically determiningthe resolution degradation
function, systemperformancewas evaluatedin terms of
polygon counts and frame rates during gaze-contingent
viewing. Minima, maxima,and averagesare shawvn in Ta-
ble 7. Thedatashavs framerateincreasesf atleastafactor
of 2, with up to a 15-fold gain in performancewhen dis-

(© TheEurographic#ssociation2001.
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object #offaces framerate gaze-contingernpolygoncount gaze-contingerframerate

min.#faces max.#faces avg.#faces min.fr.rate max.fr.rate avg.fr.rate
torus 16384 82 96 2272 899 19 4310 1628
igea 268686 4 168 42300 16930 8 2386 309
NOTES

Average face countsand average frameratesare over typical viewing sequenceMaximumframerate values

shouldbe clampedio appopriate displayfrequency

Table 2: Systenperformance

playing the igea model (when the maximumframerate is
clampedto the HMD refreshrate of 60Hz). Combiningthe
resultswith measurementmadefor the torus the overall
averageframerateimprovementis approximatelyd-fold in
favor of gaze-contingentiewing.

Perhapsthe most striking performancegains were ob-
senedduringa comparisorof viewing a scenewith 24 igea
meshesitdifferentlocations Full resolutiorrenderingof the
scenaesultedn frameratestoo low to measurewhile gaze-
contingent viewing allowed nearinteractve frame rates
(about20-30fps).

8. Conclusions

We have describedan operationalplatform for real-time
gaze-contingentonisotropicrenderingof multiresolutional
geometricobjects. The platform is basedon a high-end
graphicsengineand an electromagneticallyracked helmet
equippedvith abinoculareyetraclker. Trackingsoftwareob-
tainshelmetpositionandorientationin real-timeandcalcu-
latesthe directionof the users gaze. The geometricmodel-
ing techniquedevelopedfor the purposeof gaze-contingent
renderingncludesanintegratedapproacho tiling, mapping,
andremeshingf closedsurfaces A three-dimensionapa-
tial degradationfunction, determinedempirically from hu-
mansubjectexperimentswasfound to matchthe expected
theoreticallimits of the HumanVisual Systemin termsof
spatial acuity at varying eccentricityand depth. The em-
pirical spatial degradationfunction was subsequentlyised
to imperceptiblydisplay multiresolutionobjectsin a gaze-
contingentmanner Systemperformanceneasurementi-
dicateanoverall 4-fold averageframerateimprovementdur-
ing gaze-contingentiewing.
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