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Abstract
Thecontributionsof thispaperare thedevelopmentandevaluationof a nonisotropicmodel-basedLevelOf Detail
(LOD) renderingtechniquefor gaze-contingentviewingof multiresolutionmeshes.A highresolutionportionof the
modelis renderedat theeye-trackedPoint Of Regard (POR).A methodis givenfor convertinga closedpolygonal
meshto a nonisotropic LOD representationsuitablefor gaze-contingent viewing. Basedon a theoretical model
of visualacuity, a three-dimensionalspatialdegradationfunctionis obtainedfromhumansubjectexperimentsin
an attemptto renderimperceptiblydegradedgeometricobjects.Unlike previousLOD approaches,our resolution
degradationmethodis basedon themeasurementof visualanglein world coordinatesandis applieddirectly to
objectgeometriesprior to rendering. Thegaze-contingent techniqueis evaluatedin a Virtual Reality(VR)system
integrated with a binocular eye tracker. To our knowledge, this is the first exampleof a binocular eye-tracked
VR systemusedto evaluatea gaze-contingent modelingtechnique. Resultsare reportedin termsof rendering
performance, indicatinganoverall 4-foldaverageframerateimprovementduringgaze-contingentviewing. Frame
rate improvementranged from a factor of at least2, up to a 15-fold gain in performanceover full resolution
display, varyingwith themodelcomplexity andtheinstantaneousdirectionof theviewer’s gaze.

1. Introduction

To increasedisplayratesabove thosecurrentlyprovidedby
view-dependentLevel Of Detail (LOD) renderingmethods,
it hasbeensuggestedthat an eye tracker is requiredto en-
ablethepresentationof highresolutionportionsof thescene
or object only at the point of highestvisual acuity, i.e., at
the foveal Region Of Interest(ROI).20 The motivation be-
hind suchproposedgaze-contingent systemsis to minimize
overall displaybandwidthrequirementsby reducingperiph-
eral information in concordancewith the perceptuallimits
of the HumanVisual System(HVS). Efforts at providing
peripherallydegradedinformation dateback to early eye-
slavedflight simulators.Sincethen,developmentof similar
screen-basedperipheraldegradationapproacheshascontin-
ued to show promisefor gaze-contingentdisplayaccelera-
tion with minimal costto eitherperceptionor performance.
Model-basedapproaches,however, havenotenjoyedsimilar
progress.Although a gooddealof work hasrecentlybeen
devotedto thedevelopmentof meshsubdivision techniques
for multiresolutionsimplificationof complex models,32 we
are not aware of any publishedresultsconcerningdisplay
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(a) PORover left cheek. (b) PORbelow right cheek.

Figure 1: Two framesduring gaze-contingent viewing of
igeamodelwith superimposedPORboxes.

speedupshowing successfuladaptationof thesetechniques
within a truegaze-contingentsystem,i.e.,onewhereaneye
tracker is employed.

The contributionsof this paperarethe developmentand
evaluation of a nonisotropicmodel-basedLOD rendering
techniquefor gaze-contingentviewing of multiresolution
meshes,whereahigh resolutionportionof themodelis ren-
deredat the eye-tracked Point Of Regard(POR),asshown
in Figure1. Sincemeshgeometriesaregenerallynot stored
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with the informationnecessaryfor sucha display scheme,
a methodis given for converting closedpolygonalmeshes
to representationssuitablefor gaze-contingentdisplay. The
modeling techniqueis then evaluatedin a Virtual Reality
(VR) systemintegratedwith a binoculareye tracker. Eval-
uationconsistsof thedeterminationof anempiricalresolu-
tion degradationfunctionandthemeasurementof resultant
renderingperformance.

The paperis organizedasfollows. Section2 briefly sur-
veys eye trackingapplicationsandgaze-contingentinterac-
tion techniques,andsummarizesprevious geometricmod-
eling work suitablefor gaze-contingentdisplay. Graphics
andeyetrackinghardwarecomponentsaredescribedin Sec-
tion 3, alongwith techniquesrelatedto eye tracker andVR
systemintegrationprovidedin Section4. Section5 givesde-
tailsof thenonisotropicLOD techniquedevelopedfor gaze-
contingentviewing in VR, andSection6 gives the spatial
acuitydegradationfunctionobtainedfrom humansubjecttri-
als. Section7 reportsthe resultantrenderingperformance,
followedby concludingremarksin Section8.

2. Background

Interestin gaze-contingentinterfacetechniqueshasendured
sinceearly implementationsof eye-slaved flight simulators
andhassincepermeatedseveraldomainsincludinghuman-
computer interaction, teleoperatorenvironments,and vi-
sualcommunicationmodalities.8 Theuseof eye trackersin
graphicalsystemsfalls into two generalapplicationtypes:
diagnosticandinteractive.

Diagnosticapplicationstypically involve therecordingof
eyemovementsover time,i.e.scanpaths,for postfactoanal-
ysisof theuser’sovertvisualattentionoveragivenstimulus.
For example,Duchowski et al. useaneye tracker to record
eye movementsin a virtual aircraftcargo bayfor inspection
training.4 Otherexamplesof diagnosticapplicationscanbe
found elsewhere.6 Diagnosticsystemsgenerallydo not re-
quirethedisplayto reactto theuser’sgaze,andaretherefore
outsidethescopeof this paper.

Interactive eye trackingsystems,on theotherhand,typi-
cally respondin someway to thelocationof theuser’sgaze.
Earlynoteworthy examplesdatebackto thework of Starker
and Bolt27 and Jacob.11 Such interactive systemsmay be
classifiedby two applicationsub-types:selectiveandgaze-
contingent. The latter canbe further delineatedin termsof
displayprocessing,asshown in thehierarchyin Figure2.

In selective applications,asexemplifiedby Jacob’s work,
theuser’sgazeactsasanalternatemodeof input,oftencom-
paredto a pointingdevice. For example,Tanriverdi andJa-
cob have recentlyusedan eye tracker asa selectiondevice
in VR.28

In gaze-contingentdisplays,the objective is to partition
the display into two imperceptiblespatialregions,a high-

Diagnostic

Selective Gaze-Contingent

Interactive

Eye Tracking Systems

Screen-Based Model-Based

Figure 2: Hierarchyof eyetrackingapplications.

resolutionfoveal ROI surroundedby a low-resolutionpe-
ripheral region. There are two main approaches:screen-
basedandmodel-based. The former dealswith the manip-
ulation of framebuffer contentsjust prior to display. The
peripheryof the display is often masked or smoothedin
someway, reducingthe bandwidthrequirementsby com-
pressingthe information(in bits-per-pixel) requiredto dis-
playor transmitthefinal image.

Theideaof gaze-contingentdisplaysis notnew anddates
backto earlymilitary applications.13� 17 In theSuperCockpit
Visual World Subsystem,Kocianconsideredvisual factors
including contrast,resolution,andcolor in the designof a
head-trackeddisplay. In theirSimulatorComplexity Testbed
(SCTB), Longridgeet al. includedan eye-slaved ROI asa
major componentof the HelmetMountedFiber Optic Dis-
play (HMFOD). This ROI provided a high resolutioninset
in a low resolution(presumablyhomogeneous)field which
followed the user’s gaze.The precisemethodof peripheral
degradationwasnot describedapartfrom thecriteriaof low
resolution.However, theauthorsdid pointout thata smooth
transitionbetweenthe ROI andbackgroundwasnecessary
in orderto circumvent the possibilityof a perceptuallydis-
ruptive edgeartifact.

Recently, sophisticatedapproacheshave beendeveloped
for ROI-basedimageandvideocoding.14� 5� 18� 23 For screen-
basedVR renderingthework of Watsonetal. is particularly
relevant.31 The authorsstudiedthe effectsof LOD periph-
eraldegradationon visualsearchperformance.Both spatial
andchrominancedetail degradationeffectswereevaluated
in HeadMountedDisplays(HMDs). To sustainacceptable
framerates,two polygonsweretexturemappedin real-time
to generatea high resolutioninsetwithin a low resolution
displayfield. The authorssuggestedthat visual spatialand
chrominancecomplexity canbereducedbyalmosthalfwith-
outdegradingperformance.

In an approachsimilar to Watson’s, Reddyuseda view-
dependentscreen-basedLOD techniqueto evaluatebothper-
ceptualeffectsandsystemperformancegains.24 Theauthor
reporteda perceptuallymodulatedLOD systemwhich af-
fordsafactor4.5improvementin framerate.It isnotentirely
clear how the LOD model was constructed,i.e. what was
the methodof degradation,nor is it clearwhat kind of ap-
paratuswasused.Reddy’s empiricalevaluationof theLOD
modelwasperformedona43.6 � 33.4degreeFieldOf View
(FOV) display, presumablya desktopmonitor without the
useof aneye tracker.
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As analternative to thescreen-basedperipheraldegrada-
tion approach,model-basedmethodsaim at reducingres-
olution by directly manipulatingthe modelgeometryprior
to rendering.Thetechniqueof simplifying theresolutionof
geometricobjectsasthey recedefrom the viewer, asorigi-
nally proposedby Clarke,1 is now standardpractice,partic-
ularly in real-timeapplicationssuchasVR.29 Clarke’s orig-
inal criteria of using the projectedareacoveredby the ob-
jectfor descendingtheobject’sLOD hierarchyis still widely
usedtoday. However, asClarkesuggested,theLOD manage-
menttypically employed by thesepolygonalsimplification
schemesrelies on pre-computedfine-to-coarsehierarchies
of anobject.This leadsto uniform, or isotropic in termsof
resolutiondegradation,simplificationof objects.

A gaze-contingent model-based adaptive rendering
schemewas proposedby Ohshimaet al., where threevi-
sual characteristicswere considered:central/peripheralvi-
sion, kinetic vision, and fusional vision.22 The LOD algo-
rithm generatedisotropically degradedobjectsat different
visual angles.Although the useof a binoculareye tracker
wasproposed,thesystemasdiscussedusedonly headtrack-
ing asa substitutefor gazetracking.

Isotropicobjectdegradationis notalwaysdesirable,espe-
cially whenviewing largeobjectsat closedistances.In this
case,traditionalLOD schemeswill displayanLOD meshat
its full resolutioneven thoughthe meshmay cover the en-
tire field of view. Sinceacuteresolvability of humanvision
is limited to thefoveal5� , objectresolutionneednotbeuni-
form. This is thecentraltenetof gaze-contingentsystems.

Numerous multiresolution mesh modeling techniques
suitable for gaze-contingentviewing have recently been
developed.32 Techniquesrange from multiresolution rep-
resentationof arbitrary meshesto the managementof
LOD through peripheral degradation within an HMD
where gaze position is assumedto coincide with head
direction.16� 21� 9� 33� 25 Although someof theseauthorsad-
dressview andgazedependentobjectrepresentation,few re-
sultsconcerningdisplayspeedupareasyet availableshow-
ing successfuladaptationof thesetechniqueswithin a true
gaze-contingentsystem,i.e. onewhereaneyetracker is em-
ployed.Dueto theadvancementsof multiresolutionmodel-
ing techniquesandto theincreasedaffordabilityof eyetrack-
ers,it is now becomingfeasibleto extendtheLOD approach
to gaze-contingentdisplays,wheremodelsarerenderednon-
isotropically.

An earlyexampleof a nonisotropicalmodel-basedgaze-
contingentsystem,wheregazedirectionis directly applied
to the renderingalgorithm, was presentedby Levoy and
Whitaker.15 The authors’spatially adaptive near real-time
ray tracerfor volumedatadisplayedan eye-slaved ROI by
modulatingboth the numberof rays castper unit areaon
the imageplaneandthenumberof samplesdrawn perunit
length alongeachray asa function of local retinal acuity.
The ray-tracedimagewas sampledby a nonisotropiccon-

volution filter to generatea 12� foveal ROI within a 20�
mid-resolutiontransitionalregion.Basedon preliminaryes-
timates,the authorssuggesteda reductionin imagegener-
ation time by a factor of up to 5. An NAC Eye Mark eye
trackerwasusedto determinetheuser’s PORwhile viewing
aconventional19� � TV monitor. A chinrestandimmobiliza-
tion strapwereusedto eliminatetheneedfor headtracking.

Danforth et al. usedan eye tracker as an indicator of
gaze in a gaze-contingentmultiresolution terrain naviga-
tion environment.2 A surface, representedas a quadrilat-
eral mesh,wasdivided into fixed-size(numberof vertices)
sub-blocks,allowing renderingfor variableLOD on a per-
sub-blockbasis.Resolutionlevel waschosenpersub-block,
basedon viewer distance.Theresolutionlevel wasnot dis-
crete;it wasinterpolatedbetweenthepre-computeddiscrete
levelsto avoid “popping” effects.Theapproachusedis rea-
sonablyeffective; however, it is not clearwhetherthe tech-
niqueis applicableto arbitrarymeshes.

Perhapsthemostcloselyrelatedwork to thecurrentmod-
eling approachis thatof Luebke et al. Recently, theauthors
have developeda gaze-directedLOD techniqueto facili-
tate the gaze-contingentdisplayof geometricobjects.19 To
testtheir renderingapproachthe authorsemployed a table-
mountedmonoculareyetrackerto measuretheviewer’sreal-
timelocationof gazeoveradesktopdisplay. While thiswork
shows the feasibility of employing an eye tracker, the im-
plementationframework usedby theauthorslacked a head
tracker andrequireda chin restto ensuretracker accuracy.

Herewe presentanobject-basedLOD method,similar to
thatof Ohshimaet al., whereobjectsaremodeledfor gaze-
contingentviewing. Unliketheirapproach,resolutiondegra-
dation is appliednonisotropically, i.e. objectsarenot nec-
essarilydegradeduniformly. We choseto follow the work
of Eck et al.7 as a suitablestarting point for developing
our modelingtechnique.We summarizethe main pointsof
our strategy, identifying differencesof our implementation
where appropriate.We then discussa spatial degradation
functionobtainedfrom humansubjecttrials.

It shouldbe notedthat our spatialdegradationfunction
for LOD selectiondiffers significantly from the area-based
criteriaoriginally proposedby Clarke. Insteadof evaluating
thescreencoverageof theprojectedobject,our degradation
function is basedon theevaluationof visualanglein world
coordinates.Sincegaze-contingentLOD managementrelies
on the selectionof object polygonsfor multiresolutionre-
constructionit wasdeemedsimplerto follow a ray casting
approach,assuggestedby Levoy andWhitaker,15 ratherthan
to pursuea polygonalscreencoveragecalculationas pro-
posedby Clarke.

Systemperformancemeasurementsareobtainedfrom ex-
perimentsusinga binoculareye tracker built into anHMD.
To our knowledge,this is the first exampleof a binocular
eye-tracked Virtual Realitysystemusedto 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 R

�
InfiniteReality2TM systemwith 8

rastermanagersand8 MIPS R
�

R12000TM processors,each
with 8MB secondarycache.It is equippedwith 8Gbof main
memoryand0.5Gbof texturememory.

Multi-modal hardware componentsinclude a binocular
eye tracker mountedwithin a Virtual ResearchV8 (high-
resolution)HMD. TheV8 HMD offers640� 480resolution
pereye with individual left andright eye feeds.HMD posi-
tion andorientationtrackingis providedby anAscension6
Degree-Of-Freedom(6DOF)Flock Of Birds (FOB).

The eye tracker is a video-based,cornealreflectionunit,
built jointly by Virtual Researchand ISCAN. Eachof the
binocularvideoeyetrackersiscomposedof aminiaturedigi-
tal cameraandinfraredlight sources,with thedualopticsas-
sembliesconnectedto a dedicatedpersonalcomputer(PC).
TheISCAN RK-726PCIHigh ResolutionPupil/CornealRe-
flectionProcessorusescornealreflections(first Purkinjeim-
ages)of infra-redLEDs mountedwithin thehelmetto mea-
sureeye movements.Figure3 shows the dual camerasand
infra-red LEDs of the binocular assembly, with a picture
of the helmet inset at top-center. The processoroperates

Figure 3: Closeupof HMD binoculareyetracker optics.

at a samplerate of 60Hz and the subject’s eye position
is determinedwith an accuracy of approximately0.3 de-
greesover a 	 20 degreehorizontalandvertical rangeusing
thepupil/cornealreflectiondifference.Themaximumspatial
resolutionof thecalculatedPORprovidedby the tracker is
512� 512pixelspereye.

Thebinoculareye trackingassemblyallows themeasure-
ment of vergenceeye movements,which in turn provides
the capability of calculatingthe three-dimensionalvirtual
coordinatesof theviewer’s gaze.Usingthevendor’s propri-
etarysoftwareandhardware,thePCcalculatesthesubject’s
real-timePOR from the video eye images.In the current

gaze-contingentVR configuration,theeye tracker is treated
as a black box delivering real-timeeye movementcoordi-
nates(xl 
 yl 
 t) and(xr 
 yr 
 t) overa19.2KbaudRS-232serial
connection,andcanbeconsideredasanordinarypositional
trackingdevice.

4. Eye Tracking

4.1. Eye Tracker Coordinate Mapping

A critical concernin designingagaze-contingentVR system
is themappingof eye tracker coordinatesto theapplication
program’s referenceframe. The eye tracker calculatesthe
viewer’s PORrelative to the eye tracker’s screenreference
frame,e.g.,a 512� 512pixel plane,perpendicularto theop-
tical axis.Theeye tracker returnsa samplePORcoordinate
pair for eacheye.Thesecoordinatepairsmustbemappedto
theextentsof theapplicationprogram’s viewing window.

Raw eye tracker coordinatesare in the range � 0 
 511� .
In practice,the usable,or effective, coordinatesaredepen-
dent on: (a) the size of the applicationwindow, and (b)
the positionof the applicationwindow, both relative to the
eye tracker’s referenceframe.Propermappingbetweeneye
tracker andapplicationcoordinatesis achieved throughthe
measurementof theapplicationwindow’s extentsin theeye
tracker’s referenceframe.This is accomplishedby usingthe
finecursormovementandcursorlocationreadoutof theeye
tracker.

To obtaintheextentsof theapplicationwindow in theeye
tracker’s referenceframe,theapplicationwindow’s corners
aremeasuredwith the eye tracker’s cursor. Figure 4 illus-
tratesan exampleof a 600� 450 applicationwindow as it
wouldappearontheeyetrackerscenemonitor. Giventheex-

LEFT
SCENE

MONITOR

Application

data display)
(as shown in

51,446

51,53

482,53

482,446H: 267   V: 250  D: 0       T:00:00:00:00

267,250

Figure 4: Mappingmeasurementexample.

tentsof bothapplicationandeye tracker screencoordinates,
a simple linear interpolationmappingis usedto map raw
PORdatato thegraphicsscreencoordinates.4 While seem-
ingly trivial, this mappingis key to propercalculationof the
gazevectorin world coordinatesfrom raw PORdataandis
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alsoessentialfor alignmentof targetpointsdisplayedby the
applicationprogramduringcalibrationof theeye tracker.

4.2. Gaze Vector Calculation

Thecalculationof gazein three-spacedependsonly on the
relativepositionsof thetwo eyeson thehorizontalaxis.The
parametersof interestarethe three-dimensionalvirtual co-
ordinates,
 xg 
 yg 
 zg � , which canbe determinedfrom tradi-
tionalstereogeometrycalculations.10 Helmettrackingdeter-
minesbothhelmetpositionandthe(orthogonal)directional
andupvectors,whichdeterminehead-centriccoordinates.

Given instantaneouseye tracked coordinates,
 xl 
 yl � and
 xr 
 yr � , in the left and right image planes(mappedfrom
eye tracker screencoordinatesto the nearview plane),and
head-tracked headpositioncoordinates,
 xh 
 yh 
 zh � , the co-
ordinatesof the gazepoint, 
 xg 
 yg 
 zg � , are determinedby
therelations:

xg � 
 1 � s� xh � s
 xl � xr ��� 2 (1)

yg � 
 1 � s� yh � s
 yl � yr ��� 2 (2)

zg � 
 1 � s� zh � sf (3)

wheres � b� 
 xl � xr � b� , b is thebaselinedistancebetween
theleft andright eyecenters,and f is thedistanceto thenear
viewing planealongthehead-centricz-axis.

Notethatsincetheverticaleye trackedcoordinatesyl and
yr areexpectedto be equal(sincegazecoordinatesareas-
sumedto beepipolar),theverticalcoordinateof thecentral
view vectordefinedby 
 yl � yr ��� 2 is somewhatextraneous;
eitheryl or yr would do for thecalculationof thegazevec-
tor. However, sinceeye tracker datais alsoexpectedto be
noisy, this averagingof theverticalcoordinatesenforcesthe
epipolarassumption.

To enablegaze-contingentLOD rendering,it is necessary
to calculatethe intersectionof the user’s gazewith the en-
vironmentalpolygons.To calculategazedirection,thegaze
point is expressedparametricallyasapointonaraywith ori-
gin 
 xh 
 yh 
 zh � , with therayemanatingalonga vectorscaled
by parameters. Thatis, rewriting Equations(1)–(3) in vector
notation,g � h � sv, whereh is the headposition,v is the
centralgazevectorands is the scaleparameterasdefined
previously. To align the gazevector with the currenthead
orientation,it is first transformedto theinstantaneoushead-
centricreferenceframeby multiplying thegazevectorv by
the orientationmatrix returnedby the headtracker. Further
technicaldetailsof theeye trackingsystemintegrationmay
befoundelsewhere.6

5. Multiresolution Geometric Modeling

Theprocessof convertingtheoriginalmeshto amultiresolu-
tion representationinvolvesthreeprimarysteps:partitioning
themeshinto tiles,mappingthetiles to n-gons,andremesh-
ing into multiresolutionform. Thesestepscloselyfollow the

work of Eck et al.;7 only a brief review of this approach
is givenwith deviationsfrom theoriginal processidentified
whereappropriate.

5.1. Tiling

Becausemeshfiles rarely containexplicit connectivity in-
formation,implicit connectivity informationis extractedby
growing tilesacrosstheentiresurfaceof themesh.Tilespar-
tition a meshinto local groupswhereeachtile is a contigu-
oussubsetof theoriginal mesh,i.e., a setof facesenclosed
within a singlenon-self-intersectingboundary. Tiling is fa-
cilitatedthroughtheuseof a Voronoidiagram,in this casea
groupof tiles in which thegeodesicdistancefrom any face
in a tile to thecentroidof thetile is shorterthanits distance
to any othertile’s centroid.Sincethe meshgeometryis in-
herentlydiscrete,a trueVoronoidiagramis difficult to con-
struct.A discreteapproximationis usedinstead.

Constructionof theVoronoidiagramis accomplishedby
using Dijkstra’s ShortestPath algorithm.A priority queue
is initialized with a randomface that serves as the seed
for a new tile. The facewith theshortestgeodesicdistance
from thecentroidof its assignedtile is removedandchecked
againsttheexisting facesin thetile for violationsof thesin-
gle boundaryrule. A triangleviolating this rule is addedto
thepriority queueasa new tile seed.Assumingno violation
occurred,theface’sneighborsareaddedto thepriority queue
andtheprocessis repeateduntil thepriority queueis empty.

Figure 5: Original meshand Voronoi tiling with boxessu-
perimposedover selectedcornervertices.

Upon completionof the initial partitioning processtwo
additionalconditionsareaddressed.First,exactly threetiles
mustmeetat any corner(SeeFigure5). Examinationof the
facessharinga cornervertex canrevealviolations,resulting
in oneof the facesbeingaddedto the priority queueas a
new tile seed.Second,a tile mayshareonly oneedgewith a
neighbor. If morethantwo cornersaresharedbetweentiles,
a violation occursanda facefrom theoffendingcornerver-
tex is addedto the priority queueas a new tile seed.En-
forcementof thesetwo rulesallows theVoronoi tiling to be
convertedto its dualDelaunaytriangulation.
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(a) Full mesh. (b) Isolatedtile. (c) Mappedtile.

Figure 6: Harmonicmapping.

A final smoothingoperationis appliedto eachtile to en-
surethateachboundaryvertex isof degreethree,whichis re-
quiredduringthemappingprocessto prevent theformation
of degeneratetriangles.If anon-cornervertex with only two
edgesis discovered,the facein the tile to which the vertex
belongsis surrenderedto thetile with which theboundaryis
shared.

Eck et al. designedtheir tiling approachto provide
subdivision connectivity, a requirementfor their wavelet-
basedLOD models.Wavelet-basedgeometricreconstruction
was deemedtoo computationallycostly for real-timenon-
isotropic meshreconstruction,obviating the needfor De-
launaytriangulation.In addition,only closedmesheswere
considered,further reducingthe computationalburden. If
the tiles cover the entire meshandadhereto the threere-
quirementsspecifiedabove, mappingof the tiles canoccur.
A completedtiling of the igeamodelis shown in Figure5.

5.2. Harmonic Mapping

Mappingeachtile to aplanarn-goncanbevisualizedaspeg-
ging the cornerverticesof an elastictile andallowing it to
flattenunderits own internal tension.Piecewise linearhar-
monic maps,by minimizing total elasticenergy, minimize
distortionof thetile’s topology. Then-gon to which the tile
is peggedis constructedby affixing thecornerverticesto a
circle with arc-lengthsbetweencornerverticesproportional
to tile edgelengthsin theoriginal mesh.Thesenew coordi-
natesareassignedto theappropriatecornervertices.Bound-
ary verticesarealsoassignednew coordinatesby maintain-
ing theratiobetweentheoriginalcornervertex positionsand
thenew cornervertex positions.Springconstantsκi � j , shown
in Figure7 asderivedby Eck et al., aredefinedalongtrian-
gle edgesto minimize topologicaldistortion.In somecases
uniformspringconstantsmustbeusedto allow thesystemto
converge.While the total energy Σκi � j � ei � j � is greaterthan
a presetlimit, eachvertex is displacedby thescaledsumof
forcesactingdirectly on it. Whentheenergy of the tile has
beenminimized,theoriginalpointshavebeenmappedto lo-
cationson then-gon.A mappedtile is shown in Figure6.

j

i k 2

k 1

κi � j ����� ei � k1 � 2 � � ej � k1 � 2 � � ei � j � 2 � � Areai � j � k1
�

� � ei � k2 � 2 � � ej � k2 � 2 � � ei � j � 2 � � Areai � j � k2

Figure 7: Springconstantsusedin harmonicmapping.

5.3. Remeshing

Onceall thepointsin atile aremapped,thenew meshcanbe
projectedontotheplanarn-gon.Thefirst of themultiresolu-
tion levelsis constructedby connectingtwo adjacentcorners
of themapto thecenterof themap,creatingoneface.Each
faceis then 4-to-1 split by bisectingits edges(referredto
asparametricallyuniform resamplingby Eck et al.) creat-
ing four new facesin the next level of subdivision. These
arestoredin a completequadtreedatastructurefor efficient
rendering.Theprocesscontinuesrecursively to apredefined
level of subdivisions,eachlevel a closerapproximationto
the original meshthanits predecessor. Oncethe new mesh
hasbeendefinedon then-gon,the2D pointsaremappedto
3D from their barycentriccoordinatesdefinedfor eachface
in theoriginal mesh.This meansthateachpoint in thenew
meshlies exactly on thesurfaceof theoriginal mesh.When
thisprocesshasbeenrepeatedfor every tile, anew multires-
olutionapproximationof theoriginalmeshhasbeencreated.

5.4. Geometric Reconstruction

Given a multiresolutionrepresentationof an object, it can
now berenderedin agaze-contingentmanner. Ourapproach
is to calculatethe visual angleθ in world coordinatesbe-
tween the gazevector v and the verticesof eachtriangle
in the level one (coarsest)geometry. An acuity-basedres-
olution degradationfunction (seebelow) modelingperiph-
eral falloff is usedto selecttrianglesfor furthersubdivision
(higherresolutionapproximation).If any vertex in thetrian-
glebeingtestedfallswithin thecurrentrangeof thedegrada-
tion function,eachtrianglein its next level of subdivision is
recursively testedat thenext highestdegradationlevel. For
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[n]θ

θ [n−1]

Figure 8: Gaze-contingentgeometricreconstruction.

example,as illustratedin Figure8, ∆ABC is testedagainst
thefurthestrangeof thedegradationfunction.VerticesB and
C fall within thatrange,so∆ABC is testedat its next highest
resolution(subdivision level), this time againstθ ! n " 1# . Ver-
tex B of ∆DBE falls within that range,resultingin ∆DBE
beingtestedat its next highestresolutionagainstθ ! n " 2# .
6. Estimating Resolution Degradation

An experimentwas conductedto find a resolutiondegra-
dationfunction andto comparethe resultantfunction with
a theoreticalmodelof visual acuity. At photopiclight lev-
els (daylight) foveal acuity is fairly constantwithin the
central2� (visual angle)anddropsapproximatelylinearly
from thereto the5� fovealborder. Beyond5� acuitydrops
sharply(approximatelyexponentially).At scotopiclight lev-
els (nighttime)acuity is poor at all eccentricities.We con-
sideredaneccentricvisualacuity functionat photopiclight
levelsreportedby Davson3 asastartingpoint for modelres-
olutiondegradationwhenviewing amodelataconstantdis-
tance.

To modelresolutiondegradationasanobjectrecedes,we
alsoconsideredvisual resolutionasa function of stimulus
distance(depth).Visual resolutionis necessarilydependent
upon the quality of its optical components,and variations
with stimulusdistanceresultfrom inaccuraciesin accommo-
dation(focusing).12 Thecorrectionof accommodative errors
effectively eliminatesthesevariations.Interferometricres-
olution studieshave shown that the effect is dioptric and
it is highly likely that the accommodationmechanismis
the specificcomponentof visual optics responsiblefor the
phenomenon.Wethereforehypothesizedthatrelativespatial
acuity diminishesat increaseddepth.To arrive at an initial
estimateof depthscalefactor, we consideredthe National
Bureauof Standards(NBS) resolutionchart.This chart is
constructedof squarewave gratingsover a wide rangeof
spatial frequenciesbasedon a sequencedescribedby the
equation,σ 
 i �$� σ 
 1� r i " 1 in cycles/unitdistance,whereσ 
 i �
is thespatialfrequency of the ith pattern,σ 
 1� is thespatial

frequency of the first pattern,and r is the sizeratio.26 The
spatialfrequency of theNBSchartrangesfrom 1.0c/mmto
18c/mm,with σ 
 1�%� 1 & 0 c/mmandr � 1 & 122.Thechartis
constructedby reducingthe sizeof successive squaregrat-
ingsby factorr i " 1. Wethereforeexpectedvisualacuity, and
hencemodelresolution,to degradewith distanceatasimilar
rate.Figure9 shows theexpectedacuityfunction.
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Figure 9: Expected3D acuityfunction.Thediagramis plot-
ted with unit depth (bot. right axis) vs. deg. visual angle
(bot. left axis), where cell shadingindicates% rel. acuity
as a fcn. of eccentricityand distance, with brightestvalue
indicating100%at 
 0 
 0� , thetop-mostcell.

6.1. Participants

Four participantswith a broadrangeof experiencewerere-
cruitedin an attemptto reducebiasinducedby foreknowl-
edgeof VR andeyetracking.Thegroupconsistedof 2 males
and2 femalesbetweentheagesof 21and47,all with normal
or correctedto normalvision.Participantswereindividually
briefedonequipmentuseprior to theexperimentanda non-
technicalexplanationof the graphicalsystemwasgiven to
familiarizethemwith theeffectsthey wereaboutto observe
andevaluate.

6.2. Procedure

Eachparticipantwasimmersedin avirtual environmentcon-
taining a singlemultiresolutionobject.A short5-point eye
tracker calibration sequencewas performedat the begin-
ning of each trial. Following a modified two-alternative-
forced-choice(2AFC) (methodof limits) thresholddetec-
tion paradigm,theparticipantwasaskedto focuson theob-
ject and to respondverbally to changesin the appearance
of the object when prompted.Betweenresponses,the ex-
perimentermanipulatedthedegradationfunctionby gradu-
ally increasingtheresolutionlevel until adetectionthreshold
wasreached(theparticipantreportednot perceiving further
increasesin resolution).To reducethe possibility of error
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in thresholdestimation,a staircasemethodof stimuluspre-
sentationwas used,in which the experimenterwould first
presenta seriesof thestimulusin increasingresolutionuntil
theobserver changedtheir response.Theserieswould then
bereversed,trackingthestimulusbackandforth acrossthe
observer’s threshold.This processwasrepeatedat 5 succes-
sive levelsof depth.Assumingthefield of view of theHMD
is 75.3�'� 58.4� visualangle,30 theobjectwassuccessively
displayedto subtend26� , 24� , 22� , 20� , and18� visualan-
gle.

6.3. Discussion

The extentsof resolutionlevels of the empirically derived
degradationfunction are shown in Table 6.3. A compari-
sonof theempiricallydetermineddegradationfunctionwith
expectedtheoreticalacuity limits is shown in Figure 10.
It shouldbe noted that the theoreticalacuity function re-
lies on a uniform relative acuity scale,whereasthe empir-
ical function is nonuniformlydistributedon thesamescale.
Figure10(b) wasconstructedby resamplingthedatain Ta-
ble 6.3 to matchthe scaleof the theoreticalvisual acuity
function in Figure10(a). The two functionsplotsaresimi-

Depth Level 5 Level 4 Level 3 Level 2 Level 1
(fine) (coarse)

0 2.5( 6.0( 9.8( 14.5( 15.5(
1 1.0( 6.3( 8.5( 14.0( 14.5(
2 0.0( 4.3( 9.5( 11.8( 13.3(
3 1.0( 5.0( 9.5( 10.8( 11.8(
4 0.0( 3.5( 8.3( 13.5( 11.8(

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

lar in termsof spatialresolutiondegradation(shown ascell
shading),with an obvious trend within depths(rows) to-
wardsdecreasedresolutionat increasedvisual angle.This
trendis alsonoticeablebetweendepths(columns),suggest-
ing thatastheobjectrecedes,andhencediminishesin size,
lessdetail is required.Oneanomalyin thedatais theLevel
2 geometryat Depth4: this is mostlikely dueto the small
samplesizeof theexperiment.

Two qualitative observations relevant to future gaze-
contingentapplicationswerenotedduringthecourseof the
experiment,both stemmingfrom subjects’reportsof being
awareof peripheralmotion. At leasttwo characteristicsof
theHVS arecooperatively responsiblefor thisphenomenon:
selective visualattention,which allows oneto attendto ob-
jectsoutsidethe fovealROI, andtheacutemotionsensitiv-
ity of the peripheralvisual system.To our knowledge,no
adequatemethodscurrentlyexist for trackingattentionalde-
viationsfrom the POR;this would requiretrackingof both
eyemotionandbrainfunctions.Recentinnovationscombin-
ing MRI brain imagingandeye trackingtechnologiesmay
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Figure 10: Comparisonof empiricalresolutionandtheoret-
ical acuitydegradationfunctions.Thediagramsare plotted
with unit depth(ordinate) vs. deg. visual angle (abscissa),
wherecell shadingindicates% rel. acuityor resolution,with
brightestvalueindicating100%at 
 0 
 0� , thetop-leftcell.

eventuallybecomesuitablefor this purpose.To provide im-
perceptibleperipheraldegradationin gaze-contingentsys-
tems, the motion sensitivity of peripheralvision must be
addressed.Our spatialdegradationmethodaloneappearsto
be insufficient for this purpose;a completegaze-contingent
renderingsolution may benefit from a hybrid screen-and
model-basedapproach.

7. Results

After empirically determining the resolution degradation
function, systemperformancewas evaluatedin terms of
polygon counts and frame rates during gaze-contingent
viewing. Minima, maxima,andaveragesareshown in Ta-
ble7. Thedatashows framerateincreasesof at leasta factor
of 2, with up to a 15-fold gain in performancewhen dis-
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object # of faces framerate gaze-contingentpolygoncount gaze-contingentframerate
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 sequence. Maximumframerate values
shouldbeclampedto appropriatedisplayfrequency.

Table 2: Systemperformance.

playing the igea model (when the maximumframerate is
clampedto theHMD refreshrateof 60Hz).Combiningthe
resultswith measurementsmadefor the torus, the overall
averageframerateimprovementis approximately4-fold in
favor of gaze-contingentviewing.

Perhapsthe most striking performancegains were ob-
servedduringa comparisonof viewing a scenewith 24 igea
meshesatdifferentlocations.Full resolutionrenderingof the
sceneresultedin frameratestoolow to measure,while gaze-
contingent viewing allowed near-interactive frame rates
(about20-30fps).

8. Conclusions

We have describedan operationalplatform for real-time
gaze-contingentnonisotropicrenderingof multiresolutional
geometricobjects.The platform is basedon a high-end
graphicsengineandan electromagneticallytracked helmet
equippedwith abinoculareyetracker. Trackingsoftwareob-
tainshelmetpositionandorientationin real-timeandcalcu-
latesthedirectionof theuser’s gaze.Thegeometricmodel-
ing techniquedevelopedfor thepurposeof gaze-contingent
renderingincludesanintegratedapproachto tiling, mapping,
andremeshingof closedsurfaces.A three-dimensionalspa-
tial degradationfunction, determinedempirically from hu-
mansubjectexperiments,wasfound to matchtheexpected
theoreticallimits of the HumanVisual Systemin termsof
spatial acuity at varying eccentricityand depth.The em-
pirical spatialdegradationfunction was subsequentlyused
to imperceptiblydisplaymultiresolutionobjectsin a gaze-
contingentmanner. Systemperformancemeasurementsin-
dicateanoverall4-foldaverageframerateimprovementdur-
ing gaze-contingentviewing.
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