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Abstract

Gaze-contingentvariable resolution display techniquesallocate
computationalresourcesfor imagegenerationpreferentiallyto the
areaaroundthe centerof gazewherevisual sensitivity to detail is
the greatest.Although thesetechniquesarecomputationallyeffi-
cient, their behavioral consequenceswith realistictasksandmate-
rials are not well understood.The behavior of humanobservers
performingvisual searchof naturalscenesusing gaze-contingent
variableresolutiondisplaysis examined.A two-regiondisplaywas
usedwherea high-resolutionregion wascenteredon the instanta-
neouscenterof gaze,andthesurroundingregion waspresentedin
a lower resolution.Theradiusof thecentralhigh-resolutionregion
wasvariedfrom 1 to 15 degreeswhile the total amountof compu-
tationalresourcesrequiredto generatethevisual displaywaskept
constant.Measuresof reactiontime, accuracy, andfixation dura-
tion suggestthat taskperformanceis comparableto that seenfor
uniform resolutiondisplayswhenthecentralregion sizeis approx-
imately5 degrees.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—InteractionTechniques;
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1 Introduction

Vision is the dominantmodality for the acquisitionof perceptual
informationin humansandthequalityof mostvisualdisplaysis de-
terminedby theavailablespatialandtemporalresolution.Thelevel
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Figure1: Variableresolutiondisplay. A) Theregionof highresolu-
tion trackstheobserver’s pointof gazein real-time.Theremainder
of the imageis presentedin a lower resolution. B) An example
variableresolutiondisplayusedin theexperiment.

of detail thatcanbe renderedin real time is essentiallylimited by
theavailableprocessingpower (e.g. in virtual reality applications)
andcommunicationbandwidth(e.g.in Internetimagetransmission
application).In light of theserestrictions,it is importantto allocate
resourcesefficiently. Presentinga uniform level of visual detail
acrossthe whole displaywastesresourcessincethe humanvisual
systemdoesnot processall informationat the samespatialreso-
lution, but ratherfocusesprocessingnearthe centerof gaze.This
aspectof thehumanvisualsystemcanbeexploitedto minimizethe
resourcerequirementsby usinggaze-contingentvariableresolution
displaysthat rendera high degreeof visualdetail only aroundthe
centerof gaze.Given that the visual systemis a highly nonlinear
adaptivesystem,it is importantthatthebehavioral consequencesof
suchmanipulationsbeunderstoodthoroughly. In this research,we
examinethebehavioral consequencesof strategiesadoptedby hu-
manviewerswhenthedistribution of visualdetail is linked in real
time to thecenterof gaze.

The approachwe take to evaluatethesedisplaysis guidedby
threeprinciples. First, variableresolutiondisplayscan explicitly
takeadvantageof quantitativemeasuresof visualsystemsensitivity
by presentingonly asmuchvisualdetail at a given eccentricityas
canbeprocessedat thateccentricity. Presentingmoredetail,asis
donewith traditionaluniform resolutiondisplayswastescomputa-
tional resources.The obvious trade-off is that the locationof the
centerof gazehasto be determinedin real time. Although vari-
able resolutiondisplay techniquesneednot utilize visual system



sensitivity to determinedisplayparameters,weusequantitative be-
havioral measuresof visual sensitivity to guide the way in which
visual detail is distributed in a scene(for a similar approachsee
reference[2]).

Second,a simple two-region approximation(seefigure 1) is
usedin lieu of matchingresolutionto visualsystemsensitivity ev-
erywherein a display becausedoing so would incur a substan-
tial computationalcost in generatingsuchcomplex displays. The
two-region approximationconsistsof a centralhigh-resolutionre-
gion centeredon the viewer’s point of gazesurroundedby a low-
resolutionregion. Although the resolutionsof theseregions can
bebasedonvisualsystemsensitivity, this still leavesundetermined
the sizeof the centralregion. In this study, we examinethe dif-
ferentbehavioral consequencesassociatedwith variableresolution
displaysthatusea rangeof centralregion sizes.Intuitively, having
a largecentralregion of high resolutionwould alwaysbeadvanta-
geouscomparedto a smallerregion of high resolution,everything
elsebeingequal. Sucha comparisonis unfair becausethedisplay
with thelargercentralregionwouldrequiremorecomputationalre-
sources.To make thecomparisonfair andallow generalizationof
our resultsto applications,eachconditionwill be requiredto use
the sametotal amountof computationalresourcesto generatethe
display. By requiringtheuseof constantcomputationresourcesfor
eachcondition,thepricepaidfor a largehigh-resolutioncentralre-
gion is a very low resolutionsurroundand the benefitof usinga
smallerhigh-resolutionregion is that moreresourcescanbe ded-
icatedto maintainhigh resolutionin the surround. In an applied
setting,theprimarygoalis to improve theperceptualqualityof the
display given the resourcesof the systemwhich may alreadybe
specifiedbecausethe systemhasto work with the availablehard-
ware.

Finally, for variableresolutiontechniquesto bewidely adopted,
it is importantthat the behavioral consequencesof usingvariable
resolutiondisplaysarewell-understoodevenwhenthedisplaysare
generatedwith ordinarycomputerhardwareandeyetrackingequip-
ment.Muchof thework examiningvariableresolutiondisplayshas
utilized expensive high-endhardware (e.g.,seereference[1]). In
this studywe utilize a standard400mhzPentium-basedcomputer
andalow-end60hzISCAN video-basedpupil trackingsystemwith
a combinedretail priceof approximately$10,000(August2000).

In thefollowing experiment,amodelvirtual realityenvironment
is usedasa testbedto studythe behavioral consequencesof vari-
ableresolutiondisplaytechniques.The environmentis simplified
in thesensethatwe presentparticipantswith staticscenesof home
interiors and that there is no possibility for interactionbetween
the viewer and the environment. A visual searchtask was cho-
sen,consistingin thesearchfor targetsin a limited varietyof sizes
andeasily identifiableshapes.The visual searchtargets,medium
sizedbowls, wereon theonehandsufficiently variedin our image
databaseto avoid pop-outeffects. On the other hand,they were
sufficiently stereotypicthata targetcouldbeidentifiedwithoutam-
biguity. Thetaskrequiredparticipantsto actively searchtheimage
by makinga seriesof eye movements.It shouldberealizedthat in
choosingthis task,we arepurposelyexamininga situationwhere
the resultsarenot obvious. For instance,the targetswe selected
typically subtendedNPO Q�R , and thereforea higher resolutionat the
point of gazemight be advantageousto identifying thosetargets,
oncefoveated. On the other hand,in a visual searchtask where
peripheralinformationcouldbeusedto guideeye movements,re-
allocatingscenedetail towardsthe centerof gazemay actuallybe
disadvantageous.By studyinga taskin which performancecould
potentiallybedegradedby avariableresolutiondisplayschemethis
techniquecanbestringentlyevalutated.

2 Experimental Design

Weuseatwo-regionvariableresolutiondisplaywith a rangeof dif-
ferentresolutionweightingschemes.A circularhigh-resolutionre-
gionof radiusS tracksandis centeredontheviewer’spointof gaze.
Theremainingareasurroundingthecentralregion is presentedin a
lower resolution.Acrossthedifferentexperimentalconditions,the
displayparameterthatis explicitly variedis theradiusof thecentral
region. Theradiustakesonvaluesfrom SUTWV�O X�Q�R to SYTZV[Q�R . The
resolutionof thecentralregionandtheresolutionof thesurrounding
regionaresubsequentlydeterminedby asetof constraints.Thefirst
constraintrequiresthatall theresolutionweightingschemesusean
equalamountof computationalresources.That is to say, the total
computationaleffort requiredto generatethevisualdisplayis equal
for eachof the schemes.The way in which this constraintis im-
plementedis describedbelow in Section2.1.Thesecondconstraint
requiresthatno computationalresourcesarewastedby presenting
morevisualdetail (i.e. a higherresolution)at a giveneccentricity
thancanbeprocessedby thehumanvisualsystemat thateccentric-
ity. For ourtwo-regiondisplay, this is accomplishedby maintaining
aresolutionacrosstheentirecentralregionwhichis nogreaterthan
thatwhichcanberesolvedat theborderof thecentralareaat radiusS . The resolutionof the surroundingregion is alwaysmaintained
lower thanthatof thecentralregionandis a functionof theamount
of resourcesthat remainafter the centralregion hasbeenpainted.
Theway in which this is accomplishedis describedbelow in Sec-
tion 2.3.

2.1 Constant Computational Resources

We startfrom thepremisethata fixedamount \ of computational
resourcesis availableandthat theseresourcesaredividedinto two
parts. One part ( \^] ) is devoted to generatethe central region
aroundthe centerof gaze,andthe remainingpart ( \^_ ) is usedto
generatethesurroundingregion in theperiphery:

\`Ta\^]cbd\^_�O (1)

A simple measureof the computationalcost \ is the numberof
elementaryfeaturesto bepaintedin every frame,computedasthe
areae of thedisplayedregion multiplied by thesquareof its linear
resolutionf : \aT`e^g9fYh�O (2)

In this study, we definethe linear resolutionasthe highestspatial
frequency displayedwhich is a simplebut realisticmeasureof the
computationalcostfor bitmappedrasteroperations.For 3D graphic
engines,replacing f h with a measurein termsof polygons/area
wouldyield acloserapproximationof theactualcomputationalcost
andour methodscanbeappliedto this measureimmediately. We
notethatequation2 hastheadvantageof beingindependentof hard-
waredetails.

2.2 Sensitivity of the Human Visual System

Therearenumerousmeasuresfor thesensitivity of thevisual sys-
tem, defined in anatomicaland physiological terms as well as
throughvariousfunctionallydefinedpsychophysicalmeasures(e.g.
detectionor discriminationof sinusoidalgratingsor of lettersof the
alphabet).We selectedthe well-studiedspatialfrequency transfer
functionof thevisualsystem.VirsuandRovamo[6] determinedthe
50%detectionthresholdat which sinusoidalgratingsextending5R
couldbedetectedfor a rangeof eccentricitiesandspatialfrequen-
cies.Althoughwe areinterestedin usingthis measureto guidethe
parametersof differentresolutionweightingschemes,thesedatado
notnecessarilygeneralizeto naturalisticviewing conditionsusedin
typical virtual reality environments.Therefore,we conservatively
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Figure2: Thederivedestimateof visual sensitivity ¦�§©¨�ª (circles),
the spatialfrequency cut-off for the centerhigh resolutionregion
(triangles),and the spatial frequency cut-off for the surrounding
low resolutionregion (diamonds)are shown as a function of the
centralregion radiusS .
adaptthismeasureof visualsensitivity by computingthe“optimal”
spatialfrequency at a given eccentricity, definedasthe frequency
with thelowestcontrastthreshold[6]. We thenincreasethethresh-
old contrastat this frequency by 3dB and determinethe highest
spatialfrequency ¦ that can just be resolved at this contrast.The
limiting spatialfrequency ¦�§©¨�ª wasthentakenasanestimateof vi-
sualsystemsensitivity andusedasthecut-off frequency for image
presentationat eccentricity ¨ . Although the detailsof this proce-
durearenot critical, it assuresthat ¦�§©¨�ª is higher thanthat given
by thethresholdfrequency ateccentricitÿ , resultingin agenerous
estimateof visualsensitivity. Thethresholddataobtainedfrom this
procedureareplottedin figure2 (circles). For practicalpurposes,
we approximatethevisual sensitivity functionby linear interpola-
tion betweentheextracteddatapoints.

2.3 Resolution Weighting Schemes

To determinethe resolutionweightingschemesthe following pro-
cedurewasused.First, theresolutionof thecentralregion ¦�« was
setto thevisualsensitivity at theborderbetweenthecentralandpe-
ripheralregions ¦�§©S�ª . Exceptionsweremadefor thesmallestradii,S¬T­V�O X�Q R and S¬TWX�O Q R wheretheresolutionof thecentralregion
was maintainedat the highestresolutionavailable in the original
digitized images(6.09 cycles/degree)sinceany resourcesgained
by painting this small areain lower resolutionwould be negligi-
ble andnot leadto any visible improvementin the representation
of the periphery. This methodassuresthat no computationalre-
sourceswere wastedby displayingtoo much visual detail in the
central region. The resolutionof the surroundingregion ¦�® was
determinedby the constantcomputationalresourceconstraintde-
scribedby equations1 and2;

¦�®^T ¯ \a°d§=e±g"¦ h« ª§=²³°´e[ª (3)

where ² representsthe total areaof the display §,µ�N R x X�X�O ¶ R ª ande·T¹¸�S h representstheareaof thecentralregion. Thetotalamount
of computationalresources\ , whichdeterminestheoverall level of
scenedetail,waschosento be low enoughthata significantvisual
differencein resolutionbetweenthe centralandsurroundregions
wasobtainedin eachcondition(otherwise,resultswouldbetrivial).
For the largestcentralregion SºT»V9Q R , which encompassesmost

of thedisplay, all resourceswereallocatedto generatethehighest
resolutionpossiblein the center, andno resourceswereallocated
to thesurroundwhich wasthereforerepresentedasa uniform area
with correctaverageluminanceandhue. Fromequations1 and 2
theresolutionin this centralregion ¦�« is givenby

¦�«¼T¾½ \À¿�e (4)

andresultsin aresolutiononly slightly higherthanindicatedby the
visual sensitivity function. As canbe seenin figure2, the resolu-
tions ¦�« and ¦�® of eachweightingschemefor themostpartremain
below the derived visual sensitivity estimate¦ . Thereforeit was
rarethatmorevisualdetailwasbeingpresentedthanthevisualsys-
temcouldprocess.

3 Experimental Methods

Five JohnsHopkins students(3 female)were paid for participa-
tion in theexperiment.All participantshadnormalor corrected-to-
normalvision andall werenaive with respectto thepurposeof the
study. Participantswereseateda normalviewing distance(58cm)
in front of a standard17 inch computerscreenthat wasusedfor
stimuluspresentation.Thescreensubtended30.0R of visualangle
horizontallyand22.4R vertically. Stimuli werepreprocessedand
displayedin variableresolutionby a computerthat also recorded
theresponsesof theparticipants.Stimuli were100color imagesof
size Á�¶�N�Â³¶�Ã�N pixelsshowing photographsof homeinteriorsthat
werescannedin from interior designcatalogs.In orderto generate
imagesor partsof imageswith adesiredresolution,low-passfilter-
ing wasperformeddigitally by convolving theimagewith a Gaus-
sianfilter, yielding anattenuationof at least70dBat andabove the
cut-off frequency.

3.1 Procedure

Participantswereinstructedto searchthedisplayedimagesfor the
presenceof medium-sizedbowls. To familiarizeparticipantswith
the targets,several examplesof potential targetsand non-targets
(e.g., vases)were shown to eachparticipantin a set of example
images.Targetbowls subtended,on average,0.5degreesof visual
angle.All of theimagescontainedat leastonetarget.

To begin eachtrial theparticipantwasrequiredto fixatea cross
in the centerof the screenandpressa mousebutton. The image
wassubsequentlypresentedon the screenuntil the participantre-
sponded,or until 20 secondshad elapsed. Participantswere in-
structedto find a bowl, look at it, and respondimmediatelyby
clicking a mousebutton. Notethattheeye position,not themouse
cursorposition,wasusedto indicatethe locationof the target. It
was repeatedlystressedto the participantsthat accuracy was the
mostimportantqualityof theresponseexpectedof them.

Over the courseof the experiment,eachparticipantwas pre-
sentedwith sevenversionsof eachimage.Oneof theversionswas
presentedat uniform full resolution.For theothersix versions,the
imagewaspresentedin low-resolutionin the instantaneousvisual
peripheryof theparticipantandin high resolutionaroundthecen-
terof gaze.Eachparticipantcompleteda totalof 700trials,broken
into 14 blocksof 50 imageseach.All imageswereshown in ran-
dom orderwith the exceptionthat the any given imagecould not
be repeatedfor ten trials. In orderto familiarizeparticipantswith
theexperimentalsetupandeyetracker, 16practicetrialswith feed-
backwereconducted;half with andhalf without eye tracking. At
thebeginning of eachblock theeye tracker wasrecalibrated.The
calibrationphaseconsistedof a seriesof 9 fixation crossesthatthe
participantswererequiredto sequentiallyfixate.At theendof each
block, aneye trackingerrormeasurementwastakenby having the
participantsfixatesix randomlypositionedcrosses.
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Figure 3: Reactiontimes are normalizedto the uniformly high-
resolutionbaselineconditionandaveragedacrossparticipants.Val-
uesgreaterthanzero indicatereactiontimesslower thanbaseline
andvalueslessthanzeroindicatereactiontimesfasterthanbase-
line.

3.2 Eye Tracking

An ISCAN modelRK-416eye tracker wasusedto monitoreyepo-
sition. This modelis a real time digital imageprocessorthattracks
the centerof the participant’s pupil andmeasuresits sizefrom an
infraredvideo imageof the participant’s eye. The unit automati-
cally computesthe positionof thepupil over the two-dimensional
matrix of theeye imagingcamera.Pupil coordinatesanddiameter
arecomputedat a rateof 60Hz, the samerateat which the adap-
tive video displaywasupdatedin the experiment.A custom-built
headrestraintandchin restwasemployed to minimize theeffects
of headmovements.A bi-cubic nonlinearinterpolation(cubic in
both horizontaland vertical dimensions)betweena grid of nine
calibrationpointswas usedto calibratethe eye tracker [5]. This
procedurehelpedto minimizeerrorsfrom non-linearitiesdueto in-
fraredsourcereflections.Additionally, thecalibrationwasadjusted
usinga procedurewherean eye samplefrom the fixation point at
the beginning of eachtrial shifted the original interpolation. Full
recalibrationandadjustmentof the eye tracker was intermittently
requiredduringablockof trials in thecaseof excessiveheadmove-
ments.

4 Results

For easeof interpretation,all dependentmeasureshave beennor-
malized to the baseline,definedas the uniformly full-resolution
condition, on a participant-by-participantbasisbefore averaging
acrossparticipants.That is to saythatthevaluesobtainedfor each
dependentmeasureat eachradius S hadthe valueobtainedin the
baselineconditionsubtracted.Theresultingmeasurethusindicates
how aparticularconditiondiffersfrom thebaselinecondition.Posi-
tivenumbersindicatethattheobservedvaluewasgreaterthanin the
baselinecondition,andnegativenumbersindicatethattheobserved
valuewassmallerthan in the baselinecondition. All normalized
dataarepresentedin the figuresasgroupaverageswith the error
barsrepresentingplusandminusonestandarderrorof themean.

4.1 Task Performance

Figure 3 shows meanreaction times normalizedrelative to the
baseline. Presumablydue to the fact that accuracy was stressed
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Figure4: Accuracy is normalizedto theuniformly high-resolution
baselineconditionandaveragedacrossparticipants.Valuesgreater
thanzeroindicateanaccuracy higherthanbaselineandvaluesless
thanzeroindicateanaccuracy lower thanbaseline.
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Figure5: Fixationdurationsarenormalizedto theuniformly high-
resolutionbaselineconditionandaveragedacrossparticipants.Val-
uesgreaterthanzeroindicatelongerfixationsthanbaselineandval-
ueslessthanzeroindicateshorterfixationsthanbaseline.

throughout the experiment, overall reaction times were slow
(mean=5043ms).Reactiontimes were slowest for small central
regionsandfastestfor large centralregions. A one-way repeated
measuresanalysisof varianceonreactiontimeswasperformedwith
centralregion sizeastherelevant factor. A significantmaineffect
wasobserved §�E §=QGF×X�N�ªcT»ÃPO H�XGF�IKJ O N�N�V[ª . Note that reaction
timesfor centralregion sizesin the rangeof 2.5 to 5 degreesare
approximatelynormal (i.e. not different from the full-resolution
baselinecondition).

Taskaccuracy is shown in Figure4 astheprobabilityof obtain-
ing correctresponsesnormalizedto the baselinecondition. A re-
sponsewasscoredcorrectif at the time theparticipantresponded,
their centerof gazefell within 1 degreeof a target. A one-way re-
peatedmeasuresanalysisof varianceon accuracy wasperformed
with centralregion sizeasthe relevant factor. A significantmain
effect wasobserved §�E §=Q�F×X�N�ª T»µ�O X�Ã!F�ILJ O N�Q�ª . Note that ac-
curacy for centralregion sizesin the rangeof 3.5 to 5 degreesis
approximatelynormal.



4.2 Eye Movements

Figure5 shows themeandurationof individual fixationsin a trial.
A strongdecreaseof the fixation durationis seenwith increasing
centralregion size,with theexceptionof thecentralregion sizeof
15 degrees.A one-way repeatedmeasuresanalysisof varianceon
thefixationdurationswasperformedwith centralregionsizeasthe
relevantfactor. A significantmaineffectwasobserved §�E §=Q�F×X�N�ª TV9N�¶%O µ�Á�F�IMJ`O N�NPV[ª . Notethatfixationdurationsat5 and15degrees
areapproximatelynormal.

Errors in the eye tracker calibrationtendedto accumulateover
thecourseof a block. Therefore,theerrormeasurements(measur-
ing thedistancebetweentheactualgazepositionandtherecorded
gazeposition)madeat theendof eachblockprobablyrepresentthe
worst-caseerror. Theaverageend-of-blockerroracrossall partici-
pantswas1.6degrees.

5 Conclusions

Thegoalof thisstudywasto examinethebehavioral consequences
of usinggaze-contingentvariableresolutiondisplays.Theprimary
finding is that reactiontime andaccuracy co-vary asa functionof
thecentralregion size.This resultis a clearindicatorof a strategic
speed/accuracy tradeoff [4] whereparticipantsfavor speedin some
conditionsandaccuracy in others.By examiningthereactiontime
resultsin Figure3 alongsidethe accuracy resultsin Figure4 the
similarity in functionalshapecanbeseen.For smallcentralregion
sizes,slow reactiontimesareaccompaniedby highaccuracy. Con-
versely, for largecentralregionsizes,fastreactiontimesareaccom-
paniedby low accuracy. In tasks,experimentalor otherwise,par-
ticipantsmake a decisionaboutwhichof thesetwo factorsto favor.
Often experimentalinstructionsstressthat participantsemphasize
oneor the other, but experimentalmanipulationssuchasmonen-
tary payoff or stimulusfrequency manipulationscanalsoserve to
biasa participantin oneor theotherdirection[3].

Consideringthe presentresults,it is clear that oneor moreof
the display parameters(central region size, centralresolution,or
peripheralresolution)causedparticipantsto shift their bias from
favoring accuracy at small centralregion sizesto favoring speed
at larger sizes. Although it may be temptingto attribute theseef-
fectsto resolutiondifferencesalone,for centralregion sizes1.25,
2.5,and3.5degreestheresolutionstaysrelatively constant,yet re-
actiontimesvary by approximately1 secondandaccuracy varies
by approximately10 percent(seefigures3 and4). Onemight also
suspectthat theprobability of detectinga peripheraltargeton any
givenfixationasa functionof centralregionsizemightaccountfor
the results.This would predicteitherdecreasingreactiontimesor
increasingaccuracy with centralregion sizebut not decreasingre-
actiontime and decreasingaccuracy asis observed. Most likely, a
combinationof thesefactorsinfluencedparticipantsto usedifferent
strategies. Practically, it is importantto notethat for both reaction
timesandaccuracy, centralregion sizesof 3.5 degreesand5 de-
greeswerenot different from that observed in the full-resolution
baselinecondition.

A secondaryfinding wasthatfixation durationvariesasa func-
tion of centralregion size. For small centralregion sizes,partici-
pantstendto spendmoretime examiningeachfixation thanunder
normalviewing conditions.For largecentralregions,fixation du-
rations tend to be closer to normal. In agreementwith reaction
time andaccuracy, fixation durationis approximatelynormalwith
a centralregion sizeof 5 degrees.For centralregion sizeslessthan
5 degrees,the substantialincreasein fixation durationsmay have
beendueto the limited accuracy of the eye tracker. On fixations
wherethecentralregionbecamemis-alignedwith thepointof gaze
andthe lower resolutionof thesurroundwasactuallypresentedat
the point of gaze,an increasedfixation durationmay have been

requiredto determineif that locationcontaineda target. We sus-
pectthat the effectsof eye trackinginaccuracies(worst-caseerror
of V�O Á�R ) disappearwith acentralregionradiusof 5 degreesor more.

Overall, theseresults indicate that approximatelynormal vi-
sualsearchbehavior canbeobtainedfor taskperformanceandeye
movementmeasureswhenobserversusegaze-contingentvariable
resolutiondisplayswith acentralregionsizeof approximately5 de-
grees.Therefore,we concludethatvariableresolutiondisplayscan
savecomputationalresourceswithout significantbehavioral conse-
quences.
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