Evaluating Variable Resolution Displays with Visual Search:
Task Performance and Eye Movements

Derrick Parkhurst
The Departmenbf Psychologyand
The Zarvyl KriegerMind/Brain Institute

EugenioCulurciello
The Departmenbf ElectricalandComputerEngineeringand
The Zarvyl KriegerMind/Brain Institute

ErnstNiebur
The Departmenof Neurosciencand
TheZarvyl KriegerMind/Brain Institute

TheJohnsHopkinsUniversity, Baltimore,Maryland
{derrick.parkhurst | euge | niebur}@jhu.edu

Abstract

Gaze-contingentariable resolution display techniquesallocate
computationatesourcegor imagegeneratiorpreferentiallyto the
areaaroundthe centerof gazewherevisual sensitvity to detail is
the greatest. Although thesetechniquesare computationallyeffi-
cient, their behaioral consequencewith realistictasksand mate-
rials are not well understood. The behaior of humanobserers
performingvisual searchof naturalscenedusing gaze-contingent
variableresolutiondisplaysis examined.A two-region displaywas
usedwherea high-resolutionregion was centeredon the instanta-
neouscenterof gaze,andthe surroundingregion was presentedn
alower resolution.Theradiusof the centralhigh-resolutiorregion
wasvariedfrom 1 to 15 degreeswhile the total amountof compu-
tationalresourcesequiredto generatehe visual displaywaskept
constant. Measuref reactiontime, accurag, andfixation dura-
tion suggesthat task performancds comparableo that seenfor
uniform resolutiondisplayswhenthe centralregion sizeis approx-
imately5 degrees.

CR Categories: 1.3.6 [ComputerGraphics]: Methodologyand
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Keywords: VariableResolutionDisplays,Visual Search Virtual
Reality, Eye Movements

1 Introduction
Vision is the dominantmodality for the acquisitionof perceptual

informationin humansandthequality of mostvisualdisplaysis de-
terminedby theavailablespatialandtemporalresolution.Thelevel
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Figurel: Variableresolutiondisplay A) Theregion of highresolu-
tion tracksthe obserer’s point of gazein real-time.Theremainder
of the imageis presentedn a lower resolution. B) An example
variableresolutiondisplayusedin the experiment.

of detailthatcanberenderedn realtime is essentiallflimited by
the availableprocessingpower (e.g. in virtual reality applications)
andcommunicatiorbandwidth(e.g.in Internetimagetransmission
application).In light of theserestrictionsijt is importantto allocate
resourcefficiently. Presentinga uniform level of visual detail
acrossthe whole display wastesresourcesincethe humanvisual
systemdoesnot processall information at the samespatialreso-
lution, but ratherfocusesprocessingiearthe centerof gaze. This
aspecbf thehumanvisualsystemcanbeexploitedto minimizethe
resourceequirementdy usinggaze-contingentariableresolution
displaysthat rendera high degreeof visual detail only aroundthe
centerof gaze. Giventhatthe visual systemis a highly nonlinear
adaptve systemijt is importantthatthebehaioral consequencesf
suchmanipulationsbe understoodhoroughly In this researchye
examinethe behaioral consequencesf stratgiesadoptedoy hu-
manviewerswhenthe distribution of visual detailis linkedin real
time to thecenterof gaze.

The approachwe take to evaluatethesedisplaysis guided by
threeprinciples. First, variableresolutiondisplayscan explicitly
take advantageof quantitatve measuresf visualsystemsensitvity
by presentingonly asmuchvisual detail at a given eccentricityas
canbe processedt that eccentricity Presentingnoredetail, asis
donewith traditionaluniform resolutiondisplayswastescomputa-
tional resources.The olbvious trade-of is that the location of the
centerof gazehasto be determinedn real time. Although vari-
able resolutiondisplay techniqguesneednot utilize visual system



sensitvity to determinedisplayparametersye usequantitatve be-
havioral measure®f visual sensitvity to guide the way in which
visual detail is distributedin a scene(for a similar approachsee
referencd?2]).

Second,a simple two-region approximation(seefigure 1) is
usedin lieu of matchingresolutionto visual systemsensitvity ev-
erywherein a display becausedoing so would incur a substan-
tial computationakostin generatingsuchcomple displays. The
two-region approximationconsistsof a centralhigh-resolutiorre-
gion centeredon the viewer’s point of gazesurroundedy a low-
resolutionregion. Although the resolutionsof theseregions can
bebasedn visual systemsensitvity, this still leavesundetermined
the size of the centralregion. In this study we examinethe dif-
ferentbehaioral consequenceassociateavith variableresolution
displaysthatusearangeof centralregion sizes.Intuitively, having
a large centralregion of high resolutionwould alwaysbe advanta-
geouscomparedo a smallerregion of high resolution,everything
elsebeingequal. Sucha comparisoris unfair becausehe display
with thelargercentralregion would requiremorecomputationate-
sources.To make the comparisorfair andallow generalizatiorof
our resultsto applications,eachconditionwill be requiredto use
the sametotal amountof computationaresourcego generatehe
display By requiringthe useof constantomputatiorresourcesor
eachcondition,the pricepaidfor alargehigh-resolutiorcentralre-
gion is a very low resolutionsurroundandthe benefitof usinga
smallerhigh-resolutionregion is that more resourcesan be ded-
icatedto maintainhigh resolutionin the surround. In an applied
setting,the primarygoalis to improve the perceptuafuality of the
display given the resourcef the systemwhich may alreadybe
specifiedbecauseahe systemhasto work with the available hard-
ware.

Finally, for variableresolutiontechniquedo be widely adopted,
it is importantthat the behaioral consequencesf using variable
resolutiondisplaysarewell-understoodvenwhenthedisplaysare
generatedvith ordinarycomputethardwareandeye trackingequip-
ment.Much of thework examiningvariableresolutiondisplayshas
utilized expensve high-endhardvare (e.g., seereferencdl]). In
this study we utilize a standardd00mhzPentium-basedomputer
andalow-end60hzISCAN video-basegupil trackingsystemwith
acombinedretail price of approximately$10,000(August2000).

In thefollowing experimentamodelvirtual reality ervironment
is usedasa testbhedto studythe behaioral consequencesf vari-
ableresolutiondisplaytechniques.The environmentis simplified
in the sensehatwe presenparticipantswvith staticscene®f home
interiors and that thereis no possibility for interactionbetween
the viewer and the ervironment. A visual searchtask was cho-
sen,consistingin the searchor targetsin alimited variety of sizes
andeasilyidentifiableshapes.The visual searchtargets, medium
sizedbowls, wereon the onehandsuficiently variedin ourimage
databasdo avoid pop-outeffects. On the other hand,they were
sufiiciently stereotypidhatatamgetcouldbeidentifiedwithoutam-
biguity. Thetaskrequiredparticipantgo actively searchtheimage
by makinga seriesof eye movements.It shouldberealizedthatin
choosingthis task, we are purposelyexamining a situationwhere
the resultsare not obvious. For instance the targetswe selected
typically subtended).5°, andthereforea higherresolutionat the
point of gazemight be advantageouso identifying thosetamets,
oncefoveated. On the otherhand,in a visual searchtask where
peripheralinformationcould be usedto guide eye movementsye-
allocatingscenedetail towardsthe centerof gazemay actuallybe
disadwantageous By studyinga taskin which performancecould
potentiallybedegradedby avariableresolutiondisplayschemehis
techniquecanbestringentlyevalutated.

2 Experimental Design

We useatwo-region variableresolutiondisplaywith a rangeof dif-
ferentresolutionweightingschemesA circularhigh-resolutiorre-
gionof radiusr tracksandis centeredntheviewer's pointof gaze.
Theremainingareasurroundinghe centralregionis presentedh a
lower resolution.Acrossthe differentexperimentalconditions the
displayparametethatis explicitly variedis theradiusof thecentral
region. Theradiustakesonvaluesfromr = 1.25° tor = 15°. The
resolutionof thecentralregion andtheresolutionof thesurrounding
regionaresubsequentlgeterminedy asetof constraintsThefirst
constraintrequiresthatall theresolutionweightingschemesisean
equalamountof computationatesourcesThatis to say the total
computationaéffort requiredto generateéhevisualdisplayis equal
for eachof the schemes.The way in which this constraintis im-
plementeds describedelow in Section2.1. Theseconcdonstraint
requiresthatno computationatesourcesarewastedby presenting
morevisual detail (i.e. a higherresolution)at a given eccentricity
thancanbeprocessethy the humanvisualsystematthateccentric-
ity. For ourtwo-regiondisplay thisis accomplishedby maintaining
aresolutionacrosgheentirecentralregion whichis nogreateithan
thatwhich canberesolhedattheborderof thecentralareaatradius
r. Theresolutionof the surroundingregion is always maintained
lowerthanthatof thecentralregion andis a functionof theamount
of resourceghat remainafter the centralregion hasbeenpainted.
Theway in which this is accomplisheds describedbelow in Sec-
tion 2.3.

2.1 Constant Computational Resources

We startfrom the premisethata fixed amountC' of computational
resourcess availableandthattheseresourcesredividedinto two
parts. One part (C¢) is devoted to generatethe central region
aroundthe centerof gaze,andthe remainingpart (Cs) is usedto
generatehe surroundingegion in the periphery:

C=Cc+0Cs. 1)

A simple measureof the computationakostC is the numberof
elementaryfeaturego be paintedin every frame,computedasthe
areas of thedisplayedregion multiplied by the squareof its linear
resolutionR:

C=s-R. (2)

In this study we definethe linear resolutionasthe highestspatial
frequeng displayedwhich is a simple but realisticmeasureof the
computationatostfor bitmappedasteroperationsFor 3D graphic
engines, replacing R* with a measurein termsof polygons/area
wouldyield acloserapproximatiorof theactualcomputationatost
andour methodscanbe appliedto this measurémmediately We
notethatequatior2 hastheadvantageof beingindependenof hard-
waredetails.

2.2 Sensitivity of the Human Visual System

Therearenumerousmeasure$or the sensitvity of the visual sys-
tem, definedin anatomicaland physiologicalterms as well as
throughvariousfunctionallydefinedpsychophysicaineasurege.g.
detectioror discriminationof sinusoidalratingsor of lettersof the
alphabet). We selectedhe well-studiedspatialfrequeng transfer
functionof thevisualsystem.VirsuandRovamo[6] determinedhe
50% detectionthresholdat which sinusoidalgratingsextending5°®

couldbe detectedor arangeof eccentricitiesandspatialfrequen-
cies. Althoughwe areinterestedn usingthis measurdo guidethe
parametersf differentresolutionweightingschemesthesedatado
notnecessarilgeneralizeo naturalisticviewing conditionsusedin

typical virtual reality ervironments. Therefore we conseratively



\ —+— Center
\ —&— Surround
—— Visual Sensitivity

Resolution (cycles/degree)

0 |
0 5 10 15 20 25 30
Central Region radius (degrees)

Figure2: The derived estimateof visual sensitvity v(z) (circles),
the spatialfrequeng cut-off for the centerhigh resolutionregion
(triangles),and the spatial frequeng cut-off for the surrounding
low resolutionregion (diamonds)are shavn as a function of the
centralregionradiusr.

adaptthis measuref visualsensitvity by computingthe “optimal”
spatialfrequeng at a given eccentricity definedasthe frequeny
with thelowestcontrasthreshold6]. We thenincreasehethresh-
old contrastat this frequeng by 3dB and determinethe highest
spatialfrequenyg v that canjust be resolhed at this contrast. The
limiting spatialfrequeny v(x) wasthentakenasanestimateof vi-
sualsystemsensitvity andusedasthe cut-off frequeny for image
presentatiorat eccentricityz. Although the detailsof this proce-
durearenot critical, it assureshatv(z) is higherthanthat given
by thethresholdrequeny ateccentricityz, resultingin agenerous
estimateof visualsensitvity. Thethresholddataobtainedrom this
procedureare plottedin figure 2 (circles). For practicalpurposes,
we approximatethe visual sensitvity function by linear interpola-
tion betweerthe extracteddatapoints.

2.3 Resolution Weighting Schemes

To determinethe resolutionweighting schemeshe following pro-
cedurewasused. First, the resolutionof the centralregion v, was
setto thevisualsensitvity attheborderbetweerthecentralandpe-
ripheralregionsv(r). Exceptionsveremadefor the smallestradii,
r = 1.25° andr = 2.5° wheretheresolutionof the centralregion
was maintainedat the highestresolutionavailable in the original
digitized images(6.09 cycles/dgree) sinceary resourcegjained
by painting this small areain lower resolutionwould be nejligi-
ble andnot leadto ary visible improvementin the representation
of the periphery This methodassureshat no computationake-
sourceswere wastedby displayingtoo much visual detail in the
centralregion. The resolutionof the surroundingregion v, was
determinedby the constantcomputationakesourceconstraintde-
scribedby equationsl and?2;

C—(s-v2)

G—9 ®)

Vg =

where S representshe total areaof the display (30°x22.4°) and
s = mr? representsheareaof the centralregion. Thetotal amount
of computationatesource€’, which determinesheoveralllevel of

sceneadetail, waschoserto be low enoughthata significantvisual
differencein resolutionbetweenthe centraland surroundregions
wasobtainedn eachcondition(otherwiseresultswould betrivial).

For the largestcentralregion »r = 15°, which encompassesiost

of the display all resourcesvereallocatedto generatehe highest
resolutionpossiblein the center and no resourcesvere allocated
to the surroundwhich wasthereforerepresente@sa uniform area
with correctaverageluminanceandhue. Fromequationsl and 2
theresolutionin this centralregion v, is givenby

Ve = m (4)

andresultsin aresolutiononly slightly higherthanindicatedby the
visual sensitvity function. As canbe seenin figure 2, the resolu-
tionsv, andv, of eachweightingschemefor the mostpartremain
belav the derived visual sensitvity estimater. Thereforeit was
rarethatmorevisualdetailwasbeingpresentedhanthevisualsys-
temcouldprocess.

3 Experimental Methods

Five JohnsHopkins students(3 female) were paid for participa-
tion in theexperiment.All participantshadnormalor corrected-to-
normalvision andall werenaive with respecto the purposeof the
study Participantswere seateda normalviewing distance(58cm)
in front of a standardl7 inch computerscreenthat was usedfor
stimuluspresentationThe screensubtende®0.C° of visualangle
horizontallyand 22.4 vertically. Stimuli were preprocessednd
displayedin variableresolutionby a computerthat alsorecorded
theresponsesf the participants Stimuli were100 colorimagesof
size640 x 480 pixelsshaving photograph®f homeinteriorsthat
werescannedn from interior designcatalogs.In orderto generate
imagesor partsof imageswith a desiredresolution Jow-pasdilter-
ing wasperformeddigitally by convolving theimagewith a Gaus-
sianfilter, yielding anattenuatiorof atleast70dB at andabove the
cut-off frequeng.

3.1 Procedure

Participantswereinstructedto searchthe displayedimagesfor the
presencef medium-sizedowls. To familiarize participantswith
the targets, several examplesof potentialtargets and non-tagets
(e.g., vases)were shavn to eachparticipantin a set of example
images.Tamgetbowls subtendedon average 0.5 degreesof visual
angle.All of theimagescontainedatleastonetarget.

To begin eachtrial the participantwasrequiredto fixate a cross
in the centerof the screenand pressa mousebutton. The image
was subsequentlpresentedn the screenuntil the participantre-
sponded,or until 20 secondshad elapsed. Participantswere in-
structedto find a bowl, look at it, and respondimmediately by
clicking a mousebutton. Note thatthe eye position,not the mouse
cursorposition, was usedto indicatethe locationof the tamget. It
was repeatedlystressedo the participantsthat accurag was the
mostimportantquality of theresponsexpectedof them.

Over the courseof the experiment, eachparticipantwas pre-
sentedwith sevenversionsof eachimage.Oneof the versionswas
presentedt uniform full resolution.For the othersix versionsthe
imagewas presentedn low-resolutionin the instantaneousisual
peripheryof the participantandin high resolutionaroundthe cen-
ter of gaze.Eachparticipantcompleteda total of 700trials, broken
into 14 blocksof 50 imageseach. All imageswereshavn in ran-
dom orderwith the exceptionthat the ary givenimagecould not
be repeatedor tentrials. In orderto familiarize participantswith
theexperimentaketupandeye tracler, 16 practicetrials with feed-
backwere conductedhalf with andhalf without eye tracking. At
the beginning of eachblock the eye tracker wasrecalibrated.The
calibrationphaseconsistedf a seriesof 9 fixation crosseghatthe
participantsvererequiredto sequentiallyfixate. At theendof each
block, aneye trackingerror measuremenvastaken by having the
participantdfixate six randomlypositionedcrosses.



1500

1000

g

o
Ly

Reaction Time (msec)

2 J L4 6 8 10 12 14

(%3
(=3
(=]

-1000

Central region radius (degrees)

Figure 3: Reactiontimes are normalizedto the uniformly high-
resolutionbaselineconditionandaveragedacrosarticipantsVal-
uesgreaterthan zeroindicatereactiontimes slower than baseline
andvalueslessthanzeroindicatereactiontimesfasterthanbase-
line.

3.2 Eye Tracking

An ISCAN modelRK-416 eye tracker wasusedto monitoreye po-
sition. This modelis arealtime digital imageprocessothattracks
the centerof the participants pupil and measuredts sizefrom an
infrared video image of the participants eye. The unit automati-
cally computeghe positionof the pupil over the two-dimensional
matrix of the eye imagingcamera.Pupil coordinatesanddiameter
are computedat a rate of 60Hz, the samerate at which the adap-
tive video displaywas updatedn the experiment. A custom-loilt
headrestraintand chin restwas employed to minimize the effects
of headmovements. A bi-cubic nonlinearinterpolation(cubic in
both horizontal and vertical dimensions)betweena grid of nine
calibrationpointswas usedto calibratethe eye tracker [5]. This
procedurénelpedto minimizeerrorsfrom non-linearitiegdueto in-
fraredsourcereflections Additionally, the calibrationwasadjusted
usinga procedurewherean eye samplefrom the fixation point at
the beginning of eachtrial shiftedthe original interpolation. Full
recalibrationand adjustmenbf the eye tracker wasintermittently
requiredduringablockof trialsin the caseof excessive headmove-
ments.

4 Results

For easeof interpretation all dependenmeasurefhiave beennor-

malizedto the baseline,definedas the uniformly full-resolution
condition, on a participant-by-participanbasis before averaging
acrossarticipants.Thatis to saythatthe valuesobtainedfor each
dependentneasureat eachradiusr hadthe value obtainedin the
baselineconditionsubtractedTheresultingmeasurehusindicates
how aparticularconditiondiffersfrom thebaselinecondition. Posi-
tive numbersndicatethattheobseredvaluewasgreatethanin the
baselinecondition,andnegative numberdndicatethattheobsered
valuewas smallerthanin the baselinecondition. All normalized
dataare presentedn the figuresas group averageswith the error
barsrepresentinglusandminusonestandarderrorof themean.

4.1 Task Performance

Figure 3 shavs meanreactiontimes normalizedrelative to the
baseline. Presumablydue to the fact that accurag was stressed
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Figure4: Accurag is normalizedto the uniformly high-resolution
baselineconditionandaveragecdacrossarticipants Valuesgreater
thanzeroindicateanaccurag higherthanbaselineandvaluesless
thanzeroindicateanaccurayg lowerthanbaseline.
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Figure5: Fixationdurationsarenormalizedto the uniformly high-
resolutionbaselineconditionandaveragedacrosarticipantsVal-
uesgreatetthanzeroindicatelongerfixationsthanbaselineandval-
ueslessthanzeroindicateshorterfixationsthanbaseline.

throughout the experiment, overall reaction times were slowv

(mean=5043ms).Reactiontimes were slovest for small central
regions andfastestfor large centralregions. A one-way repeated
measureanalysiof varianceonreactiorntimeswasperformedwith

centralregion sizeastherelevantfactor A significantmain effect

wasobsered (F'(5,20) = 8.92,p < .001). Note thatreaction
timesfor centralregion sizesin the rangeof 2.5to 5 degreesare
approximatelynormal (i.e. not differentfrom the full-resolution
baselinecondition).

Taskaccurag is shawvn in Figure4 asthe probability of obtain-
ing correctresponsesormalizedto the baselinecondition. A re-
sponsevasscoredcorrectif atthetime the participantresponded,
their centerof gazefell within 1 degreeof atarget. A one-way re-
peatedmeasuresnalysisof varianceon accurag was performed
with centralregion size asthe relevant factor A significantmain
effect was obsered (F'(5,20) = 3.28,p < .05). Notethatac-
curay for centralregion sizesin the rangeof 3.5to 5 degreesis
approximatelynormal.



4.2 Eye Movements

Figure5 shavs the meandurationof individual fixationsin aftrial.
A strongdecreasef the fixation durationis seenwith increasing
centralregion size,with the exceptionof the centralregion size of
15 dggrees.A one-way repeatedneasuresinalysisof varianceon
thefixation durationswasperformedwith centralregion sizeasthe
relevantfactor A significantmaineffectwasobsered(F' (5, 20) =
104.36, p < .001). Notethatfixationdurationsat5 and15degrees
areapproximatelynormal.

Errorsin the eye tracker calibrationtendedto accumulateover
the courseof ablock. Therefore the errormeasurementgneasur
ing the distancebetweenthe actualgazepositionandthe recorded
gazeposition)madeattheendof eachblock probablyrepresenthe
worst-caseerror. The averageend-of-blockerroracrossall partici-
pantswasl1.6degrees.

5 Conclusions

Thegoalof this studywasto examinethebehaioral consequences
of usinggaze-contingentariableresolutiondisplays.The primary
finding is thatreactiontime andaccurag co-vary asa function of
the centralregion size. This resultis a clearindicatorof a strateic
speed/accurgdradeof [4] whereparticipantfavor speedn some
conditionsandaccuray in others.By examiningthereactiontime
resultsin Figure 3 alongsidethe accurag resultsin Figure 4 the
similarity in functionalshapecanbe seen.For smallcentralregion
sizes slow reactiontimesareaccompaniedy high accurag. Con-
versely for largecentralregion sizes fastreactiontimesareaccom-
paniedby low accurag. In tasks,experimentalor otherwise par
ticipantsmalke a decisionaboutwhich of thesetwo factorsto favor.
Often experimentalinstructionsstressthat participantsemphasize
oneor the other but experimentalmanipulationssuchas monen-
tary payof or stimulusfrequeng manipulationscanalsosene to
biasa participantin oneor theotherdirection[3].

Consideringthe presentresults,it is clearthat one or more of
the display parametergcentralregion size, centralresolution,or
peripheralresolution) causedparticipantsto shift their bias from
favoring accuray 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 constantyet re-
actiontimesvary by approximatelyl secondandaccuray varies
by approximatelyl0 percent(seefigures3 and4). Onemight also
suspecthatthe probability of detectinga peripheraltargeton ary
givenfixation asafunctionof centralregion sizemight accountfor
theresults. This would predicteitherdecreasingeactiontimesor
increasingaccurag with centralregion sizebut not decreasinge-
actiontime and decreasin@ccuray asis obsered. Most likely, a
combinatiorof thesefactorsinfluencedparticipantgo usedifferent
stratgjies. Practically it is importantto notethatfor bothreaction
timesandaccurag, centralregion sizesof 3.5 degreesand5 de-
greeswere not differentfrom that obsered in the full-resolution
baselinecondition.

A secondarffinding wasthatfixation durationvariesasa func-
tion of centralregion size. For small centralregion sizes,partici-
pantstendto spendmoretime examiningeachfixation thanunder
normalviewing conditions. For large centralregions, fixation du-
rationstend to be closerto normal. In agreementvith reaction
time andaccurag, fixation durationis approximatelynormalwith
acentralregion sizeof 5 degrees.For centralregion sizeslessthan
5 degrees,the substantiaincreasen fixation durationsmay have
beendueto the limited accurag of the eye tracker. On fixations
wherethe centralregion becamenis-alignedwith thepointof gaze
andthe lower resolutionof the surroundwasactually presentecht
the point of gaze,an increasedixation duration may have been

requiredto determineif thatlocation containeda target. We sus-
pectthatthe effectsof eye trackinginaccuraciegworst-casesrror
of 1.6°) disappeawith acentralregion radiusof 5 degreesor more.

Overall, theseresultsindicate that approximatelynormal vi-
sualsearchbehaior canbe obtainedfor taskperformanceandeye
movementmeasuresvhenobserers usegaze-contingentariable
resolutiondisplayswith acentralregion sizeof approximatelyb de-
grees.Thereforewe concludethatvariableresolutiondisplayscan
save computationatesourcesvithout significantbehaioral conse-
qguences.
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