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ABSTRACT

Stereadisplayssuffer from crosstalk aneffectthatreducesor even
inhibits the viewer's ability to correctly perceve depth. Previous
work onsoftwarecrosstalkreductionfocussednthepreprocessing
of staticscenesvhichareviewedfrom a x edviewpoint. However,
in virtual ervironmentsscenesare dynamic,andare viewed from
variousviewpointsin real-timeon large displayareas.

In thispaperthreemethodsareintroducedor reducingcrosstalk
in virtual ervironments. A non-uniform crosstalkmodel is de-
scribed,which canbe usedto accuratelyreducecrosstalkon large
displayareasIn addition,anovel temporalalgorithmis usedto ad-
dressthe problemsthat occurwhenreducingcrosstalkin dynamic
scenesThisway, high-frequeny jitter causedy the erroneouss-
sumptionof staticscenescanbe eliminated. Finally, a perception
basedmetricis developedthatallows usto quantify crosstalk.We
provide a detaileddescriptionof the methodsdiscusstheir trade-
offs, andcomparetheir performancewith existing crosstalkreduc-
tion methods.

Keywords: CrosstalkGhosting,Stereoscopidisplay

Index Terms: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—\frtual Realityl.3.3[ComputerGraphics]:
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1 INTRODUCTION

Stereoscopidisplay systemsallow the userto seethree dimen-
sionalimagesin virtual ervironments.For active stereowith CRT
monitors, Liquid Crystal Shutter(LCS) glassesare usedin com-
binationwith a frame sequentialisplay of left andright images.
When the left imageis displayedthe right eye cell of the LCS
glassegjoesopaqueandthe left eye cell becomestlear andvice
versa.

Sterecsystemssuffer from a disturbingeffect calledcrosstalkor
ghosting.Crosstalkoccurswhenoneeye recevesa stimuluswhich
wasintendedfor the othereye. This producesa visible shadav on
theimagethatreducespr eveninhibits, the viewer's ability to cor
rectly perceve depth.The effectis mostnoticeableat high contrast
boundariewith large disparities.

Threemain sourcesf crosstalkcanbeidenti ed: phosphoraf-
terglow, LCS leakageandLCS timing [9]. Typical phosphoraised
in CRT monitorsdo not extinguishimmediatelyafter excitationby
the electronbeam,but decayslowly over time. Therefore,some
of the pixel intensityin onevideoframemay still bevisible in the
subsequentideo frame. Also, LCS glassesio not go completely
opaquewhenoccludingan eye, but still allow a small percentage
of light to leak through. Finally, dueto inexact timing and non-
instantaneouswitchingof the LCS glassespneeye may perceve
someof the light intendedfor the othereye. The combinationof
theseeffectscausesan undesirabléncreasean intensityin the im-
age whichis visible ascrosstalk. Theamountof crosstalkincreases
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drasticallytowardsthe bottom of the display areain a non-linear
fashion.Hence crosstalkis non-uniformover the displayarea.

To enhancalepthperceptionve wantto eliminateor reducethe
effect of crosstalk.Oneway to achieve this is by usingbetter spe-
cialized hardware, suchas display devices with fasterphosphors
andhigherquality LCS glassesHowever, this type of hardwareis
relatively expensve and might not eliminatecrosstalkcompletely
An alternatve solutionis to reducethe effect of crosstalkin soft-
ware by processingand adjustingthe imageframesthatareto be
displayed.

The governingideais to subtractan amountof intensity from
eachpixel in the displayedimageto compensatdor the leakage
of intensity from the previous video frame. A pre-conditionhere
is thatthe displayedpixels have enoughinitial intensityto subtract
from. If thisis not the case the overall intensity of theimagehas
to bearti cially increasedtherebyloosingcontrast.As such there
appeardo beatradeof betweerlossof contrasiandthe amountof
crosstalkreductionpossible.

Previous work on software crosstalkreductionmostly focussed
onthepreprocessingf staticscenewith a x edviewpoint [4] [5].
However, whatis neededs crosstalkreductionin virtual erviron-
ments;.e. for dynamicscenesyariousviewpointsandin real-time.
Sincelargescreensvith differentviewpointsareused crosstalkcan
no longerbe assumedo be uniform over the entire display area.
Furthermoreasvirtual ervironmentsoperatean real-time crosstalk
reductionalgorithmsmustbe fastenoughto runin real-time.

After having implementedaninitial versionof the crosstalkre-
ductionalgorithm,wediscoreredsomehighfrequeny jitter for fast
moving objects. This effect wasnot visible whencrosstalkreduc-
tion wasdisabled.No suchproblemhaspreviously beenmentioned
in the literature. After furtherinvestication, we foundthis to be a
defectin the crosstalkreductionalgorithmdueto the assumption
of staticscenesAll previouscrosstalkreductionmethodscorrecta
singlepair of left andright applicationframes which is valid only
for staticscenesFor dynamicscenesheapplicationframeschange
slightly over time, and are displayedin sequenceavith preceding
applicationframes.Therefore crosstalkinducedfrom previousap-
plication framesneedsto be considered. Upon closerinspection
thisturnsoutto beaproblemthatis relatedto thevideorefreshrate
(e.g. 100 Hz) beingdifferentthanthe applicationframerate (e.g.
20Hz). In this casethereis nolongera one-to-onecorrespondence
betweervideoframesandapplicationframes.

In this paperour contritution is threefold:

A non-uniform crosstalk model, along with a procedure
for interactve user calibration of the model parameters.
The methodis basedon a combinationof the non-uniform
crosstalkcharacteristicglescribedby WoodsandTan[9] and
the calibrationprocedureproposedy Konradetal. [4]. This
addressethe problemof non-uniformcrosstalkover the dis-
play area.

A real-time, temporalcrosstalkreductionalgorithm, which
addressetheproblemof changingramesin dynamicscenes.
We developedan ef cient approacho considerthe temporal
high-frequeny jitter, andwereableto completelyremove it.
Theresultingalgorithmrunsentirely on the GPU andis fast
enoughto operaten real-time.



A quantitatve evaluation methodologyfor the perceptual
quality of crosstalkreduction. Sucha methodis useful for
the developmentand comparisorof variouscrosstalkreduc-
tion techniques.The proposedevaluationmethodmeasures
the amountof perceptuallydisturbingcrosstalk,allowing us
to make quantitatve assessmentboutthe quality of various
crosstalkreductionalgorithms.

The methodsin this paperhave beenappliedto the Personal
SpaceStation[7], a desktopvirtual ervironmentthat consistsof
a headtracked userbehinda 22 inch CRT monitor using active
stereo.However, we will shav thatthesemethodsanbebene cial
to othervirtual ervironmentsjn particularthoseervironmentswith
large displayareas.

2 RELATED WORK

LipscombandWooten[5] describeda methodto reducecrosstalk
in software. Thebackgroundntensityis arti cially increasedafter
which crosstalkis reducecy decreasingixel intensitiesaccording
to a speci cally constructedunction. The screenis divided into
16 horizontalbands,and the amountof crosstalkreductionis ad-
justedfor eachbandto accountor the non-uniformityof crosstalk
overthescreenAlso, someadditionaladjustment@aremadein the
caseof thin lines. Although a non-uniformmodelis used the dif-
culty with this methodis determiningproperfunction parameters
that provide maximumcrosstalkreductionfor eachof the 16 dis-
cretebands. We proposea non-uniformmodelthatis continuous
andcanbeinteractiely calibrated.

A calibrationbasedmethodwasproposecdby Konradet al. [4].
First, the amountof crosstalkcausedby an unintendedstimulus
on aprespeci edintendedstimulusis measuredby a psychwisual
userexperiment. The viewer hasto matchtwo rectangularegions
in the centerof the screenin color. One containscrosstalkand
the otherdoesnot. After matchingthe color, the actualamountof
crosstalkcanbe determined.The procedurds repeatedor several
valuesof intendedandunintendedstimuli, resultingin atwo dimen-
sionallook-uptable. Thislook-uptableis invertedin a preprocess-
ing stage afterwhich crosstalkcanbereducedy decreasingixel
intensitiesaccordingto the invertedtablevalues.Optionally pixel
intensitiesarearti cially increasedy acontrastreducingmapping
to allow for greatemossibility of crosstalkreduction.A dravback
of thismethods thatit assumesrosstalkis uniformovertheheight
of thescreen Our methodusesa similar calibrationprocedureput
is basedn anon-uniformcrosstalkmodel.

Klimenko et al. [3] implementedreal-time crosstalkreduction
for passve sterecsystems Threeseparatéayersarecombinedus-
ing hardware texture blendingfunctions. The rst layer contains
the unmodi ed left or right imageframeto be rendered.The sec-
ond layer is a simple intensityincreasing,additive layer to allow
for subsequengubtraction Finally, theleft imageis renderednto
therightimageasa subtractve alphalayerandvice versa.Theal-
phavaluesare constantout differentfor eachcolor channel. This
is a linearizedversionof the subtractve model of Lipscomband
Wooten[5]. Althoughthe methodworksin real-time,it doesnot
take into accountheinterdependencidsetweersubsequerimage
frames.We have improvedthis with atemporalmodel. Also, with
constantalphavaluesthe modelis uniform over the screen,and
someeffort is neededo determinethe properalphavalues. Our
methodis continuousnon-uniformand can be interactively cali-
brated.Futhermorethe modelandimplementatiorarecompletely
lineardueto hardwarerestrictions By usingmodernGPUfragment
programsandframebuffer objectswe avoid suchrestrictions,and
areableto implementa non-linearcorrectionmodelcompletelyon
theGPU.

WoodsandTan[9] studiedthevariouscausesndcharacteristics
of crosstalk. They shavedthatmostCRT displaydevicesusephos-
phorswith very similar characteristicssuchas spectralresponse

anddecaytimes.However, therewasaconsiderablamountof vari-
ationin the quality of LCS glasses.Theresultingcrosstalkmodel
shaws that the amountof crosstalkdueto phosphorafteiglow in-
creasedeaily towardsthe bottom-endof the screen. Crosstalk
dueto leakageof the LCS glassess almostuniform over the rst
80%of thedisplay but slightly reducesn thebottom20%. Finally,
to evaluatethe realamountof crosstalk photograph®f the screen
were taken throughthe LCS glasseausing a digital camera. Our
quantitatve evaluationmethodto determinghequality of crosstalk
reductionis basedon this approach Also, we examinedthe valid-
ity of our non-uniformmodelby comparingit with the described
crosstalkcharacteristics.

Daly [1] proposedthe Visible DifferencesPredictor(VDP) to
estimatethe perceptuabifferencebetweentwo still images. Two
imagesaretakenasinput,andanoutputimagecontainingthe prob-
ability of percevabledifferencefor eachpixel is produced.Theal-
gorithmoperatesisinga frequeny domainweightingwith the hu-
mancontrastsensitvity function, followed by a seriesof detection
mechanism&asedon the humanvisual system.We will compare
digital photographgaken throughthe LCS glassesn this manner
to estimatethe perceptuatjuality of crosstalkreductionmethods.

3 METHODS

In this sectionwe will give a detailedtechnicaldescriptionof our
methods.First, we will describethe non-uniformcrosstalkmodel
andits calibrationprocedurén Section3.1. Next, we describenow
to usethe calibrationdatafor the implementatiorof crosstalkre-
ductionfor temporalscenesn Section3.2. Finally, our quantitatve
evaluationmethodis describedn Section3.3.

3.1 Crosstalk Model and Calibration

Theamountof percevedcrosstalkcanvary dependingonanumber
of factors,suchaslighting, monitor brightnessanddifferenthard-
ware. Most crosstalkreductionmethods for examplethe method
describedby Lipscomband Wooten[5], needto be adjustedfor

varying conditions.However, it might not be immediatelyclearto

the usersexactly how to do this. Therefore,a simpleway of cali-

bratingthe crosstalkreductionalgorithmis desirable.

To estimatethe amountof crosstalkcorrectionrequiredin a
given situation,we make useof a calibrationmethodbasedon a
similar psychaisualexperimentoy Konradetal. [4]. Thelatterex-
perimentassumesrosstalkio be uniform acrosghe screen.How-
ever, aswasshovn by WoodsandTan[9], this is not the caseand
resultsin poorcrosstalkeductiontowardsthebottomof thescreen.
What is neededis a crosstalkmodel, combinedwith an easyto
usecalibrationmethod,that canhandlethe non-uniformnatureof
crosstalk.

3.1.1 Non-uniform Crosstalk Model

We rst describethe non-uniformnatureof crosstalkusinga sim-
ple function of screenheighty. This function neednot be exact;
it only senesasan indication of the shapeof the non-uniformity
for crosstalkreductionpurposes. We separatehe crosstalkinto
crosstalkdueto leakageof the LCS glassesand crosstalkdueto
phosphomfteglow. Theformercanalmostbe approximatedsbe-
ing uniform over screenheight, while the latter exhibits a strong
non-linearshape[9]. To approximatethis shapewe modeledthe
typical decayof CRT phosphorsusing a power-law decayfunc-
tion [2]
ftisy)y=i (t y+1) ¢

wheret 2 [0;¥) standsfor the time after the rst vertical blank
(VBL) signal,i is the intensity of the phosphorin the next video
frame(att = 1),y 2 [0; 1] is the screerheight,and g is a constant
indicatingthespeedf decay As theamouniof crosstalks constant
overaspeci c scanlinef (t;i;y) disregardsthe pixel columnx and



Left Right Left Right
Left lintenced | ladjus || Left | ldesied ladjug
Right | lunintenced lo Right lo lunirtenced

Table 1: (Left) Calibration setup for a uniform crosstalk model. The
columns show the two halves of the screen, while the rows show
the sequentially displayed left and right eye frames. By altering
lagjug the amount of crosstalk between lintended and lunitenced CanN
be determined. (Right) An alternate calibration setup for our non-
uniform model. By altering loqjus We nd the intensity to display, given
lunirtenced, Such that the user perceives lgesjred

only depend®ny. It is assumedhatthe rst frameis displayedor
t 2 [0; 1), thesecondort 2 [1;2), etc.

To estimatehepercevedintensityof thephosphoin thesecond
frame,we integratef (t;i;y) overt:

ZZ:Of . q . 1 1
t;i;y)dt =i
pos’ (G1Y) q205 )9 o3 y)o

We integrateovert 2 [1:05; 2] becausehe electronbeamspendsa
smallamountof time in the vertical retrace(VRT) state,at which
time the LCS glassesarestill opaque.We have alsoexperimented
with exponentialdecayfunctions,but foundthatapower-law decay
functionbetterapproximateseality. Still, c(i;y) is only anapprox-
imationof shapeanddoesnot modelthe physicalreality exactly.

Supposdhatwe x y to the screenheightof a given pixel we
wish to correct. We cannow vary two parametersg, andi to es-
timatethe amountof crosstalk. Also, a constanterm needsto be
added,which is a combinationof a constantamountof crosstalk
for the phosphorecayandfor the LCS glasses.This leadsto the
following calibrationfunction

civy) =

1 1
9205 y)9 o3 y)9

Note,whengis x ed, the rightmostterm canbe precalculatechs
it only dependsony. The valuefor s describeshe amountof
crosstalkatthetop of the screeng atthebottom,andgis a param-
eterindicatingthe curvatureof the function. The threeparameters
canbe setto closelymatchthe shapeof the crosstalkcurvesfound
by WoodsandTan[9].

a(s;eg=s+e

3.1.2 Uniform Crosstalk Calibration

To calibratethe displaywe usea proceduresimilar to the oneused
by Konradet al. [4]. We shall rst describeKonrads methodin
more detail, after which we describethe changegsequiredfor our
non-uniformmodel.

First the screenis divided into a left anda right half. At each
screerhalf acertainconstanintensityis displayedor theright and
left eyein stereomode,asshavn in Tablel. As statedearlier only
the centerof thescreernis usedhere,andcrosstalkis assumedo be
uniform. Whenthescreeris viewedthroughLCS glassesvherethe
left eye is shutteringnormally andthe right eye is alwaysopaque,
thefollowing canbe seenonthescreen:

Left:
Right :

lintenced + 9 (lunirtenced: lintended)
ladjug + 9(lo; ladjug) = ladjus

whereq(u;i) is a function describingthe amountof crosstalkbe-
tweenan intendedintensityi andan unintendedntensityu in the
othereye. Whenu = 0 it is assumedhereis no crosstalk,so
g(0;i) = i. Whenthe usersmatcheshe two screenhalvesin in-
tensity by adjustinglagjug, this resultsin the equality: lintended +

q(lunirtenced: lintenced) = ladjug- Hence,the amountof crosstalk
betweeranintendedandunintendedntensitycanbe speci ed as:

q(lunirtenced; lintended) = ladjug  lintenced

The procedureis repeatedfor several valuesof linengeq and
luninenced, @ndfor eachred, greenand blue color channel. This
resultsin threelook-uptables,onefor eachchannelthatmapfrom
R2!1 R. Next, thesetablesarelinearly interpolatedandinverted
by aniterative procedureto be ableto correctfor crosstalk. This
resultsin a functionthatmapsa given unintendedanddesiredper
ceivedintensityto theintensityto bedisplayed:

q l('unirtendad;ldesired) = ldisplayed
3.1.3 Non-uniform Crosstalk Calibration

In this sectionwe shall describethe changegequiredto calibrate
the non-uniformcrosstalkmodel. The parametespaceof our non-
uniform model is multi-dimensional,as opposedto one dimen-
sional. Our calibrationprocedurewill returnfunction parameters
s; e; gfor afunctiondependingn the screerheighty of the pixel.
Therefore,interpolatingand inverting the resultingcalibrationta-
blesis notastraightforvardtask. To avoid this problem,we change
the calibrationsetupslightly asshawvn in Table 1. Insteadof de-
terminingtheamountof crosstalkanunintendedntensityproduces
onanintendedntensity we directly estimateheintensityto bedis-
played,givena desiredintensityandan unintendedntensity This
is equivalentto calibratingfor g 1.

To matchbothscreerhalvesin intensity theuser rst adjustss
in orderto matchthetop partof the screen.Then, e is adjustedo
matchthe bottompart of the screen.Finally, g is adjustedfor the
propercurvature.The useradjustabléntensityis setto:

lagjug = 1 min(1;ct(s;e;g)

This is an approximationof the inverseof ct(s;e; g) upto a con-
stant. Hence whendisplayingct 1, the crosstalkis canceledut.
The approximatiorresultsin slightly too little crosstalkcorrection
towardsthe bottomof the screenjor valuesof y closeto 1. How-
ever, aswasshovn by WoodsandTan([9], theLCS glassegroduce
slightly lesscrosstalkat the bottom of the screen. We previously
estimatedthis LCS leakageto be constant,so the small error we
male by estimatingtheinversioncompensatefor this assumption.
Whenthetwo halvesmatch thefollowing canbeseen:

Left:
Right :

ldesired+ (lo; ldesired) = ldesired
ladjug + 9(lunintenced; ladjug) =
1 min(L;ct(s;eg)+ g(lunirtended: ladjus)

If theamountf crosstalkhasbeenmodeledcorrectly thatisqg  ct,
thevaluesof lagjug andq(lunirtenced: ladjus) Will compensateach
otherup to the constant yesjrg. IN Otherwords,givenanundesired
intensity we know what intensity to display for the userto per
ceve the desiredintensity Note, lgjus Occursboth by itself and
in g(lunirtenced: ladjus ) thereforewe interactiely solve a complex
equality Also, all equationddependon the heighty of the current
pixel.

Userguidedcalibrationof threecorrectionparameterson atwo-
dimensionalgrid of intendedand unintendecpbarametersfor each
colorchanneljs atediousandtime-consumingrocessAfter some
initial experimentationye foundthatthevaluefor g couldbe x ed
at 6:5 in all caseson our hardware. We expectthis to be true for
mosthardware, as g dependon the type of phosphoraused,and
CRT monitorsare known to usevery similar phosphorg9]. This
reducesthe parameterspaceto only s ande. To interpolatethe
calibrationgrid for uncalibratedraluesof | yesired @Ndlynirtenced We
usedlinear interpolationon the remainingfunction parameters
ande.
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Figure 1: A simple crosstalk reduction pipeline for static scenes. Left
and right scene textures are taken as input and are processed on
the GPU using the calibration table textures. The output is written
directly to the left and right back buffers using MRT-2.

3.2 Application of Temporal Crosstalk Reduction

In this sectionwe describethe implementationof the temporal
crosstalkreductionalgorithmon the GPU. First, we will describe
the simple caseof crosstalkreduction,assuminga static scene.
Thentherequiredchangedor dynamicscenesrediscussed.

3.2.1 Crosstalk Reduction for Static Scenes

The algorithm startsout by renderingthe stereoscenefor the left
andright eye to two separatdextures. Next, crosstalkreduction
is performed,and nally the resultingleft and right texturesare
displayedasscreensizedquads. The only requirementsare mod-
ern video hardware, capableof running fragmentprograms,and
anexisting pipelinewhich is ableto renderto texturesusingframe
buffer objects(FBOs).An overview of thestaticcrosstalkeduction
pipelineis givenin Figurel.

Oncethe scenehasbeenrenderedo the left andright oating
point textures,they areboundasinput to the reductionalgorithm.
Notethattexturetamgetsareboundto videohardwarebuffers,there-
fore everythingrunsentirely on the GPU; no texture downloadsby
theCPUarerequired.Thecalibrationgrid is interpolatechndstored
in threeseparat@56x256input texturesfor eachof thered, green
and blue calibrationcolors. This resultsin three calibrationtex-
tures, TrReds Tgreen @nd Tgjue- The textureshave a 32 bit oating
point, 4-channeRGBA format.

The calibration textures map the pair of pixel intensities
(lunintenced: ldesired) t0 the two parameters and e of the calibra-
tion function (seeSection3.1). As this only requirestwo of the
four available texture channelswe also storethe invertedpair of
intensitiesasan optimization.For ¢ 2 f Red GreenBlueg, the cal-
ibrationtextureshave thefollowing layout:

To(UV) ! (SGvi i St 6u)

Theleft andright scenaextures,aswell asthethreecalibration
textures,arethenpassedo a hardwarefragmentprogramby draw-
ing ascreersizedquad.In thisway, screerpixelscanbeprocessed
in parallelonthe GPU.Whendrawing a pixel intendedfor theleft
applicationframe, | 4esired is fetchedfrom theleft scengextureand
lunirtenced from the right scenetexture, andvice versa. Next, the
correspondingaluesof s ¢ ande® arefetchedfrom the calibration
texturesfor all threecolor channels.

From the fetchedcalibrationparametersandthe assumeaon-
stantg= 6:5, a correctionfunctiondependingon the screerheight
y of the pixel canbe constructed We performcrosstalkreduction
by setting:

Iéj:isplayed= 1 min(l;SS;V+ eﬁ;v f(y)

wherec 2 f Red GreenBlueg asbefore,u= IS cnaea V= 1desied

and
1

1
9205 y)9 o3 y)9I

Note, as f(y) doesnot dependon eithers or g, it needso be cal-
culatedonly oncefor a x ed valueof y. Also, all of the abore
calculationscanbedonein thefragmentprogram.

Insteadof renderingthe crosstalkcorrectedeft andright appli-
cationframesseparatelyin two passesthey canbe renderedn a
single passusing hardware Multiple RenderTargets(MRT). This
way, the left andright back buffers are boundsimultaneouslyfor
writing.

In the dual passcase correctinga singlepixel for eitherthe left
or right applicationframetakes ve texture lookups: two to fetch
the desiredandunintendedixel intensitiesfrom the left andright
scendextures,andthreeto fetchthe correspondingalibrationpa-
rametersThis resultsin atotal of tentexturelookupswhenrender
ing theleft andright applicationframes.

However, whenusing MRT both setsof calibrationparameters
canbe fetchedsimultaneoushdueto the structureof the calibra-
tion textures. Only ve texture lookupsarerequiredin this case:
two to fetchthe pixel intensitiesfrom the left andright scenetex-
tures,andthreeto fetchthe calibrationparametersor (15, Iﬁght)

and(lrcight; I%;;) simultaneouslyrom Tc. Also, bothcorrectedoix-
els canbe written to their correspondindeft or right back buffer
immediately

It mayappeathatwe make anerrorbecausave do notcompen-
satethe crosstalkreductionfor the crosstalkreductionitself in the
previous frame;i.e. it seemsve shouldcompensaté¢he left frame
n+ 1 with respecto thecorrectedight framen andnotto theright
framen+ 1. However, for staticsceneghis is not the case asour
calibrationprocedurealreadydetermineghe properintensityto be
displayedgiven a desiredperceved intensity As the calibration
procedureperformsa similar correctionitself, the correctparame-
tersarefoundimplicitly.

An inherentproblemwith subtractve crosstalkcorrectionmeth-
odsis that one cannotcompensatéhe crosstalkwhenthe desired
intensityis too low comparedo the unintendedntensity When
thecrosstalkestimatiorfor a color channelesultsin avaluehigher
thanthe desiredintensity for that channel,the bestonecando is
to setthe channelto zero. In orderto avoid this problem, the
desiredimage intensity can be arti cially increased. One way
of doing this is by the following linear mappingfor a 2 [0;1]:
ldesied = @ + lgesied(1  @). We optionallyallow this kind of in-
tensityincreaseén ourimplementationHowever, abig dravbackof
increasingntensitythisway s thatit signi cantly reducesontrast.

f(y) =

3.2.2 Crosstalk Reduction for Dynamic Scenes

Sofarwe have assumedtaticscenesn theapplicationof crosstalk
reduction.However, in virtual ervironmentsthisis notthe case.ln
an interactve application,subsequenapplicationframesare usu-
ally slightly different. For framesequentialactive stereathe appli-
cation framesare displayedsequentiallyas L3; Rg; L3, ;; Ré, ;;:x:,
wherelL? andR? standfor theleft andright applicationframesre-
spectiely. Theproblemliesin thefactthatR andR2, ; areslightly
differentdueto animation.Thestaticcrosstalkreductionalgorithm
combined 2, ; with R8, ; to producea correctedeft frame,while
it shouldcombineL2, ; with R3. Thisresultsin incorrectcrosstalk
reductionat thediffering regionsof R andRg, ;.

Theproblemis complicatedy thefactthatrenderinganapplica-
tion frameusuallytakesmuchlongerthanthedisplayof anindivid-
ualvideoframe.At amonitorrefreshrateof 100Hz in active stereo
mode,ie. 50 Hz pereye, applicationframesneedto berenderedn
underapproximately5 ms per eye. Typical applicationscan not
maintainthis framerate,andthusper applicationframe,mary se-
quentialvideo framesare displayed. The situationis sketchedin
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Figure 2: Time sequence diagram of video and application frames in dynamic scenes. A refresh rate of 100Hz is assumed here. During the time
it takes to render the left and right application frame N, eight left and right video frames are displayed. At the rst buffer swap, the last video right
frame causes crosstalk on the rst video left frame after the bufferswap. These two video frames belong to different application frames N-1 and
N. The curved arrows on top indicate the pairs of video frames our algorithm corrects between. The straight arrows at the bottom show which
frames are rendered when. At the second buffer swap the right and left video frames belong to the same application frame N. This gure shows
the unoptimized case, where all four video frames are corrected to the previous corrected video frame.

Figure2. As crosstalkonly exists betweervideo frames,the slow
renderingof applicationframesneedsto be taken into accountas
well.

Whenapplicationframescanbe renderedat the samespeedas
videoframes thecrosstalkreductionalgorithmcanbeeasilymodi-
ed to take dynamicscenesnto account.n additionto theleft and
right sceneexturesS;, ; and<, ; for applicationframen+ 1, the

correctedight outputCR for applicationframen is usedasinputas
well. Now S, ; is correctedwith respecto CR, resultingin CL, ;.

Next, SR, ; is correctedwith respectoCL, ;, resultingin CR. ;. The
procedureannow berepeatedor thenext applicationframen+ 2.

When applicationframescan not be renderedas fastas video
framesthe procedurds nolongercorrect.Supposehatduringthe
time to rendera left andright applicationframe,four left andfour
right video framesaredisplayed.In this case the above algorithm
correctsS; with respecto CR ;. However, this is only correctfor
the rst time this videoframeis displayed.The sameleft applica-
tion framewill be displayedthreemoretimes, andthosetimesit
shouldhave beencorrectedwith respecto CR.

When renderingan applicationframe takes much longer than
the display of a video frame, we can not properly correctevery
videoframeon asinglevideocard.Thisis dueto thefactthatvideo
hardwareexecutegenderingcommandsn a sequentiamanner At
somepoint the applicationframe's draving commandsieedto be
executedby the hardware, at which time thereis no way to cor
rectthe video framesdisplayedduring this period. An alternatie
solution would be the use of two videocards:one for rendering
applicationframes,andonefor correctingevery video frame. As-
sumingthatthetransmissiorandcorrectionof framescanbe done
fastenoughthiswill allow the crosstalko bereduceccorrectlyfor
everyvideoframe.

Our implementationpartially addresseshis problemby draw-
ing aheadtwo pairs of left and right imagesfor the sameappli-
cationframe, which are displayedassubsequentideo frames. In
this way we correctbetweemew videoframes,andthe previously
correctedvideoframe: &, ; CR SR, CL.; S, CR,and
K., CL, ;. However, asmorethanfour videoframesareusually
displayedberapplicationframe,thelasttwo corrected/ideoframes
will berepeatednultipletimes.Also, for example,Cr'f+ 1 isnotvery

differentfrom S, ;. Thereforewe optimizethis procedureanduse
thefollowing correctionsequenceCs = §; CR |,CR= &,

Ch1= S SandCl =

This allows usto usethe optimizationto correctS; andSR both
waysusing vetexturelookupsasdiscussedh theprevioussection.
Also, Crﬁ 4 canbe setto this sameresult, afterwhich it is usedas
input to the next applicationframe. Thefour correctedramescan
bedrawn to four texturesin a singlepassusingMRT-4, afterwhich
the rst two texturescan be displayed,followed by the last two
texturesaftera buffer swap. Thisis shavn in Figure3.
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Figure 3: Crosstalk reduction pipeline for dynamic scenes. Again
the left and right scene textures are taken as input, together with the
output of the previous run. Crosstalk reduction is then performed on
the GPU, and the output is written to four textures using MRT-4. The
rst pair is then displayed, followed by a buffer swap, after which the
second pair is displayed. The display sequence conforms to Figure 2.
This gure shows the unoptimized case. In the optimized case the
correction methods directly use the scene textures, instead of the
output of the previous correction.

3.3 Evaluation Method

To evaluatethe quality of differentcrosstalkreductionalgorithms,
we developed a way to quantitatvely comparethe amount of
crosstalkreduction. One of the problemsis the fact that crosstalk
is only visible to anexternalviewer andcannot be detectedn the
renderingsystenitself. Therefore someway of registeringthereal
amountof generatedtrosstalkis requiredfor both correctedand
uncorrectedcenes.

Another importantissueis that we only wish to measurethe
amountof crosstalkthatis perceptuallydisturbing. Crosstalkin-
creaseghe overall intensity of the displayin a non-uniformway;
however, whenthe intensityincreaseds gradualthis is not percep-
tually disturbingor even discernable.Two imagescandiffer a lot
in their pixel valueswithout shaving ary perceptuallydiscernable
differences.Therefore statisticalmethodsof comparisonsuchas
the root meansquarederror (RMSE), do not provide us with ary
useableinformation. This discrepang of statisticallybasedcom-
parisonmethodsvasnotedbeforeby variousauthors(anovervien
is givenby McNamarg6]).

To externally registerthe amountof crosstalkin a givenscene,
we take digital photograph®f the monitor screerthroughthe LCS
glassesThedigital cameras placedin front of theleft eye of the
LCS glasseswhich are shutteringin the normal frame synchro-



Figure 4: A photograph of the reference frame where no crosstalk is
present. The photo was taken through the left eye of activated LCS
glasses.

nizedmanner This setupis similar to the oneusedby Woodsand
Tan[9].

Usingthis setupwe take a photograplof areferenceapplication
frameP¢f, wheretheleft scends displayedin theleft eye andthe
right eye displayis keptblank. In this way no crosstalkis present
in thereferencdrame. A samplereferencephotographis shavn in
Figure4. Next, we take a photograptPy of the sameapplication
frame,wheretheleft andright scenesredisplayedasnormalin the
left andright eyes. This photoincludescrosstalkfor theleft scene,
originating from the right scene. Finally, we take anotherphoto
Peor in the samemanney but this time with the crosstalkreduction
algorithmenabled All photographsretakenwith identicalcamera
settingsandarelatively slow shutterspeed.

Thecrosstalkin Py andP;or canbeisolatedby comparingthese
photographso Pet, whichis clearof crosstalk. Whenno crosstalk
is presentthe left eye imageshouldbe equalto Pe;. To evalu-
atethe perceptuallydisturbingdifferencesbetween(Pret ; Pt) and
(Pref; Peor) we malke useof theVisible Differencedredictor(\VDP)
by Daly [1].

To estimatethe perceptuatlifferencesetweentwo images the
VDP rst appliesa non-linearresponsefunction to eachimage
to estimatethe relation betweenbrightnesssensationand lumi-
nance. Next, the imageis corvertedinto the frequeng domain
andweightedby the humancontrastsensitvity function (CSF),re-
sultingin local contrasinformation. Additional sub-bandrocess-
ing basedn the humanvisual system(HVS), in combinatiorwith
maskingfunctions providesscaledcontrastifferencebetweerthe
two images.Finally, thesecontrastdifferencesareusedasinputto
a psychometridunctionto determinethe probability of perceptual
difference. More speci ¢ implementationatietailsof the method
aredescribecy Daly [1].

The outputof the VDP algorithmis a probability mapthatindi-
catesfor eachpixel the probability a humanviewer will perceve
adifferencebetweerthe correspondingwo pixelsin theinputim-
ages.In orderto quantify the results we determinethe percentage
of pixels that are differentwith a probability of over 95%. The
thresholdwasliberally choserbecausehetypical VDP outputper
pixel waseithervery high (> 95%),0r very low (< 5%), with hardly
ary valuesin between. This provides us with a measureof the
amountof perceptuallydisturbingcrosstalk.

Crosstalkincreaseghe intensity of the entire display area,as
even the backgroundcausescrosstalkon itself. However, these
gradualdifferencedn intensityover larger areasdo not causeper
ceptuallydisturbingartifacts.For the crosstalkphotoscomparedo
the referencephotos,the RMSE per scanlineat the bottom of the
screenis very large asthe crosstalkphotois muchbrighterthere.
However, the VDP outputshaws this doesnot causea disturbingor

evenpercevabledifference.In this way, by usinga humanpercep-
tion basedcomparisonyve only quantifythetruly disturbingvisible
differencesdetweerthe crosstalkandreferencemages.

4 RESULTS

In this sectionwe describeexperimentalresults,and compareour
crosstalkreductionalgorithmto the casewhereno crosstalkreduc-
tion is performedandto Konrads uniformreductionmodel[4]. To
evaluatethe amountof disturbingcrosstalkwe usethe evaluation
methoddescribedn Section3.3.

NuVisionLCS glassesvere x edin front of aCanonA520digi-
tal camerao take photograph®f anliyamaVision MasterPro512
22 inch CRT screen.The monitor displayeda frameby frameani-
mation of the optimizationprocedurefor globally optimal Fekete
point con gurations [8]. Each applicationframe was displayed
in referencemode (Pef), with normal crosstalk(Py), with non-
uniform crosstalkreductionenabledPzor), andwith Konrads uni-
form crosstalkreduction(R,n;) in sequence.This allowed us to
take photographf all applicationframes,for eachof the display
modes.Thesetupwaspreviously describedn Section3.3.

In this mannerwe took photographof 800 animationframes,
resultingin atotal of 3200digital color photosof 2048x1536eso-
lution. The photosweretakenwith thefollowing x edcameraset-
tings: shutterspeedd.5s,apertureF2.8, x ed manualfocus, x ed
white balance]SO 50, with the highestquality settings.The cam-
erawasoperatecautomaticallyover USB in a darkenedroom, en-
suringframesynchronizatiorandunchangeaonditions.

For eachanimationframe,we comparedachof the photosPcer,
P« and Py to the correspondingeferenceframe Pes using the
previously describedevaluationmethod. Figure5 shaws the three
photosandthe output of the VDP comparisorwith the reference
photofor animationframe570. Thereferencegphotofor frame570
wasshown earlierin Figure4. The percentagef perceptuallydif-
ferentpixelsfor eachframeandcorrectionmethodhasbeenplotted
in Figure6.

From Figure 6 it can be seenthat both uniform and non-
uniform crosstalkreductionprovide signi cantly betterresultsthan
no crosstalkreduction.Also, non-uniformreductionis signi cantly
betterthanuniform reduction;especiallywhenthe animationpro-
gressesThis canbe explainedby thefactthatwhenthe animation
hasbeenrunning for sometime, more geometrybecomesvisible
at the bottomof the screen.The parametersf the uniform reduc-
tion modelhave beencalibratedonly for a speci c locationon the
display in this casethe center The amountof crosstalkbecomes
larger at the bottomof the screenandthe uniform modeldoesnot
correctthis. However, the non-uniformmodeltakesthis into ac-
countandcorrectsfor crosstalkeverywhere.This canalsobe seen
in the photosof frame570in Figure5.

Whenthedesiredpixel intensityto bedisplayeds very low, and
the correspondingunintendedintensity due to crosstalkis fairly
high, no adequatecrosstalkreductioncan be performed. We dis-
tinguishbetweertwo typesof crosstalk:object-to-bakgroundand
object-to-objectObject-to-backgroundrosstalkis causedy age-
ometricobjectandis visible on the background.This is generally
themostperceptuallydisturbingkind of crosstalk Object-to-object
crosstalkis the crosstalkthatis visible on the surfaceof anobject,
oftencausedy theobjectitself.

In mostcasesbject-to-backgroundrosstalkcan be corrected,
as the animationbackgroundintensity of 0.6 for all three color
channelds fairly high. However, object-to-objectrosstalkcould
not be correctedn all cases.Thisis dueto the factthatthe object
often doesnot have a high enoughdesiredintensityin a speci ¢
color channelto reducethe crosstalkcausedn that channel,for
examplewhena blue objectregion causedlue crosstalkon a red
objectregion. In this casethe desiredintensityof the blue channel
is zero,while theunintendedntensityis not.



Figure 5: Photographs and evaluation for frame 570 of the animation. The top row shows the photos as captured by the camera. The bottom row
shows the corresponding perceptual differences with the reference photo in red. From left to right the images represent: no crosstalk reduction,
uniform crosstalk reduction, and non-uniform crosstalk reduction. Similar MPEG videos of the entire animation sequence are available.
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Figure 6: On the Y-axis the plot shows the percentage of perceptually different pixels compared to the corresponding reference photo. The

animation frame number is shown on the X-axis.
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Figure 7: Percentage of perceptually disturbing crosstalk with varying
background intensity, with and without crosstalk reduction.

Therefore,a secondexperimentconsistedof determiningthe
in uence of the backgroundintensity on the ability to perform
crosstalkreduction. This time we took a sequenc®f photographs
for frame 570 with varying backgroundntensity For eachback-
groundintensity we took a referencephoto, a photowith normal
crosstalk,andwith non-uniformcrosstalkreductionenabled.The
perceptuabifferenceevaluationwas doneasbeforeandis shavn
in Figure?.

For verylow backgroundntensitiesalmostno correctionis pos-
sibleandcrosstalkreductiondoesnot provide a muchbetterresult.
However, when the backgroundintensity reached).5, almostall
object-to-backgroundrosstalkcanbecorrectedIt canalsobeseen
thathigherbackgroundntensitiesreducecrosstalkin general This
is dueto the fact that the humanvisual systemis lesssensitve to
intensity differenceswvhenintensitiesare large, andthe phosphors
reacha peakintensityvalue.

Finally, we experimentallyevaluatedheeffect of differentback-
ground/forgroundratios,which is de ned asthe numberof back-
groundpixels divided by the numberof foreground,or objectpix-



—=—Normal crosstalk —#— Crosstalk reduction

> N ® ©

@

/_.—-/\./-/‘M*"\-
/r-‘

S

w

% Perceptually different

03 05 07 09 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
Geometry scale factor

o kN

Figure 8: Percentage of perceptually disturbing crosstalk with vary-
ing background/foreground ratio, with and without crosstalk reduc-
tion. The x-axis shows an increasing geometry scale factor, which
causes a decreasing background/foreground ratio.

els. Usingaconstanbackgroundntensityof 0.6,wevariedthesize
of the geometryin frame570. For larger geometrysizesthe back-
ground/forgrondratio becomesmaller resultingin moreobject-
to-objectand less object-to-backgroundrosstalk. Again, refer
ence,crosstalk,and non-uniformcrosstalkreductionphotoswere
taken. Theresultsareshawvn in Figure8.

Whenthe background/forgroundratio becomesmaller more
case®f impossibleto correctobject-to-objectrosstalkoccur This
explainswhy the non-uniformreductionalgorithmperformsworse
with increasinggeometrysize. However, asit performsthe best
possibleapproximatecorrectionijt still producedetterqualitythan
no correction. In the casewhereno correctionis performed,the
background/forgroundratio haslesseffect. Increasinghe geom-
etry size simply hasthe effect of replacingobject-to-background
crosstalkwith object-to-objectrosstalkbothof which arenot cor-
rectedaryway. Finally, notethatwhenthe geometrybecomesery
smallit becomesnoredif cult to perceve the crosstalkregions,as
canbe seenfor the non-correcteadturve. The reductionalgorithm
is not affectedby this behaior, asit is capableof correctingthe
crosstalkregardless.

5 DISCUSSION

Our crosstalkreductionmethodworks well in mary cases.How-
ever, in the caseof heary object-to-objectrosstalkthe quality of
reductionis suboptimal.This is dueto the fact that the amountof
crosstalkreductionpossibledependson the desireddisplayinten-
sity, i.e. whenfor ary color channell jnitendced  ldesired, NO ad-
equatereductioncanbe performed. For object-to-objectrosstalk
thisis oftenthecase.

Unfortunatelywe could not quantitatvely examinethe effect of
thetemporakeductionmodel,but onecanimaginetheeffect. With-
outthetemporalmodelthereareleft videoframesimmediatelyaf-
ter a buffer swap for which the crosstalkreductionis incorrect. In
fact,two typesof errorsareintroduced:

Theleft videoframesarenotcorrectedor theprecedingight
applicationframes. This leavessomeamountof uncorrected
crosstalkresultingin areaghataretoo bright.

Instead theseleft video framesare correctedfor the upcom-
ing right applicationframe. This crosstalkreductionon areas
whereit is notrequiredintroducesncorrectlydarkenedareas.

Manualinspectionshavedthatthisis particularyrelevantfor mov-
ing objects,wherethe edgesare slightly differentfrom frameto
frame. Theseare exactly the regionswherestaticcrosstalkreduc-
tion methodserrorin their assumptiorof staticscenes.The effect
is not noticeablesvery frame,asapplicationframesaredravn at a
slower ratethanvideo frames. Thus, the effect is noticeableonly

whenapplicationframesare changed.This typically happensat a
rateof approximatelyl5-20Hz andwould explain the visualjitter,

whichis completelyremovedwith thetemporalmodel. We did not
run a userstudyon this effect, but several peopleusingour setup
con rmed this obsenration.

Monitor-basedpassie stereasystemanake useof a framesyn-
chronizedpolarizingscreerin front of the CRT displayandglasses
containingdifferentpolarization lters for eacheye. The natureof
crosstalkis very similar to active stereoin this case,hawever the
layeredconstructiorof the polarizingscreerintroducesa view de-
pendentamountof non-uniformcrosstalk. This kind of crosstalk
canonly becompensatetbr by usingaccurateheadtrackingo de-
terminethe amountof correctionrequired.

Currently the calibrationof the non-uniformmodelis donein-
teractively by userinspection. The procedures tediousanderror
prone. However, in combinationwith our quantitatve evaluation
methodit would be possibleto automatehis taskby usinga com-
putercontrolledcamera Automaticcalibrationwould beespecially
desirablein virtual ervironmentswith large screenslt is a known
factthatthe amountof crosstalkis alsodependenbn the angleof
view throughthe LCS glasse$9]. An automatedalibrationproce-
durecould calibratefor mary differentanglesof view, makinguse
of headtrackingnformation.

6 CONCLUSIONS

We have proposeda new non-uniformcrosstalkmodel. To deter
minethe parameteror this model,we usedaninteractve calibra-
tion procedure.Also, to addresshe problemscausedby interac-
tive applicationsin virtual ervironments,we introduceda tempo-
ral crosstalkreductionmodelfor dynamicscenesThis way, high-
frequengy jitter causedy theerroneousissumptiorf staticscenes
could be eliminated. The algorithmwasimplementecbn the GPU
andrunsin real-time.Finally, we proposed quantitatve evaluation
methodologyto assesshe quality of differentcrosstalkreduction
algorithms.

We comparedur non-uniformreductionmethodto no crosstalk
reduction,andto a uniform crosstalkreductionmethod. This was
doneby nding perceptuablifferencesetweernphotograph®f an
animation. It was shovn that our methodprovides betterquality
crosstalkreduction.Finally, theeffectsof backgroundntensityand
background/forgroundratio wereexamined.
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