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ABSTRACT

Stereodisplayssuffer from crosstalk,aneffect thatreducesor even
inhibits the viewer's ability to correctlyperceive depth. Previous
work onsoftwarecrosstalkreductionfocussedonthepreprocessing
of staticsceneswhichareviewedfrom a�x edviewpoint. However,
in virtual environmentsscenesaredynamic,andareviewed from
variousviewpointsin real-timeon largedisplayareas.

In thispaper, threemethodsareintroducedfor reducingcrosstalk
in virtual environments. A non-uniform crosstalkmodel is de-
scribed,which canbeusedto accuratelyreducecrosstalkon large
displayareas.In addition,anovel temporalalgorithmis usedto ad-
dresstheproblemsthatoccurwhenreducingcrosstalkin dynamic
scenes.Thisway, high-frequency jitter causedby theerroneousas-
sumptionof staticscenescanbe eliminated.Finally, a perception
basedmetric is developedthatallows usto quantifycrosstalk.We
provide a detaileddescriptionof the methods,discusstheir trade-
offs, andcomparetheir performancewith existing crosstalkreduc-
tion methods.

Keywords: Crosstalk,Ghosting,Stereoscopicdisplay

Index Terms: I.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Virtual RealityI.3.3 [ComputerGraphics]:
Picture/ImageGeneration—DisplayAlgorithms

1 INTRODUCTION

Stereoscopicdisplay systemsallow the user to seethreedimen-
sionalimagesin virtual environments.For active stereowith CRT
monitors,Liquid CrystalShutter(LCS) glassesareusedin com-
binationwith a framesequentialdisplayof left andright images.
When the left image is displayedthe right eye cell of the LCS
glassesgoesopaqueandthe left eye cell becomesclear, andvice
versa.

Stereosystemssuffer from adisturbingeffectcalledcrosstalkor
ghosting.Crosstalkoccurswhenoneeyereceivesastimuluswhich
wasintendedfor theothereye. This producesa visible shadow on
theimagethatreduces,or eveninhibits, theviewer's ability to cor-
rectlyperceivedepth.Theeffect is mostnoticeableathighcontrast
boundarieswith largedisparities.

Threemainsourcesof crosstalkcanbe identi�ed: phosphoraf-
terglow, LCS leakageandLCS timing [9]. Typical phosphorsused
in CRT monitorsdo not extinguishimmediatelyafterexcitationby
the electronbeam,but decayslowly over time. Therefore,some
of thepixel intensityin onevideoframemaystill bevisible in the
subsequentvideo frame. Also, LCS glassesdo not go completely
opaquewhenoccludingan eye, but still allow a small percentage
of light to leak through. Finally, due to inexact timing andnon-
instantaneousswitchingof theLCS glasses,oneeye mayperceive
someof the light intendedfor the othereye. The combinationof
theseeffectscausesanundesirableincreasein intensityin the im-
age,whichis visibleascrosstalk.Theamountof crosstalkincreases
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drasticallytowardsthe bottomof the displayareain a non-linear
fashion.Hence,crosstalkis non-uniformover thedisplayarea.

To enhancedepthperceptionwe wantto eliminateor reducethe
effect of crosstalk.Oneway to achieve this is by usingbetter, spe-
cialized hardware, suchas display devices with fasterphosphors
andhigherquality LCS glasses.However, this typeof hardwareis
relatively expensive andmight not eliminatecrosstalkcompletely.
An alternative solutionis to reducethe effect of crosstalkin soft-
wareby processingandadjustingthe imageframesthat areto be
displayed.

The governing idea is to subtractan amountof intensity from
eachpixel in the displayedimageto compensatefor the leakage
of intensity from the previous video frame. A pre-conditionhere
is thatthedisplayedpixelshave enoughinitial intensityto subtract
from. If this is not thecase,theoverall intensityof the imagehas
to bearti�cially increased,therebyloosingcontrast.As such,there
appearsto bea tradeoff betweenlossof contrastandtheamountof
crosstalkreductionpossible.

Previouswork on softwarecrosstalkreductionmostly focussed
onthepreprocessingof staticsceneswith a�x edviewpoint [4] [5].
However, what is neededis crosstalkreductionin virtual environ-
ments;i.e. for dynamicscenes,variousviewpointsandin real-time.
Sincelargescreenswith differentviewpointsareused,crosstalkcan
no longerbe assumedto be uniform over the entiredisplayarea.
Furthermore,asvirtual environmentsoperatein real-time,crosstalk
reductionalgorithmsmustbefastenoughto run in real-time.

After having implementedan initial versionof thecrosstalkre-
ductionalgorithm,wediscoveredsomehighfrequency jitter for fast
moving objects.This effect wasnot visible whencrosstalkreduc-
tion wasdisabled.No suchproblemhaspreviouslybeenmentioned
in the literature. After further investigation,we found this to be a
defectin the crosstalkreductionalgorithmdueto the assumption
of staticscenes.All previouscrosstalkreductionmethodscorrecta
singlepair of left andright applicationframes,which is valid only
for staticscenes.For dynamicscenestheapplicationframeschange
slightly over time, and are displayedin sequencewith preceding
applicationframes.Therefore,crosstalkinducedfrom previousap-
plication framesneedsto be considered.Upon closerinspection
this turnsout to beaproblemthatis relatedto thevideorefreshrate
(e.g. 100 Hz) beingdifferentthanthe applicationframerate(e.g.
20Hz). In thiscasethereis no longeraone-to-onecorrespondence
betweenvideoframesandapplicationframes.

In thispaper, ourcontribution is threefold:

� A non-uniform crosstalk model, along with a procedure
for interactive user calibration of the model parameters.
The methodis basedon a combinationof the non-uniform
crosstalkcharacteristicsdescribedby WoodsandTan[9] and
thecalibrationprocedureproposedby Konradet al. [4]. This
addressestheproblemof non-uniformcrosstalkover thedis-
playarea.

� A real-time, temporalcrosstalkreductionalgorithm, which
addressestheproblemof changingframesin dynamicscenes.
We developedanef�cient approachto considerthe temporal
high-frequency jitter, andwereableto completelyremove it.
The resultingalgorithmrunsentirelyon theGPUandis fast
enoughto operatein real-time.



� A quantitative evaluation methodologyfor the perceptual
quality of crosstalkreduction. Sucha methodis useful for
the developmentandcomparisonof variouscrosstalkreduc-
tion techniques.The proposedevaluationmethodmeasures
the amountof perceptuallydisturbingcrosstalk,allowing us
to make quantitative assessmentsaboutthequality of various
crosstalkreductionalgorithms.

The methodsin this paperhave beenapplied to the Personal
SpaceStation[7], a desktopvirtual environmentthat consistsof
a headtracked userbehinda 22 inch CRT monitor using active
stereo.However, wewill show thatthesemethodscanbebene�cial
to othervirtual environments,in particularthoseenvironmentswith
largedisplayareas.

2 RELATED WORK

LipscombandWooten[5] describeda methodto reducecrosstalk
in software.Thebackgroundintensityis arti�cially increased,after
whichcrosstalkis reducedby decreasingpixel intensitiesaccording
to a speci�cally constructedfunction. The screenis divided into
16 horizontalbands,andthe amountof crosstalkreductionis ad-
justedfor eachbandto accountfor thenon-uniformityof crosstalk
over thescreen.Also, someadditionaladjustmentsaremadein the
caseof thin lines. Althougha non-uniformmodelis used,thedif-
�culty with this methodis determiningproperfunctionparameters
that provide maximumcrosstalkreductionfor eachof the 16 dis-
cretebands.We proposea non-uniformmodel that is continuous
andcanbeinteractively calibrated.

A calibrationbasedmethodwasproposedby Konradet al. [4].
First, the amountof crosstalkcausedby an unintendedstimulus
on a prespeci�edintendedstimulusis measuredby a psychovisual
userexperiment.Theviewer hasto matchtwo rectangularregions
in the centerof the screenin color. One containscrosstalkand
theotherdoesnot. After matchingthecolor, theactualamountof
crosstalkcanbedetermined.Theprocedureis repeatedfor several
valuesof intendedandunintendedstimuli, resultingin atwo dimen-
sionallook-uptable.This look-uptableis invertedin apreprocess-
ing stage,afterwhich crosstalkcanbereducedby decreasingpixel
intensitiesaccordingto the invertedtablevalues.Optionally, pixel
intensitiesarearti�cially increasedby acontrastreducingmapping
to allow for greaterpossibilityof crosstalkreduction.A drawback
of thismethodis thatit assumescrosstalkis uniformovertheheight
of thescreen.Our methodusesa similar calibrationprocedure,but
is basedonanon-uniformcrosstalkmodel.

Klimenko et al. [3] implementedreal-timecrosstalkreduction
for passive stereosystems.Threeseparatelayersarecombinedus-
ing hardware texture blendingfunctions. The �rst layer contains
theunmodi�ed left or right imageframeto be rendered.Thesec-
ond layer is a simple intensity increasing,additive layer to allow
for subsequentsubtraction.Finally, theleft imageis renderedonto
theright imageasa subtractive alphalayerandvice versa.Theal-
phavaluesareconstantbut differentfor eachcolor channel.This
is a linearizedversionof the subtractive modelof Lipscomband
Wooten[5]. Although the methodworks in real-time,it doesnot
take into accounttheinterdependenciesbetweensubsequentimage
frames.We have improvedthis with a temporalmodel.Also, with
constantalphavaluesthe model is uniform over the screen,and
someeffort is neededto determinethe properalphavalues. Our
methodis continuousnon-uniformand can be interactively cali-
brated.Futhermore,themodelandimplementationarecompletely
lineardueto hardwarerestrictions.By usingmodernGPUfragment
programsandframebuffer objectswe avoid suchrestrictions,and
areableto implementa non-linearcorrectionmodelcompletelyon
theGPU.

WoodsandTan[9] studiedthevariouscausesandcharacteristics
of crosstalk.They showedthatmostCRT displaydevicesusephos-
phorswith very similar characteristics,suchas spectralresponse

anddecaytimes.However, therewasaconsiderableamountof vari-
ation in thequality of LCS glasses.Theresultingcrosstalkmodel
shows that the amountof crosstalkdueto phosphorafterglow in-
creasesheavily towardsthe bottom-endof the screen. Crosstalk
dueto leakageof theLCS glassesis almostuniform over the �rst
80%of thedisplay, but slightly reducesin thebottom20%.Finally,
to evaluatetherealamountof crosstalk,photographsof thescreen
were taken throughthe LCS glassesusinga digital camera. Our
quantitativeevaluationmethodto determinethequalityof crosstalk
reductionis basedon this approach.Also, we examinedthevalid-
ity of our non-uniformmodelby comparingit with the described
crosstalkcharacteristics.

Daly [1] proposedthe Visible DifferencesPredictor(VDP) to
estimatethe perceptualdifferencebetweentwo still images.Two
imagesaretakenasinput,andanoutputimagecontainingtheprob-
ability of perceivabledifferencefor eachpixel is produced.Theal-
gorithmoperatesusinga frequency domainweightingwith thehu-
mancontrastsensitivity function,followedby a seriesof detection
mechanismsbasedon thehumanvisual system.We will compare
digital photographstaken throughthe LCS glassesin this manner
to estimatetheperceptualqualityof crosstalkreductionmethods.

3 METHODS

In this sectionwe will give a detailedtechnicaldescriptionof our
methods.First, we will describethe non-uniformcrosstalkmodel
andits calibrationprocedurein Section3.1.Next, wedescribehow
to usethe calibrationdatafor the implementationof crosstalkre-
ductionfor temporalscenesin Section3.2.Finally, ourquantitative
evaluationmethodis describedin Section3.3.

3.1 Crosstalk Model and Calibration

Theamountof perceivedcrosstalkcanvarydependingonanumber
of factors,suchaslighting, monitorbrightnessanddifferenthard-
ware. Most crosstalkreductionmethods,for examplethe method
describedby Lipscomband Wooten[5], needto be adjustedfor
varyingconditions.However, it might not be immediatelyclearto
theusersexactly how to do this. Therefore,a simpleway of cali-
bratingthecrosstalkreductionalgorithmis desirable.

To estimatethe amountof crosstalkcorrectionrequired in a
given situation,we make useof a calibrationmethodbasedon a
similarpsychovisualexperimentby Konradetal. [4]. Thelatterex-
perimentassumescrosstalkto beuniform acrossthescreen.How-
ever, aswasshown by WoodsandTan[9], this is not thecaseand
resultsin poorcrosstalkreductiontowardsthebottomof thescreen.
What is neededis a crosstalkmodel, combinedwith an easyto
usecalibrationmethod,that canhandlethenon-uniformnatureof
crosstalk.

3.1.1 Non-uniform Crosstalk Model

We �rst describethenon-uniformnatureof crosstalkusinga sim-
ple function of screenheighty. This function neednot be exact;
it only servesasan indicationof the shapeof the non-uniformity
for crosstalkreductionpurposes. We separatethe crosstalkinto
crosstalkdueto leakageof the LCS glasses,andcrosstalkdueto
phosphorafterglow. Theformercanalmostbeapproximatedasbe-
ing uniform over screenheight,while the latter exhibits a strong
non-linearshape[9]. To approximatethis shape,we modeledthe
typical decayof CRT phosphorsusing a power-law decayfunc-
tion [2]

f (t; i;y) = i � (t � y+ 1) � g

wheret 2 [0;¥ ) standsfor the time after the �rst vertical blank
(VBL) signal, i is the intensityof the phosphorin the next video
frame(at t = 1), y 2 [0;1] is thescreenheight,andg is a constant
indicatingthespeedof decay. As theamountof crosstalkisconstant
over a speci�c scanline,f (t; i;y) disregardsthepixel columnx and



Left Right
Left Iintended Iadjust
Right Iunintended I0

Left Right
Left Idesired Iadjust
Right I0 Iunintended

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
Iadjust the amount of crosstalk between Iintended and Iunintended can
be determined. (Right) An alternate calibration setup for our non-
uniform model. By altering Iadjust we �nd the intensity to display, given
Iunintended, such that the user perceives Idesired

only dependsony. It is assumedthatthe�rst frameis displayedfor
t 2 [0;1), thesecondfor t 2 [1;2), etc.

To estimatetheperceivedintensityof thephosphorin thesecond
frame,we integratef (t; i;y) over t:

c(i;y) =
Z 2:0

1:05
f (t; i;y) dt = i �

�
1

g(2:05� y)g �
1

g(3� y)g

�

We integrateover t 2 [1:05;2] becausetheelectronbeamspendsa
small amountof time in the vertical retrace(VRT) state,at which
time theLCS glassesarestill opaque.We have alsoexperimented
with exponentialdecayfunctions,but foundthatapower-law decay
functionbetterapproximatesreality. Still, c(i;y) is only anapprox-
imationof shape,anddoesnotmodelthephysicalrealityexactly.

Supposethat we �x y to the screenheightof a given pixel we
wish to correct. We cannow vary two parameters,g, andi to es-
timatethe amountof crosstalk.Also, a constantterm needsto be
added,which is a combinationof a constantamountof crosstalk
for thephosphordecayandfor theLCS glasses.This leadsto the
following calibrationfunction

ct(s ;e;g) = s + e�
�

1
g(2:05� y)g �

1
g(3� y)g

�

Note, wheng is �x ed, the rightmostterm canbe precalculatedas
it only dependson y. The value for s describesthe amountof
crosstalkat thetopof thescreen,e at thebottom,andg is aparam-
eterindicatingthecurvatureof the function. Thethreeparameters
canbesetto closelymatchtheshapeof thecrosstalkcurvesfound
by WoodsandTan[9].

3.1.2 Uniform Crosstalk Calibration

To calibratethedisplaywe usea proceduresimilar to theoneused
by Konradet al. [4]. We shall �rst describeKonrad's methodin
moredetail, after which we describethe changesrequiredfor our
non-uniformmodel.

First the screenis divided into a left anda right half. At each
screenhalf acertainconstantintensityis displayedfor theright and
left eye in stereomode,asshown in Table1. As statedearlier, only
thecenterof thescreenis usedhere,andcrosstalkis assumedto be
uniform. Whenthescreenis viewedthroughLCSglasseswherethe
left eye is shutteringnormallyandthe right eye is alwaysopaque,
thefollowing canbeseenon thescreen:

Lef t : Iintended+ q(Iunintended; Iintended)
Right : Iadjust + q(I0; Iadjust ) = Iadjust

whereq(u; i) is a function describingthe amountof crosstalkbe-
tweenan intendedintensityi andan unintendedintensityu in the
other eye. When u = 0 it is assumedthere is no crosstalk,so
q(0; i) = i. Whenthe usersmatchesthe two screenhalves in in-
tensityby adjustingIadjust , this resultsin the equality: Iintended +

q(Iunintended; Iintended) = Iadjust . Hence,the amountof crosstalk
betweenanintendedandunintendedintensitycanbespeci�edas:

q(Iunintended; Iintended) = Iadjust � Iintended

The procedureis repeatedfor several valuesof I intended and
Iunintended, and for eachred, greenand blue color channel. This
resultsin threelook-uptables,onefor eachchannel,thatmapfrom
R2 ! R. Next, thesetablesarelinearly interpolatedandinverted
by an iterative procedureto be ableto correctfor crosstalk. This
resultsin a functionthatmapsa givenunintendedanddesiredper-
ceivedintensityto theintensityto bedisplayed:

q � 1(Iunintended; Idesired) = Idisplayed

3.1.3 Non-uniform Crosstalk Calibration

In this sectionwe shall describethe changesrequiredto calibrate
thenon-uniformcrosstalkmodel.Theparameterspaceof our non-
uniform model is multi-dimensional,as opposedto one dimen-
sional. Our calibrationprocedurewill return function parameters
s ;e;g for a functiondependingon thescreenheighty of thepixel.
Therefore,interpolatingandinverting the resultingcalibrationta-
blesis notastraightforwardtask.To avoid thisproblem,wechange
the calibrationsetupslightly asshown in Table1. Insteadof de-
terminingtheamountof crosstalkanunintendedintensityproduces
onanintendedintensity, wedirectlyestimatetheintensityto bedis-
played,givena desiredintensityandanunintendedintensity. This
is equivalentto calibratingfor q � 1.

To matchbothscreenhalvesin intensity, theuser�rst adjustss
in orderto matchthetop partof thescreen.Then,e is adjustedto
matchthe bottompart of the screen.Finally, g is adjustedfor the
propercurvature.Theuseradjustableintensityis setto:

Iadjust = 1� min(1;ct(s ;e;g))

This is an approximationof the inverseof ct(s ;e;g) up to a con-
stant. Hence,whendisplayingct � 1, thecrosstalkis canceledout.
Theapproximationresultsin slightly too little crosstalkcorrection
towardsthebottomof thescreen;for valuesof y closeto 1. How-
ever, aswasshown by WoodsandTan[9], theLCSglassesproduce
slightly lesscrosstalkat the bottomof the screen.We previously
estimatedthis LCS leakageto be constant,so the small error we
makeby estimatingtheinversioncompensatesfor thisassumption.

Whenthetwo halvesmatch,thefollowing canbeseen:

Lef t : Idesired+ q(I0; Idesired) = Idesired

Right : Iadjust + q(Iunintended; Iadjust ) =
1� min(1;ct(s ;e;g)) + q(Iunintended; Iadjust )

If theamountof crosstalkhasbeenmodeledcorrectly, thatis q � ct,
thevaluesof Iadjust andq(Iunintended; Iadjust ) will compensateeach
otherup to theconstantIdesired. In otherwords,givenanundesired
intensity, we know what intensity to display for the userto per-
ceive the desiredintensity. Note, Iadjust occursboth by itself and
in q(Iunintended; Iadjust ), thereforewe interactively solve a complex
equality. Also, all equationsdependon theheighty of thecurrent
pixel.

Userguidedcalibrationof threecorrectionparameters,onatwo-
dimensionalgrid of intendedandunintendedparameters,for each
colorchannel,is atediousandtime-consumingprocess.After some
initial experimentation,wefoundthatthevaluefor g couldbe�x ed
at 6:5 in all caseson our hardware. We expectthis to be true for
mosthardware,asg dependson the type of phosphorsused,and
CRT monitorsareknown to usevery similar phosphors[9]. This
reducesthe parameterspaceto only s ande. To interpolatethe
calibrationgrid for uncalibratedvaluesof Idesired andIunintended we
usedlinear interpolationon the remainingfunction parameterss
ande.



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.
Thentherequiredchangesfor dynamicscenesarediscussed.

3.2.1 Crosstalk Reduction for Static Scenes

The algorithmstartsout by renderingthe stereoscenefor the left
and right eye to two separatetextures. Next, crosstalkreduction
is performed,and �nally the resulting left and right texturesare
displayedasscreensizedquads.The only requirementsaremod-
ern video hardware, capableof running fragmentprograms,and
anexisting pipelinewhich is ableto renderto texturesusingframe
buffer objects(FBOs).An overview of thestaticcrosstalkreduction
pipelineis givenin Figure1.

Oncethe scenehasbeenrenderedto the left andright �oating
point textures,they areboundasinput to the reductionalgorithm.
Notethattexturetargetsareboundto videohardwarebuffers,there-
fore everythingrunsentirelyon theGPU;no texturedownloadsby
theCPUarerequired.Thecalibrationgrid is interpolatedandstored
in threeseparate256x256input texturesfor eachof thered,green
and blue calibrationcolors. This resultsin threecalibrationtex-
tures,TRed, TGreen andTBlue. The textureshave a 32 bit �oating
point,4-channelRGBA format.

The calibration textures map the pair of pixel intensities
(Iunintended; Idesired) to the two parameterss ande of the calibra-
tion function (seeSection3.1). As this only requirestwo of the
four available texture channels,we alsostorethe invertedpair of
intensitiesasanoptimization.For c 2 f Red;Green;Blueg, thecal-
ibrationtextureshave thefollowing layout:

Tc(u;v) ! (s c
u;v;e

c
u;v;s

c
v;u;ec

v;u)

Theleft andright scenetextures,aswell asthethreecalibration
textures,arethenpassedto ahardwarefragmentprogramby draw-
ing ascreensizedquad.In thisway, screenpixelscanbeprocessed
in parallelon theGPU.Whendrawing a pixel intendedfor theleft
applicationframe,Idesired is fetchedfrom theleft scenetextureand
Iunintended from the right scenetexture, andvice versa. Next, the
correspondingvaluesof s c andec arefetchedfrom thecalibration
texturesfor all threecolorchannels.

From the fetchedcalibrationparameters,andthe assumedcon-
stantg = 6:5, a correctionfunctiondependingon thescreenheight
y of thepixel canbeconstructed.We performcrosstalkreduction
by setting:

Ic
displayed= 1� min(1;s c

u;v + ec
u;v � f (y))

wherec 2 f Red;Green;Blueg asbefore,u = I c
unintended, v = Ic

desired

and

f (y) =
�

1
g(2:05� y)g �

1
g(3� y)g

�

Note,as f (y) doesnot dependon eithers or e, it needsto becal-
culatedonly oncefor a �x ed value of y. Also, all of the above
calculationscanbedonein thefragmentprogram.

Insteadof renderingthecrosstalkcorrectedleft andright appli-
cationframesseparatelyin two passes,they canbe renderedin a
singlepassusinghardwareMultiple RenderTargets(MRT). This
way, the left andright backbuffers areboundsimultaneouslyfor
writing.

In thedualpasscase,correctinga singlepixel for eithertheleft
or right applicationframetakes� ve texture lookups: two to fetch
thedesiredandunintendedpixel intensitiesfrom the left andright
scenetextures,andthreeto fetchthecorrespondingcalibrationpa-
rameters.This resultsin a totalof tentexturelookupswhenrender-
ing theleft andright applicationframes.

However, whenusingMRT both setsof calibrationparameters
canbe fetchedsimultaneouslydueto the structureof the calibra-
tion textures. Only � ve texture lookupsarerequiredin this case:
two to fetch thepixel intensitiesfrom the left andright scenetex-
tures,andthreeto fetchthecalibrationparametersfor (I c

lef t ; I
c
right )

and(Ic
right ; I

c
lef t ) simultaneouslyfrom Tc. Also, bothcorrectedpix-

els canbe written to their correspondingleft or right backbuffer
immediately.

It mayappearthatwemakeanerrorbecausewedonotcompen-
satethecrosstalkreductionfor thecrosstalkreductionitself in the
previous frame;i.e. it seemswe shouldcompensatethe left frame
n+ 1 with respectto thecorrectedright framen andnot to theright
framen+ 1. However, for staticscenesthis is not thecase,asour
calibrationprocedurealreadydeterminestheproperintensityto be
displayedgiven a desiredperceived intensity. As the calibration
procedureperformsa similar correctionitself, thecorrectparame-
tersarefoundimplicitly.

An inherentproblemwith subtractivecrosstalkcorrectionmeth-
odsis that onecannotcompensatethe crosstalkwhenthe desired
intensity is too low comparedto the unintendedintensity. When
thecrosstalkestimationfor acolorchannelresultsin avaluehigher
thanthe desiredintensity for that channel,the bestonecando is
to set the channelto zero. In order to 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]:
Idesired = a + Idesired(1� a ). We optionallyallow this kind of in-
tensityincreasein ourimplementation.However, abig drawbackof
increasingintensitythiswayis thatit signi�cantly reducescontrast.

3.2.2 Crosstalk Reduction for Dynamic Scenes

Sofarwehaveassumedstaticscenesin theapplicationof crosstalk
reduction.However, in virtual environmentsthis is not thecase.In
an interactive application,subsequentapplicationframesareusu-
ally slightly different.For framesequential,activestereotheappli-
cation framesaredisplayedsequentiallyasLa

n;Ra
n;La

n+ 1;Ra
n+ 1; :::,

whereLa andRa standfor the left andright applicationframesre-
spectively. Theproblemliesin thefactthatRa

n andRa
n+ 1 areslightly

differentdueto animation.Thestaticcrosstalkreductionalgorithm
combinesLa

n+ 1 with Ra
n+ 1 to producea correctedleft frame,while

it shouldcombineLa
n+ 1 with Ra

n. This resultsin incorrectcrosstalk
reductionat thediffering regionsof Ra

n andRa
n+ 1.

Theproblemis complicatedby thefactthatrenderinganapplica-
tion frameusuallytakesmuchlongerthanthedisplayof anindivid-
ualvideoframe.At amonitorrefreshrateof 100Hz in activestereo
mode,ie. 50 Hz pereye,applicationframesneedto berenderedin
underapproximately5 ms per eye. Typical applicationscan not
maintainthis framerate,andthusperapplicationframe,many se-
quentialvideo framesaredisplayed. The situationis sketchedin



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 existsbetweenvideo frames,theslow
renderingof applicationframesneedsto be taken into accountas
well.

Whenapplicationframescanbe renderedat the samespeedas
videoframes,thecrosstalkreductionalgorithmcanbeeasilymodi-
�ed to takedynamicscenesinto account.In additionto theleft and
right scenetexturesSL

n+ 1 andSR
n+ 1 for applicationframen+ 1, the

correctedright outputCR
n for applicationframen is usedasinputas

well. Now SL
n+ 1 is correctedwith respectto CR

n , resultingin CL
n+ 1.

Next, SR
n+ 1 is correctedwith respecttoCL

n+ 1, resultingin CR
n+ 1. The

procedurecannow berepeatedfor thenext applicationframen+ 2.
When applicationframescan not be renderedas fast as video

frames,theprocedureis no longercorrect.Supposethatduringthe
time to rendera left andright applicationframe,four left andfour
right videoframesaredisplayed.In this case,theabove algorithm
correctsSL

n with respectto CR
n� 1. However, this is only correctfor

the �rst time this videoframeis displayed.Thesameleft applica-
tion framewill be displayedthreemoretimes,andthosetimes it
shouldhavebeencorrectedwith respectto CR

n .
When renderingan applicationframe takes much longer than

the display of a video frame, we can not properly correctevery
videoframeonasinglevideocard.This is dueto thefactthatvideo
hardwareexecutesrenderingcommandsin asequentialmanner. At
somepoint theapplicationframe's drawing commandsneedto be
executedby the hardware, at which time thereis no way to cor-
rect the video framesdisplayedduring this period. An alternative
solution would be the useof two videocards:one for rendering
applicationframes,andonefor correctingevery video frame. As-
sumingthat thetransmissionandcorrectionof framescanbedone
fastenough,thiswill allow thecrosstalkto bereducedcorrectlyfor
everyvideoframe.

Our implementationpartially addressesthis problemby draw-
ing aheadtwo pairs of left and right imagesfor the sameappli-
cationframe,which aredisplayedassubsequentvideo frames. In
this way we correctbetweennew videoframes,andthepreviously
correctedvideo frame: SL

n+ 1 � CR
n , SR

n+ 1 � CL
n+ 1, SL

n+ 1 � CR
n+ 1 and

SR
n+ 1 � CL

n+ 1. However, asmorethanfour videoframesareusually
displayedperapplicationframe,thelasttwo correctedvideoframes
will berepeatedmultipletimes.Also, for example,CR

n+ 1 is notvery
differentfrom SR

n+ 1. Therefore,weoptimizethisprocedureanduse
thefollowing correctionsequence:CL

n = SL
n � CR

n� 1, CR
n = SR

n � SL
n,

CL
n+ 1 = SL

n � SR
n , andCR

n+ 1 = SR
n � SL

n

This allows usto usetheoptimizationto correctSL
n andSR

n both
waysusing� vetexturelookupsasdiscussedin theprevioussection.
Also, CR

n+ 1 canbesetto this sameresult,afterwhich it is usedas
input to thenext applicationframe. Thefour correctedframescan
bedrawn to four texturesin asinglepassusingMRT-4, afterwhich
the �rst two texturescan be displayed,followed by the last two
texturesafterabuffer swap.This is shown in Figure3.

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 evaluatethequality of differentcrosstalkreductionalgorithms,
we developed a way to quantitatively comparethe amount of
crosstalkreduction.Oneof the problemsis the fact that crosstalk
is only visible to anexternalviewer andcannot bedetectedin the
renderingsystemitself. Therefore,somewayof registeringthereal
amountof generatedcrosstalkis requiredfor both correctedand
uncorrectedscenes.

Another important issueis that we only wish to measurethe
amountof crosstalkthat is perceptuallydisturbing. Crosstalkin-
creasesthe overall intensityof the display in a non-uniformway;
however, whenthe intensityincreaseis gradualthis is not percep-
tually disturbingor even discernable.Two imagescandiffer a lot
in their pixel valueswithout showing any perceptuallydiscernable
differences.Therefore,statisticalmethodsof comparison,suchas
the root meansquarederror (RMSE),do not provide us with any
useableinformation. This discrepancy of statisticallybasedcom-
parisonmethodswasnotedbeforeby variousauthors(anoverview
is givenby McNamara[6]).

To externally registerthe amountof crosstalkin a given scene,
we takedigital photographsof themonitorscreenthroughtheLCS
glasses.Thedigital camerais placedin front of the left eye of the
LCS glasses,which 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 theoneusedby Woodsand
Tan[9].

Usingthissetup,wetakeaphotographof areferenceapplication
framePref , wheretheleft sceneis displayedin theleft eye andthe
right eye displayis keptblank. In this way no crosstalkis present
in thereferenceframe.A samplereferencephotographis shown in
Figure4. Next, we take a photographPct of the sameapplication
frame,wheretheleft andright scenesaredisplayedasnormalin the
left andright eyes.This photoincludescrosstalkfor theleft scene,
originating from the right scene. Finally, we take anotherphoto
Pcor in thesamemanner, but this time with thecrosstalkreduction
algorithmenabled.All photographsaretakenwith identicalcamera
settingsanda relatively slow shutterspeed.

Thecrosstalkin Pct andPcor canbeisolatedby comparingthese
photographsto Pref , which is clearof crosstalk.Whennocrosstalk
is present,the left eye imageshouldbe equalto Pref . To evalu-
atethe perceptuallydisturbingdifferencesbetween(Pref ;Pct ) and
(Pref ;Pcor) wemakeuseof theVisibleDifferencesPredictor(VDP)
by Daly [1].

To estimatetheperceptualdifferencesbetweentwo images,the
VDP �rst appliesa non-linearresponsefunction to eachimage
to estimatethe relation betweenbrightnesssensationand lumi-
nance. Next, the image is converted into the frequency domain
andweightedby thehumancontrastsensitivity function(CSF),re-
sultingin local contrastinformation.Additional sub-bandprocess-
ing basedon thehumanvisualsystem(HVS), in combinationwith
maskingfunctions,providesscaledcontrastdifferencesbetweenthe
two images.Finally, thesecontrastdifferencesareusedasinput to
a psychometricfunctionto determinetheprobabilityof perceptual
difference. More speci�c implementationaldetailsof the method
aredescribedby Daly [1].

Theoutputof theVDP algorithmis a probabilitymapthat indi-
catesfor eachpixel the probability a humanviewer will perceive
a differencebetweenthecorrespondingtwo pixels in theinput im-
ages.In orderto quantify theresults,we determinethepercentage
of pixels that are different with a probability of over 95%. The
thresholdwasliberally chosenbecausethetypical VDP outputper
pixel waseitherveryhigh(> 95%),or very low (< 5%),with hardly
any valuesin between. This provides us with a measureof the
amountof perceptuallydisturbingcrosstalk.

Crosstalkincreasesthe intensity of the entire display area,as
even the backgroundcausescrosstalkon itself. However, these
gradualdifferencesin intensityover largerareasdo not causeper-
ceptuallydisturbingartifacts.For thecrosstalkphotoscomparedto
the referencephotos,the RMSE per scanlineat the bottomof the
screenis very large asthe crosstalkphotois muchbrighterthere.
However, theVDP outputshowsthisdoesnotcauseadisturbingor

evenperceivabledifference.In this way, by usinga humanpercep-
tion basedcomparison,weonly quantifythetruly disturbingvisible
differencesbetweenthecrosstalkandreferenceimages.

4 RESULTS

In this sectionwe describeexperimentalresults,andcompareour
crosstalkreductionalgorithmto thecasewhereno crosstalkreduc-
tion is performed,andto Konrad'suniformreductionmodel[4]. To
evaluatethe amountof disturbingcrosstalkwe usethe evaluation
methoddescribedin Section3.3.

NuVisionLCSglasseswere�x edin front of aCanonA520digi-
tal camerato takephotographsof anIiyamaVisionMasterPro512
22 inch CRT screen.Themonitordisplayeda frameby frameani-
mationof the optimizationprocedurefor globally optimal Fekete
point con�gurations [8]. Each applicationframe was displayed
in referencemode(Pref ), with normal crosstalk(Pct ), with non-
uniform crosstalkreductionenabled(Pcor), andwith Konrad's uni-
form crosstalkreduction(Puni) in sequence.This allowed us to
take photographsof all applicationframes,for eachof thedisplay
modes.Thesetupwaspreviouslydescribedin Section3.3.

In this mannerwe took photographsof 800 animationframes,
resultingin a total of 3200digital color photosof 2048x1536reso-
lution. Thephotosweretakenwith thefollowing �x edcameraset-
tings: shutterspeed0.5s,apertureF2.8, �x ed manualfocus,�x ed
white balance,ISO 50,with thehighestquality settings.Thecam-
erawasoperatedautomaticallyover USB in a darkenedroom,en-
suringframesynchronizationandunchangedconditions.

For eachanimationframe,wecomparedeachof thephotosPcor,
Pct and Puni to the correspondingreferenceframe Pref using the
previously describedevaluationmethod.Figure5 shows the three
photosandthe outputof the VDP comparisonwith the reference
photofor animationframe570. Thereferencephotofor frame570
wasshown earlierin Figure4. Thepercentageof perceptuallydif-
ferentpixelsfor eachframeandcorrectionmethodhasbeenplotted
in Figure6.

From Figure 6 it can be seen that both uniform and non-
uniformcrosstalkreductionprovidesigni�cantly betterresultsthan
nocrosstalkreduction.Also,non-uniformreductionis signi�cantly
betterthanuniform reduction;especiallywhentheanimationpro-
gresses.This canbeexplainedby thefactthatwhentheanimation
hasbeenrunningfor sometime, moregeometrybecomesvisible
at thebottomof thescreen.Theparametersof theuniform reduc-
tion modelhave beencalibratedonly for a speci�c locationon the
display, in this casethe center. The amountof crosstalkbecomes
largerat thebottomof thescreenandtheuniform modeldoesnot
correctthis. However, the non-uniformmodel takes this into ac-
countandcorrectsfor crosstalkeverywhere.This canalsobeseen
in thephotosof frame570in Figure5.

Whenthedesiredpixel intensityto bedisplayedis very low, and
the correspondingunintendedintensity due to crosstalkis fairly
high, no adequatecrosstalkreductioncanbe performed. We dis-
tinguishbetweentwo typesof crosstalk:object-to-backgroundand
object-to-object. Object-to-backgroundcrosstalkis causedby age-
ometricobjectandis visible on thebackground.This is generally
themostperceptuallydisturbingkind of crosstalk.Object-to-object
crosstalkis thecrosstalkthat is visible on thesurfaceof anobject,
oftencausedby theobjectitself.

In mostcasesobject-to-backgroundcrosstalkcanbe corrected,
as the animationbackgroundintensity of 0.6 for all three color
channelsis fairly high. However, object-to-objectcrosstalkcould
not becorrectedin all cases.This is dueto thefact that theobject
often doesnot have a high enoughdesiredintensity in a speci�c
color channelto reducethe crosstalkcausedin that channel,for
examplewhena blue objectregion causesblue crosstalkon a red
objectregion. In this casethedesiredintensityof thebluechannel
is zero,while theunintendedintensityis 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 sequenceof photographs
for frame570 with varying backgroundintensity. For eachback-
groundintensitywe took a referencephoto,a photowith normal
crosstalk,andwith non-uniformcrosstalkreductionenabled.The
perceptualdifferenceevaluationwasdoneasbeforeandis shown
in Figure7.

For verylow backgroundintensities,almostnocorrectionis pos-
sibleandcrosstalkreductiondoesnot providea muchbetterresult.
However, when the backgroundintensity reaches0.5, almostall
object-to-backgroundcrosstalkcanbecorrected.It canalsobeseen
thathigherbackgroundintensitiesreducecrosstalkin general.This
is dueto the fact that the humanvisual systemis lesssensitive to
intensitydifferenceswhenintensitiesarelarge,andthephosphors
reachapeakintensityvalue.

Finally, weexperimentallyevaluatedtheeffectof differentback-
ground/foregroundratios,which is de�ned asthenumberof back-
groundpixelsdividedby thenumberof foreground,or objectpix-
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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.Usingaconstantbackgroundintensityof 0.6,wevariedthesize
of thegeometryin frame570. For largergeometrysizestheback-
ground/foregrondratio becomessmaller, resultingin moreobject-
to-objectand less object-to-backgroundcrosstalk. Again, refer-
ence,crosstalk,andnon-uniformcrosstalkreductionphotoswere
taken.Theresultsareshown in Figure8.

Whenthe background/foregroundratio becomessmaller, more
casesof impossibleto correctobject-to-objectcrosstalkoccur. This
explainswhy thenon-uniformreductionalgorithmperformsworse
with increasinggeometrysize. However, as it performsthe best
possibleapproximatecorrection,it still producesbetterquality than
no correction. In the casewhereno correctionis performed,the
background/foregroundratio haslesseffect. Increasingthegeom-
etry size simply hasthe effect of replacingobject-to-background
crosstalkwith object-to-objectcrosstalk,bothof whicharenotcor-
rectedanyway. Finally, notethatwhenthegeometrybecomesvery
smallit becomesmoredif�cult to perceive thecrosstalkregions,as
canbe seenfor the non-correctedcurve. The reductionalgorithm
is not affectedby this behavior, as it is capableof correctingthe
crosstalkregardless.

5 DISCUSSION

Our crosstalkreductionmethodworks well in many cases.How-
ever, in the caseof heavy object-to-objectcrosstalkthe quality of
reductionis suboptimal.This is dueto the fact that theamountof
crosstalkreductionpossibledependson the desireddisplayinten-
sity, i.e. whenfor any color channelIunintended � Idesired, no ad-
equatereductioncanbe performed.For object-to-objectcrosstalk
this is oftenthecase.

Unfortunatelywe couldnot quantitatively examinetheeffect of
thetemporalreductionmodel,but onecanimaginetheeffect. With-
out thetemporalmodelthereareleft videoframesimmediatelyaf-
ter a buffer swapfor which thecrosstalkreductionis incorrect. In
fact,two typesof errorsareintroduced:

� Theleft videoframesarenotcorrectedfor theprecedingright
applicationframes.This leavessomeamountof uncorrected
crosstalk,resultingin areasthataretoobright.

� Instead,theseleft video framesarecorrectedfor theupcom-
ing right applicationframe.This crosstalkreductionon areas
whereit is not requiredintroducesincorrectlydarkenedareas.

Manualinspectionshowedthatthis is particularyrelevantfor mov-
ing objects,wherethe edgesare slightly different from frame to
frame. Theseareexactly the regionswherestaticcrosstalkreduc-
tion methodserror in their assumptionof staticscenes.Theeffect
is not noticeableevery frame,asapplicationframesaredrawn at a
slower ratethanvideo frames. Thus,the effect is noticeableonly

whenapplicationframesarechanged.This typically happensat a
rateof approximately15-20Hz andwould explain thevisualjitter,
which is completelyremovedwith thetemporalmodel.We did not
run a userstudyon this effect, but several peopleusingour setup
con�rmed thisobservation.

Monitor-basedpassive stereosystemsmake useof a framesyn-
chronizedpolarizingscreenin front of theCRT displayandglasses
containingdifferentpolarization�lters for eacheye. Thenatureof
crosstalkis very similar to active stereoin this case,however the
layeredconstructionof thepolarizingscreenintroducesa view de-
pendentamountof non-uniformcrosstalk. This kind of crosstalk
canonly becompensatedfor by usingaccurateheadtrackingto de-
terminetheamountof correctionrequired.

Currently the calibrationof the non-uniformmodel is donein-
teractively by userinspection.The procedureis tediousanderror
prone. However, in combinationwith our quantitative evaluation
methodit would bepossibleto automatethis taskby usinga com-
putercontrolledcamera.Automaticcalibrationwouldbeespecially
desirablein virtual environmentswith largescreens.It is a known
fact that theamountof crosstalkis alsodependenton theangleof
view throughtheLCSglasses[9]. An automatedcalibrationproce-
durecouldcalibratefor many differentanglesof view, makinguse
of headtrackinginformation.

6 CONCLUSIONS

We have proposeda new non-uniformcrosstalkmodel. To deter-
minetheparametersfor this model,we usedaninteractive calibra-
tion procedure.Also, to addressthe problemscausedby interac-
tive applicationsin virtual environments,we introduceda tempo-
ral crosstalkreductionmodelfor dynamicscenes.This way, high-
frequency jitter causedby theerroneousassumptionof staticscenes
couldbeeliminated.Thealgorithmwasimplementedon theGPU
andrunsin real-time.Finally, weproposedaquantitativeevaluation
methodologyto assessthe quality of differentcrosstalkreduction
algorithms.

Wecomparedournon-uniformreductionmethodto nocrosstalk
reduction,andto a uniform crosstalkreductionmethod.This was
doneby �nding perceptualdifferencesbetweenphotographsof an
animation. It wasshown that our methodprovidesbetterquality
crosstalkreduction.Finally, theeffectsof backgroundintensityand
background/foregroundratiowereexamined.
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