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Reproducibility of crosstalk measurements on active glasses

3D LCD displays based on temporal characterizationSylvain Touranheau∗,a, Kun Wanga,b, Jarosªaw Buªatc, Romain Cousseaud,Lujan Janowskic, Kjell Brunnströmb, Marus Barkowskyd
aDept. of Information Tehnology and Media, Mid Sweden University, Sundsvall, Sweden

bNetLab: IPTV, Video and Display Quality, Areo AB, Kista, Sweden
cDept. of Teleommuniations, AGH University of Siene and Tehnology, Kraków, Poland

d IRCCyN (UMR CNRS 6597), Polyteh'Nantes, University of Nantes, Nantes, FraneABSTRACTCrosstalk is one of the main display-related pereptual fators degrading image quality and ausing visual dis-omfort on 3D-displays. It auses visual artifats suh as ghosting e�ets, blurring, and lak of olor �delitywhih are onsiderably annoying and an lead to di�ulties to fuse stereosopi images. On stereosopi LCDwith shutter-glasses, rosstalk is mainly due to dynami temporal aspets: impreise target luminane (highlydependent on the ombination of left-view and right-view pixel olor values in disparity regions) and synhro-nization issues between shutter-glasses and LCD. These di�erent fators in�uene largely the reproduibilityof rosstalk measurements aross laboratories and need to be evaluated in several di�erent loations involvingsimilar and di�ering onditions. In this paper we propose a fast and reproduible measurement proedure forrosstalk based on high-frequeny temporal measurements of both display and shutter responses. It permitsto fully haraterize rosstalk for any right/left olor ombination and at any spatial position on the sreen.Suh a reliable objetive rosstalk measurement method at several spatial positions is onsidered a mandatoryprerequisite for evaluating the pereptual in�uene of rosstalk in further subjetive studies.Keywords: rosstalk, temporal measurements, stereosopi displays, shutter-glasses, time-sequential1. INTRODUCTIONCrosstalk is one of the main display-related pereptual fators degrading image quality and ausing visual dis-omfort on 3D-displays.1, 2, 3 It is usually de�ned as �the inomplete isolation of the left and right image hannelsso that one image leaks into the other�.4 It an be due to many fators varying aording to 3D display tehnolo-gies5 and many de�nitions and terms have been proposed in literature over the past twenty years.4 Crosstalkmanifests itself through visual artifats suh as ghosting, blurring, and lak of olor �delity6 and provokes generalannoyane and visual disomfort. Depth pereption an be a�eted as well; to some extent rosstalk an evenlead to stereosopi depth breakdown.7 Figure 1 illustrates ghosting for a simple stereosopi pair. The �leaking�of the right image in the left view and vie versa provokes the apparition of a double image. This phenomenon ispartiularly notieable and annoying in disparity regions, i.e. when right and left images have di�erent values.One of the urrent projets of the Video Quality Expert Group (VQEG)8 is to standardize the viewingenvironment for 3D presentations. In this ontext, VQEG plans to perform a multi-laboratory evaluation of theobjetive and subjetive measurement of rosstalk on stereosopi displays. A primary goal of this projet is topropose a fast and simple method of rosstalk measurement that provides reproduible results aross di�erentenvironments and laboratories. This paper present the results of a ampaign of objetive rosstalk measurementsarried out in three di�erent laboratories and involving similar and di�ering onditions. This ampaign has beenfoused on time-sequential 3D liquid rystal displays (LCDs) using ative shutter-glasses.The rest of this doument is organized as follows: Setion 2 desribes how rosstalk manifest itself on time-sequential stereosopi LCDs and reviews existing rosstalk metris in that ontext. Setions 3 presents the twomeasurements proedures used in this study and the various test onditions involved. Setion 4 presents theresults of the measurements. Finally Setion 5 disusses the obtained results and onlude the main points ofthe work.
∗ Corresponding author: sylvain.touranheau�miun.se



(a) Left and right images, inputs of the stereosopi dis-play.
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(b) Left and right views, outputs of the stereosopi dis-play.Figure 1: Illustration of ghosting with a simple stereosopi pair of images. (a) Left and right digital images sentto the stereosopi visualization system. (b) Left and right views as measured through the omplete visualizationsystem (e.g. display and glasses if any). Four regions an be de�ned in that ase. Regions I and III are the zoneswhere right and left signal have the same value, while zones II and IV are the disparity regions where right andleft signals are di�erent.2. CROSSTALK ON TIME-SEQUENTIAL STEREOSCOPIC LCDSThere are so far no standardized proedures onerning rosstalk measurements and rosstalk metri alulations.For two-view stereosopi visualization systems, the rosstalk ratio is usually de�ned with respet to blak andwhite input signal. A de�nition ommonly used4, 5, 9 is:
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(1)where CL is the rosstalk in the left hannel, de�ned as the ratio between the average luminane L̄L
0,255,measured from left eye position when left input image is a full-blak image (all pixels value is 0) and right inputimage is a full-white image (all pixels value is 255), and the average luminane L̄L

255,0, measured from left eyeposition when left input image is a full-white image and right input image is a full-blak image. Usually, butnot always,4 the non-zero blak level of stereosopi displays is taken into onsideration by subtrating the blaklevel average luminane L̄L
0,0 (i.e. the average luminane measured from left eye position when both left andright input image are full blak images). The same de�nition applies for rosstalk in the right hannel CR, withaverage luminane values measured from the right eye position.Sine rosstalk an be onsidered as an additive and linear phenomenon in most 3D-displays,4 the use offull-white and full-blak images permits to measure onditions for whih maximum rosstalk usually ours andtherefore provides a good estimation of display's overall rosstalk. However, this is not true anymore for displaysthat exhibit non-linear and non-additive rosstalk. In partiular on time-sequential stereosopi liquid-rystaldisplays (LCDs) using ative shutter-glasses, rosstalk is mainly due to temporal harateristis (response timeand synhronization) of the system's omponents (display and ative shutter-glasses).10, 11More preisely, the luminane emitted by pixels within a frame period is usually impreise beause of theslow response of the liquid rystal ells, or beause of hardly ontrollable response-time redution systems (whihlead to luminane over- or under-shoots). This issue is hardly preditable and depends on the ombination ofleft-view and right-view pixel olor values in disparity regions.12 Another ause of rosstalk omes from thesynhronization between shutter-glasses and LCD: the shutter open-period annot be equally synhronized withthe whole display beause of the temporal delay between �rst and last lines update. Displays enhanementfuntions suh as bak-light �ashing an even make this problem worse.13Figure 2 illustrates how and why ghosting artifats appear on time-sequential 3D-LCDs, using for this purposethe simple example presented in Figure 1. Four di�erent regions are de�ned: regions I and III are the zones



where right and left images have the same value, while zones II and IV are the disparity regions where right andleft images are di�erent. Figure 2a illustrates the display luminane for eah of this four regions. In zone I (resp.zone III), both left and right images have the same value i (resp. j), the luminane measured on the display
LD
i,i(t) (resp. LD

j,j(t)) in then a steady signal. In zone II (resp. zone IV), left and right image have di�erentvalues and the luminane emitted by the display LD
i,j(t) (resp. LD

j,i(t)) alternates between i and j (resp. between
j and i).On time-sequential 3D-LCDs, right and left images are separated and guided to orresponding eyes thanksto ative shutter-glasses synhronized with the display in order to be open when the orresponding signal isdisplayed on the sreen. Figure 2 illustrates the temporal transmittane funtions τL(t) and τR(t) of eahshutter-glass. These transmittane funtions are synhronized with the display luminane waveforms presentedin Figure 2a. The luminane signal seen through eah glass is then the result of the multipliation between thetransmittane funtion of eah shutter-glass and the display luminane, for example in region II:
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(2)The resulting luminane waveforms measured through left glass LL
i,j(t) and right glass LR

i,j(t), in region II,are plotted in Figure2b and Figure2d, along with those orresponding to the other regions.Finally, the average luminane level of region II as seen from eah eye position is obtain by averaging theprevious waveforms over a whole number of periods:
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N ∈ N (3)Average luminane levels measured from eah eye position for eah region of the stereosopi image arepresented as a funtion of the horizontal axis in Figure 3. It an be observed that these luminane levels are notneessarily idential from one eye position to the other due to slightly asymmetrial transmittane funtions.It is lear from this simple example that the ghosting ourring in time-sequential 3D-LCDs is mainly due tothe failure of the display to reah the orret luminane level within the short frame period (8.33 ms for 120-Hzdisplays). Sine the response time of display pixels depends highly on the starting and ending levels of luminane,the rosstalk metri given by Equation 1 � whih onerns only the blak and white ombination � annot berepresentative of the overall rosstalk of the display. For this reason, several rosstalk metris have been reentlyproposed in the literature.12, 13, 14, 15, 16 They propose to ompute the rosstalk ratio for any ombination {i, j}of left and right pixels values. These olor values are usually grey values, i.e. eah sub-pixels is submitted to thesame digital input: R = G = B = i and R = G = B = j. The rosstalk ratio is often referred to grey-to-greyrosstalk in that ase. These rosstalk metris are given here for a left-eye position, and original expressionshave been adapted to follow the notations de�ned previously in this paper (average luminane levels depited inFigure 3).Pan et al.13 and Shestak et al.12 proposed two very similar de�nitions whih onsist of the ratio between theerror of luminane and the amplitude of the onsidered grey-to-grey transition. The equations are respetively:
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(a) Luminane measured diretly on the display. 0
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(b) Temporal transmittane of right and left shutter-glasses.
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(d) Luminane measured through the right glass.Figure 2: Luminane signals in the four regions de�ned in Figure 1. (a) Luminane measured diretly on thedisplay, the alternation between right and left values an be observed for regions II and IV (disparity regions).(b) Transmittane of the shutter-glasses as a funtion of time, synhronized with the display signal. (-d)Luminane measured through the left and right shutter-glass respetively, the waveforms orresponds to thedisplay luminane signals multiplied by the shutter-glass transmittane (f. Equation 2).
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(b) Right view.Figure 3: Spatial pro�les observed from the left eye position (a) and from the right eye position (b) along thedotted line in Figure 1. Values orrespond to the average luminane measured through eah glass for eah regionsof the stereosopi image (f. Equation 3).Jung et al.14 proposed a similar de�nition, diretly inspired from the blak-white rosstalk de�ned in Equation1. The di�erene with the two previous de�nitions omes from the denominator whih in that ase take intoaount the opposite ombination (just as Equation 1 does):
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(6)Finally, Buªat et al.16 de�ned grey-to-grey rosstalk diretly as the relative error of luminane:
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(7)It has been hosen here to keep using the term rosstalk as in previous literature even if in the ase oftime-sequential 3D-LCDs the main ause of ghosting is not a luminane leakage from one hannel to another (asrosstalk is usually de�ned) but rather a failure of the display to reah orret luminane levels with respet todi�erent onditions. 3. MEASUREMENTS3.1 ConditionsAs it has been shown previously, rosstalk on time-sequential 3D-LCDs is mainly due to the slow response time ofthe display when the luminane has to alternate between right and left value, and therefore is highly dependenton the right-left ombination of pixels values. In order to �gure out how important are these rosstalk variations,it has been deided to ondut a fully omprehensive measurement ampaign, testing all 65536 grey-to-greyombinations of the display. Moreover, these measurements have been performed at three di�erent positions onthe sreen in order to study the in�uene of the synhronism between the shutter-glasses and the display.Measurements have been onduted in three di�erent laboratories:� Lab1: Realisti3D Lab, Mid Sweden University (a�liation a on the �rst page)



� Lab2: NetLab, Areo AB (a�liation b)� Lab3: IVC Lab, IRCCyN (a�liation d)Two di�erent measurement methods have been used in this study:1. The �rst method onsists in measuring luminane through the omplete stereosopi system (display andshutter-glasses) for di�erent grey-to-grey ombinations.2. The seond one onsists in measuring the grey-to-grey temporal transitions of the display alone and thenapplying the transmittane funtions of the shutter-glasses to obtain the luminane as seen from eaheye-position (f. Equation 2).The �rst method presents the inonvenient to be very sensitive to the measurement's setup, to the position andorientation of the glasses, the measured �eld of view, et. To properly handle these parameters, omplex optialarrangements are neessary (e.g. Fabry assemblies17) whih are usually expensive and neessitate a omplexexpertise. Suh a protool does not �t the urrent VQEG requirements, that is to say to propose a fast andsimple measurement protool whih ould be easily arried out in various labs. The seond method presentsthe advantage of requiring only lose-ontat measurements on the display: this kind of measurements is usuallyeasier to arry out and less subjet to variation from lab to lab. This method is similar to the one presented byBoher et al.,11 exept that their study used simulated display transitions for ombinations of 9 grey levels whilethe work presented here uses real display measurements of all 65536 grey-to-grey ombinations.3.2 Equipment3.2.1 Photo-diodesDue to the dynami nature of the problem, the measurement methods used in this study onsist of high sample-rate measurements of the temporal responses of both shutter-glasses and displays. For the reasons mentionedabove, some lose-ontat instruments, that do not neessitate any optis assemblies, have been used. The threeinstruments are quite omparable to eah other and based on fast photo-diode eletroni iruits. Details aregiven here:� Lab1: Siemens BPW21 silion photo-diode. Response time: 25 µs for rise time, 41 µs for fall time.� Lab2 and Lab3: Burr-Brown OPT101 monolithi photo-diode. Response time: 28 µs for rise and fall times.Photo-diodes are housed in boxes to shield any ambient light and surrounded by blak velvet in order to avoidany srathes to the display surfae. Signals are aptured by a dual-hannel 12-bit USB osillosope (DS1M12from EasySyn Ltd.) with a sampling period of 20 µs.3.2.2 Conversion to luminaneVoltage signals obtained from the photo-diodes are then onverted into luminane values thanks to the followingluminane-meters:� Lab1: KoniaMinolta LS-110� Lab2: Photo Researh PR522/524� Lab3: CRS Optial OP200-E



Left glass Right glass#1 #2 #3 #4 #5 #1 #2 #3 #4 #5 Average Std Dev.Average trans. 6.16 6.12 5.90 5.98 5.95 5.71 5.97 5.50 5.66 5.40 5.84 0.257Maximum trans. 49.1 49.8 50.4 48.8 49.1 48.2 50.1 49.0 47.9 47.0 48.9 1.03Table 1: Average and maximum transmittane of �ve di�erent pairs of shutter-glasses.Conversion funtions have been determined independently in eah lab by measuring the steady luminane valueof eah of the 256 grey levels simultaneously with the photo-diode and the luminane-meter. These measureshave been aquired in the enter of the display, with and without shutter-glasses. Charateristis of the photo-diodes have been found quite linear as expeted and intermediate values have been interpolated to build threelook-up-tables used to onvert raw data from eah lab. However, it must be mentioned here that the validityand the auray of this onversion is questioned for luminane values below 0.1 d/m². Firstly beause theluminane-meters that have been used are not aurate anymore in this range, and seondly beause of thein�uene of the dark o�set of photo-diodes.In order to failitate omparison between eah lab, all results have been normalized with respet to theaverage luminane of the display measured in the enter position for a ombination of right and left full-whiteimages (i.e. L̄D
255,255). This permits to redue possible variations due to the di�erenes in the alibration of thethree luminane-meters, and to the di�erenes of maximum luminane of the three display samples.3.2.3 Stereosopi system under testThree di�erent samples of Alienware display OptX AW2310 display have been measured. They have been usedin their native resolution (1920 × 1080 pixels) with a refresh rate of 120Hz, together with PC equipped withNVIDIA 3D vision system (ative liquid-rystal shutter-glasses). Stereosopi images have been presented withMatlab and the PsyhToolbox.18Display internal settings have been set identially in the three labs, and display have been turned on fewhours before eah measurements session.3.3 Shutter-glasses temporal haraterization3.3.1 Transmittane of shutter-glassesTo study the variability of the NVIDIA LC shutter-glasses used in this work, the transmittane funtions of �vedi�erent shutter-glasses have been hraterized in Lab1. The luminane emitted by a white LED soure havebeen measured through eah glass of the �ve pairs. During these measurements, the photo-diode, the glass andthe LED soure have been aligned as lose to eah other as possible. The small size of the LED soure permittedto keep a narrow �eld of view. Sine these shutter-glasses are made of liquid rystal, their transmittane dependson the polarization of the light. The light soure used in these measurements was non-polarized, while the lightemitted by a LCD is polarized by de�nition. In order to obtained transmittane values whih orrespond to thetransmittane observed when the ative glasses are used with the display under test, the waveforms have beensaled aording the luminane ratios measured through the shutter-glasses with luminane-meters. The sameunique saling funtion have been used for all pairs of shutter-glasses in order to keep the variability betweensamples. Eah glass have been measured during 350 frames, and the waveforms orresponding to eah periodhave been averaged together to redue noise and potential variations. Figure 4 presents the transmittane ofthe right glass of eah of the �ve pairs as a funtion of time with a logarithmi sale. It an be observed thatthe full width at the half height is about 2 ms, with an opening time of approximately 1.5 ms and a losingtime of approximately 0.3 ms. These results are in onordane with those presented by Boher et al.11 Table1 summarizes the maximum and average transmittane for eah glass of the �ve pairs of shutter. The averagetransmittane is about 5.8% (i.e. maximum luminane seen through one glass is about 20 d/m² for the displayunder test whih has a maximum luminane of about 350 d/m²), with a standard deviation of 0.26%.
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 0

 1

 0  5  10  15  20  25  30

N
o

rm
. 

u
n

it

Time (ms)

left glass right glass sync signal

Figure 5: Transmittane of left and right shutter-glasses and synhronization signal measured diretly in theemitter aross IR LEDs. Signals have been arbitrarily normalized between 0 and 1.

 0

 1

0 8.33 16.67 25 33.33

N
o

rm
. 

u
n

it

Time (ms)

R L R L

(a) Top-left position  0

 1

0 8.33 16.67 25 33.33

N
o

rm
. 

u
n

it

Time (ms)

R L R L

(b) Center position  0

 1

0 8.33 16.67 25 33.33

N
o

rm
. 

u
n

it

Time (ms)

R L R L

() Bottom-right positionFigure 6: Synhronization between display and shutter-glasses for di�erent positions on the sreen. Waveformshave been measured for a ombination i = 0 and j = 255, in the top-left position (a), in the enter of the sreen(b), and in the bottom-right position (). Luminane of the display has been normalized with respet to thewhite luminane (measured for a ombination i = j = 255). Transmittane funtions of the shutter-glasses havebeen normalized between 0 and 1 for larity.



 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 1 − Top−left position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 1 − Center position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 1 − Bottom−right position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 2 − Top−left position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 2 − Center position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250

R
ig

h
t 
im

a
g
e
 v

a
lu

e

Left image value

Method 2 − Bottom−right position

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

Figure 7: Comparison of both measurement methods at three positions on the sreen. Top row shows luminanemeasured with the �rst method at the right-eye position for three di�erent positions on the sreen. Bottom rowshows luminane values obtained from the seond method, i.e. by the multipliation of right-glass transmittanewith luminane waveforms measured diretly on the display.For both methods, the �nal luminane waveforms (diretly measured through the shutter-glass, or obtainedby a simulation of the shutter-glass transmittane) are �nally averaged over a whole number of periods to obtainthe mean luminane as measured from eah eye position (Equation 3). Eah grey-to-grey transition has beenmeasured for a duration of 400 ms (48 frames, 24 frames for eah view), i.e. 20000 samples. In average, it tookaround 1 seond to measure one ombination (overhead omes from data saving, osillosope ommands sendingand reeiving, et.) meaning that one omplete measurement session took around 18 hours to measure the 65536ombinations at one position on the sreen. 4. RESULTS4.1 LuminaneFinal measurements results are obtained under the form of matries presenting the luminane values seen fromone eye-position for any ombination {i, j} of left and right values. Right values are varying horizontally andleft values are varying vertially. If the stereosopi visualization system was not su�ering from rosstalk, alllines of the right-eye luminane matries would be onstant (no in�uene of the left value on the luminaneorresponding to one given right value) and onsequently all olumns of the matrix would be similar. Similarly,on a perfet system the left-eye luminane matries would have onstant olumns.Figure 7 presents the luminane values measured at the right-eye position with both methods. It an be �rstobserved that the results from both methods are very similar, partiularly on top-left and enter positions (linearorrelation oe�ients of 0.9959 and 0.9989 respetively). For bottom-right position, di�erenes between bothmethods are more notieable but the linear orrelation oe�ient is still high (0.9323). This di�erene might
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Figure 8: Luminane measured at the left-eye position with the seond method in the three di�erent labs, forthree positions on the sreen.be due to a luminane onversion issue: the onversion funtions whih have been used to onvert voltage intoluminane have been alibrated aording to measurements performed in the enter of the sreen. Despite theseslight disrepanies, these �rst measurements give a good evidene that the seond method � whih onsists insimulating the ation of the shutter-glasses on temporal waveforms measured diretly on the display � permitsto obtain results very similar to those obtained by measuring through the shutter-glasses, while using a muhsimpler set-up.Figure 8 presents the luminane values measured at the left-eye position with the seond method only, forthe three laboratories, and at three di�erent positions on the sreen. Luminane matries are very similar fromone lab to another and it is lear from these results that the position of the measuring spot on the sreen hasmuh more in�uene than the di�erenes in terms of instruments or set-up from one lab to another. As expeted,
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Figure 9: Crosstalk ratio at right-eye position (logarithmi sale) obtained with the �rst method (top row) andwith the seond method (bottom row), from the luminane matries presented in Figure 7.luminane matries measured at the left eye position are roughly the transposes of those measured at the righteye position presented in Figure 7.4.2 Crosstalk ratioCrosstalk ratios for eah eye position have been omputed from the luminane matries aording to Equation7 proposed by Buªat et al.16 The hoie of this de�nition of grey-to-grey rosstalk among other ones hasbeen mainly driven by the fat that it orresponds to a relative luminane error and is easily understandable.Furthermore, other de�nitions presents the inonvenient to have denominators whih an be very lose to zerowhen dealing with the whole grey-to-grey ombinations and therefore an lead to rosstalk ratios tending to veryhigh values. Again, rosstalk ratios for every ombinations of right and left pixels value are presented under theform of matries. For illustration and larity purposes, the results in the �gures are presented in a logarithmisale, and values have been ropped between 0.001 and 3 (logarithmi values between -3 and 0.48), sine for lowgrey levels in the measured view and high grey level in the other view, rosstalk ratios an be up to 10 (1000%).Figure 9 presents rosstalk ratios measured at the right-eye position in Lab3 with both measurement methods(omputed from luminane values depited in Figure 7), and Figure 10 presents rosstalk ratios at the left-eye position obtained from the seond measurements method and ompared aross laboratories and measuringpositions on the sreen (omputed from luminane values depited in Figure 8). It an be observed from these�gures that the rosstalk ratio is varying aording to a pattern whih is hardly preditable. Crosstalk evolutionas a funtion of right and left pixels values is not monotoni and some �ridges� and �valleys� an be observed.However, despite this unpreditable pattern, rosstalk matries measured at similar position of the sreen arevery reognizable. The di�erenes of pattern between eah position of the measuring spot an be explained bythe synhronization between the display temporal responses and the shutter-glasses temporal response. As it
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Figure 10: Crosstalk ratios (logarithmi sale) measured at the left-eye position from the luminane matriespresented in Figure 8.



Top-left Center Bottom-rightMethod1 Method2 Method1 Method2 Method1 Method2Max 83.5 % 36.7 % 56.3 % 38.0 % 118 % 199 %Avg. 6.85 % 7.24 % 6.45 % 6.26 % 9.78 % 14.6 %StDev. 7.16 % 6.77 % 5.95 % 7.58 % 15.4 % 29.1 %Table 2: Comparison of maximum and average values of rosstalk ratio for both measurement methods inLab3. These statistis have been omputed after having exluded ombinations for whih the pixels value in themeasured view was inferior to 50 (see text).has been observed in Setion 3.3.2 (Figure 6), the luminane level reah by display pixels when the shutter-glassis open are not the same for eah position and an be very far from the expeted value.Globally, the highest rosstalk values are found for low grey levels on the measured view and high grey levelsin the other. This is not surprising sine in that ase the referene luminane is very low. This result is inaordane with a previous study,19 however one should keep in mind that luminane measurements below 1d/m² are subjet to aution due to the auray of luminane-meters.5. DISCUSSIONIt is lear from the results presented in that paper that the rosstalk ratio of time-sequential stereosopi LCDsannot be evaluated with only one measurement ondition. The omplexity of the variation of rosstalk ratioaross the many ombinations of right and left pixels values neessitate to measure rosstalk with a su�ientnumber of grey-to-grey ombinations. The use of 20× 20 grey levels seems to be a minimum to piture rosstalkpatterns with a su�ient preision.Table 2 presents the maximum and average values of rosstalk measured with eah measurement method. Inorder to ompare a more oherent range of values, right-left ombinations for whih the grey level in the measuredview was below 50 have been exluded (this orresponds roughly to ombinations for whih the luminane in themeasured view is below 1 d/m²). It an be observed that the average values are omparable from one method tothe other despite of the very high standard deviation. The same tendeny an be observed with both methods:the lowest average rosstalk ratio is obtained in the enter (around 6%), then the values obtained in the top-leftposition are slightly larger, and �nally average values in the bottom-right orner are signi�antly higher.The main di�erene between both methods resides in the pattern of the rosstalk matries: if similar �ridges�and �valleys� an be observed on matries obtained with both methods, they seem to not be exatly at the sameplae. This might be due to di�erenes in the onversion into luminane values. The raw data obtained frommeasurements through the glasses were signi�antly lower than the raw data obtained diret measurements onthe display, and this di�erene in the data range an have a�eted the oherene of the onversion into luminanevalues. Another di�erene between both measurement method is due to the noise present in the luminane valuesmeasured with the �rst measurement method. Indeed, it has been observed that the measurements performedthrough the glasses were a bit more noisy than the measurements performed diretly in ontat with the display.This an be due to the measurement set-up itself whih was more omplex and sensitive in the former ase. Evenif this noise itself is not so important, it an be responsible for large variations in rosstalk ratio.Table 3 gives the same statistis as before, with the same limitations, for rosstalk measured with the seondmethod in eah of the three labs. Again, the same tendeny is observed: average rosstalk is around 6% in theenter of the sreen, slightly higher in the top-left orner (exept for rosstalk values measured in Lab2 whihare found slightly lower in this orner), and twie higher (around 13%) in the bottom-right orner.When omparing rosstalk matries obtained from one lab to another (Figure 10), it is observed that thesimilarity of the matries obtained for eah position is quite signi�ant and that the patterns of rosstalk matriesfor eah measuring positions is strongly reognizable. This is ertainly one of the main onlusions of this work:rosstalk variations due to di�ering measurement positions on the sreen are more important than rosstalkvariations due to di�ering instruments and di�ering set-ups in the three laboratories. This onlusion is on�rmed



Top-left Center Bottom-rightLab1 Lab2 Lab3 Lab1 Lab2 Lab3 Lab1 Lab2 Lab3Max 137 % 234 % 36.6 % 34.5 % 36.7 % 33.6 % 186 % 358 % 214 %Avg. 7.46 % 6.31 % 6.68 % 6.09 % 6.84 % 5.84 % 13.2 % 13.6 % 16.0 %StDev. 7.93 % 7.16 % 6.47 % 6.03 % 6.60 % 5.84 % 21.1 % 29.5 % 31.0 %(a) Left-eye positionTop-left Center Bottom-rightLab1 Lab2 Lab3 Lab1 Lab2 Lab3 Lab1 Lab2 Lab3Max 156 % 105 % 36.7 % 29.7 % 35.2 % 38.0 % 154 % 232 % 199 %Avg. 8.59 % 6.05 % 7.24 % 5.39 % 6.81 % 6.26 % 13.2 % 12.6 % 14.6 %StDev. 9.32 % 7.20 % 6.77 % 5.63 % 6.66 % 7.58 % 18.6 % 26.8 % 29.1 %(b) Right-eye positionTable 3: Maximum and average rosstalk ratio measured with the seond method. These statistis have beenomputed after having exluded ombinations for whih the pixels value in the measured view was inferior to 50(see text).
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(b)Figure 11: Comparison of the distributions of rosstalk ratios (values are in perentage). (a) Comparison betweenboth methods for measurements through right glass performed in Lab3. (b) Comparison between laboratoriesfor measurements through the left glass performed with the seond method. The red line indiates the medianvalue, the noth indiates the 95% on�dene interval, the blue box delimits the 25th and 75th perentiles.by the study of rosstalk distribution for eah ondition. Figure 11a ompares the distribution of rosstalk ratiosmeasured from the right-eye position with the two di�erent measurement methods, for the three di�erent positionson the sreen. Figure 11b presents the distribution of rosstalk values measured from the left-eye position withthe seond method, in the three labs and for the three di�erent positions on the sreen.6. CONCLUSIONIn this paper, rosstalk in time-sequential stereosopi LCDs with ative shutter-glasses has been investigated.Two di�erent measurement methods using high sample-rate luminane instruments have been arried out. The�rst one onsisted in measuring luminane diretly through the shutter-glasses, while the seond one proposedto use the temporal haraterization of shutter-glasses transmittane in order to simulate luminane observedthrough the shutter-glass from the temporal responses of the display. These measurements have been performedin three di�erent laboratories, with three di�erent samples of the same display model. The whole right-to-leftombinations have been tested, at three di�erent measuring spots on the sreen.Results showed that the rosstalk ratio is varying aording to a pattern whih is hardly preditable. Thisis mainly due to the failure of the display to reah a orret luminane level within the short frame period
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