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eABSTRACTCrosstalk is one of the main display-related per
eptual fa
tors degrading image quality and 
ausing visual dis-
omfort on 3D-displays. It 
auses visual artifa
ts su
h as ghosting e�e
ts, blurring, and la
k of 
olor �delitywhi
h are 
onsiderably annoying and 
an lead to di�
ulties to fuse stereos
opi
 images. On stereos
opi
 LCDwith shutter-glasses, 
rosstalk is mainly due to dynami
 temporal aspe
ts: impre
ise target luminan
e (highlydependent on the 
ombination of left-view and right-view pixel 
olor values in disparity regions) and syn
hro-nization issues between shutter-glasses and LCD. These di�erent fa
tors in�uen
e largely the reprodu
ibilityof 
rosstalk measurements a
ross laboratories and need to be evaluated in several di�erent lo
ations involvingsimilar and di�ering 
onditions. In this paper we propose a fast and reprodu
ible measurement pro
edure for
rosstalk based on high-frequen
y temporal measurements of both display and shutter responses. It permitsto fully 
hara
terize 
rosstalk for any right/left 
olor 
ombination and at any spatial position on the s
reen.Su
h a reliable obje
tive 
rosstalk measurement method at several spatial positions is 
onsidered a mandatoryprerequisite for evaluating the per
eptual in�uen
e of 
rosstalk in further subje
tive studies.Keywords: 
rosstalk, temporal measurements, stereos
opi
 displays, shutter-glasses, time-sequential1. INTRODUCTIONCrosstalk is one of the main display-related per
eptual fa
tors degrading image quality and 
ausing visual dis-
omfort on 3D-displays.1, 2, 3 It is usually de�ned as �the in
omplete isolation of the left and right image 
hannelsso that one image leaks into the other�.4 It 
an be due to many fa
tors varying a

ording to 3D display te
hnolo-gies5 and many de�nitions and terms have been proposed in literature over the past twenty years.4 Crosstalkmanifests itself through visual artifa
ts su
h as ghosting, blurring, and la
k of 
olor �delity6 and provokes generalannoyan
e and visual dis
omfort. Depth per
eption 
an be a�e
ted as well; to some extent 
rosstalk 
an evenlead to stereos
opi
 depth breakdown.7 Figure 1 illustrates ghosting for a simple stereos
opi
 pair. The �leaking�of the right image in the left view and vi
e versa provokes the apparition of a double image. This phenomenon isparti
ularly noti
eable and annoying in disparity regions, i.e. when right and left images have di�erent values.One of the 
urrent proje
ts 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 theobje
tive and subje
tive measurement of 
rosstalk on stereos
opi
 displays. A primary goal of this proje
t is topropose a fast and simple method of 
rosstalk measurement that provides reprodu
ible results a
ross di�erentenvironments and laboratories. This paper present the results of a 
ampaign of obje
tive 
rosstalk measurements
arried out in three di�erent laboratories and involving similar and di�ering 
onditions. This 
ampaign has beenfo
used on time-sequential 3D liquid 
rystal displays (LCDs) using a
tive shutter-glasses.The rest of this do
ument is organized as follows: Se
tion 2 des
ribes how 
rosstalk manifest itself on time-sequential stereos
opi
 LCDs and reviews existing 
rosstalk metri
s in that 
ontext. Se
tions 3 presents the twomeasurements pro
edures used in this study and the various test 
onditions involved. Se
tion 4 presents theresults of the measurements. Finally Se
tion 5 dis
usses the obtained results and 
on
lude the main points ofthe work.
∗ Corresponding author: sylvain.touran
heau�miun.se



(a) Left and right images, inputs of the stereos
opi
 dis-play.
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(b) Left and right views, outputs of the stereos
opi
 dis-play.Figure 1: Illustration of ghosting with a simple stereos
opi
 pair of images. (a) Left and right digital images sentto the stereos
opi
 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 pro
edures 
on
erning 
rosstalk measurements and 
rosstalk metri
 
al
ulations.For two-view stereos
opi
 visualization systems, the 
rosstalk ratio is usually de�ned with respe
t to bla
k andwhite input signal. A de�nition 
ommonly used4, 5, 9 is:
CL =

L̄L
0,255 − L̄L

0,0

L̄L
255,0 − L̄L

0,0

, CR =
L̄R
255,0 − L̄R

0,0

L̄R
0,255 − L̄R

0,0

(1)where CL is the 
rosstalk in the left 
hannel, de�ned as the ratio between the average luminan
e L̄L
0,255,measured from left eye position when left input image is a full-bla
k image (all pixels value is 0) and right inputimage is a full-white image (all pixels value is 255), and the average luminan
e L̄L

255,0, measured from left eyeposition when left input image is a full-white image and right input image is a full-bla
k image. Usually, butnot always,4 the non-zero bla
k level of stereos
opi
 displays is taken into 
onsideration by subtra
ting the bla
klevel average luminan
e L̄L
0,0 (i.e. the average luminan
e measured from left eye position when both left andright input image are full bla
k images). The same de�nition applies for 
rosstalk in the right 
hannel CR, withaverage luminan
e values measured from the right eye position.Sin
e 
rosstalk 
an be 
onsidered as an additive and linear phenomenon in most 3D-displays,4 the use offull-white and full-bla
k images permits to measure 
onditions for whi
h maximum 
rosstalk usually o

urs 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 parti
ular on time-sequential stereos
opi
 liquid-
rystaldisplays (LCDs) using a
tive shutter-glasses, 
rosstalk is mainly due to temporal 
hara
teristi
s (response timeand syn
hronization) of the system's 
omponents (display and a
tive shutter-glasses).10, 11More pre
isely, the luminan
e emitted by pixels within a frame period is usually impre
ise be
ause of theslow response of the liquid 
rystal 
ells, or be
ause of hardly 
ontrollable response-time redu
tion systems (whi
hlead to luminan
e over- or under-shoots). This issue is hardly predi
table and depends on the 
ombination ofleft-view and right-view pixel 
olor values in disparity regions.12 Another 
ause of 
rosstalk 
omes from thesyn
hronization between shutter-glasses and LCD: the shutter open-period 
annot be equally syn
hronized withthe whole display be
ause of the temporal delay between �rst and last lines update. Displays enhan
ementfun
tions su
h as ba
k-light �ashing 
an even make this problem worse.13Figure 2 illustrates how and why ghosting artifa
ts 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 luminan
e for ea
h of this four regions. In zone I (resp.zone III), both left and right images have the same value i (resp. j), the luminan
e 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 luminan
e 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 a
tive shutter-glasses syn
hronized with the display in order to be open when the 
orresponding signal isdisplayed on the s
reen. Figure 2
 illustrates the temporal transmittan
e fun
tions τL(t) and τR(t) of ea
hshutter-glass. These transmittan
e fun
tions are syn
hronized with the display luminan
e waveforms presentedin Figure 2a. The luminan
e signal seen through ea
h glass is then the result of the multipli
ation between thetransmittan
e fun
tion of ea
h shutter-glass and the display luminan
e, for example in region II:

LL
i,j(t) = τL(t) · L

D
i,j(t)

LR
i,j(t) = τR(t) · L

D
i,j(t)

(2)The resulting luminan
e 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 luminan
e level of region II as seen from ea
h eye position is obtain by averaging theprevious waveforms over a whole number of periods:
L̄L
i,j =

t0+N ·T
´

t0

LL
i,j(t) · dt

L̄R
i,j =

t0+N ·T
´

t0

LR
i,j(t) · dt

N ∈ N (3)Average luminan
e levels measured from ea
h eye position for ea
h region of the stereos
opi
 image arepresented as a fun
tion of the horizontal axis in Figure 3. It 
an be observed that these luminan
e levels are notne
essarily identi
al from one eye position to the other due to slightly asymmetri
al transmittan
e fun
tions.It is 
lear from this simple example that the ghosting o

urring in time-sequential 3D-LCDs is mainly due tothe failure of the display to rea
h the 
orre
t luminan
e level within the short frame period (8.33 ms for 120-Hzdisplays). Sin
e the response time of display pixels depends highly on the starting and ending levels of luminan
e,the 
rosstalk metri
 given by Equation 1 � whi
h 
on
erns only the bla
k and white 
ombination � 
annot berepresentative of the overall 
rosstalk of the display. For this reason, several 
rosstalk metri
s have been re
entlyproposed 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. ea
h 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-grey
rosstalk in that 
ase. These 
rosstalk metri
s are given here for a left-eye position, and original expressionshave been adapted to follow the notations de�ned previously in this paper (average luminan
e levels depi
ted inFigure 3).Pan et al.13 and Shestak et al.12 proposed two very similar de�nitions whi
h 
onsist of the ratio between theerror of luminan
e and the amplitude of the 
onsidered grey-to-grey transition. The equations are respe
tively:
CL

i,j =

∣

∣L̄L
i,i − L̄L

i,j

∣

∣

L̄L
i,i − L̄L

j,j

(4)
CL

i,j =
L̄L
i,j − L̄L

i,i

L̄L
j,j − L̄L

i,i

(5)
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(b) Temporal transmittan
e of right and left shutter-glasses.
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(
) Luminan
e measured through the left glass. 0 8.33 16.67 25 33.33
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(d) Luminan
e measured through the right glass.Figure 2: Luminan
e signals in the four regions de�ned in Figure 1. (a) Luminan
e measured dire
tly on thedisplay, the alternation between right and left values 
an be observed for regions II and IV (disparity regions).(b) Transmittan
e of the shutter-glasses as a fun
tion of time, syn
hronized with the display signal. (
-d)Luminan
e measured through the left and right shutter-glass respe
tively, the waveforms 
orresponds to thedisplay luminan
e signals multiplied by the shutter-glass transmittan
e (
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 luminan
e measured through ea
h glass for ea
h regionsof the stereos
opi
 image (
f. Equation 3).Jung et al.14 proposed a similar de�nition, dire
tly inspired from the bla
k-white 
rosstalk de�ned in Equation1. The di�eren
e with the two previous de�nitions 
omes from the denominator whi
h in that 
ase take intoa

ount the opposite 
ombination (just as Equation 1 does):
CL

i,j =

∣

∣

∣

∣

∣

L̄L
i,j − L̄L

i,i

L̄L
j,i − L̄L

i,i

∣

∣

∣

∣

∣

(6)Finally, Buªat et al.16 de�ned grey-to-grey 
rosstalk dire
tly as the relative error of luminan
e:
CL

i,j =

∣

∣L̄L
i,j − L̄L

i,i

∣

∣

L̄L
i,i

(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 luminan
e leakage from one 
hannel to another (as
rosstalk is usually de�ned) but rather a failure of the display to rea
h 
orre
t luminan
e levels with respe
t 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 luminan
e 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 de
ided to 
ondu
t a fully 
omprehensive measurement 
ampaign, testing all 65536 grey-to-grey
ombinations of the display. Moreover, these measurements have been performed at three di�erent positions onthe s
reen in order to study the in�uen
e of the syn
hronism between the shutter-glasses and the display.Measurements have been 
ondu
ted in three di�erent laboratories:� Lab1: Realisti
3D Lab, Mid Sweden University (a�liation a on the �rst page)



� Lab2: NetLab, A
reo 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 luminan
e through the 
omplete stereos
opi
 system (display andshutter-glasses) for di�erent grey-to-grey 
ombinations.2. The se
ond one 
onsists in measuring the grey-to-grey temporal transitions of the display alone and thenapplying the transmittan
e fun
tions of the shutter-glasses to obtain the luminan
e as seen from ea
heye-position (
f. Equation 2).The �rst method presents the in
onvenient 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 opti
alarrangements are ne
essary (e.g. Fabry assemblies17) whi
h are usually expensive and ne
essitate a 
omplexexpertise. Su
h a proto
ol does not �t the 
urrent VQEG requirements, that is to say to propose a fast andsimple measurement proto
ol whi
h 
ould be easily 
arried out in various labs. The se
ond method presentsthe advantage of requiring only 
lose-
onta
t measurements on the display: this kind of measurements is usuallyeasier to 
arry out and less subje
t to variation from lab to lab. This method is similar to the one presented byBoher et al.,11 ex
ept 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-
onta
t instruments, that do not ne
essitate any opti
s assemblies, have been used. The threeinstruments are quite 
omparable to ea
h other and based on fast photo-diode ele
troni
 
ir
uits. Details aregiven here:� Lab1: Siemens BPW21 sili
on 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 bla
k velvet in order to avoidany s
rat
hes to the display surfa
e. Signals are 
aptured by a dual-
hannel 12-bit USB os
illos
ope (DS1M12from EasySyn
 Ltd.) with a sampling period of 20 µs.3.2.2 Conversion to luminan
eVoltage signals obtained from the photo-diodes are then 
onverted into luminan
e values thanks to the followingluminan
e-meters:� Lab1: Koni
aMinolta LS-110� Lab2: Photo Resear
h PR522/524� Lab3: CRS Opti
al 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 transmittan
e of �ve di�erent pairs of shutter-glasses.Conversion fun
tions have been determined independently in ea
h lab by measuring the steady luminan
e valueof ea
h of the 256 grey levels simultaneously with the photo-diode and the luminan
e-meter. These measureshave been a
quired in the 
enter of the display, with and without shutter-glasses. Chara
teristi
s of the photo-diodes have been found quite linear as expe
ted and intermediate values have been interpolated to build threelook-up-tables used to 
onvert raw data from ea
h lab. However, it must be mentioned here that the validityand the a

ura
y of this 
onversion is questioned for luminan
e values below 0.1 
d/m². Firstly be
ause theluminan
e-meters that have been used are not a

urate anymore in this range, and se
ondly be
ause of thein�uen
e of the dark o�set of photo-diodes.In order to fa
ilitate 
omparison between ea
h lab, all results have been normalized with respe
t to theaverage luminan
e 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 redu
e possible variations due to the di�eren
es in the 
alibration of thethree luminan
e-meters, and to the di�eren
es of maximum luminan
e of the three display samples.3.2.3 Stereos
opi
 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 (a
tive liquid-
rystal shutter-glasses). Stereos
opi
 images have been presented withMatlab and the Psy
hToolbox.18Display internal settings have been set identi
ally in the three labs, and display have been turned on fewhours before ea
h measurements session.3.3 Shutter-glasses temporal 
hara
terization3.3.1 Transmittan
e of shutter-glassesTo study the variability of the NVIDIA LC shutter-glasses used in this work, the transmittan
e fun
tions of �vedi�erent shutter-glasses have been 
hra
terized in Lab1. The luminan
e emitted by a white LED sour
e havebeen measured through ea
h glass of the �ve pairs. During these measurements, the photo-diode, the glass andthe LED sour
e have been aligned as 
lose to ea
h other as possible. The small size of the LED sour
e permittedto keep a narrow �eld of view. Sin
e these shutter-glasses are made of liquid 
rystal, their transmittan
e dependson the polarization of the light. The light sour
e used in these measurements was non-polarized, while the lightemitted by a LCD is polarized by de�nition. In order to obtained transmittan
e values whi
h 
orrespond to thetransmittan
e observed when the a
tive glasses are used with the display under test, the waveforms have beens
aled a

ording the luminan
e ratios measured through the shutter-glasses with luminan
e-meters. The sameunique s
aling fun
tion have been used for all pairs of shutter-glasses in order to keep the variability betweensamples. Ea
h glass have been measured during 350 frames, and the waveforms 
orresponding to ea
h periodhave been averaged together to redu
e noise and potential variations. Figure 4 presents the transmittan
e ofthe right glass of ea
h of the �ve pairs as a fun
tion of time with a logarithmi
 s
ale. 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 
on
ordan
e with those presented by Boher et al.11 Table1 summarizes the maximum and average transmittan
e for ea
h glass of the �ve pairs of shutter. The averagetransmittan
e is about 5.8% (i.e. maximum luminan
e seen through one glass is about 20 
d/m² for the displayunder test whi
h has a maximum luminan
e of about 350 
d/m²), with a standard deviation of 0.26%.
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e of �ve shutter-glasses (right-glass). The di�eren
es are summarizedin Table 1.3.3.2 Syn
hronization between the display and the shutter-glassesIn order to know the syn
hronism between display and shutter-glasses, the syn
hronization signal sent to theglasses by the infra-red emitter of the NVIDIA 3D Vision system has been measured. This syn
 signal has beena
quired dire
tly a
ross the infra-red LEDs inside the emitter. Figure 5 illustrates the syn
hronism betweenthis syn
 signal and the transmittan
e of the pair of shutter-glasses #1. In the following, the syn
 signal ismeasured simultaneously to all display measurements, in order to determine the syn
hronization between thedisplay waveforms and the transmittan
e fun
tions. Be
ause of the top-to-bottom verti
al s
anning of LCDs, theopening period of the shutter-glasses is not equally syn
hronized with the display temporal responses. Figure 6illustrates this di�eren
e for the three di�erent measuring spots on the s
reen.3.4 High-sample rate measurementsFirst method: display + shutter-glasses The �rst method have been 
arried out only in Lab3. Measure-ments have been performed through the right glass for all 
ombinations between 129 grey levels (from 0 to 254with a step of 2, plus 255) in the 
enter position, and for all 
ombinations between 65 grey levels (from 0 to252 with a step of 4, plus 255) in the top-left and bottom-right positions. A spe
i�
 set-up has been designedin order to perform those measurements with a 
onta
t instrument: a
quisition has been performed with thedisplay lying �at, the photo-diode, the shutter-glass, and the display were aligned as 
lose together as possible.Two small rings of non-re�e
tive syntheti
 bla
k foam rubber were disposed between the photo-diode and theshutter-glass and between the shutter-glass and the display in order to maintain a narrow measured �eld of view.Se
ond method: display alone + shutter-glasses simulation The se
ond method have been 
arriedout in the three labs. All right and left 
ombinations of the 256 grey levels have been measured in Lab1and Lab2, for the three positions on the s
reen. Combinations between 65 grey levels (from 0 to 252 with astep of 4, plus 255) have been measured in Lab3, for the three positions on the s
reen. For ea
h grey-to-grey
ombination, the syn
hronization signal have been a
quired simultaneously. This syn
hronization signal has beenafterward 
ompared to the referen
e syn
 signal measured previously (
f. Se
tion 3.3.2) in order to syn
hronizethe transmittan
e fun
tions of right and left shutter-glasses with the display temporal responses and thereforeobtain the luminan
e values as seen from ea
h eye position by the use of Equation 2.
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(
) Bottom-right positionFigure 6: Syn
hronization between display and shutter-glasses for di�erent positions on the s
reen. Waveformshave been measured for a 
ombination i = 0 and j = 255, in the top-left position (a), in the 
enter of the s
reen(b), and in the bottom-right position (
). Luminan
e of the display has been normalized with respe
t to thewhite luminan
e (measured for a 
ombination i = j = 255). Transmittan
e fun
tions of the shutter-glasses havebeen normalized between 0 and 1 for 
larity.
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Figure 7: Comparison of both measurement methods at three positions on the s
reen. Top row shows luminan
emeasured with the �rst method at the right-eye position for three di�erent positions on the s
reen. Bottom rowshows luminan
e values obtained from the se
ond method, i.e. by the multipli
ation of right-glass transmittan
ewith luminan
e waveforms measured dire
tly on the display.For both methods, the �nal luminan
e waveforms (dire
tly measured through the shutter-glass, or obtainedby a simulation of the shutter-glass transmittan
e) are �nally averaged over a whole number of periods to obtainthe mean luminan
e as measured from ea
h eye position (Equation 3). Ea
h grey-to-grey transition has beenmeasured for a duration of 400 ms (48 frames, 24 frames for ea
h view), i.e. 20000 samples. In average, it tookaround 1 se
ond to measure one 
ombination (overhead 
omes from data saving, os
illos
ope 
ommands sendingand re
eiving, et
.) meaning that one 
omplete measurement session took around 18 hours to measure the 65536
ombinations at one position on the s
reen. 4. RESULTS4.1 Luminan
eFinal measurements results are obtained under the form of matri
es presenting the luminan
e values seen fromone eye-position for any 
ombination {i, j} of left and right values. Right values are varying horizontally andleft values are varying verti
ally. If the stereos
opi
 visualization system was not su�ering from 
rosstalk, alllines of the right-eye luminan
e matri
es would be 
onstant (no in�uen
e of the left value on the luminan
e
orresponding to one given right value) and 
onsequently all 
olumns of the matrix would be similar. Similarly,on a perfe
t system the left-eye luminan
e matri
es would have 
onstant 
olumns.Figure 7 presents the luminan
e values measured at the right-eye position with both methods. It 
an be �rstobserved that the results from both methods are very similar, parti
ularly on top-left and 
enter positions (linear
orrelation 
oe�
ients of 0.9959 and 0.9989 respe
tively). For bottom-right position, di�eren
es between bothmethods are more noti
eable but the linear 
orrelation 
oe�
ient is still high (0.9323). This di�eren
e might
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Figure 8: Luminan
e measured at the left-eye position with the se
ond method in the three di�erent labs, forthree positions on the s
reen.be due to a luminan
e 
onversion issue: the 
onversion fun
tions whi
h have been used to 
onvert voltage intoluminan
e have been 
alibrated a

ording to measurements performed in the 
enter of the s
reen. Despite theseslight dis
repan
ies, these �rst measurements give a good eviden
e that the se
ond method � whi
h 
onsists insimulating the a
tion of the shutter-glasses on temporal waveforms measured dire
tly on the display � permitsto obtain results very similar to those obtained by measuring through the shutter-glasses, while using a mu
hsimpler set-up.Figure 8 presents the luminan
e values measured at the left-eye position with the se
ond method only, forthe three laboratories, and at three di�erent positions on the s
reen. Luminan
e matri
es are very similar fromone lab to another and it is 
lear from these results that the position of the measuring spot on the s
reen hasmu
h more in�uen
e than the di�eren
es in terms of instruments or set-up from one lab to another. As expe
ted,
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Figure 9: Crosstalk ratio at right-eye position (logarithmi
 s
ale) obtained with the �rst method (top row) andwith the se
ond method (bottom row), from the luminan
e matri
es presented in Figure 7.luminan
e matri
es 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 ea
h eye position have been 
omputed from the luminan
e matri
es a

ording to Equation7 proposed by Buªat et al.16 The 
hoi
e of this de�nition of grey-to-grey 
rosstalk among other ones hasbeen mainly driven by the fa
t that it 
orresponds to a relative luminan
e error and is easily understandable.Furthermore, other de�nitions presents the in
onvenient to have denominators whi
h 
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 matri
es. For illustration and 
larity purposes, the results in the �gures are presented in a logarithmi
s
ale, and values have been 
ropped between 0.001 and 3 (logarithmi
 values between -3 and 0.48), sin
e 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 luminan
e values depi
ted in Figure 7), and Figure 10 presents 
rosstalk ratios at the left-eye position obtained from the se
ond measurements method and 
ompared a
ross laboratories and measuringpositions on the s
reen (
omputed from luminan
e values depi
ted in Figure 8). It 
an be observed from these�gures that the 
rosstalk ratio is varying a

ording to a pattern whi
h is hardly predi
table. Crosstalk evolutionas a fun
tion of right and left pixels values is not monotoni
 and some �ridges� and �valleys� 
an be observed.However, despite this unpredi
table pattern, 
rosstalk matri
es measured at similar position of the s
reen arevery re
ognizable. The di�eren
es of pattern between ea
h position of the measuring spot 
an be explained bythe syn
hronization between the display temporal responses and the shutter-glasses temporal response. As it
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Figure 10: Crosstalk ratios (logarithmi
 s
ale) measured at the left-eye position from the luminan
e matri
espresented 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 statisti
s have been 
omputed after having ex
luded 
ombinations for whi
h the pixels value in themeasured view was inferior to 50 (see text).has been observed in Se
tion 3.3.2 (Figure 6), the luminan
e level rea
h by display pixels when the shutter-glassis open are not the same for ea
h position and 
an be very far from the expe
ted 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 sin
e in that 
ase the referen
e luminan
e is very low. This result is ina

ordan
e with a previous study,19 however one should keep in mind that luminan
e measurements below 1
d/m² are subje
t to 
aution due to the a

ura
y of luminan
e-meters.5. DISCUSSIONIt is 
lear from the results presented in that paper that the 
rosstalk ratio of time-sequential stereos
opi
 LCDs
annot be evaluated with only one measurement 
ondition. The 
omplexity of the variation of 
rosstalk ratioa
ross the many 
ombinations of right and left pixels values ne
essitate 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 pi
ture 
rosstalkpatterns with a su�
ient pre
ision.Table 2 presents the maximum and average values of 
rosstalk measured with ea
h measurement method. Inorder to 
ompare a more 
oherent range of values, right-left 
ombinations for whi
h the grey level in the measuredview was below 50 have been ex
luded (this 
orresponds roughly to 
ombinations for whi
h the luminan
e 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 tenden
y 
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�eren
e between both methods resides in the pattern of the 
rosstalk matri
es: if similar �ridges�and �valleys� 
an be observed on matri
es obtained with both methods, they seem to not be exa
tly at the samepla
e. This might be due to di�eren
es in the 
onversion into luminan
e values. The raw data obtained frommeasurements through the glasses were signi�
antly lower than the raw data obtained dire
t measurements onthe display, and this di�eren
e in the data range 
an have a�e
ted the 
oheren
e of the 
onversion into luminan
evalues. Another di�eren
e between both measurement method is due to the noise present in the luminan
e 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 dire
tly in 
onta
t with the display.This 
an be due to the measurement set-up itself whi
h 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 statisti
s as before, with the same limitations, for 
rosstalk measured with the se
ondmethod in ea
h of the three labs. Again, the same tenden
y is observed: average 
rosstalk is around 6% in the
enter of the s
reen, slightly higher in the top-left 
orner (ex
ept for 
rosstalk values measured in Lab2 whi
hare found slightly lower in this 
orner), and twi
e higher (around 13%) in the bottom-right 
orner.When 
omparing 
rosstalk matri
es obtained from one lab to another (Figure 10), it is observed that thesimilarity of the matri
es obtained for ea
h position is quite signi�
ant and that the patterns of 
rosstalk matri
esfor ea
h measuring positions is strongly re
ognizable. This is 
ertainly one of the main 
on
lusions of this work:
rosstalk variations due to di�ering measurement positions on the s
reen are more important than 
rosstalkvariations due to di�ering instruments and di�ering set-ups in the three laboratories. This 
on
lusion 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 se
ond method. These statisti
s have been
omputed after having ex
luded 
ombinations for whi
h 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 per
entage). (a) Comparison betweenboth methods for measurements through right glass performed in Lab3. (b) Comparison between laboratoriesfor measurements through the left glass performed with the se
ond method. The red line indi
ates the medianvalue, the not
h indi
ates the 95% 
on�den
e interval, the blue box delimits the 25th and 75th per
entiles.by the study of 
rosstalk distribution for ea
h 
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 s
reen. Figure 11b presents the distribution of 
rosstalk values measured from the left-eye position withthe se
ond method, in the three labs and for the three di�erent positions on the s
reen.6. CONCLUSIONIn this paper, 
rosstalk in time-sequential stereos
opi
 LCDs with a
tive shutter-glasses has been investigated.Two di�erent measurement methods using high sample-rate luminan
e instruments have been 
arried out. The�rst one 
onsisted in measuring luminan
e dire
tly through the shutter-glasses, while the se
ond one proposedto use the temporal 
hara
terization of shutter-glasses transmittan
e in order to simulate luminan
e 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-left
ombinations have been tested, at three di�erent measuring spots on the s
reen.Results showed that the 
rosstalk ratio is varying a

ording to a pattern whi
h is hardly predi
table. Thisis mainly due to the failure of the display to rea
h a 
orre
t luminan
e level within the short frame period



when alternating between di�erent right and left pixels values. Furthermore, signi�
ant di�eren
es have beenfound between di�erent positions on the s
reen. This variability is due to the unequal syn
hronization betweenshutter-glasses and display for these positions. This non-linear and non-monotoni
 behaviour does not permit todes
ribe the 
rosstalk of a time-sequential stereos
opi
 LCD with measurements taking into 
onsideration onlyfew 
onditions. From the 
rosstalk matri
es whi
h have been measured in this study, a minimum of 20× 20 greylevels seems to be ne
essary to pi
ture a pre
ise enough map of the 
rosstalk variations at one position of thes
reen.This measurement 
ampaign also permitted to show that 
rosstalk estimates obtained with the se
ond method(whi
h involves a simulation of the shutter-glasses) were quite similar to those obtained with the 
lassi
al method.This is an important result sin
e the proposed method only requires some 
lose-
onta
t measurements of thedisplay whi
h are usually easier to 
arry out and less subje
t to variations. Indeed, 
rosstalk measurementsperformed in three di�erent laboratories with this simulation method gave very similar results. In other words,the in�uen
e of the right-left 
ombination and the in�uen
e of the position of the measuring spot have beenfound mu
h more important than the in�uen
e of the di�ering instruments and di�ering set-ups in the threelaboratories. 7. ACKNOWLEDGMENTMid Sweden University's work has been supported by grant 00156702 of the EU European Regional DevelopmentFund, Mellersta Norrland, Sweden, and by grant 00155148 of Länsstyrelsen Västernorrland, Sweden. A
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