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ABSTRACT

Crosstalk is the most critical artifact in stereoscopic 3D dis-
plays. Circularly polarized (CP) 3D LCDs with passive
glasses has the issue of crosstalk especially when the viewer
moves vertically away from the screen center. In this work, a
new display model for CP LCD is proposed which considers
both the intrinsic optical system including the polarizer and
the wave retarder, and the vertical misalignment (VM) of light
between the liquid crystal (LC) and the patterned retarder
(PR) as the two major factors causing crosstalk in CP LCDs.
The optical modeling for the display uses Mueller calculus
and the characterization of VM is realized by the proposed
user-calibration method. The display model is proved to be
accurate by both measuring and subjective test in predict-
ing the crosstalk resulted from different viewing scenarios.
Additionally, we proposed considering image texture for the
estimation of crosstalk perception. The proposed estimation
is shown to be consistent with the viewer’s observation.

Index Terms— 3D crosstalk, model, circularly polarized
3D LCD.

1. INTRODUCTION

In stereoscopic display, crosstalk occurs if some portion of
one eye’s images appear in the other eye’s view. There is no
standard terminology for 3D crosstalk. In [1], Lipton differ-
entiates between the ”incomplete left and right channel iso-
lation” and the ”perceived doubling of the image or ghost-
ing” since the former depends solely on the monitor and the
glasses while the latter emphasizes the viewer’s perception. In
this paper, ”crosstalk” refers to the device-based artifact, and
”perceptual crosstalk” is used when factors of human vision
are taken into consideration.

Fig. 1 shows schematically how the CP LCD separates the
left-eye and the right-eye views where lights from the odd-
row pixels (left-eye field) are in the left-hand (LH) circular
polarization while those from the even-row pixels (right-eye
field) are in the right-hand (RH) circular polarization. The
left-eye lens transmits lights of the LH circular polarization
only, and vice versa for the right-eye lens.

Works have been done in the characterizing, the measur-
ing of 3D crosstalk, and also in the optical designing to reduce
this artifact. In [2], a review of the mechanisms of crosstalk
in various types of stereoscopic displays is given. In [3] and
[4], methods of measuring and characterizing crosstalk in the
CP LCD are proposed. In [5]-[6], the optics in the display
is optimized to resolve the problem of polarization deviation
at oblique incidence. From these works, the factors causing
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Fig. 1: The display set up for CP LCD with passive glasses.

crosstalk in CP LCD are: the manufacturing defects, limita-
tions in the display’s optical system including the linear po-
larizer (LP) and the PR, and the VM of light between the LC
panel and the PR at oblique viewing angles. In this paper,
the modeling of crosstalk in CP LCD focuses on the last two
factors mentioned above.

In regard to crosstalk modeling, Konrad et al. [7] model
time-sequential 3D displays with user calibration; Ra et al.
[8] model the plasma 3D display with active shutter glasses.
In [9], crosstalk is modeled in 3D LCD with active shutter
glasses based on the LC reactive time. Hong et al. [10] pro-
pose the CP LCD modeling which considers the viewing an-
gle but ignore the VM of light. The modeling of CP LCD in
[11] uses Extended Jones method [12] that can’t be applied to
the bi-axial wave retarder in the CP LCD, and contains many
display parameters to be tuned. Works have also been done on
evaluating the visibility of 3D crosstalk. Perceptal crosstalk
metric based on color difference is proposed by Kang et al.
[13] and Kwak et al. [14]. In this paper, we present a more
accurate perceptual crosstalk estimation for CP LCD which
utilizes the proposed display model and considers image tex-
ture.

2. DISPLAY MODEL

The display model is defined as the relationship between the
input and the output display luminance of the CP LCD, and is
shown in Eq. (1) [11]
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where Lin(i) is the luminance input in the left-eye image
whose gray-scale value is i; Rin(j) is the luminance input
in the right-eye image whose gray scale value is j; Lo(i, j)
and Ro(i, j) are the luminance outputs in the left-eye and
the right-eye views respectively when the left-eye gray-scale
value is i and the right-eye gray-scale value is j. The 2x2 ma-
trix in Eq. (1) is the display transmittance matrix (TM) whose
entries are: tLL as the percentage of the left-eye pixel trans-
mitted in the left-eye view, tLR as the percentage of the right-
eye pixel transmitted in the left-eye view (and similarly for
the other entries). It’s shown that crosstalk is induced by the
off-diagonal entries of TM.



(a) Photo. (b) Simulation.
Fig. 2: Photo and simulation of the screen in the left-eye view
when the head title is 90◦.
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From Eq. (1), the modeling of the display is effectively the
modeling of TM. As shown in Eq. (2), we model TM as the
cascading of two matrices where the left matrix quantity (dis-
cussed in Section. 3) characterizes the optical system of the
display that modulates the polarization of the light and the
right matrix quantity (discussed in Section. 4) characterizes
VM of light.

3. MODELING OF THE OPTICAL SYSTEM

In this section, we model the optical system by Mueller cal-
culus (MC) [15]. In MC, light is characterized by the 4x1
Stokes vector (denoted by vector S in Eq. (3)) whose first en-
try is luminance; the optical modules such as LP, LC and PR
are modeled by the 4x4 Mueller matrix (MM) (denoted by
matrix M in Eq. (3)).
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Eq. (3) is the modeling of the optical system in the CP LCD
including the passive glasses. The Stokes vectors in Eq. (3)
are: Sin as the input backlight, SLL as the output light from
the left-eye LCD channel in the left-eye view, SLR as the out-
put light from the right-eye LCD channel in the left-eye view.
SRL and SRR are similarly defined. The assembly of the first
entries of SLL, SLR, SRL and SRR becomes the left ma-
trix quantity in Eq. (2) (where subscript 1 denotes the first
entry). MLCD

L and MLCD
R are the MMs of the LCD in the left-

eye and the right-eye channels respectively. MLCD
L (MLCD

R )
is cascaded by the MM of the rear LP, LC of IPS configura-
tion [15], front LP and the PR in the left-eye (right-eye) field.
Mlens

L and Mlens
R are the MMs of the left-eye and the right-

eye lenses respectively. Mlens
L (Mlens

R ) is the cascading of the
quarter-wave retarder in the left (right) eye and the LP in the
glasses.

Note that MLCD
L and MLCD

R in Eq. (3) are functions of
the light’s incident angle in the LCD coordinate while Mlens

L

and Mlens
R in Eq. (3) are functions of the light’s incident angle

in the glasses coordinate [16]. Thus viewer’s head posture
estimation is required to transform the incident angles from
the LCD coordinate to the glasses coordinate. Due to space
limitation, the details of this estimation is posted in [17].

By replacing the right matrix quantity of Eq. (2) with the
identity matrix, we can test the impact of the display’s optical
system on crosstalk. The results show that the crosstalk in-
duced by the optical system behaves very differently depend-
ing on whether the viewer tilts his/her head (or the rotation
of the passive glasses to the left and to the right). If there
is no head tilt, crosstalk is very limited (less than 5%, [17])
even when the viewing angle (the angle between the screen
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Fig. 3: Measure and simulation of tLR with head tilt. Left:
red pixel. Middle: green pixel. Right: blue pixel.

normal and the ray from the screen center to the viewer) is
very oblique (greater than 60◦). However, if there is head tilt,
crosstalk increases significantly in the form of ”color bleed-
ing”. The effect of the head tilt in the CP LCD is shown
in Fig. 2 where Fig. 2(a) is a photo of a real CP LCD and
Fig. 2(b) shows the result from the proposed optical modeling
after rotating the passive glasses by 90◦. The input image for
the left eye in Fig. 2 is black, and the input image for the right
eye in Fig. 2 is white on the left half and is black on the right
half. The CP LCD tested in this paper is LG 47LH55 [18]
(1080p) which is 58.5cm× 104.0cm (h×w). We can observe
from Fig. 2 the left half of the screen turns from black into
purple and this is caused by the severe leakage from the red
and blue pixels in the right-eye channel. To test the accuracy
of the proposed optical model in terms of crosstalk induced
by head tilt, we compare the measured and the simulated re-
sults. Fig. 3 shows the data of tLR of the red, green and the
blue pixels from both the measuring and the simulation. For
the measured data in Fig. 3, initially, the right-eye field of the
screen is lit up; then, the luminance after the left-eye lens is
measured rotating the glasses and is subtracted by the min-
imum luminance (dark pixel luminance); finally, the data is
normalized by the luminance measured without the lens. The
luminance is measured by power meter Newport 835. We ob-
serve from Fig. 3 as the head tilt increases, both the measured
and the simulated data show that the increment in tLR for
the red and the blue pixels are much greater than that for the
green pixel. The R2 coefficients (R2 = 1 indicates perfect
fit) between the measured and the simulated data as shown in
Fig. 3 verify the optical model is able to predict the crosstalk
induced by head tilt accurately.

4. MODELING OF THE VERTICAL
MISALIGNMENT OF LIGHT

Vertical misalignment (VM) of light, as another major factor
causing crosstalk in CP LCD is illustrated in Fig. 4. Fig. 4(a)
shows the cross-sectional view of a CP LCD with VM of light
between the LC and the PR as the incident angle shifts ver-
tically. Tasli in [19] reduces VM-based crosstalk by refining
the pixel intensity according to the detected viewing angle.
hit and miss, as shown in Fig. 4(a), are defined in Eq. (4) to
characterize VM which are also the entries of the right matrix
quantity in Eq. (2).

(4)
(
hit
miss
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light from the undesired PR

)
/emitted light

Fig. 4(b) shows the left-eye-view photos of a real display with
black input images in the left-eye view and white input image
in the right-eye view. In Fig. 4(b), the viewing locations of the
top two photos are aligned to the screen’s top edge while those
for the bottom two photos are aligned to the screen’s bottom
edge; the viewing distance for the left photos is 1 m and that



Fig. 4: Issue of VM: (a, b) and it’s mitigations: (c, d). (a)
VM in the cross-sectional view of CP LCD. (b) Real CP LCD
viewed from different locations. (c) Insertion of black matrix
(BM). (d) Adjusting the PR w.r.t. the LC.

(a) Photo. (b) Simulation.
Fig. 5: Display calibration by user inputs. (a) Photos in Fig. 4
(b) corrected by Homography with the user inputs marking
the division between the birhgt and dark areas. (b) Simulated
screen after calibration.

for the right photos is 0.8 m. The bright areas on the screen
shown in Fig. 4(b) are resulted from VM which changes with
the viewing location. Two methods are commonly used to
mitigate VM: inserting black matrix (BM) in the color filter
(CF) as shown in Fig. 4(c), and adjusting the size and the
location of the PR units to reduce VM at a certain viewing
location as shown in Fig. 4(d).

In order to calculate hit andmiss for every pixel, parame-
ters of the CP LCD such as hp: pixel height, hBM : BM unit’s
height, hPR: PR unit’s height, h0: the vertical shift from the
bottom of the LC panel to the bottom of the PR module, and d:
spacing between the LC and the PR need to be calibrated. hp
can be calculated from the screen height and resolution while
hBM can be estimated under a magnifier. For LG 47LH55,
hLC ≈ 542µm; hBM ≈ 1

3hLC. However, hPR, h0 and d are
difficult to measure. Therefore, we propose a method to cal-
ibrate hPR, h0 and d from a few user’s inputs. First, images
in Fig. 4(b) are corrected into orthographic views by Homog-
raphy transform as shown in Fig. 5(a); then, users (3 partic-
ipants) are instructed to mark the dividing areas between the
dark and the bright regions with horizontal lines as shown in
Fig. 5(a) where n1-n4 are the vertical pixel indices of the lines
averaged among the users; Finally, the unknown parameters
can be solved from a least-square problem as

p =
(
ATA

)−1
ATb (5)

where p is the vector of the unknown parameters:
p = [hPR, h0, d]T (6)

Matrix A in Eq. (5) is written as

A =

(n1 ± κ)Dv,1 Dv,1 n1hLC − yv,1
(n2 ± κ)Dv,2 Dv,2 n2hLC − yv,2
(n3 ± κ)Dv,3 Dv,3 n3hLC − yv,3
(n4 ± κ)Dv,4 Dv,4 n4hLC − yv,4

 (7)

Fig. 6: Test image for the right eye.
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(a) Subjective rankings
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(b) Simulated gray scales
Fig. 7: Results of subjective ranking and simulation.
Columns 1-3 in (a, b) are results when the viewer’s location
is aligned to the top, center and the bottom of the screen re-
spectively. In each subfigure, the x axis is the column index
and the legends are the row indicators of the squares in Fig. 6.

which contains pixel index ni marked by the user, the viewing
distance Dv,i and the vertical displacement from the screen
center to the viewing location yv,i. Subscript i = 1, 2, 3, 4
denotes the ith observation. κ = 0.02 in Eq. (7) is the thresh-
old value of miss above which the bright region is observed.
The ”±” in Eq. (7) takes ”+” when the region above the user-
marked line is dark (top two photos in Fig. 5(a)) and takes ”−”
when the region above the user-marked line is white (bottom
two photos in Fig. 5(a)). Vector b in Eq. (5) is written as

b = [n1D1, n2D2, n3D3, n4D4]T · hLC (8)
The derivation and robustness of the calibration method can
be found in [17]. Then hit and miss for every pixel can be
computed by projecting the lights from the LC onto the PR.
Fig. 5(b) shows the simulated screens of Fig. 5(a) from user
calibration. The simulations are consistent with the real dis-
play except for the nonuniform brightness shown in the real
display due to manufacturing.

To evaluate the performance of the proposed calibration
method, we conduct subjective test among 16 participants
whose ages range from 24 to 50 with 3 females and 13 males.
During the test, each subject observes the screen from three
viewing locations with his/her preferred eye after the corre-
sponding 3D lens and the other eye blocked. The input im-
age for the observing-eye is black and the input image for
the blocked eye is shown in Fig. 6 where the gray-scale val-
ues of the squares from the top row to the bottom row in the
first column are: 150, 200, 50, 255; in the second column
are: 100, 50, 250, 100, 200, in the third column are: 150 ,
100, 50, 200, 150, 255. The viewing locations are at 1m to
the screen and are aligned to the top edge, the center and the
bottom edge of the screen respectively. At each viewing lo-
cation, the observer ranks the sequence within each column
from the brightest square (rank 1) to the darkest square(rank
5). The results of the subjective rankings and the simulated
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Fig. 8: R2 coefficient of determinant.

Fig. 9: Photos of the display and the corresponding simula-
tion results. Rows 1-3 are resulted from the viewer’s locations
aligned to the top, center and bottom of the screen respec-
tively and are at the distance of 1m. Row 4: center viewing
location with 90◦ head tilt. Columns 1 and 3 are photos of the
screen; columns 2 and 4 are simulation results. The left two
columns are left-eye views; right two columns are right-eye
views.

gray-scale values of the squares are shown in Fig. 7 where the
gray-scale ordering are mostly consistent with the subjective
observations. The linear fittings (from least square) between
the subjective rankings and the simulated gray-scale values
with their R2 coefficients are shown in Fig. 8 where the fit-
tings for the top and the center views are more precise than
the fitting for the bottom view. One reason for this can be
the nonuniformity in fabrication as shown in Fig.4(b). Fig. 9
shows the output images from a real CP LCD and simulation
for stereo pair ”Books” from [20]. We can see that the real
display is well matched by the simulations. Also, notice the
significant increase in crosstalk due to head tilting by com-
paring row 2 and row 4 of Fig. 9.

5. PREDICTION OF PERCEPTUAL CROSSTALK

Perceptual crosstalk depends on both the display and the vi-
sual cues of crosstalk. Kang et al. [13] investigate visual
strength of crosstalk in terms of color difference. In this pa-
per, we also adopt color difference metric ∆E∗

94 (or CIE94)
which is based on L∗c∗h∗ color space proposed by CIE [13]
for the initial perceptual crosstalk evaluation. In addition,
in the proposed method image texture is considered as well:
crosstalk in the area where the left-eye and the right-eye im-
ages are both highly-textured is hardly perceivable. Fig. 10
demonstrates this observation that crosstalk is prominent
when one of the channel is textured (Fig. 10(a)-(b)) whereas

Fig. 10: Crosstalk visibility influenced by image texture. (a)
Textured image nontextured crosstalk, (b) Flat image with
textured crosstalk. (c) Textured image textured crosstalk.

Fig. 11: Procedure for perceptual crosstalk estimation.

Fig. 12: Perceptual crosstalk of ”Books” [20] in the left-eye
view. (a) User scribbles. (b) Proposed estimation.

crosstalk is masked well when both channels have texture
information (Fig. 10(c)). The process of estimating the visual
crosstalk is illustrated in Fig. 11: first, the output image is
simulated through the proposed display model (Fig. 11(a));
then, the initial crosstalk from ∆E∗

94 (Fig. 11(b)) is estimated;
then, texture areas in both the left-eye and the right-eye input
images are detected by taking the second derivative [17])
(dark regions in Fig. 11(c)); finally, the texture areas are
eliminated from the initial estimation (Fig. 11(d)).

To evaluate the performance of the proposed perceptual
crosstalk estimation, we have 12 subjects observe the real CP
LCD and scribble in regions where they perceive crosstalk.
The viewer’s location is aligned to the top of the screen at
the distance of 1m. The results of ”Books” and ”Dwarfs”
(from [20]) are shown in Fig. 12 (screen photos of ”Books”
are shown in Fig. 9) where the viewers’ scribbles are aver-
aged and are shown on the black background. In terms of the
locations of the crosstalk-salient areas, the results from the
proposed estimation is mostly consistent with the subjective
observation as shown in Fig. 12. However, there are areas
that are predicted by the estimation but are not observed by
the viewers. Our future work will investigate more exten-
sively the perceptual attributes of crosstalk for better visual
crosstalk prediction.

6. CONCLUSION

We propose a CP LCD display model that can simulate the
output images at arbitrary viewing angles. The display model
considers both the optical system and light’s vertical mis-
alignment. The modeling of the optical system is able to sim-
ulate crosstalk induced by the viewer’s head tilting and is ver-
ified by the measured data. The vertical misalignment of light
is calculated from the proposed user-calibration method and
is compared with subjective observations. The simulations of
natural stereo image ”Books” in different viewing scenarios
are consistent with the real CP LCD.
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