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We propose a parameter design of the parallax barrier (PB) based on the color moiré patterns in auto-
stereoscopic displays. First, the display device and the PB are approximated as two corresponding binary
gratings. In order to obtain different corresponding predominant Fourier low-frequency terms, the super-
position of the equivalent grating for the display device and the special radial grating is analyzed,
referring to the indicial equation method and Fourier theory. Moreover, the two transition regions
are considered as the regions where moiré patterns vary gently. Finally, the appropriate parameter

of the PB can be obtained. The validity of the proposed design is verified in the experiment.
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1. Introduction

As we all know, the superposition of periodic struc-
tures leads to moiré patterns. The moiré phenomenon
is widely applied in many fields, such as strain ana-
lysis, topography, and moiré metrology, because of
its sensitivity to the slightest displacements, varia-
tions, or distortions in the overlaid structures [1-7].
However, it is very necessary to avoid the moiré phe-
nomenon in color printing [8,9]. At the same time,
especially right now, many autostereoscopic display
devices are assembled with several regular struc-
tures, such as LCD panels, parallax barriers (PBs),
microlens arrays, and lenticular plates. Thus, the
moiré phenomenon, which degrades the quality of
an autostereoscopic image, is unavoidable in auto-
stereoscopic displays [10]. Therefore, it is very impor-
tant to reduce the chances of the appearance of the
moiré phenomenon for practical purposes.
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In previous works, two strategies have been mostly
used to fight against undesired moiré patterns in
autostereoscopic displays: avoiding moiré patterns
(namely, preventing their generation) and minimiz-
ing moiré patterns (namely, reducing their appear-
ance). For avoiding moiré patterns, one method is
to change the layout of the color filter on the LCD
[11,12]. However, the disadvantage of this method is
the high cost in changing the layout of the color filter.
Another method, which is proposed in [13], is to use
defocusing and a diffuser. Besides avoiding moiré
patterns, moiré minimization is also widely used
in autostereoscopic displays. The most widely used
method is to assemble the display device with
slanted regular structures [14]. This method results
in fine patterns, so that the moiré pattern becomes
invisible in the autostereoscopic display. Recently,
there were also some studies about moiré reduction
by finding the optimal angle for superposing two
grids for integral imaging [15-17].

PBs, lenticular sheets, and microlens arrays are
the most widely used components in autostereoscopic
displays. Particularly, integral imaging (II) using

1 December 2011 / Vol. 50, No. 34 / APPLIED OPTICS H153



microlens arrays is considered to be the most promis-
ing method [18-20]. The biggest advantage of this
method is that it is able to provide continuous view-
points and full parallax (both horizontal and vertical
parallaxes). However, the resolution of the II auto-
stereoscopic display degrades very fast. Therefore,
one-dimensional (1D) IT or multiview, which provides
only horizontal parallaxes, is preferable in balancing
the number of parallaxes and the resolution of the
autostereoscopic display.

In this paper, moiré minimization is used to fight
against moiré patterns. To obtain the appropriate
parameters for the PB, several steps need to be car-
ried out. First, the PB and LCD can be expressed as
the corresponding binary gratings, as shown in Fig. 1.
Thus, an autostereoscopic display using a PB can be
approximated as the superposition of two corre-
sponding binary gratings. To get the model of the PB
with various parameters, a special radial grating is
designed with a constant slit width. Apparently, this
special radial grating can be considered an infinite
number of PBs with different periods and grating
vector directions [21]. We can find the predominant
Fourier low-frequency terms in the case of different
periods of the PB according to the superposition of
the special radial grating and the equivalent binary
grating of the LCD [7,22-24]. Finally, two transition
regions are considered to be the proper regions with-
out visible moiré patterns. Appropriate parameters
of the PB can be confirmed by making moiré patterns
almost unrecognizable to viewers’ eyes.

2. Principle of the Mathematical Model

A. Equivalent Model of the LCD and the Parallax Barrier

Usually, an LCD panel display images via the combi-
nation of red (R), green (G), and blue (B) subpixels. As
shown in Fig. 1(a), each color pixel is composed of
three rectangular subpixels, and the width of the
pixel (P;) and subpixel (P) has the relationship of
P, = 3P. According to [15], we can conclude that it
is enough to consider only one color in the analysis
of color moiré patterns. Thus, the strip-type color fil-
ter for any arbitrary one of the three colors can be re-
presented as an erect binary grating, as in Fig. 1(b).

P Py P Py
(@ ®)

Fig. 1. (Color online) (a) Layout of LCD color filter; (b) the
equivalent binary grating of an LCD.
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The slit width and period of the erect binary grating
coincide with P and P;, respectively.

The PB provides the perspective views of a three-
dimensional (3D) image by sampling the correspond-
ing pixel among the pixels in its elemental image.
The slit width P, of the PB approximately equals
the width of the subpixel, according to the multiview
autostereoscopic displays theory [25]. According to
[7], the angle of the PB influences only the angle
and period P, of a moiré pattern, not its amplitude.
The amplitude and the profile of the moiré are af-
fected by varying the opening ratio (here, namely,
changes of period P, of the PB). Thus all the informa-
tion of the moiré pattern is supposed to be analyzed
with regards to Py and 6. Similar to an LCD, the bin-
ary grating with a constant slit width and varying
slant angle and period is the equivalent model of
the PB. Here the special radial grating, whose slit
width is constant and equals the width of one subpix-
el, is considered a PB of progressively varying pitch
and grating vector direction, as in Fig. 2 [21].

B. Simulation of Color Moiré Patterns

The color moiré pattern is simulated with regards to
P, and 0. As shown in Fig. 1(b), the equivalent grat-
ing is two dimensional, so superposition of the LCD
and PB can be considered superposition of three 1D
gratings. In like manner, superposition of the LCD
and the special radial grating is the superposition
of two 1D gratings and a special radial grating. Be-
cause the amplitude and the profile of the moiré are
affected only by varying the opening ratio, the long-
itudinal opening ratio of the black matrix is set to 1/3
for simplicity. The superposition of the equivalent
grating of the LCD and the special radial grating
is shown in Fig. 3.

According to [15], a stable moiré-free state is
achieved when the slant angle equals 26.61 deg.
When the slant angle is less than 26.61 deg, the
moiré patterns are consistent with the superposition
of the 1D grating and the radial grating (see [5]).
Thus, the black matrix can be neglected when the

Fig. 2. Special radial grating.



Fig. 3. Superposition of the special grating and the equivalent
grating of LCD.

slant angle is less than 26.61 deg (namely, superpo-
sition of two 1D gratings is analyzed). Moreover, the
slant angle of the PB in the 3D displays is usually
small, so in this paper we define that the slant angle
is less than 26.61 deg.

The PB located in front of the display device at a
certain distance is rotated with the angle 6. The re-
gion 0 < 6 < 26.61° is the domain of the current pro-
blem. According to the assumptions in [15], three
similar assumptions are given here. First, the dis-
tance between the display device and the PB is small
enough in comparison to the observer distance.
Second, the black matrix in the display device is neg-
ligible and the geometry of the RGB subpixels in the
display device can be considered as being of the
stripe type. Third, the test image is white images.
In addition, the PB will weaken the brightness of
the images, so the opening ratio of the PB is set lar-
ger than 0.1 (namely, P, is less than 10P).

With these assumptions, the color moiré patterns
can be analyzed by approximating 3D displays as two
corresponding binary gratings. In addition, the rela-
tive translation between the LCD and the PB result
in corresponding relative translation of moiré pat-
terns, while it has no change about the period, angle,
and intensity profile of the moiré patterns. Thus, we
suppose that the equivalent grating of an LCD and a
PB is symmetric. According to [7], the equivalent
grating of an LCD can be expressed as

r=oo

Ti(x,y) = Z a, cos(2zrx/Py), (1)

r=—c0

where a, stands for the Fourier coefficient character-
izing the amplitude and the phase of the nth harmo-
nic. Similarly, the equivalent grating of the PB is
represented as

Ty(x,y) = 3 bycos

§=—00

2ns[x cosf +ysind
(Bstosg ysind)
2

where b, designates the Fourier coefficients perti-
nent to the equivalent grating of the PB.

The combination of an LCD and a PB can be
approximated as the superposition of 7'; and T'.
The result is given by the product of 7'; and T's:

T(x,y) = T1(x,y)Ta(x,y)
== 27rx
= Z Za,bscos( 2 )

(2773 [x cos @ + y sin 6})
X COS .
Py

(3)

According to Eq. (3), we can conclude that there are
infinite Fourier frequency terms of moiré patterns in
the superposition of the LCD and the PB. However,
different partial Fourier terms of moiré patterns still
exist, and they are most visible to viewers’ eyes when
the period of the PB varies. Thus, it is necessary to
find the relevant partial Fourier frequency terms,
which are called predominant Fourier low-frequency
terms. To find these predominant Fourier low-
frequency terms, we analyze the superposition of
the special radial grating and the equivalent grating
of the LCD, as shown in Fig. 3. The indicial equation
method is more appropriate for analyzing curved
moiré patterns, so the equivalent grating of the
LCD and the special radial grating can be expressed
as the corresponding indicial equations. According to
[5,21], the corresponding indicial equations are given
as

y=Ip, (4)

where p is the width between lines and [ is the order
number of each line, and

x
— =tanma, 5
3 (5)

where m is the order of the radial lines and « is the
angle between each of the radial lines.

The unification of the indicial equation method
and Fourier analysis is necessary for analysis of the
moiré patterns in Fig. 3. According to [5,7,22], some
necessary conclusions for the unification in the case
of the superposition of two binary gratings are given
first in Table 1, where R represents the partial terms
of T'(x,y) and coincides with the corresponding fa-
milies of curves referring to the indicial equation
method.

Table 1. Unification of the Families of Curves and the Fourier
Frequency Terms

Indexed Family of Curves Corresponding Fourier Terms

l-m=n R, =T(x,y) r=-s)
[-2m=n Ry =T(x,y) r =-2s)
l-3m=n R3 =R(x,y) (r =-3s)
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According to Eq. (4), the moiré patterns are shown
in Fig. 4 in the case of the superposition of a line grat-
ing and a radial grating [5,21]. Figures 4(a)—4(c) show
families of curves when m and n have the relationship
ofl-m =n,l-2m = n, and [ - 3m = n, respectively,
where the cases of n = 0 are depicted by bold solid
curves. In addition, the points labeled A, B, and C re-
present the equivalent positions where the equivalent
periods are one, 2 times, and 3 times the line pitch.
The families of curves [-m =n and [ - 2m =n are
shown in Fig. 4(d), and the curve / - 1.5m = 0 passes
some points of intersection of [ —m =n and [ - 2m =
n. The curve l - 2.5m = 0 passes some points of inter-
section of [ - 2m = n and [ — 3m = n. In like manner,
the equivalent periods at points D and E are 1.5 and
2.5 times the line pitch, respectively. According to lo-
cal similarities between Fig. 3 and the three families
of curves [-m=n,l-2m =n, and [ - 3m = n, the
different corresponding parts of the three families
of curves are extracted. The right region of the curve
[ -1.5m = 0 in Fig. 4(a) is eliminated, while the left
region of the curve [ - 2.5m = 0 in Fig. 4(c) is elimi-
nated. For the region between the curves [ — 1.5m =
0 and [-2.5m =0, the corresponding part of the
indexed family of curves [ - 2m = n [Fig. 4(b)] is re-
served. Atlast, the entire reserved region for the three
families of curves [ -m =n,l-2m =n,and [ - 3m =
n is shown in Fig. 4(f).

Similarities between the patterns can be observed
by comparing the profiles of Figs. 3 and 4(f). These

y ——I-m=n y”

similarities indicate that the indexed family of
curves [ — m = n are the predominant indexed family
in the region around the first star pattern, while the
indexed families of curves [ -2m =n and[-3m =n
are the predominant the indexed families in regions
around the second and third star patterns, respec-
tively. In addition, transition regions, namely, re-
gions between two neighbored star patterns, have
two predominant indexed families of curves. Concre-
tely speaking, the indexed families of curves [ - m =
n and / - 2m = n exist in the transition region, which
corresponds to the region around the curve [-
1.5m = 0. Likewise, the indexed families of curves [ —
m =n and [ — 2m = n have the same strength in the
transition region, which corresponds to the region
around the curve [ - 2.5m = 0.

As shown in Fig. 3, the moiré patterns in the tran-
sition regions change more gently, while the moiré
patterns in other regions change strongly. Besides,
there exists not only one predominant indexed family
in the transition regions. We can conclude that moiré
patterns are more invisible when the parameters of
the PB fall into the transition region. There are two
transition regions, which are around the curves [ -
1.5m =0 and [-25m = 0. Obviously, there exist
slight errors when the special radial gratings are
considered as an infinite number of PBs with differ-
ent periods and grating vector directions, so the cor-
responding exact value should be calculated
according to Eqs. (1)—(3). For simplicity, the new

)

-——=1-2m=n

Fig. 4. (a) Indexed family of [ — m = n; (b) the indexed family of [ — 2m = n; (c¢) the indexed family of [ — 3m = n; (d) the indexed family of
l-m =nand!l - 2m = n; (e) the indexed family of [ - 2m = n and [ - 3m = n; (f) the indexed family of ] - m = n,l - 2m =n,and - 3m =n.
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Fig. 5. Vectorial difference in the two transition regions.

corresponding vectors in the transition region are
calculated by the vectorial difference of the frequency
vectors of the original impulses [7]. Here we define
that the periods of two corresponding predominant
moiré patterns are equal in the transition regions.
The vectorial differences in the transition region
are shown in Fig. 5. It corresponds to the region
around the curve [ - 1.5m =0 in Fig. 5(a). We can
obtain

F1-Fisl = If1-2f1sl, (6)

where }? 1 is the fundamental frequency of the equiva-
lent grating of the LCD and f; 5 is the fundamental
frequency of the PB when moiré patterns correspond
to the region around the curve [ — 1.5m = 0. Accord-
ing to Fig. 5(a) and Eq. (1), we obtain

|]—5 = f1 * cos(6) 1)
1.5 — 15 .
Table 2. Predominant Fourier Low-Frequency Terms in the
Transition Regions
Py Predominant Fourier Low-Frequency Terms
4.5P/ cos(0) Ry, Ry
7.5P/ cos(0) Ry, R

Table 3. Parameters of the Autostereoscopic Display Based on a PB

LCD Size (inch) 19
Resolution (pixel) 1280 x 1024
P; (mm) 0.294 x 0.294
Parallax Barrier P, (mm) 0.095
P, (mm) 0.756
0(°) 14.93
Autostereoscopic Distance between LCD and PB 1.1
Display (mm)
View zone width (mm) 44
View numbers 8
View distance (mm) 500

Fig. 6. Comparison of LCD image with and without the PB when
the LCD image is white.

Thus,

15P;  45P

ks cos(d) cos(8)

: (8)

In like manner, according to Fig. 5(b) and Eq. (1),
we can obtain

2.5P; 7.5P
Py=——=———. 9
27 cos(0) cos(6) ®)
From the discussion mentioned above, the predo-
minant Fourier low-frequency terms in the different
cases are summarized in Table 2, together with some
inferences.

3. Experimental Results and Discussion

To obtain more view numbers, we choose the region
around the curve [ - 2.5m = 0. Generally speaking,
there exists the similar viewing condition between
color printing and autostereoscopic displays, so
moiré patterns, which are larger than 1 mm, are con-
sidered to be visible in the autostereoscopic displays
according to [7].

According to the discussion mentioned above, the
optimal value of Py equals 0.761 mm, while P; equals
0.294 mm and 6 equals 14.93 deg. However, the value
of Py should be less than 8P cos(0), referring to the
multiview autostereoscopic displays theory, while
the optimal value of Py is more than 8P cos(d) [25].
Thus, taking into consideration the discussion men-
tioned above and multiview autostereoscopic dis-
plays theory simultaneously, a value of P, that is
around 0.761 mm is selected. The parameters of the
autostereoscopic display device are obtained and are
listed in Table 3.

without
Fig. 7. (Color online) Autostereoscopic image comparison of an
LCD with and without a PB.
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The predominant Fourier low-frequency terms are
Ry and R3; when Py = 0.756 mm. According to the
Fourier theory [7], the period of the moiré patterns,
which corresponds to Ry and Rj3, are 0.89 and
0.93mm respectively. The comparison of the LCD
with and without the PB is shown in Fig. 6. A white
image with weaker brightness is shown in Fig. 6. No
visible moiré patterns are observed on these images,
suggesting the images are in good quality.

The autostereoscopic images displayed in the LCD
with and without the PB are exhibited in Fig. 7. A
good image with validity of the PB parameter veri-
fied is shown in the left image of Fig. 7, while the
right image is the ghost image because there is no
PB. The comparison of these two images indicates
that the designed PB is valid.

4. Summary

We propose a parameter design of the PB based on
analyzing the color moiré pattern in an autostereo-
scopic display using the PB. Using this method,
different significant moiré patterns (namely, predo-
minant Fourier low-frequency terms) can be con-
firmed from the superposition of the equivalent
grating of the LCD and the special radial grating.
This proposed modeling method enables us to
analyze the moiré pattern quantitatively in detail.
P, = 7.5P/ cos(0) is considered the best choice for the
autostereoscopic display, and the appropriate slant
angle can be calculated by using Fourier theory.
The experimental results also show that a good auto-
stereoscopic image can be obtained using our model-
ing method, whereas the designed PB is considered
to be valid and available.

Furthermore, the color moiré pattern analysis is
also suitable for an autostereoscopic display that
uses a lenticular plate, which also provides only hor-
izontal parallaxes.
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