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ABSTRACT

The three-dimension (3D) to two-dimension (2D) convertibility of display hardware described in this paper is an
essential factor in the commercialization of a 3D display. The liquid crystal (LC), which is a suitable material with its
optical anisotropy and electric properties, is widely used for various 3D/2D convertible display techniques. There are
three kinds of autostreoscopic 3D/2D convertible techniques — the LC lenticular lens, the LC parallax barrier, and
integral imaging. The techniques are on their ways for continuing development and improvement. In this keynote paper
we summarize the principle and status of the techniques.
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1. INTRODUCTION

In recent years, the two-dimensional (2D) display technology has been rapidly developed and 2D display system is now
widespread among the general public. With this success of 2D flat panel display systems, people now became to expect
the emergence of other display systems like three-dimensional (3D) display systems, interactive display systems or other
functional display systems. Many researches are now on-going for the purpose, especially for 3D display systems.

For 3D display systems, especially, for 3D television systems, it is essential for them to have convertibility between
3D mode and 2D mode. There are several reasons why the convertibility is important. The most important reason is that
if a 3D television system is not convertible with a 2D television, it cannot penetrate into the current display market and
so, cannot be commercialized. Another reason is that, in general, if we want to display 3D images, we need to sacrifice
some quality of 2D images like image resolution. Hence observers should be provided with the option of switching
between 2D and 3D modes of display. The third reason is that there exist more 2D contents than 3D contents. Therefore
3D/2D convertibility is an essential for commercializing the 3D television systems or 3D cellular phones.

From the technical viewpoint for realization of a 3D/2D convertible display, the material for implementing 3D/2D
convertible display systems is expected to have the following properties: (1) The material should have some optical
anisotropy for 3D/2D conversion. (2) The material of the devices stacked or added for 3D/2D conversion functionality
should be transparent (low light loss) for visible light. (3) The material should be controlled electrically. For the above
requirements, liquid crystal (LC) is a useful material which can satisfy all of these properties. Regarding properties (1)
and (3), the LC is an appropriate birefringence material that can be controlled with bias voltage. As a result, most of the
3D/2D convertible techniques adopt an LD display (LCD) technology for their realization. In this paper, three kinds of
3D/2D convertible techniques using the LCD technique will be explained and summarized.

2. THE LC LENTICULAR LENS TECHNIQUE

LC lenticular lenses use the optical birefringence of the LC. Two kinds of LC lenticular lens methods are introduced in
this section. One method uses fixed-state LC lenses and the other changes the state of the LC.

2.1 The solid phase LC lenticular lens method

In the solid phase method developed by Ocuity Ltd., the state of the LC lenticular lens does not change and the different
polarization of light is chosen so that the light feels or does not feel the existence of the lens. The structure of the solid

* Correspondence: E-mail: byoungho@snu.ac.kr ; www: http://oegelab.snu.ac.kr ; Tel: +82-2-880-7245; Fax: +82-2-873-9953

Three-Dimensional TV, Video, and Display VI, edited by Bahram Javidi, Fumio Okano, Jung-Young Son,
Proc. of SPIE Vol. 6778, 677803, (2007) - 0277-786X/07/$18 - doi: 10.1117/12.741649

Proc. of SPIE Vol. 6778 677803-1



phase method and its principle in 2D and 3D modes are shown in Fig. 1"%. It is composed of a display panel, LC lenses,
a refractive medium, an electrical polarization switch, and a polarizer. The polarization switching is needed to change the
polarization. In the 3D mode, the horizontal polarized light component is used. It feels the refractive index of the LC lens,
which is higher than the refractive index of the outside medium. In this situation, light rays are refracted as shown in Fig.
1. The images are displayed by the principle of a lenticular 3D display. On the contrary, in the 2D mode, the vertical
polarization component of the backlight is selected. This makes the light through the lens feel the same refractive index
as that of the outside medium. Hence no refraction occurs. In this situation, the polarization of the output light is not
matched with the axis of the polarizer. The polarization rotator (polarization switch) rotates the polarization direction of

the light by 90 degrees.
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Fig. 1. The principle and structure of the solid phase LC lenticular lens

2.2 The LC active lenticular lens method

The LC active lenticular lens, developed by Philips, is an active device which can function as a lens or not’. The

principle uses the optical property of the LC of having different refractive indexes depending on its state. The structure

and principle of the LC active lenticular lens method is shown in Fig. 2. Each lenticular lens is filled with LC. Outside of
the lens, there is a replica which has the same refractive index as that of the LC when the bias voltage is applied. The

indium tin oxide (ITO) electrodes are positioned around it to provide the control voltage. In the 3D mode, no voltage is

applied to the electrode and there is an index difference between the LC and the replica. In this case, polarized light is

used that feels the extraordinary refractive index of the LC in the lens. As a result, the 3D image can be formed through

the LC active lenticular lens as shown in Fig. 2(a). In the 2D mode, with appropriate voltage, the index difference
between the LC and the replica is vanished and the LC active lenticular lens cannot perform any role of a lens. Therefore,
the observer can see the 2D images on the display panel without any distortion.
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Fig . 2. The principle and the structure of the LC active lenticular lens: (a) 3D mode and (b) 2D mode

In conventional 3D systems with parallax barriers or normal lenticular lenses, only the horizontal parallax is
provided to satisfy the binocular disparity of 3D images. As a result, only the horizontal resolution of the 3D display
system is decreased, whereas the vertical resolution remains unchanged. Moreover, the periodical structure of the
parallax barrier and normal lenticular lens is only in the horizontal direction. This structure results in a black stripe
pattern and color separation which comes from the sub-pixel structure of the display panel. The pattern and color
separation degrade the quality of the 3D image. The slanted lenticular lens technique, developed by Philips, is the most
advanced method which can mitigate some of the disadvantages of the current parallax barrier/normal lenticular lens

Proc. of SPIE Vol. 6778 677803-2



method by tilting the lenticular lens®”. The structure and principle of the slanted lenticular lens are shown in Fig. 3. With
the slanted structure of the lenticular lens, the 3D pixel is composed of R/G/B sub-pixels which are located in different
columns and rows as shown in Fig. 3(a). As a result, the resolution degradation in the 3D mode is divided into both
horizontal and vertical directions. Moreover, with the slanted structure, there is no black stripe, as shown in Fig. 3(b),
since the R/G/B sub-pixels are observed between the black matrices. Therefore, the quality of the 3D image can be
enhanced. Philips has adopted this technique and demonstrated a 42-inch 3D display system. It recently extended this
technique and demonstrated a 3D/2D convertible 42-inch display system °.
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Fig. 3. The principle of the slanted lenticular lens: (a) the structure and (b) the observed color sub-pixels

3. LC PARALLAX BARRIER TECHNIQUES
3.1 The LC parallax barrier method

The LC parallax barrier uses the basic principle of the parallax barrier method. The parallax barrier is one of the simplest
autostreoscopic methods, widely used for many applications. The parallax barrier is composed of black and white
patterns. The LC parallax barrier is realized by using a simple LCD panel which can display only white and black stripe
patterns. Since the white stripe is transparent in the LCD, the light can be transmitted through the white stripe. On the
other hand, the black stripe blocks the light and acts like an optical barrier which can be generated or eliminated by the
applied voltage. With this principle, 3D/2D convertible display systems have been developed that consist of LCD panels
and parallax LC barriers®®. The location of the LC barrier can be in front of or behind the LCD panel. The structure of
the LC parallax barrier system is shown in Fig. 4. Through the open windows, eyes at specific positions observe different
images displayed on interleaved different areas of pixels of the display panel. Hence the stereo images for these eyes are
displayed in the interleaved format.
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Fig. 4. The structure of an LC parallax barrier system (3-view example)
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The LC parallax barrier method has advantages in cost and productivity, but it also has disadvantages in display
quality when in 3D mode. As a result, this method is commonly used in mobile applications which require low cost and
medium 3D image qualities. For example, Sharp and Samsung SDI have introduced 3D/2D convertible cellular phones
based on the parallax barrier technique®™ ®. In this year Samsung Electronics introduced the 3D/2D convertible cellular
phone into the market adopting the Samsung SDI technique. Some developers of large sized displays are also adopting
this technique. The most advanced example is that of the LG Electronics/LG.Philips LCD system, 42-inches size with a
1920x1080 pixel panel’. The luminance for the 3D display is 450 cd/m® and is 200 cd/m* for 2D. The optimum
observation position for the 3D image is 4 m from the panel.

3.2 The time multiplexing method

The time multiplexing method is a type of application of the latest and most improved version of the LC parallax barrier.
It is composed of two phases as shown in Fig. 5.

Right eye Lefteye Right eye Lefteye

LC parallax
barrier

<> <> <> <>
Right image Left image Right image Left image

(a) (b)
Fig. 5. Two phases of the time multiplexing method: (a) mode 1 (b) mode 2

Figure 5(a) shows the same principle as the conventional LC parallax barrier. The left/right eye observes the
odd/even set of R/G/B pixels, respectively. Since only half of the total pixels are shown to each eye, the resolution of the
observed 3D image is decreased by a factor of 1/2. In Fig. 5(b), we show a configuration similar to Fig. 5(a) except the
black/white patterns have been exchanged. The left/right eye observes the opposite (even/odd) set of R/G/B pixels,
respectively. As a result, by switching the system with twice the driving speed of the conventional driving method
(mostly 60 Hz) between the two modes of Figs. 5(a) and (b) to induce the afterimage effect, each eye can observe all of
the pixels of the display panel. There is a method called the field sequential method which is similar to this technique
except that at each phase all light rays are directed to a single (left or right) eye only.

Samsung SDI and the Samsung Electronics are pursuing this technique® °. Samsung SDI is using an optically
compensated birefringence mode of LC barriers *,

4. PARTIAL 2D/3D DISPLAY TECHNIQUES

The time-multiplexing method using LC parallax barrier mentioned above has also proposed partial 2D/3D display
technique °. It is developed by Samsung Electronics. In its structure, it is possible to display 2D and 3D at the same time
only by image processing of display device behind the LC parallax barrier. For local 2D display, the same 2D images are
displayed in the region of both the left eye and the right eye. In the region for 3D, the left eye image and the right eye
image are processed and displayed in the corresponding regions. This enables to display the 2D/3D simultaneously,
which is important for commercialization of the 3D display in market.
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Another method has been proposed by NEC LCD Technology Ltd. They developed a novel pixel arrangement,
called horizontally double-density pixels (HDDP)'. In this structure, two pictures (one for the left and one for the right
eye) on two adjacent pixels form one square 3D pixel. This doubles the 3D resolution, making it as high as the 2D
display and shows 3D images anywhere in 2D images with the same resolution. The display is lenticular lens based, is
2.5 diagonal inches in size, and has a 320x2 (RL) x 480x3 (RGB) resolution. As a 3D display, the horizontal and vertical
resolutions are equal. The arrangement of the HDDP method is shown in Fig. 6.
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Fig. 6. The arrangement of the HDDP: right-eye pixel and left-eye pixel combine to form a square and a lenticular lens is over the
HDDP.

In conventional LCD, each pixel is a square and one pixel is assigned to the left eye and another to the right eye in a
two-view 3D display. Each set will form a rectangle in which the length in the horizontal direction is twice of that in the
vertical direction. The horizontal resolution is half of that of the vertical in 3D display. Further, when 2D characters are
displayed, this arrangement causes certain characters to be eliminated, causing the characters to be illegible. However, in
the HDDP method, the horizontal pixel density is twice of that in the vertical direction. Each set of pixels forms a square,
and horizontal resolution is equal to vertical resolution. In addition, 2D characters can be displayed with legibility
without the need for 2D/3D conversion structure. That is, left and right pixels can simply be made to display the same
content, in which case full proportioned characters will be perceived. With this method, both 3D and 2D images can be
displayed simultaneously in the same picture with no need of 2D/3D conversion. The configuration of the system is thin
and compact.

5. 3D/2D CONVERTIBLE INTEGRAL IMAGING
5.1 3D/2D convertible integral imaging with point light sources

In a common integral imaging system, the 3D image is formed from elemental images through a lens array''. However,
the lens array is a fixed device and is an obstacle for 3D/2D conversion. Therefore, various 3D/2D convertible methods
which do not use a lens array have been developed. In an integral imaging system, a lens array can be replaced with a
point light source array or pinhole array'*'*. The principle to display a 3D image, using a point light source array'® and
elemental images, is illustrated in Fig. 7'*. The lens array has better optical properties than the point light source array or
pinhole array. However, the point light source array is easier to generate/eliminate and is suitable for 3D/2D convertible
integral imaging.

The earliest 3D/2D convertible integral imaging method used a point light source array and a polymer-dispersed
liquid crystal (PDLC) as shown in Fig 8'2. The PDLC is a kind of active diffuser that can be both diffusive and
transparent according to the voltage application. In the PDLC, the liquid crystal droplets are randomly arranged in the
polymer. With no voltage applied, the directions of liquid crystal droplets do not have uniformity. The light through the
PDLC is scattered by those droplets. If voltage is applied, the liquid crystal droplets are arranged into a uniform direction
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and the PDLC becomes transparent. This method used a collimated light'>. A two-dimensional lens array is used to form
a point light source array in Fig. 8(b). If the PDLC plane, attached to the lens array, scatters light, then no point light
source array is formed. This case can be used for the 2D display mode. Therefore, electrical 3D/2D conversion is
possible by controlling the PDLC. The point light source array is formed by the lens array which has a transparent
structure and can provide high optical efficiency. However, to collimate the light rays, the thickness of the proposed
system should be more than 10 cm for a 1.8-inch screen size. Therefore, the system has use in only limited applications
and the system is not suitable for mobile devices.

Recently the improved methods of the point light source array method — using a light emitting diode array, using
pinholes on polarizer, and using a fiber array — have also been proposed'* '*. Figure 9 shows the experimental results of
the point light sources method using pinholes on polarizer. In 3D mode, ‘3’ and ‘D’ characters are integrated at different
depths. The different perspectives of the images are observed as the observation location is changed. In 2D mode, the 2D
images are displayed successfully with the resolution of 2D transmission type display panel as shown in Fig. 9.
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Fig. 7. The principle of the 3D display with a point light source array
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Fig. 8. The structure of point light source array method using PDLC

5.2 3D/2D convertible integral imaging with a lens array — a multilayer display system

Another method for a 2D/3D convertible integral imaging system has been proposed'®. Figure 10(a) shows the scheme of
the proposed system. The basic principle of the multilayer display system is preparing independent devices for the 2D
and the 3D modes. Since the LCD panel is a transmission type display which displays the image by controlling the
transmittance of the light, it is possible to stack multiple LCD panels and drive them independently.
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Fig. 9. The experimental results for the method of pinholes on polarizer

In the proposed structure, a display device 2 is added in front of the lens array in the conventional integral imaging
system as shown in Fig. 10(a). In the 3D mode, display device 2 is set to be transparent by displaying a white screen;
whereas, the elemental images are displayed on display device 1 and 3D images are formed through the lens array. In the
2D mode, on the other hand, display device 1 displays a white screen to become a light source for display device 2 and
the 2D image on the display device 2 is shown to the observer. Figure 10(b) shows the experimental setup. Two LCD
panels are used. Display device 1 is a commercially available LCD monitor, which is an emissive display whose
thickness is 60 mm. Display device 2 is the LCD panel, transparent type display, and the lens array is attached behind the
panel. The gap between the two display devices is 28 mm.
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Fig. 10. (a) The structure of the two-layer 3D/2D convertible integral imaging (b) experimental setup

Figure 11 shows an experimental result. A virtual shopping mall is implemented by using multilayer 3D/2D
convertible display system shown in Fig. 10(b). A 3D image is displayed in the center, and at the same time 2D images
are displayed on both sides of the display. The multilayer system is not only 3D/2D convertible, but also able to display
partial 3D/2D images simultaneously.
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Fig. 11. The experimental result: virtual shopping mall

Table 1. Status of 3D/2D convertible techniques with LC

LC lenticular lens LC parallax barrier Integral imaging
Research LG Electronics / Seoul National | Seoul National
Ocuity Ltd. Philips » Samsung SDI . o
Group LG.Philips LCD University University
) Solid phase Slanted LC Time o
Detail LC parallax Point light
. . LC lenticular | active lenticular . multiplexing Multilayer
classification barrier method source
method method method
Size 227 427 42” 227 1.8” 177
Purpose Mobile ™V TV Mobile Mobile Monitor

6. CONCLUSION

The 3D/2D convertibility described in this paper is an essential factor in the commercialization of a 3D display. The LC
is a suitable material with its optical anisotropy and electric properties. It is widely used for various 3D/2D convertible
techniques. There are three kinds of autostreoscopic 3D/2D convertible techniques — the LC parallax barrier, the LC
lenticular lens, and integral imaging. The first two have been commercialized. The third technique has been developed to
a certain level of technology and is close to commercialization. Each of these techniques has its own advantages and
disadvantages. The LC parallax barrier technique is easier to implement and so, has a merit in cost. However its
brightness is low. More power is needed in 3D mode to increase the luminance of the backlight. As the number of view
points is increased, the brightness falls in proportion. The LC lenticular method has a strong merit in brightness,
especially for multi-view system. However it is not easy to obtain large size uniform lenticular lenses. This method
shows the best 3D image quality among the three techniques. The integral imaging technique is good in brightness and
has the advantage of both horizontal and vertical parallaxes. However its 3D image is inferior to the other technologies,
and to fabricate a large size uniform 2D lens array is a challenging task. The status of the techniques is shown in Table 1.
It is important to adopt an appropriate technique for a specific application with consideration of the techniques’
characteristics. The first applications of 3D/2D convertible displays would be digital signage for advertisement and
cellular phones.
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