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Abstract 

An integral imaging system can be utilized for many three-

dimensional (3D) imaging applications. However, improvement in 

display performance, such as resolution and viewing angle, is 

generally difficult because a large amount of image information is 

required. Therefore, we propose an integral imaging system using a 

locally controllable point light source array. In this system, point 

light sources with the desired light distribution angle, light direction, 

and light-diffusing states are generated as a local backlight through 

the projection of a predetermined image pattern. An integral 3D 

image with an enhanced viewing angle can be reproduced by 

controlling the light distribution of each point light source in time 

division and displaying the corresponding elemental images on a 

liquid-crystal display (LCD). Moreover, a high-resolution two-

dimensional (2D) image can be reproduced on the entire or partial 

region of the display screen by generating diffused light in 

predetermined areas. In this study, a prototype display system was 

developed and experimentally evaluated to demonstrate the 

enhancement of the horizontal viewing angle from 14.2˚ to 28.0˚. 

Furthermore, we confirmed the possibility of partially switching 

between 3D and 2D images. 

Introduction 
Integral imaging is an autostereoscopic method based on 

“integral photography,” which was invented by Lippmann in 1908 

[1]. This method has a wide variety of three-dimensional (3D) 

imaging applications, such as 3D television, because it can 

reproduce 3D images with smooth motion parallaxes in both 

horizontal and vertical directions without special glasses. Several 

studies investigated the techniques for displaying and capturing 3D 

images [2, 3]. 

In a typical integral imaging system, a lens array comprising 

many small lenses is placed in front of a display device. A 3D image 

can be reproduced by displaying the corresponding elemental 

images on the display device. However, it is difficult to enhance the 

image quality using a single display device. A large amount of 

image information is required to improve the display performance, 

such as resolution, viewing angle, and depth range. Presently, 

methods for enhancing image quality, such as using multiple display 

devices [4, 5] or controlling the added mask layer in time division 

[6, 7], are reported in many studies. However, the display system 

becomes too large or complex, which is a common limitation of 

these methods. 

An integral imaging system using a point light source array was 

reported as a potential method to resolve this problem [8-15]. In this 

method, a point light source array was placed at the back of a liquid-

crystal display (LCD) as a backlight. The advantage of this method 

is that techniques, such as the time division display or 3D/2D 

switching display, can be easily implemented to enhance the display 

performance because the display characteristics can be changed 

depending on the state of the backlight. For example, several 

methods are reported involving switching of light distribution and 

lighting position of point light sources to enhance the resolution or 

viewing angle [8, 9]. Moreover, several methods have also been 

reported involving the implementation of a polymer dispersed liquid 

crystal or diffusion plate in the display system to generate diffused 

light for switching between 3D and two-dimensional (2D) images 

[10, 11]. However, in these approaches, the light distribution of 

point light sources is fundamentally static and the dynamic 

enhancement of the display characteristics is limited. Furthermore, 

the light-diffusing state of the backlight is switchable only over the 

entire region of the display screen; thus, the partial reproduction of 

a 2D image is difficult. If the light distribution and light-diffusing 

states of point light sources can be locally controlled, the display 

performance can be enhanced more flexibly. 

Therefore, in this study, we propose an integral imaging system 

using a locally controllable point light source array. In the proposed 

method, point light sources with the desired light distribution angle, 

light direction, and light-diffusing states are generated as a local 

backlight through the projection of a predetermined image pattern. 

The viewing angle characteristics of an integral 3D image can then 

be enhanced by switching the light distribution of each point light 

source in time division and displaying the corresponding elemental 

images on an LCD. Additionally, switching between 3D and 2D 

images on a partial region of the display screen becomes possible by 

locally controlling the light-diffusing state. The principle of the 

proposed method and the experimental results with a prototype 

display system are presented. 

Integral Imaging System using Point Light 
Source Array 

This section discusses the basic principle of an integral imaging 

system using a point light source array. The display system 

configuration is shown in Fig. 1. A point light source array is 

composed of point light sources with minute light emission area, 

placed towards the back of an LCD as the backlight. When 

elemental images are displayed on the LCD, light rays emitted from 

 

Figure 1. Principle of integral imaging system using point light source 
array. 
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each point light source are incident on a different pixel in the LCD, 

and the luminance of each light ray is modulated. The light rays form 

optical images, and an integral 3D image is reproduced. 

We examined the resolution characteristics of a 3D image. In 

this system, as shown in Fig. 1, discrete light rays, which are 

sampled by each point light source, reach the observer. Given that 

these light rays eventually form the individual pixels that constitute 

the 3D image, the resolution of the imaging system is equal to the 

number of point light sources. The maximum spatial frequency of 

the 3D image max is given as follows: 

p

L

2
max   (1) 

where L is the viewing distance and p is the pitch between the point 

light sources. This equation shows that a higher density of point light 

sources leads to, higher resolution characteristics.  

 We then considered the viewing characteristics of a 3D image. 

The viewing angle of a 3D image is determined from the 

arrangement and distribution angle  of the point light sources. The 

viewing angle  is given as follows: 
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where g is the distance between the point light source array and the 

LCD. When the light distribution angle  is small, the viewing angle 

 becomes smaller and is equal to . Conversely, when  is larger 

than , the light rays emitted from the point light sources are incident 

on the neighboring elemental images, and crosstalk occurs. 

Therefore, a display system design where  is equal to  is desirable. 

This is the basic principle of an integral imaging system using a 

point light source array. 

Proposed Method 
Figures 2 and 3 show the concept of the proposed method. 

Figure 2 shows a display system comprising a projector, collimator 

lens, light-diffusing patterned glass, lens array, and LCD. The light-

diffusing patterned glass is an optical glass with light-transparent 

areas that correspond to the central region of the elemental lenses, 

and the light-diffusing areas correspond to the peripheral part of the 

elemental lenses. In the proposed method, the light distribution 

angle and light direction of point light sources can be locally 

controlled, which correspond to the projection of a predetermined 

image pattern from the projector. Additionally, light-diffusing states 

of the backlight can be partially switched. For example, in case A of 

Fig. 3, when an image pattern that illuminates the central part of an 

elemental lens is projected, collimated light rays pass through a 

light-transparent area of the light-diffusing patterned glass, and a 

point light source is generated at focal length f of the elemental lens. 

In case B of Fig. 3, when the illuminated area is reduced, the light 

distribution angle of the point light source becomes smaller. 

Furthermore, as shown in case C of Fig. 3, when the upper portion 

of the elemental lens is illuminated, the light direction is directed 

downwards. By using these point light sources as a backlight and 

displaying the corresponding elemental images on the LCD, an 

integral 3D image with the desired viewing angle characteristics can 

be reproduced. On the other hand, as shown in case D of Fig. 3, 

when an image pattern illuminates the peripheral part of the 

elemental lens, collimated light rays illuminate the light-diffusing 

areas of the light-diffusing pattern, and diffused light is generated. 

By using this diffused light as backlight, a 2D image can be 

displayed. 

Figure 4 shows an example of enhancing the horizontal 

viewing angle by twofold using time division. Figure 4(a) shows the 

projection pattern when the time division display is not used. The 

same number of point light sources as elemental lenses is generated. 

Light rays emitted from each point light source illuminate the LCD 

without non-irradiation areas. Figure 4(b) shows the projection 

pattern when using the time division display. In the first frame, as 

shown in the upper image of Fig. 4(b), an image pattern consisting 

of multiple rectangles illuminates every other elemental lens to 

generate point light sources with horizontal viewing angles 

enhanced by twofold. The resolution of the 3D image expressed in 

Eq. (1) is decreased by half because the pitch between the point light 

sources p is doubled. On the contrary, the viewing angle of the 3D 

image , as expressed in Eq. (2), is doubled because the distribution 

angle  is also doubled. In the next frame, as shown in the lower 

image of Fig. 4(b), the other point light sources are generated. By 

switching between these frames at high speed while synchronously 

displaying the corresponding elemental images on the LCD, the 

horizontal viewing angle of the 3D image can be enhanced by 

twofold, while the resolution is maintained by the afterimage effect. 

Similarly, the vertical viewing angle can be enhanced and the 3D 
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images with different viewing angle characteristics corresponding 

to the subdivided display areas can be displayed. The light-diffusing 

patterned glass is excluded in this example. 

Figure 5 shows examples of reproducing a 2D image. Figure 

5(a) represents the projection pattern to generate diffused light over 

the entire display area. A 2D image can be reproduced on the LCD 

using this diffused light as a backlight. Figure 5(b) shows the 

projection pattern to generate diffused light in the upper left portion 

of the display area and to generate point light sources in the other 

area. The 3D and 2D images can be reproduced partially by 

displaying the 2D images and elemental images on the LCD, 

respectively. Thus, the proposed method can reproduce 2D images 

on the entire or partial region of the display screen. 

Prototype Display System 
We developed a prototype display system to confirm the effect 

of the proposed method experimentally. The appearance and 

specifications of the prototype system are shown in Fig. 6 and Table 

1, respectively. We used a twisted nematic LCD with a VGA 

resolution and a projector with a 4K resolution. Image signals were 

inputted from the video card mounted on a desktop computer. 

In the proposed method, the accurate positional alignment 

between the projector, lens array, and LCD is extremely important. 

However, in practice, positional errors of the displayed images 

occur due to installation errors, projection distortions, and other 

factors. Therefore, we utilized our technology that was previously 

developed to accurately reverse-correct the distortion of the 

projected image using 3D markers [16]. Using this method, the 

geometrical correction parameters were calculated. The displayed 

image of the projector and LCD were aligned to the lens array at the 

subpixel level. 

In the 3D/2D switching display experiment, we used a light-

diffusing patterned glass with the structure shown in Fig. 7. The 

light-transparent areas and light-diffusion areas were patterned 

corresponding to the arrangement of the lens array. The size of the 

light-transparent area was set to 0.4 mm, while the pitch between 

elemental lenses was set to 1.2 mm. 

Table 1. Specification of the prototype display system. 

LCD 

Resolution 640 × 480 

Pixel pitch 117 μm 

Frame rate 60 Hz 

Molecular 

alignment 
Twisted nematic 

Projector Resolution 
3840 × 2160 using 

wobbling technology 

Collimator lens Focal length 670 mm 

Lens array 

Pitch 1.2 mm (square lens) 

Focal length 2.4 mm 

3D image 

Resolution 50 × 40 

Viewing angle 

Default: 

  14.2˚ (H) × 14.2˚ (V) 

Time division mode: 

  28.0˚ (H) × 14.2˚ (V) 

3D/2D switching mode: 

  9.5˚ (H) × 9.5˚ (V) 

 

 

Figure 7. Structure of the light-diffusing patterned glass (partially enlarged). 

 

 
Figure 6. Prototype display system. 
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Figure 4. Examples of projection pattern to reproduce 3D image: (a) 
without time division, (b) with time division to enhance the horizontal 
viewing angle by twofold. 
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Figure 5. Examples of projection pattern to reproduce 2D image on: (a) 

entire display screen, (b) partial region of the display screen. 
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Experimental Results 

Viewing Angle Enhancement by Time Division 
Display 

We enhanced the horizontal viewing angle using the same 

method as that shown in Fig. 4. The reproduced integral 3D images 

are shown in Fig. 8. The result before and after the enhancement is 

shown in Fig. 8(a) and Fig. 8(b), respectively. The depth positions 

of the dragon and checkered pattern were 30 mm foreground and 30 

mm background from the point light source array, respectively. 

When observing the change of the positional relation between the 

head of the dragon identified by a red circle and the portion of the 

checkered patterned identified with a red square, motion parallax is 

confirmed to be larger after the enhancement. The horizontal 

viewing angles before and after the enhancement were 14.2˚ and 

28.0˚, respectively. We confirmed that the viewing angle of a 3D 

image can be enhanced by approximately twofold with the proposed 

method. The resolution of the 3D image was low because an LCD 

with low resolution (VGA resolution) was used. 

3D/2D Switching Display 
We switched between 3D and 2D images based on the method 

as shown in Fig. 5. A single light-diffusing patterned glass was 

placed in the front and back of the lens array to increase the degree 

of diffusion. Figure 9 shows reproduced images based on this optical 

arrangement. Figures 9(a) and 9(b) show the results of displaying a 

3D and 2D image, respectively. Figure 9(c) shows the result of 

displaying the dragon as a 3D image and the woman as a 2D image. 

Thus, we confirmed the possibility of switching between 3D and 2D 

images in a flexible manner using the proposed method. One of the 

issues encountered with the prototype display system is the 

occurrence of uneven granular luminance because of the non-

uniform distribution characteristics of the generated diffused light. 

We will improve the display quality by optimizing the distribution 

characteristics, structure, and arrangement of the light-diffusing 

patterned glass in future studies. 

Conclusion 
We proposed an integral imaging system using a point light 

source array where the light distribution and light-diffusing states 

can be locally controlled. Using the proposed method, the display 

performance can be flexibly enhanced by utilizing a point light 

source array as a backlight. The prototype display system developed 

in this study confirmed the possibility of enhancing the viewing 

angle characteristics using the time division display. Moreover, we 

confirmed that partial switching between 3D and 2D images could 

be effectively achieved using the proposed method. We will 

continue to develop this integral imaging system and improve on the 

high display performance and thin structure, while also enhancing 

the display method and prototyping a point light source array 

composed of small self-emitting display devices. 

References 
[1] G. Lippmann, "Epreuves reversibles. photographies integrals," 

Comptes-Rendus Academie des Sciences, 146, pp. 446-451, 1908. 

[2] J. Park, et al. "Recent progress in three-dimensional information 

processing based on integral imaging," Appl. Opt., vol. 48, no. 34, pp. 

H77-H94, 2009. 

[3] X. Xiao, et al. "Advances in three-dimensional integral imaging: 

sensing, display, and applications," Appl. Opt., vol. 52, no. 4, pp. 

546-560, 2013. 

[4] N. Okaichi, et al. "Integral 3D display using multiple LCD panels and 

multi-image combining optical system," Opt. Exp., vol. 25, no. 3, pp. 

2805-2817, 2017. 

[5] Y. Kim, et al. "Depth-enhanced three-dimensional integral imaging 

by use of multilayered display devices," Appl. Opt., vol. 45, no. 18, 

pp. 4334-4343, 2006. 

[6] B. Lee, et al. "Viewing-angle-enhanced integral imaging by lens 

switching," Opt. Lett., vol. 27, no. 10, pp. 818-820, 2002. 

[7] Y. Oh, et al. "Resolution-enhanced integral imaging in focal mode 

with a time-multiplexed electrical mask array," Opt. Exp., vol. 22, no. 

15, pp. 17620-17629, 2014. 

[8] J. Park, et al. "Viewing Angle Enhancement of Three-

Dimension/Two-Dimension Convertible Integral Imaging Display 

Using Double Collimated or Noncollimated Illumination," Jpn. J. 

Appl. Phys., vol. 44, no. 31, pp. L991-L994, 2005. 

[9] Y. Kim, et al. “Point light source integral imaging with improved 

resolution and viewing angle by the use of electrically movable 

pinhole array,” Opt. Exp., vol. 15, no. 26, pp. 18253-18267, 2007. 

[10] J. Park, et al. "Depth-enhanced three-dimensional-two-dimensional 

convertible display based on modified integral imaging," Opt. Lett., 

vol. 29, no. 23, pp. 2734-2736, 2004. 

 
Figure 8. Viewing angle enhanced integral 3D image by time division 
display: (a) before enhancement, (b) after enhancement. 

 
Figure 9. Reproduced images by 3D/2D switching display: (a) 3D image, 
(b) 2D image, (c) 3D and 2D images on partial regions. 

14.2° 

Checkered pattern: 
30-mm background 

Dragon: 
30-mm foreground 

Left view Right view 
28.0° 

(a) 

Left view Right view 
(b) 

2D 

3D 

(c) 

(a) (b) 

247-4
IS&T International Symposium on Electronic Imaging 2018

Stereoscopic Displays and Applications XXIX



 

[11] S. Cho, et al. "Convertible two-dimensional-three-dimensional 

display using an LED array based on modified integral imaging," Opt. 

Lett., vol. 31, no. 19, pp. 2852-2854, 2006. 

[12] H. Choi, et al. "A thin 3D-2D convertible integral imaging system 

using a pinhole array on a polarizer," Opt. Exp., vol. 14, no. 12, pp. 

5183-5190, 2006. 

[13] B. Song and S. Min, "2D/3D Convertible Integral Imaging Display 

Using Point Light Source Array Instrumented by Polarization 

Selective Scattering Film," JOSK, vol. 17, no. 2, pp. 162-167, 2013. 

[14] Z. Wang, et al. "High Optical Efficiency Lensless 2D-3D Convertible 

Integral Imaging Display Using an Edge-Lit Light Guide Plate," J. 

Display Technol., vol. 12, no. 12, pp. 1706-1709, 2016. 

[15] Y. Kim, et al. "Thin-type integral imaging method with an organic 

light emitting diode panel," Appl. Opt., vol. 47, no. 27, pp. 4927- 

4934, 2008. 

[16] H. Watanabe, et al. "Projection-type Integral 3D Display with Highly 

Accurate Method for Auto-compensating Elemental Image," Proc. 

IDW, pp. 1659-1660, 2016. 

Author Biography 
Hayato Watanabe received his B.S. and M.S. degrees in information and 

computer science from Keio University, Kanagawa, Japan, in 2010 and 

2012. In 2012, he joined the Japan Broadcasting Corporation (NHK), 

Tokyo. Since 2015, he has been engaged in research on three-dimensional 

imaging systems in the NHK Science & Technology Research Laboratories. 

Masahiro Kawakita received his B.S. and M.S. degrees in physics from 

Kyushu University, Fukuoka, Japan, in 1988 and 1990 and Ph.D. degree in 

electronic engineering from University of Tokyo, Tokyo, Japan, in 2005. In 

1990, he joined the Japan Broadcasting Corporation (NHK), Tokyo. Since 

1993, he has been in the NHK Science & Technology Research 

Laboratories, where he has been researching applications of liquid crystal 

devices and optically addressed spatial modulators, three-dimensional TV 

cameras, and display systems. 

Naoto Okaichi received his B.S. degree in physics from the Tokyo Institute 

of Technology and his M.S. degree in Complexity Science and Engineering 

from University of Tokyo, Tokyo, Japan, in 2006 and 2008. In 2008, he 

joined the Japan Broadcasting Corporation (NHK), Tokyo. Since 2012, he 

has been in the NHK Science & Technology Research Laboratories, where 

he has been engaged in research on three-dimensional display systems. 

Hisayuki Sasaki received his B.S. degree in engineering systems and M.S. 

degree in engineering mechanics from University of Tsukuba, Ibaraki, 

Japan, in 1999 and 2001. He joined the Japan Broadcasting Corporation 

(NHK) in 2001. Since 2006, he has been engaged in research on three-

dimensional (3D) television systems at the NHK Science & Technology 

Research Laboratories. He has been seconded to National Institute of 

Information and Communications Technology (NICT) as research expert 

from 2012 to 2016. 

Tomoyuki Mishina received his B.E. and M.E. degrees in electrical 

engineering from the Tokyo University of Science, Tokyo, Japan, in 1987 

and 1989 and his Ph.D. degree in engineering from the Tokyo Institute of 

Technology, Tokyo, Japan, in 2007. He joined the Japan Broadcasting 

Corporation (NHK), Tokyo, in 1989. Since 1992, he has been engaged in 

research on a three-dimensional imaging system in the NHK Science & 

Technology Research Laboratories. 

IS&T International Symposium on Electronic Imaging 2018
Stereoscopic Displays and Applications XXIX

247-5


