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We propose a computational reconstruction technique 
in large-depth integral imaging where the elemental 
images have information of three-dimensional objects 
through real and virtual image fields. In the proposed 
technique, we reconstruct full volume information from 
the elemental images through both real and virtual image 
fields. Here, we use uniform mappings of elemental 
images with the size of the lenslet regardless of the distance 
between the lenslet array and reconstruction image plane. 
To show the feasibility of the proposed reconstruction 
technique, we perform preliminary experiments and 
present experimental results. 
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I. Introduction 

Integral imaging, which is a three-dimensional (3-D) image 
display technique with full parallax and continuous viewing 
points, has been the subject of much research [1]-[12]. In the 
pickup part of integral imaging, the rays coming from 3-D 
objects are recorded as 2-D elemental images with a lenslet 
array (or pinhole array) and a 2-D image sensor. In the display 
part of II, the recorded 2-D elemental images are displayed in a 
display device, and rays coming from the elemental images are 
then gathered in space to form 3-D real images.  

Recently, studies have been reported for two kinds of integral 
imaging according to the gap distance between a lenslet array 
and a display panel; depth-priority integral imaging (DPII) and 
resolution-priority integral imaging (RPII) [13], [14]. DPII is 
obtained by setting the gap equal to the focal length of the 
lenslets. It provides 3-D images with low resolution and large 
depth through both real and virtual image fields. On the other 
hand, RPII is obtained when the gap distance is not equal to the 
focal length of the lenslets. It gives us 3-D images with high 
resolution and small depth.  

In II, computational reconstruction techniques can be used to 
overcome image quality degradation caused by optical devices 
and to have the freedom to generate the viewing angle of the 
reconstructed objects without optical devices [15]-[19]. In 
particular, Hong and others have reported on a computational 
reconstruction technique to obtain full 3-D volume information, 
which can be used for image processing applications such as 3-
D surface extraction, based on linear mapping according to ray 
optics [18]. Their technique is considered only in a real image 
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field because its elemental images have information of the real 
image field and are simply inverse mappings of elemental 
images with different perspectives at the different distances in 
RPII. Here, the size of mapping for each pixel in the elemental 
images is linearly proportional to the distance between lenslet 
array and the reconstruction image plane. However, the DPII 
system is different. In the DPII system [13], the elemental 
images are synthesized with information of 3D objects for both 
real and virtual fields. Therefore, the reconstruction should also 
be considered through both real and virtual image fields to 
extract full volume information.  

In this paper, we propose a computational reconstruction 
technique for use in DPII where the elemental images have 
information of 3-D objects through real and virtual image fields. 
In our technique, we reconstruct full volume information from the 
elemental images through both real and virtual image fields. Here, 
we use uniform mappings of elemental images with the size of 
the lenslet regardless of the distance between the lenslet array and 
reconstruction image plane. To show the feasibility of the 
proposed technique, we reconstructed 3-D reconstructed images 
plane by plane in both real and virtual image fields by using 
synthesized elemental images. Our method can give us full 3D 
volume information through both real and virtual image fields. 

II. Computational Reconstruction Technique in Integral 
Imaging by Use of both Real and Virtual Image 
Fields 

Figure 1 illustrates the DPII system. Here, we suppose that 
the system is diffraction-free for simplification. The distance 
between lenslet array and image sensor is g, and the focal 
length of the lenslet is f. We obtain DPII by use of real and 
virtual image fields when g=f. The rays from the pixels of a 
display panel become parallel through the lenslet array. The 
spot size of the integral point image in space is similar to lenslet 
size d regardless of distance L. The elemental images of 3-D 
objects to be displayed in a display panel are synthesized with 
the method in [13]. The pinhole array is used for synthesizing 
elemental images. Figure 2 shows the pickup of elemental  
 

 

Fig. 1. DPII system by use of both real and virtual image fields.
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Fig. 2. An example to obtain the synthesized elemental images in 
DPII. 
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Fig. 3. Computational reconstruction technique: (a) real image 
field and (b) virtual image field. 
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image through the k-th pinhole in DPII. Rays of the object 
located at the real image field are mapped inversely through the 
pinhole into the pickup plane. And those at the virtual image 
field are mapped directly into the pickup plane as shown in Fig. 2. 
To avoid interference between the neighboring elemental 
images, the pickup angle α=2tan-1(d/2f) should be satisfied. 

Figure 3 illustrates the proposed reconstruction technique in 
DPII by use of both real and virtual image fields. A display 
panel and a reconstruction image plane are located at –f and L 
from the display lenslet array, respectively. When L≥0, we can 
obtain the reconstructed image of 3-D objects in the real image 
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field, as shown in Fig. 3(a). The rays from each pixel in the 
display panel are parallel because a display panel is located at 
focal length f of the lenslet. Let us assume that Ek(x,y) is a pixel 
of k-th elemental images as shown in Fig. 3(a). And we 
consider a mapping procedure of Ek(x,y) to the reconstructed 
image plane. Then, the mapping position can be calculated by 
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where x and y are from -d/2 to d/2. At the mapping position, the 
mapping size of reconstructed image point from each pixel 
becomes 
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in the reconstructed image plane. From (1) and (2), all rays 
from elemental images are uniformly mapped at their mapping 
positions with beam size d into the reconstructed image plane 
regardless of distance L. On the other hand, a reconstruction 
image in the virtual image field is obtained when L<0, as 
shown in Fig. 3(b). Here, mappings of all rays from elemental 
images are performed behind the display lenslet array. By 
repeating the mappings of elemental images for the entire 
range of L, we can obtain full reconstruction information of 3-
D images throughout both real and virtual image fields.  

III. Experiments and Results 

To demonstrate the proposed reconstruction technique in 
DPII, we performed preliminary experiments. The 
experimental structure is shown in Fig. 4. We used a 3-D object 
composed of four 2-D character patterns, ‘I’, ‘T’, ‘R’ and ‘C’ 
whose size is 1020 × 750 pixels. The patterns are longitudinally 
located at +90 mm, +30 mm, -3 mm, and -45 mm from the 
origin of the lenslet array, respectively. The lenslet array has 34 
× 25 lenslets whose sizes are 1 mm. Each lenslet is 30 × 30 
pixels. Focal length f of the lenslets is 3 mm. The elemental 
images were synthesized as shown in Fig. 2. Figure 5 shows 
the synthesized elemental images used in the experiment.  
 

 

Fig. 4. Experimental structure. 
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Fig. 5. The elemental images used in the experiment.  
 

 

Fig. 6. Eight reconstructed images, where L = (a) +90 mm, (b) 
+45 mm, (c) +30 mm, (d) 0 mm, (e) –3 mm, (f) –30 mm, 
(g) –45 mm, and (h) –90 mm. 
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The reconstruction was performed by use of synthesized 
elemental images. Each pixel from the elemental images was 
uniformly mapped with a beam size of 3 mm into the 
reconstructed image plane. The entire reconstruction image was 
obtained by repeating all the pixels of the elemental images. 
Figure 6 shows the computationally reconstructed images at 
various display planes using the proposed reconstruction 
technique. The size of each reconstructed image is 1000 × 1000 
pixels. Eight reconstructed images at distances of L = +90, +45, 
+30, 0, -3, -30, -45, and -90 mm are shown in Figs. 6(a) through 
6(h), respectively. We can see clear images at L = +90, +45, -3, 
and -45 mm, which are the image display planes of the patterns. 
However, we can see blurred images at other distances. Even 
though the computational conditions are not perfect, we believe 
that our experiment was successfully demonstrated. 

IV. Discussion and Conclusion 

Although DPII provides a wide depth presentation of 3-D 
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images, there is a problem of reconstructing a low resolution 3-D 
image. In DPII, the resolution of 3-D images largely depends 
on the number of lenslets in the display lenslet array. Therefore, 
a high resolution 3-D image requires the number of lenslets to 
be as large as possible. In real implementation, however, this is 
not easy due to the limitations of devices such as the display 
panel and lenslet array. We should consider this tradeoff in a 
system design. 

Until now, elemental images in DPII have been synthesized 
using only a computer. This is the reason why it is not easy 
work to pickup strong intensity distribution of 3-D objects in a 
Fourier-transform plane of lenslets in an optically direct pickup. 
Even though there is no method of direct pickup at present, 
DPII with a wide depth range can be used in other 3-D display 
applications such as a 3-D animation display without the use of 
optical devices. We believe that the direct pickup in DPII will 
be the focus of our future work.  

In conclusion, we have proposed a computational 
reconstruction technique in DPII by use of both real and virtual 
image fields. We performed experiments with 3-D objects to 
show the feasibility of the proposed reconstruction technique. 
Our full 3-D reconstruction information throughout real and 
virtual image fields can be used for image processing 
applications. 

References 

[1] G. Lippmann, “La Photographie Integrale,” Comptes-Rendus 
Academie des Sciences, vol. 146, 1908, pp. 446-451. 

[2] H.E. Ives, “Optical Properties of a Lippmann Lenticulated Sheet,” 
J. Opt. Soc. Am., vol. 21, 1931, pp. 171-176. 

[3] N. Davies, M. McCormick, and M. Brewin, “Design and Analysis 
of an Image Transfer System Using Microlens Arrays,” Opt. Eng., 
vol. 33, 1994, pp. 3624-3633. 

[4] F. Okano, H. Hoshino, J. Arai, and I. Yuyama, “Real-Time Pickup 
Method for a Three-Dimensional Image Based on Integral 
Photography,” Appl. Opt., vol. 36, 1997, pp. 1598-1603. 

[5] J.-S. Jang and B. Javidi, “Improved Viewing Resolution of Three-
Dimensional Integral Imaging with Nonstationary Micro-Optics,” 
Opt. Lett., vol. 27, 2002, pp. 324-326. 

[6] S.-W. Min, B. Javidi, and B. Lee, “Enhanced Three-Dimensional 
Integral Imaging System by Use of Double Display Devices,” 
Appl. Opt., vol. 42, 2003, pp. 4186-4195. 

[7] L. Erdmann and K.J. Gabriel, “High-Resolution Digital Integral 
Photography by Use of a Scanning Microlens Array,” Appl. Opt., 
vol. 40, 2001, pp. 5592. 

[8] H. Liao, M. Iwahara, N. Hata, and T. Dohi, “High-Quality Integral 
Videography Using a Multiprojector,” Opt. Exp., vol. 12, 2004, pp. 
1067-1076. 

[9] D.-H. Shin, M. Cho, and E.-S. Kim, “Computational 

Implementation of Asymmetric Integral Imaging by Use of Two 
Crossed Lenticular Sheets,” ETRI J., vol. 27, 2005, pp. 289-293. 

[10] M. Martinez-Corral, B. Javidi, R. Martines Cuenca, and G. 
Saavedra, “Integral Imaging with Improved Depth of Field by 
Use of Amplitude Modulated Microlens Array,” Appl. Opt., vol. 
43, 2004, pp. 5806-5813. 

[11] H. Liao, M. Iwahara, Y. Katayama, N. Hata, and T. Dohi, “Three-
Dimensional Display with a Long Viewing Distance by Use of 
Integral Photography,” Opt. Lett., vol. 30, 2005, pp. 613-615. 

[12] M. Hain, W. Spiegel, M. Schmiedchen, T. Tschudi, and B. Javidi, 
“3D Integral Imaging Using Diffractive Fresnel Lens Arrays,” 
Opt. Exp., vol. 13, 2005, pp. 315-326. 

[13] J.-S. Jang, F. Jin, and B. Javidi, “Three-Dimensional Integral 
Imaging with Large Depth of Focus Using Real and Virtual 
Image Fields,” Opt. Lett., vol. 28, 2003, pp. 1421-1423. 

[14] F. Jin, J.-S. Jang, and B. Javidi, “Effects of Device Resolution on 
Three-Dimensional Integral Imaging,” Opt. Lett., vol. 29, 2004, 
pp. 1345-1347. 

[15] H. Arimoto and B. Javidi, “Integral Three-Dimensional Imaging 
with Digital Reconstruction,” Opt. Lett., vol. 26, 2001, pp. 157-
159. 

[16] M. Martinez-Corral, B. Javidi, R. Martines Cuenca, and G. 
Saavedra, “Multifacet Structure of Observed Reconstructed 
Integral Images,” J. Opt. Soc. Am. A, vol. 22, 2005, pp. 597-603. 

[17] Y. Frauel and B. Javidi, “Digital Three-Dimensional Image 
Correlation by Use of Computer-Reconstructed Integral 
Imaging,” Appl. Opt., vol. 41, 2002, pp. 5488-5496. 

[18] S. Hong, J.-S. Jang, and B. Javidi, “Three-Dimensional 
Volumetric Object Reconstruction Using Computational Integral 
Imaging,” Opt. Exp., vol. 12, 2004, pp. 483-491. 

[19] T. Naemura, T. Yoshida, and H. Harashima, “3-D Computer 
Graphics Based on Integral Photography,” Opt. Expr., vol. 8, 
2001, pp. 255-262. 

 
 
 
 
 
 
 

Dong-Hak Shin received the BS, MS and PhD 
degrees in telecommunication and information 
engineering from Pukyong National University, 
Busan, Korea, in 1996, 1998 and 2001. From 
2001 to 2004 he was a Senior Researcher with 
TS-photon established by Toyohashi University 
of Technology, Japan. He is currently a 

Research Professor in the 3D Display Research Center (3DRC-ITRC), 
Kwangwoon University, Korea. His research interests include 3D 
displays, optical information processing and optical data storage. 



712   Dong-Hak Shin et al. ETRI Journal, Volume 27, Number 6, December 2005 

Myungjin Cho received the BS and MS 
degrees in telecommunication and information 
engineering from Pukyong National University, 
Busan, Korea, in 2003 and 2005. Currently he is 
an engineer with the R&D Laboratory, Digital 
Media Part of Samsung Electronics Co., Ltd., 
Kyonggido, Korea. 

 
Kyu-Chil Park received the BS and MS 
degrees from Pukyoung National University, 
Busan, Korea, in 1993 and 1995, and the PhD 
degree in the Division of Science and 
Technology for Intelligence, Graduate School of 
Natural Science and Technology, Okayama 
University, Okayama, Japan in 2000. He is 

currently an Assistant Professor in the Division of Electronic, 
Computer and Telecommunication Engineering, Pukyong National 
University. He was a Research Fellow in the Department of Electronics 
and Information Systems, Akita Prefectural University, Honjo, Japan, 
from April 2000 to February 2002. His research interests include digital 
signal processing, numerical analysis, and optimization and inverse 
problems in engineering. 
 

Eun-Soo Kim received the BS degree from 
Yonsei University, Seoul, Korea, in 1978 and 
the MS and PhD degrees in electronic 
engineering from the graduate school of Yonsei 
University in 1980 and 1984. In 1981, he joined 
the faculty of Kwangwoon University, where he 
is presently a Professor in the Department of 

Electronic Engineering. He was a Visiting Research Associate at the 
California Institute of Technology, Pasadena, from February 1987 to 
August 1988. He is now the Director of the 3D Display Research 
Center (3DRC-ITRC) and the Head Professor of the National 
Research Lab of 3D Media. He has also been the Acting President of 
the Society for 3D Broadcasting & Imaging since 2000. His research 
interests include 3D imaging and display systems, 3DTV, holographic 
and stereoscopic image processing, and 3D camera systems. 
 
 
 
 


