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Abstract 
A novel concept of compressive light field display is proposed by 
employing a liquid crystal (LC) panel, a projector and a scattering 
polarizer. Scattering polarizer has characteristics of both 
transmitting and diffusing in accordance with the polarization state. 
The polarizing state of output images from LC panel and beam 
projector is adjusted so that the image from the LC panel is 
transmitted and the image from the beam projector is diffused by 
scattering polarizer. Two images originated from both LC panel and 
projector are observed at different depth positions, simultaneously. 
Conventional compressive light filed displays have limits to employ 
high resolution display panels due to diffraction from pixelated 
structure of LC panels. In the proposed system, drawbacks in 
conventional system can be mitigated by adopting the scattering 
polarizer with a projector. Since the scattering polarizer does not 
have pixel structure, it is possible to combine the high resolution LC 
panel in the system. Each view image is optimized to target image 
using simultaneous algebraic reconstruction algorithm. Feasibility 
of the proposed system is verified with the simulation and the 
experiment. 

1. Introduction  
Parallax barrier type autostereoscopic 3D display consists of a 
conventional display panel and a parallax barrier which is placed in 
front of the display panel [1]. The barrier is made up of periodic slits, 
allowing different pixels on display to create different viewpoint 
images [2]. However, because not all pixels but only specific pixels 
generate each viewpoint images, the brightness is inversely 
proportional to the number of pixels involved in the viewpoint 
image [3]. To mitigate the brightness loss, lenticular lens array can 
replace the parallax barrier. Parallax barrier blocks light field going 
towards the barrier, but lenticular lens can pass all of the light field, 
so the brightness can be improved. However, both the parallax 
barrier and the lenticular lens commonly have a problem which is 
decrease of spatial resolution [4]. Since both methods provide more 
than one viewpoint image through a limited number of pixels, the 
number of pixels used to generate the viewpoint image is reduced in 
proportion to the number of viewpoint images [5]. 

To provide a number of viewpoint images with high spatial 
resolution, a novel concept of autostereoscopic 3D display called 
compressive light field display has been proposed [6]. The system 
is an advanced system of parallax barrier type 3D display. 
Compressive light field display is made up of a display panel and 
another display panel instead of a parallax barrier. Light rays from 
layered display panels are modulated by two different display panels, 
so different pixels are involved in each viewpoint images. Thus, 
compressive light field display generates each viewpoint image 
using all of pixels on display panels. Layer images are produced by 
using optimization algorithm such as nonnegative matrix factoriza-
tion (NMF) [7] and simultaneous algebraic reconstruction algorithm 
(SART) [8]. Optimization process is performed to provide minimum 
error between target viewpoint images and generated viewpoint 

images from layered display panels. In spite of the optimization 
process, as the number of viewpoint images increases, the error 
increases accordingly. To decrease the error, the system should use 
high resolution display panels. However, when the high resolution 
display panel is stacked, their narrow pixel structure causes 
diffraction, and the diffraction degrades the quality of the viewpoint 
images [9]. Thus, the conventional compressive light field display 
is not suited to generate high quality viewpoint images by using high 
resolution display panel. 

In this paper, a novel concept of compressive light field display 
by using scattering polarizer is proposed. The system is composed 
of a liquid crystal (LC) panel, a beam projector and a scattering 
polarizer. The scattering polarizer has characteristics of both 
transmitting and diffusing in accordance with polarization state. The 
polarizing state of output images from LC panel and beam projector 
is adjusted so that the image from the LC panel is transmitted and 
the image from the beam projector is diffused by scattering polarizer. 
The LC panel placed in rear plane has a pixel structure, but the 
scattering polarizer place in front layer does not have a pixel 
structure, which can reduce the error caused by diffraction. To 
obtain each layer image, simultaneous algebraic reconstruction 
algorithm is used for optimization. Simulation and experimental 
results show proper parallax. The color compensation was 
conducted to mitigate the color discrepancy between the LC panel 
and the projector. 

2. Principle 
2.1 Diffraction limit of conventional compressive 
light field display 
The conventional compressive light field display consists of two 
display panels. When the system uses high resolution panels to 
generate high quality viewpoint images, the pixel size is too narrow 
to neglect diffraction on pixels. Figure 1 shows error terms caused 
by diffraction on the second layer panel. 

 

 
Figure 1. The principle of generating error terms caused by diffraction. The 
target rays are represented by solid line, and the error term is represented by 
dotted line. 

To provide center view image and side view image, only the 
target rays which are represented by dark blue and green solid line 
should be generated. However, as shown in the figure above, 
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diffraction terms represented by dotted line are generated because 
of pixels, and these rays decrease the image quality. 

Simulation results with and without considering diffraction are 
presented in Fig. 2. The target image, reconstruction image without 
considering diffraction, and reconstruction image with considering 
diffraction is represented from left to right. The range of pixels 
located in the rear layer are designated as target pixels modulating 
the target ray. Nine pixels are considered in the simulation. 
Compared to Fig. 2(b), Fig. 2(c) shows that stripes of the dinosaur 
tail are more blurred because of the diffraction. 

 

 
Figure 2. The simulation result of (a) target image (b) reconstruction image 
without considering diffraction (c) reconstruction image with considering 
diffraction. 

2.2 Compressive light field display using 
scattering polarizer 
Compressive light field display using scattering polarizer is 
proposed to overcome the limitation of diffraction error caused by 
pixel structure. The limitation can be mitigated by using non-pixel 
structure optical element, scattering polarizer. The scheme of the 
system proposed in this paper is presented in Fig. 3. 

 

 
Figure 3. The system scheme of compressive light field display using scatter-
ing polarizer. The scattering polarizer combines rays from the LC panel and 
the projector. 

The system employs a LC panel, a projector and a scattering 
polarizer. Scattering polarizer has characteristics of both tran-
smitting and diffusing according to the two vertical linear 
polarization state. The polarization state of output image from LC 
panel is adjusted to transmitting through the scattering polarizer, and 
that of the image from projector is set up to be diffused on the 
scattering polarizer. Two layer images originated from the LC panel 
and the projector construct compressive light field display. 

Light fields from the LC panel and the projector are combined, 
which is represented by following equation. 

( , , , ) ( , ) ( , ),r xy uvL x y u v I x y I u v= +  (1) 

where Lr represents the light field parameterized by two points, (x,y) 
and (u,v), and Ixy and Iuv are the intensity profile of reconstructed 
light field from the rear and front layer. 

By using above relation, a light field Lr can be represented by 
new parameter θx, θy. The light field Lr is described as following 
equation. 

( , , , ) ( , , , ) ( , , , ).x y x yx y x y x y u vθ θ θ θ=rL P I  (2) 

Eq. (2) is represented as matrix form. The projection matrix P 
permutes the intensity profile of the rear layer and the front layer 
according to the mapping relation. The intensity profile of LC panel 
and projector is determined by using an optimization problem 
described as Eq. (3), where target light fields are represented by Lt. 

min ( , , , ) ( , , , ) .x y x yx y x yθ θ θ θ−t rL L  (3) 

To solve the above optimization problem, simultaneous algeb-
raic reconstruction algorithm is used. 

2.3 Color compensation between images of the LC 
panel and the projector 
Conventional compressive light field display systems do not need to 
consider color difference between stacked panels because the 
system consists of several identical display panels. However, the 
proposed system has trouble with the color difference between the 
LC panel and the projector. The LC panel and the projector has 
different red, green, blue light sources. That means the wavelengths 
of red, green, blue light source between the LC panel and the 
projector are different, so the displayed image by using the identical 
color code which is represented as (r,g,b) component is observed as 
different color from each other. 

The calibrated (r,g,b) values to be projected by the projector 
could be calculated by using (r,g,b) values of the LC panel. To 
calculate calibrated (r,g,b) values, color coordinates and luminance 
of red, green, blue light sources of both the LC panel and the 
projector should be measured. If the target color is represented by 
(r,g,b) values with LC panel, the color coordinates of the target color 
satisfy following equations. 

( ) ( ) ( ) ,r g bf r f g f b= + +T LC LC LCQ R G B  (4) 

where QT represents color coordinates of the target color as the CIE 
XYZ color space, and RLC, GLC, and BLC are CIE XYZ color 
coordinates of the LC panel representing red, green, and blue, 
respectively. A function f is a mapping relation between (r,g,b) 
values and the luminance, which is called gamma curve. The target 
color QT should be expressed by using red, green, blue light sources 
in the projector. Assuming the calibrated color code of the projector 
is (r′,g′,b′), and CIE XYZ coordinates of the projector of red, green, 
blue is represented as RPRO, GPRO, BPRO, and a function g is a 
mapping relation between color code and the luminance of the 
projector, the following relation should be satisfied. 
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( ) ( ) ( ) .r g bg r g g g b′ ′ ′= + +T PRO PRO PROQ R G B  (5) 

Thus, if the QT, RPRO, GPRO, BPRO are represented with 
(XT,YT,ZT), (XR,YR,ZR), (XG,YG,ZG), (XB,YB,ZB), respectively, the 
calibrated color code can be calculated by Eq. (6). 
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Color of images from projector with the calibrated color code 
(r′,g′,b′) is expected to be equal to the color of the LC panel image 
with the color code (r,g,b). 

 

2.4 Homography checkboard calibration 
As shown in the Fig. 3, the output images from the projector are not 
illuminated perpendicular to the scattering polarizer but illuminated 
oblique direction. On the other hand, another display device, the LC 
panel, displays output images orthogonal to the scattering polarizer. 
Thus, although the shape of output images from the projector is 
equal to the LC panel image, the shape of images on the scattering 
polarizer is not equal to that of the LC panel images. To prevent the 
distortion of the projector image, the pre-distortion process called 
calibration is needed. 

To calibrate the projector image, two different checkboard 
images should be captured. One is the checkboard image projected 
by the projector, and the other one is the checkboard image 
displayed by the LC panel. By using the coordinates of grid points 
on two different captured checkboard images and the coordinated of 
grid points on original checkboard image, the distortion matrix 
could be calculated. The calibrated projector image is produced by 
using matrices which transfer the coordinate from the original image 
to the two different captured images. The pre-distorted projector 
image is calculated as follows : 

1
1 2 .I T T I−′ = ⋅ ⋅  (7) 

where I is the original projector image, and I′ is the pre-distorted 
projector image. T1, T2 are transfer matrix. T1 transfers the original 
image to the projected image, and T2 transfers the original image to 
the LC panel image. 

3. Experiments and results 
3.1 System setup for compressive light field 
display using scattering polarizer 
Prototype of the proposed system, the compressive light field 
display using scattering polarizer, is implemented for verifying the 
principle. In the experiment, a typical DLP projector (PB61K-
JE.AKRLLA, LG, Korea), a LCD panel (P2415Qb, DELL, USA), 
and a scattering polarizer (Teijin Dupont Films, Japan) are used for 
implementation of the system. Figure 4 represents the experimental 
setup. As shown in Fig. 4, the scattering polarizer is placed 20 mm 
in front of the LC panel. A webcam and a checkboard images are 
employed for calibrating the projector and the LC panel. The 
detailed experimental conditions are presented in Table 1. 

 

 
Figure 4. The experimental setup of proposed system. The scattering 
polarizer combines rays from the LC panel and the projector. 

Table 1. Experimental conditions 

Specifications Values 
Distance between the LCD and 

the Scattering polarizer 20 mm 

Distance between the projector 
and the Scattering polarizer 504 mm 

Pixel pitch of the LCD panel 0.137 mm 
Pixel pitch of the projector 0.26 mm 

Viewing angle 10 ° 

3.2 Experimental Results 
Color calibration is conducted before displaying layered images. To 
calibrate color of the output images from the projector, the 
calibration procedures is performed. A color analyzer (CA-210, CA-
PU12/15, KONICA MINOLTA, Japan) is used to measure color 
coordinate in CIE xyY color space and the luminance. The color 
coordinate and the luminance of the color red, green, and blue of the 
LC panel are measured by detecting the light field transmitted 
through the scattering polarizer, and that of the projector is 
measured by detecting the light field diffused on the scattering 
polarizer. The measured results are shown in Table 2 and Fig. 5. The 
yellow line and the white line represent the color gamut of the 
projector and the LCD panel, respectively. Variables x, y, and Lv 
represent the x-coordinate in the color space, the y-coordinate, and 
the luminance, respectively. 

Table 2. The CIE xyY color coordinate and the luminance of the 
basis color of the LC panel and the projector 

 LCD Projector 
x y Lv x y Lv 

Red 0.64 0.34 51.76 0.67 0.31 91.07 
Green 0.31 0.62 159.6 0.15 0.80 189.3 
Blue 0.15 0.08 9.62 0.15 0.04 18.84 

 
In order to confirm if the calibrated projector image is equal to 

the LC panel image, the red, green, blue images which are 
represented by using (255,0,0), (0,255,0), and (0,0,255) are 
calibrated. The color codes of calibrated images are (177,81,0), 
(199,217,0), and (0,0,158) corresponding to (255,0,0), (0,255,0), 
and (0,0,255). The color gamut of calibrated images are presented 
using black lines as shown in Fig. 5, and the calibrated projector 
images are compared to original projector images and LC panel 
images as shown in Fig. 6. Color coordinates of calibrated red, green, 
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and blue images are (0.66,0.33), (0.36,0.61), and (0.15,0.4), 
respectively. In Fig. 6, each picture represents red, green, and blue 
images from (a) to (c). For each picture, the images on the upper left, 
the upper right, and the bottom are the calibrated image from the 
projector, original image from the projector, and the LC panel image, 
respectively. 

 

 
Figure 5. The color gamut defined by coordinates of red, green, blue in CIE 
xyY color space. The color gamut of the LCD is include in the color triangle of 
the projector. The color gamut of the calibrated projector image is more similar 
to that of the LCD. 

 
Figure 6. Calibrated images from the projector are compared to original 
projector image and LC panel image. For each picture, the images on the 
upper left, the upper right, and the bottom are the calibrated image from the 
projector, original image from the projector, and the LC panel image, 
respectively. Each picture represents (a) red (b) green (c) blue images. 

 
Figure 7. The target image and the reconstructed image. (a) The target 
image, and the reconstructed image by using (a) original images and (b) color 
compensated images. 

Figure 7 shows the target image, and experimental results. The 
experimental results from layered images with color compensation 
and without color compensation are presented. Figs. 7(a), (b), and 
(c) represent the target image, the color compensated reconstruction 
image, and the original reconstruction image in order. It is 
confirmed that the color difference between the front layer and the 
rear layer is reduced by using color compensated layered images. 
The experiment to generate target image by using the proposed 
system is conducted with color compensated layer images as shown 
in Fig. 7(c). 

 

 
Figure 8. Experimental results of the view image. Each image represents (a) 
the left view image, (b) the center view image, and (c) the right view image. 
The dinosaur legs are magnified to emphasis parallax. 

Figure 8 represents reconstructed viewpoint images by using 
proposed system. Figs. 8(a), 8(b), and 8(c) describe the left view 
image, the center view image, and the right view image, respectively. 
The dinosaur legs are magnified to emphasis parallax. Results verify 
the feasibility of the compressive light field display using scattering 
polarizer. 

4. Conclusion 
Compressive light field display using scattering polarizer is realized 
by employing an LC panel, a projector and a scattering polarizer. 
The scattering polarizer has characteristics of both transmitting and 
diffusing in accordance with two polarization state perpendicular 
each other. The polarization state of the LC panel image is set to 
transmit the scattering polarizer, and that of the projector image is 
set to be diffused on the scattering polarizer. The scattering polarizer 
is placed in front of the LC panel. Thus, the compressive light field 
display can be implemented by two image planes generated by using 
the LC panel, the projector, and the scattering polarizer. 

Conventional compressive light field display has a limitation 
of decrease of the image quality based on diffraction error. The 
diffraction angle on pixel is wider, when the pixel size is narrower. 
Thus, the conventional compressive light filed display is not suitable 
for the system generating high resolution 3D images by using high 
resolution display panel. However, the proposed system uses 
scattering polarizer, which has non-pixel structure. Thus, the 
limitation of diffraction error can be mitigated when the scattering 
polarizer is replaced with the front image plane. To implement the 
system, the color calibration between two different display devices 
should be conducted. In this paper, the color calibration is conducted 
by using image processing algorithm. Because the color difference 
between two display devices is based on the light source of the 
display device, it is necessary to match two light sources for more 
accurate color calibration. By adopting the proposed system, high 
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resolution autostereoscopic 3D display can be implemented. The 
feasibility of the proposed system is verified with the simulation and 
the experiments. 

Acknowledgment 
This work was supported by the Brain Korea 21 Plus Project in 2016. 

References 
[1] G. J. Woodgate, J. Harrold, A. M. S. Jacobs, R. R. Moseley, and D. 

Ezra, “Flat-panel autostereoscopic displays: characterization and 
enhancement,” Proc. SPIE., vol. 3957, pp. 153-164, 2000. 

[2] B. Lee, “Three-dimensional displays, past and present,” Phys. Today., 
vol. 66, no. 4, pp. 36-41, 2013. 

[3] B. Lee, S.-g. Park, K. Hong, and J. Hong, Design and Implementation 
of Autostereoscopic Displays (SPIE PRESS, 2015). 

[4] C.-K. Lee, S.-g. Park, S. Moon, and B. Lee, "Viewing zone 
duplication of multi-projection 3D display system using uniaxial 
crystal," Opt. Express, vol. 24, no. 8, pp. 8458-8470, 2016. 

[5] D. Lanman, M. Hirsch, Y. Kim, and R. Raskar, “Content-adaptive 
parallax barriers: optimizing dual-later 3D displays using low-rank 
light field factorization,” ACM Trans. Graph., vol. 29, no. 6, article 
163, 2010. 

[6] D. Lanman, G. Wetzstein, M. Hirsch, W. Heidrich, and R. Raskar, 
“Polarization fields: dynamic light field display using multi-layer 
LCDs,” ACM Trans. Graph., vol. 30, no. 6, article 186, 2011. 

[7] G. Wetzstein, D. Lanman, M. Hirsch, and R. Raskar, “Tensor 
displays: compressive light field synthesis using multilayer displays 
with directional backlighting,” ACM Trans. Graph., vol. 31, no. 4, 
article 80, 2012. 

[8] S. Lee, C. Jang, S. Moon, J. Cho, and B. Lee, “Additive light field 
displays: realization of augmented reality with holographic optical 
elements,” ACM Trans. Graph., vol. 35, no. 4, article 60, 2016. 

[9] S. Moon, S.-g. Park, C.-K. Lee, J. Cho, S. Lee, and B. Lee, 
“Computational multi-projection display,” Opt. Express, vol. 24, no. 
8, pp. 9025-9037, 2016. 

Author Biography 
Dukho Lee received his B.S. degree 2016 in Electrical Engineering from 
Seoul National University, Seoul, Korea. He is currently working toward a 
Ph.D. degree at the School of Electrical Engineering, Seoul National 
University. His current research interests focus on the 3D display, 3D 
imaging, holography, and digital holography. 

Seokil Moon received his B.S. degree 2015 in Electrical Engineering from 
Pohang University of Science and Technology (POSTECH), Pohang, 
Seoul, Korea. He is currently working toward a Ph.D. degree at School of 
Electrical Engineering, Seoul National University. His current research is 
based on light field imaging technique and visualization. 

Seungjae Lee received his B.S. degree in electrical engineering in 2015 
from Seoul National University. He is currently a Ph.D. student in the 
School of Electrical Engineering, Seoul National University. His research 
interests include 3D displays, holographic optical elements, augmented 
reality, near-eye displays, and digital holographic microscopy. He has 
published over 8 journal papers and 4 conference papers. 

Changwon Jang received his B.S. degree in 2013 from Seoul National 
University, Korea, in electrical engineering. He is currently working 
toward a Ph.D. degree at the School of Electrical Engineering, Seoul 

National University. His primary research interest is in the areas of 3-D 
display and digital holography. 

Chang-Kun Lee received his B.S. and M.S. degrees in the Department of 
Information Display from Kyung Hee University in 2011 and 2013, 
respectively. He is currently working toward a Ph.D. degree at the School 
of Electrical Engineering, Seoul National University. He is interested in 3-
D imaging and the advanced display system. 

Byoungho Lee received his Ph.D. degree from the Department of Electrical 
Engineering and Computer Science, University of California at Berkeley in 
1993. He has been in the faculty of the School of Electrical Engineering, 
Seoul National University since September 1994. Currently, he is the 
department head. Professor Lee is a Fellow of IEEE, OSA and SPIE, and a 
Member of the Korean Academy of Science and Technology. He served as 
a Director-at-Large of OSA, chair of the Member and Education Services 
Council of OSA, and chair of the Holography and Diffractive Optics 
Technical Group of OSA, and is serving as a technical division chair. 
Currently he is on the editorial board of Advances in optics and Photonics, 
Light: Science and Applications, and the editor-in-chief of Journal of the 
Information Display. He has served on the editorial board of Applied 
Optics, Optics Letters and Japanese Journal of Applied Physics as well as 
the editor-in-chief of the Journal of the Optical Society of Korea. He has 
received several distinguished awards such as the Scientist of the Month 
Award of Korea (Sep. 2009), the Academic Award of the Optical Society of 
Korea (2006) and the Academic Award of Seoul National University 
(2013). He also awarded ‘Jinbojonag’ national medal from the President 
of Korea in 2016. He has served as Vice-President of the Korean 
Information Display Society and is serving as Vice-President of Optical 
Society of Korea. 

IS&T International Symposium on Electronic Imaging 2017
Computational Imaging XV 173


