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Efﬁcient Light-Field Rendering Using Depth Maps
for 100-Mpixel Multi-Projection 3D Display
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Abstract—In order to achieve an immersive, natural 3D
experience on a large screen, a 100-Mpixel multi-projection 3D
display was developed. Ninety-six projectors were used to increase
the number of rays emanating from each pixel in the horizontal
direction to 96. Conventional algorithms use a large number of
cameras or input images to process a large number of light rays.
This creates difﬁculties in the design of both the large acquiring
system and substantial memory storage. In this paper, we propose
an efﬁcient light-ﬁeld rendering algorithm that utilizes only a few
input colors and depth images. Using a depth map and estimated
camera parameters, synthesized light-ﬁeld images are directly
generated. This algorithm requires a much lighter memory load
than conventional light-ﬁeld rendering algorithms. It is also much
simpler than the image-based rendering algorithm because it does
not require the generation of so many multiview images.
Index Terms—Autostereoscopic display, depth image-based
rendering, light-ﬁeld rendering.

I. INTRODUCTION

P

ROGRESS in the development of 3D displays has enabled
us to reproduce a more realistic 3D world. Stereoscopic
displays, introduced in the ﬁrst developmental stage, offer
two stereoscopic images, which provide 3D effects but cannot
induce motion parallax. Later multiview displays reproduce
a more realistic 3D world with motion parallax by using
multiview images. However, this motion parallax can only be
experienced when viewed from a certain location. Moreover,
accommodation-vergence conﬂict which is disagreement between the focal point of the eyes and the intersection point
of the lines of sight [1] still occurs in multiview displays. It
causes eyestrain and discomfort for viewers. Various studies
are currently underway to develop 3D displays in order to solve
these problems using super multiview displays [2]–[5], tensor
displays [6], multi-directional backlight [7], intergral imaging
[8], [9], and multi-projection display [10]–[14]. Beyond studies,
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Holograﬁka has demonstrated and commercialized various
multi-projection 3D displays [15], [16].
Panel-based autostereoscopic displays [17]–[19] decrease
image resolution by increasing the number of light rays emanating from each pixel. This limits the angle and distance at
which 3D images can be clearly viewed. Consequently, changes
in parallax images create discontinuity, and natural 3D images
cannot be displayed.
A large number of light rays are necessary for the reproduction of realistic 3D displays because, in the real world, we perceive 3D objects based on an abundance of light rays. Lightﬁeld displays are good candidates for showing real 3D images
without decreasing the image resolution because they reproduce
as many light rays as possible. Light-ﬁeld displays create light
rays using a large number of projectors in order to express the
3D world. Consequently, very smooth motion parallax without
discontinuity can be acquired, and natural 3D images are obtained without limiting the viewing distance.
A. Light-Field Rendering
A large number of projectors can improve 3D displays and
create a natural 3D world using an abundant light source. However, processing a huge number of light rays is a substantial task.
In order to process light-ﬁeld images, image-based rendering
(IBR) algorithms are popular [20], [21]. IBR algorithms do not
require geometry. Instead, a collection of sample images is used
to render a novel view. In light-ﬁeld rendering, this collection
can be comprised of multiview images, and these multiview images can be obtained using a large number of input camera arrays [22] and a multiview rendering synthesis algorithm [23],
[24].
Another technique used to acquire light rays with a light-ﬁeld
rendering algorithm was introduced in [25]–[29]. The authors
suggested the use of 2D slices of a 4D function, which does
not require a geometric structure. Moreover, its degree of complexity is reasonable because it only selects previously acquired
images. However, it requires a large number of input images
and, therefore, a substantial amount of memory.
Light-ﬁeld rendering algorithms which use depth maps, requiring relatively fewer input images and disparity maps were
introduced [30], [31]. However they do not generate light-ﬁeld
images using depth maps directly, but generate multiview images then create light-ﬁeld images by IBR algorithm. Viewpoint-based multiview image processing is sufﬁcient for stereoscopic and multiview displays because these displays produce
only a few viewpoint light rays as shown in Fig. 1(a). However
the light-ﬁeld display requires a large number of viewpoints as
shown in Fig. 1(b). A substantial number of multiview images
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Fig. 1. Light ray conﬁguration of: (a) multiview display and (b) light-ﬁeld display. The light rays of the multiview display converge to certain points but those
of the light-ﬁeld display do not.
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Fig. 2. Basic conﬁguration and operating principle of multi-projection 3D display. The light rays are created using 96 projectors, and a vertical diffuser screen
controls the direction of the light ray.

should be generated for the IBR algorithm. As a result, this technique is complex and it needs a large amount of memory storage.
Direct light ﬁeld generation using depth map was introduced by
Arachchi et al. [32], but it does not contain sufﬁcient information such as speciﬁc algorithm process and effects.
This study is an extended version of [33] and [34]. In this
study, a 100-Mpixel multi-projection display was developed for
medical and educationa application. It had a viewing angle of
24 and produced natural 3D video with very smooth motion
parallax. We also propose an efﬁcient light-ﬁeld image generation algorithm based on depth maps, which transforms viewpoint images into the world coordinate structure and maps them
to the light-ﬁeld space.
The rest of this paper is organized as follows. The design
for the 100-Mpixel multi-projection 3D display is described
in Section II. An efﬁcient light-ﬁeld rendering that uses depth
maps is introduced in Section III. Experimental results are presented in Section IV. Finally, conclusive remarks are given in
Section V.
II. MULTI-PROJECTION 3D DISPLAY
Our 100-Mpixel multi-projection 3D display is composed of
multiple projectors, which create the light rays, and a vertical
diffuser screen that optically controls projectors' light rays.

Fig. 3. System design and parameters of multi-projection 3D display, where
an overhead view of the basic arrangement of the multi-projection 3D display
is shown.

A. Operating Principle

B. System Design

Horizontal parallax only (HPO) light-ﬁeld displays show images that only have horizontal parallax, and they require a specially designed vertical diffuser screen [10], [11]. Fig. 2 shows
the basic conﬁguration and operating principle of the multiprojection 3D display. Numerous projectors are horizontally
and vertically arranged in order to produce a large number of
light-ﬁeld rays. Each projector creates a different angle with the
screen in order to separate the light-ﬁeld rays into individual
light rays. The screen must compensate for the differences in the
vertical positions of the projectors because three-dimensional
images only have horizontal parallax. Therefore, the vertical
diffuser screen need to have small horizontal and large vertical
diffusion angles. When this vertical diffuser screen is used, an
image from one projector is seen as one vertical block. Because
two side mirrors are arranged outside of the projectors, the perceived image is composed of 182 vertical light-ﬁeld blocks from
the 96 projectors. Meaning, each block corresponds to the combination of a projected image and its reﬂection from the side
mirrors.

Fig. 3 shows the overhead view of the basic arrangement of
the multi-projection 3D display [35]. The basic layout is determined by the viewing angle , the horizontal length of the
screen
, and the total number of projectors . Two side mirrors are arranged between the projector array and the screen,
and they are slightly tilted to increase the viewing angle. The tilt
angle of a mirror
and the distance between mirrors near the
projector array can be calculated using the viewing angle and
the horizontal length of the screen. The length of the viewing
zone
is expressed by
(1)
denotes the viewing distance. The maximum deﬂecwhere
tion angle of the light beam can be calculated by
(2)
(3)
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The tilt angle of a mirror is expressed by
(4)
where
is the horizontal projection angle of a projector. The
distance between mirrors near the projector array is expressed
by
(5)
where
is the projection distance.
The maximum number of projectors in the horizontal direction
is determined by
(6)

Fig. 4. Block diagram of coordinate transformation from an image pixel to a
light-ﬁeld pixel using DIBR.

where is width of a projector and is a marginal space between projectors. The total number of projectors is represented
by
(7)
is number of projectors in the vertical direction. Since
where
a small
is advantageous for minimizing the keystone effect,
can be determined by the biggest value which satisfy (6) and
(7).
III. DEPTH IMAGE BASED LIGHT-FIELD RENDERING
In this paper, we propose an efﬁcient light-ﬁeld rendering algorithm that directly generates light-ﬁeld images using depth
maps. On the other hand, the previous algorithms ﬁrst generate
multiview images then render light-ﬁeld images using the multiview images by IBR algorithm. The amount of image memory
required by the proposed algorithm is much smaller than that in
IBR-based light-ﬁeld rendering algorithms. Moreover, the proposed algorithm is much simpler than IBR-based light-ﬁeld rendering algorithms.
The light-ﬁeld rendering algorithm is composed of calibration, disparity estimation, 3D modeling, horizontal parallax only
rendering, mirror reﬂection light-ﬁeld rendering, and consistent
hole ﬁlling. This study conducts on the light-ﬁeld rendering by
DIBR algorithm.
A. Calibration and Disparity Estimation
In order to perform disparity estimation of stereo input contents, the input stereo contents should be rectiﬁed so that the
matching point of left and right images should locate at the same
vertical position [36]. First, we have applied rectiﬁcation algorithm to stereo contents [37].
Since the ﬁeld of view of the projection type 3D display is
much larger than stereo display, we use wide baseline multiview images. In order to estimate disparity of wide baseline images we ﬁrst generate down-sampled multiview image, and then
apply stereo matching algorithm. The belief propagation algorithm on the simple tree structure is applied to the down-sampled stereo images. Then error region is improved by the depthcolor ﬁtting [38]. We generate up-sampled disparity maps using
Weighted Mode Filtering [39].

Fig. 5. Input: (a) left color, (b) center color, (c) right color, (d) left depth, (e)
center depth, and (f) right depth. The light ray of a given pixel and its geometric
depth location of (g) left, (h) center, and (i) right.

B. 3D Modeling Using Input Image and Depth
The main idea of light-ﬁeld 3D rendering using DIBR is to
make point clouds from camera-captured images and depth
maps. Using color images, a depth map, and camera's conﬁguration, we can infer 3D points that include their color and 3D
location information.
Fig. 4 shows a block diagram of coordinate transformation
from an image pixel to a light-ﬁeld pixel using DIBR. Using
input camera's intrinsic parameters such as, its pixels are transformed into a camera coordinate system. Then, camera's extrinsic parameters can be used to perform the transformation
into a world coordinate system. Using the extrinsic parameters of the projector, the world coordinate system is transposed
to a light-ﬁeld coordinate system. The pixel locations in the
light-ﬁeld image are assigned using the projector intrinsic parameters.
Fig. 5 illustrates input camera images and depth. Given the
depth of an image pixel, it can be transformed into a camera coordinate system. A 3D model of the left, center, and right images
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Fig. 6. Three-dimensional points of input color and depth images: (a) the left
image, (b) the center image, and (c) the right image.
Fig. 8. Projector light rendering for the HPO screen.

Fig. 7. Three-dimensional points of input color and depth images in the world
coordinate system. Red, blue, and green points are shown on the left, center, and
right, respectively.

are individually transformed as shown in Fig. 6. and are the
direction of screen width and height, repectively. is a direction
of viewing location and multi-projection 3D display. The plane
at
is screen plane, and positive value means in front of
the screen. In the camera coordinate system, perspective geometry distortion does not occur. This means that the cubes shown
in Fig. 5 do not have the same metrics as the original cubes but
those of the camera coordinate system as given in Fig. 6. The
3D points of each camera can be combined by camera's extrinsic
parameters, which are the relative translation and rotation between the cameras. Fig. 7 shows reconstructed 3D points in the
world coordinate system. The combined model represents the
input image information.
Since the projectors emit light rays with a perspective
property, their image can be obtained using the perspective
projection of the 3D points given projectors' extrinsic and
intrinsic parameters. Extrinsic parameters are given by the
design conﬁguration while intrinsic parameters are decided by
the projector. There are two differences between the camera
and projector projections. The camera selects the nearest point
using the occlusion rule. For the projector case, the points
farthest from the projector are selected. Additionally, projectors
have a keystone factor, which should be considered by intrinsic
parameters.
C. Horizontal Parallax Only Rendering (HPO)
Our display system offers only horizontal parallax through
the vertical diffuser screen. Fig. 8 shows HPO rendering, where
is projector, is an object point, and
is user location. In
the HPO, users should observe the same point whether in
or , regardless of their vertical movement. In order to generate a light ray that is not affected by user's vertical movement,

Fig. 9. Real projectors and two tilt mirrors, where real projectors' light rays are
reﬂected from the two tilted mirrors and the reﬂected light rays act as though
they are from virtual projectors.

we should consider the object point point as
not , which
is a vertical diffusion point, on the screen plane. With the labelled points
,
, and
in Fig. 8, the applied HPO parameter
can be calculated
by
(8)
and this new

is used for the DIBR as world coordinate.

D. Mirror Reflection Light-Field Rendering
The use of two tilt mirrors for multi-projection 3D display enlarges the viewing angle. Projector arrangement without mirrors
generates the gray 3D viewing region as shown in Fig. 9. Light
rays of projectors with tilt mirrors expand the viewing region to
the blue dashed lines.
In order to generate light-ﬁeld images for projectors, the reﬂected light rays should be also considered. The light rays reﬂected by the mirrors can be considered as if they are produced
by the other projectors, which are virtual projectors in Fig. 9.
The rotation and translation positions of the virtual projectors
are deﬁned using the tilt angle of the mirrors. Using intrinsic
and extrinsic parameters, light rays of real and virtual projectors
are generated. Then, reﬂected light rays from the virtual projector and direct light rays from the real projector are combined.
Fig. 10 shows images from projectors. The left-side image is
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TABLE I
TARGET SPECIFICATIONS OF MULTI-PROJECTION 3D DISPLAYS

Fig. 10. Projector images: According to the location of projector the portion
of image by the real and virtual projector is changed. (a) Leftmost projector. (b)
Center projector. (c) Rightmost projector.

from the mirror reﬂection and the right-side image is from a
real projector, in the leftmost projector image in Fig. 10(a). In
the rightmost projector image case, the left-side image is from
a real projector and the right-side image is from the mirror reﬂection, in Fig. 10(c). The image of center projector is almost
from a real projector, both ends are from the mirror reﬂection,
in Fig. 10(b).
E. Consistent Hole Filling
In the process of DIBR, disoccluded hole areas in the synthesized light-ﬁeld images are created by disparity difference.
If the hole area of each light-ﬁeld image is restored separately,
then the same region can be restored with different color. This
induces inconsistency of 3D images.
In the consistent hole ﬁlling algorithm, we ﬁrst estimate the
largest hole area among the light-ﬁeld images, then restore the
estimated largest hole area. Hole area of each light-ﬁeld image
is ﬁlled by the same restored hole information. Recovering the
same textures in the hole areas improves view consistency and
results in realistic 3D images.
IV. EXPERIMENTAL RESULTS
A. Display System
We designed a 100-Mpixel multi-projection 3D display
system with the design parameters listed in Table I. The top
image in Fig. 11 shows the 55-inch (1185 740 mm, 16:10
aspect ratio) 100-Mpixel multi-projection 3D display system.
Ninety-six projectors were attached to the angularly controllable jigs that adjust the tilt angle of the projectors. They were
embedded into the frame for the projector arrays as shown at
the bottom of Fig. 11. In order to achieve a smaller volume,
SCRAM HD-451 projectors (resolution 1,280 800 pixels,
size 84 109.2 35 mm) were adopted. A vertical diffuser
screen with 1.0 horizontal and 60 vertical diffusion angles
was used. Two side mirrors were tilted to 6.62 in order to
acquire a 24 viewing angle. The image distribution system
was comprised of a controlling personal computer (PC) and two
graphics-rendering PCs. Three high-performance ATI FirePro
V9000 graphics cards were installed in each graphics-rendering
PC, and four outputs of 2560 1600-pixel video images were
generated by each graphics card. Twenty-four video wall
controllers, which divided one 2560 1600-pixel image into
four 1280 800-pixel HD images, were linked between the
projectors and graphics cards.

Fig. 11. The 55-in, 100-Mpixel multi-projection 3D display system.

B. Comparison Results of DIBR and IBR
IBR light-ﬁeld rendering algorithm generates multiview images ﬁrst. Then projector images can be created by IBR technique which selects and assigns suitable pixel among multiview
images to the projector image pixel location. Since IBR algorithm does not need depth structure, sufﬁcient multiview images
are required to present natural light rays. In this experiment we
use 20, 100, and 500 multiview images for the IBR algorithm
in order to compare DIBR and IBR algorithm quality.
To compare light-ﬁeld images for DIBR and IBR, we used
three computer graphic input images and three input depths. The
screen was located at
0 m, the three cameras were located
at
1.65 m. The cameras were separated by 0.6 m and the
total baseline of three cameras was 1.20 m. Intrinsic parameters
for each camera and -values for each image were available.
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TABLE II
COMPUTATION TIME COMPARISON (SEC)

TABLE III
MEMORY USAGE COMPARISON (MEGA BYTE)

Fig. 12. Input: (a) left color, (b) center color, (c) right color, (d) left depth, (e)
center depth, and (f) right depth.

Fig. 14. Displayed 3D images from multi-projection 3D display: (a) left image,
(b) center image, (c) right image.

Fig. 13. Magniﬁed particle images of synthesized projector images (upper row)
and displayed 3D images captured by camera (lower row): (a) rendered by DIBR
algorithm, (b)–(d) rendered by the IBR algorithm using: 20 (b), 100 (c), and 500
(d) multiview images.

Fig. 12 shows the input colors and depth maps, (a) is left image,
(b) is center image, and (c) is right image.
Fig. 13 shows magniﬁed particle images of synthesized projector image (upper row) and displayed 3D image which is captured by camera (lower row). Fig. 13(a) is the result of our proposed algorithm which is DIBR, and Fig. 13(b)–(d) are results
of the previous algorithm which is IBR; Fig. 13(b) was generated from 20 images, Fig. 13(c) was generated from 100 images,
and Fig. 13(d) was generated from 500 images. Fig. 13(a) does
not contain quantization artifacts because proposed algorithm
generates projector images using depth structure. However the
IBR images have quantization artifacts up to 100 images. Quantization artifacts were absent only when a sufﬁcient number of
input images, such as 500 images, were provided. As shown in
the lower images of Fig. 13(b) and (c), these quantization artifacts appeared in the 3D display, too. As a result, we acquired the
similar image quality of 500 images IBR with proposed DIBR
mothod with very small burden of image generation.
DIBR algorithm is more efﬁcient than IBR algorithm in the
aspect of computation time and memory usage. Tables II and
III demonstrate computation time and memory usage comparison between DIBR method and IBR method under Inter Xeon
CPU @3.07 GHz processer. The computation time and memory
usage are less than previous method because DIBR does not
need time and memory for the multiview image generation. On
the other hand, IBR algorithm requires more computation time
and memory usage according to the increasing number of multiview images.
Fig. 14 presents displayed 3D images in our light-ﬁeld display; (a) shows a left-sided image, (b) shows a center view point
image, and (c) shows a right-sided image. Light-ﬁeld for the

Fig. 15. Multi-camera capturing system: each camera is separated by 130 mm.
Cameras indicated by red rectangle (1st, 5th, and 9th cameras) are used for the
input images.

Fig. 16. Input colors and estimated disparity maps (a) from ﬁrst camera image,
(b) ﬁfth camera image, (c) ninth camera image, (d) estimated disparity of ﬁrst
camera image, (e) estimated disparity of ﬁfth camera image, and (f) estimated
disparity of ninth camera image.

projection type 3D display is well created by DIBR algorithm,
providing large motion parallax.
C. Results of Camera Captured Contents
To generate light-ﬁeld image from real life contents, we made
the multiview camera capturing system, and took real life multiview contents. We use only three view images for the input
to reduce processing complexity, and then generate 100-Mpixel
light-ﬁelds for the multi-projection 3D display.
Fig. 15 shows multi-camera capturing system. The camera
model is FUJINON Corporation CF12.5HA-1 with 54.13 ﬁeld
of view. The cameras are separated by 130 mm for each. Among
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