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Abstract 
The super multi-view (SMV) display and the high-density 
directional (HDD) display were proposed as a natural 
3D display that is free from the visual fatigue caused by 
the accommodation-vergence conflict and provides 
smooth motion parallax. The multi-projection system, the 
flat-panel system, and the time-multiplexing system are 
used to construct the HDD displays. The recent progress 
of the HDD 3D display is reviewed. 

 
 

1. Introduction 
 

Because 2D displays have achieved sufficiently high 
resolution, high dynamic range, and high frame rate, 
there are growing expectations of 3D displays. A new 
development target is required to enable the 
continuous growth of the display industry. Future 3D 
displays need to minimize the problem of visual 
fatigue caused by viewing 3D images and provide 
high reality, to promote the widespread adoption of 
3D displays, i.e. natural 3D displays are required. 

In this presentation, the recent progress in natural3D 
displays is reviewed. 

 
 

2. Natural 3D display 
 

Conventional 3D displays have two problems with 
respect to human 3D perception. One is the 
accommodation-vergence conflict, as illustrated in Fig. 
1(a). Accommodation causes the eyes to focus on an 
object, and vergence percepts the depth of an object 
from the rotation angles of both eyes. Conventional 
two-view and multi-view 3D displays project different 
images to left and right eyes. When two different 
images are presented to left and right eyes, vergence 
correctly perceives the depth position of a 3D image. 
However, because the two images are displayed on the 
display screen, accommodation makes the eyes focus 
on the display screen, and not on the 3D image. Since 
there is a close interaction between vergence and 

accommodation, this conflict causes visual fatigue. 
The second problem is the absence or imperfection of 
motion parallax, as illustrated in Fig. 1(b). Motion 
parallax is the change in a retinal image resulting from 
the movement of a viewer’s eye position. Two-view 
3D displays do not generate motion parallax, and 
multi-view 3D displays generate discontinuous 
motion parallax because a retinal image does not 
change until the eye moves to an adjacent viewpoint. 
This fact reduces the presence and realism of 3D 
images felt by viewers, because humans 
unconsciously predict retinal image change due to 
their movement. 
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Fig. 1. Problems of conventional 3D displays: (a) 
accommodation-vergence conflict, and (b) 
imperfection of motion parallax. 

Fig. 2. Natural 3D displays: (a) super multi-view 
(SMV) display, and (b) high-density directional 
(HDD) display. 
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A natural 3D display, which is free from these two 
problems, therefore needs to be developed as a future 
3D display. 

 
 

3. SMV and HDD displays 
 

The super multi-view (SMV) display1 has been 
proposed as a natural 3D display. The SMV display 
technique makes the interval of viewpoints smaller 
than the pupil diameter, so that two or more rays 
passing through the same point in space pass through 
the pupil simultaneously, as shown in Fig. 2(a). 
Therefore, the eyes can focus on that point. The high-
density directional (HDD) display2 has also been 
proposed as a natural 3D display. The HDD display 
technique samples the ray proceeding direction with a 
small angle pitch to allow two or more rays to pass 
through the pupil simultaneously, as shown in Fig. 
2(b). The SMV display technique produces a large 
number of parallax images (perspective projections of 
3D scenes) into corresponding viewpoints. The HDD 
display technique projects a large number of 
directional images (orthographic projects) with nearly 
parallel rays proceeding to the corresponding 
directions. 

The evocation of the accommodation responses by 
the SMV/HDD display techniques can be explained 
by considering the depth of field (DOF) of an eye 
imaging system3. The DOF of an imaging system is 
the depth range of an object where the object is 
imaged on the image plane with practically no 
blurring. The DOF range increases when the aperture 
diameter of an imaging lens decreases. The 
SMV/HDD display techniques decrease the width of 
rays at the pupil of an eye, as shown in Fig. 3, so that 
the DOF range of an eye imaging system increases. 
When a 3D image is displayed within this enhanced 
DOF range around the display screen, the eye can 
focus on a 3D image. Therefore, the conflict between 
accommodation and vergence does not occur. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
4. HDD display systems 

 
As a natural 3D display system, the HDD display 

system is reviewed here. HDD displays have to 
display a large number of directional images 
simultaneously. The multiple-projection system and 
the flat-panel system are used to achieve this. 

 
4.1 Multi-projection system 

The multi-projection system is illustrated in Fig. 4. 
A number of imaging systems are multiplexed. One 
imaging system consists of a 2D display, a lens, an 
aperture, a common lens, and a vertical diffuser. The 
directional images are displayed on the 2D displays. 
All of the directional images are imaged at the 
identical position on the vertical diffuser. Because all 
imaging systems have different horizontal positions, 
all directional images are projected in different 
horizontal directions. The transparent areas in the 

Fig. 3. Enhancement of depth of focus (DOF) of eye 
imaging system. 

Fig. 4. Multi-projection system for HDD 
display. 

Fig. 5. Flat-panel system for HDD display. 
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aperture array are continuous in the horizontal 
direction. The aperture array limits the ray proceeding 
directions so that all directional images are projected 
with nearly parallel rays. The difference in the vertical 
projection direction due to the vertical position of the 
imaging system is canceled by the vertical diffuser. 
The imaging systems are arranged two-dimensionally 
so that a large number of imaging systems can be 
multiplexed in a compact space. 

The prototype HDD displays that have been 
developed are shown in Table 1. The left three 
displays2,4,5 employ the multi-projection system. 

 
4.2 Flat-panel system 

The flat-panel system is illustrated in Fig. 5. It 
consists of a lenticular sheet and a flat-panel display. 
A lenticular sheet is a horizontal array of cylindrical 
lenses. In this figure, a flat-panel display has the 
slanted subpixel arrangement that is the most suitable 
arrangement for multi-view displays and the 
SMV/HDD displays, which is different from that of 
the conventional flat-panel displays. The horizontal 
positions of all of the subpixels are made different for 
each color. The light-emitting area of the subpixels 
should be continuous in the horizontal direction in 
each color. Figure 6 shows a photograph of the 
subpixels of an LCD panel developed to construct a 
16-view display.6 This panel was jointly developed 
with Seiko Epson. 

The rightmost three prototype displays7-9 shown in 
Table 1 employ the flat-panel system. A flat-panel 
display with the slanted subpixel arrangement was 
recently developed. Therefore, these prototype 
displays were constructed using the slanted lenticular 
technique. The lenticular sheet is slanted instead of 
slanting the subpixel arrangement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3 Time-multiplexing system 
Recently, a new HDD display using the time-

multiplexing technique was proposed to reduce the 
complexity of the multi-projection system.10 The 
proposed HDD display consists of multiple time-
multiplexing display modules. As shown in Fig. 7, 
each module consists of an LED array (light source 
array), a DMD (high frame rate display), lenses, and 
an aperture array. A number of directional images are 
displayed by the DMD at a high frame rate, and the 
LEDs emitted light one after another in 
synchronization with the DMD.  

A constructed time-multiplexing display module is 
shown Fig. 8(a). Each module generates 15 directional 
images at a frame rate of 60 Hz. Four modules are 
combined to construct an optical engine, as shown in 
Fig. 8(b), that displays 60 directional images in 
different horizontal directions with an angle pitch of 
0.31°. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6. Photograph of slanted subpixel 
arrangement of LCD panel fabricated for 
16-view display. 

TABLE 1. Prototype HDD displays. 
Number of ray 

directions 64 128 128 72 72 30* 
System type Projection Projection Projection Flat-panel Flat-panel Flat-panel 

Horizontal ray 
angle pitch 0.34° 0.23° 0.28° 0.38° 0.38° 0.71° 
Horizontal 

viewing angel 21.6° 29.6° 35.7° 27.6° 27.6° 21.2° 

3D resolution ~QVGA ~QVGA SVGA 320×400 640×400 256×128 
Screen size 9.25’’ 13.2’’ 12.8’’ 22.2’’ 22.2’’ 7.2’’ 

Photo 

 
 
 

     

*developed with NTT DoCoMo. 
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Fig. 7 Time-multiplexing display module. 
 
 
 
 
 
 
 
 

(a)                     (b) 
Fig. 8. Time-multiplexing HDD display: (a) con
structed time-multiplexing display module, and 
(b) constructed optical engine. 
 

 
 
 
 
 
 
 
 
 
 
Fig. 9. Ray saving by SMV/HDD displays. 
 

 
5. Ray saving 

 
On a 2D display screen, rays diffuse so that all 

viewers see the same 2D image. In contrast, the 
directions of rays are controlled by 3D displays. 
Especially, the SMV/HDD displays control the ray 
directions precisely. When the positions of viewers' 
eyes can be detected, only rays entering viewers’ eyes 
can be produced. This means that the rays can be 
saved, as shown in Fig. 9. When rays are generated by 
self-emitting devices, the ray-saving technique 
dramatically reduces the energy consumption of a 
display. Therefore, the SMV/HDD displays have the 
possibility to be the extremely low-energy displays. 

6. Summary 
 

Natural 3D displays were found not to conflict with 
human 3D perception and minimizes visual fatigue. 
The concept and the recent progress of the natural 3D 
displays are reviewed. Natural 3D display technique is 
important to enable the future widespread adoption of 
3D displays, so the continuing effort for the 
development of natural 3D displays is important. 
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