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Abstract

This paper describes theory and implementation of

a novel automultiscopic 3D display, CAGRA (Computer

Aided Graphical Real-world Avatar), that provides spher-

ical coverage and correct occlusion at the same time. CA-

GRA consists of two important ideas: rotating a mirror on

two axes and switching images directionally at high speed.

Mirror rotation on two axes enables the display to emit light

to any direction in order to provide a 3D view for every

viewpoint around it. Directional high-speed image switch-

ing is necessary to present different views for many view-

points. We conducted an experiment on the prototype sys-

tem of CAGRA, and proved that it presents a monochrome

3D view of a static object for 1250 viewpoints at 1[fps].

The experiment proved CAGRA is the first 3D display that

is both spherically viewable from all around and capable of

occlusion.

1. Introduction

Over the decades many types of 3D displays have been

investigated, but they have not been widely accepted due

to the physical and expressional constraints they impose on

users. No 3D displays have ever provided a 3D view so

realistic that users will stretch their arms to grab it before

knowing it is merely an image. For example, HMDs[1, 2]

attached in front of the users’ eyes shut down the connection

between the real world and users. In this respect, no mat-

ter how beautiful a 3D view they create, the view does not

present reality as much as a view seen with the naked eyes.

Although flat panel 3D displays[3, 4] present a 3D view to

the naked eyes, their limited viewing angle prevent the view

blend into background environment. This also reduces the

reality of the view.

Our approach provides easier access to accurate and re-

alistic 3D information, prticularly information such as the

shape and position of imaginary 3D objects. We devel-

oped a new display, CAGRA, that can be used with naked

eyes and is also able to transmit optically collect images all

around it. CAGRA is categorized as a rotational 3D dis-

play. However, this system includes new ideas that solve

the existing problems of rotational 3D displays. Key ideas

in CAGRA are a rotating mirror on two axes and directional

switching of images at high speed. Figure 1 shows the con-

cept schematic of CAGRA.

Figure 1. Concept schematic of CAGRA

CAGRA has the following features:

• Presents 3D information for viewers at arbitrary

positions. Any user around the display can recognize a

projected image regardless of their height and distance

from the display. Users can observe all sides of a 3D

view intuitively by moving their head and body, as if a

real object exists inside the display.

• Does not require special equipment. Users need not

wear goggles or attach positioning sensors to see the

3D view. They also need not to use input interfaces

such as a mouse or a motion sensor to grasp all-around

3D information.

• Shows images with occlusion. Images expressing

correct occlusion are projected for each viewpoint.
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Consequently, the displayed 3D view has a wider range

of expression.

In this paper, at first we show the existing problems of ro-

tational 3D displays by summarizing recent studies. Then,

we propose the CAGRA system to solve these problems,

and explain the details of the prototype system and evalua-

tion experiments. Finally, we discuss the limitations at this

stage and future work.

2. Related Work

Recently, rotational 3D displays are actively researched.

The rotational 3D displays produce a 3D view by rotat-

ing a 2D display device, such as a liquid crystal display,

a plasma display panel and a projection display. In other

words, they demultiplex 2D images spatially. They pro-

vide a wide viewing angle, and do not require users to wear

goggles or use other devices in order to present a 3D view.

Thus, they can be easily introduced into an ordinary living

environment or public space.

Rotational 3D displays are grouped into volumetric dis-

plays and automultiscopic displays. These two types of

displays have advantages and disadvantages different from

each other.

Volumetric displays A volumetric display creates light-

emmiting points, or voxels, in the air by rotating pixels of a

2D display (See Figure 2). These voxels are seen from any

viewpoints around the display, since they emit light into all

direction. This means the display can present a 3D view

to any viewpoint around the display. However, because of

transparency of voxels, the display cannot present occlu-

sion.

Brinkmann[5] developed a volumetric display with a spi-

ral screen and laser array. Favalora et al.[6] constructed a

system where high update-rate DMD projectors project im-

ages on a rotating diffuser screen. Aside from rotational

displays, Kameyama et al.[7] built a linear scanning volu-

metric display.

Figure 2. Volumetric Displays

Automultiscopic displays Automultiscopic displays

switche 2D images at high speed according to the rotation

angle (See Figure 3). The 2D display used in the automul-

tiscopic display has narrow directivity so that each 2D im-

age is presented for a limited part of the area around the

display. The display can present correct occlusion for any

viewpoints. However, with one axis of rotation, for exam-

ple, it present correct parallax only on the plane of rota-

tion. Thus, the positions of viewpoints to which the display

presents correct parallax are limited to a small area.

Maeda et al.[8, 9] used two rotating tablet PCs with verti-

cally oriented light-control film. Tanikawa et al.[10] further

extended the system into a human-sized video avatar. Ot-

suka et al.[11] used a rotating screen with narrow directiv-

ity and a mirror with a projector, in order to split one frame

of projector mirror. Jones et al.[12] and Cossairt et al.[13]

developed sophisticated systems using an altered DMD pro-

jector and rotating directional screen. Yendo et al.[14] also

develped a rotational auto-multiscopic display that uses 1D

vertical arrays of LEDs and rotational parallax barrier, al-

though its operation principle is different from the explana-

tion above.

Figure 3. Automultiscopic Displays

3. Design Proposal

As described in Section 2, volumetric displays provide

3D views toward all direction. However, the displayed

views can not present occlusion due to a methodologi-

cal reason. On the other hand, automultiscopic displays

are able to present occlusion-capable images for any view-

points, but position of each viewpoint is limited to certain

area. Therefore, we developed the novel automultiscopic

3D display CAGRA, which provides an occlusion-capable

3D view for viewpoints around the display.

Figure 4 shows two important ideas of this display:

switching images directionally at high speed and rotating a

mirror on two axes. CAGRA adopts a two-sided mirror with

a holographic diffuser on the surface. The holographic dif-

fuser enables the mirror to act as a screen with narrow direc-

tivity. This characteristic leads to independence of nearby

viewpoints. By projecting numerous 2D images from above

toward the mirror at high speed, the mirror projects many

different images toward a limited area around the display.

Furthermore, CAGRA rotates the mirror on two axes or-
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thogonal to each other, so that it can direct the surface of the

mirror to any direction. By rotating the mirror on two axes,

the projected 2D images are reflected toward all around the

display. This is necessary to allocate viewpoints all around

the display. With these two ideas combined, CAGRA can

provide spherical coverage and correct occlusion simulta-

neously. In other words, it is capable of showing occlusion

as well as viewable from all around the display. Figure 5

shows how CAGRA works.

Figure 4. Left: Rotating a mirror on two axes, Right: Switching

images directionally

Figure 5. Concept of CAGRA

3.1. Two-axis Mirror Rotation

Figure 6 shows a model of the two-axis rotation. If the

light is projected from above (φ = 0), the relationship be-

tween the mirror position α, β and the viewpoint position

(θ, φ) is expressed as θ = α, φ = 2β. Therefore, assuming

that α̇ = ωα (const), β̇ = ωβ (const), viewpoint position

(θ, φ) at time t is expressed as

θ = ωαt (1)

φ = 2ωβt (2)

On the basis of these two equations, the movement of

the viewpoint orbit can be calculated. Figure 7 shows the

intersection orbit of the sphere and the light ray that comes

from above the mirror and is reflected at the center of the

mirror. The simulation was carried out under the condition

ωα = 22π[rad/sec]. ωβ = 20π[rad/sec]. The orbit of a

viewpoint is a certain locus defined by ωα, ωβ .

The resulting orbit have similar characteristics to Lis-

sajous’ curve. We define the slope of the orbit γ and the

Figure 6. Standard coordinates. Left:Mirror position, Right: View-

point position

Figure 7. Timeline change of the orbit under the condition ωα =

22π[rad/sec], ωβ = 10π[rad/sec]

viewpoint speed v as

γ = tan
−1

(

2ωβ

ωα

)

(3)

v =

√

ω2
α

+ (2ωβ)2 (4)

γ affects shape of the orbit. v affects rotation cycle of the

orbit, provided that γ is constant.

Figure 8 shows the relationship between γ and the shape

of the orbit. The left side of Figure 8 shows the simula-

tion result under the condition ωα = 6π[rad/sec], ωβ =

8π[rad/sec]. By applying Equation 3, we obtain γ = 1.21.

The right side of Figure 8 shows the result under the condi-

tion ωα = 22π[rad/sec], ωβ = 10π[rad/sec]. By applying

Equation 3, we obtain γ = 0.73. When the orbit become

denser, the number of viewpoints increases. But denser or-

bit means large length of the orbit, resulting in lower refresh

rate.

Figure 9 shows the relationship between v and rotation

cycle of the orbit when γ is the same value. The left side

of Figure 9 shows the simulation result under the condi-

tion ωα = 6π[rad/sec], ωβ = 8π[rad/sec]. The right side

of Figure 9 shows the result under the condition ωα =

12π[rad/sec], ωβ = 16π[rad/sec]. Refresh rate for each

viewpoint of the simulation result on the right is twice as
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Figure 8. Relationship between γ and shape of the orbit. Left:

γ = 1.21, Right: γ = 0.73

large as that of the simulation result on the left. This means

larger v is preferable, although the possible value of v is

affected with mechanical constraints.

Figure 9. Relationship between v and cycle of the orbit. Left: γ =

1.21, v = 17.08π, Right: γ = 1.21, v = 34.17π

3.2. Directional Image Switching

Actually, our system comprises a combination of a mir-

ror and a holographic diffuser, which acts as a screen with

narrow directivity. Figure 10 shows the result of orbital sim-

ulation when effect of the holographic diffuser is taken into

account. The filled area on the sphere is the intersection of

the sphere and the light ray that was reflected at the center

of the mirror and diffused by the effect of the holographic

diffuser. With the holographic diffuser, the margin of orbit

is filled and effectively covers the entire area of the sphere

around the display. However, the holographic diffuser also

causes overlap of the projected image.

3.3. Parameter Relationship

Given that projector refresh rate f and orbit cycle T ,

number of viewpoints N and refresh rate for each view-

points F can be expressed by

F =
1

T
(5)

N = fT (6)

Figure 10. Simulation result with the effect of the diffusion under

the condition ωα = 22π[rad/sec], ωβ = 10π[rad/sec], diffusion

angle of holographic diffuser is 10.0[deg]

By eliminating T, these equation become f = FN . This

shows trade-off relationship between F and N . In order to

get F and N large enough, it is important to set f as large

as possible. Thus, high-speed image switching is important.

T is determined by ωα and ωβ . In other words, T is

affected by v and γ, the shape of the orbit.

4. Overview of the Prototype System

From the structural point of view, the prototype system

is divided into two parts: a rotation unit and a projection

unit. Although these two units are preferable to be synchro-

nized, they are independent while running in this prototype

system.

Figure 11. Left:Appearance of display, Right: System overview

4.1. Rotation Unit

Figure 12 shows the appearance of the rotation unit. The

rotation unit is further divided into a mirror-rotation struc-

ture and a base-rotation structure. In the mirror-rotation

structure, the rotating mirror is two sided and consists of

two acrylic mirrors that are connected at the back (Figure

13). The shaft is located between these two acrylic mirrors.
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In order to reduce the moment of inertia, acrylic mirrors

was adopted instead of glass mirrors. The size of the mir-

ror is 100x100[mm]. Holographic diffusers with a 5[deg]

diffusion angle are placed on the surface of the mirror. As

the projected light comes to the mirror, reflects on the sur-

face and goes out to somewhere, the light passes through

the diffuser twice. Thus, the overall diffusion angle of this

mirror is estimated to be about 10[deg]. The mirror-rotation

structure is located on the base-rotation structure, connect-

ing only electric power cables. As mentioned already, the

axis of mirror rotation and the axis of base rotation are or-

thogonal to each other. Size of the rotation base structure is

300[mm] x 300[mm] x 180[mm].

Figure 12. Appearance of Rotation unit

Figure 13. Mirror rotation structure. Left: Schematic, Right: Ap-

pearance

4.2. Projection Unit

We adjusted an commercially available projector in or-

der to obtain a high refresh rate. We used a DMD Discov-

ery 3000 board from Texas Instrument Inc. The Discovery

board enables users to control the DMD chip directly. We

also used an ALP-3 daughter board from Valuax Inc. The

daughter board enables the control computer to store im-

ages in its memory via a USB connection. The Discovery

board with the daughter board is able to store 1365 XGA-

sized monochrome images. The maximum refresh rate is

13,333[Hz].

The control computer renders profile images of the 3D

object in advance, and stores the prerendered profile images

in the memory of the DMD board. The images were pro-

cessed into 1-bit monochrome images by Floyd-Steinberg

dithering, because a high refresh rate is more important than

color depth in this system. The images stored on the mem-

ory are projected to the loop at the refresh rate set by the

control computer. The refresh rate of the projector can be

set in microsecond order.

Figure 14. Appearance of projection unit

5. Experiment

5.1. Conditions

We conducted an experiment to evaluate the display.

ωα and ωβ were set at 6π[rad/sec] and 16π[rad/sec] re-

spectively. Figure 15 shows a result of the viewpoint or-

bit simulation under this condition. 1250 images sized

1024x768[pixels] were presented at the speed of 1250[fps].

Figure 16 shows part of pre-rendered images. 2D im-

ages was created from 3D model of a teapot drawn with

OpenGL. Based on the discussion in Section 3, ωα and

ωβ give refresh rate for each viewpoints F and the num-

ber of viewpoints N . When ωα = 6π[rad/sec] and ωβ =

16π[rad/sec], T = 1[sec]. By applying Equation 5, 6, F

and N are calculated to be 1[fps] and 1250.

In order to project correct images for each viewpoint,

image and mirror position (α, β) is interrelated. However,

we have not implemented automatic synchronization sys-

tem yet. This time we adjusted relationship between image

and the mirror position manually.

5.2. Result

Figure 17 shows the result of the experiment. A pre-

sented view was static for a certain viewpoint. The display

presented horizontal parallax for 360[deg]. It also presented

vertical parallax as far as the view is not disturbed by struc-

ture of the prototype system. The display was also able to
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Figure 15. Simulation result of the viewpoint orbit under the con-

dition ωα = 6π[rad/sec], ωβ = 16π[rad/sec]

Figure 16. Part of projected images. Each image is associated with

certain viewpoint.

show occlusion. As a result, 3D structure of teapot was eas-

ily recognized.

6. Discussion and Future Work

There are several points for further development of CA-

GRA. Firstly, projected 2D images needs compensation for

the narrow directivity of mirror with the holographic dif-

fuser, which is introduced for filling margins of the view-

point orbit. 2D images are projected under the assumption

that a position of the mirror and a 2D image have an one-

to-one relationship. The assumption means whole part of

a projected image is observable from each of viewpoints

at one time. Due to the effect of narrow directivity com-

ing from holographic diffuser, however, only limited part of

the image are observable from some viewpoint at one time.

This means projected 2D images need to be compensated.

Figure 17. Result of the experiment. Left: Horizontal, Right: Ver-

tical

Multiple Center of Projection image[15] is the solution to

this problem. We are now implementing this technique in

our system.

Careful consideration on the orbit design is also neces-

sary in order to realize stereoscopic vision with spherical

coverage. As discussed in Section 3, the characteristics of

CAGRA, such as refresh rate and the number of viewpoints,

depend on its viewpoint orbits. For more precise analysis,

the effect of diffusion by holographic diffuser, size of mirror

and amount of reflection light have to be taken into consid-

eration.

We have to improve refresh rate of the display to avoid

a flicker. Refresh rate is up to rotation speed of mirror and

the number of projection points. To increase rotation speed,

improvement of mechanical structure is necessary. To in-

crease the number of projection points, there are two op-

tions. The one is to increase the number of projector. The

other is to split one image into several images with mirrors

[11]. Though relationship between rotation and projection

becomes much more complex as the number of projection

points increases, simulation of the viewpoint orbit is still

possible.

For various application use, the ability to show motion

and colors are necessary. One way to present movie is

putting DVI signal directly into DMD board [13]. This
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method also enables real-time interaction with a 3D object

in the display. In order to show color, 3DMD method is

available [6]. This method uses three DMD chips, assign-

ing these chips for each of RGB colors. This means one

frame consists of 3bit color image. Dithering makes the im-

age look much more color for human eyes.

7. Conclusion

In this paper, we proposed the novel 3D display CAGRA,

which consists of two-axis mirror rotation and high-speed

directional image switching. At first we proved that combi-

nation of these ideas creates viewpoints all around the dis-

play. Then we discussed basic characteristics of the display,

especially characteristics of the viewpoint orbit, which was

determined by rotation speed of the mirror and the base.

Based on these discussion, we implemented a prototype

system. Evaluation of the prototype system proved CAGRA

is the first 3D display that can provide spherical coverage

and occlusion at the same time. Finally we discussed points

to improve and possible solutions. The ultimate goal of CA-

GRA is to create an easy-to-use 3D display that produce

perfect light field of a 3D object.
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