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Implementation of an AR-3D Display System using a Holographic Optical
Element Screen and Multiple Small Projectors
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Abstract We propose a new AR-3D display system that can display people and other objects in 3D on a transparent screen, which is expected to be useful in online face-to-face

communication . This display is composed of a newly developed functional reflective film using hologram printing technology and multiple projectors. In the prototype, 32 small

projectors arranged horizontally at intervals of 2 degrees were used to project a group of elemental images that generate parallax onto a screen measuring 35 cm diagonally . The

reproduced 3D image is full color and has the same resolution as the original projector, and can be viewed simultaneously by multiple people without wearing 3D glasses within a

range of 64 degrees horizontally and approximately 10 degrees vertically relative to the image . Furthermore, we have performed an initial implementation of a system that acquires ,

transmits, and displays shapes, and in a demonstration experiment, high-resolution facial data of a specific person was used as input, and the image was projected over a transparent background.

The system succeeded in capturing natural facial expressions.
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1. Introduction

In recent years, the speed and capacity of information communication
through 5G and XR (AR) have increased.

Augmented Reality, VR: Virtual Reality, MR: Mixed
With the rise of AR (a collective term for augmented reality ) technology,
research and development into two-way communication with remote
locations is accelerating. In particular, visualization technology incorporating
AR display, which can overlay digital information on real-world scenery or
near objects, is expected to have the potential to expand human capabilities
in a variety of fields. For example, communication tools that combine smart
glasses and AR are becoming more widespread, and in the medical field,
3D online diagnostics for remote diagnosis of symptoms are becoming more common
In the civil engineering and construction industry, the development of augmented
reality (AR) work environments is currently underway, with the aim of reducing travel
costs to work sites . In such remote communication scenarios, it is necessary to
realize an environment that combines three types of technologies: an environment
that can acquire and transmit 3D information of people and space without delay, and
ideally, an environment that can display 3D images that can be observed with the
naked eye without wearing any equipment .

In the "acquisition" of 3D information, shape acquisition from point clouds using

LiDAR and ToF sensors , which are already in practical use, is being considered.

202342 H 6 H32ft, 20234F 4 H 28 HE%ZA, 202346 H 4 Hixs%
T (EWF) EECEETTIerN BRI
(T 184-8795 HEH/MpH T EHILNT 4-2—1, TEL 042-327-7637)
H EERER Y T8
(T 607-8175 FLHEBAF LR ILAHX KEILHAT 34, TEL 075-571-1111)

Various methods have been proposed according to the type of object to be acquired
and the required accuracy, such as photogrammetry3), which generates polygon
mesh data from multi-viewpoint images of an object taken from multiple directions,
and more recently NeRF4) , which generates new viewpoint images from multi-
viewpoint images using deep learning.

Next, when considering remote communication between people, which is the
“transmission" of 3D information, if a group of cameras that acquire high-definition
shape data of people in real time is installed at each communication point, there are
many challenges, such as the need to transmit 3D information without delay even
through a wide variety of communication paths , and to develop compression and
decoding processing for shape data.

inally, in the case of “displaying” three -dimensional information, wearable
devices such as smart glasses and head-mounted displays are being used.

While AR display using wearable devices has become commonplace due to their
lighter weight and higher functionality, limitations in use, such as the inconvenience
of wearing the devices and the inability to share information among multiple people,
have become an issue. As a means of resolving limitations in use of wearable
devices, various technologies that can present 3D information using stationary
devices have been proposed5),6), and some of these have already been
commercialized , such as light field displays based on ray reconstruction7) and
displays based on viewpoint tracking8) . However, these have limitations in that they

are limited to AR- 3D display that can be observed by multiple people at the same
time, as described above, due to the presence of obstructions such as high-resolution
liquid crystal panels behind the reconstructed image, making transparent AR display

impossible and limiting the number of observers to around one .
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A display that meets these requirements has not yet been put into practical use. Table 1. Specifications of the display computer.
. . . Item Specifications
In this paper, we focus on the holographic optical element (hereafter,
CPU AMD Ryzen 7 3700X
Here, we report on the development of a new AR-3D display that consists of a (3.6GHz, 8cores, 16threads, TDPE5W)
m/B MSI MEG X570 UNIFY

single transparent screen (HOE) and multiple small projectors. The display Memory CORSAIR CMK16GXAMZAZE66C16 X 2

displays high-resolution, full-color 3D images with a wide horizontal viewing GPU ASUS RX5700XT-8G x 2

) . ) . SSD Crucial CT1000P1SSD8JP

angle , allowing multiple people to view them simultaneously. Power Supply CORSAIR CP-0020152-3P
0os Windows 10 Pro

The film used for the screen of this 3D display is an HOE made by hologram

printing technology ( HOPTEC ) .

The projector used for the implementation is a DLP type .

The projector is a ready-made product ( 854x480 pixels (FWVGA), brightness
We have now developed a new HOE screen that can accommodate multiple
approximately 60 lumens ) , with a projection distance of 800 mm to the center
projectors, in addition to the transparent AR-3D display9)10) , which is a type
of the HOE, and is arranged on a surface below the center at horizontal angle
of display that uses light from multiple projectors. This makes it possible to
intervals of 2 degrees. The video signal to each projector is generated by a
reproduce full-color 3D images based on the light field reproduction principle
single display computer shown in Table 1 , which generates 32 channels of
while maintaining the image quality of each projector.
720p video signals, and outputs them to each projector via a distributor and
Furthermore, this paper reports on the initial implementation of a system
HDMI cable.
capable of "acquiring, transmitting, and displaying" the three -dimensional
The observer stands directly facing the HOE screen at a distance of
information necessary for remote communication. This time, assuming face-to-
approximately 1 m ( the area behind the projector, on the left side of the paper
face communication, we use the "Light Stage"11) as a means to "acquire" high-
in Figure 1) and observes the reproduced image while moving left and right
definition three -dimensional information of a human face .
within a horizontal range of 64 degrees centered on the normal line of the
By using a 3D display technology, we have implemented a system that can . . . L
screen surface, or multiple people can observe the image simultaneously within that range.
reproduce a specific person's face in full color and high definition on a
2.2 Specifications and fabrication of the HOE
transparent screen in a state that can be observed by multiple people with the
screen The fabricated HOE screen has the function of a concave mirror as
naked eye by combining the 3D information output in a standard file format that
its basic optical performance. With a simple concave mirror, a group of light
can be "transmitted" with a technology that converts the 3D information output
rays projected from a projector ideally converges to a certain point. Since many
in a "transmittable" standard file format and "displays" it
projectors are arranged horizontally and project images with parallax, the
based on the principle of light field. In the following, we first describe the
viewing zone can be formed as a collection of multiple observation points.
principle of the newly developed AR-3D display, and then show the process
However, unlike ordinary concave mirrors, the optical element used in this
from the data acquired as a high-definition face shape to displaying it on the
display is designed as an off-axis concave mirror in which the center of curvature
AR-3D display through appropriate light information processing. Finally, we
of the concave mirror is off the central axis (optical axis) of the optical element.
report on the initial implementation of the system and the reproduction results.
Furthermore, in order to form a viewing zone in the vertical direction, the optical

2. AR-3D Display System function is recorded in a state where multiple light rays contained in the image

projected from the projector are emitted as multiple light rays distributed in a
2.1 3D display configuration The 3D
certain vertical angle range when they are reflected. With this function, the
display we developed has a simple configuration , as shown in Figure 1, . X o . L
Py P P g 9 horizontal observable range (horizontal viewing angle) of the display coincides
consisting of a transparent screen made of HOPTEC and multiple projectors . . . .
with the angular range of the horizontal arrangement of the projectors, while the

arranged horizontally.
vertical observable range (vertical viewing angle) is set by the HOE screen.

The angle unit of the amplitude of the reflected light beam is used to control the

HOERZ U —» ——

The main specifications of the fabricated HOE and the entire 3D display are

shown in Table 2.

Table 2. Main specifications of the implemented 3D display.

ftem specification

Screen size 250mm (horizontal) x 250mm (verica) Observation distance Viewing

Projection distance 800mm

Observation distance >=1,000mm

Viewing angle 64 degrees (horizontal) x 10 degrees (vertical)
Figure 1. Overall configuration of a 3D display. Reproduction wavelength 473nm, 532nm, 6400m
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Fig. 2 Optical system for evaluating HOE regeneration.

Next, we will describe the fabrication of the HOE screen. First, the reflection function to be
imparted to the film is calculated as a phase distribution and converted into a computer-generated
hologram (hereafter referred to as CGH). This CGH is physically reconstructed by an optical device in
the exposure equipment, and a volume hologram is recorded on the film by interfering the object light
generated by the CGH with the reference light. The exposure equipment is equipped with laser light
sources with wavelengths of 473, 532, and 640 nm, and the CGHs corresponding to each wavelength

are simultaneously projected onto three reflective liquid crystal panels.

The hologram is reproduced simultaneously and exposed to the recording material, allowing for three
wavelengths to be recorded multiplexed. Although the diffraction efficiency is reduced due to crosstalk
between wavelengths compared to recording at a single wavelength, the wavelength selectivity of the
hologram allows one sheet to function for three wavelengths.
The HOE screen was successfully created. Next,
we will discuss the relationship between the spectral reflectance of the HOE and the chromaticity of
the reconstructed image. The light incident on the HOE from the projector is
Due to the wavelength selectivity of the HOE , the peak is near the recording wavelength
Only the light reflected from the HOE s reflected. As a result, the chromaticity of the reconstructed
image observed is the product of the spectral characteristics of the projector and the spectral
reflectance of the HOE multiplied by the CIE color matching function. In reality, precise control is difficult
because the reconstruction wavelength shifts due to the shrinkage of the hologram recording material
and the difference in the incident angle of the light during recording and reconstruction. However, in this
display, the white point (x = 1/3, y = 1/3 in the CIE 1931 color space ) is ideally reconstructed without
the need for color adjustment involving gradation limitations on the projector side. The optimal diffraction
efficiency is calculated from the CIE color matching function, the spectral characteristics of the projector
measured in advance, and the peak wavelength during reconstruction of the HOE, and is reflected in
the exposure dose when the HOE screen is manufactured. The chromaticity of the reconstructed image
in this implementation was measured using a spectroradiometer (Photo Research, PR-670) installed in
the center of the viewing zone as shown in Figure 2 . Table 3 and Figure 3 show the diffracted light
measured when a white image (R=255, G=255, B=255) was

projected from the central projector onto two types of screens, for an HOE made by adjusting the
exposure intensity ratio of the recording wavelengths mentioned above, and an HOE made by using
an exposure intensity ratio calculated only from the absorbance of the recording material as a
comparison method12) ("Comparison method" in the figure) . The diffracted light was then plotted in
the CIE1931 color space. In the proposed method, the projected light from one projector is given the
ability to diffract in the reflection direction within a horizontal range of 2 degrees, the same as the
angular interval of the projectors. Therefore, the three chromaticity values measured by shifting the
angle of the measurement direction relative to the horizontal axis of the screen by 0, 1, and 2 degrees

are also shown.

(Comparison method only measures from 0 degrees direction).

From Figure 3 , it was confirmed that the HOE screen created by optimizing the exposure intensity

ratio proposed here is closer to the target white point (x = 1/3, y = 1/3) than the HOE created by the

comparative method that considered only absorbance. It was also confirmed that there was almost

no color change within the horizontal range of 2 degrees assigned to one projector .

Since the diffraction efficiency of the reflected light of the HOE responds almost linearly to the
brightness and intensity of the incident light, the color creation on the projector side is directly reflected
in the reproduced image for gradation expression between 0 and 255. This result shows that in an
optimal HOE screen playback environment, the white balance can be improved by optimizing the
exposure intensity ratio without the need for color adjustment on the projector side. Note that if the
incident angle of the light from the projector deviates from the incident angle of the reference light
used when creating the HOE screen, chromatic aberration occurs, mainly due to a shift in the peak
wavelength of the diffracted light. In that case, it is necessary to adjust the white balance separately

on the projector side.

Figure 4 shows the results of image reconstruction using a color checker (Macbeth chart), a
diffuse content placed on the HOE screen . Note that this time, the adjustment is made to the exposure
intensity ratio, so only the white balance is the target index. Please note that the color of the
reconstructed image is only a reference result, as it does not include color components, it does not
compensate for nonlinearity of gradation due to the projector's unique color creation, and the
background is transparent and superimposed to show the transparency of the screen. From the
reconstruction result of the patch in the lower part of the figure , it was confirmed that reconstruction

with a natural white balance was successful in the black-and-white gradation.
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Figure 3. Measurement results plotted in the CIE1931 color space.

Table 3. Measured chromaticity

Comparison method Odegrees 1degree 2nd degree

xy) (0.283, 0.365) (0.333, 0.330) (0.328, 0.325) (0.336, 0.322)
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Figure 5: 3D model data displayed on a game engine (left) and

Figure 4 Comparison of the color checker reconstructed image and the original image.
elemental images output for a projector (right).

2.3 Light ray data of 3D shape As mentioned

above, the viewing area of this display is defined in one dimension in the horizontal . . .
9 pay It is designed to be observed from the side.

direction, and viewpoints are densely formed in the horizontal direction at or below the . . . . .
P Y The grid that is added is the physical screen position.

interpupillary distance according to the arrangement interval of the projectors. The viewing . ) o . . . .
It is an index used when calibrating the image and is not displayed during actual

area is further expanded to a certain volume by the function of the HOE developed this . . . . .
observation. When comparing Figure 5, the perspective of the two images

time , and within that, a 3D image is perceived by the principle of image reproduction by i L. . .
a group of light rays. You can realize this. appears to be different, but this is because the elemental image on the right of

Figure 5 is for observation from slightly above. By projecting multiple elemental

The elemental images projected by each projector are calculated based on a . . .
images generated based on the above calculations onto a screen and observing

path tracing method that takes into account the path of the light ray for each pixel. L . X i
them from the expected viewing zone, a correct 3D image is perceived as shown
When focusing on a certain pixel of the projector, if you follow the light of the pixel . . .
9 P prol y 9 M in the reconstruction results described below.

projected through the projection lens, it will reach the HOE (screen), where it will be

reflected according to the HOE 's functions, and reach a certain point within the 3. Initial implementation of remote communication system:

viewing area. In other words, the light ray information that this pixel should be Flow from "acquisition" to "display”

responsible for is the light that traces the direction of the light ray vector that arrived
3.1 Capturing highly accurate facial measurement
at the viewpoint it reached in the opposite direction.
data In order to "acquire" information for remote communication, this time we
Since it is not realistic to implement all of the high-quality CG rendering
used the "Light Stage ," a facial shape measurement platform13 ). Figure 6 shows
algorithms independently, in this paper we attempted to implement the above
the capture process. The "Light Stage" used in this experiment
algorithms using an existing game engine ( Unity 3D, manufactured by Unity
is a device that can measure not only the shape but also the texture of the skin
Technologies , was used in this experiment ).
and the entire face in high precision by capturing images of the face while

controlling 346 light source devices arranged inside a spherical domel1). A real
In modern game engines, it is possible to describe the rendering method for

person (a female staff member at our institute) was used as the subject, and
each pixel in detail using shaders.

images were taken as shown in Figure 6. Note that since it is difficult to capture
Representing 3D shapes in the rendering pipeline

data on human hair, the face data was measured after the hair was removed by
When raster scanning a polygon mesh in camera space, the images required for

wearing a hat or similar item in advance.
3D video playback in this system can be generated by replacing the line of sight

vector provided by default with a vector from the viewpoint that the pixel in

experiment, 4.91 million trial samples were collected.
question should be responsible for in this system . In this way, by adopting a
method of obtaining the desired images by modifying part of the rendering pipeline

of the latest game engines, it has become possible to easily achieve the playback

of high-quality 3D video.

The left side of Figure 5 shows an image of a 3D model rendered using
standard functions within the game engine . The right side of Figure 5 shows an
example of an image generated for a certain projector. The projector that projects

this is positioned slightly to the left of the observation position facing the HOE

screen (toward the back of the paper in Figure 1 ). The light of the image projected

Figure 6. Capturing face measurement data using the “Light Stage.”

from this position is reflected by the HOE screen, and is projected in the right

direction ( toward the front of the paper in Figure 1) .
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The display is composed of a reflective film ( 35 cm diagonal) and 32 small projectors,
and full-color 3D images equivalent to the projector resolution can be observed within
a horizontal viewing angle of 64 degrees and a vertical viewing angle of approximately
10 degrees. In addition, based on a scenario as a remote communication tool, we
initially implemented the system to reproduce high-definition face measurement data
on this display, and conducted a demonstration experiment. Future issues include
improving the image quality of the 3D display.

In order to reproduce high-quality images using the proposed HOE screen, it is

Fig. 7. Resuls of playback using the AR-3D display (next to the screen) preferable for the projector to be a laser projector, which is easy to control the

wavelength, and optimally, the reproduction wavelength should be the same as the
(The photo is of the subject himself.)
wavelength at which the HOE was manufactured. In this implementation, we used a
projector with an existing LED light source, which is inexpensive and easy to obtain,
so the brightness and color of the reproduced image were not corrected to the

maximum extent. Our future goal is to improve the display components to make them

more suitable.

In addition, although this time we conducted a demonstration experiment using

Fig. 8 Viewing of reconstructed image using AR-3D display

Check the diference face measurement data with the aim of applying it to remote communication, we can

expect applications of AR-3D displays in a variety of fields other than communication,

such as construction and education. To achieve this, we will continue to work on

A single polygon mesh and 539MB of associated optical information (multiple texture supporting 3D data used in various fields (e.g., CAD (Computer-Aided Design) data ,

atlases such as albedo and specular reflection components) were obtained. This was BIM (Building Information Modeling) data, point cloud data, etc.), and we will also

output in a general-purpose format (Wavefront obj format) and passed to the continue research and development to further improve the resolution of 3D content,

downstream AR-3D display. simplify the system, and increase flexibility.

3.2 Display of highly accurate face measurement

data Next, the results of playback using the newly developed AR-3D display are

shown in Figs. 7 and 8. In Fig. 7 , the subject is shown next to the reconstructed image. Acknowledgment
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