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In this paper, we describe several key problems in the design of a real 3D display system with
sensors (RDSS) and details of matching the parameters to generate 3D images. We also illustrate
the feasibility of using light fields to reconstruct 3D images. Additionally, we propose a real 3D
display based on optical field reconstruction that also solves the problems of fuzzy images and
low mechanical stability caused by the scattering characteristics in an optical field display. We
acquire images through sensors and project them to a high-speed rotating mirror through digital
light processing (DLP) after computer processing. At the same time, DLP is used to project
images to the horizontal space, so that they can be observed by human eyes without auxiliary
equipment. We find the best parameters for achieving a clear and stable image by comparing
different experimental data. The matching parameters provided in this study can greatly reduce
the cost of real 3D display systems that are easily usable and realizable and can be widely used in
advertising, exhibitions, and other applications.

1. Introduction

Early research on 3D displays, such as stereoscopic and autostereoscopic displays, provided
only the illusion of 3D perception. In contrast, with the rapid development of new 3D display
technologies, it is now possible to experience real 3D displays, such as integral imaging,
volumetric holography, and light field displays.(!) Stereoscopic and autostereoscopic 3D displays
are affected by flicker induced by temporal multiplexing and crosstalk (information leaking
from one eye view to the other), which not only seriously reduces the perceived image quality,
but also affects the fusion of two images. A real 3D display remedies the defects of stereoscopic
3D displays by integrating the intermittent information around the visual system through the
high-frame-rate output and reducing the interocular crosstalk to achieve a real 3D display
effect.®) The real 3D display system with sensors (RDSS) developed in this study is based on the
reduction of interocular crosstalk.
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This paper presents a 360° floating light field display system that can display floating 3D
images in the air, which can be viewed from any angle with the naked eye without wearing any
accessories. First, we introduce the components of the system, which consists of a CMOS image
sensor (CIS), an IR radiation sensor (IRS), an industrial-grade optical projection module for
digital light processing (DLP), a stainless steel directional scattering mirror (DSM), a high-
speed rotating stainless steel disc, and a high-speed mini-motor. Then we discuss the RDSS,
which can provide continuous views with vertical and horizontal parallax by generating 3D
images with vertical viewing angles of up to 12.5° and horizontal viewing angles of up to 360°
with image sizes greater than 20 cm. Additionally, the DSM adopts an adjustable light shaping
diffuser (ALSD) to reduce specular scattering, which can greatly improve the clarity of the 3D
display. In addition, we discuss the problems we encountered, such as the motor vibration
problem and the DSM barycenter point finding problem. Finally, we compare the experimental
data obtained under various conditions and environments to obtain the best matching parameters
for the clearest 3D display.

2. Related Works

In recent years, volumetric displays have occupied the mainstream of research on real 3D
displays. In 2018, Smalley et al.®) developed a free-space volumetric display that takes advantage
of visual persistence. Its basic principle is to generate 10 um image points in free space to
generate full-color graphics by photophoretic optical trapping. In the following year,
Hirayama et al.® proposed a floating volumetric display (multimodal acoustic trapping display)
adopting acoustic holography as a single operating principle, which is characterized by the
simultaneous transmission of auditory, visual, and tactile content. Additionally, emerging
glasses-free tabletop 3D displays float virtual 3D objects on a flat tabletop surface with a 360°
view.®~7) Although holography displays are rarely used for civil purposes because of their high
cost,® with most of them used for art exhibitions® and commercial performances,!? the
autostereoscopic light field display presented by Jones et al(!) is highly practical and easy to
operate.

3. Proposed Real 3D Display System
3.1 Structure and principle of the RDSS

The RDSS is based on the human visual retention characteristic (0.1-0.4 5).2) To reduce the
problem of persistent display (human eyes observing a new frame of an image while the previous
frame is still visible) caused by crosstalk, this system adopts a high-speed projector to project an
object and integrates intermittent information around the visual system, thus reducing the
influence of crosstalk, reconstructing the light field information, and finally realizing a real 3D
floating display. In addition, the visual environment of the system should be dark, because the
visual residual effect is related to brightness, that is, the greater the brightness, the longer the
effect.(1?
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The system, whose structure is shown in Fig. 1, operates as follows. First, the image sensor
senses objects and transmits them to a highly sensitive digital camera with a CMOS sensor,
which is used to obtain a depth cue and light field information of the desired display object, then
the sensor transmits them to the computer. Then the computer performs 3D modeling on the
sensing object, thus obtaining the 3D stereoscopic model and the angle section. The source
images are then sent to an industrial-grade high-speed projector and projected synchronously
directly below the DSM. A key requirement is that the center point of the optical axis of the
high-speed projector coincides with the center point of the scatterer’s rotating barycenter. At the
same time, the DSM is driven by a rotating mechanism consisting of a high-speed mini-motor
and a rotating shaft to spin at high speeds and scatter light. Finally, we adjust the number and
speed of projected images and the speed of the motor to make the parameters match, so as to
achieve the optimal efficiency and effect of the floating 3D display.

3.2 Sensors in the RDSS

(D) CIS

An image sensor detects optical images and converts them into electronic signals.('®) Early
image sensors used analog signals. Nowadays, image sensors are mainly divided into two types:
charge-coupled device (CCD) sensors and CMOS active pixel sensors. The CIS is a type of
active pixel sensor using a CMOS semiconductor. There are corresponding circuits for each
photoelectric sensor to convert light energy directly into voltage. Unlike a CCD, it does not
involve signal charges.(14-17)
(2) IR sensor

This is composed of an IR data processor and an IR transceiver. The IR transceiver is
composed of IR tubes, which are assembled in the transceiver and consist of a transmitter and
receiver.!819) When an object produces emission in the IR range, the IR data operation
processing unit can locate the object according to the status of the IR tubes and transmit it to the
signal processing unit through the terminal controller.2%-23 The signal processing unit processes
the image and transmits it to a high-speed projector.*)

DLP

Object

6 & &

CMOS camera computer mechanism

Fig. 1.  (Color online) Structure of the RDSS.
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3.3 Structure and principle of the DSM

The DSM consists of an ALSD, a stainless steel mirror, and an acrylic triangular bracket, as
shown in Fig. 1. The DSM is fixed on a circular turntable at an angle of 45° from the horizontal
direction. When the light hits the mirror, the reflected spot area is very small. When the light
hits the scatterer, the area of the reflected light spot becomes larger, thus increasing the field
angle range.>® Therefore, the ALSD is adopted to spread the scattering range, so as to increase
the field of view angle and enable the image to be observed from different positions over an
angle of 360°. Figure 2(a) shows the scattering characteristics of the DSM in the horizontal
direction. The ALSD limits the horizontal light to a very small angle a, which is similar to direct
reflection, to improve the accuracy of the horizontal reconstruction of the light field.
Correspondingly, Fig. 2(b) shows the scattering characteristics of the DSM in the vertical
direction. The ALSD scatters light over the maximum angle £ in the vertical direction, which is
similar to diffusion, so that the observer can observe images with a larger vertical range. To
enable the observer to observe the image clearly, the system adopts the ALSD with an angle of
60° in the vertical direction and an angle of 1° in the horizontal direction to improve the
scattering performance.

As shown in Fig. 3, the image to be projected is selected according to the angle €, and Eq. (1)
gives the number of projection cross-sectional images v.

v =360/0 )

For a motor speed of u revolutions per minute (rpm), a time of 60/u s will be required for each
rotation of the motor. According to the principle of the 3D display, for every rotation of the DSM
disk, the DLP must project the 3D cross section v times. For the frame rate of the DLP of , we

have
0 =v x (u/60). )

@ (®)

Fig.2. Principle of the DSM. (a) Horizontal Fig. 3. (Color online) Schematic of the ALSD.
characteristic. (b) Vertical characteristic.
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4. Experiments and Discussion

Employing the principle of the 3D image reproduction of the light field, we design a real 3D
display device, which includes a projector frame, a protection frame, a rotation frame, and a
high-speed mini-motor. Specifically, the moving frame of the projector is composed of a
T-shaped bracket and an L-shaped slide rail group made of European standard 3030 aluminum,
which can make the projector move up and down and back and forth to adjust the size of the
display image. The imaging display platform is made of 12 pieces of aluminum assembled into a
rectangular frame structure, with acrylic panels added around for protection. Also, a 10-mm-
thick stainless steel plate is installed in the middle to affix the motor and act as a weight in the
system. The rotating mirror frame is composed of an acrylic triangular bracket, a stainless steel
mirror, and a stainless steel turntable. Additionally, the specific parameter values of the RDSS
framework are obtained by SolidWorks® 3D modeling.2%) The rotating disk has a diameter of
190 mm and a thickness of 17 mm, and the acrylic triangular bracket (180 mm long, 130 mm
wide, 1 mm high) is placed on it. An Animatics SmartMotor SM23165DT high-speed micro
motor and a DLP PRO6500 high-speed projector are used. The CMOS camera is used to scan
objects and adopts 3D Studio Max software to obtain the modeling image, as shown in Fig. 4.

Experiment 1: Reduce crosstalk to invisible to the naked eye

1. Speed of DLP: According to the rule of the 3D display, 240 Hz frames can reduce the
crosstalk by fourfold compared with that for 60 Hz frames, so we chose a speed of 240 Hz for
the DLP.

2. Number of cross-sectional views of 3D object: On the basis of Eq. (1), we chose angle J as 15°

(24 images).

3. Speed of DSM:

(1) According to Lueder’s suggestion®# that an addressing circuit with a speed of four times
the frame frequency should be adopted to reduce crosstalk, we preliminarily chose a
motor speed of four times the frame rate of the DLP, namely 960 rpm, so that the speeds of
the DSM and DLP could be matched. However, no stereoscopic imaging occurred, and
only fuzzy and wobbly scenes were observed.

(2) On the basis of Eq. (2), we set d to 240 Hz, then the speed of the motor x was 1000 rpm
and the 3D scene vibrated. When the motor speed reached 1300 rpm, the surround effect

@) (b) ©

Fig. 4. (Color online) Modeling image. (a) Top, (b) back, and (c) front views.
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appeared, and the 3D object rotated at a uniform and low speed. Then, when the motor
speed reached 1704 rpm, the floating 3D object appeared smoothly above the rotating
disc. However, when the motor speed was further increased, the display started to blur,
rotate, and swing again.

Finally, when the motor speed was set at 1704 rpm, we were able to reduce the crosstalk and

observe the objects suspended in the air. Figure 5 shows the 3D views from different angles.
Experiment 2: Make the hover display clearer

L.

Different angles 6 (60, 30, 15, and 10°) were selected using Eq. (2) without the ALSD. As
shown in Fig. 6, the smaller the angle (i.e., the larger the number of images), the sharper the
3D scene will be. However, owing to the increase in the number of images, the performance
and projection rate of DLP will increase correspondingly.

Fig. 5. (Color online) 3D views from different angles.

@
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Fig. 6. (Color online) Cross-sectional views of 3D object with different angles. (a) 60°. (b) 30°. (c) 15°. (d) 10°.
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Fig. 7. (Color online) Display results from different angles of ALSD. (a) 2°. (b) 1°. (c) 0.5°.

2. On the basis of the characteristics of the ALSD, an angle of 5° (72 pictures) was chosen with
different ALSD angles (1, 0.5, and 2°). As shown in Fig. 7, 0.5° is the angle with the best
display effect, but it is computationally expensive compared with an angle of 1°.

5. Conclusion

The proposed display system can enable the observer to observe 3D objects without wearing
any equipment, and the whole set of equipment can be used repeatedly. In addition, compared
with mainstream holographic 3D systems, such as those developed by Cambridge Enterprise®?)
and Motohiro et al.?) this system is more practical and easily usable at a low cost. In particular,
the definition and the observable angle of the RDSS are greatly improved due to the addition of
the ALSD. Additionally, the RDSS overcomes the vibration problem when the motor rotates at
high speeds. Overall, the RDSS has a small information requirement, low redundancy, and high
speed, and produces clear images.

However, this system has various shortcomings. For example, the experimental results show
that the theoretical data cannot eliminate crosstalk, possibly because the DSM had a large load
on the rotating system.?%=2%) In addition, owing to the limited amount of light field information,
the display scene is transparent and lacks occlusion information,?) so the observation should be
in a dark environment. Furthermore, the observable range of the device is limited for human
eyes, and the image display size is still limited.

The RDSS can be widely used in exhibitions, in advertisements, in the generation of medical
images, and in modeling displays. In the future, we aim to develop real-time dynamic
transmission control of the 3D display system.
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