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Verification of Depth Perception of Aerial See-Through
DFD Display System by Fusing Arc 3D and AIRR

Kyoya Hino, Kensuke Tamano’, Shiro Suyamaand Hirotsugu Yamamoto®

Abstract We propose the aerial see-through Depth-Fused 3D (DFD) display that allows the depth position of
the DFD image to be freely changed and enables the observer to observe both the DFD image and the

background through the image. We investigate this psychophysical experiments on depth perception. Since the

position of the floating edge image by the Arc 3D display and the aerial image by aerial imaging by retro-

reflection (AIRR) can be changed, the aerial see-through DFD display allows the position of the DFD image to be

freely expressed. In addition, since the arc 3D substrate appears to be nearly colorless and transparent, the

background can be observed through the DFD image.

Keywords: Aerial image, Retro-refection, AIRR, Arc 3D display, DFD display, Edge-based DFD, Arc DFD.

1. Introduction

3D display technology is getting attention in various
fields. When they are incorporated into devices such as
gaming consoles, mobile devices, and medical equipment,
they produce more realistic images than 2D images,
enhancing usability and reliability. Simplifying the
configuration of devices equipped with 3D display
technology will enable them to be applied in a wider
range of fields. This will expand the market.

The DFD (Depth-Fused 3D) display easily achieves 3D
images by simply overlapping two images with different
luminance®: 2. In DFD display, viewer fatigue is
comparable to that experienced with traditional 2D
images3- 4. This makes the DFD display suitable for
long-term viewing, and it can be applied to various
devices currently in widespread use. In addition, if this
DFD display can be made into an aerial image, its
application to interactive systems will be easily realized
and its use will expand greatly.

Aerial 3D displays combining 2D display with aerial
imaging by retro-reflection (AIRR) have been reported?:
6. Another DFD display combining 2D display with Arc
3D display, which forms floating images by illuminating
arc-shaped scratches, has been proposed to achieve a

thinner device structure and a large depth V- 8. However,
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the former aerial DFD display with AIRR has fixed
depth for both the front and rear images, limiting the
range of depth. Although the latter DFD display with
Arc 3D display can change the depth range because Arc
3D display can change perceived depth by changing
illumination angle, it is not an aerial image, making it
unsuitable for the user interface.

In this paper, we propose a new aerial DFD display
with variable perceived depth, by combining the variable
depth capability of Arc 3D image with the aerial image
by AIRR. Since the arc 3D substrate is transparent, this
method enables observers to view both the DFD image
and the background. The purpose of this paper is to
construct an aerial see-through DFD display that
combines aerial images by AIRR and floating edge
images by Arc 3D display. The effectiveness of the
constructed optical system will be investigated

psychophysical experiments on perceived depth.

2. Principle

2.1 DFD Display

The DFD display overlaps two images with different
depths and changes their luminance ratio to form an
arbitrary perceived depth between the front and rear
images. The principle of the DFD display is illustrated in
Fig. 1. The right square is formed by the front display,
and the left square is formed by the rear display. The
central square is formed by overlapping the images from
the front and rear displays. This central square image as

the DFD image allows the arbitrary perceived depth
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Fig. 2 DFD display model for overlapping images from mid-eye view.

based on the luminance ratio of the front and rear
square images.

Figure 2 shows a perceived depth by DFD display.
This figure shows the principle when an observer views
edges A and B of the front image and edges C and D of
the rear image. When observing two images from the
midpoint between the eyes in the depth direction, such
that they overlap, the edges in the retinal images appear
duplicated. The arrangement of edges on the left retina
image is CADB from left to right, while on the right, it is
ACBD from left to right. In this case, using binocular
disparity to perceive the two images as separate objects
is difficult. As a result, the overlapped two images are
fused and perceived by the observer as a single image.

2.2 Arc 3D Display

Arc 3D display operates on the principle of perceived
floating images in mid-air by illuminating a transparent
substrate with arc-shaped scratches from a single light
source. When light is illuminated onto the substrate
with arc-shaped scratches it scatters in a conical shape
at each point of the scratches. This scattered light enters
the eye, and specific points of the arc-shaped scratches
are perceived as bright spots.

Figure 3 shows the principle when the light source, the
center "O" of the arc-shaped scratch, and the eye are
aligned in a straight line. In this case, arc-shaped scratch
appear bright. Figure 4 shows the principle when the line
connecting the light source and the eye does not pass
through the center of the arc 3D substrate. Here, if we
denote the intersection of the line connecting the light
source and the eye with the arc 3D substrate as "O'",

points P1 and P2 on the arc-shaped scratch appear bright,
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Fig. 5 The principle of observing arc-shaped scratch with both eyes.

either tangential or externally tangent to O'. Figure 5
shows the arc-shaped scratch observed by both eyes. P1R
and P2R appear as bright spots in the right eye, while
P1L and P2L appear as bright spots in the left eye. Since
the bright spots perceived by the left and right eyes have
different positions, images G1 and G2 appear to pop out
rear and in front of the arc 3D substrate.

2.3 Edge-based DFD Display

As shown in Fig. 2, DFD display can be achieved using
only the double-edge parts. This indicates that only the
edge portions of the desired 3D image are required for
the perceived depth of the DFD display. Therefore, an
edge-based DFD display consisting of the projected 2D
image and the edge parts of the desired 3D image is

realized!?: 12, Figure 6 shows the principle of the edge-
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Fig. 6 The principle of edge-based DFD display. reflected light is focused at a position that is plane-
symmetrical to the beam splitter, and an aerial image is
formed.

based DFD display. It has been reported that this

. Aerial -Th h DFD Displ
method can display 3D images by changing the 3. Aerial See roug 1spiay

luminance ratio of the edge image, similar to the 3.1 Principle

conventional DFD display. If either the front or rear The principle of the aerial see-through DFD display

display is set to the edge, the same effect as the DFD system proposed is shown in Fig. 9 and Fig. 10. The

display can be obtained by setting the front display to an system consists of a light source, a retro-reflector, a

aerial image as well'?), beam splitter, and a transparent plane with arc-shaped
2.4 Arc DFD Display scratches. The front display is an aerial image formed by

By combining the Arc 3D display with the DFD display, the optical see-through AIRR. The rear display is a
it is possible to increase the depth expression with a thin floating edge image by the Arc 3D display. The light
device configuration. Figure 7 shows the principle of the source for the Arc 3D display is a projector. Figure 11
arc DFD display. The arc DFD display can reduce the shows how the depth of the DFD image changes by
thickness of the edge-based DFD display by forming changing the luminance of the rear display in the aerial

either the front or rear edge with the Arc 3D display. see-through DFD display. The background can be seen
2.5 Optical See-Through AIRR through the DFD image because the arc 3D substrate is
The principle of optical see-through AIRR is used to nearly colorless and transparent.

propose the optical system for this research!?. The

optical see-through AIRR consists of a light source, a

retro-reflector, and a beam splitter. Figure 8 shows the Arc-ehaped scratches! Aorlal Imago
Bright spot (Front display)
principle of displaying aerial images with the optical o> Righteye
see-through AIRR. Incident light emitted from a light Suzs|-oollmatedlioht > Lefteye
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luminance changed in the rear.

3.3 Luminance Measurement of the Display Used

In aerial see-through DFD display, the perceived depth
of the image depends on the luminance ratio of the front
and rear images. Luminance relationship is important.
Therefore, we investigated the relationship between the
luminance values of the front and rear images by using a
luminance meter (Radiant Vision Systems: ProMetric
Y29). Figure 12 shows the luminance measurement
experiment of the front aerial image.

Figure 13 shows the experimental luminance
measurement of the luminance of the arc-shaped
scratches on the arc 3D substrate. The luminance of 15

patterns of pixel values in the range of 0~255 was

Retro-reflector | i
1 % Aerial image

i

P

LMD

Beam splitter

" Light source display

600mm

Fig. 12 Scene of an experiment to measure the luminance of the

aerial image of the front display.
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.y

10°
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Fig. 13 The luminance measurement experiment of the luminance

of the arc-shaped scratches on the arc 3D substrate.

26

120 A
100 4 Luminance (Arc-shaped scratch)
& [ S
% 80 +
©
8 60 + x = o
% Luminance (Aerial image)
£
IS 40 -
=] 3
|
20 4
0 T T r T T
0 50 100 150 200 250
Pixel Value

Fig. 14 Relationships between pixel value and the luminance of

the frontal aerial image and the rear Arc-3D image.

displayed on both the front and rear. The results of the
investigation of the relationship between the luminance
values of the front and rear displays are shown in Fig.
14. Based on the luminance measurement results of the
aerial image, the maximum luminance value of 32.2
cd/m2 of the aerial image was used as the standard, and
100%, 75%, 50%, 25%, and 0% of that luminance value
were calculated, respectively. The calculated values are
shown in Table 1. The pixel values for the rear side were
calculated using 100% of the maximum luminance value
of the front side as a reference. The pixel values used for
the rear display were calculated for each luminance
value ratio in the same as for the front display. The

calculated values are shown in Table 2.

Table 1 Pixel value of the front display calculated from the

luminance measurement results of the aerial image.

Front display
Luminance ratio | Luminance (cd/ m?) Pixel value
100% 322 255
5% 24.1 170
50% 16.1 137
25% 8.05 91
0% 0 0

Table 2 Pixel value of the rear display calculated from the
luminance measurement results of the arc-shaped

scratches on the arc 3D substrate.

Rear display
Luminance ratio Luminance (cd/ n?) Pixel value
100% 322 123
75% 24.1 105
50% 16.1 85
25% 8.05 56
0% 0 0
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3.4 Experimental Demonstration of Proposed
Optical System

Figure 15 shows the constructed optical system for
displaying aerial see-through DFD display. In this
optical system, an aerial image is displayed on the front
display by the optical see-through AIRR principle. A
floating edge image is displayed on the rear display by
Arc 3D display. The proposed system was displayed by
overlapping a floating edge image from the Arc 3D
display formed in Fig. 16 on the front image.

Figure 17 shows the actual situation in which an aerial
image with a luminance value of 100% of the floating edge
image by Arc 3D display on the rear display and an aerial

image with a luminance value of 100% by optical see-

PR/ Lioht source display { {
P Arc 3D substrate

Fig. 16 Floating edge image formed by Arc 3D display.

Fig. 17 Floating edge image by Arc 3D display in the rear and the
aerial image by AIRR in the front are combined.

Fig. 18 View of background image over DFD image.

through AIRR on the front display. The two displays are
overlapped. The left square, in which the front aerial
image is overlapped on the floating edge image, is
perceived to be deeper than the right square of the aerial
image. Figure 18 shows how the background image can be
seen through the DFD image.

4. Depth evaluation of aerial see-through
DFD display

4.1 Experimental Setup

In these experiments, training using real objects and a
stereo fly test will be conducted before the experiments.
Those who met the stereoscopic ability required for the
experiments were used. The training will utilize a display
that presents two images. The display will show images of
squares. In the training, subjects will be asked to report
the distance between the displays of the two squares
displayed on the screen. The experimental environment is
shown in Fig. 19. The distance between the front display
and the observer was set to 1.5 meters. The distance
between the front and rear images was 127 mm. In the
experiments, an aerial image by optical see-through AIRR
was displayed on the front display. A floating edge image
by the Arc 3D display was displayed on the rear display.
The luminance of the front display was kept at 100%,
while that of the rear display was changed from 0, 25, 50,
75, to 100%. The perceived depth was measured with an
electronic caliper and used as the experimental value for

the depth evaluation experiments. As shown in Fig. 20,

Beam splitter N 018 m

N

A Aerial image
Arc 3D substrate P

F.?g. Observer

Floating edge image -

117 m

Aol Light source display

15m

Fig. 19 The experimental environment.
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Fig. 20 The front image as observed by the subject.

two squares were used as evaluation targets, the left
square was overlapped with a floating edge image by Arc
3D display, and an edge-based DFD display was
performed. The subjects were asked to evaluate the
perceived depth of the left square compared to the right

square. The subjects were five males in their 20s, and
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each luminance ratio was measured in three trials, for a
total of 15 measurements. The order of the luminance
ratio changes was randomized.

4.2 Perceived Depth Evaluation Experimental

Results

The results of the training conducted before the
experiments are shown in Fig. 21. The training results
indicate that subjects reported the actual depth with an
error of less than 5 mm. The theoretical value of
perceived depth varies linearly with the luminance ratio
of the images displayed on the front and rear. Figure 22
shows the evaluation results of perceived depth obtained
from each subject. The solid line in Fig. 22 indicates the

theoretical lines.
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Fig. 21 The training results on perceived depth.
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Fig. 22 The perceived depth obtained from each subject.

The experimental results show that the perceived
depth varied linearly with the luminance ratio of the
front and rear displays for all subjects, although the
perceived depths have some deviation from the
theoretical value for each subject.

The experimental results show that all subjects had

similar tendencies for perceived depth.

5. Discussion

In a subject experiments on the aerial see-through
DFD display, all subjects were able to perceive the depth
corresponding to the luminance ratio. The same
tendency for perceived depth as that of the conventional

DFD display is obtained. In the experiments, some

29

measured values differed from the theoretical values.
One reason for this is that the position of the floating
edge image by the Arc 3D display is distorted by slight
movements or deviations of the subject, and the
perceived position of the image changes. In the future, it
may be possible to reduce subjects' erroneous perceived
depth of the DFD image by separately adjusting the

image position in the vertical and horizontal directions.

6. Conclusion

In this paper, we constructed an aerial see-through
DFD display that can freely change the range of
perceived depth by fusing the aerial image by optical
see-through AIRR and the floating edge image by Arc 3D
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display and conducted psychophysical experiments on
perceived depth. In the proposed optical system, the arc
3D substrate is nearly colorless and transparent,
enabling the observer to observe the background as well
as the DFD image when the image is viewed from the
front. Experimental results show that the perceived
depth changes linearly with the luminance ratio of the

front and rear displays, confirming the effectiveness.
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