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Enhancement of Floating Sensation by Introducing
Aerial Guide to Aerial Signage Formed with AIRR Using

Fresnel Lens

Shinya Sakane® " Hiroki Takatsuka’ Shiro Suyama®and Hirotsugu Yamamoto'

Abstract Our goal is to realize a large-scale aerial display for the use of traffic information display. One of

the primary challenges is to enhance the floating sensation of the aerial image. Depth perception diminishes

with increasing distance due to inherent human visual limitations. Therefore, ingenuity was needed to make the

aerial image appear to float over long distances. We propose the use of an aerial guide to enhance the observer's

perception of the floating sensation in the aerial image at extended distance. The aerial guide is a frame that

surrounds the aerial sign on the aerial image plane. The purpose of this paper is to confirm the effectiveness of

aerial guide. We investigate how the presence of the aerial guide alters the observer's floating sensation using

our prototype. Additionally, we examine the impact of varying colors on the floating effect of the aerial images

through the method of pair comparison.

Keywords: Retro-reflection, Aerial display, Fresnel lens, Transport infrastructure.

1. Introduction

We have conducted a study on large-scale digital
signage systems designed for outdoor environments
utilizing aerial displays. We are considering traffic
information display as a specific application. Traffic
information displays are variable display devices installed
on roads to provide road information. As road signs, they
help prevent traffic accidents?. There are several issues
with these traffic information displays. One of them is the
danger of falling accidents. As is true of all road
structures, there is a danger of falling accidents due to
aging?. Traffic infrastructure has been changing to
prevent accidents®. Road managers does not want to place
heavy electrical equipment overhead for driver safety
reasons. The challenge is how to make the display visible
to drivers without placing structures over the roadway.
Thus, we propose a new method of traffic information
display using aerial display. Aerial displays employ
optical technology to focus light from a source to form a
real image in mid-air. This technology has recently
garnered significant interest in digital signage and

entertainment sectors?. The primary advantage of
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utilizing aerial displays for traffic information is that the
equipment can be positioned away from the roadway, with
only the aerial projection visible to drivers. This
arrangement eliminates physical contact between moving
vehicles and the display. Additionally, the display can be
placed directly within the driver's line of sight, thus
enhancing visibility compared to conventional displays.

There are several methods of aerial imaging
technology® 6. One of the most promising aerial imaging
optical systems for traffic signs is aerial imaging by retro-
reflection (AIRR)?. The reason for choosing AIRR is its
advantage in large-scale applications. In addition, various
types of applications for AIRR optics have been reported.
The following are some examples. Polarized AIRR (p-
AIRR) improves the brightness of aerial images®. A
combination of AIRR optics and two acrylic spheres has
also been proposed?. An aerial interface system combining
aerial displays, user tracking systems and virtual reality
(VR) spaces has been reported!®. AIRR technology also
has the potential to be used as an aquatic display!?.
Therefore, we consider AIRR to be suitable for traffic
information display. We have developed a prototype of a
large aerial display for road infrastructurel!?.
Furthermore, the use of a Fresnel lens enables longer-
distance aerial images and a thinner device!®.

The next challenge is to enhance the floating sensation
of aerial images. Some people who viewed the aerial

images floating at a long distance over 10 m, felt that the
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aerial images did not appear to be at the image formation
position but rather seemed attached to the beam splitter.
The cause of the aerial image not appearing to float is not
currently known. Our hypothesis is that it could be an
observation distance issue or a black line at the
connection of the retro-reflector. There is a possibility of
giving misinformation due to incorrect recognition of the
position of the sign in relation to the image. Therefore,
we consider it necessary to be able to recognize it at the
image formation position. Several methods for improving
depth perception have been reported. One study
suggested that placing a frame around the image
enhances depth perception!¥. However, we do not want
to place objects near the aerial image for use on the road.
Thus, we wondered if we could achieve the same effect
with an aerial guide formed by an aerial display. An
aerial guide is a frame made of aerial images displayed
around an aerial image. We believe that by drawing
attention to the aerial guide, we can give the observer a
floating sensation.

The purpose of this paper is to confirm the
effectiveness of aerial guide. We will examine how
having an aerial guide changes the observer's floating
sensation using our prototype. Preliminary results from
this study were presented at IDW ’231%. In this paper,
we studied differences in depth perception using method

of a paired comparison.

2. Principle

2.1 Cues for three-dimensionality

Humans perceive objects as three-dimensional due to a
combination of several factors. These factors can be
divided into physiological and psychological categories.
Physiological factors are cues obtained directly from the
light information incident on the eye and include
accommodation, convergence, binocular parallax, and
motion parallax. Psychological factors are cues
interpreted through sophisticated information processing
in the brain and include various elements such as object
size, perspective, occlusion or overlap, shading, and
texture gradients. Figure 1 shows the relationship
between depth perception cues and viewing distancel®).
Depth perception by binocular parallax is important at
distances up to about 10 m. Motion parallax becomes
more effective than binocular parallax at distances
longer than 10 m. Cues from accommodation and
convergence are effective for depth perception at

distances of less than 1 m.
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Fig. 1 Depth sensitivities of various cues for visual depth
perception as a function of viewing distance. (This figure is
taken from ref. [16] and used with permission of NASA.).
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Fig. 2 Principle of AIRR.

2.2 AIRR

The principle of AIRR is shown in Fig. 2. Conventional
AIRR consists of a light source, a retro-reflector, and a
beam splitter. The light reflected by the beam splitter is
reflected back along the incident direction by the retro-
reflector. The retro-reflected light converges at the
position that is plane-symmetrical to the light source
with respect to the beam splitter.

2.3 Principle of prototype using Fresnel lens

We explain the principle of our prototype which uses a
Fresnel lens. This system is an optical setup that uses
the virtual image of a light source as the source for
aerial display. The light source is positioned within the
focal length of the Fresnel lens, as shown in Fig. 3. The

light emitted from the source is refracted by the Fresnel
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Fig. 3 Virtual image formation with a Fresnel lens.
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lens to form an enlarged virtual image. The position of
the object and the image position satisfy the lens
maker's equation:
1 1 1
2 TF

where a is the distance from the light source to the

(D

Fresnel lens, b is the distance from the virtual image to
the Fresnel lens, and f is the focal length of the Fresnel
lens. The size of the virtual image is obtained by the
following equation:
b
B=-

) 2
a

where B is called the lateral magnification. Lateral
magnification is the ratio of image length to object
length measured in planes that are perpendicular to the
optical axis.

Next, we explain the principle of our prototype using a
Fresnel lens as shown in Fig. 4. Light rays from the
virtual image are reflected by the beam splitter. The
light reflected by the beam splitter is then reflected back
along the incident direction by the retro-reflector. The
light transmitted through the beam splitter converges to
form an enlarged aerial image of the light source. As a
result, the distance from the beam splitter to the aerial
image is longer than the distance from the litter to the
light source, and the AIRR optics become thinner.
Distance d; is the distance from the Fresnel lens to the
beam splitter. The position of the aerial image Al is
formed by b + di.

We have developed a prototype using this optical
system. For the light source, we used an LED panel that
displays "stop" in kanji, as shown Fig. 9 (a). The

character size was 120 mm x 120 mm. The LEDs have

FL dy
«—>

S T T

A

Fig. 4 Configuration of our prototype aerial LED signs. LS: Light
source, VI: Virtual image, FL: Fresnel lens, BS: Beam
splitter, RR: Retro- reflector, Al: Aerial image.

16

(a)

(b)

Fig. 5 Aerial image formed by the prototype. (a) is light source

LED panel. (b) is an aerial image Al formed by prototype.

an average half value angle of 120 degrees for both
sides. The beam splitters were made of 1800 mm x 900
mm tempered glass plates. The distance a from the light
source to the Fresnel lens was 800 mm. The distance b
from the virtual image to the Fresnel lens was 2400 mm.
The distance d; from the Fresnel lens to the beam
splitter was 1.3 m. The retro-reflector was made of a
transparent polymer formed into hexagonal shapes. This
prototype reflector was designed to reduce wave
diffraction, which occurs due to the size of the corner-
cubes in the retro-reflector. This sample product has a
larger corner-cube in the retro-reflector than
conventional products. A number of these retro-
reflectors were connected to form a size of about 1000
mm X 1300 mm. The connection between retro-reflectors
is the black line when looking at the aerial image.
Figure 5 is a photograph of the light source and the
aerial image formed at that time. Position of aerial
image was 3.7 m from the beam splitter.

2.4 Aerial guide

Previous studies have revealed that placing a frame
near an object can affect depth perception!®¥. We
consider whether the same effect could be achieved with
a frame formed by an aerial image. An aerial guide is a
frame that is made up of aerial images that are
displayed around an aerial image. The aim of aerial
guide is to draw the observer's attention to it. The aerial
guide can be made with the same light source, as shown
in Fig. 6 or by using different light source. When made
with a different light source, the guide's image formation
position can be changed. Aerial guide can also
incorporate movements such as rotation, magnification,

and blinking as examples.

3. Experiments and Results

3.1 Effects of aerial guide
We conducted visibility tests on several observers by
use of our prototype. We asked them to indicate whether

they appeared to be floating. The observer is asked to
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(b)

Fig. 6 Diagram of the aerial guide. The cyan frame around the

(a)

aerial image is the aerial guide. (a) is light source LED

panel. (b) is an aerial image Al formed by prototype.

Aerial image
Observer

s

Observation distance
Fig. 7 Configuration of the visibility test.

determine whether the word "stop" in the aerial image
appears to float based on its position relative to the
beam splitter. In other words, the observer was asked to
determine if the aerial image appears to be in front of
them relative to the beam splitter. The number of
observers was nine. The location of the experiment is
shown in Fig. 7. Observation distances were 10 m, 15 m,
and 20 m. As the distance decreases, the word gets
larger, and the guides become harder to see. Three types
of aerial images displayed to the observer: Normal, Stop,
and Rotation. Normal is an aerial image that displays no
guides, as shown in Fig. 5 (b). The aerial guide was
formed with the same light source, as shown in Fig. 6.
Stop is only displaying the guide; Rotation rotates the
guide. The guide was rotated at a speed of one lap every
two seconds. The experiment was conducted under two
lighting conditions: with indoor lighting (Average
illumination: 1640 Ix) and without indoor lighting, with

each observer repeating three times. Figure 8 shows

With indoor lighting Without indoor lighting

Fig. 8 Visibility of aerial image. The left figure shows results with
indoor lighting, and the right figure shows result without
indoor lighting.
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Proportion of respondents
who said they were floating.

Rotation

Rotation

Stop

Normal Normal

With indoor lighting

Stop
Without indoor lighting
mm 10m wess 15m m—20m

Fig. 9 Results of visibility test. The left graph shows results with
indoor lighting, and the right graph shows result without
indoor lighting.

photographs of aerial images under different lighting
conditions. The beam splitter was illuminated by the
light from the light source even in the darkroom.

The experimental results are presented in Fig. 9. The
vertical axis represents the percentage of respondents
who said they were floating. Error bars indicate the
standard errors. A three-factor mixed ANOVA was
conducted to assess the main effects of each factor and to
examine potential interactions between them. The factors
analyzed include three types of guides (Normal, Stop,
Rotation), three types of distances (10 m, 15 m, 20 m), and
two types of brightness (with or without indoor lighting).
The results of the three-factor mixed ANOVA, Significant
main effects were observed in the guide factor (F' (2, 144)
=4.64, p = 0.011, n%2 = 0.06), the distance factor (F (2,
144) = 4.86, p = 0.008, n2 = 0.07), and the brightness
factor (F' (1, 144) = 17.46, p < 0.001, n2 = 0.12). However,
no significant effects were found in the simple
interactions between guide and distance factors (F' (4,
144) = 0.32, p = 0.866, 1?2 < 0.01), guide and brightness
factors (F' (2, 144) = 0.29, p = 0.752, n% <0.01), distance
and factors and brightness factors (F' (2, 144) = 0.12, p =
0.890, 2 < 0.01), and two-way interaction effect (F (4,
144) = 0.04, p = 0.997, 1% < 0.01). Subsequently, post-hoc
tests showed that there were significant differences
between Normal and Rotation in guide (p = 0.012) and
between "10 m" and "20 m" in distance (p = 0.009), with
and without indoor lighting (p < 0.001). These results
suggest that the rotation of the guide affects the
observer's floating sensation. The floating sensation also
enhanced with closer distance. In addition, the overall
result was better with indoor lighting.

3.2 Differences in depth perception by color

We propose several hypotheses regarding the effects of
aerial guide. One hypothesis is that there may be
variations in effectiveness based on color. Consequently,
we assessed depth perception of aerial images employing

the paired comparison method. The paired comparison
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Fig. 10 Displayed images used for experiments.

D-C

method involves evaluating multiple sample types (three
or more) by forming pairs and making comparative
judgments to determine which of the two samples is
stronger or more desirable. The method of paired
comparison is based on Scheffe's method? 18,

We explain the experimental method. We show the
aerial images of the cross mark and the guide. Pair the
colors of each object (A: white, B: red, C: green, D: blue)
without overlap, as shown in Figure 10. All combinations
are presented in different order and at random. The test
display is presented for 10 seconds, after which a gray
display is presented for 5 seconds. The observer is asked
to judge the depth of the guide based on the cross mark.
Scores of the depth perception are seen in the back (-2),
seen in the little back (-1), seen in the same (0), seen in
the little front (+1), seen in the front (+2). Observation
distances were 10 m. The experiment was conducted with
room lighting on because the laboratory could not be
completely darkened for reasons of room conditions. We
measured the illuminance at the beginning and the end of
the experiment and confirmed that it was within 5 % of
the errors.

Table 1 shows the evaluation results of Scheffe's
method applied for the four colors of aerial image. From
the results of nine observers, the total frequency for each
score and the total score for each pair were calculated.
The mean grade of each pair and T;;, the average of
difference in terms of the order in which each stimulus
was displayed, were obtained, and a psychological scale
value ¢&; was calculated as following Equation (3) to

measure the effect of each stimulus.

1 N
j

where t;; = 0, 7t;; = —ft;, N is the total number of factors

3

(N = 4). The results are summarized in Table 2.

The psychological scale values & were plotted on a

18

Table 1 Evaluation results of Scheffe’s method to color of aerial image.
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Table 2 The results of the calculation of the psychological scale.

i A B C D
a; -0.069 -0.319 -0.222 0.611
Red Green White Blue
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— r r r x r r T # +
-04 -03 :0.2 -0.1 0 01 02 03 04 05 06 07
0.097 0.153 0.680

Yardstick: Yo'os = 0332, Y0.01 = 0406

Fig. 11 Scale value of depth perception by color.

number line, as shown in Fig. 11. Y05 and Y01 were
yardsticks when the significance level was set to 0.05 and
0.01 respectively. Looking at the gaps between the values
of each color in Fig. 11, the gap between blue and the
other colors was bigger than Yy 1. Other pairs of gaps
were smaller than Y 05 and not significantly different.

3.3 Differences in depth perception by motion

Next, we study significant differences in color when
we add motion. We thought that by moving the guide,
the observer would focus on the overlap between the
content and the guide, enhancing the floating sensation.
We performed the same method of testing as in Section
3.2. We showed the observer the cross mark and the
rotating guide. Pair the colors of each object without
overlap, as shown in Fig. 10. Figure 12 shows how it
looks during rotation. Objects overlap each other as the
guide moves. Table 3 shows the evaluation results of
Scheffe's method applied for the four colors of aerial
image. A psychological scale value & was calculated as
following Equation (3) to measure the effect of each

stimulus. The results are summarized in Table 4.
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Fig. 12 The variation during guide rotation.

Table 3 Evaluation results of Scheffe’s method to color of aerial image.
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Table 4 The results of the calculation of the psychological scale.
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Fig. 13 Scale value of depth perception by color in the case of motion.

Looking at the gaps between the values of each color
in Fig. 13. All pairs of gaps were smaller than Y5 and
not significantly different. Note that we should not
derive the conclusion of no difference between the
stimuli below the yardstick because Scheffe's method
may lead to an increase in type-II statistical errors!?.
The results indicate that adding movement to the guide
will likely eliminate significant differences in color.

3.4 Chromatic aberration measurement with a

stereo camera

We examined the effect of color on the position of the
aerial image formation. We used a stereo camera (Qoo

Cam EGO) for this experiment. A stereo camera is a
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Table 5 Stereo camera specification.

Focallength 5mm

Image sensor size 6.4mm X 4.8mm

Image size (Single image) 4000pixel X 3000 pixel

Distance between lenses 65mm

type of camera that uses two lenses with separate image
sensors to capture images of the same scene from
different angles. The experimental optical system used
for the measurements is shown in Fig. 4. Stereo camera
positioned about 1 m from the aerial image. Table 5
shows a summary of the stereo camera specifications.
The displayed image is a line of each color. Next, we
explain the principle of distance measurement using a
stereo camera. Binocular parallax is calculated from the
stereo images. Binocular parallax is expressed by the
following equation:

Sx

D= W

where W is horizontal image size, S is horizontal image

(4)

sensor size, and x is shift of the aerial image in the stereo
images. Stereo camera specifications give W = 4000 pixel,
S = 6.4 mm. Apparent image distance from viewing
position Z is expressed by the following equation:
BF
Z = o
where B is distance between lenses, F' is focal length,

(6))

and D is binocular parallax. Stereo camera specifications
give B = 65 mm, F'= 5 mm.

Figure 14 is a photograph taken by a stereo camera.
We determine the shift of the aerial image x from these
left and right images and calculate the image formation
The

measurement results are summarized in Table 6. The

position Z using Equations (4) and (5).

color change from red to blue was found to be a shift of

about 16 mm in the image formation position.
Green Blue

Red

Fig. 14 Photographs taken by stereo camera in each color.
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Table 6 The measurement results of the stereo camera.

Color Red Green Blue
x 199 197 196
(pixel)
Z(mm) 10207 10311  1036.4

4. Discussion

We discuss what we have observed from the
experimental. First, we will look at the observation
distance and the floating. The experimental result in
Section 3.1 shows that there is a significant difference
between the results at 10 m and 20 m. In other words, the
percentage of respondents who said that they "seemed to
be floating" decreased as the distance increased. We
consider that the decrease in the percentage of
respondents who see floating as the distance increases is
due to a decrease in the effect of binocular parallax. We
also consider binocular parallax to be the most affected by
the change in distance in this experiment. Figure 1 shows
that binocular parallax is strongest at distance up to
about 10 m. At greater distances, other factors such as
motion parallax tend to be stronger. Therefore, we
assume that at greater distances, the number of people
who appear to be floating is reduced. When considering
actual use, the floating sensation from about 100 m is
important. We consider that factors other than binocular
parallax are also important. We will discuss long floating
distance later. Significant differences also existed
between with and without indoor lighting. The
improvement in the floating sensation in bright conditions
may be due to an easier perception of the difference
between the beamsplitter and the aerial image. We also
believe that this is due to an increase in the amount of
information, such as an easier understanding of the
distance to the device.

Next, we consider the effect of aerial guide. As a result
of Section 3.1, no significant difference was found
between Normal and Stop. So, it can be assumed that
the guide by itself has no effect on the floating sensation.
However, the experimental results in Section 3.2 show
differences in the depth of the cross marks and guides.
Although no significant difference was observed in this
experiment, we believe that the size, shape and location
of the guides could be adjusted to enhance the floating
sensation. Especially the color difference is a significant

factor in making it easier to recognize the difference

20

from the guide. Although there are individual
differences, the experiment result in Section 3.2 showed
that blue is seen deeper than other colors when the
guide is not moved. In the experiment described in
Section 3.4, the difference in image formation position
between red and blue was about 16 mm. This suggests
that there is not much difference in image formation
position due to color. However, the difference in distance
from the guide is felt to be more than 16 mm. We have
one hypothesis that the difference in depth is caused by
the difference in color. From a psychological perspective,
advancement and regression by color have been
reported2?. This is a phenomenon in which red appears
to be in the front and blue appears to be in the back.
Also from an optical perspective, retinal image
misalignment due to chromatic aberration has been
reported2?. We have another hypothesis that blue
appears deeper than other colors due to the luminance of
the aerial image. From Section 2.1, brightness is a factor
that affects depth perception. Previous study shows that
brightness affects the perception of image size and
distance??. The actual luminance of the aerial image of
each color was measured to be white: 51.9 cd/m? red:
22.3 cd/m?, green: 28.4 cd/m2, and blue: 3.7 cd/m2. Thus,
we think that the low brightness of blue compared to
other colors may be the reason for the significant
difference. Also, white has a high luminance, yet the
significant difference is small. We think this is because
white light is a mixture of RGB LEDs. We would
consider less significant differences than red and green
due to issues such as chromatic aberration.

Next, we discuss the movement of aerial guides. The
experimental results in Section 3.1 show that the
rotation of the guide has a significant effect on the
observer's floating sensation. The results of the
experiments in Section 3.3 show that the addition of
motion eliminates the significant color difference.
However, most people found that the cross mark were
looking more forward than the guide. We think this is an
effect of overlapping objects. In the experiment, text and
marks were given priority when they overlapped during
guide rotation. These pictorial cues are an important
factor in depth perception. It is also possible that the
rotation of the guide may have increased the frame
effectl® or caused the illusion of motion such as
vection23). The effects of rotating guides will be
investigated in the future.

We will discuss the floating sensations at long

distance of up to about 100 m. In this experiment,
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observations could only be made at up to 20 m. For
actual road conditions, the aerial image will need to be
seen floating up to about 100 m. We also consider that
the target image formation position is 10 m or more.
Figure 1 shows that psychological factors such as
brightness have a greater effect than binocular parallax
at 100 m. We need to find the best conditions, such as
the size of the image, the way the guide moves and the
position of the aerial image, so that the image can be
recognized at the image formation position even at long
distances. In this experiment, observers viewed an aerial
image while stationary. When used on the road, a
moving driver is the subject of the experiment. Previous
studies have shown that changing the observer's
movement and the size of the image can improve the
depth perception of the image?4. The movement of the
car forces the observer to develop motion parallax.
Consequently, the effect of motion parallax is expected
to be more pronounced during actual system use.
Thereby enhancing the floating sensation of the aerial
image. We would like to consider the most optimal

display method in the future.

5. Conclusion

We have successfully enhanced the floating sensation
experienced by the observer viewing the aerial image
with an aerial guide. Experimental results showed that
adding movement to the aerial guide was effective. We
will consider further enhancement of the floating effect
in the future.
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