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Acceptable Arrangement of Multiple Retro-reflectors
with a Gap to Visually Complement the Gap of Aerial

Image in AIRR

Takeru Nishiyama®, Shiro Suyama’and Hirotsugu Yamamoto’

Abstract For realize large aerial imaging by retro-reflection (AIRR) with reduced effect of retro-reflectors

gap, we propose a method to visually complement the gap of aerial image. AIRR composed of multiple retro-

reflectors for large image size has a problem of the gap in the aerial image due to the reflector gap. In this paper,

we derive equations for obtaining the width of the gap between retro-reflectors and the width of the retro-

reflectors that enable the perception of the entire aerial image. The equation provides the maximum width of the

retro-reflector that can complement the gap depends on the viewing distance and distance from the eye to the

retro-reflectors.

Keywords: aerial display, AIRR, retro-reflection, binocular parallax.

1. Introduction

Technology that merges the real world and display is
used in communication devices and signage, because of
the development of video and AR/VR technologies.
Images displayed in the real world have a big impact on
observers and are highly effective. However, special
glass needs to view the image displayed in the real world
in general devices.

Aerial display has been proposed as a technology that
enables observers to view images floating in the air
without wearing special glasses. Some methods for
forming aerial images are based on dihedral corner
reflector array (DCRA) or micro-lens array! 2. One of the
aerial displays is aerial imaging by retro-reflection
(AIRR), which forms a real image in the air by
converging light from a light source through retro-
reflection®. ATIRR has the advantages of a wide viewing
angle and high flexibility in configuration. Due to the
high flexibility in configuration, large aerial displays
have been proposed?.

Various applications using AIRR have been studied,
including see-through AIRR that allows the user to see
the other person through an aerial image®, used as a
touchless interface by combining with a sensor or high-

speed camera® 7, a video communication device that
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displays images taken by a camera in real time®, and
object shape measurement in an immersive space? and
capturing wide range of mid-air viewpoints!®, the
system displays aerial image across real space and
mirrored space!?. It's also used in stage and theater
productions that take advantage of its ability to display
images in real space!? 13, While a variety of applications
are being considered, aerial displays have several
problems. One of these is the user cannot determine the
touch position of the aerial image when using it as a
touchless interface. Solutions to this problem are
proposed, such as providing haptic feedback by
stimulating the body or visual feedback!% 15,
Furthermore, a technique for presenting haptic
sensations in the air using ultrasonic waves has also
been proposed®.

The other is the degradation of brightness and
resolution of the formed images. To solve these problems,
methods

characteristics of images formed by aerial displays by

have been proposed to analyze the

calculating luminance, blur, and visible range through
simulation!? ¥, and to improve the quality of images by
adding motion to optical components or arranging
special shape or using mirror!? 20,21,

Optical problems of AIRR include a decrease in the
brightness and resolution and a limitation of floating
distance. Solutions to these problems have been
proposed, such as preventing resolution reduction by
using a transparent object in the optical system?22),

improving light use efficiency by using polarization
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modulation?®, and changing the floating distance by
using a Fresnel lens2%.

One of the problems in AIRR is the reduction in
resolution caused by using retro-reflector. Therefore,
some solutions have been proposed to improve the
resolution using telecentric retroreflector and micro
aperture arrays25 26, Moreover, when constructing a
large AIRR, distortion occurs due to the deflection
caused by the weight of the beam splitter, and the use of
multiple retro-reflectors causes gaps of aerial image in
the area between retro-reflectors. A solution to the
problem of the beam splitter has been proposed by
suspending the beam splitter by a wire to correct the
deflection2?. For the problem of retro-reflectors, a
method of overlapping the sheets and a method of
making the gaps less noticeable by vibrating the sheets
have been proposed?28. 29,

On the other hand, the solutions to the problem of
retro-reflectors proposed so far are based on the
assumption that multiple reflectors are placed attached
to each other, and the width between reflectors can't be
widened. Therefore the retro-reflectors must be tiled
precisely with no gaps, and the flexibility of the
placement of optical components is low. If it becomes
clarified that aerial images can be perceived even with
AIRR in which retro-reflectors are placed with gaps,
retro-reflectors no longer need to be precisely placed and
it will lead to an increase in the flexibility of tiling, such
as a reduction in the number of retro-reflectors required
when constructing AIRR or an optical system in which
retro-reflectors are placed in a slit-shaped configuration.
We focused on binocular parallax as a method to solve
the problem of retro-reflector gap. Binocular parallax is
one of the functions of stereopsis, which uses the fact
that the position of the visible image differs depending
on the difference in the position of the human eyes.

The purpose of this study is to clarify the optical
design that the entire aerial image can be recognized
when viewing an AIRR image composed of multiple
retro-reflectors, even if the width of the gaps widens due
to the effect of binocular disparity.

In Section 2, we describe the problem of gap in AIRR
using multiple retro-reflectors and the principle of
binocular complementation of the gap. In Section 3, we
describe the method of the experiment to confirm that
the binocular complementation effect occurs and
preliminary experiment by subject. In Section 4, the
observation results by use of stereoscopic cameras and

preliminary experimental results by several subjects are
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reported. In Section 5, we discuss about results and

conclude in Section 6.

2. Principle

2.1 Aerial imaging by retro-reflection (AIRR)

Figure 1 shows the principle of AIRR used in this
study. Light emitted from the light source is split into
reflected and transmitted light by the beam splitter, and
the reflected light enters the retro-reflector. The retro-
reflected light enters the beam splitter again, and the
transmitted light forms an aerial image at a position
symmetrical to the light source.

2.2 Aerial image gaps due to retro-reflector gaps

and binocular complementation

In the aerial image by AIRR, only the area where the
retro-reflectors are on the extension of the viewpoint and
the aerial image is the visible range. Therefore, if multiple
retro-reflectors are placed with gaps between them, there
will be an area where the aerial image is not visible.

Figure 2 shows a monocular view of an aerial image
by AIRR with retro-reflectors placed with gaps.

First, consider the range of the aerial image can be
seen by the retro-reflector shown in the red frame in Fig.
2. Since the area between the eye and the retro-reflector

is visible, the visible range is x1 to x2.

Retro-reflector
Aerial image

Beam splitter
/

Light source

Fig. 1 Principle of aerial imaging by retro-reflector (AIRR).

Retro-reflector

Aerial image

Fig. 2 Range of visible and invisible area of aerial image by monocular.
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Fig. 3 Aerial image (a) with small gap (b) with large gap.

(b)

Next, consider the range where the aerial image is not
visible due to the gap between the retro-reflector in the
red frame and the blue frame. From Fig. 2, the left end
of this range is x2 and the right end is xs.

The aerial images of the two retro-reflectors when
they are tiled by a small gap and when they are tiled by
a large gap, photographed with a monocular camera
(SONY, DCS-RX100M4), are shown in Fig. 3. When the
gap is small, there is no significant effect on the
perception of aerial images. On the other hand, when
the gap is large, the area where the aerial image is not
visible becomes large, causing perception problems.

As mentioned above, the gap between retro-reflectors
are by the area where the aerial image is not visible. In
binocular vision, on the other hand, the area where the
retro-reflector is an extension of the viewpoint and
aerial image differs between the left and right eye.
Therefore, if the area of the aerial image that is not
visible in one eye is visible in the other eye, each eye can
complement the invisible area and perceive the entire
aerial image. How the invisible area of one eye and the
visual area of the other eye overlap and complement
each other is shown in Fig. 4. Consider the position of
the retro-reflector necessary to complement the invisible
area in one eye with the other eye. The area of the aerial
image visible to the right eye by the retro-reflector
shown in the red box is x2 to xs from Fig. 4. This range is

the range not visible to the left eye and in this situation,

Fig. 4 Principle of right eye complementation of invisible area by

left eye.
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the area not visible to one eye can be viewed with the
other eye, and the gap of the aerial image can be
perceived by binocular vision.

2.3 Gap complementation of using two retro-

reflectors

In the experiment, the complementation when only
two retro-reflectors are used is verified. Thus, the
maximum width between the two retro-reflectors for
visual complementation and the minimum width of the
retro-reflectors necessary to see the entire aerial image
is observed.

First, calculate the maximum width of gap. The situation
when the maximum width of the gap is set to the maximum
possible for the completion to be valid is shown in Fig. 5. For
the maximum width of the gap, the center of the aerial
image must be included in the area of the aerial image
visible by the retro-reflector at the opposite of each eye. The
left and right ends of the possible complementation area
satisfy the following equation:

X, = M,xz xeyeyR
2y, 2y,
where x; is the abscissa of the right end of the possible

= Xeye

(D

complementation area, x2 is the abscissa of the left end
of the possible complementation area, x.,. is the abscissa
of the right eye, yr is the ordinate of the retro-reflectors,
yr1 is the ordinate of the aerial image. When viewing the
aerial image from the front, the center of the aerial

Xeye

image is -3

, and the difference between x; and x5 is the
maximum complementation width and satisfy the
following equation:

xeyeyR

W. =
¢ Ji

— Xeye (2)

Retro-reflector

! Aerial image £
Yp mieSsesm=ssmy T NN

%,

Fig. 5 Retro-reflector placement and visible area for both eyes

when the width of the gap is maximum.
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Retro-reflector

i B

Fig. 6 Width of retro-reflector for the edge of the aerial image to

be in visible area.

where Wg is the maximum complementation width.

Next, calculate the minimum width of the retro-
reflector needed to see the entire aerial image. In Fig. 5,
the center of the aerial image is complemented, but both
ends of the aerial image are out of the viewing area.
Therefore, it is necessary to consider the range of the
aerial image that can be seen by the retro-reflectors on
the same side as the eye, as shown in Fig. 6. The
coordinates of the rightmost retro-reflector on the right
side and required width of the retro-reflector satisfy

following equation:

YR

X3 = 2_)’1 (IW - xeye) + Xeye (3)
Yrlw  YrX

wg = JR'w JR7eye eye (4)

2y, Vi

where x5 is the abscissa of the rightmost retro-
reflector on the right side, I'w is the width of aerial
image, Wr is the required width of the retro-reflector.

From equations (2) and (4), it is shown that the
maximum complementation width and the required retro-
reflector width depend on the viewing distance of the

aerial image and the depth distance of the retro-reflector.

3. Experiments method

3.1 Verification of possible complementation
width and size of retro-reflectors

Experiments were conducted to confirm that the values
obtained by the equation were correct. The experimental
environment is shown in Fig. 7. Straight line with vertical
lines drawn at the left and right edges and at the center
displayed as aerial image. The width of the gap and the
width of the retro-reflector were changed by overlapping

the retro-reflector with a black cardboard, and taking
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Cardboard

Retro-reflector

Aerial image

80cm

Stereoscopic cameras

Fig. 7 Experimental environment for identifying the width of the

gap and the width of the retro-reflector.

Table. 1 Conditions with changed width of gap and retro-

reflector.
Conditions Gap width(xg) Retro-reflector
[em] width (Wg) [em]
Condition 1 3.4 10.8
Condition 2 4.4 10.3
Condition 3 3.4 8.6
Condition 4 3.4 7.6

aerial images by stereoscopic cameras (CANDAO, Qoocam
EGO). This camera can capture images with its left and
right lenses, and the distance between the lenses is 6.5 cm,
which is close to the distance between the human right
and left eyes. Also, the viewing angle of the camera was
sufficient for capturing aerial images. A single retro-
reflector of 25 cm square was used and placed in the center
as seen by the observer. The distance from the camera to
the aerial image was 50 cm, and the distance between the
camera and the retro-reflector was 80 cm. This is close to
the typical viewing distance for aerial images, a distance
at which lines can be clearly perceived when captured by a
camera. The thickness of the red line in the image was 0.2
cm. The light source was a 10.1-inch mobile monitor
(SEON), the beamsplitter was a reflective polarizer of 30
cm square with a transmission axis of 0 deg (NIPPON
CARBIDE INDUSTRIES), and the retro-reflector was RF-
Ax with /4 sheet (NIPPON CARBIDE INDUSTRIES).
The theoretical values of the maximum width of the gap
and the minimum width of the retro-reflector that can
complement the aerial image under the experimental
conditions are 3.9 cm and 8.1 cm. Experiments were
conducted under the four conditions shown in Table. 1 to
check before and after the theoretical values.
3.2 Subject experiment to verify max acceptable
width of the gap

A subject experiment was conducted to confirm that
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Fig. 8 Subject experimental environment to verify maximum

acceptable gap width.

visual completion could occur in the human eye. The
environment of the experiment is shown in Fig. 8. Two
retro-reflectors were placed, and the distance between
them was changed from 0.5 cm to 5.0 cm in 0.5 cm
increments. The retro-reflectors were 25 cm square and
placed the gap in front of the observer. The light source
was a 10.1-inch mobile monitor (SEON), the
beamsplitter was a reflective polarizer of 30 cm square
with a transmission axis of 0 deg (NIPPON CARBIDE
INDUSTRIES), and the retro-reflector was RF-Ax with
/4 sheet (NIPPON CARBIDE INDUSTRIES). A random
string of text was displayed, and subjects read it to
determine if the gap was complemented. The experiment
was conducted under the following two conditions.

1. The distance between the image and the retro-
reflectors was kept at 30 cm, and the distance
between the eyes and the image was changed to 50,
60, 70, 80, and 90 cm.

2. The distance between the eyes and the image was kept
at 90 cm, and the distance between the image and the
retro-reflectors was changed to 30, 40, and 50 cm.

The number of subjects was five and all subjects were
male in 20s. The average distance between the left and
right eyes was 6.8 cm. All subjects had visual acuity to
see aerial images at all viewing distances and retro-
within the

environment. The trials were conducted four times

reflector distances experimental
under the same conditions, and the data was the
average of the maximum gap width, which the string

could be read correctly.

4. Result

The results taken under condition 1 in the Table. 1 is
shown in Fig. 9. The red line in the center of the image
is visible in both right and left eye views, and the

position of the gap between the two images is different.
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Left eye view Right eye view

Fig. 9 Results of imaging under condition 1 in Table 1, which can

complement the gap.

Left eye view Right eye view

Fig. 10 Results of imaging under condition 2 in Table 1, which can

complement the gap.

Left eye view

Right eye view

Fig. 11 Results of imaging under condition 3 in Table 1, which can

complement the gap.

Thus, binocular complementation is possible.

The results taken under condition 2 in the Table. 1 is
shown in Fig. 10. The red line in the center of the image
is invisible in both right and left eye views, and the
position of the gap between the two images is the same.
Thus, binocular complementation is impossible.

The results taken under condition 3 in the Table. 1 is
shown in Fig. 11. Since the red line in the center of the
image is visible in both right and left eye views,
binocular complementation is possible. In addition, the
red line on the right side is visible in the right view, and
the red line on the left side is visible in the left view.
Therefore, binocular vision allows the observer to see
from one end of the aerial image to the other.

The results taken under condition 4 in the Table. 1 is
shown in Fig. 12. Since the red line in the center of the
image is visible in both right and left eye views,
binocular complementation is possible. However, the red
lines at both ends are not visible from either the right or
left eye view. Therefore, even with binocular vision, the

edges of the aerial image are invisible and the entire
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Right eye view

Left eye view

Fig. 12 Results of imaging under condition 4 in Table 1, which can
complement the gap.
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Fig. 13 Relationship between viewing distance and maximum
acceptable gap width for each subject.

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

—Theoretical value
o Average of all subjects

Max acceptable gap width [cm]

50.0 60.0 70.0 80.0 90.0

Viewing distance [cm]

Fig. 14 Average of all subject results and theoretical value by

equation (2) of the relationship between viewing distance

and maximum acceptable gap width.

image cannot be perceived.

These results show that the gap width and retro-
reflector width for perceiving the entire aerial image by
the equation are correct.

The results for each subject of the change in the
maximum acceptable gap width as the viewing distance
changes is shown in Fig. 13. Although there are
variations in the values for each subject, the maximum
acceptable gap width increases as the viewing distance is
short for all subjects. The average of the results for all
subjects and theoretical values of complementation when
Xeye = 6.8 cm, y; = (50, 60, 70, 80, 90) cm and yr = (y; + 30)

cm in equation (2) is shown in Fig. 14. Error bars are
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Fig. 15 Relationship between depth position of retro-reflector and

maximum acceptable gap width for each subject.
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Fig. 16 Average of all subject results and theoretical value by
equation (2) of the relationship between depth position of
retro-reflector and maximum acceptable gap width.

standard errors. The maximum gap widths in which a
string can be read are 3.9, 3.4, 2.9, 2.5, and 2.1 cm for
viewing distances of 50, 60, 70, 80, and 90 cm. The
theoretical values show a similar trend. The closer the
viewing distance, the better the whole string could be
perceived even if there were wider gap. The shorter the
aerial image position from the viewing position, the closer
the location of the gap visible in each eye was relative to
the edge of the aerial image. As a result, the invisible area
in either eye became smaller, and the maximum gap
width that can be perceptually complemented becomes
wider. The standard deviations tended to increase with
increasing viewing distance. The variation in the
maximum acceptable width of the strings was greater
when the viewing distance was longer.

The results for each subject of the change in the
maximum acceptable gap width as the depth of retro-
reflector changes is shown in Fig. 15. Although there are
variations in the values for each subject, the maximum
acceptable gap width increases as the depth of retro-
reflector is long for all subjects. The average of the
results for all subjects and theoretical values of
complementation when x.y. = 6.8 cm, y7 = 90 cm, and yr =

yr + (30, 40, 50) cm in equation (2) is shown in Fig. 16.
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Error bars are standard deviations. The maximum gap
widths in which a string can be read are 2.2 cm, 3.0 cm,
and 3.5 cm for retro-reflector depths of 30 cm, 40 cm,
and 50 cm. The theoretical values show a similar trend,
the further the retro-reflector position from the viewing
position, the wider the maximum gap width that can be
perceptually complemented.

These results show that the complementation of the
gap occurs in the human eye and that the acceptable
width of gap depends on the viewing distance and the
distance between eyes and retro-reflector. The standard
deviations tended to increase with increasing distance
between the aerial image and retro-reflector. The
variation in the maximum acceptable width of the
strings was greater when the distance between the
aerial image and retro-reflector was longer.

These results suggest that binocular complementation

of aerial image may be induced in the human eye.

5. Discussion

In Fig. 15, subject 3 records different values to other
subjects. When this subject was interviewed, he was
gazing at the gap area. It is possible that the width of
complementation may change depending on the gazing
position, and it is necessary to verify the relationship
between the gazing point and complementation in the
future. The experiments were conducted with five
subjects, suggesting that binocular vision might
complement the aerial image. Our future works include
conducting experiments with more subjects in order to
improve the reliability of this experiment and to clarify
the principle of complementation.

Moreover, in this experiment, only the vertical gap was
verified. In the future, it's necessary to verify the results
for the gap with angle. Since the complementation of the
gap is caused by the difference in the position of the two
eyes, only the vertical gap component can complement.
Thus, the width of the gap that can be complemented

when angled satisfy following equation:

Xgy = X1 COS O (5)

where xg2 is the width of the gap that can be
complemented when angled, x¢1 is the width of the gap
that can be complemented when vertical. 0 is the angle of
the gap as shown in Fig. 17. In future work, we will verify
this equation is correct through subject experiments.

Moreover, we need to consider the stereoscopic
perception. While the image can be complemented even

if there is the gap, only one eye can see the area where
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Fig. 17 Relationship between angle of gap and acceptable gap width.

the gap is being complemented. Since binocular parallax
is important for viewing images three-dimensionally, it
is necessary to verify the relationship between
stereoscopic perception and gap complementation.

In addition, it is necessary to consider the discomfort
of the observer when viewing the complemented image.
Since the proposed method causes gap at different
positions in the image for the left and right eyes, it is
necessary to get different information for the left and
right eyes. Thus, it is necessary to investigate whether
this may cause discomfort to the observer. In particular,
this discomfort is likely to be more pronounced for the

slanted gap, and we should investigate it in the future.

6. Conclusion

In this paper, we propose the equation for the
placement and width of retro-reflectors that enable
binocular perception of the entire aerial image and
clarify the effectiveness of the equation by designing an
optical system.

In the case of using two retro-reflectors, the closer the
viewing distance and the farther the distance from the
viewing position to the retro-reflector, the wider the
maximum gap width to complement by binocular viewing.

Further subject experiments are needed to improve the
reliability of the binocular complementation effect, taking
the gazing point and other factors into consideration.

A part of this research was supported by JSPS KAKENHI
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