J-STAGE

Paper

NIRESYF DT ICEYBIEL-EREZRAO-BRAZEFRED
IRFTRIRHETE

W ZXT, BB SBEAT, WA AT

AL, MESEEEDOIRTIREHWE T DIV AT LN, NV RRSYEVITFNA A THSLe
ap Motion Controller 22 W TEETX S I L 253U/, Airial Imaging by Retro-Reflectio
n (AIRRIZED K PRTEMEEE DB NT, BEEERERICEEIIREDOA I ) —V 2REL /-
BE, EBOAI ) —VWIEHEHETHNIE. BARA VRT3V a VEEOLIENFRET S,
L=V VTIZE o TAZ ) — VDRV ET 2561, BDTHREBEIET2HENH L, K
MFETIX, BEEIIZHEGR LD DODABEZTE LT (Leap MotionlZ & » THRE I /z/ub, E,
T, . BFTHY, FEHOEIIIIKTHIRE UTHE M IA MIRISHEEIND, HZTEIE

DEHOHERIIX. BEEHENSB/ONAZERDAZ Y -V DRI LIFIF—HL &,

F—U—R:hF L AFLA, AIRR, "\ RbSwFoF, AR5 aY

LEANE

EE, DT — X e WENIRRT S HMPE T F
TERLTEY., TOEIBRT—XERANTA ¥
BT 0 T4 TR EeERETE-DDLEH LN
MMESTWDE, REMZLHIE UTIR, BFRR AN
I UCIDEER 2 BETE 5 HENREIDT 1 A
TUAERPR, Ay R Y M4 271+ (HD)
EREUTERABOENDI Y5V Wik % 1Rtd
BEN—=F %)V T7)F 4 (R)BRENHB, LML,
DT 1 ATV A HfiE, BEEENFRINTNS
2, A VRS Y a VEFRAE R L OYEERIE]
T X > THIBBI NS, ERRIC, VRIZERICH MD%
HETOIRENDH D2, EEHTHEHRFIZZDA
AV oV ERRTAHILIIREETH 5,

finiZes « 27V 1 Hifffld, EFCEEEZFAKL.
EEZ LU TCTERDODANERICRE ZLNTXS -
O, TYZIMEEOLL R—=Z—KREZVDELH 7%
A VA —T 2= AR EDA— AT —AIE
ThD, BrRERT 1 ATV A HiffoF T,
Airial Imaging by Retro-Reflection (AIRR)1%
Dihedral Corner Reflector Arrays (DCRA)27z &
DL DFEMREINT VD,

Received June 21, 2025; Revised September 14, 2025; Accepted October
26, 2025
F Utsunomiya University

(Utsunomiya, Japan)

BEIZAIRRIZ, RIB(F 1 A7V 128), BlRRE
ZF. EL—ARAT) v A -2 SO HEBNEE L&
v N7y TRERLT, MEEGEERTLIZL
MTXB, V=2 —F 4 A7 A 3IPKEHNEL
DEELEZITRNIKFT 4 ATV A4 EDHF LW
TV —a v EAEEIZU R, BEER EANDR
DAL ETFTHD . VI —2fHKETEHZ
LT, AIRRBZ—F =D VA5V a v (R
ETEIENTEDS, T4AAT VA INEE %
A—HYF—DFINEBTEXDA VXTI a vl
X, ABIDOMZEEG DA VRS 7Y a v INESE
XNTWVWS, X612, AIRRIFDA TV =7 M2k
JRe UCIDMEEGR AR TR LN TXEFE
AIRRTIRTAZEEG 2 KT 5 72DDIHRE U T,
DFA AT VA EMBA2 ) =V DEAREZ S
Nd, BFELLUTMHMEZA ) -V 2FHTLI L
T, WLOPDREANMESND, A7V —VDF
ROTEE, FREDEBOHRYY 1 XIZERBIC
FEGTZHIENTE, YATFLARHFRO O Y
JR—=OZI)—VNHEIANTHEETLIZ L
MTX S, RITHAETIE, MBIRZ Y —2 LRM
My —2lAEhEEILT. 1 VRS IT
A4 TRIDTA AT VA ZEHLTWB? , ZOft
DFAFEE LTI, 7L 70%5 X2 X\ 8
{EHER X, HEHEEIE O HEHREINH Y,
XORDESDAREEZREL TS, LML,
MBI Z 7)) =V 2 ERAL THEERE2VERT 55
&, HENZEENEL S,



ITE Trans. on MTA Vol. 14, No. 1, pp. 73-77 (2026)

Copyright © 2026 by ITE Transactions on Media Technology and Applications (MTA)

Paper

Estimation of the 3D Shape of an Ellipsoidal Aerial Image
by Use of Axis Length Ratios Measured by Hand Tracking

Ryota Yamada' Shiro Suyama’and Hirotsugu Yamamoto'

Abstract This study demonstrates that the system for estimating the 3D shape of a convex aerial image can

be implemented by use of a hand-tracking device, the Leap Motion Controller 2. In the formation of 3D aerial

images based on Aerial Imaging by Retro-Reflection (AIRR), when assuming a perfectly spherical screen during

image projection, distortions and degradation of interaction accuracy are caused if the actual screen is elliptical.

Whenever the screen shape changes due to replacement or aging, the shape must be remeasured. In this study,

the observer points to five positions on the aerial image: the center, the top, the bottom, the left, and the right

edge, which are captured by the Leap Motion, and the principal axis lengths are easily and cost-effectively

estimated as 3D shape. The estimated lengths of the principal axis of the aerial image closely matched those of

the actual screen obtained from photographic measurements.

Keywords: aerial display, AIRR, hand tracking, interaction.

1. Introduction

In recent years, technologies for visually presenting 3D
data have become increasingly widespread, accompanied
by extensive efforts to implement interactive operations
with such data. Representative examples include
autostereoscopic 3D display technologies that enable
observation of 3D images without special glasses, and
virtual reality (VR), which provides highly immersive 3D
content experiences through head-mounted displays
(HMDs). However, 3D display technologies are limited by
physical constraints such as interaction range and
location due to their restricted depth of projection.
Similarly, VR requires users to wear HMDs in advance,
making it challenging to present content to many people
simultaneously in real space.

Aerial display technology forms images in mid-air that
can be viewed by multiple people simultaneously without
a screen, making it effective for use cases such as digital
signage and non-contact interfaces like elevator buttons.
Among various aerial display technologies, many
methods such as Aerial Imaging by Retro-Reflection
(AIRR)? and Dihedral Corner Reflector Arrays (DCRA)?
have been proposed. AIRR, in particular, can form aerial

images using a relatively simple setup involving a light
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source (e.g., a display), a retro-reflective element, and a
beam splitter. It has enabled novel applications such as
see-through displays® and underwater displays
unaffected by water surface disturbances®. Efforts to
improve image quality are also underway®. By
integrating sensors, AIRR can facilitate interaction with
users. Reports have demonstrated interaction techniques
in which users’ hands can pass through the displayed
image®, as well as interaction with large aerial images?.
Furthermore, AIRR can form 3D aerial images by using
3D objects as light sources®. As light sources for forming
three-dimensional aerial images with AIRR, both 3D
displays and concave screens are conceivable. By use of a
concave screen as the light source offers several
advantages. The screen’s shape and dimensions can be
readily tailored to the desired image curvature and size,
and the system can be built from off-the-shelf projectors
and screens at low cost. Prior studies have realized
interactive 3D displays by combining concave screens
with infrared sensors?. Other developments include
virtual cosmetics that do not cause glare'® and visual
effects based on optical illusions!?, suggesting potential
for further advancements. However, when forming aerial
images using concave screens, practical issues arise:
while computer graphics assume perfect spherical
surfaces, the actual screens are often ellipsoidal or
distorted, resulting in mismatches between visual
content and sensor data that cause tracking errors and

image distortion. If the approximate 3D shape of the
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screen could be quickly and easily measured, these
issues could be mitigated, improving interaction comfort
and enabling better-matched image generation.
Estimating the screen 3D shape from the projection
outline could also help resolve mismatches between the
screen and the displayed image. Previous studies have
measured 3D aberrations of aerial images using optical
trackers12), but these systems are expensive and limited
in placement. This study aims to demonstrate that a
compact and low-cost optical hand-tracking device, the
Leap Motion Controller 2, can be used to estimate the
rough 3D shape of a concave screen. Specifically,
observers are instructed to point to five positions
(center, left, right, top, and bottom) of the aerial image
using their middle finger, and the 3D coordinates of
these points are measured. From these coordinates, the
axis lengths (X-axis, Y-axis, and height) of the concave
screen are estimated as 3D shape. This method enables
improvements in tracking accuracy and the construction
of a screen 3D shape model based on empirical
measurements. Compared with methods that correct for
image distortion from pre-measured concave screen
curvature or shape, the proposed method has the
advantage of enabling rapid in situ self calibration by
use of the aerial image itself. Specifically, it allows
immediate recalibration even when the screen is
replaced and facilitates on site compensation for shape

variations caused by temperature and aging.

2. Principle of the Aerial Image and
Nomenclature of axis

2.1 Principle of AIRR by use of 2D display

The principle of AIRR by use of 2D display is shown in
Fig. 1. The AIRR consists of a light source, a beam
splitter, and a retro-reflector. The light from the light

source such as a display is split into transmitted light

Retro-reflector

Aerial Image
|
|

>

Observer

Beam Splitter

Display

Fig. 1 Principle of AIRR by use of 2D display.
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and reflected light by the beam splitter. When the
transmitted light hits the retro-reflector, it is reflected
in the direction of incidence. When this light is reflected
again by the beam splitter, it forms an aerial image at a
position that is plane-symmetrical with respect to the
light source by use of optical path symmetry.

2.2 Principle of AIRR by use of concave screen

The method for forming a stereoscopic aerial image is
shown in Fig. 2. A convex aerial image can be generated
by use of a concave screen as the light source. An image
is projected onto the screen by a projector, and the AIRR
system forms a 3D aerial image that is plane-
symmetrical to the concave screen with respect to the
beam splitter. In this configuration, the depth
relationship between the screen and the aerial image is
reversed. In addition, a Leap Motion Controller 2 is
placed beneath the aerial image so as not to interfere
with it. This configuration enables real-time acquisition
of the position of the observer’s right-hand fingers by use
of the device.

2.3 Nomenclature of axis in the aerial image

The definition of the axis used to describe the aerial
image is shown in Fig. 3. The aerial image is
approximated as an ellipsoid. The horizontal axis is

defined as the axis parallel to the observer, the vertical

Retro-reflector

Aerial 3D Image
&

\

Projector

P

/7 Observer

W= Hand tracking sensor

Concave screen Beam Splitter

Fig. 2 Principle of AIRR by use of concave screen.
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Fig. 3 Nomenclature of axis in the aerial image.
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axis as the one perpendicular to the observer, and the

depth axis as the axis in the direction of view.

3. Formation of a Convex Aerial Image
and Measurement of Axial Length
Ratio

3.1 Formation of a Convex Aerial Image

The aerial image used for measurement in this
experiment was formed by projecting a grid pattern onto
a concave screen. The projected grid image is shown in
Fig. 4. The projection was performed by use of a
projector (CASIO: CX-F1-NB). In previous studies,
distortion correction was applied to the projected image
to compensate for the curvature of the screen. However,
in this study, no such correction was applied, since the
objective was to ensure that the texture was evenly
distributed across the concave surface.

The resulting convex aerial image is shown in Fig. 5.
The image could be observed in the region enclosed by
the red circle, confirming the successful formation of the
convex aerial structure.

3.2 Measurement of Axial Length Ratio

In this study, a system was developed to estimate the

approximate 3D shape of a concave screen used for

Fig. 4 Projected grid image.

Fig. 5 Formed aerial image.

forming freeform aerial images by use of an optical
hand-tracking camera. The Leap Motion Controller 2
was employed for the experiment, and spatial
computations and visualizations were conducted within
the Unity environment.

A grid pattern was projected onto an acrylic concave
screen by means of a projector. The five target points
(center, left, right, top, and bottom) of the aerial image
are shown in Fig. 6. The observer was instructed to point
to each of these positions with an extended right hand,
using the middle finger. Maintaining an open hand
posture was intended to standardize the gesture and
suppress errors caused by tracking instability. For each
point, 1,000 frames of data were recorded, resulting in
1,000 three-dimensional vectors representing fingertip
positions. The mean of these data was calculated to
reduce the influence of noise caused by hand tremor and
tracking inaccuracies. The definition of the coordinate

axis used for the aerial image is shown in Fig. 7. The X-,

Top
-
7
4
’
,’ Aerial Image
/
1 .
| Middle
| LeftO
‘\ Observer
\
\
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~
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Fig. 6 The five target points of the aerial image.
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~
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Fig. 7 The definition of the coordinate axis.



J-STAGE

YEH, ZEHiZZ N ENMEEG ONKEE, EE
i, BEITXEHICETTHEILEEREINS, H
FUIME A 27 Y — > L FRRD IR TR & HERE
GBI THo7720, AWFETIEUnityFERE
MO EMHFERENDELBIIITDRMN-S 7=,

I, BHICBII P EHEBELRD D -ODHERE
KXIZTRT, 52DE =7y hRA Vv M EFENFRNIZD
W, 3RTEET—ZDL, 0007 L —LADEE 2 EHE

U7z,
-1
P=ﬁ;Pa ®

RIZ, SRDEEZEDENN S, Unityks
ERIZIBI28HOEIZ2FHEL /.
MO ERIEN(2) 1T, Mo &
NIRRT, HEHOREXIX, A
BEEROEY x BENDELLUTE
L7~ HEfzo>WTIiE, ETOSED
SEVEEDZEZ L UTEYXE2EH LU,

Ly = Xpight — Xiert (2)

Ly = m - YBottom (3)
FEMOHEIIAG) TRIND, FEH
DEXIL, FLRDERL, £, A, £
DEDFEELE DEL UTERI N,

zLeft+ZRIght+ZBuwom+ZMld) @)

LzzzMid_( 1

4HERE X N2 3DIAR & EBRDIDFAR D HLER

SEDEPNEFITH 618 S N7 ZE BB DHEE 3D
ke, ERIFERLZMERAZ ) —VDEE
Mo/ O NZEBROMEE G DR % KBITR
T, FEEHISIMTZEEN R DK & EEE DR X D
theRU., HEhIEE#EEFEH#HORI DL E
£9, SEDRTM S/ SN EBHEEERIL,
B A RT T I—N— e IZHE LT
Oy hINTW53, #EINAZLROEE %5
flig 572802,

]

Vertical-to-depth axis ratio

O Estimated value

A Actual value

0

o 0.2 0.4 0.6 o8 1 1.2 14
Horizontal-to-depth axis ratio

X8 MZEEBRDHEEITTIIR & ERROMZEEBR DR,

MEA 27 ) — 2 DERDEILLRE BEEH
SHEIEL, ZEAFL LT oy LA,

SEIDETIZHE T B HEEE R D341, 00: 1. 10:
LI2ARX KFEBE)THD, EENSHIEI N
EBROEELIX1. 00 ¢ 1.05 ¢ 1.05 (FEX: KE: &=
B)THY, NV REIZvFUTIZ&oTEHES Nl
Eeld. 1.00 @ 1.05 (JEX: K¥: =E) LIZIEF—K
LTWBIZ bbb,

EEOAI Y —Y

5. F%

ARFFECTEAH LU 7~Leap Motion Controller 2%
BAWAFE Ny v JICEDSIRTHREE
B, MEAZ ) — Y OBAZHREED R E D
IR ERETEDIZEMTH D Z L NGER Y
Nz, BEIZ, 1DV, 000fEDIRTALE N Y
NVERETEZ LT, FOEIREDIAX
BIRB U, ZE U ZIRTIIRMEE IZEIU /2,

UL, ZOFETHEE I W-hthid, EEEE
MO/ NT-EliEL & EREIZ—B L o722 &h
5, FVBWVEENERINGGEIZIE., 207
T —F I E X RN ATREMED D B Z L AVRI Nz,
IT5—DERE LTEZSNDDIE, BEEIW
ZEEEDIEMAE %R T 2RENTH S, HIE

ENH B0, BEENTBRL -AE L ERDOR
FAE L DB —HNH > =ARMENDH 5,

F/z, JAANERIIBREINTORWATEERE H B,
1,0007 L —ADFELITFDEZIZ L 2 EE) % 1]
TEDIZIL - =M, FOBIRCEITZ3ERHIC LS
EEEDOFIEIZLY,



ITE Trans. on MTA Vol. 14, No. 1 (2026)

Y-, and Z-axis are defined to be parallel to the
horizontal, vertical, and depth axis of the aerial image,
respectively. Since the objective was to estimate a 3D
shape similar to that of the concave screen, no
conversion from Unity coordinates to real-world
coordinates was performed in this study.

First, the calculation formula for obtaining the average
coordinates at each point is shown in Equation (1). For
each of the five target points, the mean of 1,000 frames of

three-dimensional coordinate data was calculated.

F=%Zpi

Next, based on the differences in the coordinates of

€Y

the five points, the lengths of each axis in the Unity
coordinate system were computed. The formula for
calculating the horizontal axis is shown in Equation (2),
and the formula for the vertical axis is shown in
Equation (3). For the horizontal axis, the length was
defined as the difference between the average x-
coordinates of the right and left points. For the vertical
axis, the length was defined as the difference between

the average y-coordinates of the top and bottom points.

Ly = XRight — XLeft (2)

(3

Ly = YTop — Ygottom

The calculation for the depth axis is presented in
Equation (4). The length of the depth axis was defined
as the difference between the z-coordinate of the central
point and the average z-coordinate of the left, right, and

top points.

Zier + Zpigne + Z + Zy;
Lz — ZMid _ ( Left Right Bottom M1d> ( 4)

4

4, Comparison Between the Estimated
and Actual 3D Shapes

The estimated 3D shapes of the aerial image obtained
from five measurement trials and the actual aerial
image shape derived from a photograph of the concave
screen used in the experiment is shown in Fig. 8. The
horizontal axis represents the ratio of the horizontal to
depth axis lengths of the aerial image, while the vertical
axis represents the ratio of the vertical to depth axis
lengths. Each estimated result from the five trials is
plotted as a circle with error bars indicating the

standard error. To evaluate the accuracy of the

76

Vertical-to-depth axis ratio
2 ¥

QO Estimated value
/\ Actual value

0 0.2 0.4 0.6 0.8 1 12 14
Horizontal-to-depth axis ratio

Fig. 8 The estimated 3D shapes of the aerial image and the actual

aerial image shape.

estimated ratios, the actual axis ratios of the concave
screen were also measured from a photograph and
plotted as a triangle.

The average of the estimated axis length ratios across
the five trials is approximately 1.00 : 1.10 : 1.12 (depth :
horizontal
from the photograph are 1.00 : 1.05 : 1.05 (depth :

horizontal : vertical), indicating that the axis ratios

: vertical). The actual axis ratios measured

obtained through hand-tracking closely matched those of

the actual screen.

5. Discussion

The 3D shape estimation method based on manual
tracking using the Leap Motion Controller 2, as adopted
in this study, proved effective in providing a rough
approximation of the geometric characteristics of the
concave screen. In particular, the acquisition of 1,000
three-dimensional position vectors per point contributed
to stable 3D shape estimation by reducing noise such as
hand tremor.

However, the axis ratios measured by this method did
not exactly match those obtained from photographic
measurements, indicating that the approach may not be
suitable when higher accuracy is required. One possible
source of error is the observer’s ability to perceive the
precise location of the aerial image. Because the ability
to visually identify the exact focal point of the image
varies among individuals, there may have been
discrepancies between the positions recognized by the
observer and the actual imaging locations.

In addition, it is possible that noise is not completely
eliminated. Although averaging over 1,000 frames
helped to suppress fluctuations due to hand tremor, the

presence of outliers caused by misrecognition in hand
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tracking may have led the estimated data to deviate
from the actual values. If more accurate noise
suppression is desired, alternative methods such as
machine learning, rather than simple averaging, may

need to be considered.

6. Conclusion

In this study, the approximate 3D shape of a concave
screen can be captured by acquiring three-dimensional
coordinates at five specific positions in the aerial image
using the Leap Motion Controller 2. This approach
suggests the possibility of flexibly and simply reflecting
the overall shape of an aerial image in the projected
content without the need for fixed measurement devices.

The estimated axis ratios of the aerial image as 3D
shape are approximately 1.00 : 1.10 : 1.12 (depth :
horizontal : vertical), which closely matched the actual
screen’s axis ratios of 1.00 : 1.05 : 1.05 obtained from
photographic measurements. This indicate that the
proposed method is effective in roughly estimating the
shape of an aerial image.

However, discrepancies are observed between the
estimated and actual values. These errors are considered to
arise from individual differences in the observer’s ability to
perceive the aerial image and from residual noise in the
tracking data. While frame averaging mitigated some
noise, higher-accuracy applications may require more
advanced noise reduction techniques.

Future work includes improving the tracking method for
example, by introducing filtering or machine learning
techniques and validating the system with multiple
observers and screen configurations. Extensions to
asymmetrical screen shapes and investigations into
interaction techniques using the proposed method are also
planned. These developments are expected to further

enhance the usability of interactive aerial displays.
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