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Fig.1-1. Digital signage that is formed by multi-modal aerial image. When you go
through the signs, warmth via skin and sound can be also perceived from the aerial
image position.
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Fig. 1-2. Example of multimodal system. This system stimulates visual, auditory,
tactile, and thermal sense.
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Lens

Fig.2-1 The imaging with convex lens.
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Lens1 Lens2

Light souce Image

f1 )

Fig. 2-2. The imaging with two convex lens.
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Planoconvex lens

Fresnel lens

el el W D R T e i I

Fig. 2-3 Structure of the Fresnel lens.
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&Image

Concave mirror

Light source

Fig. 2-4. The imaging with concave mirror.
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Aerial image

Mirror

Object

Fig. 2-5. Aerial imaging system by using concave mirror.
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DO HOREBEBICHFESNIFZF THD43]. YU W =0 BIBEITRIED H 522X
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N N

(a) (b)
Fig. 2-6. (a) Normal reflection. (b) Retro reflection.
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ZLTC, BRI RZ—=TAFTTT 4 7 A TWS 2Hia—F—U 7 L7 &—
ODFHEZHMLTHESINREZEZFTGREREZBOE LRI ONEFEHFE TN
DCRA(Dihedral Corner Reflector Array) T& % [35-38,44-49]. ZDFE 11, B7—Ik
DA 7 aF—F =DM 7 —NERITERSTEY, EI9—RKRDIT—1AK1
AN 22— =)7L 7 &=L UTEHTS. 2k DCRA ICAH L72JtiT 2
[ S5 D OB IR & RO BN L, BDEFARICHEE 21T 5. DCRA 13T
A AT VA DRMGEZEPICRRTHZEE2HMETL2EFTHY, MR I 7 —%fEH
L TCW A7 EEMR B OR RSB AETHD. LrL, Ml 7 —IROI 7 —%4%
FBLERTFTOLTEOERMICE a2 X M TEICH A X —VIZFIHTE D L5 R
FORIZIXFD TV,

(a) (b)
Fig. 2-7. (a)Dihedral Corner Reflector Array. (b) Enlarged image of DCRA.
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~ < Screen

Scanner
Fig. 2-8. Volumetric display system using trans missive mirror device.
Fz, FRRDOFHAZMM LT RERETICAI 7L — W0 b DRHL. AT

L—hI2/@DAY v hEDI T =T LA ZEEAE LIEELR TR FTHD. Z
DEEREINTZ 2BOAY Yy FIT—N 2 HaA—FT—U 717 & —L LTHIET D
DB AT 5 Z ENAEETH S, 2 BHEEIZT 5 2 & TAREN 2 FIRS S
DENGNL 20, ZEPRIERA~D ORI A3 ) _E S IVBREDGICHT 72V OB A 7
DZEFE OGRS AIEETH D, Al 7L — bt DCRA [FIEREFEM 72 28 h g 2 TER 5 =
EMARETH DH. Al 7 L— b VR(Virtual reality)<° AR(Augmented Reality)7s &
DA THERINTEY, HESEX 2 7 4, KBEHT 4 A7 VA Lol B
S TOEMMEAHIH SN TS, AT 7L — b & DCRA [RIEE S A2 iy 2 22 th 5
TELH7OICAY v I T MieHBE CHEEB SN TWOTedbRERTL— M &/
BT 570ICiT a2 MR 57208 L < KEULIZIZFW T e,

Fig. 2-9. Configuration of aerial imaging pleat.
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HEHELED 7 LA 2 NRE LTHERTA2ZEZBELBY, 2T+ BE
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YA X—VEZOEENRE L THERAT L ENTE, HEORWETGREERRTHZ
EMARRICZ2 D . 2 LT, A EFIM LIofBEIN T 2 72D U TREZR & 0 72 513X
W, FEERATRETD LW IHORERDH D, D) 2R EIHEFA L TWE DN TE
RNAYOL FRYINAR

Fig.2-10. Crossed-Mirror Array.
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F7-, Roof Mirror Array &9 % 7-43% 5. Roof Mirror Array (I457 A D Wi A3
V FH D Roof Mirror % PATICEZHELE L7-H# 1 CThDH. Ko & KO MED 90
EThy, BW2ma—F—Y 7L s ¥—% 1 FIIs L ChiLl BiC Lkic 7z
S>TW5. 1 #® Roof Mirror Array (25> CZEH A2k L7 & &l H2Y Roof
Mirror Ol & BEROFEBRNRLZ ., ENLSNOAENS RIZGEITEGRN AL, O
¥V Roof Mirror Array I3F44 L BB A RSB T 2R 7+ TH 5.

Fig. 2-11. Roof Mirror Array.

(@ (b)

Fig.2-12. Image formed by roof mirror array. (a) Front view. (b) side view.

RS 2R LBl o 22 g i sk 5k & LT AIRR(Aerial Imaging by Retro-
Reflector) 23 & % [59-70]. AIRR IZ Fig. 2-13 IR L Th D L ICEICHIRK T — b, 7
A AT VLA, B AT v BT Ko TR SNIZETGICR S AT L THD. T+
AT VAPBHTENIEIE =LA AT Y v &2 —Z & > TR SRS v — M ASHT
5. LT, fm Y — MCAS LIOEHIERHRIEDO RN 2175 . 2O S
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Lot W E WS 72R AN D D

Aerial image

Beam splitter

Retro-reflector

Fig. 2-13. Configuration of AIRR. AIRR is consisted of a display, a beam splitter,
and a Retro-reflector.

AIRR

Fig. 2-14. Aerial image formed by AIRR.
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Fig. 3-1. Stainless steel mirror that was cut out to comb-shaped by wire-electrical
discharge machine.
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Fig. 3-2. Crossed-Mirror Array is formed by comb-shaped mirror.
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Fig. 3-3. The principle of a corner mirror.
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(a) (b)
Fig. 3-4. Image forming by use of CMA.(a) Front view. (b) Side view.
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Fig.3-5. The complement of the black
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(a) (b)

(b) (d)

Fig. 3-6. Aerial image of CMA(a). We put screen at (b) near position from CMA (c)
imaging position (d) far position form CMA. At imaging position, image is clearly.
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Fig. 3-7. Optical setup for solving the contradiction of occlusion
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Fig. 3-8. Experimental setups to observe convergence of light.
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Fig. 3-9. Dependences of illuminance of the aerial image upon the distance. Focal

length of the lens is 150 mm.

25



F7o, BEBEERE LTCWD DRSNS BT HRONRECHERORE I BT 5.
T I TCL Y REBE SETGE O OREIERE & SeIRE ORISR, 22 PR O T R EEHE
EZEPBRORE SOBRZRIE Lz, 221G oTEaiElt & mE OBfR 4 Fig. 3-10 12,
72 PR DT R EERE & 22 B0 K& X OBIE Fig. 3-11 17, I L o X E RO
B 2 e RS R EERER L O, BOKRE IERL TS, ZHUC LY, GRS R
KDITE, HBMENFH 2D, BOREINPKRESRSTWNDHI 05, LLEX
D, L2 RIZX o THGALIE DR IXATHE TH D N RIBICHEBALE & 2L S T1-358,
TG OEICHBE 5D LT 5.

700 3000
=600 250053
£ =
E >0 2000 @
p— [P
@ 400 =
g 1500 g
& 300 =
p —e—Distance 1000 &
o 200 =
- —
100 500
D
0 ’ . 0
50 80 110 140

Point of lens(mm)
Fig. 3-10. Dependences of illuminance of the aerial image formed distance. Focal
length of the lens is 150 mm.
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Fig. 3-11. Dependences of size of the aerial image upon the distance. Focal length of
the lens is 150 mm.
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Fig. 3-12. Experimental setup to investigate reflection angle limit to form aerial
image of an LED by use of CMA.
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Fig. 3-13. Relationships between reflection angle and illuminance of the aerial LED
image.
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Fig. 3-14. Relationships between reflection angle and the height and width of the
aerial LED image.
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Fig. 3-15. Aerial LED image that is formed crossed-mirror array.
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Fig. 3-16. Schematic illustration of forming aerial image by CMA.
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Fig. 3-17. Relationships between viewing angle and distance between CMA and
light source. Red line is theoretical value, and blue line is measured value.
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Fig. 3-18. Simulation setups to determine the best incident angle for different
thickness of CMAs. Using CMA aperture size of CMA is 4 mm X 4 mm. Thickness
of CMA are 4 mm, 8 mm and 12 mm.

35



10000

8000 F

6000 |

4000 k

2000 k

[lluminance (Ix)

15 20 25 30 35 40 45 50 55 60 65 70

Light incident angle (deg.)

Fig. 3-19. Relationships between illuminance and incident angle for different
thickness of crossed-mirror arrays.
Thickness of CMA are 4 mm, 8 mm and 12 mm.
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Fig. 3-20. Light distribution at formed position of aerial image by using CMA.

Thickness of CMA are (a) 4 mm, (b) 8 mm and (¢) 12 mm.

36



WIZERZ I T7—T LA DOBFADKE S OEWVIZ L D2 TGO SEIRE D2 B & )
T 5. BHADOKRE S LIEIDN—EOHAEIZH T HH A RE SOOI L D08
AN LR SN DG ORBEDE{E S I 2L —ra VICEVIELZ. =
L—3 g VIS LIRS R oM E Fig.3-21 1Rd. 3 N4 —rDODKRE &8
JAEANRHAOEICB T D NREDOELE I 2 —va vy Lz, BRI T—T LA D
FIOOKRE ZI1X4X4mm,9%x9mm, 14x14mm & L, BAIODOREIEZLEEDOEN 1 :
LIZRDEIICERIT—T LA DESEZZE1 4 mm, 9 mm, 14 mm [ZF&E L7,
BERORE ST 142 mm THDH. SR EERZIT—7 LA O 300 mm & L,
WL £ 550 nm O HAGIRE M L7z,

FBHA DR E SITBIT 2 ASFALIIC K 2 MELbZ Fig.3-22 (TR 7. BHEOX
EEN 4 mm, 9 mm & HIZAFAD 55 EORHINFREN L — 27 ZH->TWNWDHH 14
mm OFfT 50 ETE—27 ZM->TW5. 2LV, BIONKE 2513 Efia A
FAITNS L RN EORBIIH I 2B T/hINEDTHLEEZD
o, 2, vIalb—ra VK VHEGE LZFEEICB TR ORE 3/ 0
ERENTRL 72D Z N gh ol ZAUIBR R OV A XD/ NS WIE EFEGICER T
LB OB DT THDHEBZEZBND.

0

CMA

300 mm

Light source { 300 mm

View plane

Fig. 3-21. Simulation setups to determine the best incident angle for different
aperture size of CMAs. Using CMA aperture size of CMA are 4 mm X 4 mm, 9 x 9
mm and 13 x 13 mm.
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Fig. 3-22. Relationships between illuminance and incident angle for different
aperture size of CMAs. Using CMA aperture size of CMA are 4 mm X 4 mm, 9 x 9
mm and 13 x 13 mm.
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Fig. 3-23. Light distribution at formed position of aerial image by using CMA.
Using CMA aperture size of CMA are (a) 4 mm X 4 mm, (b) 9 X 9 mm and (c) 13 x
13 mm.
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Fig. 3-24. Simulation setup to determine the best incident angle for different distance
between crossed-mirror array and light source. Distance of Simulated distance were 200,
300, 500 and 700 mm.
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Fig. 3-25. Relationships between illuminance and incident angle for different distance
between crossed-mirror array and light source. Distance of Simulated distance were 200,
300, 500 and 700 mm.
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(©) (d)
Fig. 3-26. Light distribution at formed position of aerial image by using CMA.
Distance of Simulated distance were (a) 200, (b) 300, (¢) 500 and (d) 700 mm.
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Fig. 4-1 Light is reflected by Stainless steel mirror with (a) mirror side (b) backside
of mirror.
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Fig. 4-2. Configurations of CMA. Mirror surface and backside are indicated in
gray and black, respectively.
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Fig. 4-3. Configurations of CMA. Mirror surface and backside are indicated in
gray and black, respectively.
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Fig.4-4. Experimental setup to investigate reflection angle limit to form aerial
image of an LED by use of CMA in conﬁguration for dual-view aerial LED image.
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Fig. 4-5. Relationships between reflection angle and luminance intensity of the
aerial LED image in configuration for dual-view aerial LED image.
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Fig. 4-6. Relationships between reflection angle and the height and width of the

aerial LED image in configuration for dual-view aerial LED image
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Fig. 4-7. Aerial LED image in configuration for dual-view aerial LED image.
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Fig. 4-6. Configurations of conventional CMA made of one-side mirrors. Mirror

surface and backside are indicated in gray and black, respectively.
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Fig. 4-9. Configurations of CMA for four direction view made of one-side mirrors.
Mirror surface and backside are indicated in gray and black, respectively.
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Fig. 4-10. Experimental setup to investigate reflection angle limit to form aerial image of
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an LED by use of CMA in configuration for four-view aerial LED image.
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Fig. 4-10. Relationships between reflection angle and luminance intensity of the

aerial LED image at (a) vertical direction (b) horizontal direction.
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Fig. 4-11. Aerial image that is formed by proposed CMA for four direction view.
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Fig.4-12. Experimental setups to two aerial image by using CMA and mirror.
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Fig. 4-13. Dependences of light intensity of aerial images upon (a) distance and (b)
lateral position. At lateral position, scale of conventional image is at right side.
Scale of reflected image is at left side.
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Fig. 4-14. Aerial image that is formed by using setups to two aerial image by using
CMA and mirror and conventional setups by using only CMA.
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Fig. 5-1. Simulation setups to investigate light power of aerial image that is to
formed by two types CMA. Using light wave-length are 550 nm, 900 nm, 1300 nm
and 1800 nm. Using acrylic resin is Acrylite_ N6.mm.
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Fig.5-2. Light distribution at formed position of aerial image by using (a) only

CMA (b) CMA with acryl resin.
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Fig. 5-3. Light distribution at formed position of aerial image by using only CMA.
Aperture of CMA is hollow. Using light wavelength is (a) 550 nm (b) 900 nm (c)
1350 nm (d) 1800 nm.
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Fig. 5-4. Light distribution at formed position of aerial image by using CMA with
acryl resin. Using light wavelength is (a) 550 nm (b) 900 nm (¢) 1350 nm (d) 1800
nm. Using acrylic resin is Acrylite_ N6.mm.
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Fig. 5-5. Experimental setups to observe convergence of heat. Thermal source is a
soldering iron.
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Fig. 5-6. Dependences of temperature of the aerial thermal image of a soldering
iron upon (a) distance and (b) lateral position. The temperature take the maximum

at the image position.
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Fig. 5-7. Temporal trace of temperature at the aerial image position of the
soldering iron.
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Fig. 5-8. Experimental setups to observe convergence of heat. Thermal source is a
soldering iron. Thermal source set up (a) vertical (b) horizontal.
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Fig. 5-9. Thermal distributions taken with a thermal camera when the soldering
iron was used for the heat source. These thermal images were taken at one minutes
after starting to warm. Local temperature rise was observed on the screen at the
aerial image position (300 mm).
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Fig. 5-10. Thermal distributions taken with a thermal camera when the soldering
iron was used for the heat source. These thermal images were taken at one minutes

after starting to warm.

65



5-4 AITRLAHCELEDTESHREF - -EHB

KRED T2 DIAT o T2 EBRR TR SN D EVEF R O T — 355 <, ILTRERLEZ &
MTERV. ZORMBEITERO T —RE L L bITBEEDOERI 7 —7 LA TiEYA
APINEWEDIZEAZ I T =7 VA AR T 2O BN DR < 725 2 &I1T & 0 B8R
716 DO S D RAMEIO AR ORI EIMELS 22> TLE O 7eDITk S 5%
HFE DT =R o T2 DIZB I oo b B BND. £ 2T, koM figik
T DD E N F TTBOW)NLNBIEFERHO a7 e —% — AR L. ff
MALleruer e —2—0WNE300W ThHh5D. £lo, BERXIT—T LA &2FA )
JULBVROE 1% EFD 2 8T, ILTRERK LD Z & A ATER 22 R O I ik Eh
L7, BRI T—T LA ZIMBXNIA VT THILETIHORERERI 77—
T AL LTS Z & TEPED B D S 412 FRAMEER D SRR OF =R 1) 1% X
-7z,

BRI T—T VLA %X AV 7T 52hHic0, ERAOFRVE—Z/ER L. HIFEL
To ARV — % Fig.6-12 IR T, HR/LE—DOKE Z1F 460 mm X 460 mm X 12 mm CTH
5. RES 142mmX142mm, EE8mm DEAZAIT—T LA 2oty b5 &
DAHETH D, ZORAVF—FERI T —T LA ZRIBEPLIXSOECEET 5. #
MIZIZT A I 20TV, BIEO/ A= IXZNEN LD T L IR HEID 32
ETHlfEEsh T

(a) ()
Fig. 5-11. Holder for use 9 CMA. (a) Perfected. (b) that is decomposed.
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Fig. 5-12. Experimental setups to observe convergence of heat. Thermal source is a
soldering iron. Two soldering irons in (a) the longitude direction (b) the lateral
direction.
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Fig. 5-13. Dependences of the aerial thermal image of two soldering irons in the
longitude direction upon (a) distance and (b) lateral position. The temperature

takes the maximum at the image position.
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Fig. 5-14. Dependences of the aerial thermal image of two soldering irons in the
longitude direction upon lateral position at imaging positions and the middle
position of two imaging positions.
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Fig. 5-15 Dependences of the aerial thermal image of two soldering irons in the
lateral direction upon (a) distance and (b) lateral position. The temperature takes
the maximum at the image position.
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Fig. 5-16. Dependences of the aerial thermal image of two soldering irons in the
longitude direction upon distance at imaging positions and the middle position of
two imaging positions.
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Fig. 5-17. Thermal distributions taken with a thermal camera when two soldering

irons were used for the heat source. soldering irons is setup in the longitude

direction. These thermal images were taken at one minutes after starting to warm.
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Fig. 5-18. Thermal distributions taken with a thermal camera when two soldering
irons were used for the heat source. soldering irons is setup in the lateral direction.

These thermal images were taken at one minutes after starting to warm.
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Fig. 6-1. Wavelength band of light, infrared ray and sound waves.
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Fig. 6-2. Prototype crossed mirror array for converging sound. Its size was 65 cm x

65 cm and aperture size is 15Scm x 15cm. Thicknesses of trial CMA is 15cm.
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Fig.6-3. Experimental setups to observe convergence of sound. In order to provide

directivity sound wave, a parametric speaker was used for a sound source. Using

sound is sin wave of 10 kHz.
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Fig.6-4. Dependences of sound upon (a) the distance and (b) the lateral position.

The peak to peak value takes a maximum value. Sound is converging at that

position. Using sound is sin wave of 10 kHz.
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Fig. 6-5. Experimental setups to observe sound-wave form. Using sound is sin wave
of 10 kHz.
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Fig.6-6. Wave form of using CMA and not use CMA at converging position.
Frequency of using sound is 10 kHz.
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Fig.6-8. Amplitude modulation of sound waves.
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Fig. 6-9. Experimental setups to observe sound-wave form. Sound source is

parametric speaker. Designed frequency of auditory sound was 10 kHz.
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Fig. 6-9. Wave form of using CMA and not use CMA at converging position.
Frequency of using sound is 10 kHz.
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Fig. 6-11. Experimental setups to observe convergence of sound. Sound source is
normal speaker or parametric speaker. Designed frequency of auditory sound was
800 Hz.
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Fig. 6-13. Dependences of sound intensity of normal speaker upon (a) distance and
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Fig. 6-14. Dependences of sound intensity of parametric speaker upon (a) distance
and (b) lateral position. The sound intensity has the maximum at the designed
image position.
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Fig. 7-2. Experimental setups to observe convergence of light and heat. Light
source is a green LED or a halogen lamp.
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Fig. 7-3. Dependences of temperature and light intensity of the LED image upon
(a) distance and (b) lateral position. The light intensity takes the maximum at the

image position, while there is no remarkable peak in the temperature.
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Fig. 7-4. Dependences of temperature and light intensity of the halogen lamp image
upon (a) distance and (b) lateral position. The light intensity and the temperature

take the maximum at the image position.
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Fig. 7-5. Temporal trace of the temperature at the converging position of
(a) the halogen lamp (b) LED.
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Fig. 7-6. Aerial image taken with the thermal image and viewable image. Using
light source is LED and halogen lamp.
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Fig. 7-7. Thermal distributions taken with the thermal camera when the halogen
lamp was used for the light source. The thermal images were taken before turned
on the light source and at three minutes after lighting the halogen lamp. Local

temperature rise was observed.
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Fig. 7-8. Experimental setups to observe convergence of light and sound. To
provide directivity sound wave, a parametric speaker was used for a sound source.
Using sound is sin wave of 8 kHz. Light source is LED. That system uses two types

CMA.
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Fig.7-9. Dependences of sound and light upon (a) the distance and (b) the lateral
position. The peak to peak value takes a maximum value. Sound and light are

converging.
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Fig. 7-10. Experimental setups to observe convergence of light and sound. In order
to provide directivity sound wave, a parametric speaker was used for a sound
source. Using sound is sin wave of 8 kHz. Light source is halogen heater. That

system uses two types CMA.
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Fig. 7-11. Dependences of light intensity of the halogen heater image upon (a)
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sound intensity takes the maximum at the image position.
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