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Brief history of 3D display

L=, TJU. Eol Stereoscope: Wheatstone (1838)

Lenticular: Hess (1915)

B S J
Lenticular stereoscope (prism): Parallax barrier: L
Brewster (1844) Kanolt (1915) E|ectro_h0|ography:
Benton (1989)
1850 1900 1950
1830

Autostereoscopic: Hologram:
Maxwell (1868) Gabor (1948)
Stereoscopic movie camera: Integral

Anaglyph: Du Hauron (1891) Lippmann (1908)

Integram:
Photographic plate de Montebeuo (1970)

Fly"s -y g o

3D movie:
La’arrivee du train (1903)
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3D movies

- @Starwars
(1977)
TOM CRUILSE

MINORITY
REPORT j3
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Cues for depth perception of human (1) ﬂ

* Physiological cues  Psychological cues
* Accommodation « Linear perspective
. Cf)nvergence « Overlapping (occlusion)
* Binocular parallax - Shading and shadow

* Motion parall -
otion parallax » Texture gradient

- Linear perspective - Overlapping
- Shading and shadow - Texture gradient
@

Optical Engineering and

Quantum Electronics l

Laboratory S
- 2




Cues for depth perception of human (II)

« Physiological cues
Accommodation - Binocular disparity
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Various methods to display a 3D image

Classification

Depth cues

Key component

Stereoscopy
(requires glasses)

Binocular disparity

Polarizing glasses

LC shutter glasses

Wavelength selective glasses

Two-view or Multi-view display

Binocular disparity, Convergence, Motion
parallax (Horizontal only, limited range,

discrete)

Parallax barrier

Lenticular lens

HOE
(Holographic Optical Element)

Directional BLU

Super multi-view

Binocular disparity, Convergence, Motion

Lenticular lens

; i arallax (H only, continuous), Multiple projection
Autostereoscopy  High density . A( y o ) pieproj
: directional display ccommodation L :
(does not require aser scanning
dakset) Binocular disparity, Convergence, Motion
Integral imaging parallax (H&V, continuous), Lens array (2D)
Accommodation
Stacked screens
Volumetric Binocular disparity, Convergence, Motion Spinning screen/mirror
displa arallax, Accommodation
15 P Crossed-beam
(Two-photon absorption)
Holographic Binocular disparity, Convergence, Moti Electro-holography
display parallax ion (Coherent optics)
o

]
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Present status of 3D display

Hardware system

Stereoscopic display
Autostereoscopic display
Volumetric display

Other recent techniques
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Stereoscopic display oA

Special device

Right image Left image
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Stereoscopic display SN

Wheatstone

.® Note on a Real-Image Stereoscope. In ordinary stereoscopes the
%rtual images of two pictures are superposed, and the observer, looking
through two lenses, or prisms, or at two mirrors, sees the figure appa-
ratly behind the optical apparatus. In a stereoscope which I have
made by Elliott Brothers, the observer looks at a real image of
Pictures, which appears in front of the instrument, and he is not
tonscious of using any oplical apparatus. =
is stereoscope consists of a frame to support the double picture,
"fieh may be a common stercoscopic slide inverted. One faot from
this a frame is placed, containing side by side two convex lenses of
& foot focal length, and having their centres distant ouc and a
marter inches horizontally. One foot beyond thesc is placed 2 convex
of two-thirds of a foot focal length and three inches diameter. =
¢ observer stands about two feet from the lm-ge lens, so thz_xt. with
E& right eye he sees an image of the left-hand picture, and with the
The Wheatstane steracscapa wsed angled mirrars (4] 1o reflect eye an image of the right-hand piqt_urc. 3 £
the stersoscopic drawingsTE} 'fnwmrd?he wigwar's Lvles. the ese imaFES are formed -},)v ponc.\ls which .pa?s centz:fcally.t..hrfn_lgh
two small lenses respeectively, so that they are free from distortion,
they appear to be nearly at the same distance as the large lens,
% that the obsorver fixing his eyes on the frame of the large lens seces
combined figures at once. :
¢ figures of the cyclide, though constructed for this stercoseape,
May be used with an ordinary stercoscope, or they may be united by
“Uinting, which is o very cflictive method.

Maxwell’s note

e ——

o Optical Engineering and
Quantum Electronics l

Laboratory




red/cyan filtered glasses

left eye sees right eye sees

——
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http://explanation-guide.info/meaning/?image=527px-TwinPeaks_glyph_th.gif

Polarization multiplexed method o
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Frojector | |

JII 0

Projector [ ]

Left eyve V\ /\
Polaroid Left Right
filters U \/ . .
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Stereoscopy

Polarization

glasses




Pavonine (polarization glasses)

Of

Optical Engineering and
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Items 2D mode 3D mode
Size [inch] 32
Resolution 1366 x 768 | 1366 x 384
Display colors 16.7 M
2D/3D switching Possible
Viewing angle 45 degrees

Dimension

697 x 393 Xx 91 mm

Input signal

VGA, DVI

TFTLCD




Polarization glasses type — active retarder O

Odd frame:
right image
Time
Even frame:
left image
LG Display

e ———

Image

panel state

Polarization

Polarization
switching panel

Polarizing
glasses

I\

Polarization modulation

- Luminance decreased

Display
panel

Simple
polarizer
glasses

Active controlled retarder
: Two glasses + one LC
layer (TN mode)

Optical Engineering and
Quantum Electronics
Laboratory
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LG Display (3D home theater: polarization glasses)

The world’s largest ultra high definition
3D home theater

Optical Engineering and
Quantum Electronics
Laboratory

Model 84 inch UHD 3D home theater
Size 84 inch Wide [16:9]
Resolution  Ultra high definition [3840 x 2160]
Thickness 28.4 mm
Brightness 600 nit
Cont!rast Mega DCR
ratio
Color gamut SRGB 100%
Color depth Real 10 bit
SID 2010




LG Display (47 inch first mover 3D: polarization glasses) m

Iltems Feature

Dimension 1096 x 640 mm
Pixel pitch 0.5415 x 0.5415 mm
2D Resolution 1920 x 1080
Luminance 400 cd/m?
3D crosstalk <1.0%
3D Luminance 150 cd/m?
Viewing angle 1789H)/309V)

SID 2010




Polarization glasses type (I-PR method)

TET-LCD (i-FR) Pattern Retarder
e A
~ T A
.
BLU TFT CIF
| a
. —
(2D mode) (3D mode)

o Pixel configurations of conventional and i-PR

' ' i i . in cell patterned retarder
i-PR configurations with the shape of special i G e G )

pixel ina TFT-LCD

2D13D characteristics “m

Display mode
Resolution 1920 x 1200 1920 x 1200 WUXGA
[2) Luminance (cd/m?) 280 342
Contrast ratio (a.u.) 1000:1 1000:1
Color gamut (%) 102 102
3D crosstalk (%) 0.5 0.5 Front
3 o Horizontal 160 160 Within 7%
| > B
24 inch WUXGA patterned retarder 3D LCD ertical 16 32 crosstalk

o Optical Engineering and G J
Quantum Electronics gooo l:t g
Laboratory
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Shutter glass method

B ——

o Optical Engineering and
Quantum Electronics
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active shutter LCD glasses
left eye sees right eye sees

right eye sees



Shutter glasses type (Samsung Electronics) A

55 inches of 240 Hz Full HD 3D LCD

Response time
. 2x faster (liquid crystal)
. 4x faster (signal processing speed)

One frame time for one view is around 3ms
(in order to reduce crosstalk)

Eliminates ghosting in fast moving scenes
with 240 Hz refresh rate.

SID 2009




Comparison

Shutter glasses 3D Active retarder 3D

1 K

H -

Image through shutter glasses Image through polarizer glasses

The light efficiency for active retarder type can be higher than the shutter
glasses 3D display.

Shutter glass type is simple without modification of LCD structure. _ g 3

o Optical Engineering and ™1
Quantum Electronics || ', H
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Comparison (Polarization vs. shutter glasses) =i

Main issues: 3D resolution & crosstalk
Polarization glasses: 3D resolution

LC shutter glasses: driving speed of LCD and crosstalk (optimized on/off
timing generation)

Classification | 3D resolution Crosstalk

Solution: fast
Polarization polarization
glasses switching (120 Hz)
by LG Display
LC shutter Full resolution same S(?Iutl_on: fast LC
glasses as the 2D resolution switching (240 Hz)
by Samsung

Candidate solution: Fast response time of each optic elements (polarization,
LC shutter)

w O gﬂ::ﬂ:“g:":;;‘:gsﬂ"d "7”‘ .‘ t “: ' oY ’ II l l L n l " U l DIIULQ 1%03012108)0000 Aring
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Samsung Electronics (shutter glass)

Novel simultaneous emission driving scheme for crosstalk-free 3D AMOLED TV

« 30 inch Full HD 3D-TV with
simultaneous emission with active
voltage control driving

* All of the panel’s OLEDs are turned
on simultaneously, which allows longer
time for the active shutter glasses to
switch.

* The left and right images are
completely separated.

* The proposed method enables a much
simpler circuit (6 transistors 2> 3
transistors)

SID 2010
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Shutter glasses type (Samsung Electronics)

Novel simultaneous emission driving scheme for crosstalk-free 3D AMOLED TV

For crosstalk-free 3D, the left image and the right image should be presented in such a
way that there is no temporal overlap between them.

Conventional driving method (No blackllnsgrtl.on) Proposed simultaneous emission (SE) method
= Sequence for V,;, compensation circuit
No BI* 1. Reset 2.V, storage time
120 Hz 3.Data Scan 4. Emission *
1F 8.3 ms . 8.3 ms
P rame o 1 Frame
1| ] Ls “v = 1
1080 C =103
50% BI '
120 Hz Shutter Glasses
1y - . Response
° Transmission
“'Ir = Ty
» L4 —_— - _—
1080" 'S : > oTransrnissinn
time
Conventional driving method (50% black insertion)

o Optical Engineering and
Quantum Electronics
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LG 3DTV (shutter glass) S

* Full array of LEDs (LEX8)

* Infinite contrast ratio

* 0.88 cm thin, 1.25 cm Bezel

» Nano lighting technology

* Anti-reflection panel

* Truemotion 400 Hz

» Shutter glass type

* 47/55 inch (288 blocks: local dimming)

* 31 inch OLED TV
 Full HD 1920 x 1080
* 0.29 cm thin

3D ready

* 600 Hz refresh rate




High-speed switchable lens (UC Berkeley)

3D display system based on high-speed switchable lens

Ol

* 4 focal powers separated by 0.6 diopters (5.09,
5.69, 6.29, 6.89 diopters)

* Monitor & lens refresh of 180 Hz, so 45 Hz per
eye per lens state
* Field of view: 15°

o Optical Engineering and
Quantum Electronics

Laboratory




Head tracking for desktop VR display using Wii =2
Remote controller

infrared camera and a
head mounted sensor bar

X




Present status of 3D display

Hardware system

Stereoscopic display
Autostereoscopic display
Volumetric display

Other recent techniques
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Autostreoscopic methods

Parallax Barrier

= Advantages

= Multi-view
= Easy to fabricate

=Disadvantages
= Very low 3D luminance

-\

Lenticular Integral imaging

= Advantages »Advantages

= High 3D luminance = Full parallax (both horizontal

" Multi-view and vertical)

: = Quasi-continuous view point

= Disadvantages = Disadvantages

= Special 3D/2D conversion = Low resolution

technique = Limited viewing angle

= Harder to fabricate (high cost) = Limited image depth

= Color dispersion

o Optical Engineering and
Quantum Electronics

Laboratory




Parallax barrier: principle

e Two view o Multi view

Barrier I T 1N B = Barrier

LCD I iLCD
'RL RLRLR | LC R L

Resolution & brightness = 50% Resolution & brightness = 33%

o Optical Engineering and “\Q
Quantum Electronics

Laboratory
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Parallax barrier N

=  Advantages
= 2D/3D convertible
= Fasy to fabricate (low cost)

= Disadvantages
= [ow 3D luminance
=  Moire pattern
= Color dispersion

l Dnum 1201012100 43
1 M n



Translucent LC panel for parallax barrier: oA

Samsung 2D/3D switchable mobile phone
« Samsung dual DMB (2007. 7. 11)

Normal

Stereoscopic
LCD

:
!

« Samsung SCH-B710.

* The Samsung SCH-B710 is a swivel phone that
features mobile TV (DMB) and a 3D QVGA LCD 2D resolution: 320 x 240
screen.

It also comes with MP3 player, video camera, normal camera, 3D resolution: 160 x 240
and even Picture In Picture feature, so you can watch TV i
while watching another channel in an even smaller window
on the same screen.

e ——

Optical Engineering and
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Translucent LC panel for parallax barrier: N
Samsung 2D/3D switchable mobile phone

AlLens B Lens

1010000100L01LL0100L 00 e |
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AUO: 2D/3D dual image switchable display

@» @>»

Single Image Display Dual Image Display

LCD

— \

o Optical Engineering and Al ‘/ﬂ'ﬁ"'}‘ i
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Active parallax barrier method for 2D/3D ol
convertible display

e Basic method: translucent LC panel
* Cost-effective

e Easyto implement

* The addressing does not need to be pixel-wise but only needs to be stripe-wise.
Therefore switching time does not need to be fast.

e 3D resolution is half of the 2D resolution.
e Stripe-wise method: Time-multiplexing active parallax barrier method (for higher
3D resolution)
* Pixel-wise method

e Forlocal 3D mode
* Dynamic adjustment control of 3D images for single user application (Seiko Epson)

ad .l!’. D 1| || 0 ]‘ [



Time-multiplexing active parallax barrier methods®

Odd frame Even frame

R L R L
@ o @ @ Samsung SDI

2.2”

M OCB mode LC barrier
A - 5 ms response time
' E E AMOLED
Barrier LC panel
Image LC panel
LR LRLRLR R LRLRLRL Time

l“'l“'l

‘I|

| |h T v

|| "]t l

il \“’ "'T |1| IH dl“m il i ll‘ I

b3 " llu,;*“llﬂ

Time-multiplexing
parallax barrier
Lee, H. J., Nam, H., Lee, J. D., Jang, H. W., Song, M. S. K1m B.S., Gu, J. S,, Pa

Fabricated 3D display system

. Y., and Chot, k
sion parallax barrier,” SID Int. Symp. D

e high resolutlon autostereoscoplc display employmg a t1m di

ool ech PanEerS'37‘8r'8'4-(-2600 ).

Qua 1mEI ctrol
Laboratory




Movable active parallax barrier (Seiko Japan) o

Normal After control
Analyzer VAN AN A AN
Glass substrate _i 7N\ 7\ AN AN
oK '3 a1lp a4 AL
2 0 %4 “ 7 Y . [I: 4 [I
c olll c o o |c o [I [
QAT Q M : I]Z A I]
|80 R v (Y0 R o v 00D o Y
Glass substrate — = /’J' -‘ﬂ l | | T / /
Polarizer [ = // - - :
1 _/ A Tl _/ _/ -
ITO1 ITO2 ITO1 ITO2
(ON) (OFF) (OFF) (ON)

Hamagishi, G., “Analysis and improvement of viewing conditions for two-view and multi-view 3D displays,”
SID Int. Symp. Digest Tech. Papers 40, 340-343 (2009).




Lenticular: principle

®* Multi-view lenticular

® Lenticular lens

Lenticular

LCD

o Optical Engineering and
Quantum Electronics
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Lenticular N

= Advantages
= High 3D luminance
= Multi-view

= Disadvantages
= Special 3D/2D conversion technique
= Harder to fabricate (high cost)
= Color dispersion

l Dnum 1201012100 43
1hNs
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Active lenticular lens method for 2D/3D ol
convertible display

e Better optical efficiency than parallax barrier
 Hard to implement than parallax barrier

* Relatively large thickness which makes it less desirable for the mobile
applications

* Three representative methods for achieving LC active lenticular lens method
e Surface relief method: Complex fabrication, mismatch at the boundary
e Polarization activated lens method: Complex fabrication
» Patterned electrode method: High operating voltage, high crosstalk
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Philips
Surface relief method

=  Slanted lenticular

« VGA, 9 view 3D display View
(Recently SVGA)
One
View

e |ncreased number of views
(slanted lenticular)

* [ncreasing the number of view
(vertical resolution -> horizontal
resolution)

* Reducing the black matrix pattern in
3D

e 2D/3D compatible display
\

o Optical Engineering and
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LC active lens - Philips ﬂ

Surface relief method

= Operation principle = Pixel & lenticular lens layout

3D mode rmn i i
RN R R native structure . 3D structure (view 5)
o~ _ 1R a -.
replica == A *+ '
Pl i - i gy o %3’
u el EEE
e hete
2 o 8 e
ok e i
Hek e i
y 3 3p
2D mode \*- & =
A Y B e I
! g e I
v
- A 3 2 I FE
S F o = ¥

S. T. deZwart, W. L. lJzerman, T. Dekker, and W. A. M. Wolter, "A 20-in. switchable auto-stereoscopic 2D/3D display,"”
Proc. IDW '04, pp. 1459-1460, Niigata, Japan, Dec. 8-10, 2004.

o Optical Engineering and
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Solid phase LC lens — Ocuity (polarization activaih
lens)

Polarization activated lens method

= Operation principle

Polariser

Polarisation switch — | \ /

Polarisation Activated Microlens \1\)(7[/ VT\V’
Polarisation state /

Image pixeNL e L

J. Harrold, D. J. Wilkes, and G. J. Woodgate, "Switchable 2D/3D display - solid phase liquid crystal microlens array," Proc.
IDW '04, pp. 1495-1496, Niigata, Japan, Dec. 8-10, 2004.
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2D/3D switchable PDA - Ocuity

Polarization activated lens method

Output ]
polariser 11O
LC+ 3 E— TN-LC
switch || ITO
Polarisation | Polv
Activated = "o
Microlens || ‘k_ E'.-'pliqwlmd
TFTLCD JL% ———— .{ o
Input
panel — .
: = polanser

Fig.1 4-substrate Polarisation Activated «
Alicrolens reconfigurable 2D/3D display *

Switchable 2D/3D PDA
PDA base platform
3.8” Transmissive TFT-LCD
320xRGBx240 pixel display
Full brightness in 2D and 3D

o Optical Engineering and
Quantum Electronics
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Autostereoscopic 2D/3D switching display using SN
electric-filed-driven LC lens (ELC lens)

Patterned electrode method

LG Display
h b
__L__wavefront __ | _
I R wavefront
SE——-— L — - Voltage
—-——f——————————r r—-_ OFF voltageON A _ |
L‘l X o == ¥
© 000 o o /ﬁO‘ 0 oné. 0o 0 .\d Applied voltage : 7V
g_____________% below

—P-————- . -‘--—-@}- “““ Kr-----

2D mode 3D mode

The electric field at the part of lens edge is much stronger than electric field at center of lens. This non-uniform
distribution of electric field causes non-uniform distribution of tilt angle of LC director and the refractive mdex
distribution changes accordingly. -

—

mgﬂ?ﬁﬂiﬁrﬂﬁﬂim 111,10 0.1 111101001 nuum ji0303238). 0000 §§
Laboratory A ad r:‘-: d U -d : ¢ .
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Autostereoscopic 2D/3D switching display using electrie?
filed-driven LC lens (ELC lens)

Patterned electrode method

High Luminance
Non-Glasses 3D

47"

Items Features
Type ELC lens, 2D/3D switching
Display size 47 inch
Resolution (2D) 1920 x 1080
Resolution (3D) 426 x 540
Brightness 550 nit
Viewing distance 2~3m

o Optical Engineering and
Quantum Electronics
Laboratory



LC gradient index lens (Toshiba) O

Autostereoscopic partial 2D/3D switchable display using liquid crystal gradient index lens

Conventional lens Proposed lens

Lens pitch

Lens pitch is larger, horizontal electrical field Optimization parameter
become insufficient. (Operating power issue in * Signal width

2D/3D switchable display because most devices  Ground width

are used in portable devices) * Lens aspect ratio

* Material of LC
* Voltage level

1. Three electrodes configuration Wide viewing angle
2. Driving by two voltage levels Single layer of ITO electrodes (Low cost, high transparency)

—

o 1 Optical Engineering and y =
Quantum Electronics
Laboratory -




LC gradient index lens (Toshiba)

245 mm

Prototype of 2D/3D switchable display

184 mm

——

Optical Engineering and
Quantum Electronics
Laboratory

Display size [inch] 12

3D resolution 466 x 350

2D resolution 1400 x 1050

Number of parallax 9

Viewing distance [mm] 500

Viewing angle [degree] 24.5

Lens driving voltage [V] 4.5

Size of lens 500 um

Focal length of lens 1.5 mm
SID 2010




Requirements for LC ﬂ
1. High speed driving (Time-sequential, glass type)

- In 2D display, crosstalk issue is not so severe because it matters
only at the image boundaries with large gray scale difference.

- In 3D mode, much faster switching is needed because pixel values
are mostly different for left and right images.

- The current 2ms fast LC (mainly TN-LC) does not allow wide
viewing angle. So, it can be used for monitors, but is not suitable for
TVs.

- To implement faster switching, viscosity of LC needs to be low, but
then, restoring force becomes weaker.

2. LC dynamic barrier

- Fast directional beaming devices for multi-view system with full
resolution




Integral imaging

Picku
w ~ Pickup device

Transmission

@

Object AN

Display device

(Flat panel device) w/

Lens array
‘ I
; % Observer
] .
e T
i /Integrated image

e ———

Optical Engineering and
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Features of Integral imaging

\

Of

Optical Engineering an

Quantum Electronics
Laboratory

d

Advantages

No special viewing-aids

Quasi-continuous viewpoints within viewing angle
Full parallax (both horizontal and vertical parallax)
Natural depth perception

Full-color and real-time 3D animated image
Multiple observers

Display devices of 2D technology can be adopted

Issues

Limited viewing angle
Limited image resolution
Limited viewing image depth range

Difficulty in compatibility with 2D images




Representative methods for enhancement in integral ﬂ
iImaging
 Depth enhancement: Dynamically variable image plane, uniaxial crystal plate,

optical path control, polarization devices, layered panel integral imaging,

* Viewing angle enhancement: Polarization-multiplexing method, spatial and time
multiplexing using polarization state, dynamic barrier method, embossed screen,
curved lens array & screen,

* Resolution enhancement: Moving lens array, spatiotemporally multiplexing, high
quality using multiple projector, rotating prism sheets

e 2D/3D convertible integral imaging method
e |ntegral floating display

) o Optical Engineeri d ‘;- ooyl | —'g.',. A T
g™ | i, 0 L0 0L Qe
Laboratory N!.II;M_: | - | T
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Limitation of viewing image depth range

Marginal depth plane

Y/

_ﬂ 3D object

»

Intensity

\

Display Lensarray  Central depth plane

device

at central depth plane

at marginal depth plane

~ 0.8I2 pb

> (&

> The gap, g, and the focal length of lens array;, f,
determine the location of central depth plane, |, by

i -

> The quality of 3D image is degraded as the image
gets farther from central depth plane.

——

Optical Engineering and
Quantum Electronics
Laboratory

Lateral direction

Expressible
depth is limited.

o




Representative methods for enhanced depth range :ﬁ,

- E:(traor:dlparytlr:waged Ordinary _
Dynamic Birefringent plane(horizontal mode) image Extraordinary

polarizer ~ Material  Dynamic ; A image plane
mask (vertical
\ / &ensarmay mﬂﬁe)

Display
panel

Observer

>

l€
Optic K //v Image

axis Central depth plane thickness

Polarizing direction by
dynamic polarizer

J.-H. Park, S. Jung, H. Choi, and B. Lee, "Integral imaging with multiple image planes
using a uniaxial crystal plate," Optics Express, vol. 11, no. 16, pp. 1862-1875, 2003.

Mirror 2 (reflects p polarization)

Mirror 1 ]
(reflects Object 1
s polarization Olaect 2

>

Lens array Observer

<> Relaylens
_=20ceme,
&«

Elemental image array‘

Polarization multiplexed
display device

S. Jung, J. Hong, J.-H. Park, Y. Kim, and B. Lee, "Depth-enhanced integral-imaging 3D
display using different optical path lengths by polarization devices or mirror barrier

rray," Journal of the Society for Information Display, vol. 12, no. 4, pp. 461-467, 2004.

Laboratory
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) Polarization shutter
Display (s-polarization)

anel -polarization
P Path b-p )

diference

Polarization shutter

’
A
:
4
4
’
’

[ F g L g K ]

Beam Central  Central
splitter 3 depth depth [ . indicates s-polarization
Polarizer | -~ plane1  plane 2
array FFrAA#A o indicates p-polarization

J. Hong, J.-H. Park, S. Jung and B. Lee, "A depth-enhanced integral imaging by use
of optical path control," Optics Letters, vol. 29, no. 15, pp. 1790-1792, 2004.

Central Depth Plane Central Depth Plane Central Depth Plane
1 2 3

i @

Observer

<+—> Expressible

image depth

Lens array
Y Reconstructed
Display  pjsplay Device ~ Display Device
Device 1 ! yz P y3 DR
(Emissive)  (Transparent)  (Transparent)
| J

Y
Using 3 or more

Continuous de -@
S
display devices 5 ‘I
Y. Kim, J.-H. Park, H. Choi, J. Kim 7Cho, and B. Lee, “Depth:
dimensional integral imaging by use of multilayered display devices,
/ , Pp. 4334-4343, 2006.




Limitation of viewing angle

- Viewing angle
Q =2arctan(p/29)




Representative methods for enhanced viewing angle

Dynamically s
C(:)r:)tlra?'lilzeﬁle Angle of splitter Valria_ble For the polarization state: [l
St - polarizer
Y pola:zatlong Polarizing sheet Display System1  System 2
panel
u 1oH B
Display < s
ystem 1
panel 135

45 ° polarized

; .

135 ° polarized

For the polarization state:

System 1 System 2

System 2

Polarizing mask

9 This part can be replaced with a polarizing shutter screen

which is commercially available in the stereoscopy display. S.Jung, J.-H. Park, H. Choi, and B. Lee, "Viewing-angle-enhanced integral three-

. h e M ¢ h dimensional imaging along all directions without mechanical movement," Optics Express,
S. Jung, J.-H. Park, H. Choi, and B. Lee, "Wide-viewing integral three-dimensional ging g P P

. . S L p : I. 11, no. 12, pp. 1346-1356, 2003.
imaging by use of orthogonal polarization switching," Applied Optics, vol. 42, no. 14, pp. Vo = pp-134GEESEt 0S8
2513-2520, 2003.

B. Lee, S. Jung, and J.-H. Park, "Viewing-angle-enhanced integral imaging using lens
switching," Optics Letters, vol. 27, no. 10, pp. 818-820, 2002.

Curved
lens array
o~
/\ s
/\/\‘ Projector ‘ i SN
] » () >
- S—
> Observer
Integrated
L1 7 in;age
/\/\ H i i
o= @ _ + Keep the gap
M 20+Q = 2arcsin(p/ 29) constant!
Embossed Screen @ = arcsi n((p/ 29) -QJ/2
S.-W. Min, J. Kim, and B. Lee, "Wide-viewing projection-type integral imaging system ;tezlrr;l;Dﬁngrrljgssy\s/t\gthl);csurf/l:r?gaicI It
with an embossed screen," Optics Letters, vol. 29, no. 20, pp. 2420-2422, 2004 . 44, n0. 4, pp. 546-552, 2005,
e

Y. Kim, J.-H. Park, H. Choi, S. Jung, S.-W, Min, and B. Lee,"Viewing
integral imaging system using a curved lens array,"Optics Express, vol
421-429,2004.
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Limitation of viewing resolution

Elemental images
<fpun o] |11 <fun

P : pitch of exit pupil

\

Aperture or | : viewing distance

lens From the Nyquist sampling theorem,

L the upper limit of the viewing resolution
: L
v nyq
Viewpoint 2 p

« Sampling of a image by the pitch of the exit pupil

The pitch of the lens or the pitch of exit pupil determines the sampling
rate of the elemental image in the spatial dimension.

N\

- C.B. Burckhardt J. Opt. So
— -

o Optical Engineering and
Quantum Electronics
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Representative methods for enhanced resolutiomd

Semi-transparent screen Spatlal mUItipIEXing
i > 0 S
(Circular movement) T LAY I:P < (Image plane)
7 movement N a
Relay optics 145
Pseudoscopic : =
real image I;h *[DH(L/
i @' 2-D image projector <l Lenslet array
52%3 Observer
X > -tﬂﬂﬂh Temporal multiplexing

Lens '\ Lenslet array “ v
and iris Diftusion plate 7> 4 4% L J. S. Jang, Y. S. Oh, and B. Javidi,
1

INluminator '
Lclisket Arkays ! “Spatiotemporally multiplexed integral
2DID Rey ] "'yog,ji‘;‘}‘l‘;’;ﬁ: imaging projector for large-scale
J. S. Jang and B. Javidi, “Improved viewing resolution of 3- projector opties s high-resolution three-dimensional
D integral imaging with nonstationary micro-optics,” Fllbﬂ]:()]—b display,” Opt. Express 12, 557563,
Opt. Lett. 27, 324-326, 2002. 2004.

Mirror (x4) Screen

observer
‘ .

Computer 2 Projector2

Observer

:@ Rotated light ray
\

I/(
A

Consale PC 4
Computer 1 Projectort || Counterclockwise
Microlens array Lens array rotated prism sheets
Parallel rendering PC Multiple projector system
H. Liao, M. Ilwahara, N. Hata, and T. Dohi, “High-quality H. Liao, T. Dohi, M. Ilwahara, “Improved viewing resolution o

integral videography using a multiprojector,” Opt. Express 12,
1067-1076, 2004.

integral videography by use of rotated prism sheets,”.Q L

——
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Quantum Electronics
Laboratory ‘.; -J A _'_:f | et A




Wide viewing angle 2D/3D convertible display

Display Device 2
Elemental Images for 3D-mode (Even Columns Masking)

Elemental Images for 3D-mode (Odd Columns Masking)
(Even Colunms) (Odd Columns)
i
1 o

.
\

b Reconstructed 3D Image
(Odd Half)

Display Device 2

Reconstructed 3D Image

_________________ -
/ i (Even Half) /‘

Central Depth Plane
(CDP) Display Device 1
(Display)

Central Depth Plane
(CDP)

Lens Array

Display Device 1
(Display)

2D image

&

LCD Panel 5 o . by LCDParel
(Display Device 2) = o . m (Display Device 2)

Laboratory

o Optical Engineering
Quantum Electronics



Representative methods of 2D/3D convertible methodﬁ

* 2D mode « 3D mode
Pihole array on a Pinhole array on a
polarizer . polarizer
(Pol: +— ) Transmission-type (Pol - )
- display panel ’
Integrated
image
> =
/ 2D image /
Backlight Unit Polarization Backlight Unit Polm.‘lz;nén
(BLU) switcher (BLU) swn.c er
(Pol: +— ) (Pol : I )

H. Choi, S.-W. Cho, J. Kim, and B. Lee, “A thin 3D-2D convertible integral imaging

system using a pinhole array on a polarizer,” Optics Express, vol. 14, no. 12, pp. 5183-
5190, 2006.

OLED
panel and 2D/3D
driver converting

. switch

3D image

Spetiitiittiiitt

-~
-2
2
-
-~
-
<
=
<
%
B
-2
=
-

Transmission-type

display parel \ Transmission-type

2D image display panel

Y. Kim, J. Kim, Y. Kim, H. Choi, J.-H. Jung, and B. Lee, "Thin-type integral imaging m
ethod with an organic light emitting diode panel," Applied Optics, vol. 47, no. 27, pp. 49
27-4934, 2008.

N ——

Transmission-type display Transmission-type display

1
1
panel 1 pane
Lens array : Lens array
: a
1 Integrated
d l > image
| —>
. W,
1
> ! | >

i
| —>
1
H ! Point light
! sources

2D image i

. Diffuser 3D image
Diffuser : ’

1

S.-W. Cho, J.-H. Park, Y. Kim, H. Choi, J. Kim, and B. Lee, “Convertible two-
dimensional-three-dimensional display using an LED array based on modified integral
imaging,” Optics Letters, vol. 31, no. 19, pp. 2852-2854, 2006.

Full 3D
mode

Full 2D
mode

Pinhole

ay White
b screen
Observer ¢ )b;:w
2D Image
3D Image
Backlight PALC T Backlight PALC DLe
Unit (Pinhole ON) (Elemental Unit (White Screen) (2D Images)

(BLU) {BLU)

Images)

Laboratory
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Integral floating display

Integral imaging system

Floated 3D image

Observer

Integraldimaging

Integrated 3D image \b o 2R = System
g

Floating Lens
23cm left 15cm left 15cmright § 23cm right
23cm down

J. Kim, S.-W. Min, and B. Lee, “Viewing region maximization of an integral floating display throu
of viewing window,” Optics Express, vol. 15, no. 20, pp. 13023-13034, 2007.
\
Qo Optical Engineering and
Quantum Electronics

Laboratory

* Image taken by
1m away camera




Gradient-index lens array (NHK)

e ———

)

2000-scanning-line camera

Television camera

Approx. 3200 x 2160

Gradient-index lens array

Diameter 1.085 mm
Number of lenses 160 x 118
Focal length -2.65 mm

LCD pixel width 0.1245 mm

Lens array
Diameter/Pitch 2.64/ 2.64 mm
Number of lenses 160 x 118
Focal length 8.58 mm
—

Optical Engineering and
Quantum Electronics
Laboratory

B0l




High-resolution integral imaging (SNU)

—

Optical Engineering and
Quantum Electronics
Laboratory

Monitor Type Flat Panel LCD TFT(Active Matrix)
Size 22.2 inch
Contrast Ratio 400:1
Aspect Ratio 16:9
Maximum Resolution 3840 x 2400
Brightness 235cd/m?
Response Time 50ms
Pixel Pitch 124.5um
Color Depth 24-bit(16.7M Colors) |

Viewable Picture Size

22.2 inch




Seoul National University

~Tiled projectors I

ime varying
| polarizer | - Lens array with
- ‘ e polarization film
] =1 ' l

JokTgnll|

=y
— &

Contrel unit




Projection-type integral imaging (60 inch)

 polarizer | Lens array with
) {; % polarization film

Wk

=

Control unit

- 4 Full-HD projectors
10mm square lens-array
Display surface size: 1170mm x 910mm

411-418, 20009.

o Optical Engineering and
Quantum Electronics
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Projection-type integral imaging (60 inch)

Left 25cm

Right50cm Right 70cm

R ————TTE [




Head tracking integral imaging ol

without tracking
Display device
Lens aray P L
S —
=
3o :.nl;ens~ T
with tracking
IR camera
Display device =
‘ 28 §

7 Tracked
point(IR LED)

X X X

OO

3D objects
Lens array

Left Center

G. Park, J.-H. Jung, K. Hong, Y. Kim, Y.-H. Kim, S.-W. Min, and B. Lee, "Multi-viewer tracking integral imagi
and its viewing zone analysis," Optics Express, vol. 17, no. 20, pp. 17895-17908, 2009.

e ——
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360-degree viewable cylindrical integral imaging

Cylindrical integral imaging system Observed 3D images at different view position in 360-degree

I pinhole film,
EL film backhght l
EL film
I I lectrodes
v B Y ,.

- 360-degree viewable integral imaging system
Point light source based method using electroluminescent(EL) films
2D/3D convertible display g

J.-H. Jung, K. Hong, G. Park, I. Chung, and B. Lee, "360-degree viewable cylindrical integral imaging. syste'ﬁi#USing three-
dimensional/two-dimensional switchable and flexible backlight," Journal of the Somety for-Information Display, voI 18 no.
7, pp 527-534, 2010. - e

o Optical Engineering and noan
Quantum Electronics | | | H
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Integral imaging (Hitachi Ltd.) DY

TAMAGOTCHI Figures IV display

LCD size 5inch
LCD resolution _
Number of lenses 256 x 192
Viewing angle 30 degree
Color filter arrangement

Color filter configuration (reduce moire
pattern)

ATITTIN \ [
A

LCD AR HLEHTTTTY | ,——\L/ens
screen LTI [ i

-
‘ <0TMY [ L
% ©2004-2008 Bandai, WiZ A

normal LCD

M. Oikawa, M. Kobayashi, T. Koike, K. Utsugi, M. Yamasaki, “Sample applicati
suitable for features of integral videography,” SID2008

— e

——_
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Integral imaging (Hitachi Ltd.) ol
“ Hitachi : 95 SVGA projectors

» 95 SVGA projectors
- Two lenticular sheet(7 Lpi)

- Display surface size: 800mm x 400mm

H. Sakai, M. Yamasaki, T. Koike, M. Oikawa, and M. Kobayashi, “Autostereoscopic display ba
enhanced integral photography using overlaid multiple projectors,“ SID, paper 14 09

—

[y 7 = 101 | 0LLLOLOOL Qe f
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Integral imaging (Hitachi Ltd.)

M. Yamasaki, H. Sakai, T. Koike, and M. Oikawa, "Full-parallax autostereoscopic display with scalable

lateral resolution using overlaid multiple projection," Journal of the SID, vol. 18 (2010).

O Optical Engineering and
Quantum Electronics
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Real-time pickup from camera array (Tokyo Unim

| .,? ()t?‘n()()?m

g ”5()6&)'0?)

- Real time light field conversion from 64 input views of 320 x240 pixels

by GPU

Y. Taguchi, T. Koike, K. Takahashi and T. Naemura, “TransCAIP: Live Transmission of Light Field from a Cama
an Integral Photography Display, ACM SIGGRAPH ASIA 2008.

e ——
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Toshiba

24 inch and 15.4 inch
prototype

X

Resolution: 1920 x 1080

Toshiba's 24-inch 3D display. The can on
the bottom right is real.

Interactive integal imaging

foawmes

O Optical Engineering and
Quantum Electronics
Laboratory



21inch Integral imaging (Toshiba) o

* Integral imaging with 9 parallax

» 21inch 1280 x 800 3D pixel (wide-XGA)
« 3D viewing zone: +- 15°(horizontal)

« Luminance: 480 cd/m? typical

SID 2010

o Optical Engineering and
Quantum Electronics
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Present status of 3D display

Hardware system

Stereoscopic display
Autostereoscopic display
Volumetric display
Recent techniques

DDDLDDLDLLLDLDDLD““*““
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Volumetric display oA

Reproduced light field

Virtual image
Real object

e ——

Optical Engineering and
Quantum Electronics
Laboratory




Volumetric display ﬁ

e Various methods exist.

e Compared to other techniques:

* Advantages
* Large viewing region
e Satisfy almost all depth perception
cues

» Disadvantages
* Limited space of expression
* Hard to achieve occlusion
* Bulky structure
* Limited contents

' Dnum 1101012100 [
1N

LT L LT LN




Three-color, solid-state 3D display O

Two-step, two-frequency (TSTF) upconversion

B
?2 = : 1G4 e \-‘-;N3
- 3Slo o =
D Upconversion ©|o > : %
; fluorescence = 3
Mvisible T §
E; /k = : )
£l 3 c
: SHZQ 8 N
; Laser 1/ ;3 \Laser?2 = 8 - 4
IR| 24 N = Y All lower
Eg Scanner Scanner SH; 3H Ng levels
Pra+ Tm3+ Five-level model
P|P2 ﬁ(ﬂ;q
W | ) P, =§ Al N\ hwnfiw:s N:Vo 0,1
Excitation parameters and material properties of prototype idend
. Glass A P A P, 2 T
Color RE ion composition n r%) Laser 1 (V\;) ( nr%} Laser 2 W) a, (cm?) (m1s)
Red 0.1% Pr* ZBLNaCl 1014  SDL #5762 MOPA 1 840  SDL #5430 0.2 2.1 x 1072 0.18
Green 0.5% Erd! ZBLAN 1550  SDL #64-SPE-1550 01 850  SDL #5430 0.2 45 x 10~20 15
Blue 0.5% Tm3* ZBLAN 800  Ti:AlLO, 0.4 1064 Nd:YAG 4 1.5 x 10720 1.5
800  SDL #2350* 0.5 1120  SDL #64-SPE-1120* 0.5

—
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Three-color, solid-state 3D display

Spectral content in Pr3+-, Er3*-, and Tm3*-doped HMFGs

w» 1.0

0.8

0.6}

0.4+

0.2

T

T

Tm3+

/\

Pr3+ _

\

450

Red, green, and blue fluorescence (arbitrary unit

Layered

display
volume\

500 550 600

Wavelength (nm)

650

RGB layer__YYY
RGB layer—
RGB layer——
Focusing

lens arrays 00

3 = 00

¥ Scann

A~ARGB layer

~w_Linear laser

diode arrays
er

————
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DepthCube S

Bounce mirror

A “.v Q@ - Liguid-crystal
- <&y screen driver e
‘ Thleechip\
Digital Light
: Processin Bounce mirror
i Ay ignspace projector
Resolution 1024x748x20 Kent State University _
Polymer Stabilized Cholesteric Texture (PSCT)
Physical voxel count 15.3 Million material
Perceived voxel count 465.7 Million - 88% transmittance in the clear state
- 2% transmission in the scattering state (within
Color depth 15 bit N g (
10 deg. angle)
Sl e 50 Hz - 0.39 ms from clear to scattering
- 0.08 ms from scattering to clear
Update rate 20 Hz
Image volume 15.6”x11.8”x4.1”
\

o Optical Engineering and
Quantum Electronics
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Holografika

Technical Specification

Specifications

Aspect ratio
Screen size

3D resolution
Input signal
Compatibility
Signal cable
Viewing angle

Color

e ——

HoloVizio 640RC

16:9

72” diagonal,
1600mm x 900mm

50.3 Mpixel

Up to Dual Gigabit Ethernet
PC and WorkStation
Ethernet (RJ-45)

50-70 degrees

16 M (24 bit RGB)

_ _ 2697mm x 2136mm x
Dimensions (W x H x D) 2829mm
The frequency of the power 50 Hz ... 60 Hz

network

Nominal voltage level(s)

230/400 V, 115/200 V

Power consumption (using
projectors with lamps)

230/400V approx. 3x30A
115/200V approx. 3x60A
5-wire TNS system

Dissipated heat (using
projectors with lamps)

Approx. 12 kW

Power consumption (using
projectors with LEDS)

230/400V approx. 3x16A
115/200V approx. 3x32A
5-wire TNS system

Dissipated heat (using
projectors with LEDS)

Approx. 5 kKW

Temperature

+5° C...+40° C

Relative humidity

Max. 80% / 50%

Usage

o Optical Engineering and
Quantum Electronics

Laboratory
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Holografika
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Occlusion-Capable multiview volumetric 3D display - principle ﬂ

V% N transparent

Vi AN polycarbonate
/ / dome

diffuse
projection
screen

3 XGA-resolution
MEMS microdisplays

O. S. Cossairt, J. Napoli, S. L. Hill, R. K. Dorval and G. E. Favalora, 2007. Occlusion-capable multivie
three-dimensional display. Applied Optics 46, 8 (Mar), 1244-1250.
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Occlusion-Capable multiview volumetric 3D display

///
_-—“/
/_4,-‘:“":
O. S. Cossairt, J. Napoli, S. L. Hill, R. K. Dorval and G. E. Favalora, 2007. Occlusion- capable_mulamew volumetric
three-dimensional display. Applied Optics 46, 8 (Mar), 1244-1250. S g \
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Interactive 360° light field display (1)

g Projector P

A. Jones, I. McDowall, H. Yamada, M. Bolas and P.
Debevec, 2006. Rendering for an interactive 360 Light
e Eield Display. In SIGGRAPH °07, San Diego.
O Optical Engineering and
Q Quantum Electronics

Laboratory




Interactive 360° light field display (2)

3D video teleconferencing system,” in SIGGRAPH '09, New Orleans.
\

o Optical Engineering and
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Interactive 360° light field display (2) m

3D face scanning using structured light

T

s
/
/
4
/
/
/
’
/
Vs
VA
2D video feed screen

remote participant
(RP)

e ——
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Directional scenes from mirrors (Hitachi) ol

— —_— PR Y. ——
P Back side: Mirror —~

g

— —

—_—

Screen |

L= /1[ ,JN\K\\ Mirror

nd L/j L][ \}Z\/}) Rotate motor
XA

‘

’ RGB signal

N / Projected Image

- Directionally reflective screen
« 24 views from 24 mirrors

- Frame rate : 60Hz

R. Otsuka, T. Hoshino and Y. Horry, “Transpost: 360°-Viewable Three dimensional Display System,” Proc. of IEE
Vol. 94, No. 3, March 2006.

e ——
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Light field display using DMD (SNU)
—

¥ ri

Experimental se

LAY A7 (11171

* DMD can change its pattern in 12.8Gbs.
» 270 view images and 15 Hz refresh rate
 Holographic diffuser and mirror are needed.
. Splnnlng motor speed is 300 rpm for safety

”U

Experlment etup-&.
resul “

l
ﬂ'ﬁ
Nl



Glass-free table style 3D display (NICT) ol

Glasses-free table style 3D display for tabletop tasks -

; -
Diffusing
power
Cutting Winding
Straightness
Eye position + 31 LCD micro projectors
(Projected

* Refractive index of acrylic resin: 1.49
« Cutting
* Diameter: 90 mm(upper), 20
mm(lower)
* Height: 40 mm
« Surface thickness: 3 mm
 Groove pitch : 0.5 mm
* Groove depth: 0.25 mm
* Winding
* Diameter: 200 mm(upper), 20_="%
mm(lower)

rnng-shaped
viewing area)

Required light field

Virtual ight sources ~ )

. Eye position
Diffusion lights \. ”

Proposed optical device
(Conical-shaped screen)
Spatial ight modulator
Projection center

o { Optical Engineering and . " - -
Quantum Electronics o W .
Laboratory g § 3 i
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Glass-free table style 3D display (NICT)

After image distortion compensation/ CG SID 2010

by www.diginfo.tv




Rotating LED array(Zhejiang University)

Volumetric display based on rotating LED array

* Large LED screen
* Resolution: 320 x 256 color LED panel
» Cylindrical display space: ® 800 mm x 640 mm
» Color volumetric display: 64 colors per voxel
« High rotating speed: 15 circles per second
* Voxel number: 120 millions voxels
« 360°horizontal viewing field
« 180°vertical viewing angle

SID 201

’
(e e

Optical Engineering and
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Present status of 3D display

Hardware system

Stereoscopic display
Autostereoscopic display
Volumetric display

Other recent techniques
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3D optical film (3M) — backlight multiplexing =&\

‘. LCD
ANV 3D i
e

Figure 1: Operational concept of time-sequential
autosterenscopic 3D display (not to scale).

1. Directional backlight
2. 3D film
3. 120Hz LCD Panel

Schultz, J.C., Brott, R., Sykora, M., Bryan, W., Fukami, T., Nakao, K., and Takimoto, A., “Full resolution
autostereoscopic 3D display for mobile applications,” SID Int. Symp. Digest Tech. Papers 40

N ——
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Depth-fused 3-D display Y

@ Operation printciple

Two TFT LCD's interspersed with each other disFlay the brightness ratio signals that
correspond with prespecitive feeling. continuously producing an impression of depth.

TFT LCD2

Backlight

Natural 3D image

J

Major features/targets

(1) Data amount is only 1.3 times larger than that of traditional
2D version display. Pixels 800(horizontal RGB) X 480(vertical)
(2) Compact design where two TFT's are just layered.
Target market: Entertainment, on-vehicle applications
Mass production: 2006 (Scheduled) Color reproducibility 45%(Compared with NTSC)

[Major specification] 9 inch wide high-definition LCD

Brightness 200 cd/m?

——

y o | Optical Engineering and ER— - - |
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Depth-fused 3D display (two LCD panels)

<Samsung>
0 LF

* Viewing angle 17091600 Hv)
* Brightness 200 cd/m?
* Contrast ratio 1000:1




Dual depth display oA
O )

Upper Lower
image image
— &8 Reflective @
=05 olarizer
s 2 P A <|.>
= =
S €
< 8 :
Crossed A/4 plates e e e e s Haf miirror
<>
Polarization
\___switching cell J
= )
s @ Image LC panel mmer=—mmmer—r—wmem > Polarizers
o Q
g0
BN Back light unit )

 Upper image: 50 %
 Lower image: 25 % (from standard LCD panel)

Walton, E., Evans, A., Gay, G., Jacobs, A., Wynne-Powell, T., Bourhill, G., Gass, P., and Walton, H-
depth from a single LCD,” SID Int. Symp. Digest Tech. Papers 40, 1395-1398 (2009

e ——
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Super multi-view projection (Takaki group) ON

Viewing zones
by lenticular lens

lens
il T \6 ~mpi @ @ @
[ (D [

I 0D im | ©© O i Fig. 4. Arrangement of projection kenses and viewing zones in lens apertures.

Projection

Fig. 9. Photograph of SMV256.

e ——
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Super multi-view projection (Takaki group)

(&)

Flat-panc]

display
!

Lenticular
lens

= e _g Viewing 2onc
Common 7 for observers
2 s soreer

Viewing zones v
by lenticular Tens

Fig. 2 Horizental sectional view of the proposed SNV display sysem
Flat-pancl
I Lenticular 1 Enluged
display ' < 3 r v,
- ,- lens Sercen Vertical viCWIng Z0ncs
A Projection ens diffuser \
4 J
e 4
e Common viewmg
by zones for observers

e V=

Common
scen

Viewing zones
by kenticular lens

Fig. 3. Vertical sectional view of the proposed SMV display system
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(b)

Fig. 11. 3D images produced by SMV256: (a) thre cobjects (Media 1) and (b1 spaceship
Meodia 2.

Focus wp || |
l

Focus mp

(h (c)

l‘lg, 12 I'r\thinf_ on thiee lines o differcat depth poskions produced by SMV2S6 The
camera focuses cn thiee lines o distances of (a) + 230 mm (b) 4 130 mm (<) U mm,
400 muny ard () =800 pun,

(d)




Laser plasma display ol

Condenses Laser

\ Sequentiall 1 |
‘.. %enera.te?i’ ! _sl

luminous bodies "™ 4 .
-

Infrared pulse laser

Atmospheric molecules Infrared pulse H

laser generater

3D-scanner
(Xyz-scanner)

Figure 3. The drawing system mechanism. The 3D display device
consists of an infrared one Kilohertz pulse laser generator and a
3D-scanner(xyz-scanner). By controlling the laser, plasmas are
° ° created at the required position. When many plasma luminous

e - bodies are drawn fast enough (1000 point/sec).

Tonized molecules (plasma)

Figure 2. The plasma emission phenomenon. When strong laser
beam is focused in midair, molecules are ionized (it is plasma)
and strong light is emitted.

e — H. Saito, H. Kimura, S. Shimada

O opticarengineering and. CONtENS in free pace,” Stereosco
Q Quantum Electronics | 68)309-10 (2008).




MIT’s flyfire project

http://senseable.mit.edu/flyfire/
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Present status of 3D display

Software system

3D information processing
3D correlator using 2D sub-images
2D to 3D conversion
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3D information processing O

* Depth extraction
» J.-H. Park, Appl. Opt., 43, 4882-4895, 2004.
» G. Passalis, Appl. Opt., 46, 5311-5320, 2007.

* Depth plane image reconstruction
* S.-H. Hong, Opt. Express, 12, 483-491, 2004.
* S.-H. Hong, Opt. Express, 12, 4579-4588, 2004.
» D.-H. Shin, Opt. Express, 15, 12039-12049, 2007.

* View image reconstruction
* T. Naemura, Opt. Express, 8, 255-262, 2001.
 J.-H. Park, Opt. Express, 16, 8800-8813, 2008.
* J.-H. Jung, Opt. Express, 18, 26373-26387, 2010.
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3D view Image capture method

Active sensor based method
Laser scanner
Time-Of-Flight (TOF) sensor (ex. Z-cam)
Structured light

Passive sensor based method
Multi-camera triangulation, lens array
Light field camera

Active and passive fusion method i

Depth camera + passive camera (single, stereo, multi- < Depth camera (TOF) + stereo camlera >
view )

Laser I
CCD Camera
r 3D Height Information
N
\ A\
1 z o s -
i

< Structured light system > < Multi-view camera array >

o Optical Engineering and
Quantum Electronics

Laboratory



View image generation method N

View image generation method

Stereo, multi-camera system : Depth extraction using stereo matching
Wide viewing angle, direct display (multi-view display)
Complex encoding, wideband transmission technique, alignment problem

Depth camera system : Depth camera + multi- camera — Depth image-based rendering (DIBR)
Texture (single, stereo, multi) and depth map
DIBR: Arbitrary view point setting, 3D warping, view image synthesis
Narrow viewing angle, occlusion problem, depth discontinuity

el

"
'

Multi-view camera system Depth camera system Stereoscopic images

|
il o

Stereo
matching

Multi-view images }

e ——

o Optical Engineering and
Quantum Electronics
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View image generation method

 Synthesizing multi-view images based on DIBR
- Depth-image-based rendering (DIBR) is the process of synthesizing virtual views of a scene
from still- or moving color images and associated per-pixel depth information.
 The original image points are reprojected into the 3D world, utilizing the respective depth data.

« 3D warping: 3D space points are projected into the image plane of a virtual camera, which is
located at the required viewing position.

» The extraction of depth information is an essential issue in view image generation.

Left image

\_ Depth map (per-pixel)

o Optical Engineering and
Quantum Electronics
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Extraction of depth map (Z-cam, TOF principle)

« Zcam specification
Depth sensor format : VGA, QVGA, QQVGA
RGB sensor format : 1.3M pixel, VGA
Operating range : 0.5~2.5m
Range resolution : 8bit
Resolvable depth : 1~2cm
Field of view : 60 deg(diagonal)
Frame rate : 60fps
Dimension : 85(W) X 90(H) X 62(D) mm

3]

r\'~
-

Systems

"“"/

<

Microsoft’

o Optical Engineering and
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http://cfs13.tistory.com/upload_control/download.blog?fhandle=YmxvZzExNDE4M0BmczEzLnRpc3RvcnkuY29tOi9hdHRhY2gvMC8xNS5qcGc=
http://cfs10.tistory.com/upload_control/download.blog?fhandle=YmxvZzExNDE4M0BmczEwLnRpc3RvcnkuY29tOi9hdHRhY2gvMC8xMS5qcGc=

Depth extraction from planar images

Multi-camera —  Extract 3D information from two or
method more perspective images

Camera modeling I
Image acquisition '
Feature extraction I
Correspondence analysis I
Post-processing I
Disparity acquisition '

3D depth recovery

bf
lI=—
—»Disparity
]

o




Depth extraction in integral imaging

Elemental images

i,

gy
AR
| *“[1 s

iz
AR

Modification of
elemental images

NV
Correspondence
analysis

- f - N - -
Depth information Depth information

Depth extraction process ﬁ

a2
Reference
4 Window

-

o} -

-
aMow’ng

At

a0 be-

Disparityi

3D scene

Disparity
Elemental image

J.-H. Park, S. Jung, H. Choi, Y. Kim, and B. Lee, "Depth extraction by use.ef-asréctangular lens arra
—.._One-dimensional elemental image modification," Applied-OptiesyVol. 43, no. 25, pp. 4882-4895, 2004.
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Quantum Electronics

Laboratory

10

3 MY A
20 (20) 40

Disparity ( pixels )




Depth extraction in integral imaging (pickup)

o

Center of lens

*
P »t

Focused.y_

Central dgpth plane

3D object

point ¥

Pickup

device Lens array

Target depth plane

Pickup
device

Center of lens

Target depth plane 1

3D object

\—\* ____________ :L%’
~ o I
_______________ 1 I
| |
: : x
i |
_____ 1 | l—' z
‘_’f | .
Target depth plane 2
Lens array

I (.

Real mode pickup

Experimental setup for pickup

e ——

Camera

Focal mode pickup

 Real mode pickup — depth extraction near the central depth plane
« Extracted depth limitation

DCDP o

« Focal mode pickup — infinite extracted depth range
* Low resolution pickup image

Optical Engineering and
Quantum Electronics
Laboratory
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Depth quantization problem in integral imaging =&

.........
.
.
e
.
O

e
0

Center of lens ‘....._;="" _____ s, Target depth plane

..................
»

Sub-pixel
disparit_y--"'

| i 3D object
__________ | | S |
B e —
Pickup | J . : ! ! |
device T ens arrav D;sD; 5Dy D D D,,;

* Depth extraction in integral imaging

fd, p
Dy.s, =75 'p' . (d,= 1)

LY

 Sum of squared difference (SSSD) is common method in finding corresponding points.
« Extracted depth map is quantized by the finite size of pixels.
» The depth extraction method based on sub-pixel disparity is key issue in depth.e

e ——

Optical Engineering and
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Depth quantization problem in integral imaging

Depth map of center sub-image (SSSD)

N
o

Y (Pixel)
N
o

(2]
o

o 20 40 60
X (Pixel)
Elemental image Center sub-image Extracted depth map (SSSD)

Depth map of center sub-image (Optical flow)  « |[mprovement of depth extraction in integral imaging using
optical flow

* Conversion of elemental image to sub-image for reducing distortion in
perspective geometry

* Finding the corresponding points with sub-pixel accuracy using optical
flow algorithm

« Gathering of the depth information between each sub-images

* The depth map from the conventional method (SSSD) is quantized and.

20

Y (Pixel)
D
o

(o))
(=)

80

20 (P?)?el) 60 has discontinuity. However, the optical flow based method ca

more accurate and continuous depth map than the conve

Extracted depth map (Optical flow)

O Optical Engineering and
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Reconstruction of occluded object in integral imaging

Pickup process in focal mode

Pre-processing
, .

Target object

Rectification of elemehtal image set

1 EEE 0k ] T (0 IR H i
Elemental image to sub-image conversion

Depth segmentation

Depth extraction of center sub-image from optical flow

Depth

pixels

Object clustering and segmentation

1 2 3 ***  pu-2 5-1 nframe
QAQUTRR

Image sequence from sub-image array

j Z Occluded

: : J region
. E

Point cloud representation

Depth extraction and segmentation of side sub-images

Projection & occlusion reconstruction

X

~

L e L A SRR S LY
H L]

S
G

___:+:::__:____-,_____;'_.___}____T'

........... oy -
X

Left Right

) 7 ) N
X X
Up

Triangular mesh reconstruction

Down with resolution enhancernent

Process of occluded reconstruction in integral imaging

Reconstructed
image

Occluded
image

* Occluded 3D object reconstruction
using depth extraction and triangular
mesh reconstruction in integral imaging
* Depth extraction based on optical flow
with sub-pixel accuracy in sub-image

* Object clustering and segmentation

* Triangular mesh reconstruction with
resolution enhancement

optical Vel Bpd10. 25, Pp. 26373-26387, 2010.

Quantum Electronics
Laboratory
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Reconstruction of occluded object in integral imaging

~ Vertex refinement window > Scanning and refining

Sub-image Segmented

1(1, 10 sub-image (1, 10) g 4
- -
e
Subsi S E’l =
ub-1mage egmente: »
s et N ﬁi’ * Refinement of vertex of occluded region in
ﬁ:’ center sub-image using projected point clouds
i * Resolution enhancement using refinement of

all vertexes using point clouds in center sub-
image and projected point clouds

Resolution enhanced  Reconstructed
center sub-image  center sub-image

Reconstruction of 3D occluded object using optical flow and
triangular mesh reconstruction in integral imaging

o Optical Engineering and
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Reconstruction of occluded object (SNU)

Lensarray‘

BG
Elemental image Extracted depth map Reconstructed depth map

(optical flow) with resolution enhancement

= '
> =3

=
S

Depth from lens array (mm)
@®
S

Depth from lens array (mm)
®

=3
\

40

‘ 40
60
80 y (oixe)

60
80 g v (pixed)

100 199 100 100
Triangular mesh reconstruction Triangular mesh reconstruction
(occluded object) (reconstructed object)
e S
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Depth plane reconstruction (CIIR) ol

Virtual Reconstructed
ST EL pinhole array output plane iginal i
image plane < putp Original image (depth plane)
,/if/{/ |

[ 4 vd

L ¥

4 o~

MY

L ! l Focused on front plane Focused on rear plane
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View image reconstruction o

Focused on rear plane

Object plane §
(£ = zs)

R
.Lmlff:'{'ml.f, L]r}

ﬂ Lo (m, d)

Om \ B

O X Viewpoint
Lens arrey 7 Afxn, zo)

(£=d)
0 Focused on front plane

Display (Z=()

Synthesized arbitrary views from integral photography images
captured by HDTV camera

Express 8, 255-262 (2001)

————
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View iImage reconstruction

Lensarray /

26, 26, 30 16, 26, 30

e e

26,16, 30 16, 16, 30

View-image
plane

*w 7 o
“a (X

26, 6, 30 16, 6, 30

s

View point

y »
[ &

»‘ '
‘s

»"
i

Arbitrary view image generations in perspective and orthographic geometry based on integral imaging system with
high resolution and wide field of view.

J.-H. Park, G. Baasantseren, N. Kim, G. Park, J. Kang, and B. Lee, "View image generation in pers ee?i(//
and orthographic projection geometry based on integral imaging,” Opt. Express 16, 8800-8813+(2008).
//-—/ \‘i '-I‘s

1 xs |

B e 1 10 - i i 1] (]
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Present status of 3D display

Software system

3D information processing
3D correlator using 2D sub-images
2D to 3D conversion
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3D correlator using 2D sub-images

Lens array

He-Ne LaserF

Imaging lens

3D Object H/

Transform to
2D sub-images

CCD

T -

FFT




Generation of 2D sub-image

Collection of

elemental images [1,1]th sub-image
°
°
~ °

Q| ® | ﬂ ﬂ J G [i, j]th sub-image
219l %
1
IR e b



Example of 2D sub-images

Object = Lens array: ¢=1 mm, f=3.3 mm, Spherical

2D sub-images

ey

-

-

-
oy

— — . B = - = —— T

o Optical Engineering and Yl  nnaal
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- - N\
Scale invariance oY

® Sub-image ® Sub-image

} 6 pixels

- . - .

No change 2 pixels upward

} 6 pixels

}Spmds

}SpMHS

[ Sptical Engineenng andill e B P N D].l I u]'nuum jina08230) 0000 §
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W/ out-of-plane rotation

e Pixel of center sub-image

e Pixel of i-th (&) sub-image Matched
© Pixel of j-th (6) sub-image i r i) S l 5
1 1 1 1
2 2 B |
3 S B "R
4 4 4 4
5 5 5 5

_ (Xs B Xr) + Zs tan(grotation + HI) T Zr tan ei

i,i+rotation — (0

Au

Find matched pair with center view of

1 ) y ) _ _ -
reference and oblique views of signal ST TS E el
2 Sam(? prc_)cedure g PIEVIOUS Cagy — Transverse & longitudinal position
considering out-of-plane rotation angle .
\
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Experimental result

— —

QF

= |_ens array: ¢=1 mm, f=3.3 mm, Spherical

Elemental images 2D sub-images

Reference

centered at
(Omm,0mm,25mm) with 0°
rotation

lemental image

Signal

centered at
(5mm,0mm,44mm) with 6°
rotation

- e e e e N e %
e e e e e N

J.-H. Park, J. Kim, and B. Lee, "Three-dimensional optical correlator using-a=su b |mage arrax," Optlcs
Express vol. 13, no. 13, pp 5116-5126, 2005. IR “
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Present status of 3D display

Software system

3D information processing
3D correlator using 2D sub-images
2D to 3D conversion
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2D movie to 3D conversion ﬂ

2D movie
&:’, / Left image
[ Right image
‘f i //
Origina L 2 3
&f h “ ﬂ.
1 2
Time delay ﬁ " &
Delayed image

gg::tal:nﬁng::;;‘l:igc:nd - - e },'lh o o D l " u l Dilu;n 1010111:’18[35_'{} }
Laboratory = - Ad . '3‘;‘.‘ S Bl | . .
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2D movie to 3D conversion

Image Sampling

. 2

Motion Detection and
Region Segmentation

.

Depth Map Generation

= 3
Mask Filtering

. =2

Parallax Processing

PR1
ROW q .
LA
’ /’:/ -,
"hglglelgh N
Yy grasstalal
MM T
PRZ‘IIr LN e COLPR2
1 1 M
1111 Bl o < S—
] // f ///
MMM ROW/PR1
coL _£ iaigl iy e
! :// g1 e Sample Image
ML (ROW/PR1 x COLIPRZ)
mitie
14 Original Image
v | (ROW x COL)

ﬂmmz{

Drig =|Ponas = Py

Moving Pixel if (D, > D,

Static Pixel otherwise

|
O

il
% COL/PRZ
175

| > ﬁ

ROW/FR1

| Target Pixel
Pxy)

/]
/]
|

C.—H. Choi et al. “A Real-Time Field-Sequential Stercoscopic Image Converter,” IEEE Transactions on Consumg

Electronics, 50 (3), pp. 903-910 (2004).
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Contents processing: 2D/3D conversion technology ﬂ

= Motion vector analysis
= Determine motion type of camera or object
= Store motion information

= Synthesis
= Use motion information

[DDD (Dynamic Digital Depth)]

= Realtime 2D-3D conversion

= Software : Tridef Media Player (3D
conversion media player)

= Hardware : Tridef Vision+ (3D
Conversion in a Set Top Box)

I ——
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Dynamic digital depth (DDD) N

*  Dynamic Depth Cueing Algorithm
* Object Identification & Object Outlining
» Defining depth map
» Displacing each object according to depth map

;'=la?ﬁ!!???-?!éz1!39!!!:!!---------lllnullu|u|ur

Video
Sequence

1 LA

l!h ;

Motion DDD Real-time 2D
Analysis to 3D Conversion Stereo pair

Optical Engineering and
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- 3\
Conclusion oY

* Present status of 3D display

* Hardware system
» Stereoscopic display
* Autostereoscopic display
* Volumetric display
* Other recent techniques

e Software

* 3D information processing: depth extraction, depth plane image reconstruction, view image
reconstruction

* 3D correlator using 2D sub-images
* 2D to 3D conversion

Much more to come!
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