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Abstract

Holography which is one of three-dimensional (3D) image technologies is possible
to reconstruct natural 3D images without burden in human eyes. The technique
that computer-generated holograms (CGHs) that are created on a computer is
displayed on an electronic device is referred to as electronic holography.

One problem of electron holography is that the CGH calculation time is enormous
when dealing with complex 3D objects. The calculation methods of CGH are
categorized into a several of ways depending on 3D models. This study uses a CGH
calculation method using depth information. In conventional algorithm which
expresses the 3D object as the aggregation of point light sources, the information of each
object point is recorded on the CGH. The algorithm used in this study first divides a 3D
scene into planes (two-dimensional cross-sectional images), and then the CGH is
calculated by the light propagation from each planes. This study investigates the
speed-up of such CGH calculation by using the following two approaches.

The first one is band-limited double-step Fresnel diffraction (BL-DSF). BL-DSF is
a method that is introduced the band-limited function to original double-step
Fresnel diffraction (DSF). DSF is performed based on a single step Fresnel
diffraction (SSF) which can be calculated by once Fast Fourier transform (FFT).
Comparing between DSF and convolution-based diffraction such as the angular
spectrum method, there is advantages in terms of memory and computational time.
However, the chirp function in the DSF will cause aliasing noise. Whereas, BL-DSF
improves this problem of original DSF by the band-limited function.

The second approach is the wavefront recording plane (WRP) method. This technique
reduces the calculation amount of CGH by limiting the area striking the object light to
the WRP when placing object points in the vicinity of the WRP. The calculate of the
complex amplitude on the CGH is performed by diffraction calculation between the
WRP and CGH. Since the WRP is recorded the amplitude and phase information of the
object light, the diffraction calculation is equal to the case of directly calculating the
complex amplitude of the CGH from the object points. I succeeded in accelerating the
calculation time of CGH by the combination of the two methods.

In addition, I investigated another method by decimating the pixel resolution of the

RGB and depth images in order to further speed-up the computation time.



Keywords - Electro-Holography, Three-dimensional television, Computer

Generated Hologram
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[CEHENRPDDEOMBEN S S, ZHUIx L, MO 3R ITMG AN & FEX 5 4 e
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I(Xa!ya): I-Oj +LR‘
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A
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aj
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j 2 “jB . . .
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aj raj
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al

ZIT, P & gritlBIZ 0 &L, Mo A ) & ELERA B E CTORERET,
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Kakue, N. Masuda, and T. Ito, “Band-limited double-step Fresnel diffraction and
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7T WK L CFAT /2 0 B OB & 2 % . AT EH M OBk O FH T
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A

u(x,y)

u(x,,5,)

X 4.1 ATV OmRGEH R

4.2 AT NIViE

AT BB L DRI T O TREIND.
Ul(fx: fy) = F[u1(x1: J’1)] = ff ul(xl: yl)exp{—Zrti(xlfx +y1fy)}dx1dy1
(4.1)
Uy(fx fy) =Us(fx fy)exp(=2mf,2) (4.2)
uz(xz: }’2) = F_I[Uz(fx: fy)] = [fu, (fx: fy)exp{Zn'i(xzfx + nyy)}dfxdfy
(4.3)

22T, (21, y1) & (g, y)ITOARWOE O L AR O A K LT D, £,
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X UL (fx fy) = Flug(xe, y1)] = [Jus(x1, y1)exp{—2mi(x:fy + y1f,)}dx,dy,
(4L @3)F7— ) 2 EH|FL W7 — Y 2B I TRENTEY, @l 7 — U = H#h
FFDZHAWSD Z L THANRY MWEIC X D2@EEREEITH) ZENTED
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BT & ABPRSE O T OB EH A K - BMESIZENEI 2 53252 & THEETE
L0, FHEEFHEPHATLEI EWVWITAY v MRbH 5.

4.3 VT INVAT o7 LR VEPTEHE

U IVAT 7 L VAT EE(SSEIC L AL T L S Ic ke b,

exp(ikz) T
ul(xz: 3’2) = I;/lz .U- u1(x1; }’1)eXP <E ((xp = xl)z + (2 — }’1)2)> dx,dy,
= —exlzl(lizkz) Jfui(xq, y1)exp (—i"(xj;y ﬁ) exp (—_Zni(xllx ZZ+y Ly 2)) dx,dy, (4.4)
LTEDWETH D, Z 2T, B brEsEs
(x1, ¥1) = ((ml —N,/2)py,, (nq— Nx/Z)Pyl) (4.5)
(x2, ¥2) = ((ny = N./2)py,, (ny— Ny/2)py,) (4.6)

EB<. my, mylT 022 BN,/2 —1E TOEE, ny, nlE072°5N, /2 —1FE TOREET
5.

£, Dy Dy FENEHERGEO RO > 7Y V7R TH Y, 2 DOFHE O
FEIN, XN, TH D, ZoLE, miRFeoFmoy 71 o 7k

Px, = Az/(N1px,)

Py, = 42/ (Nyp,,) (4.7
cxan, KADFUTOXHI kD,

uz(xz, ¥;) =SSFJuy(my, ny)] = %Z‘Z)FFT [ul(ml, ny)exp (m(xj%%)ﬂ (4.8)

AT MEL IS S5 &, SSF TIX FET % 1 BT 9 7210 72 O TR Z 5 9L5R
TLHMENRNOT, FREMADRNEVNSI AT Yy b5 5. LrL, REDD LD
(AR DO DY 7Y o TR DR R L AsIEREC Ko TRk LTLE S T
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_ pl_(l; ) p-1 [Flu, (e, )IF[R(x, )] 5.2
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E7R %, WEHFGHEDFFEEY, TRLOMICRD. W, K MO, K(B.1)EHWT
CGH i FICHEBER LS8 O EEOWM)IZH AR TEHAE RN/ NS D,

BrAR T T 7 0086, CGHOMEFBZ TR T HSLMORBEEIC L > TRED -0,
F2BEBE DRI R EITZE L L.

33



5.2 W ECEkTE % AV 7= BL-DSF

St Ed a5 )i, WilLekE s DSF [l dber-[1-3l. AnkL
TR HERCEREICB T 28 2 A7 v 7 Th D MEEH A & LT BL-DSF #4175 Z & T&f
HEER O @b E X - 7.

F 70, AWFFECIIER O ek &2 AV C CGH 1ERGHE 21T -7=. #%k WRP
Rz CGH #EIIMF R ST 5 4ll6]. 37, M 5.3 OfkO#E L TURIATWY
D X OB A EERL L, RGB BB K OT 7 AW O SR A AT 5. K
AN O RO B ARAEE RICERIRBEOF R 2179 . HERBOFHE LT 72
AR 72 & CGH i £ TO YR H & LT BL-DSF 2179 Z & T CGH O %217

-

2.

P I'/ \.-\

{RABFEmE1 z " =EiEEE
s }

(FETE? ; : TR
j :

(FETEN = == EEIEHN

= o
CGH

5.2 W RCERIE D

34



ZE Xk

T. Shimobaba, N. Masuda and T. Ito, “Simple and fast calclulation algorithm for
computer-generated hologram with wavefront recording plane”, Optics Letters, 34,

20, 3133-3135 (2009).

T. Shimobaba, H. Nakayama, N. Masuda and T. Ito, “Rapid calculation of Fresnel
computer-generated-hologram using look-up table and wavefront-recording plane
methods for three-dimensional display”, Optics Express, 18, 19, 19504-19509
(2010).

J. Weng, T. Shimobaba, N. Okada, H. Nakayama, M. Oikawa, N. Masuda and T. Ito,
“Generation of real-time large computer generated hologram using wavefront

recording method”, Optics Express , 20, 4018-4023 (2012).

T. Shimobaba, T. Kakue, N. Masuda, Y. Ichihashi, K. Yamamoto and T. Ito,
“Computer holography using wavefront recording method”, Digital Holography
and Three-Dimensional Imaging(DH) DH2013, DTulA.2, Hawaii USA (2013).

A. -H. Phan, M. -l. Piao, S. K. Gil, and N. Kim, “Generation speed and

reconstructed image quality enhancement of a long-depth object using double
wavefront recording planes and a GPU”, Appl. Opt. 53, 4817-4824 (2014).

35



Wiy

%6 iatEs L O%E

=1
6.1 B T4

AMEICR T DI ab—va NZEDHAEROBEREOFEE LTE—JES
<Mt Lt (Peak Signal to Noise Ratio: PSNR)IZ X % bl #9772, PSNR & 1%, 2
DEEAE L 72 D EGIZ I T 2 H R BFEEO B Fefl &, BLUE & 70 2 Wi ol R 8 & G4l x5
DB DB D75 AR EEE T S~V TRELTMETH L.

AW CITEAEL 72 DR L L TH AT MEE AW TER Sz CGH 2262 <
2 b= a Ko TR S Va2 B Emifg & LTz, JErEmifG & L TH
e HABEX 6.1 12T,

6.1 AT MVEEZ AW TER S iz CGH ToOHAR

6.2 FHKER]

B AIA IR E FIZ LTz [m3TEE R, BL-DSF % 256 [alfk 0 i L7z & &, Jeiaioeris % w6 H
L 7= BL-DSF[1-3]Z H\ T 8KXx4K ®» CGH % 3 (fEl L7 & & OFFHEIF B L O
PSNR # % 6.1 (Z/”"9. Z Ok, JEhiisIETER LT WRP X 32 i CTH 5. AHF
%2 ClX CPU (2 Intel ™ CPU Core i5-3570(CPU i 4 2 L v Kf#iff), GPU (Z NVIDIA
® Geforce GTX 670 2 L7=. H DA AT MvikE Az GPU TORHRFERH A
NA L2 o TWVEDIXGPUIZA AR MVIEICHERED AT ) NEFH I THRWD
e ORI EK R Z G CE RWe D Th 5.

36



£ 6.1 AT bViER LU mERLEkE 2 L7z BL-DSF TR HREH]

CPU GPU PSNR
AT Lk 10611(s) | N.A.
BL-DSF 2422(s) 48.51(s) 20.497
W T R Bk IR A L 72 | 487.6(s) | 15.67(s) 20.468
BL-DSF

# 6.1 LvpmieskiE4 A L7z BL-DSF 2 W Ba /A AXs FLviEEdE v
CPU (Zx} LT CPU TI3# 22 {5, GPU TIIH 670 FDEEILRAHFH LI TWNS Z &N
RTEID.

72, WL Z#E A L7 BL-DSF 2k - CTER &7z CGH I L » THA LEH
Aoy Iab—a VEBREX 6.2 IR

6.2 WIfiFLdkiE & M L7z BL-DSF (2 L VW fEpk &7z CGH ToO A4

37



6.3 W IHFLERIEIC BT A EEEkim B O Mt

FEFLEIEIZIT D WRP H OO BRET 21T-7=. #£ 6.2 124 WRP #COFH R
B X PSNR %=1,

# 6.2 KitdkiEE COFHEFM & PSNR

WRP ©#% | CGH &5 FFH (s) PSNR
16 15.617 | 18.496
32 15.671 | 20.468
64 20.688 | 20.112
128 32.957 | 20.119

AW TIX WRP 2008 32 OA 0N FHHEEEM, WE & HICRETh 5 &l L7708
HL7=.

72, HFWRPH CER SN CGHIC KW BASINTZNZENOFHABDO VI o
L— g UVl EK 6.3 005X 6.6 12T

6.3 WRP % 16 @ COHA#

38



6.4 WRP %t 32 i COHA#

6.5 WRP %t 64 i COHA#

39



6.6 WRP %k 128 ilf CO 4L

40



6.4 725 b ~DRRFT

F7, B2 EEEROE#EILEX S 7-OfH L7- RGB Hifg & 7 7 A@Eig =
M5\ T CGH OE 24T > 2. R v 75 L OFAG O3 fEReiZ AN O B D43 iF
REAHX CTWDHT®d, HMEZRGIWTHBIE SN FAEBRITITEEN D720 (4]
Z ORFOEHEFFE IS L OVPSNR % % 6.3 |27,

* 6.3 JRHE LG\ BE TOFEREH & PSNR

JHE 25 Of51 &xJ7 | CGH FHHEIEH(s) PSNR

EIREvAAY iy 15.671 20.47
1/2I2M5IWiz e & 12.195 19.91
1/4ICfFIWTo & & 11.466 19.74
1/8ICfEFIW o & & 11.175 18.99
1/161ZM 57 & & 11.073 17.19

7 6.3 LV 1USICHIGIW=8a72s, EmEOHk D7, £z, MElWHEE
DO CGH IZL»THAESNEENENOHABRO Y I 2 b— g VEBEX 6.7
N5 6.10 127”7,

6.7 1/2 \Z5IW= & & DFEEG

41



X 6.8 1/4 |25\ - & DA R

X 6.9 1/8 |25\ - & X DFAR

42



6.10 1/16 IZf]5IW = & D FAEB

43



275 SR

T. Shimobaba, N. Masuda and T. Ito, “Simple and fast calclulation algorithm for
computer-generated hologram with wavefront recording plane”, Optics Letters, 34,

20, 3133-3135 (2009).

T. Shimobaba, H. Nakayama, N. Masuda and T. Ito, “Rapid calculation of Fresnel
computer-generated-hologram using look-up table and wavefront-recording plane
methods for three-dimensional display”, Optics Express, 18, 19, 19504-19509
(2010).

J. Weng, T. Shimobaba, N. Okada, H. Nakayama, M. Oikawa, N. Masuda and T. Ito,
“Generation of real-time large computer generated hologram using wavefront

recording method”, Optics Express , 20, 4018-4023 (2012).
P. Tsang, W. -K. Cheung, T. -C. Poon, and C. Zhou, “Holographic video at 40

frames per second for 4-million object points”, Opt. Express 19, 15205-15211
(2011).

44



T F Lo E

AHFFECIE CGH OFHEIF AR TH D &\ ) M E fRik9- 5 7= BL-DSF & i
SEIEA W CGH EHE O B E L TFIEIC DWW TR L OB 21T o 7. # Ofs B¢
KFIETH D BEAIALEIC LTI RIS, Fmeaiskm OcEE 32 Kz L
&, CPU Tl 22 %, GPU TIX6TTEOHENTLNTZ. £, Betd U TREGRZ
U8 125\ a6, GPU TilB AR A FLIC L2 [EIHFFHEIZ R LT 950 fi5 D3 E A
BoNdiERERoT-.

45



¥8E  AROREHE

SHOREL L THERD AR 7 T LMEROEEIEIT 2 7212 GPU Dl FHkIZ L 5
FHRAEIR O E]  WHSLIRIZ L 5 @B bo8 LWmEb 7 v 2 Y R LADELE, AT
A= DORFR EEITo TV MERH 5.

T/, SRHEEBOFMGEE L TAARY MVEOFAG 2 LR L 7= PSNR
B AR & L7=7% PSNR LSO T O G 7151 ST b Bids £ OFFE 2470
720,

46



BT

ARz HED HIZHT-Y, RO LBREEZ 5 2 TF & > e THERFE LA,
DHRE BRI EHH L BT 9. A2 tEw 5 BT, Bl CER L2k
WTEL DT RS Z&2 T &Y, KEE THEZ R T LS o 2R IEN5ER, TES
JREAEZER TR EHHH L BT £ 9. RO ZRERMICW S b TEICE X TS,
T B AOHE 2T E TR T 7ES o R LFZERE, MATLEBBICTR < BEH L
EFET.

=AY

BRI/ E LD, BRART R ZA08E, € L TH LW EEAE 2R L T
TEESTEARMIRED A, %A, FEOERICR S EHH L BT ET. KLIZHY
LTI NE L.

47



==
FEIVA K
B FAT 2 rEm L
[1] A. Sugiyama, N. Masuda, M. Oikawa, N. Okada, T. Kakue, T. Shimobaba and T. Ito,
“Acceleration of computer-generated hologram by Greatly Reduced Array of
Processor Element with Data Reduction”, Optical Engineering, 53(11), 113104
(2014)

[2] N. Okada, T. Shimobaba, Y. Ichihashi, R. O1, K. Yamamoto, T. Kakue and T. Ito,
“Fast calculation of computer-generated hologram for RGB and depth images using
wavefront recording plane method”, Photonics Letters of Poland, 6, 3, 90-92 (2014)

[3] T. Shimobaba, M. Makowski, T. Kakue, N. Okada, Y. Endo, R. Hirayama, D.
Hiyama, S. Hasegawa, Y. Nagahama, and T. Ito, “Numerical investigation of
lensless zoomable holographic projection to multiple tilted planes”, Optics
Communications, 333, 274-280 (2014)

(4] T. Shimobaba, T. Kakue, N. Okada, Y. Endo, R. Hirayama, D. Hiyama and T. Ito,
“Ptychography by changing the area of probe light and scaled ptychography”,
Optics Communications, 331, 189-193 (2014)

[5] T. Shimobaba, T. Kakue, M. Oikawa, N. Takada, N. Okada, Y. Endo, R. Hirayama
and T. Ito, “Calculation reduction method for color computer-generated hologram

using color space conversion”, Optical Engineering 53(2), 024108 (2014)

(6] T. Shimobaba, T. Kakue, M. Oikawa, N. Okada, Y. Endo, R. Hirayama, N. Masuda
and T. Ito, “Non-uniform sampled scalar diffraction calculation using non-uniform

Fast Fourier transform”, Optics Letters, 38, 5130-5133 (2013)

[7] T. Shimobaba, M. Makowski, T. Kakue, M. Oikawa, N. Okada, Y. Endo, R.
Hirayama and T. Ito, “Lensless zoomable holographic projection using scaled
Fresnel diffraction”, Optics Express, 21, 25285-25290 (2013)

(8] T. Shimobaba, H. Yamanashi, T. Kakue, M. Oikawa, N. Okada, Y. Endo, R.
Hirayama, N. Masuda and T. Ito, “Inline digital holographic microscopy using a

consumer scanner”, Scientific Reports, 3, 2664 (2013)

48



[9]

1]

(2]

T. Shimobaba, T. Kakue, N. Okada, M. Oikawa, Y. Yamaguchi and T. Ito,
“Aliasing-reduced Fresnel diffraction with scale and shift operations”, Journal of
Optics, 15, 075302(5pp) (2013)

N. Okada, T. Shimobaba, Y. Ichihashi, R. O1, K. Yamamoto, M. Oikawa, T. Kakue, N.
Masuda and T. Ito, “Band-limited double-step Fresnel diffraction and its
application to computer-generated holograms,” Optics Express, Vol.21,
pp.9192-9197 (2013)

BIRES, MEEA, EEE2, GHEEZE, “Cell Yut vV a2 HWIAFSLEEIZ L 5 A
F— 27 11”, Medical Imaging Technology, Vol.31, No.1, pp.72-74 (2013)

N. Takada, T. Shimobaba, H. Nakayama, A. Shiraki, N. Okada, M. Oikawa, N.
Masuda and T. Ito, “Fast high-resolution computer-generated hologram
computation using multiple graphics processing unit cluster system” , Applied
Optics, Vol.51, pp.7303-7307 (2012)

J. Weng, T. Shimobaba, N. Okada, H. Nakayama, M. Oikawa, N. Masuda and T. Ito,
“Generation of real-time large computer generated hologram using wavefront

recording method”, Optics Express, Vol.20, pp.4018-4023 (2012)

T. Shimobaba, J. Weng, T. Sakurai, N. Okada, T. Nishitsuji, N. Takada, A. Shiraki,
N. Masuda and T. Ito, “Computational wave optics library for C++: CWO++ library”,
Computer Physics Communications, Vol.183, pp.1124-1138 (2012)

et ER A

A. Sugiyama, M. Oikawaa, N. Okada, H. Nakayama, N. Masuda, T. Fukushige, T.
Shimobaba, and T. Ito, “Computer-Generated Hologram on GRAPE-DR”, The 20th
International Display Workshops (IDW '13), 3Dp-18L, Sapporo Convention Center,
Hokkaido, Japan (2013)

(##5i#58) T. Kakue, N. Masuda, Y. Endo, R. Hirayama, N. Okada, T. Shimobaba

and T. Ito, “Special-purpose computer for real-time reconstruction of holographic
motion picture”, OIT'13, Beijing, China (2013)

49



[3] N. Okada, T. Shimobaba, Y. Ichihashi, R. Oi, K. Yamamoto, M. Oikawa, T. Kakue, N.
Masuda and T. Ito, “Fast calculation of computer-generated-horogram using
band-limited double-step Fresnel diffraction”, 3DSA2013 (2013)

(4] (#F5i#5) T. Kakue, T. Nishitsuji, N. Okada, T. Shimobaba, N. Masuda and T. Ito,
“Fast-computational method and system for computer holography”, The
collaborative conference on 3D Research (CC3DR) 2013, Jeju Seoul Korea (2013)

(5] N. Okada, Daichi Hirai, Y. Ichihashi, Atsushi Shiraki, T. Kakue, T. Shimababa, N.
Masuda and T. Tto, “Special-Purpose Computer HORN-7 with FPGA Technology for
Phase Modulation Type Electro-Holography”, The 19th International Display
Workshops in conjunction with Asia Display 2012 IDW/AD '12) (2012)

(6] Y. Ichihashi, N. Okada, D. Hirai, H. Uehara, H. Nakayama, T. Shimobaba, N.
Masuda and T. Ito, “Cluster System Using a Special-Purpose Computer for
Electronic Holography and Application of Phase Hologram”, TUCS2011, Korea
(2011)

ERNFEE REERR
(1] FMHEEA, TESRtk, TiEfke, KRR, ILARMES, 215, AL, MEEZ,
(FHER 35, “BHRHIIRY 7 VAT T 7L RIVIENTE T 3RS iR 1 5 Ao il
B3 ot a7 7L A 2018, P-17, BREH K- EREH (2013)

(2] TR, AOOTERE, MM E2, MMEA, Al FEGEE, SR, “DVIH 4
ONARE TR AR OB R, 3 ot 7 7L A 2013, FAGH K-
P ERRE (2013)

(3] TR ARk, Wi, MiLss, MEEA, &)tk HEEZ, FEEE, “TERRE»
SOFHEM S A7 5D 4L, Optics and Photonics Japan 2012 (OPJ2012) (2012)

(4] TSRk, AT, MEEA, Z)k, HEEEZ, G R, “NEMBALZ—EPTE
HDOBAZ”, Optics and Photonics Japan 2012 (OPJ2012) (2012)

(5] TRk, WIREEE, ML, MEEA, 2k, HEEZ, SR, 27— EdrEt
B LD JEAET - & 53 iR e E B FEFHIU O BB ARFE”, Optics and Photonics Japan 2012

(OPJ2012) (2012)

50



(6]

[7]

(8]

[9]

WHAAEZ, YRR, MMEEA, RIHEE, Ails, FTESINE, O %, iR
Z, "FPGA %R\ =ikl mur o 25 A5 5 HORN-7 OBR”, % 11 [BEUF#E 74
W7 +—7 5 (FIT2012), C-010, {EEKZF /Nty 2 (2012)

WSS, TR, WEikas, MEEA, $5RIE, A5, HMEEZ, %, i
SERIEA W CCGH HEoMESL GPU ~0EE &8 11 B RE i 7 +—F 4
(FIT2012), I-057, EELKTF: /N arrr 732 (2012)

= HER, TESR, ZilF, MEEA, Fibsldk, aARER, HEEZ, FHEEE,
“> o7 LCD fl~/vF GPU Bz PC 2 AWt E A a7 a0 B E (L, &
11 [EEREF 2 7 +—7 4 (FIT2012), C-007, {EBKF /MMty /3 (2012)

(R Asafk) BRIES], WM HEEA, s, Filislal, THESGA, HEEZ, G E,
“GPU % MW= CGH RO E L, @mEHRRKEEES AR U T A 2012, FHik - ElHif
BERKE (2012)

W REA, W, )15, ZIUF, FTEEN, G, R E, “GPU 2=k
HFLERIEIC LD R WA RAeZ 7 501ER”, & 10 BIESRAZHIT7+—7 A
(FIT2011), B-036, JkiEiE - i fE K% (2011)

FRPHER, ARIER], FEHRE, MEEA, EEEE, R, “(GPU FyL Y HH
R P B S ) GPU IC X A3 EM A a7 LY 7 vy = 7 BRFE”, Jetb Gt R g
VAT LR A SACSIS 2009 (Symposium on Advanced Computing Systems
and Infrastructures), im3CEE, A& - A SERRSES (2009)

51



