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Abstract

Holography is a technology for recording and reproducing three-dimensional (3D) information of
an object as interference fringes (holograms) of object light and reference light. Computer
holography is the reproduction of holography on a computer simulation. The hologram generated
by computer holography is called a computer-generated hologram (CGH). The applications of
computer holography include electro-holography for projecting 3D objects such as 3D television,
and digital holography for measuring 3D objects such as 3D microscope. Both types of
holography have yet to be put to practical use because of the challenges of speeding up
information processing and improving image quality. In this study, I conducted two researches
for the practical use of computer holography: one is a real scene electro-holography system using
an RGB-D camera, and the other is a digital holography system using optimization calculations.

In the first research, I studied a real scene electro-holography system using an RGB-D camera,
because the real scene data acquired by the RGB-D camera has a large amount of information for
the spatial light modulator (SLM). A large amount of information affects the image quality of the
reproduced image. In this study, I attempted to solve this problem by correcting the data suitable
for the creation of CGH using the actual data acquired by the RGB-D camera. I reduced the
amount of information in the input data by downsampling the 3D point cloud data acquired by the
RGB-D camera using a grid of filters. In the downsampling process, a grid is set up for the point
cloud data, and the center of gravity of the points in each grid is calculated. Then the calculated
center of gravity is treated as a new point cloud to reduce the amount of information in the input
data. In this case, the size of the grid is not fixed. Since the amount of information in the input
data varies depending on the grid size, downsampling was performed with multiple grid sizes. As
a result, by coarsening the point cloud before downsampling to a spatial resolution of AL =
40.0[mm], I was able to obtain the reconstructed 3D images with accurate image quality even
when the number of object points was reduced to 15%. The computation time was reduced to
about 14 seconds per CGH. It was confirmed that the same results could be obtained for the
moving images. It was also confirmed that the peak signal-to-noise ratio (PSNR) value was close
to 30 [dB] even with a spatial resolution of AL = 40.0[mm].

In the second study, I investigated digital holography using optimization calculations. Digital
holography is a technique that uses an imaging sensor to record 3D information as a hologram
and visualize it on a computer. It is possible to obtain the amplitude and the phase of a sample by
calculation. However, current imaging sensors do not have sufficient resolution, and inline
holography using plane waves is often used to obtain a higher resolution reproduction image.
However, inline holography has the drawback that unwanted optical information is superimposed
on the desired 3D information. In addition, the optical system to create a plane wave requires a
collimator lens and other large components. I proposed a system that applies optimization
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calculations to inline digital holography using spherical reference light, which simplifies the
optical system more than plane waves. I found a new estimation method that does not require
iterative computation, and quantitatively evaluated it in numerical experiments, and obtained the
same level of image quality 50 times faster than the Gerchberg-Saxton method, a typical image

quality recovery method.
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ZITHART T LORERENTERYT. WL (Ug), ZHL (Ug) ZUTOXTRET 5.

Uo = |Uolexplig] 2.1
Ur = |Uglexpliy] (2.2)
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] — . (2.3)
= |Upl* + |Ug|* + UgUy + UrU;
I THFER IR T,
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ik U CREER TX DM BN RS 5. T & & OIREHRR5AMIER(2.4) & 72 B [14].
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2.1.2 RO S LHMLDOEE
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(2.5)
KQRIDFE=FHEEL DL L,
Uz = BlURleO (2.6)
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CGH 1%, HQHITHEV, FOLHENOHEE LN DK 2 A r 7T Al ECTERG DY CEE
T5.

| \ . ROJSLE
‘,\I__ \ \'. : || = = T =
’.\ - RER(x,y.2)
Yoi I 5~

Ya ? I‘z X aj_~

Leew
L\

2.4: CGH #HE O % A

24 DX, FRICHLEREEREZERTD. j%HODfFWZFﬁ@{i %(xj,y,2), HaZ
7 NEIDWRE (X, ¥)) ET D, £IZ, Xgj = X — Xjs Vaj =
THIL SN EZEZAD L, x5, V) 2y Xa» Ya iﬁf/k

y,kﬁ“é SLM OHEFE L > Fp
(=8

(272 %, IR & IS O e

1
= plxg; + 35 + za;f

(2.10)
R, F2, 29L&V

[U(xa' ya) = Z Re[U (ra])]

J

o

N-1

'M

cos(kra])

-
Il
o

(2.11)



T
=

m[U(xe yo)l = Y Im[U;(ry))]

-
Il
o

B
=

sin(kry;) (2.12)

-
1l
o

Thod. FEEOFETIE, CGH DEFBHOERZFOHIEE, HOHWIIMERKEDO Ny 7 7 % H
B L, HEIREDMOIER, BEHENZNICOWTEHEEZIT). T XTOHER Kb 2%
RAZEY, CGH & LTHATH. 2%, CGH DEFEEc(xy, y )T

o)  tan-t LU G 7)) 255
@ Ya Re[U(xa yo)] 27

(2.13)

LD,

ARFFEIZINT, c(xg, yo)lE 256 BEFA (8bit) Titdksns. LLEDRIC X 25HE XA B
BB SRS, EHESGHEIE T, ﬁ(z.lo)’ainéfrﬂﬁ?ﬁ% X2.11), RKQ.)ICEENS =
AEEIERIZ DD DR I A MR KE W, 20700, BRARFHEEMNEZLE LT 5.

2.2.3 2L RILEY

7 LV liE, RQANCEIT 5 FEHROFHE A N EZHIET 27200 FETHY, EFIC
IR BN TV A[18]. KQR.10NZEBWT, ma T AOH A XN 3 RILET NV ERT T T A
DR L i U ORI EWES, Thbbz » x,y, 80 o546, 210007 17—k
BB O 3 A LI 2\ S5 &,

2 2
~ 7z xaj+yaj
T o

27;

LD EHBOMRDDIZERENND 50, WAL EHE 2 A2 MIEREFEEICE R ThEL
w5,

(2.14)

+

Taj

2.2. 4 #eXix

Wi RIEE, 7 Vol & FEREICRQA0ICE T 23 HE A FE2HIET 570D FETH D
[22-24]. #{LFAEICR T DR 2K 2.5 1T T .

7 LRV R L7 RQADITKE L, xf S EICE R AR S OBREE XD, ok
&, FRITH 2 — 200 ORISR 2 B OERIRESA DO EZZ DB DE L, BEREOyHE
B —EEEZD.

10



ETzS
=I5, v, 7))

yal

O o -

2.5: Wifb=GEIIs 1T 5 AR %R

wa 7T LE LR D R (xg, yo) 2 D7 1ACn € (N 2T BER 72 RSB 1 D0 %45

z5 L,

2
_p|(xg +n) +y§j+z'

@)n_/l 2Z] 1
__p 2 21, P4
P p pz;
_%(xgj+y§j)+—2/12j(2xajn+n2)+7 (2.15)
E72%. FERICO I,

2
0 _E(Xa]'+n—1) +y§j+z.
n-1 A ZZ] 1

_ b 2 bzj
_%{(xaj +n—1) +y§j}+7

p p Pz

11



LD EERD L

n n—1

p p
0 -0 =%(2xajn+n2 ——{2x,;(n— 1) + (n — 1)?}

ZAZ]

__P . P oo
—ZAZj(Zxa]+1)+AZj(n 1)

kﬁ@,@Jcowf®ﬁmﬁmﬁofwé.m@®Ji

_pzj p 2 2
O =7 + 35, 0 + i)

LD,
ZIT, EHITHLWEKE L TRD 2 OEEATS.

=P (2.
A = 272, (2x4; + 1)

#(2.19), &(2.200%XQANHRAT D &,

0 =6 _+A +@-DT

n

L%, ZZTA TOWVWTKRDEHITEHRT S.

n—1c
A=A +(-1DT

n

FT25E, RQ2DIFKD LS IcFKES.

12

2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)



&bz, AR2)EV A - A ERDDHE,

A —A (A0+nr)—{A0+(n—1)r}

(2.24)
r

L0, KQ2)FT A IOV TOEHERIZ /> TV 5.

KLR2HLEVRQ2)TR LT 2 DOWHEREZTTO Z &2k Y, BT LEFEOMMEE, HH
HEAZBRNTINEOARTRD S Z LN TE 5[24]. Bb3EIC LY, MAHFEOFEGREEITH
MBEHHE A N EKIBIZHIRT 52 ENTES. £z, "M T T4 14bic@Li=z7 3 XA
Thdizd, N— Ry T7FEEELTND.
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E3FE RBDHWAJICKEIREDEFHRATI T4 VATLAIC
B9 5%

B1ETHMHALZLS1C, CGH TORETHWAT =X I3 Rk lERTH 5. Thd 2 EE
Wx CGH THAL L9 154 51F, EEWD 3 RTiERZHEKICGEAADLEND . £+
ZCHRERE RRICEERRERIG TED RGB-D W AT MWL Z L2k, BIEICHIMIEK
O 3 WIERETSF L, EED CGH ZEkT5Z N TEH L1 DH. ZOETIL RGB-D
T AFIZOWTRHEIZH L, RGB-D 7 A 7ML HES L7z 3 kTlEmE, TOT —Z O\
DOWTCHAA L, RGB-D 1 £ Z T& 5 Kinect for Windows v2[25] (LA, Kinect & #5279 %) & H
WTCEEFD CGH ZFT 2 Z L2 oW TEHBIL, fEL72FEF D CGH IZDOW T DELE & ik~
5.

RGB-D 1 *# 7 %M\ 7= CGH {ER O %X 3.1 (283 . CGH 1Bk e LT, #IHIZ
Kinect Z AW CTIREXN S E2IRE T D, Kinect ZHIHIT 2 Z LIk v, AR EEERHER
A4 82777 K (PointCloud) & LTCHNTHZENTEDL. RAV NIy REFaryva—
2 ETHE ) ROEAERDOZETHY, "AY T 0 RTF—% & LTRESNIZMIRIZT T
HOESKRE LTI T2 THDH. M LizARA > v7 T2 K& CGH OFFEIZHWS Z
EIWZE - TEEY O CGH ZER L, BAETDHZENTED. F-HILIEZRA Y N7 T 0 R
oo TV o T EETZEICEY, REEH LTRSS N T REflb Z ENTE,
NOBENETE R WG EFHAETSZ N TE S, Kinect NHIRET LT LICHEHFL,
BORA Y N U RZRETAHAZ 2BV IRT LI >THRA L N7 70 REEE & LT
Hh+5ZEnTED.

3.1: RGB-D 1 A 7|2 X % CGH {EX DX



3.1 RGB-DAAS

RGB-D 7 A7 L3204 D@V, RGB (1) & D (BFE) ZFRIFICRGTEDLIIATOI &
ToHDH. RGB-D I AT OWEFEROIIFFHRNIL, HaxhRXnH Y, BT AS ToF (Time
of Flight) FH 2 ENEFons. Bt FNTIEK3I2DE IR Ry bRF =270 Ea it
SR L, KA L TELRE = 25H R0, G LAY = ORB BN OIREZF
HF2HEDTHD. ToF FRULK 3.3 O X5 ITHEFERIGWIES L, K4 L TL 20N
ML CERE AT 5.

Ky k2 —2D &S5 HHE
BREBE LEAZTRAMLT
SR IREHTET S

2 3.2: &L

KB LIFE>TLHFE TR
MZEHAIT 5 & TRESSD
RITSIRMEFTAT S

3.3: ToF £

15



AREBRTHEH L7= RGB-D 71 X 7 T& 5 Kinect I£ ToF A TH 5. % 3.1 IZ Kinect (Kinect for
Windows v2) DOfIAEZRT.

% 3.1: Kinect for Windows v2 DfLEESR

R — fi g 1,920 x 1,080
Tl —AL— kK 30[fps]
il 15 s 512 x 424
5 7 AW 7L —AhL— bk 30[fps]
T HH gt 0.5~ 8.0[m]

32 RAV NI TSI RT—4

FEEWD 3 WICIERE G REBICRAATICIE 3 RS ET — % & L CHRET 208’ H
%. Kinect TR LT —F 2B L EEBERORA L 50 RF—2 L LTHNTHZ LI
£V, EED CGHAEMMPITA D, —BIICIE 3 RO BEREE R E L TRAEINDGER LN
0N, BERLEATEARTET —2 L LTRbNWAYEAE b H 5. AT Kinect # VW TEE
D3 RILEREEET 50T, BT 57— X ZOEREEALTZ 4 RITORA > N7 T KT
— X% HWT CGH OFRERZITO Z L1t 5.

3.3 ZFo vy TYLy

oo TN o737 T — el T LI X Y VR RS THEED
ZEThHDL. REOZVERA Y NI T KT —HT CGH Z1ERT 5 L, LCD /"R DOFERM
BEAZBATLEIZ LN D.6121E, 100 HTEDOKRA > N7 T 7 RET /L5 200 J7 3 (1,920
X1,080) @ CGH ZAE LT, mlER 3 RoutgaelmlEdT o2 &1 3# LW, xer 77 10%
TLEMEDOREWIEE TN THHT-DIFREN L, WERT —FEDO CGH R TETLEI>DT,
B H TN T hETREND S, Kinect NOBFIG LIRS NI T RF—FEH T
P TFV o TTHZEITLY, LCD ARV ORSFHEREZE X 72\ CGH Z{ERT 5 Z LN TE
5.

AR TEH LT BTV 707 T XA E LT VoxelGrid filter[26] % i L 7=.
VoxelGrid filter 1%, M 34D LR A L b7 T RBnbLETHE, ZZICK340b)D LD
IZIEFBRO 7Y v REERRICREL, &7 U v ROPIZH LR %K 3.40c)D L HI2ENZEN
DTV ROFOROEFEDRTIO B EZ T E L TRD, ROFZEHLEZK 3.4d)D X 5128
LWAHRA LRI TORELTRDIZET, OB o TV TEITHITNIVALTHD. K
LTI 3.40) D7) v RERET DB, OV A X&EALE L, ALON. ROV A X %28
ZDHZEIWLESTHRA L NI T 0 ROHIEE AR L.

16



(@) FA > b7 5 R (b) 7Y > FaEN

(c) ELZXEDARA U b7 T 0 Y (d) #U 7K

3.4: VoxelGrid filter OHEMG

3.4 Kinect IZ &k iR

Kinect Z WV C A Z R L, IRELIZARA L b7 T 7 RF—X Z T CGH DIEKE1T -
72, W LTIRI A K 3.5 1279, Kinect 725 2.5[m]BfEdL 7= HSIZ A0S\ DAL & i L 7=,

Kinect v2

BERR

3.5: Kinect (2 X g2

17



ZOWRBERE LR A 3.6 X 3.7 1R X 3.6 137 T —Hi4 (RGB: 1,920 1,080)
371D L E0RITEMG (D:512X424) Z/RrLTWD. K3710%, UATHBITNHD
R, BEVLDIIATRINTND., FLRITEERDLVESITETRY D53 TW 5.
ZOROEFIT A ERGTERWEEYD, EEOFHITII= 7 —HE LTREINTND.
3.7 I DI=DIc 7 L — A —v (256 &) TELTWDHA, FEERIITRITE M
16bit (65,536 P&F) DG ZfrFF L TV D.

38T WM Lh T —Wilg L 77 AW E RN TELNERA L b2 T RF—=2D 3K
FEEM IR R LD EA Ty T v ay NLEEEB LD, KR A 2 MIAFRIZIMA TR
ITEHEMEE .

3.6: TR SN T — g

18



3.7 S NT=T 7 A

3.8: BUSELT-ARA > N7 T 0 R

19



PG TEDHRA 2 N7 70 RO, K 512(x) X 424(y) X 216(z:16bit) & 72 5. BAT XA
FTRT—EDY A ZOEATHEAKN S12(x) X424(y) & 720 217,088 f.& 725 . Z DG I L,
AREBRAEH L7 CGH #3775 LCD OB EEIT 1,920X1,080 27 BV TH D, mr s T 7
ANITLRNED B WG TH D72, 200 TEFEDFR R 7T AT 10 JREBZH2MERT —
ZEELSGEERT 22 EIIRETH D, FHCEBEEIRO R O FRENMET T 2800 H 572
O, XY TN TEITOTHRA L NI T 0 ROSKREMBIK MERDH D.

30 MBLIRA VNSO RDEOIUH LT UG ERFRICKEDBAE

BTN TT B, T AN HORFO—UDORE S Th D 2R HEREAL%Z 10[mm]%)
HCHAIN S, FAREARL L7 2 MGGE L7z, % 3.2 12 CGH FHEICHIA L 7= BB 2 7 7.

% 3.2: CGH #HHE DB EREE

OS Windows 10 Enterprise 64 bit
CPU Intel Core i7-7700K @4.20 GHz
a7 4
ALy MK 8
RAM 32[GB]
N, T Microsoft Visual C++ 2015

RA L N7 T RETNADOYE, CGH OFERFRIIWIR S F3 5. £33 X 39 1%
CGH D ERFHRE U 7= 5HEEER & WA 5255 o LI BEfR 2 7Rk d.

33 ZEGHRREALIZ L DA T YT ) v TR

A L[mm] R R CGH G R[]

TV 153,943 81.67
10.0 118,781 63.00
20.0 64,156 34.10
30.0 38,176 20.37
40.0 25,026 13.71
50.0 17,316 9.51
60.0 12,880 7.05
70.0 9,916 5.42
80.0 7,820 4.32
90.0 6,308 3.50

20



90.00

80.00

70.00

60.00

50.00

40.00

30.00

CGH calculation timels]

20.00 ®

10.00 °
®
P
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000

Number of object points

0.00

3.9: MRS RE9 D CGH D FF A R

Z 2T Kinect DHEERE, FEABMNR oMK RENNVEE LTRE L. 20D T~
YTV TRIOF Y DFNVDRA b7 T 7 RiL, 217,088 5L (512X424) Tid7e<, 153,943
BIZRoTW5.

Field lens ™

AN

Mirror

3.10: HAEICHEA L7 R
3.10 |2 CGH OFHATHH LI-HANRFROMAZRT. AL L —V o EIX

532[nm]DFEEZ W=, L v X (ER20 (%) L) A—Z Lo X (FEAERE30.0mm])
ZRHWT, L—FREVITHIC LT, CGH 2#F7T 5T 4 A7 VAL, B 1,920 X 1,080

21



W\, WFEE T 8.0[um], VA X 15.36[mm]X8.64[mm]? LCD T 4 A LA ZfEHL7=. 0K
BT HOBREIIET R—=F v Z2HHL, CGHOFARE 7 41—V FL o Xa@m L TRIE LT,
X 3.11-K 3.15 X Z N ENZER D fi#RE A L = 10.0~50.0[mm] CH 7 > %> 7V o 7 & i LR
A b7 T 0 REigERT, AV VTP A X THDHEK3.8 & TK3.11-K3.15 DFREA > b
77 RETIE, AL=200[mm]»SB80MEINHET->TL 5.

X3.16 12X 3.8 DARA > b7 T 7 RTIER L7 CGH OFAB Z T, 72K 3.17-K 3.21 1
X2 fRRE AL = 10.0~50.0[mm]| CTH U B 7V v T & LTImARA > b7 T R THERK L
72 CGH OB %~ X 3.16-X 3.21 ® CGH OFABLTIE, AV T ALORA NI T D
NG & N TALZ 250 40.0mm]iC LT, HAEBOMIITHE o T, £33006W
RSB EFHEERRI A Y D Y A XL R T I5S%EEICHIE SN TWD Z Enbnd. £
AL =500mm]7Z &, BAEBOHINHNL->TL 5.

B 3.12: 225 REE AL = 20.0[mm]|DRA > k7 T 7 Riitg

22



&

i Ry B
e .-:;'r'. ™ .-u’h&'&.#'

W

‘p MRS D

yoarrera sl iy,
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3.16: AV YA XD CGH HA Wi

3.17: ZER43fRBE AL = 10.0[mm] > CGH /& Hifg

24



3.18: Z2fi4yfiEhe AL = 20.0[mm] > CGH F-4= i

3.19: Z2fE43fRBE A L = 30.0[mm] > CGH 54k Hifg

25



o v).i’.\‘t"k:ig‘&q;k e

15y fRHE A L = 40.0[lmm] > CGH F4: Hif4

[

Jgo
=

X 3.20:

g g s - P S EF A St B T

N4y fRRE A L = 50.0[mm] > CGH A= [Hi

i

7o
o
i ol

X 3.21:
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3.6 EEME ST

I 2 E BRI 572912, CGH OFAY I 2 L—1 3 Y2170, 2 IRGTER OFF
fli¥E1E Tlx & % 2% PSNR  (Peak Signal-to-Noise Ratio) & SSIM  (Structural SIMilarity) % %
Lic. YRalb—varidd, =7V —RAF7A4 77V ThHd CWO+H+T7 4177V [27%
L. Iy aoEFEXREMOMETHELZAS2D)

PSNR (%, 2 DDA A—VMDOE—27 SINHEZT VA THELEZL DO TH S, 20
R, e & O ERIEIZAEH ST Y, PSNR 8@V NE E Rl U 72 B 0O 5L 25
Wz EEERT. (B IR T L DI PSNR (L —EiE 7= MSE (Mean Squared Error) %
AWTHET S, MENTEBROITEIOETH Y RIZEGOLEHE Y METH 5.

Y Lth(mn) — I,(m,n)}?
M x N
2
PSNR = 1010g;0 (=)

MSE =

3.1)

MSE %> PSNR CTIEE BRI TH LT 0 5 HGC/AriIc K& <& 9 Ef THITIER UfE &
LTEHALTLEYLEERH D, AMITEBEETH LT 2E ) Hif TILEVWR & £ 0 K T
RN, JRFTBNC K E <3E 9 BBITMVIENEIR U AN H D, TOAMBEL DiEW %
IV EREICHRIEAL T D7D TEZON SSIM Th b, HARMARFHETEFIUTOX L2 5.
Z 2 Cly, PylT ), 0y, o) ITHEHEARZE, 0y (TN BAERT. COCITHBICRD D Z LN T
X5, 8 By MEgOEA € = (0.01 x 255)%, C, = (0.03 X 255)? ZH\ 5 Z & B8%L.

(Zﬂxﬂy + C1)(20'xy + C;)

SSIM =
Uz + u3 + Cy) (0% + 04 + Cy)

(3.2)

PSNR & SSIM Z B H L7=fER 423 3.4 BIL UK 3.22 12759, PSNR & SSIM OF 1 E4
1L, AL 40.0[mm]& 50.0[mm]|DE CHERZEEZ R LT,

27



%% 3.4: 72 FRAE A LD FEIZ K A CGH FAB o & il

A L[mm)] PSNR[dB] SSIM
10.0 31.15 0.7056
20.0 31.69 0.7326
30.0 27.60 0.5657
40.0 28.42 0.6041
50.0 23.82 0.3970
60.0 24.25 0.4138
70.0 22.99 0.3622
80.0 25.26 0.4661
90.0 24.61 0.4343
100.0 24.82 0.4474
40 + . 1
PSNR ——
SSIM ———
35t
P 0.8
30 +
25 I e —— o _</, ’-__—__-—_—_. 0‘ 6
Z
S 20 ¢
o 2
15 | pr 04
10 ¢
0.2
5 |
O 1 ' L L 1 1 i L 0
10 20 30 40 50 60 70 80 90 100
AL [mm]

3.22: ZEASFREEALDFEIZ L D CGH BAEB O E &L 5 7

3.7 £E CGH D EhE1E

3.20(a)-(d)E, Z 7P TV STV WEE, 3.21(a)-(d)I X 2= fFREAL =
30.0[mm], 3.22(a)-(d) X 22 M 45 R RE
%. AL =30.0[mm]OBEIHE & HE D LD L7220 AY, AL = 50.0[mm]OE)E TIL ALK
T X CERDREN AN > TWDZ ERbnD.

AL =50.0lmm]®» CGH A4 & %

28

=M=

Tﬂi e

SSIM

L7-HDTHh



(b)

(©) (d
320 XYY 7 Z TV eV CGH OBl o FF A4

29



(b)

(©) (d
3.21: 2253 fRREAL = 30.0[mm] > CGH A=) o> A 14

30



(b)

(d)

£ AL = 50.0[mm]> CGH 54 8hl o A 14

Kfins
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3.8 BX

BT TR LTCRA N7 T T RO CGH X, ZE[M4rfiFHE AL = 40.0[mm]IZ
L T% CGH A% PNSR OB 30[dBIITVMEIZ /2 > TV D Z & D3R S, SWEMET-
NTWDZ EAVHA L7, FHEREIL CGH 1 #dH 7= v 14 BN S, Bhili{k <4 FER
IRAERICI D ZENHERR CE T, ZOZ LA UYL T ) T HEEIFHEE O CGH 1ERK
WCEHTHLZ LR LT, SBRIOIREREZE X T 7Y o 7 DZERREEAL =
40.0[mm] D & TIZHEH ThH 72Dy, MORFEEE S & A MR 22 RED 1 Z1IZE# T 5
EEZLND. BEE L TAEXY Y YT Y TN T LT U X LD VoxelGrid filter 1%
HEMRBICSI RO 2R TND70, RFTICERARA > b7 70 RIZLZE L MENE
HLhEEZOLND., DRIEMBONFIRO T 4 VX Tix7e <, RFTHINCE R Lz
A RIZENCBAL T D L9 e 7 4 V& B FRETENR, DIROBWVEME D EE O CGH 1ERA
AEEICR D EEZLND. FAEEH L2 RGB-D 71 X 7138120 HSDOKRA > v T TR
T LDIETERVMEER E 7> T D728, BlzIE 100 TR EBEZ D X 5 72 KT
BMBERRA L N T R LT, SRoZ YT ) v FEEEATIE, XY
BNFERD LD DL AREENH D B HND.
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45 EBELHEZAWVTA ORI 3537 412EY L

L

|

FAUENEOT T T 43RG EFEANTIREREFI ST AL LTCRMRL, 2
a2—F P TR T 28 CTH D, HEIC L > TRESSOIER & HE25E5 Z LN ARETH
5. oL, BEORGHEFIIMBEN s Tidel, XoEEliemiEgrsBEs-vic,
HIZEDA T4 Fma Tl T 7 0 2HWDLZENEW. 12120, £ oI FmualT7 40%
FTED 3 IRTEERICABE R NERPERD E VO EERH S, £io, FEHEEZELS-DIZIT=
UA—=H LU REEPE LT 50 E, RFERBRBZNVIZRD., 22T, FEELD LHEFR
ERFEATE DERERSBNEANTA L TA T 4 DX NER T T T 4 (bR % 5
L7V AT LAERET L. ZOETIIFAE YT A0ER[L E BEHTEFEICHO VTR, Bl
FERIC L D BB OFHIC DWW TR, FHREEEOFME, B82i8x5.

4.1 R"OTSLOERLEEREEFE

wGFErroBonizra 7 J AH, ma 7 F AETOMERLO K OSFEHRE R (4.1)-(4.3)D
EOICHEKT. HIEBAEBERLETHXI M THY, OLRIFERBEZELZLTLH7 ML TH
5.

H = [HIIHZI"'IHN]t (41)
0 = [01,02,"',0N]t (42)
R = [erRZI'”lRN]t (43)

Aa 7T AHIZOERODERGOEMETHY, RATROLND.
H=10+R|>=|0|*>+|R|> + OR* + O'R (4.4)
I THIEREE AR

pEH DEFEZ 0, = Appexp(iBop), Ry = Appexp(i®y,) & L TH THALT 2 LR D LB Y
Thb.

2 2 4.5)
Hy, = |Aop| + |Arp|
+ Aop exp(i@op ) Arp exp(—i®,,)
+ Aop exp(—i@op) Arp exp(i(Z)rp)
2
= |A0p|2 + |Arp| + 240pArp cos((Z)Op - (Z)rp) (4.6)
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HBE LFORZEEFOMEE L THRANTHRBEHEfF(0)ZEEL, f(O)EZR/IMET20%KD 5.
1 2
fthZwr%Mf+mf+%@+%&N+wm) 4.7
p

K@ 7)DH 1 HITEEA L THEERE TH S, F 2 HIXFREHIREML T, =ik 56
BCTHEOT v DIHERT DD T, BEKOICE O CTRATINCEIC K & 720804 Uiz A e
FAT 4 Y. alTEATHY, EOfEE LS. oF 0, N@DITHEEIRI N I F R Z %7
EXWZHER LA T T Al _EL R, £, mur T A EOWIERIERIE DT
DX BRMEEEITD.

K@d.N%, R@AIR LKA TIECEHAT 5. QITEAIALIHE T TX(4.7)D 1Ll
BT ANVAGTITY. IR EEZRODLEANRTA—=FTHY, 0)TXMA.NFE 1| HEHO#EE
B¥THD. J0)DOAEENMBEL T\ 2 & TR0 DRIME & 72 5 Faifi 2 R 5. ki
EHEHTH S.

0k+D = ¢ ® {0 — tvg(0®)} (4.8)

ZIT, HDHMHFE 1 FIZONWTORERMBICERT 25 X497 5.

(0) =5ty = (10, + |Ry[” + 0,R; + 03k, )|
(4.9)
1 2|2
=zl -lo,+R|| =0

NM@ENDVI/AME 012725 & &,
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