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BoEReAt gad P 9% ERNE FRaY 9aAy
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WHle o83 EZI¥i(analytic hologram)ol A +&skA] XA #EW
Z 7¥(texture pattern)= 7T £ U= WHS AA P HA
approximate function A|<tslal, o]& 7]Ee EZ 1S A5t analytic
equation ° #-&3te] 7|E F49 FHE wpo] Foth WA E F49

7HE 2 5L Aal Aol FEA A (semi-analytic)o] 2= A olth A

O:

Ak mo] 44 Aakanalytic calculation) 783 =% 8147 Wl

O

o]% A3 ®ZFH(numerical bilinear interpolation)s ©] g3t Ao =
Lotk o] WS o] &St w9l EE < (polygon)¥  3EW 2

Bl A (surface texture)s YEFU= spectrum © matrix & A& 77
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oY B

a9 21 7 Ak 2383 triangular mesh. (a) 104709 Atz o ®
TAE oA, (b) kA Azl A local coordinate system}  global
(o0 o o [T AF ) V2] (=114 SR 3

% 22 FFTS olgst w EAL @ =4 FaEAA
Wiwe (X Y) =W, (X,y,0)T(x,y") = o] &3te] HAxE Y43 A4 3171,
(b) BAHE 131 A2 angular spectrum®] = A-de] #x HE 8

% 31 FelA A W RAE (@) A9 FIZANA texture pattern I}

WHloz FEs g7 e A S A 15
% 42 19 Az theket s Ee] BAK AG 19
1% 4.3, Tkt ST 9] texture pattern] ECN T 21
O% 44, FA A W A A e AR AIRE H AL 22
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Al1d A

< 2 197 (holography)= 2] 74 (interference)s o] §-3llA A€l
AA AR E 7] F(record), A (reconstruct)di= 7]<= = Dennnis Gabor 7}
S Z 799 (holography)[1]¢] 7] & AAEE  o]F  IIFHA
339 (coherent light source)?! Laser ©] 7l holographic recoding media 2]
DA ke 22y 7 B A4E e e sk

HT 2o kst Exae9 738 WY FolA = computer-generated
holograms(CGHs) 2] =2}e dhi[2]o 2 thokst Roloa E 21y 9
8o AAE sl 53] CGHs & ol&d 7|e g ¢
A o) gFofel e wekatAl ol§d F Qe ThsAe 7HA QU
Ao daAdo] Eu gst 9l A ofstEoloA &g Thedt Wi

o= three dimensional visualization [3], diagnostic Tool [4], guided surgery

N

tool in operating room, medical Education [5], forensic medicine [6] = “}7o] &
& 9ot
ookt Fool A &-&-o] 7heskAl WHE CGH synthesis algorithm = 1

T& W] wal point cloud CGH synthesis algorithm ¥} polygon CGH
synthesis algorithm ©. 2 53+ 4= Qlt},

A A BH Q1 point cloud CGH synthesis algorithms[7,8]= &+ dlo] ¥

W Z(point cloud distribution)o]l &A= FIHFS E H(point) <
£ (phase) 3 %1 F(amplitude) S =% (modulate)st= W o=, 7iE A<
Fera 5EAS 24T 4 Q7] Wil A% (degree of freedom)7} =17,
Adeoeo] Fo] el A (surface texture)S TE3L7] Foldtt) AT &3t
Aol EAstE Ee Aol dig Aiakel FQsty] wiEe] Ak



AlZF(computation  time)e] w9 HojA oA = 1%(large scale
hologram)S T# sk Aol A AsHA )

oA "W el polygon CGH synthesis[9,10,11] ©+$] 4kzb (triangular
facet)©] light field ¢ RSO0 = HAE Fd3= WHolth o] WHo]
point cloud CGH synthesis algorithms .t} ] o] o179} $-&¥ w1 it}
polygon CGH synthesis algorithms = tA] A5 -3 wheo] uwpebA fast
Fourier transform (FFT)E ©]&3t =% A4t (numerical method)[9,12]2}
49 Z7Z(polygon facet)®] angular spectrum = tH o &3
a4 2 W (analytic method)[11,13] 2.2 & 4 3t}

CGHs 7} 95 F& okl 4&3tEr] Ssid 2o A=
H

o H #] (large-scale),  *&AloFZH(wide-viewing angle)®] ZZEI1¥-& =5
dS(accurate)stAl sk Aoty SWs] Aol eHE 9=
Hoks AdliM= A AN ETE sA 4 S o] &3t R 99
T@o] ol dAow AZtHEY SARE B Ywo FAR Ay W=
ol-&e E= o] Wol S&HA FataL Sdnt siH A WS ol gshd
T2 AMEEY w23, s FRIO¥s Tde & ¢ AT
70 mesh 9 W A7 (surface texture)s 7T £ U= dagE9

FAZ #d Aol ofEeS A Aok AT FHE AFA Agtd
Semi-analytic  texturing algorithm[14]°ll A &A% Wil E #W
AZ(surface texture)s THIT & = 7 I AESAH. &
wwolAeE AFEA A duEEs §&ste] west ASWHAlE
dojx Exsk szt FxRE 3 ol Xold ww A Z(surface
texture)S A4 Wl Znbste] FHsE S HREE st olE

TAM MR dadlFe] ddelM 5 e dnet &8 Ve e



A2 AA el st A
2 ZoAe= CGH & Fdsk= 71+ W7 A (fundamental equation)ell
tistel  Ast 7|9 =115, 16]= wEbA A4 W (analytic
method)<= 7IWtC. 2 sh= BIAXME EFHe WA fo]l disiA

A s g,

2.1 8148 Po] g 7 A

A2 ol A 7 Al(object) o] ¥ W (surface)> 1% 2.1(a)%t
A

2ol o9 AFzbrk(triangular mesh) 2 U5 9= Ut

kth triangular facet

(b)

a9 2.1 "7t AR 23 7 triangular mesh
(@) 104 7 o] Aoz A E tfA

(b) k A A AZFrel A local coordinate system ¥} global coordinate system
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k W Azbde] oz =4 #HEA(local coordinate)$} A
#} 3% 7 (global coordinate) Akole] A= 19 2.1(b)¥ #ol YeRd F
Atk k WA Aol o] F = AFZw(triangular facet) A light field

Wy (xy,2) 2 g8, 2] (21)% o] vebd = vt

rlo

W, (X,y,z) :I:Ji Asy (. B)exp| 2 (ax+By+yz)|dadf  (2.1)
2 DA A (aB) = W (xy.z) ° angular spectrum ©Z H
#3274 9] angular spectrum CGH (ASCGH)©. & 3Tt (a, B, 1)
© A9 HAFgA NN T T35 9 E(spatial-frequency vector)o] TF. k H A
A A e oo =(%.Y.z) E Asta, ¢ o FA HMHE
n, =(a,.b,.c, ) =(cosg, sing, sing sing,,cosg, ) = gkt M4 #WE (normal
vector) ol thallAl 6 = longitudinal angle = “§2]3}al, ¢ > azimuthal
angle & go@tt o]&F o]gsto] = HEA diTsh= (x.y.7) E
g = v A9 #HzE:A] A (xy.z) ol =& HEA A
(x,y,z) 22 WS A (2213 2ol ZoT F Uk

X Cos6, cosg, cosg, sing, —sing, \( Xx—x,
y'|=| -sing COS ¢, 0 Y-V, (2.2.1)
z sing, cosg, sing sing  cosf, )\ z-z,

FowEd AR (o) =
&

kol 2 (2229 ol A

a cosg, cosg, cosf sing, —sinf, \a-a,
p'|=| -sing, COS @, 0 B- B (2.2.2)
/4

sing, cosg, sing, sing,  cosb, )\ ¥ -,
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22207 2 (222)9 A WS ARgste] A (21)2> A (23)%
o] vyebdl % gluk,

W (X.y.2)=[" " Ay (o -ai. B )expl j2z (/X + By +7'7) [da'd f (2.3)

A @3N 7y =(@ay et -pr) 7 B, oW A A
F7rol A 9] i} (free space wavelength)oll &l @&k, 231 [15, 16, 17]°
g FEH A(a.f) S o1&3td do] HEANM] ASCGH <
Aoy (@) & =14 H3EAC] ASCGH Q1 A (. f) & 2 (24.1)9F o]
hebd 4 gl

Asi (. B)
= 1,8 -i2a([a-ex %+ =B+ r-n]%) (2.4.1)
Ak ( - ak ﬂk) B (a'ﬂ)_ﬂk’ (awﬂk))pl

a(aaﬂ)_ak(ak’ﬁk)
=(a—o,)cos, cosg, +(B- B, )cosb, sing —(y -7, )sinb,
B'(e.B)-P (e, )
=-sing (a—a,)+cosg, (- f)

2l 2404 )] & Jacobian °Z  de'dp =||dadp = A E T}

(2.4.2)

(2.4.3)

d(af)-a (o, ) B(a.B)-B (. B)> 2 (242)8F 2 (2.43)3 20|
e 4 Ak



2.2. 39 A7 ol #E AT
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Pl T(XLY) &
non-uniform discrete Fourier series = ©]5Zl complex function &2 2
(2.5)9F Zo] 4o F Ut

M N

(x,y)= Y S T exp(j2z(anx'+BY')) (2.5)

m=-M n=-N

F7o 4745 13 light field & W, 2 Fstar, o3 4 (2.6)3 o]

Wi (X Y') =W, (X, y,0)T (X, y) (2.6)
2 (23)7 25)F 2 (26)°] tiiske] ofd 4 @& FE=T F Sk
W, o (X,Y',0) =W, (X', ¥, 0)T (X', ¥")

—LL{Z ZTmnAL (a'—ap -, B =B~ B) }GXD[J%&X’W’V')]da'dﬂ' (2.7)

=—M n=
:J:wjjc 'KL,k Ol,,ﬁ’ exp[jzﬂ(alxl_i_ﬂ!yr)]daydﬂ/
2 0ol AL (e, B) S B3-S 13 light field ©] angular spectrum o
shgata, 4 (2.8)3% 2o F ety

=Y S TAL (@ -d—al BB 2.8)

m=-M n=-N
2] (2.8)2 oml= AHzbol Al T(X,y') 2] Fourier series coefficients ¥}

triangle facet ] shifted angular spectrums = %4 35 (convolution)3t= 7 o]t}

Ao HFgANA "HAAZE FrkE A4l light field 9] angular

spectrum 1 A (. B) = ot 2 (2.9} 2ol 4] At

Ab ( ,B) *JZ” ([a—an Ix+[B=B I +Hr—ncJa)

(2.9)
h> ZTmnAL (o' (@ B)=an—ay (@, ). B (@ B)= B = B (. B))

m=-M n=



textured triangular facet ol &3t e A NA 9 light field & ths 2
(2.10)7 #Zo] YERdT.

=
—_~
x
<
Ny
Il
—
8
s 8
&
R
=

Jexp| j2z (ax+ By +yz)|dad B (2.10)

W Azl Fd® FRIaFS AN fEdE A (9E
ARk Aol 7 ARl Aotk A (29)F AAtste A A
FA B os UE vk A (a,f) S 71E9] FFT 7]4bY] texturing
algorithm = AAtst= 4 142 W} analytic function ] 3ll&
Tk A A WHoE vm 4 Ak

AA =4 #H3EAL unifrom gird o4 texture pattern <1 T(x,y') ¥}
triangular facet & FAdwstol A (o B) S AAsta, Axtd A (o)

= ol A% ®x P‘ﬁ(bllmear interpolation)= ©]-§-3l%1 2] 4 & % (resampling)

o] 9} 7+S FFT-based texturing algorithm & =20 & A™ald 19 2.2 9

2o 19 22 2 (2.6)= ©]€3le triangular facet o B~ E 913l

B34S vedith, a9 22(0)= =4 HEAY uniform grid oA T3
o

angular spectrum = AE"3sto] A Al angular spectrum =

Fohe 39 veback

ol



Wi (x',y',0) T(x',y")

IL—>G (AL)

@

19 2.2FFT S o] &3k vy

@ =& FEANM W (X,y)=W, (X, Y, 0)T(X,y) & o] &3t grx5

B2 Az )

(b) B~ E {181 4Fzd2] angular spectrum 2] = 4-

Z] o
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rlo

At &k 2m
Notation Mean
A angular spectrum of the textured triangle facet
A angular spectrum of triangle facet without texture pattern
| coordinate transformation (nonlinear interpolation process)
Subscript L local coordinate
Subscript G global coordinate

Subscript L—>G

coordinate transform from the local coordinate to the global

coordinate
Subscript G—L

coordinate transform from the global coordinate to the local

coordinate

subscript k

k th triangular facet

a3 22 oA AWt

angular

19 AunAE AHgstol

spectrum = ke
'EG,k = IL—)G (AL) = ]’}E}%

spectrum = T-3h= T

© = A<3,k:|L—>G(AL)i et 5 Qv
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Zﬂ 3 78} ?foﬁﬁ;—ﬂ Ho]?j

2 FolHe "HAxE st AZEo angular spectrums K.tk

gdoz 5] AN FAHH BEL ARA Askn, 7 vl

Ast Z3 o] 2 (295 a&AX o= AAkste Aol F Qs 2

Abzbmk Alabe A 7129 #jAl A wHo] Jhx 3 QW o] glojA A,
qoz WA Hrh weEbA g8 o
HA gt o] AE A fsiA HE

&
Al ZH(real-time) TE =
A2 =45 b= novel mathematical approximation©]

2
w=w[18]ell A AR A
ARt F et 2 (2.9)2 AT Qi oty A¥ o] e 4 Qlth
a,(ap!ﬁq)_ar;_ali(ak'ﬂk)
=(ap—am—ak)cosﬁkcos¢k+(ﬁq—ﬁn—ﬂk)coseksin(/ﬁk—(ypvq—ymvn—yk)sinek
(g By)= 8o = Bil e ) = (e, + o +a Jsing, +(, = B, - B )cos,
a_p+m+ak)sm¢k +(Byn — B )cOS 4, (3.1.2)
a—p+m Sin¢k +ﬂq—n COS¢k _ﬁk' (ak lﬁk)
9l 24 p 9} q = global spatial frequency coordinate ©I A (p.q) = A
sampling point & Witk §] 29 Axl RS a&H O 7] &A
2] (3.2)¥% 72 approximate function = Ao+ T},

(3.1.1)

A

T(@y By ) (LA —a = B2~ 1)~ (3.2)
10



2 (B2)% olgstd, 4 BlLDE «,, 9 B, thste] shift-invariant
form ©.& W3l A1 F Qo) o] F frEokd off Ay Ert
a'(ap,ﬂ )_ar:'l_al: (akvﬁk)

(ety_ — 1, ) cOS O, COS G, +(ﬂ7n—ﬁk)coseksin¢k—(l"( Uy Bon ) yk)sma (3.3)
=a,_, €036, COSg, + 3, cosO, sing, —T(a, .3, )sinG, -, (e, B,)-

4

A @)l AdM A (a,.8,20.8) = Aoy (pm: Byn) = approximation
=2 5tk olF FalA 4 ASCGH & Ag = Aot} 2 (3.1.2)%

A 33)E A (29°l gt ofehe] 4 341 FEE F Uk

'Ke,k (ap’ﬁq):’7067]2”([%7%]&+[ﬂfﬂk]yk+[ypryk]2k)|‘]| Z Z ~nll,nAe,k (ap—m’ﬁq—n> (3-4-1)

AN Ay (e Byn) = P A (34.2)8F o] YERE 5 9Tt
AS,k (ap—m'ﬂq—n>
&, COSO, COS, + B, €00, sing —T (e, B, )sin 6, -y (e, B, ) | (3.4.2)
-a, ,sing +f,_, cosd - (. )

s =017l A (e, . B, )sing T 0 2= 7Skl ofo] thg
s

Il
N

-

== old =F[18]ellA oo F Tt Fourier coefficient <1 T, &
37 |4 non-uniform grid ol 4] A =¥}
(e, B) =(a, cos 6, cos g, + 3, cos 6, sing, —y,,,sinb,,—a, sing, + B, cosg, ) (3.4.3)
3714 gt A HEA ] sampling point ¢ (a,,A,) 7} uniform
computation grid 14 TAEY. 1(e,,.8,_,)sin6 E 0 2T 7S A
texture ] angular spectrum o] AT O Z 2] (3.4.4)% Fo] ¥d g
AT

(3.4.2)°l AHgshd A FEA A 4zbde]  angular  spectrum 3}
ES

A},k (ap’ﬂq ) _ noe-jZﬂ([ap—ak]Xk +[ﬁq _ﬂkak +[7p,u _}/k]zk) |J |(-|7/* 'E\G,k ) (344)
11



21 (25)°llA YERd A3 o] texture pattern 1 T(X,y')+= local spatial
frequency (a;,B,) 5 <3 non-uniform discrete Fourier series = et} o]
non-uniform sampling (e;,.f8,) <= 21 (3.4.3)¢] <]3l4 uniform sampling
(an.B,) = e & QA "ok AA AAkelA non-uniform  Fourier

coefficients <! - the same bilinear interpolation process <1 1 _g(-)

oA BE& F At} o] FHHA the local spatial frequency domain ol
%= uniform sampling grid 2] the uniform Fourier coefficients T _, < Z4F
T 7b olich webA T e g (TL) e #9em F48 2 & o
I ('I:L)—;% texture angular spectrum matrix ¢1 T, 2 YERN A 2] (3.4.4):=
To*As & vjepa % 9e) o] A9 /1% 2 S54E semi-analytic dhtH=
23 AA Ak 34 o] analytic calculation Ag ¥+ the numerical bilinear
interpolation || g ('I:L)TJr numerical convolution 3l= I} 07 YFojZt}=
Zolty. wEpA o] WS o]gshd A

=2 o] @t T, 7} free parameter 7} 2 4= 031, ©]= texture pattern 2]

resolution & A3t %= Zlo|t

e 9 T 9 matrix & =7|7F
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Ag Tg T * 4g

y (s Vi zk) y (X Yier zk) y N (ks Yis 21)

(@) (b)
a9 31w A Y BA R
(@) 49 FEA A texture pattern ¥} triangular facet °] $FFE 2 F
multiplication sk 73

b) @ FAE I AlekE ANAE ALk} a3

ol A A el e RA 7 29 31 o St o] WHE Algsd

FFT-based method ¢} UFE7A bilinear interpolation o 23k ¢AAkeko)
243kl FFT-based method |41+ triangular facet ¢] ASCGH 2] matrix
A719F FYs A7]2] matrix o] thalA  bilinear interpolation ©]
o]Fol Aok Frt g AgkE WS global coordinate oA T, 2
A717F 59A oz Aeld 4= Qlul. o] the texture pattern 2 matrix
size 7} AHEAFE] o)k whepA AT ¢ Qlvks AE 2R ETh matrix
size 7} AAH texture pattern °] resolution ©] o}X] 31, matrix size 7}
Zro} A texture pattern 9] resolution ©] 7FFA3F= Zloltl A= o]& semi-
analytic texturing process ¥ ollA AFZFe] outline ] resolution ¥=
H7NZ texture AAS] resolution & AT 4 k= RS on|drh
WSk texture pattern matrix ] 1715 Z Q3| A] the triangular facet outline <=
FA A 5 pattern €] resolution 2 FAAA HAA Ak 7S 2

T Atz AAel Uk

¥
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2 =l EE AlEYolA A intel core 15-6200U CPU, 8.00GB
RAM AleFell A o] Foixit), ©d sbzhdte] thsle 98 w49 As
et wgl 2dkelA] Fe Aol whald 7= FRTZINES] X
AlEdold Ade 9 419

14 o
ob a9 4l)= 99 T Afe TEEA o4

AV}

2o 1% 4.1) 2]

G A 98 o ARS xdes 94l A7Ye RALE
e 7]Ee] A A4 WS o] 23814 401x4018] matrix sizes
Zhs I9 419 B2 gl Gl A 29 41d)0] HAAE
FEe bl Azl AlEdelAd AxEs Fad 4= Qluh A 44
Aol REEAHQ A :rLUé(hoIe)ﬂ ¥ ARS T3 ddd Ay

ot mlwstel I¥ 4l(e) A WHE ol&F HAAI gl
B @ A, I8 41 A s ol 8 HAaAE 2gE
A ©@d AEel AlEeeld Adelth. sid A WE ol 8d
BaArE Qs A AlEdeld b AREE 01522 FASA A
el wlsiA 23348 whEoh BAA7E Qe Aol s s
ol&atul V|E] A A WY s o duleto] df=o] A5

T A W] AFE8¥ coordinate transformation Y ©] nonlinear
interporation= 3 &3skal Qlo] @Ayl EEE 4 o] Ql=dl H]SHY

A WS S (analytic formula)2] S ©] 837 wjFo 227}
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matrix®] =7|%
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texture matrix size=11x11

(a) 11x11

texture matrix size=31x31

(c) 31x31

texture matrix size=51x51

(e) 51x51

texture matrix size=21x21

(b) 21x21

texture matrix size=41x41

(d) 41x41

s texture matrix size=61x61

(f) 61x61



texture matrix size=71x71

() 71X71

texture matrix size=91x91

(i) 91x91

texture matrix size=151x151

texture matrix size=81x81

(h) 81x81

texture matrix size=101x101

() 101x101

texture matrix size=201x201

() 201x201

SR PR



I8 425 A3 §39 resolutions ZAASE W@ Abzbnr
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Abstract

Semi-analytic texturing algorithm of
computer-generated hologram for
reconstructing texture of tooth in three

dimensions

Wooyoung Lee
School of Dentistry

Seoul National University

In this paper, we propose a semi-analytic texturing algorithm as an alternative
method to implement texture that could not be efficiently reconstructed in
conventional analytic computer generated hologram algorithm.

We proposed novel approximate function and apply this equation to
conventional analytic equation. The whole computation process is divided into the
analytic calculation process and the numerical bilinear interpolation process.
Therefore, the main characteristic of the modified formulas is that they are semi-
analytic.

The size of the matrix of the triangular spectrum and the texture spectrum can be
changed independently using this method. Unlike conventional analytic holograms,

the size of the matrix of the texture spectrum can be a free parameter. As a result,
30



we can get an additional degree of freedom in computation process. In other words,
we can adjust the resolution of the texture spectrum without limiting the resolution
of the outline.

By using the proposed method, arbitrary texture is applied to the surface of the
triangular mesh in the three-dimensional tooth structure. This result show that
semi-analytic method has a great potential for medical and dental imaging area. We
expect that this method can contribute for further improvement in analytic

computer generated hologram area and digital dentistry area.

Keywords : Digital holography, Holographic display, Digital dentistry
Student Number : 2014-23059
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