creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

ok|
_)
1z
>~
iRad

QL'
1o
i
Hd

Feature-preserving Reduction and
Visualization of Industrial CT data
using GLCM texture analysis
and Mass-spring Model Deformation

20143 8¢



Feature-preserving Reduction and Visualization of
Industrial CT data using GLCM texture analysis and

Mass-spring Model Deformation

GLCM €l A4

2014 54

0

~

Ton

N
g

—_—

ol

2014 64

(D
(<D
(D
(<D
(<D

A

—

~H

L

oo

e
o




= ==
= =

st A7)

= HE

o= 3D &5 HolE oA

=

i

7190 2 3 MSM 7]

=
=

iz, o]

A2 A7)

1A

7o

_ZTI

ol

il

ol

o FEH= 75

0
o
ol

)
M

)

FAIRE, o Aldbe 7hA 8}

S

3l oF

N 5



iy
HE
H

i

¥ :2005-21318

el
o}

H &t 5

-]

H

i
1

A -



i
y

3
M

Vi

TR
7_

O

M

R I SRR

1.2 BIIFZ ZAA e

1.3

2.1.1 5 Holge =



A
N
B
B

.10

17

138

22,1 B SFAFSh e

19

LO.#
-

B
)

.23

TIHE 718 ettt

il
AO

Njo

\

-3

223t}

25

isal

L2

30

Ar

—

32

32

AP BR e,

IHo
L
oH

‘.m.o

.36

4 4

iv



47

D - o

47

iial

.04

4
N
min
il

)

58

58 AE B BI s

5.1

6 5

~
ﬁo

qr

6 9

5.3

74

.74

o

o3

70

0

o

;OO

LT

%
np

__A_u

83

P AN o 1Y 1 = o} TR



I3 1.1 A

.10

/)

o] 157}#] 7]

=
151

9 21 vy FE darg

Aug o) 7]

=
-

= U

i=h

2] Z}j

>

A=)

i

=
=

14
17

dE" 7M. 19

2fel.
AA A3 el FAET

YA
Ay

o
o]

)

)

S=l

i
o2

[e)

=

LA
i)

Aol 7%
BF A0y

X
=

o]

gol
o=
=

o
H

a9 23 AA
= 24

Mo

)
o

.21

Vi



A]. (b)

=
RS

A, (2) B2 A

el kel f1A7F

M-
gl
b

jant

1|

~N

B

o
il

Gl

23

26

31

o

o =
T,

7z}

GLCM. (o)~(H)= 2zt

=
2

=
7102 AAFE GLCMS WEFATH e

34

.39

i

ol

(2 ZHE 16x16 Y E GLCM

373

s

4 2

—

0

-

B

o
ofi

vii



o

o Fo& 54 A3 W3k (a)(d)

O 3.4 ¥7] 99 AA 7IH Y &

2 A3t (o)) ¥

Nr

=8 HlolHE. (b)e)

A

7] @ AA VIS ST ¥ T 54 Ay A

0
o

o] &3] 42 (12)°f wet A Holrt AAatE

ol

49

O 7F LHETF ZFOLZITE. oot

o

2 (b) 2}

B
<]

Y

A

N

SHA A2y nd ()

o
oF

oy
0

s

isal
il

TR

.01

o

el

I 43 W 9A HolES ol

56

- (2)(d)

33

Gas governor®] #ti® A}

ol i

viii



I

5.2

o 2§ dloE. (b)(e) B HAUZ 7IH(Ros). (©)(F) Al &

_1

]ﬂ (RProposed). ......................................................................................... 6 1

2191291 7]

ok

o] BEFR 7% EA dold AdY Ax I,
@ 9 2§ HolE. () Be FEAEIYRo). (©) AL P

(RProposed). ............................................................................................. 6 2

53 thz-ddE 7vk 4% 71 A 94 vla @) 9 =F d

O] E1 (b) E]' H/g— 7] ]ﬂ' 7] ]ﬁ(RMR)- (C) Z'ﬂ Cd' Hohﬁ (RProposed)- 6 3

54 GLCM A#el wZ GLCM #d%E 39 vl (a) 994

OLEEN O LR C) X E X 70

1% 55 7teA we Wsle] wE Ax 4 vlal. (a) Bored metal. (b) Gas

[0 ToNY =T 1o PSSR 72



59

51 A HIOTE T Ao

hya
ar

6 4

AR (=1 V1< 1) JO

A

i

I Al

o

=

52 7% Al

hya
ar

.66
.68
71

73

\

O;

RMSD Bl oot en e

=

T

54 Ay A~Q AIZF (1024x1024

55GLCM 7 & w}

v
ar
Ry
ar



Xi

: .--‘: "’H %EH ﬁ‘l.].j?—

SECRIL WanCsAaL |INMVERSTY



13 A&

e
sl
—_‘_IL,
S
i)
rlr
w
)
o,
4
PN
1o
o,
%
i
=4

dab dlol ApHow AgE

wh2lolt}, 53] HFE W 9 (CT, Computed Tomography) T #}7]

okl

9424+ 2] (MRI, Magnetic Resonance Imaging)2] 302 EA49 3 +

= 3k AR FHE 4 5 A @ olF, BF doly IS I

o

A2 A ool A EIF BF AP AR 239
Zuke) gAY, EW wd slwe] A5 sd AdY 7 6
RS w DA 2 dolHE bRy ANFE B] ujRe] Azre] ol

2e¥= AR Al 2y FHTols skl weER Bl

:(’){:l
12
>,
L
£
Anj
o,
bt
N
4
ojr



1.2 H|=ZHA}

H] 3} 2] ] AHNDT, Non-Destructive Testing):= Al Akl #ofollA AlZE 2

K

AE FUE WIAA G1 WR T) AFL FAsE GA B0l

o ARE SAEA am AAE S Y] wEel 1Akl ol A
AHE B Al fEee, ABA, 24, §F 5 AxY AW 2o}

ol FHHA ol &HI AUATHL, 2]. AE = F= AFolA &3] dEhd

T U= T 7] (shrinkage cavity)o] Lt (crack)S HEshE 3t 44,
Wi T2E S g 3l v AR ZIRe]l v el wlE] dal
&3ttt

&gl ol oA = AAE A giabe] watAAALE o] 88k BF
Ao 2D X-A 9= AHgsl SH3]. 33 e w5 29 7
& 22kl Gdel wis A g AAE ThsetA R CT 29 9dL
TH 33 RS ATAets wlel Azl wol Ao HmE AL A}
of Agstr] ofefzleh. Zeiuh, o] sfmgoje] WMo ]lF CT A

= EHAIMA], BE A= o83 &3 7



Al = ATH5, 6] HAEH

=

Elom Azt

N, CT 7)uke] ns}a) AAl 7| & &

9]

A9 33k 7 P2

s, o]

b

)

—_
file)

,m-o
i

il
=3

o

e

n-

I

i

B

oy
o

4qr

Jjo

O
Hr

o

8(}:

%

o3 <)

s

ha

gt} ol e

A7 =d o5 F% oFE] B E (metal artifact)=h

A A v =}

I
LN

o

1

4 dlolHE v

A, A3E 33t

she

ey
=

ol-g-sl 7}

GPUE

AHE 7N

=8

2

]

e
Rl

]

=
=<©

R

102 2H4]4 CT dlolEli= GPU HlE e BF A A

g

A97) wed, oy

il

= 3ol



1.3 9+ J&

Zol=

=
=

o] €l 7]

Al FEA ol g

)B]'

e

71

3]

S AR 2= (GLCM, Grey-Level Co-occurrence Matrix) 7|

A% &

of-gatltt EFEHoIHE o

I GLCM2] < %= (homogeneity)

9|

ol o

i

do] ¢

e
|
s

0

)

!

ol

_Zrl

il

M

s
T

1o

olo

o

ol-ga A7

=
=

dlolEl e} Wgol] ARgE Aojd Hx

o

k4

TS a9 113

AA A<

Al W €]



o

Ko

Z
5o
ml
]
= e
T
Pz T =
w5 " =
G [ Bl g
,A_?l_ B =
e < B BT
x
s
e =
B - LH_
G 47
) i
) M <
° e Ay
y 7 o
s o] il
Gl

ol

H}2]

=

o}
H

}Al 4==(LOD, Level-Of-Detail) o] ¥

A
o

71E9]

H

uniform down sampling)

(

[e) 3L
A=Y



yUze)

T
o
4

S|
=

gl5ol el

37 of| A

F

[e)
=

B

28§ Ay

| —
R

HEFE of] A]

o

o TS v v 27l A

_]:'1_
t GLCM

=
R

NA = Al

£
Q

[¢)

!
i

o

)

o]

el

!
ﬁo

—_
o



2.1.1 EF dHolHY 54

2E HolEE FAste dAE HA(voxel)oletal st BEUolE = &

Ave] A9 vE xddnh shue] HAS Ao tid 3 #HE xek &

A gk cR e

V={v}vi=(x¢) (1)

lolBE 7lsgne Wstel AEA HW AHY PAL

flo
e
sl

Sk
37 e, A4 =5 Ay 3 U }lo] =5

[e3]
[eNe) f

ftlo
rlr

b
%
(o]

7



o]

=
-

51

X
=

171 213 A

=

gt WA

°©

7}A) 3
A % of

=
=

[e)

=

dlo] &

7}

| —

R

=
|

o

°©

[
BE g

_‘|

4

]_

5]

7]

3% 7

=
=

kA
gl

2.1.2

=
-

51

¥

o) st uhy

Fol &

S

1 3H(binary segmentation)

o] Al
-

=
=

[oi
=

°o]&

o)

=

711 AL 2] (thresholding)

B

™ (iso-surface)©] 2}

hya
aL

24wk,

o HlaA]

ol

A+

B

o

ol

4

NE

%

;01_



roh meA,

hua

AAF ¥

o

=

7+

i

oA

dolg & +

=
H

A,
T =2

Ganapathy[7]
WA 74 A A (contour)S -3},

22!

ol

)

—~
fie)

Zol7] Sla 4 2

=

=

A At [8, 9]

°©

b W ol thR) oj@g e, of

A, 32 =8 dolA A4 wEA &

T

3}(mesh simplification) WS AFE

(=33
=

ol
)l

-

B

derg 5

ol

aze)
i
)

Y
i
-

e

213 72 1579 V|EFxNo R

| —

R

P A

[<]

==
3

s 15749 7 =

S

of



AR 28 dA0E A 33kl EF dolElg] 7 HAo] zh= HolHE
A A el Fhete] A3E A= Vel AF EF dAnES
ChA] A =4 E-F @t ¥ (object order volume rendering) @t 374 A £

¥ 9] ¥ (image order volume rendering) & & &3 4 It}



o
3%

9

AAE

o
7

=
=

- o

L

)

9

%

doleg 7 Bas 74

= &l dATF A3

s

S*(basis function)

fo13
A

]

“
-

(e

71 A4

-

R

Bl

¢}

5
7]H ol

X
1 =
[ A=
= T
a7

=

il 2t

S

AA X EF A9%

shw, o] 71A g2 71 &5/ (convolution)

2.1.3.1
Rl

S

" N HK of o N
o " T
I R oz
o D VR S R
v 3 J]El Ho
% oo oM il
i T EE O] = = ™ oy
D ~ @ 2 x
po % T = % 3 =
® g gy o~ T uﬁ AR
X . T
= 4R T AR s o
o 1 e O~ 5o
juty N of —~— —_— o
Ry o R 5w
— 7o
T ) Noow ° = X
E Foo® A i
~ ™ = ol Mo 3
N o Ak mw W o op
0
MM i mo M P o ol d|,
w2 < B g
s W =0 m ~ N X
I )
b = ¢ % g
T T 9 2o =
- A T B ol
3o ﬂvmﬂ ﬂ o — z._w EWU wonﬂ
o X 2o 0 i
gru N Nog W T
2 s b op & 4 &
o T o® 5w F "
) = @ g T T
oF o & H 0w BF

=
T

dle]
11

1

T

B

S

e Al wet ™

O



A

1

o] =% dHolH= dHolH

B9 v Fo] ¥

=

R

e 2t

PR

(e}

3 44 end

|

o
RS

=
% oA o]Se] glolA A AbgH A gkt

ol
o]

£g sy 299

d]
=

~

o|J

)A
AR
~

,m.o

EF d9% volzl

Levoy[12]%} Drebin[13]°] <]

1

*H (Ray-casting)©] t}.

2.1.3.3

L7t

R

=8 HClEZ o]Fo]

,_M:mo

12



=87 34

EF dlolH

O 22 AF 2F dU™ e 7 R AR Ay

dlo]H

wel 2

o =H

A

ol
=N

~X
ar
)

)
S

ol =i

<l
H

<

54 gt

SFA
==

wHgkol Hot.

& et

X (ray)

O

- 37
R

gl

A
ol

o}

wA_.uﬂO

i
A

il

ofi
o)l

a9 233

o
1=t

o
e

o 173

[

B
25!

13



EETCIH 8EY

@ 27 %

7 (classification)

=]
4 L At B

29 (shading)

@ =% 4

4 (compositing)
Iy azzan

4% g $9d

o
bt

a7 23 AR EF AU dolzeel. =Hq A

Ao Fe AAH A Gl FIEH

il

g od uole

2

Z9S B8l doj @2 I o=, o] AAl= E84 9
n & 7HA A ¢ki= AR grell Eeit)h whEba o]l & 7HA s §l el A
= of7]o] #8tA =X (optical property)= Fois]E AbAlo]l Q3 o] =

o] SH(TF, transfer function)z} b= Uwkxlow MA}F o] gh<(color



(classification) 2}

el

oy

g

o

5 dl(Phong

AAA Ao 59

=
=

° (shading) =] &

[}

o =

]

o] F& o] gHr}

=N
o

illumination model)

el
il

o —

ol o

8]

[}
H

A
A}X= (gradient)

=
L.

7

o]

Ay
ar

Al

=
=

ot e, BF dloleel: A4

B2 A%

HE7F 28
=2, ¥4 9
R

L4
-

A

~

o

N—r
~
| |
~
N N
>
— I N
| > =
ta s s
N S
2 2 2

1

vix+1,y,2)
v(x,y +1,2)
v(x,y,z+ 1)

|

— | N

N(w) =Vv(x,y,2)

15

bbel 2o o

<]

AAZ

w2}



olFA w4 At B AR HAFHoR Ay el FHEH=,
o] #9S& FA(compositing)ol 2t stk W ZWE Aoy g Y-S
A4 el TPt FHVE He EF dudeAs EEe] 74 2d
o] Aesttt. BF dAHS 9 dAY 7 RdEs v MAES

2 QAo FA MRS AR mdo] Wyl o gHiE, thed ge
D vl ,
1= | e (s(am)) e ECEE)az (3)
0
714 DE AR 9l wAF ekl AHe EE xE AR

258 A 1% AdE vEids fAgTelth s AR xel A

] B, e 59 A ol v W] WE W] FAE Y

ol

A d=olt) o] AL & A HA HuEto] 1 Abole AR

mE

A=

o

ehie

e
2
=
o
g
of\
Y
o
il
>,
o
=2
ki
o}
ol
rr
W,
1o
o
o

7}

-
4
N

16



(4)

Civ1 = ¢+ (1 —apacip

a1 = a;+ (1 —apay,

i

o]

22 45 2§ dU%

i

ol
L

<0
Md
iy
W
um
=
o
I =
1& .rbL
Ll
ntn

ﬁ bl
W

o=

WA
" R

R T

Cung _;‘%‘

o_]ll L5

satel

17



k]

3 Al

L —

R

=

B

S

1l 1

3

T

=

=

o]

P o g Axe dAR EFEHA,

A7} g, of

URA HER, AA

=]

=
L

R

(o))
st

o
qE

7}

of &

gl

=
=

1

o
H

=
=

A I} FA[o o] Fof A of

o714 dl°lH

o

A £rF /Y

4

el

Zole= 7}

=
=

=8 HeolH e A7

H &% F7|=

5] 4}

°

=
=

on =z 7hAIs Ao

5

o}

3}

°

Fl9 HE7F BEHT] oYt

o=

M)

=
Al
=

=
=

U
=
JEEA

|

¥ (uniform downsampling)e]th. < oM EE L A}

ARk, B

A
=

o] Atk AE CTE ol &

oot

Y

!

P
!

—

il

¥ o}

ARSI e

°©

==
3

138

Ae) =}

o] 53 7 Aol 4

]_
2.2.1

°
pal



(Vector Quantization)©]t}. Ning¥} Hasselink[17]% 1% 2.59F o] Ho|HE

Ay sk Sl kel WY

i

Ao BE B9 i F ol

i

AL

A&kt

i Pl
o713}
B

i =

I 25 WE GASE olgd =S VI o F 2§ dY¥ 71H

o] MiE WEl Egelde] WMo Agte] xouAT, dd FEHO
AojEE Ay AT TbsatRg v wE Sr2 Augo] 7he g
ok ey delee] dujAel A7)7F AXUA ol g mEs 7Nk

ORE UE BES ZIHs] o1y YA

222 w3 B33}

e=d G AR Tokeld 7 g AR EE o E S e 7o
19



=
1=

3

A HolE el H

o WY

el
=

(transform coding)

o
o

o] o] Fojzitk

doltt. 18 CT

PEsrie

3} 5740

Y
o

—_—

)
0

ilf

o]
N
Mo

5

A4 (CT reconstruction) &1 Fo] 5

= =
—

1:111_

ZINEo. 2 skal gl7] wiEel (1™

S
=

] & (Fourier Slice Theorem)

Ao

Zefol

-

o}
ol
)

o
ol
oy
ganl

mw
b

2.6), Dunne[18]¢} Levoy[19]] 19} 7o)

7k 8 7]

=
T -

A A g jlel =8 dolH 9

gy o] &H U 2y o] WHors Wi F

e

Aol glek

L —
R

t7] o 3ch

5]

2 AHE

20



P(B1) < l

(P(0,0)

Yeo®} Liu[20]:= ©]4F 5A}Ql W SH(DCT, discrete cosine transform)S o] &

o W FogtE Nt s WE gAEE o8-S o E BF dUY T

ftlo
2
2
=)
2
=
)
(@]
_|
N
r«lI.
1o
-z
fols
o)
rlr
o
>,
fols
o
12
=
>
Y
it
ik
il
Y,
nj



i

1] o}

S

AlZE IE 2 7]

mw

ol H

g o] &3 W3k Wavelet Transform)<-

=3
=

Atkst o] o] Hth Muraki[21]

1
T

H 71 el A

el

=
=

7b =8 deld

Aol & gk w=u

o
e

Kim[22]

ok (L

Y 2.7

22



$19Q11211 "4 |28 |29
LH, Mo fi4is "(\5:2 1 30|31

3233|3637 .mi-w'vm
| - i it - ]

34|35 38 | 39 :';n | 515455 b HH
TS, FrFTRFTErT 56 | 57| 60 61
26 ]ar]ss]s9]62]63
(@ (b)

223 YF-sdE 718k 7Y

25 dolE 7t A4 ARE oY Bz Gra 0% HaF Asste] do)

B 275 FolE= 7IHE tE-a A = (multi-resolution) 7] o2} sk},

7He-AIQE FE AxbS o] &9t BEEs FEtnEs 4 A dA FY
Al ol g5 = JNE e, Ghavamnia[23]= 7]HHe] E& A4 9 AdH 7]
HE Ackstaltt. detn= e o] dHolE T2 544 vl E
ZIHE Aol A 2§

@ 5 glid, o] Py o] ree Wk do]

)

=1



s

Eu

EEEEEE!

o] wozlt}

W

| —
R

o] Aek= . Wilhelms[24]

e

ZIMEE A= o, 724 o R ol

1
T

gl

P A

:

e
RuLs

22!

B

A

o

el 24 e Ta] 9

S

o] "ot

stoll el 7}

i

0
g

_
o

= k.

A A el A g

1=
RuN

o W™ Ay

2z F

o

= 1

welz 4

ZF O
—] =

=

o]
=

o] A|et= Tt Guther EFS o

=l
T

W

~

o
H

3

Aol=3 Mgs o] &

=
=

Qe i 5 ol

12 =dl[25],

S

(ﬂ_

= Al

A9" 71

o]-& %= Mol

24



&

m

of 7}7}

o}
H

o)

Jjo
1
w

)
oM

ofi
™

o

dHlg 7R = A9, o)&

=
T

o] Az

)
Bk

W

o

o] AolA

77}

5!

el

o
.

Wang[28]

25



e

t|[29], ©]

| —
e

g A4 RoFE £52 AMEH

=
=]

B

gl e 33

Al
o

oe

it

ELE

ZoltH (1 2.8).

_aﬂ

il

<

26

i



aa

steE AN

3 oF

B oAl =3

nd

o
o=

v

B =
=8

o
-

B

tee TR 43S

]

= A4

o

]i]l_

]

7

%33k Terzopoulos®] 7-[30]9F #ol,

ol

X
4r

g

<
e

iy
i
R

o]

gl 7ik Bde AlEdoeld 7Y

ol

QAR (FEM, Finite Element

=l;

)

o

T

ol

}91tH31]. FEMS =27

5]

% AHg

Method)

7o

)

5

olo

b dAbel o

27



S 7H M == me JAE M, T oeE msk m AbelE ddEhE, 2

oo

Fol gl AxHE g9 A s2E FAET. A2 g & Tl A =
S F, =5 mol 2xgo® Add =59 H Mgl & o, Newton2]

A 2H Ao & = mol FEAE o] mE % AL e 7

(5)

m;a; = z Fl]

JEM;

BAATG keh FA Aol ;2 e A5 0 @A) dolsh ;9w
o] ~xge] 9% 31 Rz Hookeo Wl o)al vhi Fal3 o] o

A},
Fy = k(l; — IF) (6)

a#d e wE mg mke AgelRz, A ()¢ (6) Bl T

28



dzx X
T RTINS £ RN

=]

o] = o] g3 x; = AArer] Y8 Az 2] & (time integration)oll = 2] 7}
A A A daEEs AR Sl GPUSE 2 15 WY A

gl st=dloE o182 = 3l WAIA W (explicit method)E°] F= © &

TAFE = Qlo] o AJEHo]A[33], <& WE md[34], 7 FE[35]

Gt Tokelld FuA o] &H L ok =] AlEdECIAd del AR

—

"k o] V¥lelld Tt A2 A o4 545 dgs] ZAE 5 9l

TE A AFd wE P A AF #AAE Ao A o|tH36, 37] .

29



& Uy

=
=

24 AL CT 949 52 EAA

7V

e

74 5}

S|
~

A (feature) 52

o E
- T

IRIERSEES

9|

5

-8k (segmentation) =

| —
R

dl, 1714

O]‘:.
A -

Huang[38]°] AIqtst @ A= 7|§F o]

TRE

o gk AAet 1

X A
-1 =

il

A

Eix

}93 T}, Hadwiger[39]&= ©]#]

S

AL

~
0

)
0

4
o
(il
7A

ol
Br
‘m.O

KR
o

—_
file)

o

{F

A7 A4

3

3

P71 9

S

glole AollA Fos 99 oRs Hut

g g9 U 7d(homogeneity)oll T3 A== Frey[40]9] 4t 94 7F

M

Al ZFE 71 A E 2.9)0dHl, o71M = TR s

o] o

[eZ]
S

K

12 ko dols AU oA s do]E

30



1 =
-

FAth Btk 7] A4

AT

e

i

s

AE Ml

gt

I A EPS

o=, dHolee 3ol

3|

o
s Ao

(e}
=

zhe] 9HIgk Aol Rt @

L=y
- =

v

79 7h5e] o] Foi A

I

Y
o
ﬁO
;01_
<P

]

il
=0

oty

)
‘ﬁ

SesassRRnnun

Acceleration
Structure

Volume
1

Characteristics

_Segmented

[

]r,

Vanilla Volume
Geometric
Representation

-

0|I|||0|0|0|.T0|0|0|0.M
910!1.1!1111!1..1'11?
La s = = i i e o IO
. sAsEssssss
4 SeasS+ADE
o ill.w...i-;i.ﬂ 2
clesEmsEEnEE o
R A R R R |0M
sskkeumm o

..a* sap Vol

&, F4

hua

& 7pA1gt 7h

o1&

o
=

Jojo] 794

19 29

AR Rl

o
= 9Y90°

f3 ke o

S

3L o
AMEHS A

7149)

ay

31

ey
-

-l

i



31 BYE AL FE

Hol T F A e 2 (GLCM, Grey Level Co-occurrence Matrix)= %4+ =] 2] &
ofell A Bl XS flEl B o E, 22 el 5 AYE

AL AR FHAZe] depRbEe] gk xpolF A E FAA R RHT

2 GLCME F HA gk Abole] $% ol 87 24 A Hw AWk BA

WRlolH, ol & ol gl e 23k FAZFE 78+ Ak

o,
X
@
2
>,
2
Ir
)
i3
o
o
o
i)
12
=
@,
(@]
=0
o
=
=
(@]
T,
X
@
P
)
i
iy,
o
ol
ol
rlr
ol
o2

32



[
)
Nt
2
o,
o2
o
=2
=
:0{:11
o
—
(@)
<

9 3.1 49A1 9] u)EkS 7HA] = 2H]

= 7%k CdAE B Aotk VM e 4aEe VIEoR ol Ad

R
s
)
o

= 12 3¥ Y. GLCME] 83} do A7 7|ty dA Feo

HE FHE sy AN F QlorE I a9 ax4Bd S A 5 A

2 o] PEE& kst sl LS GLCMe®E Fostt(1H 3.1 (b)).

W
—
~
=™
H

o
o
rlr
o,
o
N

)
o
)

(=

=3
(e
o
%
o
1o
=)
ot
)

33



»\I..I
-
S
v o| =
..ﬂm nlelo|l gl =
~
= w |l ol wn
el o |l gl = Pt
.m.,.l o =t o0
T —lalalale
A o | o
J_T clE&lalel e
™ S ~ & o
o 7] o -
SEEREREY
I IS Rl Bl K=
(sl Mol NN Beul BEC N el Ranly Ban)
I B el Bl K=l K= k=
(o] ] —_— ] ] — — —
ol el I I A R I R =
el kel B K K R K A K D
(=3 Bl Bl No N Nasl ot N Bl e
oclolo|l~|a|l—~|o|o

(b)

(a)

0

0

0

9

0

0

ol

0

0

0

9

0

0

o

(d)

©

o

ol

o

®

(©

i

ol

)

e,

X
=

2 7AtE GLCM

34



Q7 Utk ol wEt IR 3AYS Vo R 6ol 26w RElS
Arg-skA #o)
[42]11 = GLCMeOIA Alate 4 Qe 8A2x 54 TAZFS 14T+

A Sl o] FAIFS Atsly] fEiAe WA atsts Sl 7

Aol 71k ik jell disll, AFste GLCMS v 5243 22 4
) £¥ gddz ol

((mxl’mxz ! mX3)’ (nxl’nXZ ’nX3)) €

N (i, j)=num max(

XVXZ XVX3)X(VX1 XVXZ ><VX3)

X

m, —n,

m

JDed,

1 XZ_XZ’

(8)

II—gray (mx1 ! mxz ! mX3 ) =1, II—gray (nxl ! nxz ! nx3 ) J



(ne ey )& AL AT 154, 1y =

olgdA o] HiF GLCMS o] g3 Hirste 2

N(i J)

ij =
J Ll YL N(m,n)

o] F& #HOoRHE €A HAH o] 7}A

== Axgd = Qed, 2 =2elAd AREske

(Homogeneity)©| tt.

3.2 GLCM #d% 7|8 9% 179

4% el B

1
T

A

FLEZ WA/ A0, WA BF dolEst

g5 7k BT e

o]

E9 ARE ARG ZAA] Agesop dhrt 2184 A2

=5 HolE e ¥

P
T

o5
1l

o

TARE TFE %



a
c@ BT
~ N a7
o] = 1H = o -
fo y
of M =R s
o j.L Nfo 3 N o o o
@ ol W 5 U d T U 5 ol
‘Ul. ) OL < X ~ -~ fpace)
T~ doN F — 2o X o & T
S ~ fo - o7 mo Wy Bo Al mr 5 7T 5
— W oo 0 iy il LI~ BN <0
o s e i o T
s oy = ) BO e N _ | 3o 1A
c R r T w yo T R .
2o oo e zom = N o mo i L
T @ T Ao = &ox | i - il
- T3 T - bnoX R Jo U
o il r 2 H I xR o ~ ° - wr ™ B
o L&. N X of T = < S o W oo < Uk
5o o 2 o - = K v T @
5 < T v o LTz 5 T wE B
™ 2 T T o = S o o N
Tow o3 3 KR S L ey Z
xR o = o B T = o ) X w.% o
% T 0~ T m o Iy p.m J)J o|J N X oy Eﬁo R
— Lo ~ (i = s - %0 N ~ in L
o o ~ o 0 s o o7 [
= B TN > 2 E T & E -
ORI o oW oo B o Z S
mu,];:iﬂ %TE;ZZ;TT
om sl % oy ) oR o by ity ‘_ﬂﬂT ﬂl N o = o =y N
= 0 = ‘ul = o o+ B i To- e Eru E._o =
o how ° L S A > o o B °
] o5 ‘7A| ° = ey . oT ™ ° LL ar LL .
X 0 = =1 lo pl ey AW uat ey
iy - o1 o  ° 1 = B T
- 2 gy e =X - | Gz
~ 0 1 go ) T K =X o7 I ° <A ™ o
5 o= & = AT e = = o| <
nDO ‘Nﬂ Lf =0 Z_U 0 T — 0 ﬁL o ]
B! %o ™ s nX/_ ™ —_ W ™ ol ‘ | R X
nl  w® ~ ,ﬁ = NS W M_ou % M N
nonon A
5% T o o oo
W 7o w_oW r = =y 100
T % o 0
X OT ﬂ
J

37



)

ﬁo

—
fie)

s
o

+

N

™
=

I 2 2§ 329 2ol

Al 3

ﬁo

B
il

A 717

= 2

Ne] 3=

=
-

2 Wlgke 1%

A TFE FdshA 42

L=
=

B
g

qeiate] A7t AHOR A4 BE

Al
=

s

T

oy
ol

38



%o,

I8 AT Qe

5

[e)
4o o

s

S|
&

AL =&

ForA wIg 548Y, dA =

o
—

G

TFel 32

she

A7

o] &g Havt gt

bl

X

e g4dol

S

i
L

39

T &

L
i



T

|
N

o

ilf

_—

<]

ol

oM w7

1

)AO

jpace)

O

wheh A,

N
ﬁo

ol

il

GLCM Y]

st

BO
XN

ol

Aol 2717 Ak 4864

hia

st GLCM

3104 A<=

A%

g dolHe o

w9

AE o]FofAER, I

1A 2ol 7k

S

>

slo
=%

14 GLCM &A= =

A

S

o

olo

F e ol

e = o U % (homogeneity)[42]2] <

=AE

714

=
=

7

el

o] ¥

=

3R

40



(normalized inverse homogeneity) H(x)= tha3F 2o] AArgch

1
H(x) = F
(25;325;%)1_,_(1;]])2)
(10)
—~ H(x) — H,;
H(x) _ ( ) min

Hmax - Hmin

ok Aarste ALE Hx) T H2u3 JAdigks ol &3t

ArreE A 3to)tt,

41



o g oF LG =
WS TH T B =
Wos 7 =y 9
T TS o e Mo
R 5 " wrm 4 %
E I N B =
= E_l glmﬂ =
— f
T e H
S 4w oW
= mxﬂ ,M.M (i
5 o o M
B G
T g o T oo "
Mo T LI, M
MO Jh o7
o 4 T Jao 2 :
mu o \ﬁ) & ﬂﬂr
y ORI
Z & = w2
4 T D S
. Q My W Ho
O S Y (- o = ™
KA m —_ Eo OM
%o o5 = 7
g WK
W oA & ST
oo I 1o
o= o T T g
I o dp T s
) 2 R N
AO N —
“ go  Hw M ;7 o
W N ) . X
- R e

| k18T

-]

[

.H -

4 2

HOoF oy

o

)

o 7+

V(%)

<}

H(x)

-

R



(11)

~

)+ A =w)V(x)

=wH

IV (x)

i

=R

=
T

Fach well o}

S

055 o] &

Joltt. AdelM=

=X

7}

shi

A% 273

o

NI

Aol 6349 shetulE ATolN Feeeith

o]
HH

o]

o]

H, A

3|

Sl A AA

27 glomR, Aol

)
=

A= AR

-
R

1 HE

¥ g TF7F AA o s WH3e wox x| o]

s

RRIEAS

o=
AL =

4 218k 7l

54}.

A gk g, ol

Y 3]

A=19
=

o Blgke] =4 AA7E 7

1
L

EER

F=dl, v el

S

§oase XY 59

9]

th ol 9

Eis

w1 A ghofok

%

ks

;OL

A

==
"o

A olel]

43



33 &7 99 AA

o

i

)

o

Mo

)

ol

=AY AAAE

i

op)

ZTHA AL QA el

HE

at7] Sl 2

Hx]

bl
_

2] I elM = o

ojzl gk %

Aol

ol

Mo

= v

=
=

A FENA

44



B

A
k-

<1

-

R

be)

°©

S AAZOCE AH, 1 o

Ry
o

fol, 27 Fwel 2A golo] 7oz}

°©

are

=

=

71 S8l ol HAA 73

S

3 x]

o

(partial volume effect)
H,

Kol
=

ol
gV

W
ﬂl

)
g

o
iy

A

3+
ol

I (), (&), ()l

°

=

=

ek o,

=

=

g A sk

i

sl =

34 =]

S

&

S

A7 27 2 AA HEE E

%
-
)

ol
™

)

45



(d) (€) (f)

(ih)
:J_
3
B
&
e
rlo

9 34 ¥ 99 AA 71 I T 7% 54
EE dolEH. (b)) € EFS ol§S ToE 54 47 (o) 7 99
AA 7S 73 F FoE 54 23 A I¥E FRE w2 &

NN e oz AN, A YA 2oz TP

46



Sl

3} 7M=& AHES

=
&Y

il
B

—

=}
H

o|J

)

3

2] Wy AlEHeoldE AR

=4 9¥or B <

=

—_
file)

el

i

o

_ﬂyl

of ¥

}

N

oAM= Bl wE A

n g
HJ

g}, wep, &

B

o] =X

47



L
o

(12)
o Wge vhehe,

X A
=<

=

[v(e)l

Yxev(e) IV (xX)

Lr=1a+2a

o]
—

o 4.

FEOIT 1

3}
ol

ARdel gejd Ao

A 4ol

[e]
2

FE (Y 41 (@), AEH

1

=

k)

7] dolHtt 11 grow
2% 4.1 (b)) #ol x7] dojrth

-

R

%ol

hya

L, ©]
A

1

L.

=

A o A4

=]
-

z|

=

—_L
L

(e}

=K

4
e

9

H)

)
S

48



L= 1.0

L,=125
(a)

L,=0.7
(b)

T2 (12)°] wet ZA dolrh Artdn. &

ofN

TP (@9 2ol FA Aozt 1w A,
de] AZYLE (b)g 2ol FA Hol7F 1Ry Hopin,



WA, SEAY 74 oW 9 UrE Adsie o7 wE A2y

4.2(b), ()= A AA L HHE FAsHE ALE R o] AEY S0

¢

olol SHAe 7 Wef sgste Axgozy RS Jogd A, WY
ol AR oE dd BARI Wil FAMAEA AHHow HIPH
&

A

ol

o

of

747

i

2~ o = = A~
AHAE 2T 5 A

o

T OAAR, @ =9 A AR 2wF "olA ol wEE AR
©]% W(double node) A~ o] F7HEATHLH 4.2(d)). o] AT A

Aol Axglo] AUt Gelo) A Ax Axee) 47 Zojd @

o

lo
l
o
{0,
i,
)
©
[
I
o
flo
)
D)
o
o
{0,
b

E 3 =4 dAE d9dEH =

e WA, Ao or 2 5531 A BAZE 27] el wstst

50



b @ P
o <
g R A £
1'_1__1--"

® @ (d)

w3 7bA melaol @ x7lo] AA £tk obiy BE wWHo| o
ofuttiets, AA BF dolHd AFAE FHSHE ol We WA

© ¢ "} olFo] HEHA ¢kow dHolHE AA JuE AFE 7 3l

N

| ool
o1



i, =8 dlolele] 7Hdate el 914

2] 3]

=
=

o]

%

7} @] A5 (degree of freedom)oll =<k

= 8719

[<]

LA

S

o HA A

DoF=1% &

o|J
il
]
H

1))

=0).

stth (DoF

o}o}

o}
=<3

—

0

i
T

al

RS
e

|

w 29 DoFE 7}

o]
o

]

ol

=
-

ATk 1714

X
=

T

—_
110

M

~
o

ol
ol
ar

)
~~

WRow AEYelds

| —

R

7}

o

}

AR AN

i

]

o] A

w4

ok

3)

&

R
+

0

=0

52



m-—dzxi+cﬁ—zk(”x-_x.”—l )—xi—x]- =0 (13)
EE AL T
]ES]-
o] mele %7] 2] (external force)o] 091 AejZ AoHt} wieha, Al
HEyo]A oA o] AAHEL 07X %7 Axy Zo|zp HolH HXA

Aol /553 Dol e e Mol Ao Ak,

 oe=EolAe GPUS & WHEAP Jes &8sty flEl, HAA
Verlet 2+ (explicit Verlet integration) 3 [44]1S AF&3l=l, o1714

L= ARE AR AS o Erh
1
x;(t + At) = 2x;(t) — x;(t — At) +EFiAt2 (14)

Az AlEgoelde] dudd, HEd Ax == A

%
o
ne
S
4»

ATH o] xEES BF EF WYES 918 Al H(control point) 0. E X1,
LF dHolHE o] Aoy 7Foz gFsd HFHow Hydd EF U
°olH & f&Th

53



o
Tor
s
isal
il

=
o

e HoE

3 guspel o

of H

o3
=

,m.o

 ZH(trilinear

=
=

oWl 93 AT Y Ao GPU

S, o= ©

3

A5

S
=

interpolation) 4

FEglo] Fhgo] A

)

SlelA =

% Azl

F71 wolth,

10§25

K

A=

fi%e)

&

54



o

i

gale) #4 %

@ A so)=

27

th WSS 78 2394

o

A of

B

el

B

22!

X
=

] gk

e

g Aol 9

-
T

l

SE

gl

LA

9]

(barycentric coordinate) = 3%

A5

b @l @719 AR Feol

T

=
=

n=n
=

=59

Gl

o|J
Tor

p=h
=

= o8 7o Aol

| (basis position) = 7 2] &

R

A5A 2 714 9

olo

Aol del A

o

ke Sl

=
=

wel 9% W HolE TE

HEZ Qropd 4= gl

=Ag

3

]

Z

A7 p ol

=

KR
o

A pell ol

50



o,

]

wow e A 4

A

sampled result

|

sampling position

O

defdrmed position table

P'=T(P)

O

)
~7

Q

(_','

deformed address

original address

el

o fiAlel sigets =

o]

B =
=8

2]

ol

L —
R

T Bax vz JeE GPUol A A

p=h
=

gl o]

gk

ofi

o g 55 999 == AR VA1

-—

THAA At ol 8, v

el
=

kA, =2 FNA] A3 (cache coherency)

56



o7

= glofel e ol

OJ‘I:.
o

.

S e ik



5% A R 23

of ol & ArellM AT V1Yo Ao EA R A ¥ Intel i7
267 GHz Z=Z A4} 8GB] F WlZe]E 7Hxl H2=iF AJAFAM 3
St GPUZIRE 7 Bl ZRAEHE flel] 1.5GB] ZLeE s v Re] )

Z= nvidia GeForce 480GTX 1#¥ R EZE AFE-3}9 )

Ak FEFS o Ak XA Az 2GS dolHolv As BTl
%01]/“1 Xﬂ?l':l' Hohﬁ(RProposed)ﬂ]', 'H'?t_]! D]'%}\g%%] Hohﬁ(RDS), lﬂﬂ LOD

7IMEe] tEald s obE IR Rwe)[45] #He] vl E F3l o] Fol Fth

58



3 51 AF toly A

ERE ERIERES 2= 5
Bored metal 512x512%x512 26%26%26
Gas governor 976x976%320 49%x49x17
Gas governor (HE) 976x976x320 49%x49x17
Engine block 672x672x960 34x34x48
Engine block 2 976x976%984 34x34x35
Piston 688x688%x970 35%35%49

59



51 3+ 7}

o ko o
o Nr c
i N ) i
of H wh = il ; g
T N w3 wm : -
5 o T o wt i o :
25 e 7 s v K ~
B < . © _ s - >
: ; > T © B Mo B
& o — Mo RS W f
¥ n ~ x :
% m _% TR B m. o] ma
o g # N - . - ;
o o = . ! ; _
—_— ~ [) ) L\_ > EE :
I B T & X 2) mm = § E
TR m0 mo ﬂl Al B 2 ; M 7 :
wa : - b 2 % m]ﬂ oy i R
X —_— = i % il : C
nﬁ JX| MM w ; ; Z i Mo w
_O . R : "o ‘_LI
A B o ma oF »o oﬂv
ToE o N B oE A
row S q o B | @ : o
~ M uy K E of W < : .
N 7 ﬂlu._ zT ~~ HL ﬁA ,C 5 m.h
mo N m o o T P o 5
_.ﬁ o - LT E] olJ Lt Z | H .
oj o 5 <=y R0 E = % - o
- S o R 5 < = u
t g : W % xM % Zo 4 o ®
ol : : |
= S ,1% B wa Mr ]u g fp A [ T
- WH . ; L n 0 oy S o Gl o
: % 1‘__ N 1+ ,NrL o e )
; Mn.\ i i _.D. BT H_T Mo ™o C-3 =
S o O mm T A} i zx
x = i o o5 T 5 :
oj _foT, ™ > LMo N R o oﬂvT_ b Mﬂ
o B % " - > ﬂo
- oo
R
53 o|

60



(b)

(d) (€) U

1% 51 #Z& F2 Aslo] 9l Gasgovernor] WG ® A3t Ak (a)(d)

% %%’ ]3]0] Ei(b)(e) %C E}%Agg‘% 7]@(RDS) (C)(f) Z‘ﬂ?l‘ Ho]—]ﬁ(RProposed)-

_l

61



(©)

(b)

(@)

3

A dlolEle ALy Az

%] (RDS)- (C) Xﬂ QF HOL@(RProposed)-

=
=

dlolE. (b) T theA3

< Al

19 5.3

=8

TR R

KR
.

BolFes Ad difolvh Al

Al S
=

3

By
=

gl

A

1/32 A7 =

S
=

1A 25, 1/64 3719 2@A EF50 2 YT, AA

=H, U8 A7]°

2]

B A7 9 259 13271

=k
=

s

gk A 3ol A

&

bleh ()9 TE-slRE Sl e A

S

pES

A

d

6 2



(b)

(@)

9 53 vs-aid e 7Rk b Ik Ay g vl
7]@(RMR)- (C) Zﬂ(ﬂ' Hc}]g (RProposed)-

dlolel. (b) HE-a A 7]

s slstel, Ak W B b A
A e B9 2719 2
AelA Adetn Ay Ao e A4

6 3

i
of
o
o
i
]
L
=
O:

(©)

SO



Ao A AR Al HiE AT B (RMS difference) ato] 4 2] = of
2T} Ros, Rvr, Reroposes 2 37 RMSDZES 717} 193.3, 92,6, 76.1%, ©H<= tf
- AEE WY, gl E B, Al U AR o] Yol = s

gald = STk ol Fall, v F el mla Al B AH

¥ 52 7I'HE Al B Alw Ax (RMSD)
R[)s RMR RProposed
Bored metal 152.9 72.4 52.1
Gas governor 242.3 78.0 64.7
Engine block 175.7 91.3 79.5
Piston 202.1 128.5 108.0
6 4



dAe] Igel - Alztel of

I A1ZFE 0.138% 21 th Wang [16]9] R 422 Al

3L
[¢]

EeR]

I

7g

N

H
o3

i
—_

N
,_M:mo

T

=1

1
L.

= o)tk Al W o A

|&

A

btk

Niteration = 1000

(9)

or,max(g) < 0.5

Niteration 'ST }\] g‘ Eﬂ o] /?ﬂ_ 3] H

o

)

ol
K

)

—_
fite)

bl
0

ol

o #kol 05 24 o]steb

6 5



S|
=

2 et o] BELE 22

=

34.0

3

A el

HEE 74| 3}

5
T

%

i

N

}

oA Al

s

i

B

flovh, AHEAE EF

S|
|

[¢]

= Wang[16]2] ®]A

o] AlZto]l 29 H

)2)1—

(e}

_?4

e

ol

jisal

MR B
Y B

0.097 28.2

26x26x%26
49x49x17

Bored metal

32.3

0.140
0.155
0.155
0.311

Gas governor

37.2

49%x49x17

Gas governor (HE)

37.2

34x34x48
34x34x35

Engine block

67.7

Engine block 2

0.161 38.1

35x35x49

Piston

6 6



‘ot A elA

0

Aol 289 Al

]
=

3l Al

=
=

o}
H

54+

22!

57

[}

AHS

[e)

=

gt 71%

=
)

=

=

T

SH(ERT) Y o

=

o

B

)
e

el

1<l Th 1024%1024 =1.7) 2] A3}

e Ags

=
T

Rl

GPU 7|¥F

g doltt. 1/6472

TR 444

o 3% 3

=8

A

o|J
N

M
,_.MO

w

dlel 4

|

YA
=

AT

— -

=

26.8

Pz YERsith

Ay

AA7L A6l o] o]

=

1

o
H

°] A% 252

=
=

=

X
=

Ay e 7ol A

Hole & AHg

| —

A, ol @ v AEW Aol HE oF 4~9%9]

=
=

1 ol 4]

1/64 =
HO]—

(ﬂ_

ot

|

A

g
s

)

JJo

—_—

0

olo
B

—_
fite)

=1]]

67

dl,

1

T

Ph et

°©

A

AT
—_ -

gl A AdFEo] SobA 7] Wil

S

1

12~22%2]
Ql

=



%54 AUY A2 A7F (1024x1024 G4, 2 ZHY F)

a2 1/64 =5 /64 =5  1/64 =%

(Ros) (Reroposea) (Rwmr)
Bored metal 8.29 52.58 50.28 44.76
Gas governor 4.61 25.25 23.04 20.57
Gas governor (HE) 4.58 25.62 23.18 16.94
Engine block 3.62 21.19 20.73 18.84
Engine block 2 2.62 19.44 18.68 17.08
Piston 2.94 16.99 15.22 15.22

6 8



5.3 IZHr|E A+

349 L% 54 BAel ofe FRE wehuE Sl o] gLk o A

oAM= o] ety gro]l Aatell ofH F&FE mA=A A datel of

U

rr
ro

1 =3

19 547 GLCM Aol wet 23kl ol GLCM #d = 574 2

3 gl @A Gepi AE molzth EAY A% e

o
=z
El
2

= AGES A9 #el B flol & x¥H= AE & 5 3

o

A LS

wo Agor BAR A 277 A3 BE

e

fol
ol
o%
flo
ol

Al W AL A7 2u 321 Afole HolA ¢ Ae B

b
32

69

.-':r-\.\.ﬁ-! _R:JI_ '|_'H 0

3



() (d)

1% 54 GLCM Age] W& GLCM #U % =429 vl (a) 94
(b)d=1.(c)d=2.(d)d=3.

ke

55 = ©o] HolHz &F WEs Fdq& Ayt dap el
RMSD & T8 wluwdt Aoy 47| A7k 1 4 gl 718 2

TE Aol 24 Aot e As g+ ook

70



¥ 55GLCM 7 g e u}& RMSD H] L

d=1 d=2 d=3

Bored metal 52.1 54.8 54.1
Gas governor 64.7 68.9 69.3
Gas governor (HE) 59.3 62.8 61.9
Engine block 79.5 83.1 82.2
Engine block 2 86.5 90.3 911
Piston 108.0 121.4 127.2

ol HlEE WA E st ZheAolth wrk 05 o]l A, g
Ao GLCM 7IHt TA%
ol 57 Ha, AAH Sl 13 wAEAZR vk ke dEFHol

AAA Bk wrk 0591 B 7 Fol 22 HEE Tk W HEh

[

o
ol

ol

rlr
NS
of\
N
=

1o
'
s
<
=
(it
2
nj
o
b
&
=
=
of\
ko
bt
)
Hi
flo
o

ZHo7 Ayl £ AS B 4 Qi Gas governor H|o]E 2] A=
=0.2%1 752} w=0.5%1 A-F-7F Bl w=0.8Q1 A F-& o] ol ¥



A

w=0.8

0.2

w:

=
~—

(b)

H] . (a) Bored metal. (b) Gas

governor.

o} 7]

i, dA=z A

3

72

LG



ol T2 F9= & At s FaL At WG E T A F o
H =2A F7Ee selth of ¥y i 5600 FelEo] ot vlolE el

et gre] Aol glo

e ol e &l o stk

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Bored metal 2.89 2.93 3.11 3.25 2.71 227 | 1.92
Gas governor 2.82 2.83 2.90 2.84 2.13 156 | 1.55
Gas governor (HE) | 2.89 3.04 2.98 2.75 1.88 174 | 1.40
Engine block 2.16 2.41 2.88 2.34 2.58 188 | 1.29
Engine block 2 1.98 2.19 2.33 2.32 1.59 1.24 | 1.10
Piston 3.01 2.98 3.07 3.10 3.03 214 | 242

73



64 A&

bof 21

S

=
=

o}
H

o=

a4

3xkel Ay CT 94 dlolH &

oAM=

=

dloJE el A o

=
=

] GLCM El A%

3|

=

gl

g 3%

o AR

ofi

2 7]

i

JJJ
Ny

ol

W

=
;onﬂ
J)
—
10

\ao

iy

Gl

o

fie)
0
o
ol
™

)

ofi

74



7oA dofrt=

=
=

i

o}
H

Z3] 7]&< LOD 7|wt

=
=

7g ol 4]

Ar

2z}

5

;0,._

=

,_Ir,ﬂ
)

o

i

[e;

AH5de AAGeEN A3t

)

o]

=
=

o oy A%

R

el
Ton

D 7]

ks
R

43 LO

9

=

B-
o

o

sl 717k, A A

3

dlol ]

s

q2lel sl

Z

A

e

oA dloly 4=

np

i
4r

=0

&+
o]

,mmo
il
=h

o
oW

!

dolg A71E &°l= Hl AHE

b gl

5|
Rl

=
[¢)

A 7E 7+

=
=

webd AAzRO R ¢

_Zrl

)

)



76

: .--‘: "’H %EH ﬁ‘l.].j?—

SECRIL WanCsAaL |INMVERSTY



[1]

[2]

3]

[4]

5]

[6]

R. Krupka, T. Waltz, and A. Ettemeyer, "Industrial applications of shearography
for inspections of aircraft components,” in Proceedings of SPIE, 2003, pp. 637-
642.

N. Wylie, S. R. Wylie, J. D. Cullen, M. Al-Jader, A. I. Al-Shamma'a, and A.
Shaw, "NDE system for the quality control of spot welding in the automotive
industry," in Sensors Applications Symposium (SAS), 2010 IEEE, 2010, pp. 73-
78.

R. Hanke, T. Fuchs, and N. Uhlmann, "X-ray based methods for non-destructive
testing and material characterization," Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, vol. 591, pp. 14-18, 2008.

F. Xu and K. Mueller, "Accelerating popular tomographic reconstruction
algorithms on commaodity PC graphics hardware,” Nuclear Science, IEEE
Transactions on, vol. 52, pp. 654-663, 2005.

M.-C. Lee, W.-T. Chen, C.-T. Lin, M.-H. Yang, and J.-Y. Lai, "Detection of
micro defects in 3dic packages by means of non-destructive 3D X-ray," in
Microsystems, Packaging, Assembly and Circuits Technology Conference
(IMPACT), 2012 7th International, 2012, pp. 209-211.

Y. Li, Y. Cai, M. Pacheco, R. C. Dias, and D. Goyal, "Non destructive failure
77



[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

analysis of 3D electronic packages using both Electro Optical Terahertz Pulse
Reflectometry and 3D X-ray Computed Tomography," in Istfa 2012:
Conference Proceedings from the 38th International Symposium for Testing and
Failure Analysis, 2012, p. 95.

S. Ganapathy and T. Dennehy, "A new general triangulation method for planar
contours,” ACM Siggraph Computer Graphics, vol. 16, pp. 69-75, 1982.

H. Hoppe, "Progressive meshes,"” in Proceedings of the 23rd annual conference
on Computer graphics and interactive techniques, 1996, pp. 99-108.

M. Garland and P. S. Heckbert, "Surface simplification using quadric error
metrics,” in Proceedings of the 24th annual conference on Computer graphics
and interactive techniques, 1997, pp. 209-216.

W. E. Lorensen and H. E. Cline, "Marching cubes: A high resolution 3D surface
construction algorithm," in ACM Siggraph Computer Graphics, 1987, pp. 163-
169.

L. Westover, "Footprint evaluation for volume rendering," in ACM Siggraph
Computer Graphics, 1990, pp. 367-376.

M. Levoy, "Display of surfaces from volume data," Computer Graphics and
Applications, IEEE, vol. 8, pp. 29-37, 1988.

R. A. Drebin, L. Carpenter, and P. Hanrahan, "Volume rendering,” in ACM
Siggraph Computer Graphics, 1988, pp. 65-74.

J. F. Blinn, "A generalization of algebraic surface drawing," ACM Transactions
on Graphics (TOG), vol. 1, pp. 235-256, 1982.

J. T. Kajiya and B. P. Von Herzen, "Ray tracing volume densities," in ACM
SIGGRAPH Computer Graphics, 1984, pp. 165-174.

78



[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

H. Hege, T. Hoherer, and D. Stalling, "*Volume Rendering,"” 1994.

P. Ning and L. Hesselink, "Vector quantization for volume rendering," in
Proceedings of the 1992 workshop on Volume visualization, 1992, pp. 69-74.
S. Dunne, S. Napel, and B. Rutt, "Fast reprojection of volume data,” in
Visualization in Biomedical Computing, 1990., Proceedings of the First
Conference on, 1990, pp. 11-18.

M. Levoy, "Volume rendering using the Fourier projection-slice theorem,"” in
Proceedings of the conference on Graphics interface'92, 1992, pp. 61-69.

B. L. Yeo and B. Liu, "Volume rendering of DCT-based compressed 3D scalar
data,” Visualization and Computer Graphics, IEEE Transactions on, vol. 1, pp.
29-43, 1995.

S. Muraki, "Volume data and wavelet transforms,”" IEEE Computer Graphics
and Applications, vol. 13, pp. 50-56, 1993.

T. Kim and Y. Shin, "An efficient wavelet-based compression method for
volume rendering," in Computer Graphics and Applications, 1999. Proceedings.
Seventh Pacific Conference on, 1999, pp. 147-156.

M. H. Ghavamnia and X. D. Yang, "Direct rendering of laplacian pyramid
compressed volume data,” in Proceedings of the 6th conference on
Visualization'95, 1995, p. 192.

J. Wilhelms and A. Van Gelder, "Multi-dimensional trees for controlled volume
rendering and compression,” in Proceedings of the 1994 symposium on Volume
visualization, 1994, pp. 27-34.

S. Guthe, M. Wand, J. Gonser, and W. StraRer, "Interactive rendering of large
volume data sets," in Visualization, 2002. VIS 2002. IEEE, 2002, pp. 53-60.

79



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

M. Weiler, R. Westermann, C. Hansen, K. Zimmermann, and T. Ertl, "Level-of-
detail volume rendering via 3D textures," in Proceedings of the 2000 IEEE
symposium on Volume visualization, 2000, pp. 7-13.

P. Ljung, C. Lundstrém, and A. Ynnerman, "Multiresolution interblock
interpolation in direct volume rendering,” in Proceedings of the Eighth Joint

Eurographics/IEEE VGTC conference on Visualization 2006, pp. 259-266.

Y. S. Wang, C. Wang, T. Y. Lee, and K. L. Ma, "Feature-preserving volume data
reduction and focus+ context visualization,” Visualization and Computer
Graphics, IEEE Transactions on, vol. 17, pp. 171-181, 2011.

Y. S. Wang, T. Y. Lee, and C. L. Tai, "Focus+ context visualization with
distortion minimization," Visualization and Computer Graphics, IEEE
Transactions on, vol. 14, pp. 1731-1738, 2008.

D. Terzopoulos, J. Platt, A. Barr, and K. Fleischer, "Elastically deformable
models,” in ACM Siggraph Computer Graphics, 1987, pp. 205-214.

J. E. Chadwick, D. R. Haumann, and R. E. Parent, "Layered construction for
deformable animated characters," in ACM Siggraph Computer Graphics, 1989,
pp. 243-252.

A. Rasmusson, J. Mosegaard, and T. Sangild, "Exploring parallel algorithms for
volumetric mass-spring-damper models in cuda," in Biomedical Simulation, ed:
Springer, 2008, pp. 49-58.

X. Provot, "Deformation constraints in a mass-spring model to describe rigid
cloth behaviour," in Graphics interface, 1995, pp. 147-147.

L. P. Nedel and D. Thalmann, "Real time muscle deformations using mass-

spring systems,™ in Computer Graphics International, 1998. Proceedings, 1998,

80



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

pp. 156-165.
U. Kihnapfel, B. Neisius, H. Krumm, and M. Hibner, "CAD-based simulation
and modelling for endoscopic surgery,” Proceedings SMIT, vol. 94, pp. 1-4,
1994.

B. A. Lloyd, G. Székely, and M. Harders, "ldentification of spring parameters
for deformable object simulation," Visualization and Computer Graphics, IEEE
Transactions on, vol. 13, pp. 1081-1094, 2007.

G. San-Vicente, I. Aguinaga, and J. T. Celigueta, "Cubical Mass-Spring Model
Design Based on a Tensile Deformation Test and Nonlinear Material Model,"
Visualization and Computer Graphics, IEEE Transactions on, vol. 18, pp. 228-
241, 2012.

R. Huang, K.-L. Ma, P. McCormick, and W. Ward, "Visualizing industrial CT
volume data for nondestructive testing applications,” in Proceedings of the 14th
IEEE Visualization 2003 (V1S'03), 2003, p. 72.

M. Hadwiger, F. Laura, C. Rezk-Salama, T. Hollt, G. Geier, and T. Pabel,
"Interactive volume exploration for feature detection and quantification in
industrial CT data," Visualization and Computer Graphics, IEEE Transactions
on, vol. 14, pp. 1507-1514, 2008.

S. Frey and T. Ertl, "Accelerating Raycasting Utilizing Volume Segmentation
of Industrial CT Data," in TPCG, 2009, pp. 33-40.

S. Park, B. Kim, J. Lee, J. M. Goo, and Y.-G. Shin, "GGO nodule volume-
preserving nonrigid lung registration using GLCM texture analysis,"
Biomedical Engineering, IEEE Transactions on, vol. 58, pp. 2885-2894, 2011.

R. M. Haralick, K. Shanmugam, and I. H. Dinstein, "Textural features for image

81



[43]

[44]

[45]

classification,” Systems, Man and Cybernetics, IEEE Transactions on, pp. 610-
621, 1973.

E. LaMar, B. Hamann, and K. I. Joy, "Multiresolution techniques for interactive
texture-based volume visualization,” in Proceedings of the conference on
Visualization'99, 1999, pp. 355-361.

L. Verlet, "Computer” experiments™" on classical fluids. . Thermodynamical
properties of Lennard-Jones molecules," Physical review, vol. 159, p. 98, 1967.
I. Boada, I. Navazo, and R. Scopigno, "Multiresolution volume visualization

with a texture-based octree,” The visual computer, vol. 17, pp. 185-197, 2001.

8 2



Abstract

Non-destructive testing is a method which examines the internal structures of
industrial components such as various machine parts without dissecting them.
Recently, 3D CT based analysis enables more accurate inspection than traditional X-
ray based tests. However, manipulating volumetric data acquired by CT is still
challenging due to its huge size of the volume data. This dissertation proposes a novel
method that reduces the size of 3D volume data while preserving important features
in the data. Our method quantifies the importance of features in the 3D data based on
gray level co-occurrence matrix (GLCM) texture analysis and represents the volume
data using a simple mass-spring model. According to the measured importance value,
blocks containing important features expand while other blocks shrink. After
deformation, small features are exaggerated on deformed volume space, and more
likely to survive during the uniform volume reduction. Experimental results showed
that our method well preserved the small features of the original volume data during
the reduction without any artifact comparing with the previous methods. Although

additional inverse deformation process was required for the rendering of the deformed
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volume data, the rendering speed of the deformed volume data was much faster than

that of the original volume data.

keywords : Computed Tomography (CT), Volume Data Reduction, Gray Level Co-

occurrence Matrix, Importance-based Feature Preservation, Mass-spring Model

student number : 2005-21318
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