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Abstract

According to statistics, more than 85% of the failure of various parts is caused by
the fatigue fracture of materials, and the fatigue life analysis of workpieces has always
been a hot research object. At present, the general method is using the finite element
analysis technology to analyze the crack growth of the workpiece with cracks, and then
calculate its growth life. It’s an important step that providing accurate shape and position
data of the crack in the finite element analysis. In the conventional non-destructive testing,
high-resolution Industrial CT is the only technique that can be used for the three-
dimensional imaging analysis of the internal fatigue crack of the workpiece, and then
obtain the detailed shape and position information of the crack. However, how to use the
extracted crack data to make it applicable to three-dimensional finite element analysis of
crack growth, there is no good technical scheme.

Based on the slice image of industrial CT, this thesis designs a method to
automatically extract the crack defects from the 3D volume data, and proposes a method
to obtain the non volume crack growth front edge based on the crack defect point cloud,
and then imports the extracted crack front edge data into the crack growth finite element
analysis for crack growth analysis, and calculates the crack growth life. The main research
results of this thesis are as follows:

(D In the aspect of crack defect extraction, the traditional CV model is extended from
two-dimensional to three-dimensional, so that it can directly segment the three-
dimensional volume data of industrial CT, and then a method based on the size of
connected area is proposed to automatically determine the defect area. This method can
automatically identify and locate the internal defects of the workpiece, and then
automatically calculate the surface area, volume of the defects and the overall surface,
volume ratio of the workpiece. That can provides the basis for defect grade judgment.

(2 Aiming at the problem of interaction between crack defect data and finite element
software, a parameterization method based on crack defect point cloud is proposed.
Firstly, an ellipsoid is used to fit the crack defect point cloud data, and a smooth ellipsoid
is obtained. Then, a space plane intersects the ellipsoid. Finally, the space smooth
intersection line can be approximately replaced by the crack propagation front, so that the
finite element analysis of crack growth will reduce the numerical error.
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® In view of the inconsistency between the crack defect data and the CAD model
coordinate system, the automatic registration method of 3D reconstruction point cloud
and CAD model is studied. The experiment shows that the combination of rough
registration and fine registration can automatically register the crack parameters and CAD
model to the same coordinate system, which is preparation for the crack parameters to be
imported into the finite element analysis.

@ Finally, based on the registered crack parameter coordinates and CAD model, the
crack parameters are imported into FRANC3D to complete the crack growth analysis,
which verifies the feasibility of this technical route.

This technique has been successfully applied to the safety assessment of a key
component. By using the high-resolution characteristics of industrial CT to provide
accurate initial crack location and size parameters for the finite element analysis of crack
growth, the crack growth life obtained by the finite element analysis is more accurate and
credible.

Keywords: Industrial CT; CV model; Crack extraction; Crack propagation
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Fig2.2 Normal curvature force
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V= [max(Ax¢i”.,0)2 +min (A;qj,o)z + max(A;qi,’j,O)2 +min (AMJ,O)Z}Z
(211)
V= [min (A;qj,o)"' + max(Am’j,O)2 +min (A;qﬁh,o)2 + max(A;gzi,]j,O)2 }2

A TN TTRER(2.10), AT DURIE A WRE AR EHK-F AR, 8 BEA
A EGE T s, hZ AL, RISER T &R &

2.4 CV 1&#Y

MR R B AN A AT DA T LRI SG sh A BR A AL 20 e 28 . 2 T 10 G A 2 T X S8 v
SACEIREAY,  HT A % 3% BT (Geodesic Active Contours GAC) i A1S],
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W, HEeEREERRUT:
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F(C,c,,c,)=u Length (C)+v Area (in(C))
+ /11[. |u —c,["dxdy + /12_[ |u —c,["dxdy

Horb pv, 2, 2, 2 S BlRe = IRCE 5240, C,C, % %U%T/ﬁ%ﬁﬂ@%?\]nﬂ*ﬂ?l‘nﬂﬂ’]
1R K THIME, Length(C) R ik 1k #1220 K B /R T A e, Avea (in (C)) B3R
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1 SR B gy B S A
F(C)+F,(C)= Ln(C)|u —c1|2dxdy + jout(c)|u —cz|2dxdy (2.14)

Il 2.5 s, AEBEALHTZe 203K H AR SN, Ja IR EUE B/ .
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25 F(C),F,(C) fTEARF{r & i HE
Fig2.5 Values of F,(C),F,(C) in different positions

(2.13)
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90 [ R e e A i 2 ] T
H)=1- 220 2.15
(2)= 0 z<0 (2.15)
0(z)= i H(z) (2.16)

Hort z > 0 R £ B T 28 P z<0i%/TEﬂl7HH%%%nB A fERIZ B
(2.13) " < E TR T AR I AT A eSS 0 .

Length(C) = Length{p =0}= | VH(¢)|dxdy = [ 5(4)|Vgldxdy  (2.17)

Area (in(C)) = Area (4>0)= j H (¢)dxdy (2.18)
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F (¢, ) = uf_H(@(x, y))dxdy
+V[ S(p(x y) | V(x )| dxdy
+ 2] _|u0xy)—c, H(g(x, y))dxdy
+ [ U0 y)—c,[ (0= H (#(x, y)))dxdy
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, ,y))dxd
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5.(2) =ﬁ (2.24)
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FIHKFEIERFRIEA(2.22), X HBHE—THES TR
o ( gt
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Jvﬂi\luclfmz\l”czf (2.27)

JCHh U R e
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o =Vp— dlv[| ¢J dIV|:(1 IV¢IJV4 (2.29)
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Fig2.6 Flow chart of level set evolution
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Fig2.7 Experimental results of adding salt and pepper noise
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Fig2.8 Experimental results of adding Gaussian noise
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Fig2.9 The influence of different £ values on recognition effect
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Fig3.1 2D CT slice segmentation (left) and 3D volume data segmentation (right)
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Hrb Area(C) Fan itk M R AR,  Volume (C) R iE Ak il i el 1 /4R AR .
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c, = jQ 1(x, Y, z)(1— H (#))dxdydz / jQ (1— H (#))dxdydz (3.5)

A (3.1) AT LS A
F(C.c.¢,)=uf 5(4)| V| dxdydz+v| H(#)dxdydz
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N8, (8 )+ (A, ) + ¢

(3.10)

Hp At 2D K, kK RRB LRI K, 6", R n 120K 4 8 2
(i, j,K) EREUE, AL A AP RIRGRETA, JRIAS O ZESE T, BRI

i i,k ZW’AT;Q,LK :w’Aiﬁ,j,k :%

AL :qu—w,M » :wﬂ » :% (3.11)
2 Gik =Pk o Biva—Pix e A S
=T A =TT AT = T

AT =4 CV BRI B HOEK AR At iT LU T g P2 5K SE P06 = 4E RS0 1)
Gy, AIAERAT S0 2 BT DB R — T S 4RSS E I RO, BOAAET
TYETE DL AL H 2R KR R S A, I BB REIR A S E k. £ =
YA TP B VR, B F R R sl R 5EBO (Marching Cubes, MC) , B
A AENS FFATIC AL i R ok, R PAse =4 E g, 58] TR ABRIG
) = 2 s

3.3MC E#ENAE
MC B 2 7 = 4 B HOEE 37 v S B S (S T O 22 g vk, B4 7 Toll CT A%k
AR A, IR EE AR S, SRR ROR A S, AR EE A T
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HPRR A AR S

A CT Ul G =4e i, #£ MC Hikr, W% O D IR ME AR oA IS E
Ifff o

Tolk CT BBl & B — R 5 CT Pl HES e, BV BB
S, Ul Z AR ) BE AR 55, = HEAKEE w07 06t AN SRR, A 3.2 By
o

FktEWE BB
(i, j*1, k+1)/ | (i+1, j+1 k+1)
@i, ], k+1 i+1/), k+1)!
(iR G LK KRR E R

ik @10k

K 3.2 iR E Rl

Fig. 3.2 Diagram of volume data

AR B — AMATT AT 7T, W 3.3 PR

3.3 Ryt

Fig. 3.3 Diagram of Volume element

WUE RTS8 AT (RERAD , BATER M — Mot A SEE
T, ESEs S E I A - BRYE ZEE M ARG ) » AR5 IR AMECRE
AR 7 KT ZEAVNFZE MR, IR iEan CRFisid 1, A Fhsid 0
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I b PR 2L TR Ros KT EEIME TR, DT ZER TR E t, A5
1 AT RARIC A, WRIRX b b S E A 2 R, AL E W] DS 4t
SRR H -

=2 (3.12)

Hop | RS fif B Wi a (EE A, u Ronfa @ A EmAIE, 1, &R KTHE
u IR RE, 1, R DT EY TR & R E.

ZAER AT ORI e 5 E T A =, R R 58 R i DL I AN [ it ] A
A R ST . BT A ORI T 1A R /T LA™ A2 2°=256 T AN ]
S5 R, (H R TT T A e AR AT I AN AR, P DART AZE 2] 15 F, i 3.4
B

3.4 15 AT E TR

Fig. 3.4 15 isosurface states of voxels

MC FIEACRT BLTH SR BB T 5 B A TT I AL s AL L, 3BT RATHBEAE R 6
FEAE, ARSI h .

[S(XM,yj,zk)—s(xi_l,yj,zk)}/2Ax

[s(xi,yj+1,zk)—s(xi,yj_l,zk)}IZAy (3.13)
H, :[s(xi, yj,zk+1)—s(xi,yj,zk_l)}/ZAz

FetyE O BT X, y, 2 5 A BB AR, HhAx, Ay, Az 2P K,

PR REARYE (3.12) AT BAUH S &8 58 rd O BB LA, BBl T LATH S5 = A i 0k
Ko, FETFENLEGR LR ot il OSBRI B s

Hx
Hy
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2i b K45 —"F Marching Cubes #y2: 1) HAK L 3§ .

© FEARAD A Sk g i 255 Al il T & 51 4G

@ R PIREE G A TG, MR R ME R AT D, 45 B RAA TG
EGIETRER

@) IR T R E XS AR TCIIRES s

@ XAEETAZ AT, R EGL2)M AT B S E

® e MRTI S 2 5 K ORI A A i, 93 = A1 s

©® EHLRQ—O6), HEWEA&EIT;

@ I JE RIS B0 =M AR B AT S M o, BE BH
AT = 4E R .

3.4 =% CV RE FanR A T HHIPEFESLIE

AR ELIIBAT B IRE (2612 Intel(R) i7-7700HQ. F-45 2.80GHz. W17 24G,
AT G python3.6, Frfli FHIIZEEEA : VTK. Numpy. OpenCV.

Hr OpenCV ATV 5 4 F e BRI FAL #E, Numpy H TSk iR s 55
FEHEAZ ., VTK H TR R e AR5 B

SIS ARG TR R : OMGER XY P I AR N AE, 193] =4 5dE; @i
BU 1,v, A, A, ot S BVIGEE, W€ = 4EKCPEERBIVIMAE; @il Bk
R ARAWHIERIK PR, BHIEEFL &M QBB A, £/ MC &
AT KR EREEM )RR, ORGIRIFH MC BIEE #1531 = 4:59E,
DX s 2 T

e AN R N I R SIHLI = e R AT 525G, SR —4E CV 5
RO RS, JFRE R R A IR R RE J), SRS gh SR ani& 3.5 Fros.
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3 B =2 CV A B S IRIUCTAE A BB

WIUHIKT-4E 60 IEAR 120 KIEAR 180 KIEAR 240 KIEAR

T 3 )
e 4 o
300 IEAR 360 IEAR 420 IEAR

540 IEAR

3.5 =4 CV BRI 2

Fig3.5 The evolution process of three-dimensional CV model

I, B A WA KT B BB — L LT A, KA R U ) YR A 2
KIG I %%, T &I MM A, T8 K 2 Hh s 26 B T 22 1) b AR T
NP, BB AR AR KR, &G 540 YO K T R AL
SKE > FIH bR A%, 19310 = 4EBY 5 SRt B — 80, J0E 7 =4 CV BAL
B3R EE ST

I HAF B =R B R TR ARIE I, X FZEH D) T A @) R AR,
BRI Ay B /A HE THT P 2 T AR 0l 2= A 45l T B g, Rk T b 49 =4k CV By
HA—ERPieEEe ).

[FIFEHE, 2 7 IE =4k CV BB (TR RE 77, FRATTA 95T N R Mk 7 0 vy i g
BTN 75 () = MRSl BB MC S0 AT S5 TR A, e A R R &
3.6 s
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JiZE9 0.1 fy e s s 109 FAH A e A

K 3.6 IHAMERE 5] MC S R I
Fig3.6 MC extraction result graph after adding noise

INTT 2209 0.1 (1 1 Wi 75 J5 (1) CV B8 Ak SE B AR an i 3.7 P

AL GYISEE S

SR RS
e S
¢ 42

2000 YKIEAR 2400 YKIEAR 2800 YKI%EAR 3200 KIEAR 3600 AR

K 3.7 TN s e A ) =4 CV B A s AL 2

Fig3.7 Evolution process of three-dimensional CV model with Gaussian noise

I 10%IHRER A5 Ja CV R R AL s 06 R R ] 3.8 s
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VIUHKF-4E 300 Yi%EAR 600 7I%EAR 900 Ki%EAR

1800 I%EAY 2100 I%EAR 2400 I%EAR 2700 I%EAR
K 3.8 N AL ERME R (K =4 CV FE R AL IR

Fig3.8 Evolution process of three-dimensional CV model with Pepper noise

B e K AN IR P RTNME 75 5 1Y) CV AR AL 45 RN b, Gl 3.9 B

AR T Y e 7

K 3.9 PUMeESels 45 R L]

Fig3.9 Comparison of noise resistance test results

MEEE X EEE T DL, IS J5 =48 CV BB AR B U H R S HLI
SRERECRR, RRELERE AANMAEAT ITFE EEA R, LR =4 CV R FIFE AT — € It
WERET). IERTLLE Y CV AU ER M P I RBURRE I R T e s, X2 T
CV BRI T X I AL O SR A, AR ER R A 0 DX AR SR ME I T BE K 4R 1T e
TR RN, 2 KRR R (T A L, Bk AR AL

b SER B R BN BT R, R I EEAT A RSO SR, 1SR R
S AN ROEREE R BAE R, SEIRRCR WA 3.10 Fios.
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L9

VIUEK T4 40 IEAR 80 IEAR 120 RIEAR 160 KIEAR

200 KIEAR 240 IEAR 280 IEAR 320 IEAR 360 IEAR

3.10 LA =4 CV BRI b 1 72

Fig3.10 Evolution process of three dimensional CV model of specimen with crack

[FIREI, KT ERBTUE AL TR, W A B =4k CV BRI ARl 21
FRGRIG, IR S R S, T A H PRI g s, e o R SRR E
AR F P ARREE . NSEIRZAIR KA, =4 CV B ARLUHER R A Y 17 [BRAE 101 Y
WIBEREUERIE, YO =4E CV BUARLE A R Y SR 1 g

F i P AR P O P A R BRFE ) CT D0 R, D IRiE =4k CV
BRSNSk e AR RE T, SEER A RN 3.11 P

Bl 3.11 ke ety () FfE <GS D
Fig3.11 Defective block test piece (left) and precombustion cylinder head (right)

BRI SRHCH K R CV BRI K48 LR ARE T, 9 7 F ISR S
SR DB R 204, 3 T ZEAEHRE #8735 EL T BB I R
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I HLRT DU A X ) e v, 1 A VTK ) vtkPolyDataConnectivityFilter() e
K, B 5 e A = A TR BIdE i ) XA R — AN, i kAR IR R Ty
TN BN S TR R 29 D A EL ST B 08 X 8, m RAA K TR e oK ) X 3 T A
JR, TR B A N BRI, SR SE R BRI LLAE (o R IR R I SR A& TN — 24
fr, HOJEE 3.12 s

3.12 GRPEFRIOIFE (LR
Fig3.12 Defect extraction and shading

T3 R o S5 T A LA B S (T i, A0 P AT R SR AT A [ R i AR
AR, NRE shiE SRR, SRIn st /AR 3.2 For.

*® 3.2 LSRR SEMR L

Table3.2 Surface area and volume proportion of workpiece defects

T2 TFmAR TR sigmil ks mRbE BRGE

JrEilffE 365690.13 13874735.85  5697.91 22852.89 1.56% 0.16%
TiMk=5s  447281.99  9358666.21 55.51 25.05 0.01% 0.0003%
BAER:  172242.01  5277491.98 7300.43 8240.51 4.24% 0.16%

3.5 KE/EE

AREWG CV RS i HET 2 =4k, JRIRUE T =4 CV BB MBTERE )T, TE5E
BT ZHEENS, N T RESEI A SR B T G, SR T R T EE X
R, e T EOEE MG S E T R G 2, T E R TR, KR
B RN E N AR B, A BN A A 3R b o FRic b R pa e, il LLAS H Bk
B BT AR AR AR 7 b, sk BSR40 E S B A .

I AT SRR T REUR PRI T AR, T —ZK R SR ECEI I R A AT
SRS CAD FERIEC U
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4 REUESHALN CAD B HE

4 ZLERFESELFN CAD HREVEL 4

4.1 515

7 —T OGN T A =4S S, AT R B S AHR G
BT ROy b, T ER SR IT S8, X B SER TR R
M —HA R LTS Rk

ZHL G RSO 75 B 510 PR TR B R T AL bs RACHE, LA PR CAE
— i@ CAD BRIk, —MIEN N, TR CAD B O A& FEa g, FrLd
FEHHTH BRICHT 2 BT 75 B CAD MR [ A bR ZR 55 5 2L SUBRRE [ AL bR R GE— it
K, i CAD AR

H A3 T A BRC IS I 70 3 B2 @it 38 B A% 25 k1) 1) 7 200k Ak 2R 24
SOy R I, X R AT DAL R R = e RS R R R RSN AT R, TR BT
TFEL S RO ) = 4 RIS, AR5 5l NRGUN AT ALE

FNHATNIE, CEARZHFF NI K T E X 28y & in 1) & A R G
OIRTAE o o H R4 BR A DA RIS P FURS 4T EL A = (12 FRANC3D, ‘B4 3k
Tl = HEWT R R, RERE T S P R TS I =4RSP, FVPAG IR
KRR A, ISR P B e RaT %, BT R AR R RIEN.

KRG MR LAT R e R M3 T FRANC3D #fF, N T ¥ E—= 4R
FIFIRLEAR F 2] FRANC3D ¥ rh, 7524 H S, HAT FRANC3D 3¢
FEI 20 5 K AT Loy N AR A0 (zero volume flaw) FTAT PRAK AR 24 41
(finite volume flaw) , HHZAEMAGNHZ, SAKERME 4.1 Fix.

b
¥
x
a
—_—
a
[
|

Kl 4.1 FRANC3D SCREH) LA EAA R SR 5
Fig. 4.1 Several zero volume crack schemes supported by FRANC3D

Herbfe RO GE AL I IR R SR SR O PR R AL, B E—=
O RO G A, JEA T E M ] R GCE I MRE, BTN 7T &
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HRY s RAUE DL, AT R FRANC3D Tk TR ) H 8 SREUE 1K
TARGHE, HA K 4.2 s,

User Defined Crack Points User Defined Points

View/Edit Points
«
Read From File

™ Smooth Front Points

# of points 25

MNumber of Points: 95

X v | z | front |;|
87.6654 130.260 164,882
84.6884 132315 164,852

79.1311 137.215 164.796
76.3916 140.222 164.769
69.1255 151.049 164.695

67.1321 155.328 164,674
65.5653 159577 164 658
63.6625 168.145 164 637
63.4026 172503 164 634
64.3939 179922 164 642
71.3426 189.469 164708
737480 190547 164732
81.9230 191.104 164812
90.5580 188.118 164,898
93.4480 186.392 164.927

oo [ e oo e [

HEHEE

=]

E |
g
2=

Accept

K 4.2 EEXEUQX%@)\ﬁﬁ

Fig4.2 Import method of custom crack

TPAMIREEAE A — F A br 1, R REUNTGAL B, ZOR % R SRS 2
fr 20 a) 28 R RTREDCH ,  DASRE S HY B SR M 7

N T IRE B — SR REME RN R AT AL B RO 4L, FATRER AL T 8. O
SedE T RO A FAWE AT S @B T A m s B & — /R
BT AT R 5 BEBR I SR B MR SUIT 5A B .

2 HYRPES K
421%%Mé
B At 2 I AR AT )y
(5] ()
A B C
LT (%, Yoo o) FORMEERIGER L2, A B, C =AM KT, A5 H R — it
DN

X’ +ay’ +bz* +cx+dy+ez+ f =0 (4.2)
Hr
2 2 2
a:A—z,b:A—z,c:—Zxo,d:—ZyoA—z,
B C B 43)

2 2 2
e=-22 é f=x +A2 yO+A—z ~-A’

MHERIL G BE X S8 a,b,c,d e, f BEAT AT, (84525 B B Al TR ER T (1R 22
AER/NN, BARRZZAZ M AME R R 2 057%, iz &) 2 s i —3f
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% (Least Squares Method), KN E A= HE S GF, SOy, i HAST EATA
LTy IR
ASCRHERINA R e/ —3RiEd AT SR g, o A SR ZE T LR IR N

e(ab,c,d,e f)=x>+ay’ +bz +cx +dy, +ez + f (4.9)
A5 22 ~F 7 FA] AR IR A -
N
E(a,b,c.d,e,f)=> e (a,b,c,def)’ (4.5)
i=1
RIEXFEKab,c,de f K& kT, JF&25T 0:
Y, Ok N
8E_0 e,—=0 zeiyizzo
5_ i=1 oa i=1
N N
% _g eBiio  |Yez=0
ob iz b =
N N
ﬁzo ei?:o Dex =0
N L L (4.6)
E_o e, &g ey, =0
od 5 od oY=
OE N ae_ N
oe ; i oe ; i“i
oE \ )
E=O Zei%:o Zeizo
i=1 af i=1

N 1 N 1 N
Xy = ZXIyI,XZ=—ZXiZI, Zz_zyl
i=1l N i=1 N i=1
E—lixzy X2z =L S X2z, xy? —ZN:xy2
N =) 1 1! N =) 1 1! N =) 1 1
- 1 N - 1 N R 1 N
1=y xat == xal yit == yz? (4.7
N = N = N =

(WANASREALEER

an
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x2y2 +ay’ +byz? +cxy? +dy?+eyiz+ fy? =0

x°z° +ay’z® +bz' +cxz® +dyz* +ez + 2 =0
x® +axy’ +bxz’ +cx®+dxy+exz+ fx=0

x’z+ay?z+bz+cxz+dyz+ez’+fz=0

X +ay’ +bz’ +cx+dy+ez+f =0

I R AR AR
YV Yy Y [V
yz2? b oxa? yir 2|y —x°z°
w F R ow ow x|c| | %
Yo oy oy vy |9 |y
vz 22 xx yr 22 z|°%| | -%2
F 7 ox oy z 1)Y=

(4.8)

(4.9)

A 7R RE M AT A AR ROR AR, TS B B AR 0 R AR L0
PR SO BEAT S8 TSR I A S BN ME S, AT DUERT VTK (1) vikQuadric() b

HOATHEBR ], ROR WA 4.3 Por.

K 4.3 HEBRIUERORIE
Fig4.3 Ellipsoid fitting effect chart

Hrp 2 th i o bE— B4R AU R, Gl i Ron i — R A 1
HERTE, W] LR B A RIBRERIE A AT & A BRSO AR KN, R DA R T T

BRI IR ST

422 ZEEF@EUE

SRR AL, 23 [R) 11 400 5t n] A foe /s i, 562t S 1)1

) — M RIs 3
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Z=ax+hy+c (4.10)

[FIREH, SRS AR B RS P i i, 73 H bR
S=>(ax +by,+c-z)’ (4.11)

3RS Xfa,b,c Hfw- T2 AT 0 43

5
=-
o5
==
oS
==

0
0 (4.12)

0

DU AT A Y -

a) XX +bY yx+cd x =>zx D> 2(ax +by,+c—2z)x =0

ay Xy +b> yZ+c) Y, => 7y, =1> 2(ax +by, +c-2z)y, =0 (4.13)
aY x+b> y,+en=>z, > 2(ax +by, +c—z)=0

U R R T R A
> Sxy doxz|[a] [-Dx ]
inyi ZYiz ZYiZi b|= _Zyi (4.14)
_inzi ZYiZi Zziz c __zzi_

Bl a,b,c RECH:
a Z Xt Z X Yi Z XZ; __Z X |
b= 2%y 2% v |2V (4.15)
| C in Z; Z YiZ; Z Zi2 _‘Z Z |

FEREHL, THEAES REUG, RAVTK [ vtkPlane() sk BT 45 8] 7 1 22 i),
ORI 4.4 FR:

4.4 Z (AP A
Fig4.4 Space plane fitting
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423 RS

HRABHMNR N T3 —HREARRRLAT SN L, RCRHRTTERF
FH P T AR BRI ) A8 B RARR LT 2 . 83T VTK 1 vtkSampleFunction() K A¥: i
HOH T T AR R T 32547 B HCRRE, A vtkContourFilter() B8 sk AT & (4 15, &%
JE 14 FH vtkintersectionPolyDataFilter() e& KR 15 — # (58 A AkFREE, WK 4.5 Fis:

K 4.5 fHERS T A2 2k

Fig4.5 The intersection of ellipsoid and plane

15 3 B ERTH 5 1 T A A ZR R AT AN R AU T AL B, B BA I8 1 R
KRN 525602 5 A\ 2] FRANC3D H IS ELAL R 54, RS LR
mE 4.1 fixs.

R 41 RO R

Table4.1 Crack parametrization point set

X y z
87.66539764404297 130.26016235351562 164.88201904296875
84.68838500976562 132.31497192382812 164.8522186279297

79.131103515625 137.2147979736328 164.79635620117188
76.3916244506836  140.22232055664062 164.7686767578125

40



4 REUESHALN CAD B HE

4.3 CAD 1R

NTRBAARTAITITE, E7RER S A RO S oA S TR CAD B4
BEATECHE, — TR A% CAD BB AT B R LR, FEXERAE S 2 0 S50 |
— L E AR B S S g TR HE .

BB LEE 2K —H A s 2 PR A e R 2 5 — A8 = b,
845 — 38 2 (B AR R 22 /D, He AT DK PR 5 A B AR AT I 20 i = TR 0 4
T, BeRARAE RN VA R s B A Rl T Al BT, i DARC A ) O Bl A T AR
AT T ]

H AT FL SR AT RO BC T 592552 ICP Clterative Closest Point) 5P, %8k
B S —— XN R R, #d B IERTHE— A s 1 5 — A R
FCHERIIE R PR AR R, BB R R 22 (0 BI45 78 RSSO P B0 31 B KRR IR
B JE RIS mi B 2 (AR A P, (HR MR —HFUE A U 2 M R = B IR R, B
AZEFAR T RE S UShB JR i A [RIk, 7EAH ICP Sk AT RO 2 1T, A T
FalEN R B, P DA PR IC 7H RS B v $8 A i 77 =0
43.1 tHECE

W P WS HE T VR - 0 40 = A 5RE . B i e ks,
Forp s R RO R L, R R 7V 5 ORI G HE .

iﬁ%/l\ﬁﬂﬁﬁ,ﬁ%ﬁ\%']ﬁp:{pl,pz,ps--- i---pr}\ X :{xl,xz,xa---xi---xNx},
Hp o x REBEHZEEPHX HHIEIA A, N« N RESZEEP RN
¥, ool UARIE R O E AR (4. 16), HHHEBASES P X BIFROHN

Uy=(X, YpiZ,) s U =(X,Y,,2,) o

1 N
u-L3p (4.16)
N =
N A AT A TR BT R R AR, B2 g BT R R R R R
Ixx _Ixy _Ixz
==, 1, -, (4.17)

*
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o= 200300 +(2, =2
Ly = 2105 =%+ (-2,
lu=gKm—%YH&—&ﬁ w19
(X = %)%~ ¥o)

"%
Iyz = Izy Zi(zi _Zo)(yi _yo)
=2

(% =%)(z; — 2,)
KN ZRE TR RN, (%, Y, 20) B E I, (%,Y,2) Br R
EPEI’J /\,ﬁ SR LRSI B R A 2 2 0
(4. 17) W ARG 2 s 2= [ SRR o M FTM o KRR U
E*xﬁ,ﬁz, H RN S 2, ] DURREE T 2SR g R 7 1) e i 6 B R
MPFAEHERET .

N

R=M, -M; (4.19)

T=u-u, (4.20)

Horu, —u, RRPAA SR OEL R, X E S A AT R TR
ARHRBIA] SE RO 5 LS, N B

H=R-P+T (4.21)

4.3.2 FEECAE

FERCAESRA ICP S0, R AR, FLURLAL B Jert 2 P o 5
AP, AR LA X EIRGE A G (AR . LR BN P = ()% AR
RAENQ= { }q HfrQeX.

RS T A AT T 4526 8

ERT) =~ leq. Rp, ~T| (4.22)

p i=1
AR T BRI FRHRE, RIE4 ERT) &, EKRMRT Bk
fedE, BARPLAe 7 an k-

EEAR NN T
13 2
u, = EZ”Xi” (4.23)
18 2
u, == Il (4.28
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FRRE P 2H A 2 o ) s e B U0 B R A s 2R -

~(x-u)=() @29
~(p-u,)~(s) 29
THE w IR AT SVD 73
5 0 0
__zy'”—u 0 o5, 0|V’ (4.27)
0 0 4,
HEwiifk, 4 ER,T)B0A ME— KR RE:
R=VU' (4.28)
T =u,—Ru, (4.29)

WER SR R o 2 18] 5 R R O, B4 AR B = A S AR bR

A DL P R = S A T, (@ L R P4 = P S BB E A AN, TN

B2 S 2 (A I NG FR, RS AS AT R — T S AS S = 2 B 1
BRI FR, XA R eSOy ISR T N — b iRz,

ICP Sy I BARIE AP IR v AR o F

O HHESEEGFRIE AR KR Q, 1Qp s

@ MIENX(4.28)F1(4.29)iH HEHESHR,T ;

® WAEHESEER P HE: P,=RP+T;

@  FIWTAHAL P UOEARRIF IR ZE B, IXUR R, /T rRE s, WA
IERE R, Bk =k+1, 2 k I ARTE 2N W E 1 F Rk A R EU 4k 52
PR,

433 BUESKIEER

Rz BC T ) SR R ME 5 S (R G 2R, DN T I INECHERE B, RN
HE R PG R B 25, Do e O I AR 0 TR, o DR A RIS H 3
2B, WK 4.6 Fis.

K 4.6 KERGREE S =

Fig4.6 Remove defective point cloud

43



) N e A7

FEAHCHER SEE IS FR QN 4.7-4.9 TR«

Kl 4.7 @RS CAD BAI WAL E

Fig4.7 Initial position of reconstruction point cloud and CAD model

K 4.8 FHRCHESS SR
Fig4.8 Rough registration result chart

K 4.9 FERCHESS RIE

Fig4.9 Fine registration result chart

44



4 REUESHALN CAD B HE

SE BT HE TR = T IE ST I AL bR S A1 CAD AR ARR R 50— 12K,
ETERNRASEAE b nl LERZIZ ) CAD A |, PALH CAD #iAY
S IAT PRTTAR A

4.4 KE/NGE

A8 R AT RBU Y TR BRI T 4, SR T — Pl TR B
B E RSO S AL E (07738, BT RS S HR BTN A , SRS F )
LM /NIEBS T, A5 B P S5 R (5 2R B N AR A E , B et
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