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ABSTRACT

This project begins with the original CT images of blt#s, try to construct a
complete model from data analysis, segmentation to 3[pasition.

Firstly, we gave a brief introduction to the reseamtkiground and original images.
Also, we would give an analysis to these images.

Then, we did some prepossessing before the segmentatibnaswaiminating
redundant noises, sharpening the marginal for skeleton, etc.

Thirdly, we discussed how the get the segmentation for skeaaton.

Next, we composed the single 2D images into three dimensmael. This is the
first important part for this project. This step was doné wie help of VTK classes.

The last part is 3D model reconstruction. In this thesigyaxe the purpose of
reconstruction, introduced the Least squares meshe®adnatid applied it into our
project.

This is a medical image processing specific problem. Conseygushthe method
and model are optimized so that it can adjust to THIS proliartainly, it can be used

in the similar problems.

Keywords. Medical Image Processinglistogram matchingVTK; LS Meshes
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P52 R — T 138 R, BRIP4 ] DU 3] B 50 FEA0KR, Ui 7R
% ER Z I Wright-Patterson 7% 435 TAE N FWFTT TAER J. E. Steele H X
PR T 4% (Bionics) X —#&. A N IT A FERLR IR LT A R4, LA
HAEYRGRAEN 7 82 LRI A 2407 X TIER RS E (1.
M7 _E PR A# Bionics B “bio” Ml “nic” #Jfk, HH “bio” 7EA M SCHIE N “4=
7, “nic” WA “CHAG weeee M B

074 75 S AT AR S B — AR AT ), B o X i S5 38 e A AT S R AT
A BRI, S Horh AR LB, TS B s T F . RS
I, et RGN, HilFE NG HAE

Wit e EL A AR i ) P o R RE D, L E N B AR DB E L 45 K e H R R
FME—RE IR AT LN, 1o iE A e R P B AR . BAREATT R RS L
AN, AEEATAT DU I A A= i AR S S 1 (el A AT I
I R R R — i N SR AN B 1 AR P, 8 B BEAS Bl R R S 2 SR BT OR
Wi s FH HR 2 s, 2 i FEAS P B8 M0 i J AR O B, AT RTAE Rl 9. B Relr
BRI 75 H A ATIL 300kHz /s, TN —MAE 14kHz /s LLTF . DRI T e i 2 45 A2
REA N ZERTFIWAE S

1.2 RRAMIREERENX

ASHIE FC R 1 U “WiE CT BRI 7> SR = 4R i A AL el B EE 0t
F T SEALBBTT 2= J08 Dl 4l 110 73 A £ i g Jo 74 - 1 AR dE AT A B B PR LA
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G 01 02 ©3 04 085 05 n.?_' :
Sensitivity (norm.}
1.1 WX [2] v K, B AEZRA SRR, A —ANEARE I, F
(] B8 A AR e K

ORON:1) RENEXS CT F93H M A5 oK 19 BB #EAT PRAL 2E;2) BEvHiE I 331X A [
P i BOR A R 20 B 550905:3) R Heiy i db AT = 4B 8, R Jm i Hh ORAF D ply
X, EAR AR (1 R AT RE A vy

TEREE A BB AL BRI — A BAR R, ASPRABESRO HE—NMRFE X B i
R CT BB R AT AL BE . Xl A 45 AN RE AL P 38 A P AR AL 2 75 2%
Xt BB AT AL BN IR . RIS, T R SRR T R R, BOLZORX £ CT
VIR & R = e . JF B S — R &3l 1 B0 b AT = 4R A A E .
HI B A R, R R Sy L, AR 2O SR — M IS &
BT AT A

AR LR RS20 A 7 2 e T ) — AN LR 73, B2 AR AL (15 2
I T3 ST T H 75 00 A i i A A P 3t AT E A i BARHLE, P AB IR 2
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RIS M1 B8 AR i, BATTE S A TE SRR 2 34045 31 1 2L ) 0 8% 11 ok
B&. HRAT AR TR AL B 2 R A5 21— DA TSR A, e DL A
AT = 4RI, 25, AR X AT T H A a] A — AN AR

Z

1.3 REAREIE

AR TR B 5 B PUAS A 2 4G S ) (2014 4F 2 A 2] 2014 4F 5 7),
BRI LT AP IR
e g CT YIR AT AL EE: thin BB A F ARG ER, EHTE%
ZANERIIIEY) (INPEFEARAR . SCHREE) XM G MIRR, R bR e 3 7
VIt LI S 5
i, B 8 R BRI 38 O LA B 0 2%
i, 56 R TR S 0 BT 2 1, AR — B g o ok
iv. 7RISR CT BURE BUk ply #6001 HitERN, A7 488
B G B G U ply O, 8 meshlab SEHJE T BT H 31T 70 %)
v. i Ja—, M least-squares mesh &5 7 VAN 4R AT AL, 1S RIS
w, HEE SN,

BRI 8] 2 HE S e S5 R TR ER [1.1).

® 11 RER AR

JHAR I [A]

45 RN ]

HART AR

2014-02-20
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2014-05-20
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i s Wi 90 I R S BRI
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ZEER NI L o 4R

91 SRIR. IXE ] B N AR A N W X — T ST TR SR 4,
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£ 28 [RigHiE

N

MRS, AR BT AT Bk 70 PR AT A2 5 T 508 i 8 =5 50 1 # 1) CT 11 {5t
AT AR RN, XS CT TS 1 R BB AT Al R L 2 1. K
BH S/ 4R 2 JFUn BB AR, F93 R I R RSS2 48 T 25 A iR 1A
JiT 3 SR BB R R RE, D58 B I 28 ) RURT e xR — 2D BRI T B i R AN RS2
B Ut B AR ST SR A8 20 P 5 22 58 O BAR A, St 5 58 A IO R

vicle

f:@’*\

>\ 1—!1l merus

2.1 NERTFTHE (a) MUWEEHATE (b) 2~ (b) AARE P AT TN R AL E.
P RS S A TT R 2R AR M

2.1 JRIGEERIR

AR TR 14 2 ST 50 AT SRR X i BB ) T SR LIT IR (CT) A
I AT BRAT L IRAT 1 Wl 5B 0 AR A, DA EAR A RE IS g, A 2
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RN AN EW R R A e, SR 5 A AL LT 39, $at 0 45 RS & ik
b AR

B EYF, BETEN 53T 2 R B RO 13X 2 R RS R BV AT 45 245
AR 3D IR, Hili T CT Hd iEh &M s 5 TIH R, BEa MK
3D BB R IER. Hk, T 2 ng CT R R, il
SEFRATT A0l P AR I8 T 6 VR A5 A7 A MR i, 3 T A ) TSR oxe L AT b B

2.2 [RIGHHEmEIA

T SR I0 e A4 FIBR I, BT B I8 0 8 BRI . REBE A 1288 5k
FIMg, FE80A 1369 kMG, 1E88 T & i = 4Emi i 2 |, LT%%T&J Ak
BRI BT AR R R ot Bk B B AL TR . A R S AR R — D R )

Xt BTN BB AT AL EE, SRR A A AR L T I B AN R AR

XTFHGKE PNG K&, HEEME RN 1248 145, MIRE N 8, iliEE
N3 (2.2) NHEAFH—KEE.

K] 2.2 gk EG

FH T A 5 R PR I~ 350 29 0 A X B K U MR AT AL R R T (8 Bk
JHARCR AT HA, 7E ICFRA TRk H — L m AR EUE. 125 30, 5 RREk
(R B, FRATTHE DA T L P b 3 A5 SRR A B0 B ) v EHR AR BR AR iX e
K& F5 A sample £, $£11 10 5%, @il (2.3) Fias.
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K 2.3 BEATMRRMENUIA BB —sample %

2.3 ERAIBEKX

FER (2.3) 1, AR I IZ L8 B A IR 2 K BB 5 1) R, 1F & 1 28 i 3 4
FE T EES SRR ANTRE, T A S AT 5 1 R B R B S
ERY BRI AL B B, DT DU W JE 260 78 TAE. fEAT h, 3RATTH 20t
IR AL B 5 oK. 5 T B R 2 — — SRR 8 H A5,

—. BB PNG Bg, HoA=1EEEE. HlT CT BA#frEGHER,
A B UG K FE B, R K EE B Ab B ARE TR R Gy A R B DABRAT T 7 22
K MG IR

. BREGT S E 5 CT MR RAE S, HilNIEA TR Eix L
HAE, AT DA B LR,

S EARE (2.1) TR T (R F AR
e, T AR A AR I 7O B, il (2.3) R AT BRI
[T 2K 0 X It 2 SR AR 2. el FRATR A —f iz XM ER & S
PrAEE B sl E A, W (2.3(e)) ML LA ([8mm-30mm]:[0mm-15mm] ! 4b)
A MR K Oy, 7 5 22 i) A B rp R RS SR B A I T, DS RE R

RN FEEHH K Smm £ 30mm, 5 Omm £ 15mm IR X, FH
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i

V0. i T E A e 78, BT DAFED) v RS B i A BB A7 AR 2K R IR
wEk (W (2.3(a)) B [13mm-20mm]:[9mm-12mm] 4b). {HA&, 7F 520 =4
AR R AT AT EX LIH W), T A DR T B 2 BRI AR 7 AKX
R

T INE (2.3) B RATTRT DLUR LB B8 A0 B AR 2 TU R A et ind, i B
HEAR B TA Z WA TR TG I, 75 S5 11 1R AL BE R A1 B 45 XA o] R A R 7 2.

AR TR IGEEEARIR, kg 2CR AR I A R, 12 T SR A B A Tt e 2
i X L i) L TR AR A ) AR AT IR AR B A BB AL B SR 45 R E
5L, A BRI AT R R AT DU B8 1) B, A6 1 n) @ 7 S 2 A B R A e A 7
e, RPN,

T Em R RONASCHIZ L IR 7. S = F A O BUR AT P PR A, X
Py 1R A AR AR ) B ) L MR A AL B A, (H AR & B3R B J5 SR B, 28
VO Z R A 2 SR 03, 0 FIA H A 32 SR 5 T BB B A 58 LR
AT ASE PR A A B = AR R s 55 7N B B0 i ) = e A BEAT AR AL A TR 4L
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Rl T2

Ay
JUy
o
i
R

f£ BT EATC U], AR b2 33 1015 21 1 2k R BEAT 20 H1 AT
ERGEAEEN, KOy CT UIA A RZHTCAREEAGER. [A, X AT
oy BRI B AT, BATA o EEXX S BB AT FUAL . AR & 3 B I L P AL 2
IdiRe, Sk, BARBRIEERAE D 3R AR,

FERT SO C U, T (AT 3T, JAT TR BL Sample S U1 R BB O9ARER B
A0 B B SR CR.

3.1 FAIBHFR

FE2.3° 7, FATRITE SR 45 BB AR 22 (el . oA 5 2 BB 1Y)

=)
rE:

— REGE OyREERE, U EBSONKERE, RGO =181E, A
AT Ja SR RIR R A B

L HBREAEGAAR R RGE D, XN S NE RS TS S 4 E R
B R

=. THERERIE S NN (FEHL2.37);

VU, BRI R TSN, JE SRR 50 BRI G B A ST B g SN EE AT Py BE.
. RME AL, XA R T A m R
PR A G SEDUR S H AR S, B SRR
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3.2 E&BAEE -OpenCV

OpenCV (Open Source Computer Vision Library)[3] [4], &—/M5F & K1t
FHAMSEEE. OpenCV HIZEHRF /R AR KIEIHFZ 5T K, BL BSD WAERK
17, AT DALE DI AT B 78 s G 2 A . OpenCV AT FHT-F A S (1) G AL 3
THEHA S LA AR R .

OpenCV PENFEF RERAE T 18] 5 5 A E G b 382 10, f ] OpenCV
KR DA ARG & $RALCR. AR SR G323, OpenCV HIHGHT RATHR
A 2014 £ 4 H 25 H&AA OpenCV 2.4.9. T EA RS A8 FH Y OpenCV
WA A2 2.4.0

AU B B R B2 Microsoft Visual Studio 2008. & T & fa] £
VS2008 FEC E OpenCV, BbAb WHE, HAK N 25 7] 2 L stackoverflow H [ —
s TS [5).

3.3 FLAXREME

3.3.1 BEE5S5=®E

B ER, BRIV KRB R B < KER, BIEEMEER A
A RFEEBE R EIR, — B EHR B R iR 1 3R 8 5 e i BB IR, R
GRS MERIEENEE, RN (R) 2 (G) I (B) =&

PR, HIBEHCER v 1, BOREEE0EE N 3- KOy KE K & —
MERAT ADEERBRAI AT, OB EE 3 A

MREAR, AEFATIXA R A, Wl 5% 10 CT JH BRI AL — DK

B AR AE2. 27 R RATTE, i dn BB IR AT B 202 = Il IE AR, X T IX AN ],
=B M EVEIFASK, PR B AT ZR A UL R R .

LSy OpenCV 2.4.5 UL E J772:, OpenCV 2.4.0 HIFCE 5 H TR
PRERGART EEE, EEREEMER A WANIUE, —BOEE (0) AlE (1)
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3.3.2 OpenCV HBREHIEL

fE/ OpenCV, FATTAT AR Iy 30K B e N A L, £ 22 m] AT T IR
o R S ! HAR TR T
#include <opencv2/opencv.hpp>

using namespace cv;

Mat img;
img = imread( pstrImageName, 0 ); //F—NZH X4

i b XA R owt AT NSO SN BB BT imread (28 AN

BORE N 0, T R RN F AR K. = e B R AR 52 it HLIRAF IS,
HIEEHRIAR R 1.,

3.4 ERRBIEER

fEE] (2.3) FEATRIL, &MU BEROER A LR 5EE - WA
FAEbe R, 9, DL (5 B 4F, X5 BAE & N JEANT 2. AR A g s
XA R

3.4.1 FHESZH

WIS SR, 45 SEhrtE oL, AT A A HEE S (B8N ER) #
AL R v R () — AT TR XA, BT D 14 B 6 gl e JSLE — A [ AR 1 28
wasth . AT, AT TR KB (IET5TE), BLR R RN R A WOE
—ANA4E R, XA BN A BR UURE, XN EZ AN E S — B E 5
. nEEE (3.1)

R K, THERILAESE B R Z RSB R R E R R e T, | P
DI N R FAE IR IF AR, [T X IR AN AR 91 et (8 A7 B idiE Ak B2 ¥ 1 1
BN 255). TESZRrEEfErh, AT R ¥4 50pixels. EAARRADSZELUN T

#include <stdio.h>

#include <opencv2/opencv.hpp>

#include <math.h>

using namespace std;

11
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@

(a) (b)

3.1 ZEONEE; A KT, 442 R WIRZ MR (B RR) W ERRE
NEFE At

using namespace cv;

/R TR G R B i K
Mat& eliminateSystemInfoInImage (Mat &input){
int R = hRows - 50; //R=50

int 1i,j;
uchar *p = input.data;
for (i = 0; i < nRows; i++ ){

p = input.ptr<uchar>(i);
int leftBegin = hCols - sqrt((double)R*R-(i-hRows
Y*(i-hRows));
int rightEnd = hCols + sqrt((double)R*R-(i-hRows)
*(i-hRows));
for ( j = 0; j < nCols; j++ ){
if(j < leftBegin || j > rightEnd)
/7R GE BB
// pli] %M (i, )%E R
pljl = 255; //ERERE

}

return input;

12
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XTI, HRIREN O(n?).

3.4.2 PITHR

FIRAT SR 1, X 45 Sample SEHIHATHOR, HARY) v HIHAT RCR A
el W (3.2)

K 3.2 EBRILIERGER: PUTER

3.5 ERBREKRE

B LT, WIS L LR T 2 ZROEE, 5T RN XU A -
BREAT € MHRAE, RERGRE AR RS, B iaRa] BEmE
FETAHE, By fis S TR R0 Y P 2 LA B e P S ) SR e 0.

BUERAN AT (3.2) Mg R, AXERIL, BAEE A HKNER A G
. TR AR XS X LRI RE S (6], PRI AR R P45 K AR A
KX FHAR MRS, JATAT LG BB . 2Tk, AR 1R E
ARAFIX AT IFORAL BRI e 75 IR SO R 2 B, IX P 5 9506 I AR E 1 B
BACBE P RCR AR 4F, 0 AR B ERME A IR, D ARSI % XA
AA T TP IAE.
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3.5.1 HEFESkETiHR

KEETTHE C(histogram) SEKEHRIFIRE, ©RnEZRFBAREMIKER
MRZFZANEL, B E G A R B I ER . KRS BT P PR A R 72 K S
G, PAFRAEZK LR B IIZ 3, 2B R RIEEAR NG FFE.

Kl (3.3) &K EIT B —AM7, EEan 7 B hiparm 06 ud_ rec sam
_ 05.png MIE T, Hr FIRAAFR K BEAE (0-255), PAAARR AR 8 2K BEAR 6o B
PR RSN gt B TR MESRSE 6, Irbl)s — 255 IMEUENZ 2
BUE N A% e K, Bz KT A0 T R EUE, vl B R b, & — PN EE S
P %

K] 3.3 hiparm_ 06 ud rec sam 05.png X MK EETE. HEEE MK
JZ 255 TR KK, Cpmg 2

IKIZAE (7], HRKEB DRy = T(x), BZRENFEBIIKEE, A
A A R FEAE. KA EAE TIRE SR~ e R, a4 xR
%B RN, XA SRR R R LA e

fZIiﬂEP AR 8 SRR EL5 BN — AN KA ek 2, 98 Ja R
PR EION BB REAT I AR e T3 ZERS R VE B IR, R ST @ — Nl (1 B8

STEARURE T, BT P U) A GG AR R (K, D9l b TH SR 22, N SCE R IS AT A0
HREEF R
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HOA TR B — IR R 5 B B K R AR i e L

I

3.5.2 RETHRIEBSSHIRTE

Bk, BAMBOE T &=k o, B

y=az® +br’ +cr+d (3-1)

Hrha,b,c,d NEESH
000 R E R B R, T(0) =0, T(255) = 255. SLEdh, ALK
fj” T(O 5 * 2555) = 0.5 % 255, BAR A IR 3.

REERNEFAE T 3 A WK (3.3) RERATAMER B KRR X (B2
RN (SE L E AR, BATHTHAG T R X e X I A AN 4 5 X 45,
1) 6%. MBATATT IAEG THEA 6% A Fdt B FEA WA 255% 2% (— MR/
(&, DAFE U i Br A AT).

X R T, BATHAT LIS 2] 4 MRRERI S, B R RECEIRE 5
KA R AL T

—sUNETS: T EBRERERR (K& 255%), NB/NMEE =4 1R ZE,
A%,

T — 255
255

R,
x = 255 — 255 X I

SRR, A 2, SRS S AR ATy o AL [H]
I DR A B B AT AL R A

=00, K EITHEAS B LA i K A T SR B R R AT

il Photoshop S8 T MR 75 2 3t T2l e g AL AR e bR 4, Sl 1L SEER AR, 455 S iapl
BHITHSLRE ST, A SCBUE K PEAL N = Ik 2 bR £
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3.5.3 SLIESHIT

fE b, JATESL T IHBR R = OB, A RE R — DR H R
PHECR 6% HIREEAE. X —NIEAHE, {EH Matlab, FARAE S aife it R K,
VRN B ARAD ST R
function threshold = getThreshold(imgName, proportion)

im = imread (imgName) ;

hist_im = imhist(im);

a = sum(hist_im)*proportion;

threshold = 1;

b = 0;

while(b < a)
b = b + hist_im(threshold);
threshold = threshold + 1;

end

threshold = (255 - threshold) / 255;
HEERE, BAMAENMNEERN S TO) = 0,T(1) = 1,T7(0.5) =
0.5, T (threshold) = 0.02, ¥ HA7 A3 (3-1) BIAI KA a,b, ¢, d

I 72 LLRT SCHY hiparm 06 ud rec sam_ 05.png NI, 1EJ5A B 7 KW
Fert b, FATTHEHE threshold i, ASMEF Y, A 0.1765.
RN, R a = —3.3284,b = 4.9926, c = —0.6642,d = 0
TER T 5, FRATBIAT 45 2484 5 1 EHR, WK (3.4)

3.5.4 ZERHH

IAEZS H Sample 5 EUERIHATSE R, WK (3.5)

ML 45 R FE, U A BAG K& 3 B Ol b, U H R, 3RAD
AN, BT RE A B 2 AR5 B B T B o ) 5 DR S O BE LIS, 4
T(treshold) W& N—MR/NEME R, 7648 ok 21 S AR D b 7. [
T a BEI L, B =R R B S R 50% KA, 2T 50% I
BRI, PO, KT 50% B ER& R AR R E IR T HAREAE, Bt
DR, XA, FRATIE X AN AR, ADGH B T H AR RES 7 i RS [R] A B
ik ST RGNS NI

T TR TG DR g 5 B R AT 43 1.
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AR AEHHE Il X

O A
(\\

(a) (b)
3.4 FEEDNIEIE; A B i BRI JE RIROR

(a) (b) (C) (d)
(o) (f) () m)
® ()

3.5 THHR MM ST
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£ 4E ExRDE

4.1 EE7EIRE&

7 EAR AL BT TRl R v AATTAEAT R MG R JE 80 73 SO R, X 2638418
TR B AREE B HRX 3K, (region of interest, ROT), FUZALEE ¥ H L H 15k
sy 7B ) H FREAT M, BETERAS H AR B2 0UE B S BRI A
AR, B, £ — @B T, 8 HARE S B H R DAME T 5 2e A B BIAR
NEUG I E. ERET, BR BRI KR, B, SO, TR RHIEIE &
BN 53 B T EHANAH A DX 5, A 75X SRR AR AE [R] — X 3N 52 300t A AL 12 Bl —
B, TAEAN[F] DX S 00 L ) B i 22 . AR S RO, XX — 8 4 i Hy
iR (8]

LG T Zon—RIEHR, XTEUE T 08T LEVER T 70l N /N2 A
FAFWAET T4 {R1, Ry, ..., Ry} -

N
I=|JR
1=1

Ri(\R; =0,Vi,j Ni#j
P(R;) =True,i=1,2,...,N
P(R;) URj = Flase,i # j
RyEHEBXIg i =1,2,...,N

4.2 tYIREHBPEIRNENX

FER (3.5) sHRATAT LA 5], 758U 2L 5 FAC I 2 s b — A A
BN BRI, 9z b, — NIRRT e, B (2.1(b).
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NI, BERBATIAE ZHE U] R BR AR X RE K — AN 1 DX FT R, & e
ANU) 2 8] R SRV ) — B i B X s RT LA B Bl AR O — PR B
=HEEMR, AR AN R A BT B = 4E R R

4.3 [O)RRAYEE(L

KB 7 E — B B BAE KW TT ik, @i n ), WEER, KF4%ETr
% XETIREH TR R SRR X A RIRUE, RGBS MEN. B
XG> BRI T O EEBORR, BOR R, HEHIRZ C4AE OpenCV
JE R AR s (H G, IR IAT RORAR, A I A A i B 351 45 1)
FESE R I ATE .

I MEAMERI, T E-SNEGHE G, B AR AEso
ZXRAEEIE T MRBIMEXINERZER—ENRERNEREERZE
Elf&, AR R DA ESepl— R T

P BB FA Oy —ERMB G, 32T ORI ZER e R K 5% 8 4y SR ]

4.4 SEUSHPUT

M E T, SeR IR AN T EH IR, N KR AR B R 5 S
TR BB ¥ 200. BRIEA T T FA B 2

1 if 2 < 200
fx) = (4-1)
0 if 2> 200

RIS RIARE B 5, AL S, 18 (4.1) RHp 7.

N RSK IRIEE 7 3.

ASCAE I P REE. P Py 5, SRS a4 R, R R R
AR BT I Xk IR brid. B2 58—l &M R A
B MRid label, IR FE AN EE XA R RES A RS PR T
—AEEZAAFE label, P RE ZOR X L8 T [F] AN I8 X E B A A FHME R

YBGE 1 ONTTS, 0 NS
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(a) (b)

4.1 KN hiparm 06 ud rec sam 03.png; A ENEXT M) —EE1E, A
A AT

label &3, Wl B IC R EMZBBFIMERR,; & _EAMNEHE EGHE XA
H] label FTAR1C A4 25 V08— AN &8 X R F — DA R ) label G XA
label & ABLEAH Rl bric H i B/ ME).

BESR:
Step I. % — k434
VA AT R Img(x,y), 2R Img(x,y) == 1:
case 1. W Tmg(x,y) BTG REA N 0, WK T Img(x,y) —MHH label:
label4++, Img(x,y) = label
case 2. W Img(x,y) MR HEERERT 1 115 E Neighbors?:
1) # Neighbors H 5 /IMEMK 745 Tmg(x,y): Img(x,y) = minNeighbors
2) &% Neighbors F1 % MME (label) Z B R R, RIXEE{E (label) [
JE[E— AN X I labelSet[i)]= { label,,, .., label,}, labelSet[i] FHIFTH label
I Je T [F] — > X I
Step II. % — k4244 :
i 24 HME R Img(x,y), TR Img(x,y) > 1: FEH label = Img(x,y) [FlJ&AHEE
KEM— /D label H, W74 Img(x,y).
sE AR S, BUR T BAHE label AHRRFA R 1 [F— %8 X .

> DU AR\ AR I AT, A SCAE DU 435K
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T C++ AT DUB P SEIX AN 5002, AHE LB S A.

4.5 DEIERMER

PAT Bl R, BATRO] SRR R ) B, R
I B, B SRBATTAR S s % P 2R — e Sk, R BRI AR U R[] — 3
B B B DXk, DR FAd AR 3 B AT SE X AN ERAE. B8, HARAE 3R R
IBER b 58 XS A R T LU, REAGES BRI —Puke @ A k38 T

ik, BATFRERAT E— P label & KX REE M, HTY)
FARZ, # B2 AR K, IR AR H A — ok

KA VRA BN AT A Dk [R] g — e 2k, D5 R A 2
AU TR A B AR T AL E, SRR XL RPN YDA, AL E AR
T R 2 A B R, BUOAER A SERR A, YDA R — A2 RAZ.

TBRATEN BN R G R =R, XA TR EREE MR 5
SEHLY.
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£ 5EF BRZHHEE

fE b B R AN T U BRI - #1. 7858 B4 R I TR A 7
e m, FATA] BUBA] b3 X — R 50 e D) Fris Qe =4 i %, R
AERRE MR Ry VTK #%30 AREE e/ A =4 v I THA, 855 A
VTK SO, B 8 XA TR 5l a g AE.

5.1 VTK T BfFH#hA

VTK [9](Visualization ToolKit) #&—MFEIES, H BRI AT RS, 4
AR E CL T R BE TSN SRR RN BB SR 3E4T 3Dt RVLIEE, R AL
HOAAAL. VIK B8 —A o+ KE, RZWEIEE DR, B4 Tcd/Tk, Java,
Python.

Visualization Toolkit #&—>H T A ¥4 N 2 7 33 5 1847 (1) SCHEFR B,
ERAEZHERYE OpenGLIF A FR HE @I & KR T 5K ERKE, ©
W FRANTHE TR AT A 6 v 4 22 368 380 D 400 05 Bt i EE ke, s — 8 T 1 B0
BIREER!.

VTK % NS N A e T & CAR HOAIT 78 N 5t 3R 4 B 33 O BOR SRR IR
— AN s KR AT AACTTE & TE, & BUR P8 B 5 (A R s 1 oy 2R, B
LINNEST=E
1) A MK =4 JE D)RE: Visualization Toolkit BE S #F 2 T /K 2 Voxel-

b Visualization Toolkit 4% vtkMarchingCubes 28, X AN 25k 4t 17 2R [ H 4
2 FH B 1) Marching Cubes 5%, IX 75 % = 4k 200 A0 5 £ 0 3 47 3% 10 3 2 1 gl A
FHEE %S MarchingCubes H.yk Y, 1M B #% H Visualization Toolkit " &2 & 2 ik /)
vtkMarchingCubes 2§
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basedrendering FAZ: | Volume Rendering X AREE T AL G P 22l M EAK
KR e mT AW 2SR ) R s SCRT L7 40 R IR 1 B A R A A2
2) VTK Bk R g5 1 ff H B A B 5 47 9 streaming A& i 2247 caching 1 HE
77, FEACER R 5 B EHE I AN 06 2% e A A7 B U 1) BIR )
3) VTK BE% 5 UF 10 R 3T M4 1) T A i Java Al VRML. fi% Web fil
Internet FIARKI AR VIK HEIRIF KR AT 5
4) RS RFZ FhE 5 OpenGL %5
5) VIK HA &AM A A R 4 i nl a1
6) VIK "5 LT W2 %, REEMKBEAL T e TR Bk 17— S0
RITH
7) VIK BAHFE IR RA, SCRRN 2 M R80T a3
8) BETI LA TAET Windows #4E 24 X n] LLTAET Unix #/E KGRI TE T
H
VTK T HFIE M http://www.vtk.org/ #4775 ZHIKHI/4H.
http://www.vtk.org/doc/nightly/html/index.html FH VTK #HK1
PEEiv Y

5.2 VTK {r#iELa

5.2.1 ZEMCBIRMIESHALEIRE

ATAACE S (an BB ARER ) FTRLZr 9 (Regular) ATASEEN (Irregular)
B A AL (Structured) FIELEFIME (Unstructured). U558 f 2 A1
] 52 B DR IR G 3R, AT LU I 3 26 SCIHE A s B s AR AR, AN KO &85 4 0 % 2 1]
A ] 5E R IR &R

X KN 25 e (R B, A i I S A T A B8O o, RS AR Rih i A
I R A R TR B DA S s R S Bl P DLOR AR 58 BRI B A5 B 6 T AN R 45 4
R, BEARANTT DUG LI 25 4 i B8 AR A4, (BB B S i3 RIZESL
I AR A (1) X 3B RT DL B 3o, T B A2 A AN A (1) DX 3 A i 2. AR )
S5 R B P CLEEAF Al BTt B (L, AN 0 00 65 ) 1) 08l B AR A i A o B I
ANBEAR I S5 4 BRI v 2%, AR e A 380 308 T THURE S 1 5 0 SE B |, SE N4
B, RIEMRINEE.
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25 B8 BIAS VR T 5 20X R I T AT B, AR EL A 45 e
##& (Structured Data).

5.2.2 vtkDataSet BY2B40%454#9

vtkDataSet 140 2R &5 # B 40 #4584 (Topology) LA 4544 (Geometry)
PIER > H R AN G IR T AR B R BB S, LR G R IR T AR )
BB R R, WEZ U, A% (Point Data) BT E X — R A A bR A AL T
vtkDataSet (BUHEEE) W JUAT S5 #4); ml B8 IRE R0 B 1 38090 S (R P Fh 45 44
boan, BARAE bt L BoR — =M, B RRATLAUE X =M= s a AL bs
(BP Point Data, iIc=A KA Py, Py Ml Ps), SRJE R IX = A mi 4z I — 5 17 i
FAL R (P1-Po-Ps, BUE & Ps-Po-Py BT ), 3K = AN jiE ST im0 LA 45
o, EATR A R T BRI . JRED, S (Point Data) i X
HAREN U0, BITEIE (Cell Data) & X EIRE RIS, B Rl 58 %
ik ve/oe A WARC P E e NPy A

5.2.3 vtkDataSet AJ{R{LEIELRY

vtkDataSet H /N FH &5 88, 737172 Structured Points(H < LM ), Rec-
tilinear Grid(FE M%), Structured Grid(Z5# M%), Unstructured Points(H{L
&), Polygonal Data(FlE M%) 1 Unstructured Grid(AEZEHMA%). [10] —FH
AR LR SRR AR 4.

5.3 ABERETHEmEREE

RTTHHCH BV VK BB T A48, T B4 AR o 2 1
VTK BRI, VTK e {7, S8 Ai s, AR5k A 2 D A AR I 1
TERE R AR T .

#include

#include

#include

2 RUBIE RS T U e (Cell Data), Hi SR CHE FEE B b
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#include "vtkMarchingCubes.h"
#include "vtkDecimatePro.h"

#include "vtkSmoothPolyDataFilter.h"
#include "vtkPolyDatalNormals.h"
#include "vtkStripper.h"

#include "vtkPolyDatalMapper.h"
#include "vtkCamera.h"

#include "vtkActor.h"

#include "vtkProperty.h"

#include "vtkRenderer.h"

#include "vtkRenderWindow.h"
#include "vtkWin32RenderWindowInteractor.h"

#include "vtkVolumel6Reader .h"

int

skeletonSynthesis () {

vtkDICOMImageReader *reader = vtkDICOMImageReader::New();
reader->SetDataByteOrderToLittleEndian();

reader->SetDirectoryName ("D:/Working/BTProject/down") ;

vtkVolumel6Reader *v16 = vtkVolumel6Reader::New();
vi6->SetDataDimensions (1248, 1248);
vi6é->SetDataByteOrderToLittleEndian() ;
v16->SetFilePrefix ("D:/Working/BTProject/down/
hiparm_06_ud_rec_");//THE%

%S

7=
vi6é->SetFilePattern("%s’ .4d.png");
vi6é->SetImageRange (0,50) ;

vtkImageShrink3D #*shrink = vtkImageShrink3D::New();
shrink->SetShrinkFactors(4,4,1);
shrink->Averaging0On () ;

shrink->SetInput ((vtkDataObject *)v16->GetOutput ());

vtkMarchingCubes *skinExtractor = vtkMarchingCubes::New();

skinExtractor->SetValue (0,300);
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skinExtractor->SetInputConnection (shrink->GetOutputPort ()
)

vtkDecimatePro *deci = vtkDecimatePro::New() ;
deci->SetTargetReduction(0.3);
deci->SetInputConnection(skinExtractor->GetOutputPort ()) ;

vtkSmoothPolyDataFilter *smooth = vtkSmoothPolyDataFilter::New() ;
smooth->SetInputConnection(deci->GetOutputPort());
smooth->SetNumberOfIterations (200) ;

vtkPolyDataNormals *skinNormals = vtkPolyDataNormals::New();
skinNormals->SetInputConnection (smooth->GetOutputPort ());
skinNormals->SetFeatureAngle (60.0) ;

vtkStripper *stripper = vtkStripper::New(); //HK=-AHMLEHELX
stripper->SetInputConnection(skinNormals->GetOutputPort ()

)

vtkPolyDataMapper *skinMapper = vtkPolyDataMapper::New();
skinMapper->SetInput (stripper->GetOutput());
skinMapper->ScalarVisibility0ff ();

vtkCamera *aCamera = vtkCamera::New();
aCamera->SetViewUp(0,0,-1);
aCamera->SetPosition(0,1,0);
aCamera->SetFocalPoint (0,0,0) ;

aCamera->ComputeViewPlaneNormal () ;

vtkActor *coneActor = vtkActor::New();
coneActor->SetMapper (skinMapper) ;
coneActor->GetProperty () ->SetDiffuse (1) ;
coneActor->GetProperty () ->SetSpecular(0.6) ;

// T & B R A < R A
vtkRenderer *renderer = vtkRenderer::New();
renderer->AddActor (conelActor) ; //HMATE conedctor
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//renderer->AddActor2D (textActor)fsin;//* Z textdctor
renderer->SetBackground (0,0,0) ;
renderer->SetActiveCamera (aCamera) ; //7fn FBAE AL

renderer->ResetCamera() ;

vtkRenderWindow *renWin = vtkRenderWindow::New();//KELEHFH
renWin->AddRenderer (renderer) ; //3 &KL E %

vtkWin32RenderWindowInteractor *iren =
vtkWin32RenderWindowInteractor: :New () ;
//iren->SetRenderWindow (renWin) EZLEED ;//
iren->Initialize();

iren->Start () ;

return O;

}

e Ak vk BRI (BT BRSO 2 binary ik il
SOHF, EMRHGEREFEA RS RT, BRI, kel A
vtkPLY Writer 250 DR 75 s VTK #3010 PLY #%2K [11). 17 PLY X
4% Xt e ) MeshLab T HIE0%L T .

5.4.1 PLY &

PLY SCPF#% U AR KA TP R I — 8 =4k mesh BAYEIEIE X, B~
Uk AR 2 2 2 B RL K, Lhan Stanford ¥ = 4B 404, Geogia Tech [
KRBT E, JbR CUNC) R L 2R S8 i A (1 7R 340 e 13X A 3.

PLY 230 SO p BRI R A A AL 5L — B AT 2 AR RL I, 254 ] 5
{ELRE RE i 2 K 22 BB L 75 ZE A R A 5, T ELE Fe ¥R BL ASCIT A sk
TR AEE S PLY BT RE AR, XA B ORGSO X
RENS F BT N B S B 82T S S A A 3 ] 7L

PLY 1Ey—Fh 2 R A a i 5, AT =48 51 58 b % H 103 5t 1B S0
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& XFIIA S, B PLY X R TR — A2 1038 (Object), 1%
RS GOPT U@ I3 T A TS B AT R IR, B — X R R AR A —
FijtZE (Element). LT IUARH =4 5] % rp B FH 2010 & Fp & 4% 5K, PLY 5EC
TE 2 ol 5 AL PR AN BE T 187 B 1) SCAR A 3, (B A SRAT A et 2 BB, A% i3
BTt 1), 10 T4 K 2 8 TR R R a2 2 B T .

PLY [0St [RAEAR T B SOk Eon R EERE PR, Horp otk A
TN BALIER SR, B GRA. TR, TRMEESE, KGR
PESCA Sk R BT 51 HE G 2 SR AT S LT 1, A e sk AN TG 2 1 A

MR, BEARIRAT AR T VIK XA, 4 PLY # S0 FminT DL E £
F vtkPLY Writer 5335458 7.

5.4.2 MIKRFIARALIEEHE -MeshLab

MeshLab®s& —/MH QT JFAK . JREK . Dhie LB R w4 e (1) M g
W ARG, B THIBTEE., dlc. SN ERIEEAE 3D =AM,
JeHE A TAEE 3D IS B M. %O & [FH VCG J#E!, MeshLab Al
VCGlib #5E &AH E 3L RS2 Al g S s ge = kA Y. B (5.1) 52 MeshLab KJ
BeES M (K KYH: http://meshlab.sourceforge.net/).

5.4.3 AR

YE B4 5453 B AT T B0 40 4 0 TR (0B 2 B — B B
S, 1 (5.2) 2 HE b BB S i A RSCR. A BB B A R A, ZEF
£ T R U AL, AR 4SO — B, R 28 = 2 T
FAIE (5.2) RS 3R

TS A AR R AR = AR

3YEARID http://sourceforge.net/p/meshlab
WVCG £&— C++ 11 3D WAL http://sourceforge.net/projects/veg/
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toon gep Verticss 4383838
No Shacer Faces 10000000
Enabls Decorats made Show Box Corners FPS. 32

5.1 MeshLab F34E A

K 5.2 =4ERmEma R —
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£ 68E =#HRMREEE

6.1 EEED

HZEF—5 BNCEKFRr 4RI E TR T, HE, £ F—&
H T ) B SR TR Y B RS R, (B T TS AR 2 R AR T4
JE W, RO B A 2 I A AR R B IS IR, thini, B (5.2)
JRaR i AR AR —EeE i, R 22 TR AT, 40 2 5 FHAR, PLY X
- R/NE 8MB 2. BT EAFRA, H PLY XA 11k F] 226MB.

ST, AFESRH P =R AR 8 1 S0, A R R AR T AR
AARFIREDLR, ] BE A 28 s B 3 AT H PR R R

6.2 LS-Mesh 753&

2004 4 Olga Sorkine. Daniel Cohen-Or %& AAE [12] R H T — NPk 2
BEJ7V%, ¥ A Least-Squares Meshes (T %% LS-Mesh J73%). X 77k AR &
B BRAETTAE, AT A R, RS S T A VR IR = 48 3 T AR T B e e
ASCHY BRI 1 [12] FeSCIR SO SCRE L, X 1A J5 11 IR P IR A 1
ZlizAb. AT FEEAN LS-Mesh 1) 3 B E AR 777k,

X F—E (Graphic) G = (V, E), 114 V = {1,2,..., N} AHI&)F
B, v AT @ BIAZE (RER). ), 36 2 T T 20 i T '531%1[]5% WRZ NG
(CFHTEY).
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Horp d; R0 0 U (degree). WA (6-1) #aiie, WAl Ar - H AL

LA AR,
AP AR RTINS, WA

Lr=0,Ly=0,Lz=0

H z, g, 2 #2E n x 1 RS, N n DA 2,y 2 BN, LA n xn BHFE:

1 =
Lij=3-3 (,j)ekE
0 HeEm

L e MRS w i, ko n—k (k2B G BJE@E D 8.

PHE RS AR R RE T MR BT AR RIS &R (T8 L FRE).
AR, R AGEE: TANE FE AR M WAL EF S, LS-Mesh
HIEHr AL tAE T, AT FERMRDEN IS EFE (XL v
il T5 A control points), #8Ja BUR] LATFEE AL e/ 3R R SO N BT 2R - 31X
1E7E LS-Mesh #)FZEAE. 0 F-H IEA TR -& 3R E 2 Ui, w2 R ok B.

N R AT AE BT SR BB B E PR I T AL (control points).

BUEss th m MERINUR, i

vs = (x5, Ys, 25), s € C.
H C = {s1,80,...,8m} ¥EHITI A
Jr R R TSN (0 + m) x n):

Ax=b (6-2)

y
H

L 1 ':SiEC
F 0 HEM
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kE<n
by

n<k<n+m

0
xskfn

Bl (6.1) i T A FEBER— AT

6.1 —MAIE, Vi BV, il i

O N AR OB FE NN

1 —3 0 —% —% 0

1 1 1 1
-3 b -1 -1 0 —
0 —3 1 0 0 —3

1 1 1 1
-3 1 O 1 -3 -3

1 1 1
-1 9 o -1 1 I
0 -4 -1 -1
1 0 0 0 0 0
0 0 0 1 0 0

B —ANLMERGE, AR (6-2) Ei/D e TR, BIFA]E
B =AD& 2, 15 MERME

|Az = b||* = | Lz |* + > s — ol
seC

FIFEARE] y A 2, 3 D J7 LRI REE1S 2 10 T AR A,

(6-3)

6.3 Control Points i&EYX

173, A B B SRR el i B4 ] £ (Control Points) 1. Hif
YR, RO = R T BB i, 1] N
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DA AT et H 227 SCBEY AL, EEAn IR IS, P0Am, DA BT A A
A R IR U 22 A5, Bl S0 — RO IR R R LG . 5 42 11 s

AR R R AT R, SFRPAT R i PR . (HSR S0 B i T2 BEHLILER,
BT LSRR IR AT I 45 R B A BEALYE, 7 ELARAG AT Ae it B TR AN e P AE AL 7Y
(K17 SRHE R AL, Uk, AR I — A Sl U . BART iR R
&

MIE—ANBENL R IT G, BROCHTIE — S Hr B s . Bk, BLE A 1
P S AE Y — A LS Mesh MU T AL, SR )5 8ef— N80 LS Mesh, HEEUH 53
FF LS Mesh 5547 1) Mesh A2 E 257, 540 E 2 7 i RIS s AE 8 i
A T

KPR TRARF AR T Zff— DM RS, SRR BB, ROR Ee Ay, B

B, FRARANFSIE, AN, EIRFEH S pIE ORI HERR, AR T5H
IRIOHETT. R, FRATRLZ K B — R By SERR i, 8 R OV IE T A O R,
HARH,

) (K — 1) AR (K — 1) AN, ik

B BT B R 1) SO G 6T 90k AT B FE L S 4 2 T, R B BT A A )
MR error BRI T A BAE. SRJEFEX LL AR Z AR RUHP B error BRI
— AR RS, ERE EIRERE (K - 1) &R (K —1) NS,

6.4 SLWHESER

BT EHEEIMBEEE R EEE RSLENE (5.2) B RE 21—
HAE TN R, WE (6.2) PR,

IAE B (6.2) R B, H & T 54174 DT, X BAA T ZIR KINAF
i8], FHEFRAVEH LS Meshes Jyyksf Hab4T E . SLI6 A 3RAT R Bk H
1500 N0 AAE 42 i) T A

Lerror Z5F LSMesh 5J& Mesh B ZRE
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K 6.2 SEi B

o0, IRYE PLY SCIFSR O F A 45 21 H ORI 25N T 1) BE
FID, AT EE R A SRR TSR LS-Meshes.®.
H=, 1A LS-Mesh MEA Mesh HYZERE. PAZE A KB s AF 3BT I AL

.
EoNd, BES - E T 50 IX.
B, 53] 1500 Mz &, PLETTHE LS-Mesh.

A HITHEAR, A (6.3) Fros.

6.5 TH5ITiE

Eri RS SLERE R, BT RR RN 8] iR 2 A2 AR LS-Mesh fRIZR R/ —
P ARG WX 2 i LB I [ ARAEAE T AEREREAT LU 20 bii. 7 B9
eI b, FATFZGEAT 50 IR LU 530fif, “FIRRFED: 3.21s.

BfE, FATMPZE B, X+ A e R, Hz i S ik 52—k,
WE R, FATHATH 50 K LU Jr it — V. £E4 )5 I SERR iR iz A o,

2B — AN R ST DGR Bl — AN A, 3 vy
SHEALEM T LUGQUSTC #2441 sagemath T+ G HEAT 5L
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WA KA L 3

W

K 6.3 B (6.2) XM LS-Mesh, #5530 H: 1500

A R ] 1, AR (R QIR R AL [ %€ 1Y, PTEA LU 2 i ) L— R4 (T30
FerE ) SEM. IR TE R SR AT I R R AR AR (WA ), RATTA
5 A8 IE AT R RID 7 R Al X o2 )AL

KRB BA7 i, BATT TG BAF 2 ] L AR AR, BT R G &R,
AR AT B TSR AT AR S 8 H R B Mesh 2.7% 18O, Bl
IR IR T A AN S AR AN AT DI AN R AR 5 7 1) & B

SRR R, BRI R ORI T, BAVEA AT R
RTHRE] 7 AT A AR TR TR KIAF DAL,

Xt LS-Mesh GEAUAX A8 I An o] 2 2] s AR5 LA SR At mT DA B A A
R AN [ J, FeATT T LU ] (6.4), 7E R Le BN RN &R 73, J5L Mesh H £
ARG AR E LR (B Bt m s, K 13174 S, 5 BRI 2y
Z—), ek b, X g AL S R DA AR /D B 2 ) e T R R T 5 R
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#include <iostream>

#include <string>

#include <list>

#include <vector>

#include <map>

#include <opencv2/imgproc/imgproc.hpp>
#include <opencv2/highgui/highgui.hpp>

using namespace std;

us ing namespace CV;

void icvprCcaByTwoPass(const Mat& binImg,Mat& lableImg){
/7 Bk
lableImg.release();
binImg.convertTo(lableImg, CV_32SC1);

int label = 1;

vector<int> labelSet;

labelSet.push_back (0); /) HE: 0
labelSet.push_back (1) ; // WE:
int rows = binImg.rows - 1;

int cols = binImg.cols - 1;

for (int i = 1; i < rows; i++){

int* data_preRow lableImg.ptr<int>(i-1);

int* data_curRow lableImg.ptr<int>(i);
for (int j = 1; j < cols; j++){

if (data_curRow[j] == 1){
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vector<int> neighborLabels;

neighborLabels.reserve (2) ;

int leftPixel = data_curRow[j-1];

int upPixel = data_preRow[j];

if ( leftPixel > 1) //K
neighborLabels.push_back(leftPixel);

if (upPixel > 1) //kt
neighborLabels.push_back (upPixel) ;

if (neighborLabels.empty ()){
labelSet.push_back (++label); // #i5
data_curRow[j] = label;
labelSet[label] = label;

else {
sort (neighborLabels.begin(),
neighborLabels.end()) ;
int smallestLabel = neighborLabels[0];
data_curRow[j] = smallestLabel;

// &IEME
for (size_t k = 1; k < neighborLabels.
size(); k++){
int tempLabel = neighborLabels [k
1
int& oldSmallestLabel = labelSet[
tempLabell];
if (oldSmallestLabel >
smallestLabel){
labelSet[oldSmallestLabel
] = smallestLabel;
oldSmallestLabel =
smallestLabel;
}
else if (oldSmallestLabel <
smallestLabel){
labelSet [smallestLabel] =
oldSmallestLabel;
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}
}
}
}
}
}
for (size_t i = 2; i < labelSet.size(); i++){
int curLabel = labelSet[i];
int prelabel = labelSet[curLabell];
while (preLabel != curLabel){
curLabel = prelabel;
prelabel = labelSet[prelLabell];
}
labelSet[i] = curLabel ;
}
// R
for (int i = 0; i < rows; i++){
int* data = _lableImg.ptr<int>(i);

for (int j = 0; j < cols; j++){
int& pixellLabel = dataljl;
pixellLabel = labelSet[pixelLabell];
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Abstract tices of the model in 2(a). A close-up view of the LS-mesh

is shown in 2(d) to demonstrate the fairing effect of the LS-
In this paper we introduce Least-squares Meshes: approximation.

meshes with a prescribed connectivity that approximate a  Common scattered data approximation techniques [7] re-
set of control points in a least-squares sense. The givenceive an unstructured data set of points as input and fit a
mesh consists of a planar graph with arbitrary connectiv- continuous surface that approximates (or interpolates) the
ity and a sparse set of control points with geometry. The points, while satisfying some desired conditions, such as
geometry of the mesh is reconstructed by solving a sparsesmoothness properties. For visualization and further pro-
linear system. The linear system not only defines a surfacecessing purposes, the continuous surface is then often sam-
that approximates the given control points, but it also dis- pled and triangulated. When implicit functions are fitted to
tributes the vertices over the surface in a fair way. That is, approximate a set of points [3, 15, 17], they define a level set
each vertex lies as close as possible to the center of grav-of a trivariate function from which the surface needs to be
ity of its immediate neighbors. The Least-squares Meshesextracted. In contrast, an LS-mesh directly fits a prescribed
(LS-meshes) are a visually smooth and fair approximation mesh over a surface that approximates the points.

of the given control points. We show that the connectivity  5,,r work is close to the convex interpolation method of
of the mesh contains geometric information that affects the gjyater [6], where a given mesh is laid over a plane. As

shape of the reconstructed surface. Finally, we discuss theye sha| describe in the following section, our method and
applicability of LS-meshes to approximation of given sur- riater's method both distribute the mesh vertices fairly,
faces, smooth completion and mesh editing. while satisfying constraints given as control points. How-
ever, Floater's control points afeard constraints, while
our control points arsoftand satisfied in the least-squares
1 Introduction sense. Floater's method reconstructs the geometry of the
mesh in the plane, while our method reconstructs an arbi-

This paper introduces Least-squares Meshes: meshel@7y surface is 3D. In particular, LS-meshes can be con-
that are constructed from a given connectivity and approxi- Structed from arbitrary connectivity graphs, and generate

mate a set of control points in a least-squares sense. Given §hapes with genus higher than zero and surfaces which con-
planar graph with arbitrary connectivity and a sparse set of {&in boundaries.

control points with geometry, we reconstruct the geometry ~ Another related area of work is the variational subdi-
of the rest of the mesh vertices by solving a sparse linearvision schemes [11, 12], which can be used to solve the
system. The linear system not only defines a surface thatscattered data interpolation problem. Kobbelt [12] applies
approximates the given control points, but it also distributes Gauss-Seidel iterations to minimize the thin plate energy of
the vertices over the surface in a fair way. That is, each the surface [14]. These iterations act as a smoothing filter on
vertex lies as close as possible to the center of gravity of itsthe mesh. Interleaving the Gauss-Seidel iteration steps with
immediate neighbors. The LS-meshes are a visually smoothmesh subdivision steps generates a smooth surface from an
and fair approximation of the given control points. initial sparse mesh.

This paper also shows that by carefully selecting the con-  The rest of the paper is organized as follows. The next
trol points, an LS-mesh can effectively approximate a given section reviews the mathematical background needed to
mesh. Figure 1 displays LS-meshes with the connectivity construct an LS-mesh. In Section 3 we discuss the proper-
and control points of the camel model. Figure 2(a) shows aties of LS-meshes. Different strategies to obtain LS-meshes
horse model consisting of 20K vertices. In 2(b), the same that approximate a given shape are shown in Section 4. Sec-
connectivity is used to approximate a subset of 1000 ver-tion 5 addresses the algorithmic issues of solving the linear
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(@) (b) (d)

Figure 1. LS-mesh: a mesh constructed from a given connectivity graph and a sparse set of control points with
geometry. In this example the connectivity is taken from the camel mesh. In (a) the LS-mesh is constructed with
100 control points and in (c) with 2000. The connectivity graph contains 39074 vertices (without any geometric
information). (b) and (d) show close-ups on the head; the control points are marked by small dots.

(d)
Figure 2. (a) The original horse model, 19851 vertices; (b) close-up on the original connectivity; (c) LS-mesh of
the horse model with 1K control vertices; (d) close-up on the LS-mesh connectivity.

(b)

least-squares system. We discuss the results and applicdboundary vertices of the graph are set to lie on the bound-

tions in Section 6 and conclude in Section 7. ary of a convex polygon (and thus the boundary vertices
and their corresponding equations are eliminated from the
2  Qverview system). Floater [6] extended this result for systems that re-
quire the vertices to lie in any convex combination of their
Let G = (V, E) be the given mesh graph, whefe = neighbors. Here, we would like to solve this system for 3D

{1,2,...,n} is the set of vertex indices anfd is the set of meshes, thus;’s are assumed to _be I*. The linear sys-
edges. We denote by; the (unknown) location of vertex €M €an be written in matrix form:
1 in space. The following equation defines a fairness and

o o Lx=0, Ly=0, Lz=0,
smoothness condition for vertex (similar to [6]): x Y z

1 wherex, y andz are the rx1 vectors containing the, y
Vi — 4 Z v; =0, 1) andz coordinates of the: vertices andL is the following
VOIS nxn matrix:
whered; is the valence of vertex If the above equation 1 i=j
is satisfied, the vertexlies in the center of gravity of its Lij={ —% (i,j)€E
immediate neighbors. 0 otherwise

Tutte [18] has shown that if we assume the powtgo
reside in the 2D plane, the above system defines a valid em- The matrix L is known as thelaplacian of the
bedding of a planar graph onto a plane, provided that themesh [5, 10, 16]. The rank of is n — k wherek is the

49



HIZR R A AR Al 8 3L

1
-
|
Wl
|
= wl
|
wle
o
|

the connectivity with some geometric information and al-
low to obtain an interesting solution. However, the major
difference between Tutte’s and Floater's boundary condi-
tions and our control vertices is the approach to solving the
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Figure 3. A small example of a graph and its cor- lated. We keep the smoothness and fairness equations for
responding matrix. The dark vertices are set as the control vertices, and the resulting solution tends to re-
control points. spect these conditions at the constrained vertices, as well as

at the free ones.

To obtain a better understanding and intuition for the
claims above, take a look at Figure 4, which shows a sim-
IPle 2D example. A %5 triangulated grid is shown in (a),
where three of its vertices are used as control points. The
geometric position of the rest of the grid points is meaning-
less and is only used to illustrate the given connectivity. An
LS-mesh constructed from this connectivity with the three
control points is shown in the second column. Note that the
LS-mesh does not interpolate the three control points, and
the vertices are not placed exactly at the average position
of their neighbors. The error comes from the fact that there
is no solution that can fully satisfy all the 25+3 constraints.
where C' = {s1, 59, ...,5,} is the set of indices of the When there are more elements in the mesh (see the@0
control vertices. Our system then becomes rectangulartriangulated grid in (b)) the mesh is more flexible and the er-
((n+m)xn): ror is better distributed among the constraints. In particular,

Ax =b, the control points are better satisfied.

number of connected components in the grgphThere-
fore, assuming that our mesh graph is connected, the ran
of L isn — 1, and there is a one-dimensional subspace of
solutions for the system spanned by the ve¢tot, ..., 1)7.
Without any geometric information given, the solution

of the system is not interesting. Providing the 3D location
for somem control verticesallows to get a non-trivial and
unigue solution. We add the equations of the control ver-
tices:

Vs = (2s,Ys,2s), s€C, (2

3 Connectivity Meshes

where
L 1 j=s€C
A_<F)’ Fij_{O otherwise i i wity i ;

A 3D mesh consists of its connectivity information and
the geometry, i.e., the 3D coordinates of the mesh vertices.
by = { 0 k<mn We will refer to a mesh that has no geometry information as
Tsp, N<k<ntm a connectivity mesh. A connectivity mesh has no shape. It
See Figure 3 for an example of a mesh with control ver- can be generated from an arbitrary mesh by removing its ge-

tices and the corresponding matrix. Adding at least one row©metry information. In our work we deal with what we can

for a control vertex to our system makes thematrix full- call an augmented connectivity mesh, where only a subset
rank. The system is solved in least-squares sense, i.e. w@f the mesh vertices contains geometric information. Our
find x that minimizes linear least-squares system reconstructs the geometry of the
mesh vertices while approximating the known geometry of
|Ax = b|* = [ Lx[* + > |z, —v{?|%. (3)  the subset, and positions each vertex in the mean geometry
seC of its immediate neighbors. Since the reconstruction sys-
tem also accounts for the given connectivity of the mesh,
The unique analytical solution is = (ATA)71 ATb it yields a shape which is close to the notion of connectiv-

sinceA has full rank. Note that eleme(t, j) of the matrix ity shapes [9]. In their work, Isenburg et al. showed that a
AT A does not vanish only if the graph distance between pure connectivity mesh has some natural shape, assuming
i andj is at most two. This implies thatt” A is sparse  that all the edges of the mesh are of equal length. They em-
(although not as sparse asthat only accounts for first-  ploy an iterative optimization process which minimizes an
order neighborhoods). energy functional that inflates the mesh towards a smooth
Note that the control vertices play a conceptually sim- shape where the edges are close to uniform length. The op-
ilar role to the boundary vertices in Tutte’s graph embed- timization process is non-linear and requires to interleave
ding solution. They constrain the system by augmenting some regularization steps so that the reconstructed shape
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(a) 5x5 grid (b) 20x20 grid

Figure 4. LS-meshes of triangulated grids. The first and third columns visualize the connectivity of the given
graphs; the geometric position of the grid vertices is meaningless. Three control points at the corners of
the grid are used to generate the LS-meshes, their positions are marked by small dots. Note that since the
LS-mesh satisfies the constraints in least-squares sense, some error is present: neither the control points are
interpolated nor the fairness condition is precisely satisfied.

(b)

Figure 5. Reconstructing the geometry of the camel's head using the original connectivity. We removed the
geometry from the head (marked in (a)). (b) The control points around the “hole” are marked by small spheres.
(c) Close-up on the reconstructed geometry. Note that the connectivity of the head contains some information
that induces non-trivial shape, without using a single control point.

bears some resemblance to the original mesh. However, the When a small set of control points is used, the LS-mesh
key contribution of their work is that it shows that a pure is reminiscent of the connectivity shapes in the sense that
connectivity mesh contains some non-trivial geometric in- LS-mesh as well draws some non-trivial geometric infor-
formation. mation from the connectivity alone. This is demonstrated in
Figure 7, where the legs on the left are reconstructed from a
In light of the above, an LS-mesh can be regarded as avery sparse set of control points, and and in Figure 5, where
non-pure connectivity mesh, where only some of its ver- the head of the camel model is reconstructed from the con-
tices contain geometric information. If the given connectiv- nectivity graph, using only the ring of vertices around the
ity mesh is meant to reconstruct a given shape, these geomneck as control points.
etry vertices act as control points assisting the reconstruc-
tion process to yield a better approximated shape. While . .
the connectivity shapes strive to satisfy the uniform edge-4 Selecting the control points
length condition, in an LS-mesh the vertices satisfy flathess
and fairness conditions in a least-squares sense. ltis inter- LS-meshes can approximate a given mesh. A set of con-
esting to note that the smoothness term used as regularizatrol points needs to be chosen in order to bring the surface
tion in the optimization process of connectivity shapes [9] of the LS-mesh close to the original mesh and minimize
is in fact the Laplacian of the mesh. the geometric error. Intuitively, the control points should be
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Figure 6. Different approaches to selecting the control points, applied to the screwdriver mesh (27152 vertices,
1000 control points). The bottom row shows the locations of the control points by small dots. In the left column,
random selection was used. The middle column displays the greedy approach, which places one control point at
a time in the vertex that attained the maximal error. In the right column the combined approach was used, where
in each of 31 steps we found 31 local error maxima and placed the control points there, and then recomputed
the LS-mesh to obtain the error estimation for the next selection step. One can see that random selection is
inefficient since it does not “predict” places which will have large reconstruction error. On the other hand, both
greedy selection and the combined approach work quite well and concentrate the control points in strategic
regions, such as the edges of the screwdriver, where the reconstruction error is likely to be larger otherwise.

places in “strategic” locations on the surface, such as fea-
ture points, the tips of extruding parts and places where ge-

ometric detail is present. We have tested several strategies

to select the control points:

Random selection. This is a fast method, however
if the original mesh is highly irregular and high-
frequency details are present, random sampling might
miss them out, which results in an inefficient approxi-
mation (see Figure 6(a)).

Figure 7. Close-up on the legs of the camel LS-
mesh computed using 100 control points (left) and
2000 control points (right).

e One-by-one greedy selection. This method chooses
one control point in each step by computing the LS-

mesh induced by the current set of control points and
placing the new control point at the vertex whose lo-
cation in the LS-mesh has maximal error compared
to its location in the original mesh. This method is
slower since it requires solving the least-squares sys-
tem in each step, but it is successful at identifying the
“important” control points (such as points on features
and details) and decreasing the approximation error.

Combined local maxima method. With this strategy,
we compute the LS-mesh evely steps and mark the

vertex with maximal error as a control point, like in the
greedy method. In th& — 1 steps in between, we se-

decreases. Then, we find the vertex with the maxi-
mal error among the vertices that were not marked.
The process repeafs — 1 times, and then we com-
pute the new LS-mesh. This approach is faster than
the greedy method since less solves are required, and
it imitates the greedy method by fairly distributing the
control points.

An example comparing the three approaches in shown in

lect control points by computing local maxima of the Figure 6. While the greedy approach seems to achieve the
error. That is, we traverse the mesh in breadth-first or- best distribution of the control points and hence the smallest
der, starting from the last selected control point (that geometric error, the combined approach is more practical in
attains the global maximum of the error) and mark the making the tradeoff between the approximation error and

vertices around it as “forbidden”, as long as the error computation time.
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Figure 8. Reconstructing the geometry of a hole using LS-meshes. (a) shows the original camel model, and the
region of the hole is marked. We “removed” the geometry from the vertices of the hump and reconstructed it

using the control points (marked by small spheres in (b)) and the connectivity of the hump. The reconstructed

model is shown in (c).

Model | # vertices| Factor | Solve| Total 6 Discussion
Eight 2,718 | 0.085| 0.004 | 0.097
Horse 19,851 | 0.900| 0.032 | 0.996

_ As discussed above, LS-meshes can approximate shapes.
Screwdriver| 27,152| 1.646 | 0.068 | 1.850 As the number of control points gets smaller, the LS-mesh
Camel 39,074 2.096 | 0.073] 2.315 gets closer and closer to being a pure connectivity shape.
Figure 11 shows a series of LS-meshes approximating dif-
ferent models with increasing number of control points.
When the amount of control points is really small, the LS-
mesh is distorted and bears almost no similarities to the
original shape. However, as the number of control points
increases, the reconstruction quickly gets closer to the orig-
inal shape. By giving higher weight to the control points
constraints, the LS-mesh can become closer to being inter-
polatory. The weights are incorporated by modifying equa-

5 Solving the system tion (2) to the following:

Table 1. Running times (sec.) of solving the lin-
ear least-squares systems for the different models.
Factor denotes the time spent on the factorization
of the normal equations.  Solveis the time to solve
for one mesh function ( x, y or z). The last column
shows the total time to compute the LS-mesh.

. . WsVs = We(Ts, Ys, Zs)-
LS-meshes require to solve a sparse linear least-squares

system to reconstruct the geometry, i.e. to minimize Thys, the energy minimized by the LS system has now the

|[Ax — b||. We use a direct method for solving the normal t5rm

equationsd” Ax = ATb. A factorization of the coefficient

matrix AT A = RT R is found, whereR is an upper trian- |Ax — b|* = || Lx||* + Z w2z, — v 2.

gular matrix. Therx (andy, z) is found by solving two tri-

angular linear systemB” Rx = A”b, thatisR"x = ATb

andRx = x. As one can see in the 2D example in Figure 9, when the
Table 1 records the solution times for the models usedweight of the control points increases, the LS-mesh bet-

in our experiments on a 2.4 GHz Pentium 4 computer. Theter approximates them at the expense of the fairness con-

table shows the time to decompose the coefficient matrix of straints.

the normal equations into its triangular factors, the solution  LS-meshes can be potentially utilized for filling holes in

time for one mesh functionk( y or z vectors) and the total  surfaces. It is possible to adopt a framework similar to the

solution time. The direct method is quite fast for moderately one proposed by évy [13]. Lévy conformally embeds the

large meshes. Most of the time is spent on computing themesh in the 2D plane, triangulates the hole in the parame-

factorization, while the time of the solving is negligible. ter domain, and then reconstructs the geometry of the newly

seC
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w =25 w = 5.0 w = 20.0

Figure 9. LS-meshes constructed with varying the weight of the control points constraints. The location of the
control points is marked by small circles. As the weight increases, the LS-mesh becomes closer to interpolatory,
at the expense of compromising the fairness conditions.

introduced vertices by minimizing a discrete curvature cri-
terion. By solving our linear system, where the known ver- v\’

tices around the hole serve as control points, the geome- ‘\/\
try of the unknown vertices is reconstructed. See Figure 8, § J

where the vertices around the hump were taken as control \

points, and the hump was reconstructed by solving the sys- \ 4 \\ A \ '

tem on the reduced mesh (which included the control points A \ A\ \
and the connectivity of the hump). We do not need a param- / “\ ) | o ) )
eterization of the mesh but just a triangulation of the hole. 4 / 4

The resulting shape depends on the number of vertices used

in the triangulation and the quality of the meshing. Forin-  Figure 10. An example of editing the LS-mesh. On
stance, when taking the head of the camel and “removing” the leftthe original LS-mesh is shown; on the right

the geometry from it, and then reconstructing it by solving ~ the resulting LS-mesh after moving the control

our system, we arrive at the non-trivial shape shown in Fig- ~ Points on the head.

ure 5.

Another interesting area of application is shape model-
ing and editing. By manipulating the control points, a new is assumed to be decoded before the geometry is decoded.
LS-mesh is immediately implied. However, unlike in subdi- Roughly speaking, the spectral method succeeds to recon-
vision methods [19], here the connectivity is readily given struct large models with a visually pleasing appearance us-
and better fits to the subject geometry. This suggests thaing a few thousands of spectral coefficients. In terms of
LS-meshes can be effective for editing existing shapes. Sedile size, this is equivalent to a few thousands of control
for example the horse in Figure 10, where we moved the points (see Figure 2(c) for the horse model approximated
control points of its head, resulting in an edited version of With 1000 control points). A fair comparison would require
the same mesh. The reconstruction of the LS-mesh is veryt0 agree on a visual metric and to draw distortions curves.
fast, assuming that the factorization of the normal equationsVWhile such a comparison is beyond the scope of this paper,
matrix of the LS system is pre-computed, which needs to pbewe would like to emphasize that spectral methods tend to
done only once per LS-mesh. Then, to obtain the edited LS-be optimal [2]. However, a progressive transmission of a
mesh we only need to solve the system by back-substitution triangular mesh based on LS-meshes can be advantageous
which is very efficient, as discussed in Section 5 (in partic- in terms of its computational cost. The spectral method re-

ular, refer to the timings in th8olvecolumn of Table 1). quires computing the eigenvectors of the mesh Laplacian

. . . . . . matrix, which for large meshes is an extremely costly com-
It Is quite tempting to mvestlgate the potenuallof LS- putation. In contrast, the solution of linear least-squares

mfeshes for geometry compression and progressive transéystem is fairly simple and direct.

mission of 3D meshes. Previous work on progressive mesh

compression employed construction of hierarchy for both )

the geometry and connectivity of the mesh [1, 8, 20]. Re- / Conclusion

cent methods have concentrated on progressive represen-

tation of the geometry only [4, 10]. In that sense, LS-  LS-meshes are conceptually simple and easy to imple-

meshes are somewhat related to the Spectral Compressioment. They provide means to reconstruct smooth meshes

method [10], since in both cases, the connectivity of mesh from a given connectivity mesh and a (possibly small) num-
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Figure 11. Examples of different LS-meshes. Each row displays LS-meshes computed using the same connec-
tivity graph and a varying number of control points. Note that LS-meshes can have arbitrary topology, including
genus greater than zero.
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