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New algorithm of shape from shading for cold rolling steel surface defect
YANG Yong-min, LI Ge, ZHAO Jie

(State Key Laboratory of Robotic and System, Harbin Institute of Technology, 150080 Harbin, China)

Abstract; To improve the classification performance of cold rolling steel surface defect, a 3D reconstruction
algorithm of surface defect is proposed based on shape from shading theory. A modified Oren-Nayar diffuse re-
flection model is presented according to the design of optical path for surface defect detection system, then cor-
responding reflection map equation is deduced with perspective projection model. The equation is solved by
fast sweeping method based on high-order Lax-Friedrichs Hamilton function and Newton iteration, and finally
the extraction of surface defect 3D information is realized. The 3D reconstruction experiments with synthetic
image and surface defect image are carried out, and the results show that the reconstruction precision is high,
the accuracy of modified illumination model is confirmed. The 3D information of cold rolling steel surface de-
fect could be extracted effectively by this algorithm, which is helpful for improving the classification perform-
ance of surface defect.

Key words: surface defect detection system; illumination model; 3D reconstruction; fast sweeping

AT, K22 20 i B e A i 2 48 HUREAG T —
Aif5 B, B2 0 = AEE BRI, =i (5 B AE

Shading, SFS) 19 J7 1 U5 92 £ S (30 i 5 5 G
S YT, T E AR TR T R

SR S UL P Sk B A 5 () I B M) 4R i R
IrIEFGITERE , DRI $ B T ik By — 2 £ L 2E
FIREFETE - or b B = AE TR PRI = (5 B
AT ST B, o AR AR ( Shape-from-

Wi HEHEE: 2011 -04 -27.

BEE&WAB: EEEHEANIE LR %E B H (2007AA041501 )
FEIRKERRHE LI (2009ZX04004-062 ) ; 1 7RI Tl
FEERMIMEIHTEE A BE ) (HIT. NSRIF. 2009023 ).

EEBA: Mk (1981—) 55 L4
B AR(1968—) 55 #d%, T AR 0.

BIS1EE : 77K, hitymyang@ 163. com

SFS JriEA B AFTE AN € 1, i i ) @ =5
VR 5 T8 25 58 TE B ' BRABE 78 1) 8 37 DA KA 3K
SFS A W iy it Ol REAEAY = B 18 S S
Y BT RS L SR G 3R T R SRR, e B
TPV PAAR 70 2 BREL 1Y) 18 S SRR 4 K 24 SFS
i R TIZOC BRI E 2 1Y, (H R R A 5 51
PRABAH 22 8K, BRI 1 A P dcai S B Al
401 Oren-Nayar {8 J 5§ 525" | Phong 4% 1fif J5Z 5 5
sy Lo .Torrance-Sparrow *ﬁﬁ!m V1 ) Healey-Binford
RS A SFS BE 2 S R B =26 ik



H5H

Mok B, 55 R ELA BRI R I AR A B 30k - 53

AL R R AR s A AR
RSB T — R s T T s
Rl O ) o6 BB A IF 51 AR gy THIHER T
SFS J5 i B AN i k.

AR SCHR AV F LA AN A T R P A R SE ) B B
R, ST T IR Oren-Nayar 18 iz 5 851 B A
A HES TR T A R, R T
B Lax-Friedrichs 73 %% /R Ui oK £ -5 20 i 2% G AH 45
B PR AR SR 58 T O BRI SR R, B A
SEYREAIE T SFS J5 s i iR A A A

1 AR A a5 o

L1 A3 FNRERERN RS ST

VLT AR T R B A I R G AR RV T2
Z 5 MR © &40 i, HER TR
KMEAE 1.2 pm A4y, LA TH RS 28 4E 60% 747 .
2RI FR B0 SR FH L B R 700 nm [ R A
LED ZO%GI5 , SGIE & P AT G AE 1 0 R e i —
ZRRBEES ST . R R A A 2R T A BRI
4 700 nm (LR CCD, [Al i b2edgi sk h e ey
690 ~710 nm )4 38 386 -, I A DR AN 32 S0 R
WECR . S T A5 A S 5 T RO
1. X R EREA 7 T, = 4 3w Bl s 2 e R 18
VAEN G SESTY 2N SRR R ki P S 1
() R 2 B 2 An Ak, BB B A AR fh 25 (R AR 2 Y
UG IR E AR TR I o = AR BB ad
SIHT AT, B AR IR 2 A48 Ak 2t H 18 S I A2 A 5 |
AR, AT SFS 5 Rk &2 e B = 445 5L
SR P8 SR R,
1.2 mkiEEs

R XV Lo 50 R T st B A R e ) 40 AT, i
PR SEBRIE LY Oren-Nayar {8 [ S5 Sy J5E
RIGEATRCHE , ST TINS5 AR R GG HRABE .

Oren-Nayar i J 55750 75 (AR 3 A ol L4

I ELEN, B TH S = (6,,0,)

SNV = (0,,0,) 9 L a = max[6,,0,],
B =minl6,,6,], M E 30K Bk R 75 i1
T, 2SR EE R E 1518 U R p AR
AT () % RERE A
L = %Eocos 6, {A + Bmax[0,cos(¢, —¢,) Jsin atan B.
A4 = 1.0 - 0.5¢°/(¢" + 0.33),B =
0.450° /(o +0.09) ,0 =504 B vHE Ot 22
R/ i R TS FE .

TER LA T B R R g, U R F

ATCATF X T A0 2R T A A IR TG R 106, ARG T
MR SRR r 1 OGTE. BIECR AL IRAR 1
HENSEIEA TR — P Z A, G A ERCR AR
1% Jledhs Z ] 1) I f e — A [ B3 /IME, 7T DA
RIA R SR Ry v A, BIOA A SEUR A7 T B8R
SRAL ARG E L. G IR 7 0] 5 B RCR 42
RS G ) — 3, NZA 6, = 0, = a =
B =y, [Ali 2 R BT r e B ) = s AR D 5 5
HARG NGB ABARR RN
E. =1L = (n/rz)[Acos 0 + Bsinzﬁi] =
(q/r*)[ACL-N) +B(1 = (L-N)*) 1.
Ao g AEE SO0UR AR IR A 0 R DR R
FERBUN R ZH DL ROG2E R R G & Fh 2 4L
A3, L RTINS KT 1.

2 B EA MG K

2.1 ENRPHFER

TEJCHRBER ST i A v, i R GRS A%
AR BB, IR T GRS AR R 1O
Sl O, A 1R B R R AL I ot
S MBS AL, AR f > 0.

1 SERARRA GE

s A AR 3R S ARk I E X 02
Do AR P 5 SO B R 19— AT, Dy —
MBI, HAR/MUE T EHR AR, 1 [0,
X1 x [0, Y] JHMSER QM6 Q5 R ABG)
HARARIARFT x FIPIARID S () BB, BIR
i S BILARTE BN
S=18(x) =fu(x)/ V1 al? +f(x, -f); v e

0, S(x) e R},



54 - e S

A

K % % i o544 %

Horbru(x) YIRS R AL, S AR XT
TIXFERY R AT — 53 S(x) A Al PLROR
H
n(x) = (fVu(x) —fu(x)x/(1 1> + /),
x4+ fu(x)f/(Lxl? +£)).
IR ) BRI 75 [ B (i) 2 R D3RR Oy
L(S(x)) = ((1/ VI x1? +f)(-x, /).
FH1(x) AR E/m, TR 20 Y 1R 2 18 1) R 25
o= fu(x) 44 ARG R SRR X P15 21 s 5
K7
I(x) =

Vu(x) *

[A(L N) +B(1 - (L-N)*)1.

 fu ( )?
KPR (L - N) g IR 7 1 Sk % I 35 1) 2 4
Z I N AR B A R AR AT 1
(L-N) =u(x)/ VF(Vu(x),x) +u’.
K
F(Vu(x),x) = (x> +£) )L Vul(x)1? +
(Vu(x) +x)’], (1)
(1) A 7B DR TS R e
TR, 2 v = In w(x)  Jfil 8RN 15
—e ™ + I(x)f[F(Vo(x),x) +1]/
[A VF(Vuv(x),x) +1 + BF(Vv(x),x)] =0,
(2)
K (2) M H -] R, B T
AR 2 M0 7 . ARIE R PE AR OSSOy TR R
27 B ME—fif, 75 2L 45 5E Dirichlet i1 7t 2%
PES SRR AL
2 () F(Vo(x),x) +1]1/
[A VF(Vov(x),x) +1 + BF(Vo(x),x)] =0,
Vx e 0
v(x) = (%), Vx e of2
WA P H-) Jy B AR By, T Lax-
Friedrichs P47 7 138 FH 28 R0 R il ok 4K
A TP, LT o, R R, PR T2 ¥ X
Ty R A TR A
2.2 FWr Lax-Friedrichs [RiEFAH 7%
Lax-Friedrichs 5 7 4 55 W% & Kao 21" 32

_e7

B35 T Lax-Friedrichs B8 20080V 2% 215 15 pR) %K
A BRER F4 J77 , RT R S AR AT ] 25 ) 448 B v 1)

EEFAS H - ) AR PEM. & B P 1
A T AR 2 R P e B A A B TR 3 % R 2R 4 7 O
SECERL, [A] B 454 Lax-Friedrichs AR B0{EL T
R SR LA S Guass-Seidel 358k 78 1 4 A~ J7
RSOV SEERE

FIE TS AN N RS H - T 5 R

{H(p,q,x,y) =0, (x,y) € O\I;
@(x,y) = g(x,y) {x,y) e I'C L
Hep.0 0 R i 5, r2 @ i 514,
p =0¢/dx,q = dp/dy, DUEIREEL H —A~E
NERY Lipschitz 22 ek . W 2% 28505 B2

) Lax-Friedrichs BAJEEE I /K15 RN

W ptig _ (b tpl a*al
0" (p™p" 54" 1a") H(z’z)

0.50,(p"=p) -0.50,(¢" - q).
Hpo, Ml o, W ANTHEHMHF, H o,
max | 0H/dp | ,o, = max| 9H/dq | wFELp Al ¢
FH B IAAS B T4k 3 i LR IE DL T TE A =By
IAUAS B e ks 2R 4T 23 A, HoAG (E A Al an
&l 2 fi7w.

=

=

b, —>| |<— .
i-1 i i+l 42

2 ZHrinAA R S R AR AR

i-2

R4S 5 (2,7) AL T AR S el 2543 p* B9 =B
A R IR G s Rt
Py = (1 =w )(0.5(@,,,; — @i ;)/Ax) +
w_ (0.53¢,; —4¢., + ¢ 5,;)/Ax),
P;j = (1 - W+)<O-5(§Di+1,j - goi_l_j)/Ax) +
w, (0.5(= @i +4¢i,1; —3¢,;)/Ax).
(3)
w_=1/(1 +2r%),
=1/(1 +2r),
_ et (905,/ - 290/71,/' + szfz,/)z (4)
e+ (@, — 20, + Goz—l,j)z’
_ et @iy =200, * @iay)’
e+ (@i, — 20, + ‘Pi—l.i)z .

Hodr e M7 143 BE 200 1E 58 Je 22T
Ve 107, Rl mT LA St S A5 (i Lg) A g B9
= B IAUAS JF JC R 1 B R
¥ (3) . (4) 4 A Lax-Friedrichs 58 5
DU RIR AL, il B H -] R4
AL PE A A BT A R
" ! +pqgl 44
¢ = (TE * %y) [ (" S )+
(o P g 1) i, 5
H, ot o, BT REUA, @) A [l — A% a5,
M ET R EUA. = (5) A O 5 EIOR L E R
i EAx, H B4R Gauss-Seidel 3% /8158 B4
i e AR p) gl BRI A R




H5H

Mok B, 55 R ELA BRI R I AR A B 30k - 55

TEMIA% S E SR SRR T3
2.3 ETHRESRREE SFS Hik

R SO 1) 16 AR A S s ) 30 ARy
SH-JHFRE, TSN Lax-Friedrichs F 3
FAR T EE AT SR B B S i n T e

{—e2v+H(V1j,x) =0, Vel
v(x) = l,b(x), VY e a0l
K

H( Vv,x) = I(x)fz[F( Vv(x),x) +1J

A VF(Vou(x),x) +1 +BF( Vv(x),x).
TN EUR XS 02 E 4T B b B, R
BRI R M x N, o] LUEEHR X 58 Q2 B e
K/NK M x N HIE M DX, A% L) s B Ry
BEE N (xy), 0 =12, M5 j =12, N},
B RAE 19 KNG [R] TR R R/ (Ax, Ay)
EFRHH A A = Ay MR R S EEE
SEATNRY , BRI B 2 SR U MR R S
R EEERIE AR V., = v(iAx,jAy).
H A = i Lax-Friedrichs 4948 50 , 7T DL 75 31
PR AT B A AR
- (o/Ax + o /Ay) e 4V =
(0./Ax +a,/Ay) "' [ - H((p], +pi,)/2,
(qi; +4:)72) + (o, (pl; = pi))/2 +
o,(q; -q4.,)72)1 + Vi, (6)
XV ok, 0 (6) JEARL MR, 75 2]
A AR LA TR S
A = Vijya=-1/(o,/Ax +0o,/Ay) , FB G
(6) ZEMIAT b o, ] E 0564k h
f(t) =ae™ +1-b = 0.
RS — B B
(1) =—-2ae™ +1.
LR = Vi R AR
e
M= - fY ().
BAEMGEBRE, wiRe i o8 ik A X0 55
.
EREH AL EER T o, o, #ES
SR 18 ] 4 3 A R 4 vk 2 M R 1 U7 1
WEATHAE -

o =8.2+1.76 m[%], [=180;

o, =0,

o =0 =7+176 log[w], 150 < I < 180,
! 150

o= =45 +1.76 log| (403 1 < 150,

) ’ 150

Lk LI AR HAR S BUS BRAE

D) iafe. gERIR 1(x,y) i E R gt
M F R R AR, AR 0 5 2R A M TSR BT A
9 R AL, X 2 i BE 7 S ey ik Ais S ad At
TRIFANAZ. Sy HABAR 2 A5 10 i B A 73 e — 4> R Y
TEAEL €, I T B A 1 3% 50X 07 194 i B2 (L F) i
KAH.

2) SR, FES n + 1 UGEU BR T R
B E R R AN, o T A5 R i 3 IR ik
REF AR R R B Vi)' 2 HACH A5 2 1Y
{E/NT E— WA SAE VI B R R
V., THR VS AR RS S 4 AR
Ay ) Bt T ()i = 12 M,j =11 N;
(2)t=M:1,j=1:N;(3)i=1:M,j =N:1;
(4)i=M:1,j=N:1.

3) BB R BRI S, ORI
S AN HE DL P B R A S R

¢3e;~ = min(max(zd)l,]’ - d)2,j’(b2,j) ,d)Sl(:) s

oy, = min(max (2, = by by ) b ,) s
?,e(;v = min(max(zd)i,l - ¢i,2 ’d)i,Z) 7‘1’?18) ’

$iva = min(max(2d; v — d; oy 5 bivi) ’(ﬁhin ).

Xof TR R B 5, S e A R T
TR ERSY 3 AR [ E A 2R, AT LAY
HAH AN R AU R A o B T g 1Y
TR SEPRIs S8 Fp 10 50 2% 1 14 SR AT LA s

4) THEESHL R Vi -V <88 h
20 7€ WIWCBUBI(EL, 27 T 22 P UK pR AU(ELTH AR 46
225 ) , B R AR 1k 40 7 A R, U1
SEAT i A5 R s B R RO (L

3 LRt

DS N LA RGP K S B 2R T 5k IR
I3 AT SEE , B A G IR L Y TR 1, LA
JIe R R A R SEs AT BB 25 F 2 In-
tel Core i5 760 2. 8 GHz, RAM }y 2 GB. T [f] %f 3&
T SFS J7 ik i) = 4E A SR AT VRN 3
3.1 AIGEMEB/RER

VEPE IR HI 2 BRANAE I G 1l B AR R kA7 5
3. A UG CR P AR SCHR S 1 ik T B AR 52 1 ek
HEG BB | R BT S804 ORI T
AL (0,0,0) ", EUG R AR AL 5 1 F BE
100 2%, lZ4 o = 0. 195.

LERN LA R =GB ARAE s R
z2(x,y) = m, % +y2 < 0. 64.

(7)

TN LA R = 4ET R AE A



- 56 - Mmook OE Tl ok ¥ ¥ o544 5
day) = QB -6 +D’(y - 1’Gy -2)) -2, 03 4020
(x,y) e [-0.5,0,5] x[0,1].  (8) gm Zous
Heal(7) ((8) L G I R A E o8
N S R Y X P
N 120 x 120 (4 MENR. TR TERBEN 2 oo
FRI R AT A e, PR A o i PR 2 ° v VY B O
Je X A 2 1) v R B T I — AR AR B 3254 30 ¥R (a) FHR 2 M 4 (b) BRI 2k

JEAT R A 1 BRFAE R B = G- AR A 25 2R 4 ]
3 4 /s,

H—f

(a) - ERBR B — 4R TEAR (b) 73 BRI K FE S,

Z 5 A o>
;\T] 0 S 0
0. \
LT Lo
60 6090120 90 90120
g 30 o 3007 60 60
R E W 30 30
JEF Bz 00 N ek

(QERERE S (TR EE R e 22
3 ABEHRMZHEHER

0
90 77
. <

(a) e R H Y = 4E AR (b) & IRAE LK A FE Pl 5

=i

g 01
= 00
0
0-0.0

0 0

/O

30
60 30
60
g 20 120907
: R

(d) IR &5 Rk 22

(OERAEER
4 GHEMNZHERER
RIS AR P2 5822 (ME) | & B 7 AR iR
22(RMSE) LU CPU i£77 I [8] S5 X 285 1 h 4 7
OIHTRIEANT. 1815 .6 3k B F BRAIAE R E AL 1Y
TR V-4 2 R4 5 AR R 22 Bl AR
MAEAEE DL, 22 1 25t T 354X 30 R EA LY

0.10

" 020
790.08 2o.16
£0.06 vy
0. 20.12
£-0.04 50.08

=
120.02 1,004

B

0 10 20 30

0 10 20 30
IS ER AR ER

(a) PRyiR 2 M £% (b) TR 2 M 2
5 ABEHRNZHEHER

El6 AREMHI=HEHER
F1 P—USEFHRE BWARRERIETHE

ANTLE1% TR 037 T Y ) 1]
Al pR 0.002 2 0.003 6 6.25
g 0.002 8 0.004 6 10. 42

1 A_E bR M al R 1207 HE RE S HRAT A m i
FEREE AR, S R b A B, AR i 20
UK, 1o BE B4 F- B4 R 2 R 7 AR R 22 1 B AN 1451
2 EEAGRFFAE I RZE BT R ZE 5 DR,
A A BRI R I 5 D R 22
3.2 LERREGRPEE G ER

VPR AL % PR 2 i R A T S, R AT
S HEBCE W DI T 60 AL (0,0,0)7,
PG R AR AL G AR BE O 20 mm, ]S M o =
0. 428, BB IEACIRBCN 20 VEOALEARRAE. X 3K
SRBE 7 ITE A AR S AR Y LA R AR SO A H ) St
JERBRL T HEATS0E, 8 7 SR IR R
SCYGAEHRANE 8 FNO Fir7iR. DAy B35 WA 3t 4 ik = 4k T
FaJE 2R, FLATR R B AR T 1Y, K HL AT 1A
e mMIE AR K.

(a) fLIF S (b) JeF=Be i
B7 ZREEER
i
e 10 210
128 “128 1128 =
T oo N\ 128
= m',\% A~ R /%,% 0 ol \%‘a%ﬁ
(a) BRI R 25 5 (b) Pt 2
B8 FLAMMZHEHLER
x
% . % 1.0
T\ﬂ—o.s ﬁ—e 0
28 128 128
= o0 . 1002 =100 T Moo
50 .0 0
STt G 8
(a) BAMAI AR R 25 51 (b) AT 25 R

B9 RFRPA-HBEHER



H5H

Mok B, 55 R ELA BRI R I AR A B 30k .57 -

AR LA B 22 T ke o O 1) = 4 g R A 6
75 FURT RS0 26 15 T 2 PO RS e R, 7605 R4 T
SERIHTITE AL T, R SEROCR X e A ]2t
FyRF o34, dlE 9 whn] DI 76 3], 3 T oot
RIS 1) = HE T AR LU T WA A1 AR 1
PRI = ZE T AR SN2 30 T R B 1) S P AR, 36
A A ) 01 BECRE TR BB A B3R o (11— SO, i e
(Y A AR B TE AR — . B2, B TRt
HERERU N #55 [r Lax-Friedrichs 128 5 ik fUAH 45 &
PRSI SFS S35 2 1E 5 HLA 800, AE S 5¢ il
PRI TR 1 = ZEE .

4 & b

1) FERF ¥4 Lty 4 2 T R o6 A 00 2% 0 1) D' B
A E2L K Oray-Nayar {8 2 SRR A 0T ) LA
b AR A X 8 SRR B AT T B
Ao, TRT s 2% B8 81 ' Y58 3] 0 A 35 v g O 81 )
WA R SR T —Fhod T 3% i R B A T AR S
ACHESE IR AR S AR B T R

2) BB PSR IR IR R AR 45
S T BB T I RO BT, S8 T e
BRI ST, T XSO D5 R 3 T — s i
Lax-Friedrichs I3 7R e RO A 1005 AR 25 45 1
PRI R S BT R R .

3) PRI N T 80 P 5 R 26 T ke s ) 5% A
TR EAE, N T AR SR 25 R R WA SO
BT = 4E A Bk BE S DA B R O A
[ Fsf 2 1t o Pl (R S B 2 SRk — 2D Bk T ke
R TY LA R oS0k R i Lax-Friedrichs BR#E 3714 55
LR IERIYE S A B, sE W] T A 2R T SES
JiBR A — A F A S RE RS A R0 S B T a6R o 1Y)
il

5% Xk :

[1] ZHANG Ruo, TSAI P S, EDWIN ], et al. Shape from shad-
ing: a survey [ J]. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 1999, 21(8) ; 690 —706.

[2] CARTER C N, PUSATERI R J, CHEN Dongging, et
al. Shape from shading for hybrid surfaces as applied to
tooth reconstruction [ C ]//Proceedings of 2010 IEEE
17" International Conference on Image Processing. Hong
Kong: IEEE Computer Society, 2010; 4049 —-4052.

[3] BAHEIR, FTEAS, B AR ER, 5. LT SFS JEHfY SMT
PRl R = HEFAG BB [T ], THRPLRRA,2000,
36(7):288 -291.

[4] HORN B K. Height and gradient from shading[ J]. Inter-
national Journal of Computer Vision, 1990, 5(1) ; 37 -75.

[5] OREN M, NAYAR S K. Generalization of lambert’ s re-
flectance model [ C ]//Proceedings of the 21* Annual
Conference on Computer Graphics and Interactive Tech-
niques. Orlando, USA. ACM, 1994. 239 -246.

[6] PHONG B T. Ilumination for computer generated pictures
[J]. Communications of the ACM, 1975, 18(6): 311 -317.

[7] TORRANCE K E, SPARROW E M. Theory for off-specu-
lar refelction from roughed surfaces[J]. Journal of the Op-
tical Society of America, 1967, 57(9) ;1105 —1114.

[8] HEALEY G, BINFORD T O. Local shape from specu-
larity[ J]. Computer Vision, Graphics and Image Pro-
cessing, 1988, 42(1) . 62 —86.

[9] FRANKOT R T, CHELLAPPA R. A method for enfor-
cing integrability in shape from shading algorithms[ J].
IEEE Transactions on PAMI, 1988, 10(4) ;. 439 —451.

[10]LEE C H, ROSENFELD A. Improved methods of esti-
mating shape from shading using the light source coordi-
nate system[ J|. Artificial Intelligence, 1985, 26(2) :
125 - 143.

[11]DUPUIS P, OLIENSIS J. Direct method for reconstruc-
ting shape from shading[ C]//Proceedings of the image
Understanding Workshop. San Diego, CA, USA. Mor-
gan Kaufmann Publ Inc, 1992 . 453 —458.

[12]ZHANG Li, YIP A M, TAN C L. Shape from shading
based on lax-friedrichs sweeping and regularization tech-
nique with application to document image restoration
[ C]//Proceedings of 2007 IEEE Computer Society Con-
ference on CVPR. Minneapolis, MN, USA . IEEE Com-
puter Society, 2007 1180 —1187.

[13]YUEN SY, TSUI Y Y, Chow C K. A fast marching
formulation of perspective shape from shading under
frontal illumination [ J]. Pattern Recognition Letters,
2007, 28(7) . 806 —824.

[14 ] PARDOS E, CAMILLI F, FAUGERAS O. A unifying
and rigorous shape from shading method adapted to real-
istic data and applications[ J]. Journal of Mathematical
Imaging and Vision, 2006, 259(3) ; 307 —328.

[15] BARDI M, CAPUZZO-DOLCETTA I. Optimal control
and viscosity solutions of hamilton-jacobi-bellman equa-
tions[ M]. [S.1. ]: Birkhiiuser Boston, 1997 1 —23.

[16 ] KAO CY, OSHER S, QIAN J. Lax-friedrichs sweeping
scheme for static hamilton-jacobi equations[ J]. Journal
of Computational Physics, 2004, 196(1); 367 —391.

[17 ] ZHANG Yongtao, ZHAO Hongkai, QIAN Jianliang.
High order fast sweeping methods for static hamilton-ja-
cobi equations [ J ]. Journal of Scientific Computing,
2006, 29(1) : 25 -56.

CI8 X HG S , 5 JUSR. i LB N 1Y B i S 4T 3R i AR
WADF L[], VY 22 5800 K224k, 2009,43 (2)
6 - 10. (g )



