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(a) (b) (c)

p 1.1 P e ) g 
 ` � * . (a) | C ; N � n . (b) | * t g C ; 
 ` . (c) | � * � 9 .

? � � � e � - j , � \ , i g � � . ? � � � � c n :

1. � ' , , N | N � E � U , ^ I � � , � � f K � � d $ a G A .

2. r } � * ? . u 8 " , � @ * N R � � ^ Z � � b g (* � I L � / % 7 ).

3. � Y C s g � r l > D A ] 
 � R , � ? � ) U m G } $ @ ' � . � f K .

� � K , ] X Q � ` � G ^ ) U g f K , r ? W . � � g % 7 . � ~ 
 ` g ! = * < , U g # z � y % 7 
 | u �


 ` � * , * N 
 ` � * , P < 
 ` � * [29]. | � * u � ! = g 
 ` � * � � U | ] \ i Z e F � g Voroni p D

Delaunay| 
 . ~ Y W ! , g % 7 @ Amenta h q � [2] � e D g Crust Z � , Edelsbrunnerh [12] e D g

3D � -shapesZ � I b Boissonnat [6]D Bradley [7] g % 7 h � * N 
 ` � * � � ~ | , < � Ma h [21],
Krishnamurthyh [18], Eck h [11] g % 7 . � 
 b PDE * N R � � q � [5, 22] � @ Y . � : � . Z { # S

N � n 	 + � � * N R � - @ C � 	 4 - j g � f , [ � Y 2 | % 7 � q 	 + , � . : U u b * N R f K , Z � � f # ~

8 j � � . L s , * N R � � j I I 8 r } � * � o g e F * % . 
 o 2 , P : 
 ` � * � � 	 O F � | : � • g / " . �

@ N | , � { \ • _ D 5 � � , P < 
 ` � * � & \ ! = r } � * � o g e F * % , � . { # S N � n 	 + * N R I 8 , P

< ! = g 
 ` : d 2 | e F + 7 $ | r Y , u � Booleann Z � 3 � # 0 h . � ~ Y W ! , g % 7 Y , Hoppeh [17]
� � A � 7 < N 7 | P < < N , U • I h � ` ! = X y 
 ` . Bajaj h [3] E � ; U . A U � -shapes	 + " } R � �

I q " } _ ( m G 
 x W N 
 ` . Curlessh [10] : U g ! = * < O . x p � � * � o 
 ` . Carr h [8] : U � �

� a g | c q D � � ] < N (radial basis function– RBF)O n l N � � * D 3 N N * 
 ` , I b - � $ t � ) > g


 ` . 4 
 Zhao h [30, 31] e D n � `  
 ` e ) , n U Fast Sweeping� � * W i Z � 7 < N , # : U Osher
h [23] e D g P z a (Level Sets)� � i Z � A � 7 < N , u b m G # S N � , � d F ~ > g � 9 . Yang h [28]
; U V R f K 	 + F 
 ` � y .

9 $ S R 7 Y * � � ) U � 
 P z a � � , e D C % g l E e ) , � l E e ) @ { Zhao h [31] l E e ) g � 	 ,
^ O � g e ) w n F U L � y 
 ` g J Y , , # � Y � r l > . { M l E e ) , � \ $ ) U V R f K � � , } @ ) U � 
 f

K Z d • x 
 � < , p � � � x 
 � < . � > I 8 g d N @ N � E � U , < � p 1.1 (a) � Y 437645� N � n , p 4.2
(a) � Y 543652� N � n . ! ) U V R f K 	 + � � � � , i Z E z j I > G . { M l E � \ E � _ D • r 1 - 1 �

4 � � < , � I * t � Q g e F N , * W y = C C ; 
 ` , � � C x 
 � < g C � � f . X � e F N ( � g P < ` � 
 `

g I P z a c | � \ ? � y g 3 N 
 ` , l : : U  ' g Marching CubeZ � [20], e � • I h � ` . � � g � ? '

� � . , O � F C � % g l E e ) , ! D F C � * W K y C ; 
 U 
 ` g � � . q � A � 7 < N g � % C ; R : < � e D

F � % 5 g TVD Runge-Kutta� � . � � ! D g � � W 2 � � ? , i � � g � ' ? � , � � r Y , Y ! , J \ � % �

b , B = ! 9 > .
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(a) (b) (c) (d)

p 2.1 5 � � g ! 9 . p (a) @ H � g 
 ` N � . (b) @ * t g C ; 
 ` . (c) @ � = 0:01� 2
5 g � y � 9 . (d) @

� = 0 5 g � y � 9 . (c) D (d) w @ r W 350 % I g � 9 , 5 q % 5 | � = 0:0006.

9 $ q Z � � ] � g k � � . , q l 2 � � * : U g l E e ) b e F N * t . l 3 � � * N � 7 � � � , • � � . C

; 
 ` g * t , P z a x 
 � < g � � , I b 4 � 
 ` g e � h . l 4 � ! D F N � B = ^ � ~ � 9 . l 5 � 1 � � � .

2. < P � � � ~ � / h i b • [ ?

q � � , � \ � * ? : U g l E e ) # * t � Q g e F N .
U S = fpig

N
i=1 ! = X ~ 	 
 ` M g ) > * : g # S N � a G , , N � g ) > ] x | � # � Y � - r 1 [17].

• � � - ] x @ | F x E f C � _ k @ � Y ' v , ! 6 : � , R c � � _ k Y C ' v . � � o , ? * t g 
 ` @ C � � 


` , N M $ ; ' v . " L p 4.2 � T � / B � g & 
 # $ @ M I g ' v . � - r 1 ! = 
 ` M �  \ � g � � @ $ l d

a � y g , � E 4 | C  E , # X - E ^ g � x + Z . { & q � g � L C n x 2 R3, s M

d(x) = dist(x; S) = min
1� i� N

dist(x; pi)

• � dist(x; y) = kx � yk1=2 = ((x � y) � (x � y))1=2
| D n 
 q g r e 9 d � 7 . � � : U g l E e ) |

E(� ) =
Z

�
d2(x)dA+ �

Z

�
dA; (2.1)

• � � @ C  g � N , | � % # q * N , n u 
 ` � = fx 2 R3 : � (x) = 0g, • � � | C P z a < N . � l E e ) ^

Zhao h [31] � : U g e ) @ $ m g , E � w n F l ~ � , � � g h g @ | F 3 N � * 
 ` , � E r 1 , � \ 9 
 | 5 �

� , • � g ! 9 # O p 2.1 � � D , � � # I � : @ n u 
 ` g \ , l E . l C � � \ # Z Y � z � " , h g @ | F i Z

• r 1 - 1 � 4 � � < g � � , � � # I � : @ n u 
 ` g ? l , ] � , � � � � 7 @ # I : U • ` g ^ N . � \ g h  

� @ `  R � l E . � � , ! � l ~ � , 8 V ( { : d l E T a `  g 
 ` Q . � 7 # n a S, } w n l ~ � I , `  R 


` X � 
 \ 7 # n a S.  Q a # n N � # l � Y r 1 , (2.1) $ n G 8 . L s , � \ : U g � 7 < N g ^ N | 2, } $ @

1, d N @ � 7 < N @ @ 4 < N , Z $ @ # x < N , } z � � 7 < N @ @ 4 # x < N , p 2.2 O D F z ` ( a Y • f D 7 #

N � n g � 7 < N D z � � 7 < N .
; U � [1] � g � 9 , � \ J * t � � e F N

@�
@t

= (d2 + � )div
 

r �
kr � k

!
kr � k+ 2r (d2) � r � (2.2)

= L(� ) + H(r � ); (2.3)

� (0) = fx 2 R3 : � (x; 0) = 0g;
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(a) (b) (c) (d)

p 2.2 � 7 < N D z � � 7 < N . (a) D (b) 
 " ! = a Y • f g � 7 < N D z � � 7 < N . (c) D (d) 
 " ! = a 7

# N � n g � 7 D z � � 7 < N .

• �

L(� ) = (d2 + � )div
 

r �
kr � k

!
kr � k; H(r � ) = 2r (d2) � r �;

Z , r ; div | 
 o g R3
� g d x � # x Z , , t @ 5 q * N .

3. � ) ( p

a : C n u 
 ` � (t) O f C C ; 
 ` � 0 � ; , q x 
 � < g ( � � � � � 
 ! s g 7 # n a S, � \ ( � . ?

 Q I � e � � f :

1. � F ! = � n u 
 ` � (t).

2. � n u 
 ` � (t) � F n u , c G i � x 
 � < ( � .

3. � n u 
 ` � (t) O i 9 � ; n u , @ c C ; 
 ` � F * t .

4. x 
 � < � F � � , Y F f K - j � f .

5. � F e � 4 � 
 ` .

q � ` g 5  � � , � \ z { ( � g e � � f 
 " 	 + 3 L .

3.1. ; O t � K > �

� � � \ q O ; � ^ L , � \ U P < < N (P z a < N ) 2 ! = n u 
 ` � (t), c

� (t) = fx(t) 2 R3 : � (x; t) = 0g:

8 V ( { , � \ # I : U � L g P z a < N 2 ! = � n u 
 ` ( [9, 13]), Z q 7 u � , D \ { N � i Z g � s , b � �

, g  Q , � \ � T ) U � A � 7 < N 7 | P z a < N . N M , � \ @ : U � A � 7 < N 2 ! = n u 
 ` � (t), c

� (t) = fx(t) 2 R3 : d̄(x; t) = 0g;

• �

d̄(x; t) =

8
>>>>>><
>>>>>>:

� d(x; t) = � dist(x; � (t)); x 2 
 (t);

0; x 2 � (t);

d(x; t) = dist(x; � (t)); x 2 R3n
 (t);
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 (t) | X � (t) ^ � z g � � � _ (l 4 @ | @ l g ). � A � 7 < N d̄(x) @ C � e J I I # x < N . > 7 ( , E F q p

� n (kink) s , � A � 7 < N d̄(x) w @ Y C > s M g , � Y � ? , �

kr d̄(x)k = 1:

q l 3.3 � � � \ � * � F ! D C ; 
 ` g � A � 7 < N .

3.2. ; O t � K z H S C

X P z a � � 8 V # 	 , n u � ` g n u � < c | (2.2), c

@̄d
@t

= (d2 + � )div
 

r d̄

kr d̄k

!
kr d̄k+ 2r (d2) � r d̄: (3.1)

3.3. E � 
 � Z >

? * t C ; 
 ` , E � . ? i Z (3.1) � g � 7 < N d(x). i Z & q � � L C n x a N � n a S g � 7 � U C z

� > 	 , c i Z � n a 7 # n a � L C n g � 7 , � I 5 � 4  g 7 | � n x a N � n a S g � 7 . Z � � � q N � E

� ~  , � i Z u � � ~ I g 	 , � @ # + g , t \ � \ g N � E � U , u � @ � ~ ] , M � $ � � # + 7 , . / \ i Z C

n a N � n a S � 7 g # + � � � | , • � l : � � Eikonal � < g � � 4 | Y ! , c � � � � � � � f :

kr d(x)k = 1; d(x 2 S) = 0:

� \ : U C � 3 G R � 1 
 D Gauss-Seidelr W � g * W $ a � (Fast Sweeping Method) [32]2 � � � � < ,
• i Z E � | O(N + M), • � M | u � n g � N , N | 7 # N � n g � N . � � g i Z : < # * � [31]. • � 2 �

\ � # I * t C ; 
 ` F , � � , � \ # I U C � r Y g 
 ` 2 7 | C ; 
 ` , � 
 � = � g h , z ^ Y g N � n � ! . Z

� # l V 2 2 | � f , < � . ? < R H 5 5 q ( l a T 4 � 
 ` ; # � < R 5 # l : 
 ` t 3 U E c � ' 
 , < � 6 } h ,
� @ N | 
 ` g ( � � < � a F 3 Q 
 ` g 7 U ; U Y # l _ � � ' `  g 	 , 2 2 , p 3.1 � @ C < , M � f q [31]

(a) (b) (c) (d)

p 3.1 r } � * S � = < . X y 
 ` @ 12 � , = g 
 , C ; 
 ` | C � ; � 12 �  
 g U 
 . u � U  | 121�

116� 119. (a)| C ; % b , M | C � ` p . (b) | < R 100 % I � 9 � ` p . (c) | < R 300 % � 9 � ` p . (d) |

< R 300 % g � 9 , � C % b ] � @ � s % b . l 4 < R � � , r } � * # $ � 2 � R .

@ Y e b . Z � # $ @ R � > g C ; 
 ` C s $ # I : U , p 3.2 R c r } � * � 7 # I � � , � @ A 
 g � F P z a �

� g V j , . N M , $ V O i Z E U @ 
 � , 2 { , C � a P , g C ; 
 ` { 
 ` � y w @ $ G A g , C � � ~ > g C ; 


` @ ` | � ? g . l 4 � 7 < N g s ' U 0 d(x) = " @ C � H > g C ; 
 ` , ` W ! F # S N � " - w F E g 
 ` , •

� * N " g 5 � D s ' @ � d  Q g . C 	 2 { , " g 5 � ^ ) > ] x � , r 1 @ x � D u � @ R h(� � o s : U g &

q u � @ h q � g , c � x = � y = � z = h) Y / , � \ q N � B = 5 4 5 � " = 0:6 � max(� + �; h). / \ s ' g
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(a) (b) (c) (d)

p 3.2 r } � * � � = < . X y 
 ` | D � , = 
 , C ; 
 ` | C � . � D 
 g C 5 � g , u � U  | 122� 42� 42.

(a) | C ; % b , M | C � ` p . (b) | < R 150 % I � 9 � ` p . (c) | < R 300 % � 9 . (d) | < R 500 % � 9 .

� f , � [30] � ! D F C � 9 | * W  � � (Fast tagging)g Z � 2 � s s ' , • i Z E @ O(M log M), • � g

log M 2 g \ { z (heap)k c V g s 3 n Z , > 7 ( , Z Y � ? { z k g c V 	 + s 3 , � \ [ N � ? 	 + C N � ~ c

# , i Z E | O(M). � g 2 { , � \ Y

� R 3.1:

1. ! [ � u � n k C  � tag = � 1.

2. z � { s ' n g  � � | tag = 1, # z • k Y  � tag = � 1 g H � g � A � � � g � � z � .

3. / } z � u � n � 7 < N � 4 U g C � , � • @ � Y C H � g � 7  \ " ,

(a) Y , � n  � � | 0, z k ^ Y � A { Q g u � n  � � | 0, k  � � M .
(b) � , � n  � � | 1, z • O z � % E , i n •  � tag = � 1 � $ q z � g H � g � A � z . $ 3.

� M ,  � | 1 g n | s ' n ,  � | � 1 g n | k ' n ,  � | 0 g n | � � n , c � " n q C ; 
 ` ( , 7 k ( , � "

� � n 7 C ; N � n a g � 7 i | " + h. � I I � " � � n | N � n a , ; U � L * W $ a � i Z • ] u � n a • g �

7 < N d0(x), 4 I C ; 
 ` g � A � 7 < N * t |

� R 3.2:

1. � 9 tag(x) = 0, d̄(x) = 0:

2. � 9 tag(x) = 1, d̄(x) = d(x) � " .

3. � 9 tag(x) = � 1,

(a) � 9 d(x) < " # � d0(x) < " , d̄(x) = d(x) � " .
(b) • _ , d̄(x) = � (d(x) + " ).

/ \ � Z � i Z C ; 
 ` g M 
 5 q v l T � ! 4.1.

3.4. # T S C | � 	 s

] � 7 < N d(x) D C ; 
 ` @ c � A � 7 < N d̄(x) * t t : I , � \ � # I � ~  ' P z a � � ( [23,25,33])
2 � � x 
 � < (3.1). � \ ) U g @ Y � 1 
 � . q M , � \ � L • � g / w f K , � . x V f K , Y � _ N g i Z , �

A � 7 < N g � % C ; R .
B H j � . q P z a � � [ 2 
 C , � G a i Z E U g S G , d � @ C � C } g � f (, i Z E | O(N)), � ? $ R

: C � ~ } � f (i Z E | O(N2)) 2 � � , C � ~ } � f (, i Z E | O(N2)) � ? $ R : " } � f (i Z E O(N3))
2 � � . = � , < � � \ g � f � @ C � � ~ } g 
 ` , � � ? $ R : � C � " } P z a < N g � f . | F � � M � f , C

� H > g f K , � 9 | x V f K (Narrow band)H � 4 � : U . x V f K g ] � � � @ � q C � � ( � g � _ 	 +  

� + 7 , @ � @ � q � \ ? # � g n u � ` g � 
 � � . : U � f K I , i Z E � X U U | i , < � , C } � f g i Z E

� : O(kN), ~ } � f g i Z E � : O(kN2), • � k | V + . Z @ , \ ( I h � ` g n u , � Q g V @ ? n u , @ �
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@ R , M V @ C � n u g V , • + x @ \ n u 
 ` * % $ m } $ m . < � , q 
 ` � R ~  g k � , V , � � { ~ x , q 


` � R � ~ U g k � , V , � � { ~ + . X \ V , @ ? n u , ^ I x V f K [ + b a C � V , $ % g � f . : U � [25]
� g f K , n u g V , @ � J � y g , # � i Z E g ? 
 @ @ � d g . / \ V + k g 5 � � f , $ m g i Z � � ? � @

$ C > g . < � , � 9 : U ~ � ENO(Essentially Non-Oscillatory)[ " � WENO(Weighted Essentially
Non-Oscillatory)f K i Z Y � _ N (* � � � Y � _ N g i Z ) 5 , k = 8h � # I F , • � h @ u � g @ R . � 9

: U " � ENO [ � � WENO i Z Y � _ N , k = 12h. 7 = � 9 ! c , � { + C n g V + $ Y ; \ ' � i Z .
I = J � L k  . � \ z � < (3.1) g Z y # : D � 
 D , X \ � D � N � i Z g E 3 � _ $ m , | s ) N � � ^

D 7 � � 
 � R , ? { ` \ ) U $ m g 7 # � � . • � � L(d̄) = (d2 + � )div
�

r d̄
kr d̄k

�
kr d̄k $ l : U R � 1 
 g S

� 2 , i 7 # i Z � � , N | � � g E 3 � _ � . & q g  � � � , C 	 : U � Y ~ � � x g � & 1 
 � 2 i Z • � g _

N . } l ~ � H(r d̄) = 2r (d2) � r d̄ 9 | Hamilton-Jacobi' 
 , � 0 : U R � g S � 2 , i Z � , � v X _ �

~ 8 � g N � � ^ � � . { � � f g : � H Y U E g % 7 , ] � g 6 � � @ R � S � g Q U , @ c { d̄x a j @ : U 5 _

N d̄�
x U @ : U Z _ N d̄+

x , Q � X (d2)x g � A � s , ! (d2)x > 0, d̄x : U 5 _ N d̄�
x ; � 
 , ! (d2)x < 0, d̄x :

U Z _ N d̄+
x . { d̄y; d̄z g i Z : U 5 U g � � . Z M I [ + b a � 7 < N d2

g _ N g i Z , ` g i Z j # I : U �

Y ~ � � x g � & 1 
 � < i Z , @ # I : U � � � x g Y � _ N i Z � � i Z D 5 _ N (d2)�
x D Z _ N (d2)+

x , � I

U ((d2)�
x + (d2)+

x )=2 2 i Z (d2)x. Y � _ N d̄�
x D d̄+

x g i Z # U � � � < 2 
 " W h C � � x � <

d̄i jk � d̄i� 1jk

h D

d̄i+1jk� d̄i jk

h , � ~ � d g � � @ ENO [16] D WENO [19] � < . � . 2 { , ENO � � � @ ) U � N / z g � n e


 , " �  � 1 ' � { � `  g 5 u � < , e � . � � x } 7 � � 
 � R D � � ^ ! 9 g C � f K . } WENO � � @

; U � n e 
 g o 3 G , A 
 ; U ENO i Z g � q � 9 2 	 C % e � � x g C � � � . / \ � D � � � g � � � * #

* k � d � � [26].
U a x } ` � L K . F � d . q � ` � � 5 , � \ # U � A � 7 < N g I h � ` 2 � � k % Q � ` . Z X \ � & 0

� ` g n u , � \ z $ l 
 ? � A � 7 < N ; � @ C � � A � 7 < N , � # l X : ^ Y g P z a w z _ a C  g � _ , 0

� C ] a C � , O } _ � p n g 2 2 , : 	 C % g i Z D I h � ` g B � 	 4 $ ' � . N M � \ . ? C � { : � " P z a

� M 
 7 g � � , � � � ? � I h � ` 
 ? $ u , } • _ n g P z a < N V � : � A � 7 < N . � � � � � H 9 | � % C

; R � � (Reinitialization).r Y 2 { , � % C ; R � @ q 
 ? I h � ` $ u g m 5 , U L C , � C > g P z a < N 2

W h , � $ > g P z a < N . X \ � ` g % Q $ E 3 \ � g g P z a < N g 5 u , ^ I � % C ; R @ Y 8 V 
 � g . � q

l 4 g 6 � @ � � � G C � � f :
8
>><
>>:

@�
@t = sign(� 0)(1 � kr � k);

� (x; 0) = � 0(x)
(3.2)

g � b � 2 7 � , • � sign @ � A < N , c ,

sign(x) =

8
>>>>>><
>>>>>>:

1; x > 0;

0; x = 0;

� 1; x < 0:

q [25] � , sign(� 0) �

s(� ) =
�

p
� 2 + kr � k2h2

u b g 2 � 
 , @ c , [ r W C % , u � n I g � A < N w � � % i Z C N . � < (3.2) @ C � Hamilton-Jacobi� < ,
# I ) U � � Hamilton-Jacobi� < g � � 2 � . { & q � � g 7 # R , � \ @ # I : U C � � * Engquist-Osher
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� � [23] [ Godunov� � [24], [ - � g Godunov� � [14]. { 5 q � � g 7 # R , � \ # I : U  ' g r

1 � , Z r 1 � � Y � , � x , ? Z d ~ � � x , l 4 : U TVD(Total Variation Diminishing) Runge-Kutta�
� [27]. < � , ~ � TVD RK � � � � 4 x 
 � <

d�
dt

= L(� )

5 , ) U r W �

�̃ n+1 = � n + � tL(� n); (3.3)

�̃ n+2 = �̃ n+1 + � tL(�̃ n+1); (3.4)

� n+1 =
1
2

� n +
1
2

�̃ n+2; (3.5)

• � , r 1 % (3.3) D (3.4) � g 5 q % 5 @ � h g , 3 G % (3.5) � g o 3 G � N | 4 N

1
2. � r W � K # I # :

�̃ n+1 = � n + � tL(� n);

� n+1 = � n +
1
2

� tL(� n) +
1
2

� tL(�̃ n+1):

� `  0 : U J n g ~ � TVD Runge-Kutta� � (3.3)–(3.5)2 � � (3.2). q O l n 5 q % g � n
i Z a l

n + 1 5 q % (M I g 5 q % 5 # l $ h , c (� t)n
# l ^ (� t)n+1(n = 1; : : :) $ � h ) g � n+1

5 , 5 q % 5 (� t)n

@ � ~

(� t)n �
1
3

h
max
i; j; k

jsn
i jk j

(3.6)

2 5 � g , @ c ? � 5 q % 5 ^ & q % 5 W 2 CFL j x . � I , : U � m g 5 q % 5 (� t)n
	 + D � r 1 % (3.3) D

(3.4), 4 I ; U 4 3 G � N

1
2 3 G � D � r 1 % (3.5) 2 d a � n+1. q � [15] � , � � � H 
 � � 7 | 4 V (4 V g

; M @ 
 q 
 � TVD g � e � , : (� t)n � c(� t)n
FE � g CFL j x N c | 1, • � (� t)n

FE | � � r 1 � � g l

n � 5 q % 5 .) g ~ � TVD Runge-Kutta� � . Z � 4 V , @ q � � D r 1 % : U � m 5 q % 5 g � e �  Q g ,
# � � � � q � g 5 u 5 q % 5 5 j # l Y 
 F g � � , [ # l Y X 	 g y � . < � 5 q % 5 (� t)n

� 9 � (3.6) 2 5

u , l C � r 1 % (3.3) g CFL j x . � W 2 , Z l ~ � r 1 % (3.4) g CFL j x # l W 2 , @ # l $ W 2 . N | �

\ > � # $ 	 b [ C r 1 % g 5 q % 5 (� t)n
FE. � 9 l ~ � r 1 % (3.4) g CFL j x W 2 , v M 5 q % 5 # l a  ,

Y 
 F � � , � 9 l ~ � r 1 % (3.4) g CFL j x $ W 2 , v $ C s l 
 � � � � @ TVD g . q C % { , � 9 l ~ �

r 1 % (3.4) g CFL j x ; � @ W 2 g , � � � � s g 5 q % 5 # l X � ~ 
 F , _ � r W N N g w n .
� q � \ g � f @ { � A � 7 < N � % C ; R , } � � � � f @ l : � < R � < (3.2) T a � b � 2 7 � g . � 9

l Y C � j � Y ~ � � x , } [ Y ~ * C A W x g 5 q 7 # R � � , v � A � 7 < N g � % C ; R z X � i U E * g . ]

\ I (  Q , � \ e D F C � . A Q g % 5 5 u ^ � , c � % 5 TVD Runge-Kutta� � , • � D � r 1 % (3.3) D

(3.4) � g 5 q % 5 # l $ m , 3 G % � g o 3 G � N # l $ @ 4 N , � " * N w @ q i Z : < � . u 5 � g . � g 2 { ,
{ (3.2), � \ q u � n (ih; jh; kh) I , U � � ~ � � % 5 TVD Runge-Kutta� < 2 i Z � n+1

i jk ,

�̃ n+1
i jk = � n

i jk + (� t)n
1L(� n

i jk ); (3.7)

�̃ n+2
i jk = �̃ n+1

i jk + (� t)n
2L(�̃ n+1

i jk ); (3.8)

� n+1
i jk = � n� n

i jk + (1 � � n)�̃ n+2
i jk ; (3.9)
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q � 9 , � n
i jk ; � n+1

i jk 
 " ! = � i jk q l n; n+ 1 5 q % g � , l C � ~ r 1 % 5 q % 5 (� t)n
1; (� t)n

2 g 5 � 
 " W 2 �

� g CFL j x :

(� t)n
1 �

1
3

h
max
i; j; k

jsn
i jk j

; (� t)n
2 �

1
3

h
max
i; j; k

j(sn
i jk )1j

;

• �

sn
i jk =

� n
i jk

q
(� n

i jk )2 + kr (� n
i jk )k2h2

; (sn
i jk )1 =

�̃ n+1
i jk

q
(�̃ n+1

i jk )2 + kr (�̃ n+1
i jk )k2h2

:

3 G % (3.9) � g 3 G � N

� n =
((� t)n

1)
2 + ((� t)n

2)
2

((� t)n
1 + (� t)n

2)
2

:

� ` z � g _ D � % 5 ~ � TVD Runge-Kutta� � (3.7)–(3.9).| r Y � v , o s � \ q t = 0 � 
 � �

� � w x 
 � <

8
>>><
>>>:

� 0(x; t) = L(� (x; t)); x 2 Rn; t � 0;

� (x; 0) = � 0(x);
(3.10)

• � � 0(x; t) = @�(x;t)
@t , L @ C � & q � � � 	 � , � x 
 Z , . | F _ D ^ . ? g � < , � \ $  Q & q � � g 7 # R .

{ \ ! s g 5 q % 5 � 1 D � 2, D N : U r 1 7 # R � < , � \ Y

� 1 = � 0 + � 1L(� 0);

� 2 = � 1 + � 2L(� 1):

, � (x; t) @ � < (3.10) g � � � . � q � \ ? � s 4 N � D � , : d

� 3 = �� 0 + (1 � � )� 2 (3.11)

@ � (�; � ) g C � ~ � � 
 . N |

� 0 = � (�; 0) = � (�; � 1) � � 1� 0(�; � 1) + O(� 2
1);

L(� 0) = � 0(�; 0) = � 0(�; � 1) + O(� 1);

^ I

� 1 = � 0 + � 1L(� 0)

= � (�; � 1) + O(� 2
1);

L(� 1) = L(� (�; � 1)) + O(� 2
1)

= � 0(�; � 1) + O(� 2
1)

= � 0(�; � ) + (� 1 � � )� 00(�; � ) + O(� 2
1):

9



p X

� 0 = � (�; 0) = � (�; � ) � �� 0(�; � ) +
1
2

� 2� 00(�; � ) + O(� 3);

L(� 0) = � 0(�; 0) = � 0(�; � ) � �� 00(�; � ) + O(� 2);

	

� 1 = � 0 + � 1L(� 0)

= � (�; � ) + (� 1 � � )� 0(�; � ) + � (
1
2

� � � 1)� 00(�; � ) + O(� 3);

� 2 = � 1 + � 2L(� 1)

= � (�; � ) + (� 1 � � )� 0(�; � ) + � (
1
2

� � � 1)� 00(�; � ) + O(� 3)

+� 2(� 0(�; � ) + (� 1 � � )� 00(�; � ) + O(� 2
1)

= � (�; � ) + (� 1 + � 2 � � )� 0(�; � ) + (
� 2

2
� �� 1 � �� 2 + � 1� 2)� 00(�; � ) + O(� 3) + O(� 2� 2

1):

\ @ q o , O(� ) = O(� 1) = O(� 2) g � e � , X (3.11) Y

� 3 = � (�; � ) + ( � � + (1 � � )(� 1 + � 2))� 0(�; � )

+(
1
2

� 2 � (1 � � )� (� 1 + � 2) + (1 � � )� 1� 2)� 00(�; � ) + O(� 3):

| : C � D ~ � � � 3 , . :

� � + (1 � � )(� 1 + � 2) = 0;
1
2

� 2 � (1 � � )� (� 1 + � 2) + (1 � � )� 1� 2 = 0:

� M � < 3 , � \ d a

� =
2� 1� 2

� 1 + � 2
;

� =
� 2

1 + � 2
2

(� 1 + � 2)2
:

L 1: ] � 1 = � 2 5 ,

� = � 1; � =
1
2

:

� c � [27] � g ~ � TVD Runge-Kutta� � . Z 7 k i Z 5 , � 1 ^ � 2 C 	 $ h , N M � [27] � g ~ � TVD
Runge-Kutta� � | � % 5 ~ � TVD Runge-Kutta� � g c < .

L 2: � � % 5 Runge-Kutta� � @ TVD g , d N @ D � r 1 % w @ TVD g , • o 3 G K | TVD g .

L 3: / \ 5 q % 5 � 1 D � 2 � F ! s , � g � f . ? � g 
 � , < � � � 4 x 
 � < g C � � f 5 , # � ~ 4 x 
 � <

r 1 � 5 % 5 g d v 5 � . q � ( � � Hamilton-Jacobi) w x 
 � < (3.2) 5 , # � CFL j x � � % 5 g d v 5

� .

L 4: ! (3.10) � l C � � < g Z y ; Y 5 q � t, v q l n % i Z 5 : U

P n� 1
i=1 � i, • � � i

| l i % � g � .
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3.5. O J 
 � K e 


] n u � ` � 
 \ C ; N � n a # W 2 � \ g � x ? � 5 , � \ � # I 	 + 
 ` � y g 4 I C % , c O P z a < N

� z ^ ? g 
 ` e � D 2 , / \ � � f H Y A 
 g : � , � q 4 � : U g f K @ Marching Cube� � [20], � Z � H


 a : q  x TexMol [4] � .

4. � E � 1 8 ; n

� � � , � \ ! D ; U � � � * g l E e ) I b � Q g w x 
 � < 	 + 
 ` � y g N � B = ^ � ~ � 9 . � � ^ Y

g B = w @ q PC ^ ( 	 + g (Pentium(R)IV, CPU 3.00GHz, OS@ Fedora 5).
E � G D g C | ! @ U 2 ! c � \ ! D g * t C ; 
 ` g Z � g W x @ � ] * g . � ! � g l C G @ : U g N � e

) (P D T � / e ) 2 . \ http://www-graphics.stanford.edu/data/3Dscanrep/, D e ) 2 . \

http://www.cc.gatech.edu/projects/largemodels),l ~ G @ N � n g � N , H � � , N � E @ � ~ U g . [ � d

; N � V Y r } � * , Z � \ # Z Y : U . l " � T G @ � [30](O Pentium III, 600MHz)� g u � U  D C ; 
 `

g * t 5 q . l � � O G @ � � � ! D � � g u � U  D C ; 
 ` g * t 5 q . J v , � \ � � g ^ U 5 q @ � [30] �

� � ^ U 5 q g 10s 20 
 
 C , � 9 z CPU N V  Q q k , � \ g i Z ^ U 5 q i | _ \ g 4s 8 
 
 C .

? 4.1. F � � � \ @ � l < o ?

e ) N � n [30] � u � U  [30] � 5 q (
 ) u � U  5 q (b )

Hand 327323 200� 141� 71 0.5 200� 141� 70 2.4382

Dragon 437645 300� 212� 136 4 300� 212� 135 15.3022

Dragon 100250 300� 212� 136 3 299� 212� 135 12.9011

Buddha 543652 146� 350� 146 3 145� 351� 145 15.0012

Buddha 543652 63� 150� 64 0.3 63� 151� 63 1.2828

p 1.1 ! D F P g 
 ` � y : < , � \ ) U g u � U  | 300� 212� 135. � J � D , � * g � 9 @ M � W

L g . p 4.1 ! D F D e ) g � * 	 , , ) U g u � U  @ 299� 210� 104. p 4.2 ! D F T � / Buddhag �

(a) (b) (c)

p 4.1 D e ) g 
 ` � * . (a) | C ; N � n . (b) | * t g C ; 
 ` . (c) @ 4 � � 9 .

* 	 , , ) U g u � U  | 145� 351� 145. p 4.3 @ C � q � e ) (2 . \ K ? u ) g < , , � \ ) U g u � @

220� 223� 108, 5 � � g � � | � = 0:1, r W F 25 % .
I ( e � = < g C ; N � � ~ ' � , p 4.4 ! D g < , R c F � \ g � � $ � l H > g I 8 ' � N � , { Y r 1 g

# S N � m > # I H > g I 8 . � \ ) U g u � U  | 75 � 151� 33, 5 � � � g � � | 0:1, r W % N | 50. �
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(a) (b) (c) (d) (e)

p 4.2 T � / e ) g 
 ` � * . (a) @ C ; N � n . (b) | * t g C ; 
 ` . (c) @ < R � q � 9 . (d) @ 4 � � 9 . (e)

@ ' � � 9 .

(a) (b) (c) (d)

p 4.3 q � e ) g 
 ` � * . (a) @ C ; N � n . (b) | * t g C ; 
 ` . (c) @ < R 4 � � 9 . (d) @ ' � � 9 .

p � g (a) | ' � g X y 
 ` , (b) | w n r 1 I I g 
 ` , � \ � � r 1 @ � ~ U g . (c) | � y g � 9 , � J � � • ^

(a) p H • 
 . (d) | (b) � g 7 # N � n (� \ # Z Y : U • r } � * ) ^ (c) � g 3 N 
 ` � G q C � g g � ` p ,
Y " 7 # N � n @ q 
 ` g s ' , } Y " N � n @ q 
 ` g k ' . | F 	 C % � D � C n , p (e) ! D F � y 
 ` (c) D

7 # N � n g � G p , (f) ! D F p (e) � � ) k g � U p . + � 1 0 X � � p (c) � g f � � (a) � g T  , Z � \ #

I � ' , 	 C % r W � � , d a g � 9 X $ ' � .

5. N r 8 C "

� � { ! s g V r 1 # S N � n 	 + F 3 N 
 ` � * , | F : � * 
 ` � Y $ > g 3 N , , � \ q l E e ) � w n

F C � 5 � � . { � l E e ) , X \ N � E � U h d N , � \ # Z Y 7 | C � V R � f 2 � � , } @ l : � 
 f K , z • $

R : C � x 
 � < g C � � f 2 � � . � \ U P z a < N 2 ! = � C n u 
 ` , X \ P < � < ! T g 
 ` q < R 5 , � o

* % g r } � * � ~ � J I 8 , $ � F U * N ! T 
 ` V 2 g - j . ] � , P z a � � � * 
 ` @ Q q C " � f , < � , i

Z E ~ U , P z a < N . ? 
 4 � % C ; R h . { � Q g � f 
 " � z F C " � � � f g f K . � � q C ; 
 ` * t 5 !

D F C � * W Z � , ` U g � i F � * 5 q . q � A � 7 < N g � % C ; R : < � , � \ e D F C � 9 | � % 5 g TVD
Runge-Kutta� � , 7 = � c , � � � ! 9 c � . 1 
 , � � � � @ 4 
 Y ! g . q � y : < � , � \ � � , � 9 C ; 
 `

: \ P , , � x 
 � < ^ ( � g 
 ` # l $ X : l E T a � � `  , # l X � s q � ' `  % b , � > � _ � r } � * $
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(a) (b) (c)

(d) (e) (f)

p 4.4 eightg 
 ` � * . (a) @ ' � g X y 
 ` . (b) | Y r 1 g 
 ` . (c) @ � y � 9 . (d) @ � y 
 ` ^ V r 1 g

7 # N � n g � ` p . (e) | � y 
 ` ^ V r 1 g 7 # N � n . (f) | (e) p � g � ' � U .

{ h � f . / \ 6 Y > g C ; 
 ` C s X 2 2 � � g r } � * , z @ � \ I I ?  Q g � f .

G - : � � 7 • q M c " � $ C. L. Bajaj D V. Siddavanahalli� � \ e & F _ \ � � g _ 
  x TexMol.

A y % +
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