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gooboobooobog 3.60000
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000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000000000000000000000000 3.700

00000 (31000000

| co§(—0) sin (—0) x* (3.11)
Yy —sin(—0) cos(—0) y*
000b0o00ob0obO0obOobOO0bOobObOobOOobOobo «exy*0000000O00O000 z,y00O

00000000000000000000000000000000000
00000 (310000 (3.11)00000000

cos(0)  sin(0) cos(—0) sin(—=0) | |1 0
[-—sin(G) cos (0) ] [-—sin(——G) cos (—0) ] "[ 01 ] (3.12)

00000 (310000 (3.11)0Do00oOO0oOoOo0oOoOoooOoOoo
gboobooboobooooooooooooooooooooobooobooboboboobognDo
gbobooboobbooboobbooboobobooobobooobooboonoobo

EREANICKESIRS RES
HEGEARICISEHRER

W ESEAKICKIIESRES
ESEARICEINFRER

036 000000000000

/S
Image ’776@6
n A

U3 000000ooooooobooboobooboobooboooooboobooboobon
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34 U0OOOOOOO

3.4.1 OU0O0O0ooObOOOoOooOon

gobobooobooboobobobobobobobOobobOobOobOobOobOooDbOoDbo
ugbbooboobbobobooboobbooboobboooboobooboboobooan
gboboobooboobobooboobooobooboonoo

gboboobooooooooooooooobooooboooobooboobobobobonDo
gobodobooooboooo

OF (1)
ot

0000000000 00000000000000000 ¢0 F(e,t)0000000000
0000000

000000000200000000000000000000000000000000
00000 F(2,0)=200000000000+¢00000000000000000O00O0O
00000000000000000000 x00000000 F(z,t)0000000000
0000

00000000000 G(z,t)0000000000000000000000 F (x,t) 0
G(z,t)0000

=u (F (x,t)) (3.13)

F(G(z,t),t) =G (F(2,t),t) = (3.14)

000000000000 F(e,t)D0O0 200000000000 0ODOOOOOOOOODOO
goboobooooboobon

F (F (xz,t),s)=F (z,t+s) (3.15)
Ub0b00s=—t0d0onog
F(F (z,t),—t)=F(x,0) =« (3.16)

O00O0F (x,—t)0 F(e,t)000000000000000000 (0 (3.14)0000000
000000000 G(x,t)=F(z,~)0000000 F(z,t)000000

OF (x, —t)
ot

gboboobooboobobooboobboooboooboo

= —u(F (z,—t)) (3.17)

OF (x,1)
ot
9G (1)
ot

=u(F (x,1))
(3.18)
= —u (G (x,t))

gboobooobgd
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3.4.2 0O000OO0O0DOOODOODO

uboboobooboooboooobooboboobboobooboobooboooobooooobooo
goobooboogoo

OF (x,t)
ot

00000000000o0o000ooU0o00o0 F(e,)DOUDOOOOOODOOOODOODO
0000000000000o00O0n0 F(e,t)DODODDOOOODOOOODOOOODODODODODODOD
0000000000000 000w(e,t)D000000O0OOO

00000000o0000o0O0U0oO0o0oU0oO0oU0oOO0UoOD F(e,t)yDOOOOOOOO
0000000000000 00O000O00O000D0bODODOOOOODOD 316)00000OO
000000000000000000000000O000000OD0 (0 3.14)00000OOo
gboooooog

gboboobboooboobooboboobooobboobooaon

:u(F (m’t)’t) (319)

G(F (z,t),t)==x (3.20)

gooboobogbo:gbbooboobb:obbo0btb0000

dF (G (z,t),1)
dt

=0 (3.21)

odo0oooooooooon
9G (z,t) OF (G (z,t),t) OF (G (x,t),t)

ot 0G (1) ot =0 (3:22)
0 (3.22)0000000000000DODOOOOOOODO

0G (x,1) oy

00000 (3.22)0000000000000 (31900000 F(z,t) 000 u(F (z,t),t)
0000000000000000000000000000000 G(x,t)000000

OF (G (x,t),t)
ot

00000 (3.22)000000

=u(F (G (x,t)),t) = u(x,t) (3.24)

9G (z,1) OF (y,1)

- 2
9 By +u(x,t)=0 (3.25)
no @) gppoooo
oG (x,t) 1
Ot — oF(yu u(,1) (3.26)
7y
D000 (3.20)00
1 0G(=,t)
aF(;)(y,t) =~z VE®Y (3.27)
Y
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00000000 y=G(x,t) 0000000000000 O0O0O0O0O0O0O0O0O0 00000
000000000000 0000ooO (3260000000

0G (w,t)

= —VG (z,t) - u (x,t) (3.28)
goo

aégw)+u@ijG@mﬂ:O (3.29)

00000000000 000000000000000000 Euer0 0000000 (O (2.1))
goboobooboobboobooboo

OF (x,t)

ot
0G (x,1)

ot
00000000000 ooooooooooooooboooooog 00

ugbbooboobbobbobbobbobbobobuooboobuoob 000000000
goboobooobooobobooboobooo

=u(F (xz,t),t)
(3.30)
+u(x,t) - VG (x,t) =0

3.5 Uuooon

3.5.1 0OO000OO0O00OO0O0O0O

00000000000000 H(x,t)00000000000000000000000
H (F (x,t),t) = Hpre (%) (3.31)

0000000 F(e,t)000000000H,, (¢)00000000000000000 (3.31)
0000000000000000000000000000000000000000000
0000000000000000000000000 Hye(z)=H(z,t)00000

000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000000000000000000000000 (3.31)000000000
0ooo

0000000000000000000000000000000000

H (2,t) = Hpe (G (2, 1)) (3.32)

gbobooboobobooooobobobboooooboboobooboooboboon
O00000000O00000O0O0O00oOoOO0OD000ObOOOOO0O (3.32)0oooooooo
gboboobooooboobon

Semi-Lagrangian 0 D0 000G (2,t) 0000000000 000000DO Hyre (G (2,1))
gbboobuoobboobodobouoobbooboobbooboobooboboobooab
OO00o0opDOO0O0O010000000D0COO010000D000DDb0OdSemi-Lagrangian 000
00000000 Semi-Lagrangian0 0 0000000000000 [7)26)0000000
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3.5.2 0O0O0OO0OO0O0O0OO

oddo0odooooooooooooooooooooooooooooooooooon
oogd

gdodoodooooogoo

9G (1)
ot

O000000O0Lagrange 0000000000000 00G(x,t)D000000O0ODO0OO
0000000000000 0000O0C0000O0b0000O0b00O0 Ewer000oooono
oo0oooOoooOoo

= —u (G (z,1)) (3-33)

~

G(z,t) = G(x,t) — Atu (G (x, 1))
. (3.34)
G (z,t + At) = G (z,1) — 0.5A¢ (u (G (1) +u (G (, t)))

0000000000000000
0G (x,t) 0G (x,t)
-~ 7’ 7 ti
ot w(@t) =5,
0D000000 Eder0000000000000 (O (3.1))000000000000 G (x,t)
0000000000000 00000000DO000O00o0ogn 10000 Semi-Lagrangian
0000000000000 00000

—0 (3.35)

G(z,t+ At) = G (x — Atu (x,1) ,t) (3.36)

x—Atu(x,t) 00 G(x,t) 0000000 100000000000

gbooboooooooooooooooooboooobooooboobobobobobonDo
gbobooboobbobobooboobbooboobbooobooboobobooobooab
OO0Euer0000000O0O (336)0000000000000O0O0O0OOO0OOOOOOOOO
O000OLagrangian 00000000000 (3.34)00000000000000ODOOOO0ODO
gbobooboobooobooon

3.6 UOOOUon

3.6.1 U00O0OOODOOO0OO0OOOOO

gobogooboobooooboobbooobooobobooobooooboobooooobooDboo
0000000000000 oO0oO0oO0O0OU0OoO0o0OO00DOOoDOoDOOobOOUODOOD (o 3.3
00) 00000000000 00o0O00U0000000oo00DUO0O0D0oooOOooDoooo
gbobooboooo

00000 Hy(x)DOOOO N(x,t)DO0D000000D0OO00OOOOOOOODOOOOO
0000000000000000000000000000O0000000000 N (x,t)0O
0000000o00000000 Hy.(x)0OODODODODO0OOODO0OO0OODO0OO0OOO0O0000000O0
ugbobodbobooobuooboboobboobooobooboobobooboooooboan
gooooboogoo

ooobooogobobooobboboobobooooboooobobooobooboooon
gboobooobobboboboboobobuoobobbobooobuooboboobooan
0000000000 Hy.(x)0OOODDOOOOOOODOOODOOOO

OHpre (2, 1)

S =N (F(2,t).0) (3.37)
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OO0 Euer 00000000 OO0OOOOOOOOO
Hppe (@, + At) = Hype (,8) + AN (F (2, 1), 1) (3.38)

goono

0000000 N(e,t) 0000000000000 OOOOOOOOODOOODOOOOODO
0000 H(x,t)DOODODDOUODOODDO0OODDOOODOOOOOODOOOO0ODOO0OOOO0OO Semi-
Lagrangian 0 00000000 OO0OO

3.6.2 UUUOUOoonQ
oboboobooboboobooboobbooboobbooboobobon

OF (x,t)
ot

0000000000 F(x,00=2000000000000000000000000000
0000 (O (3.34)) Lagrange 0 0 0000000000 F (2,¢) 00000000000000
0000000000000 00000000000000000 Euwer000000000O0O
00000000

= u(F (;1;71;) 7t) (339)

~

F (x,t) = F (z,t) + Atu (F (x,t))
) (3.40)
F(z,t + At) = F (z,1) + 0.5A <u (F(z,t) +u (F (, t)))

0 (3.34)00000000000000000

3.7 0O0O0O0

00000o0oooUn0 F(e,t)DODOOD0OO G(e, ) DOO0D0O0OOOOOOOODOOOOOO
000000000000 00O00O0O000000D00O0ODO0O000000 (O (3.36)) Euler O
gboboobooobobooboobooobbooboobboooboobooonobooobooan
gobooboobboobooboobbooboobobooobooboobobooboon
gbobodgbuoobboobooobobad

ugbboobooobooboboobuoobbooboobooobobooobooa

F(x,t) <=z
Gz,t)<=x (3.41)
Hpyre (z,t) <= H (1)

gbobooboobbooboooobld «booobooobooobbooo
00000000000000000 Hye(x,t) 00000000000 H(x,t)0OOODO
0000000000O0O0O0O0O00000 (0 3.300)0000oooOoO0ooDoDUoooOooOo
goboobooobbooboobobooboobobon
gbobooboooooooooooooooobooobooooobooboobobobobOono
gbobooboobboobooboobbooboobboooboobooboboobooan
goboobooooboobbooboobbooboobboobooobooboobooon
gboobooboobooboobooooooooooooboooooobooooooooooboon
gbobooboobboobooboobobooboobbooboobobooon
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3.71 0OO0O0OOOO0ODOO

00000000 |¢COO0000oooooooooon

2

el = €ij

0]

1 (0o; 0o (3.42)
= 2 (8.%') + 8$2>

03 = 04 (mvt) :Gi(m7t) -

gbood+;00000000x,y,z000000000000000000000000000
oot g;0b0b000b00dgouooooooooddoooooooood
000000000000 Neyret[17/ 000000000000 Neyret0 000000000
gbobooboboboobooboboooobooooboboobooooboooooooooobooon
gbobooboobooobobooboooboooboobooonooo
0 (342)00000000000O000O00O000OO0O0O0DOOO0DODOOOOOODOOO
oooooooboooooooooobbooooOooooooDbD k=1,2,...,NOODOO

1
S:N Z ek (3.43)
k=12,...N

OO00o00oDOoOosSOo0ooDoOooo0oOoDoOoooOooDoo

3.8 Semi-Lagrangian0 000

0000000000000 00D000D000D0O0Semi-LagrangianO0O0000000O0O0O
gbbodobogboboobobogboobboooboobooooboo
uboobooobooobobooboooboooobooooon

(3.44)

0000000000000 0O0O00U00O0bDoOO0 (336)D00oOoUooooooooo
G(z,t+ At) = G (x — Atu (x,1) ,t) (3.45)
00000000 (3.44)00
G (z,t+ At) = x — Atu (x,t) (3.46)
Joooooobbobobobobooooooooooboobobooooog
H (z,t + At) = Hyre (G (x,t + AL),0) (3.47)
0 (3.46)00000
H(z,t+ At) = H (x — Atu (z,t) ,t) (3.48)

OO000Semi-Lagrangian 0 00 0000000000000 OOOCOO0OOOOCOOO0OOO
obooboboobon
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gboboobooboobbooboobboobooboboooboobooobbooobooo
gbobooboobooooooooooooboooooooon

F(xz,t+At)=x
Gz, t+Al)==x (3.49)
Hpyre (z,t + At) = H (z,t + At)

ggobbuooooooooobboobobbboddooooobobobobbbouooooon
H(z,t+ At) = H (z,t + At) + AtN (F (z,t) , 1) (3.50)

0 (349)00000
H (x,t+ At) = H (x,t + At) + AtN (x, 1) (3.51)

00000000 Semi-Lagrangian 0 0000000000000 OOOOCOOOOOOOOO
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40 UOOoUOUod

00000 Semi-Lagrangian 0 000000000000 OO0ODOOO0ODOOOODOOOODO
O00000oOoo000oDoOooO0o0OOooOSemi-Lagrangian 000000 100000
o000 100000000000 200000000000 RWerDOOODOODOO

4.1 0OO0O0O0O0OOOOOO

4.1.1 0OO00O0O0OO0OOOO

ubboobooboobbooboobbool1ooboobooonoboobooonn

OH (z,t) OH (z,t)
o Ve

oooooobob 4100000000000D00O0 100D0O000DOOSL000000U =

0.1, At = 0.004, Az = 0.0020 000

=0 (4.1)

498 499
Ll

——
— N
— )

2 T°

(10|
1.0 >

041 10000000000000

000 Courant 00 C=UAt/Az=020000000000000

1.0 04<z<05
H (2,0) = { exp (—750(x - 0.6)2) 0.5 <z <07 (4.2)
0.0 other

O0000oDoOo0o0OooooOoOg2000000000000001000000 AtU = 0.0004
gbboobogbooobg2o0bbonoboobuoobboobooboobbon
gboboobooboobbooboobboobooboboobooboobboooboo
gboooooobooboboobobooboboobo 420000100000 000O0
0000000000000 0000O0O000000000U0OO0OD (8OO0 ODOOOO
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gboboobooobbobobooboobbooboobboooboobooonoboobooaon
gboboboboboboboboboboboboobobobobobooboobobon
gbobooboobbooboobbooboobbooboobooobooboo

12 T T T

IAnalytical
Semi-Lagrangian Method
Proposed Method ———

0.8 —

04 + -

02 —

0.3 0.4 0.5 0.6 0.7 0.8

042 10000000000000 (DOOOODO)

OO0D0O00O0OSemi-Lagrangian 000000000000 OCOO0OCOOOCOOOOOOOODO
gobooboobboooboobbooboobbooboobboob 20b000DbOO
gbobgbobgoobooooooooobobobobobooob 4300000000000
00000 L200000Semi-Lagrangian 00 3.9554002000000000000000C0O
go3s620000000000000000DOO00OODO0ODLO0O 200000080000
gbboobuogbbooboobouoobbooboobboobooboobboobooab
ugoooooogn

goobooboobooobobooboobbooboobboobooboobbooboo
gboodli2zoooog32000009%2000000000000000 44000000000
gbooooooooobob L200bo0ooob0obooonD 4500000 4400000000
gobooboobbooobooboobbooboobboooboobbooobooboon
gbob 4500000000000000000000D000O00O00O0O00O0DODO

0450000000000 0000000D000Covwrant0 0000000000 DODOOO
goboobooobooooooooooboboobobobobobobobobobobOoboo
ooooooooooboO0oboobooOo0oobOo0ooDbo0o0ODOg 4600 Courant OO
oo0oObo0oo200000000C000DOOOU0OOOOUODODODDOOCouwrant0OOO
gbobgbooobooy 2, 3b0b0bobobgboboooooboboboboboobon
gbobooboobboobooboobbooboobbooobooboobobooobooab
gboobooboogobbooboobboobooonboo
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IAnalytical
Semi-Lagrangian Method
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Analytical
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L2 Error

3.5

25

15

0.5

1.2

0.8
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10 20 30 40 50 60 70 80 90
Reinitialization Interval
045 000000000000
T T T T
Analytical
Proposed Method (5step)
Proposed Method (10step) ———
Proposed Method (15step) ———
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X

O 46: Cowrant 00000000 O0O0OOODODOOOOOODO
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4.1.2 0O0O000O0DOO

00000000000000000000Zalesak[27]00000000000000000
D0000000000000000000000000000NOooog
OH (z,y,1) 0H (xz,y,t) OH (x,y,t)
ot or U@ T,
O000000 470000000000000000000 48000000000000
0oooo (j0.0,1.0],[0.0,1.0)00¢t=00000 (05025 000000000000000
— 0.5 —
e (4.4)
=—(z—-0.5)

+u(z,y) =0 (4.3)

s

v (2,y)

O0000000At=0010000Az=Ay=1/N(NOxOOOyOOQoOQoOOoOo)oooooo
00620 0000000000 (0.5,05)0000000000000000OOOODOOODO
goooboo

B el

o
o
a

470000000

00000000000 OLevelSetO 180000000000 OOOOOOOOOOOOO
gbobooboboboobooboboooobooooboboobooooboooooooooobooon
gbooboboboboobboboboboooooboooobooboboboOooooooboonon
4700bobobooboobooboobobobooobooooboooobooooooooooooo

r(z,y) = \/(:v —0.15)%> + (y — 0.15)> = 0.15

—r(z,y) 7(z,y) < 0&lz —0.15] < 0.025& (y — 0.15) > —0.10 (4.5)

H (z,y,0) =
r(z,y)  other

OoooobOoOo0oO0oooooooDOoo0ooOooDobooooobDOob0OogOOEnright O
40o0o000o0ooooooo

Errorm'gid - / |S (Hrotated (*’B)) - S (Hinitial (SU)) |dl‘d’y (46)
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————— 0251 -

1.0

A

048 200000000000

0oo S(r)0

1 <0
sry=14" "= (4.7)
0 r>0

0000D0000000000000000D 1000000000000000000 100020
goboobooobooobobooboobooo

000 4.90 Semi-Lagrangian 0 0000000000000 000O00O 128% 25620000
ooooooOooo0oOooOooOoOoOooOU0oO0oOoooUO0n H(zyy,t) =0000000000
H(z,y,t)=0000000000000000Semi-Lagrangian0 0000000000000
gboobobooboboobooooboooooooobooooboooobooooooooooobooon
0000262 000000000000000000000000000

000 410000000000000000000 12820000000 100000000
00000 490 Semi-Lagrangian 000000000000 000000 2620000000
gbobooboobboobobooboobbooboooboo
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00000000 Semi-Lagrangian 000 0000000000000 0D0O0OO0OO0OO 1000
00000000000000000000 1600000 51220 Semi-Lagrangian 00000
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04100000000000000 Enright 0000 [40000000000O0OO0OOOO
00 Enright 000000 OO ODO Enright O O Particle Level Set Method D OO O0OO0O0OO0O
000000000 0o00oooooo0oooo0oo00oooooooooooooooon
0000000000000 0O00 Particle Level Set Method 0 0000000000 O0O0O0O
00o0OOooo00010b0oo00o0ooobooob0ooboboooO s000O WENOODDOO
O00000oDooooooooooooooooooog

006 T T T T T T
Proposed Method (128"2) ———
Semi-Lagrangian (128"2)
Semi-Lagrangian (256°2) ———
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Error

003+ | .
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Reinitialization Interval
0411: 000000000000
[ERGEEEEE
Semi-Lagrangian 0 (1282) 0.6976
Semi-Lagrangian [0 (2562) 0.2634
Semi-Lagrangian 0 (5122) 0.0401
D000 (4000000 (128%) 0.1754
D000 (16000000 (128?) 0.0411
D000 (32000000 (128?) 0.0209
50000 WENO (200%) [4] 0.0800
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4.2 0O0OO0O0OOOOOOO0O0O
4.2.1 0O0O0O0O0O0OOOOOO

gboboobooooooooooooooobooooboooobooboobobobobonDo
gboobooooooood

0H (x,y,t)
ot

OH (x,y,t)
oz

OH (x,y,t)

oy = N (z,y,t) (4.8)

+u(z,y) +v(x,y)

OOoooooooog ([o.o,1.0,[0.0,1.0) 0000000000000 0OOOOODOOOOOOO
00 H(z,y,0)=0000000000 At00000000 At=0.0200628000000
gboboobooobooonboo

ul (2,y) = 572 (05 —9) "
vl (z,y) = L(x—O.E)) .

goo

U (z,y) = ﬁsin (4 (x + 0.5)) cos (47 (y + 0.5))

“ﬂ%w:6%SW) (4.10)
v2 (l’,y) = _W
000000000000000
¢
() = Sasae
u(z,y,t) = (1—c@t)ul (z,y) +c(t)u2(z,y) (4.11)

v(z,y,t) = (1—c(t)vl(z,y) +c(t)v2(z,y)

0000000000 ul(z,y),vl(z,y)00000000628000000000 w2 (x,y),02 (z,y)
000000000000000000000000000000000 N(z,y,t)00000

t
s(t) = cos (1677628At>

r(z,y,t) = (x — 0.5)° + (y — 0.25 + 0.1s (1)) (4.12)

512 (0.0005 — 7 (z,y,t)) 7 (z,y,t) < 0.0005

other

N (z,y,t) =

O0o0ooooo(o.s,02)00000100000000000000O000O00OO0OOOODO
ooob 4120000
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00000000 (1282,2562) 0000 0000000000000000000000ODOO0
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gboboobooboobobooboobboobooboboobooboobbooboo
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gbobodobooboooboobboboobbooboonobooboobobooboooooboan
goboobooboooobooobooo
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gooon
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