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Interactive Virtual Clay Modeling Using

Implicit Surfaces and Particle Systems*

Masatoshi Matsumiya,

Abstract

This paper describes a new interactive free-form modeling scheme based on the
metaphor of clay work. First, the paper discusses design issues and immersive
modeling systems which enable a user to design 3D solid objects with curved
surfaces by using one’s hand intuitively and interactively. Shape deformation can
be expressed by simple formulas without complex calculations due to the nature of
skeletal implicit surfaces employed to represent smooth free-form surfaces. The
paper then presents a virtual clay model using particle systems and implicit
surfaces. Particle systems enable the virtual clay model to behave like real clay
preserving the volume. Implicit surfaces enable the virtual clay model to have
smooth surfaces surrounding particles. Finally, a modeling system based on the
above two methods is described. As for an interactive deformation of virtual clay
model, a polygonization algorithm has been developed for fast rendering of virtual
clay model and multi-threaded processing has been employed for implementing
the entire algorithm. Experiments have shown the feasibility of the proposed

methods.

Keywords:

Virtual Clay, Implicit Surfaces, Virtual Reality, Particle Systems
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ence, Nara Institute of Science and Technology, NAIST-IS-DT9961024, March 22, 2002.

i



0 O

1. 00
1.1 DOO0O0O0000 .00 o
1.1.1 3000oboboooooooog oo
1.1.2 DO0O0O0Ooooogooooogn .o oo
1.1.3 ODO00000 ... oo
1.2 DO0O0000D0000 ..o
1.3 000000 .. o

=TS S N S

HEN
2.1
2.2
2.3

2.4

2.5
2.6

gboboooobbdodooon

OO
OO0O0O0 .o
I 0
231 200000000000 000O000O0O0O0O0O00

232 0000000 ... oo
I I
241 00O00OO0OO0OO0OOOO ... 00000000000
242 0OO0O0O0ODOOO0OODOOOOOD ©o o000
I 1
OO

gboboogbobbbbooooobbogo

3.1
3.2
3.3
3.4

3.5

OO
I
I
I I 1
341 O000O0OO0ODODDOODO © ..o oo
342 00000O0OOOOODOOODO .00 ...
I 1

il

10
10
11
13
13
15
19
19
26
27
34



4. Doogboooobooobobobobooo 62
4.1 OO .o e 62
42 0O00OO0O0OO0O0O0OOO0OOOObOobObOOoOoOogon .. 62
43 0O0OO0OOOOO0OOOO 2000000000 +©.0.0 0000 66
44 ODO0OO0OO0OODOOOODOOOODODOOg ..o 67
45 OO o 76

5. 04 78

HEN 81

gooo 82

gooo 89

HEN 93

A. 0000000 O0OOooOooboog 93

B. 00000000 OO O sim2dxf] sim2stl 96

iv



O 0o

B

© oo =~ O ot

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

00000000000000000300CG0000000
000000 400000 ...t
00300 CGO000000000000000000000
000000000 {00000 .. ...
000CGO OO0 MO0000 ..
00300 CGO0000000000000000000000
0000000000 400000 . ...
000000000000000000(00000 .. ....
D0 w00O0D0O00000000000000 .+ ... .. ....
00000000000 . 0ot
000 CPOOODOOOOOOO0O00000 ... ... ......
000000000 © oot
00000000000 . 0ot
000000000000000 « ...t
00000000 © 0 oo e e e
00000000000 . 0ot
200000000 « .« o0 vt it
00000000000000 .. o0
000000000 © oot
000006004000000 ... ..o ...
4000000000000000000000 .. ... .....
0000000000000000000000 ... ......
00000000000000000000 .+ .. ... ......
000000000000000000000.. ... ......
00000000000000000000 .« .. ... ......
0000000000000 . ..o
0000000000000« ..ot
00000000000000000 .. .. ... ..



26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52
53

I I I
I I
I A
I 1 1
I I
I I
I
I 0
I I
I e 0
UOOD00O0 .o
gbooogbobobbobobobooooog ..o
I
I
I
/1 3 I I P
I
I I
I
gobobobbooboboboooobbobod oo oo
gobobobboobbobooooobbboooboboo

gobobobboboogbooooooog .o
I I
cpPUOOO0ODOOOOODODODOODODOOOOODODOODOD
cpUOOO0OODDOODODOOODOODODOODOOOODOODOOO
OO0
goooooboboosgaaoooboooobobooboon

gobbobboobuobuooooboboobdobbooooo .
gobbobogobuobooooboboobon oo

vi



54
%)
56
S7
58
99
60
61
62
63
64
65
66
67
68
69
70
71
72

I 0
I I
I
goboboogogboboboobboboboooooboon ...
gobobooggbobobogoobooboood o
gboboboooobbbuogbbobbbodabobbbodgo

I I I
I I
goobobbooobooboboogobboooobobooon

goobboboooobbbogbbboooobooban

I I I
I 6
I I I
goobbbogbobooboooobobbooobbobooooa .
goobobogooobooooooboggd . oo
I I I 0
goobboogbboooogoobbooogooo ... ...
I
CyberForce D0 OO OO [71]O00000 ... . ..o

Al OO0ODO0ODOODO ... e e e e e
A2 O0OD0O0O0O0O0O0O0O0O00O ... ... e
A.3 Skeletal Implicit Ray Tracer DO OO0 . . . . .. ... ... ...

vii



O 0o

1 cpPUOOO0OOOOOOODOOOOOODODODOOOODOOO

O (O) © oo e e 58
2 CPUODOOOOOOOOOOOOCOOOOOOOO0OOOOOO
000 (D) .« 0o 59

3 googooooosg3oooogooooooooboon ... 60

viii



1. OO

1.1 ODooooodgon
1.1.1 30000b0b00bboooogn

300000000000000 (CG)DoooUooooOoooOoooOooo
gbbogdgbobooobbobbobbobooooobbbouooooasy
OcGUUO0bOoOobooboooobOobbOooboboOoobooOo30Oo cGd
OO0ob0oboooooooboobooboooobooo 3gob cGcoooo
go3b0obobooobodooob bbb oooboooooo

oot ubobouobo3soobbooouboob
AutoCADI[1]00 O 300 CAD(Computer Aided Design) 0 00 O 00O O O Ray
Dream Studio[2]0 LightWave 3D[3]0 Shade[4| D0 0 300 CGOOOOOOO
gogouboboobgoooouobnbobodoubuoob oo o20004ad
gog3dggoooobbobo3gobooboobobooooooooon
gogdodoooooobboobuoooooooboboobboboboobob
goudoog20booboboooggoogbooubobobnoogoboooon
gbboododuouoogsguoobuooouboonba

ggdouoboooooog 3o boboboobobboon
O0AuwtocCADOODODOOODODODOODDODDODODDOOODODOOODODODO40
gooboobobbobooobbboooooooobobobooooog b
O0D0000ORay Dream StudioO OO OO DODODODOO0ODOOOOOODODODOO
godgooubooobbobobobobbotbdogobduououuoououoa
guogbbobobobbooboodobobooboudooubouoooobLbo
O00D000D0O0DODODODOdLightWave 3DO O MetaNURBSO OO O OODO O
gooooobboooboboboooooobobooooboooooon
00000000000 0DODO0ODO0ODODOOOObOOODODOShaded OO 300
b odoooobbo4bbbo0obbbouUouoboOon
bbb ooooooooouooobobobobboon

0000000000300 ccGUOOoooooopooobooooooogo



|

T

]

;'ru-f-n:-l [ LR NN FL IR

-:*.-l [ENE] --|:-| --|---|-.-|-_-=-|!“-:-H1: gl..::t---l'--|---|---|-:|-- (R EEEIET] I’:-i

O10000000000000b0003oo cGuboooooouonboon

04oo0ooo

© RS

BALEARRARC)
i

ERER

SE7} 0.00) — —
OFAR | O HEE | @A

02 00300CGOO0OO0O0ODOOODOOOODOOOOD

00000 (400000

; Er
Abs MO
FAR—H—I12 0.
Bevel

TUTLETULS
HARLT 3 HOVER..
FHRMODTERS

T/ b0 =534 2 MDTERS
F5E(E: HEAD
ESEE: (5.

AR —JLDIERS

A —JOFERS
FEDU A —DERK

=T AT PO —ERS
BERE..

WM
| TextEffector

r‘_

=1

bl
i

=
=

f .

[P =
bl

gooooood



gbbooobbooob 3sbbuobobbbobbbbooobboooon
goooogbboooobooubboobbobooobbooooogn
guodogooboboo3bboooobbb20bbbooob 3goooon
gbobboogoobooboobobbbbbooooboobsgobboooan
O000O0bO0o0ooO0ooooobDboooboboooobooo30ocGoon
gogbbdoodoooooobbooobbobbobbooobbooobooo
ggooogbobbbobboobooobboobbuoobboubbboo
gogbbbuoobobobuoodobbouoobboboouoobboobboooob

03 000CGIOO Mooooo

oo e gl ey

04 00300CGO000000000000000000000O0000
000000 [4oo00o0on



1.1.2 OD0OO0OO0O0bOouggbbooagn

OO000000000bO0o 300 cGUOOoOoOooobo 300 cAbDODOOgn
gogooobobobbdodoboooobobuooobobboobboboboooon
0000000000000000O0O000ooooooo [Bo

e D OOOOUO

300 CAD ooboobooooouoobooobooouogoooobbo
gogbbboooobobuoobuoboooobooooobobo
godobobbooodobbooobboboouoon

300 CG 300 cADOO0OO0OOooooboOoobooooogoooo
guobdgbbuodgboboogboooobboooboooogbon
godbobogobosouoboboobooboboobobobsbouod
O00000000000ooO0oOoooo 6o

gboood bobobobobbobbobboodboouoobouobo
gbobooooobbboooobboboobboooobboobon
guoooouogobbooooobooobbbobobbbdooo
guogboobobbbbogbobodouobuooogobobobon
gogoguboubbobbobboobbobooogoo

e OO ODLDDODOOOO
300 CADUCG UbbOodoobuooobuooboobobououooooo

godobbobobbbbooobobbo

gbobod bggbobobobboobbouoooooboobobooboo
gboobbobooobbobooboboboouobooobon
guoodboouodgodboobboboobbbooono 3spoboo
gbodgdoouoooooobobooon

e OO UOOOOLOODODO



300 CADOCG 3000002000 0nboboooooooooooon
gbobgobuobobdgooooboooouogobobbobbod
goog

gbobod bbooooubbooobooouaboobobo20bbon
oogbbo3gbugguguooobooboobobooob2b000
gogbobo3obobouobgbooogboboobbooog 300
guoobbboobbbuodbuoouoobbooobooboo
goobobbbooboobboboooobabbooboboobo
goudggggboboboodoooon

05 000000000000000000OT([eO000O0O

0000000000000 (VR)OOOOOOOO0OOOO0O0000000O
VROOOOOOOOOODOOODOODOO0O00000000000000000
0000000000000000000000000000000 3000
00D000000000O0VROOOOOOOOOOOO0O0OO0O00O000000
7,8, 9, 10, 11, 12]0

00000O0O00VROOOOOOOODOODOOO0O0OD0O0O0O000000 300
0000000000000 000000000000000000000000



gboobogdog

HMD(Head Mounted Display) 0 D 0000 000000000000
goobobooobiodbooobooooboobobuoobuonobo
gbobogbbboboboboououoboobooboobo
g3bbudbooboboubbooobbooboboooooon
gbbbubibbuogbboooobbouobuoobboobboo
gbobodooboooodgs3sbbuobbooooobboooobo
ggooooooboon

gboobogdo

siggobodooobodoooboouoobobobobbboboo
gboobogdbo2b0b00odbooooobobbbgo3gogoon
gbogogobbooogoboboo

gbobgobbgad

gbobooogbbob3goobooogbboooboboboboon
guobogoooogobooboobbbooobboobouooooa
googobbobobooodoooboboobbooood

OooooboobobobobooobuobbOobobooboboobooobovrROO
gobooboooboooo

1.1.3 0O0Ooddgn

vROOOOOOOOOoOooOoOoOOoobobbobboobobobooobooboobo
g3gdbobodogobbooobboogb3nugoooobobbbdn
gbubboooooboobobobbouoooboooboboubab b
gobbbobooubbouubboobuodgobbooboobooobobobb
gboboogbdoobooobbbooboboobobboobboobobon



gbboboooboobdbobobiboboobooobbobooobuobobogo
gogooogobodgbbobbboobbbobobbbobooboanbg
gogobooogn
gbbooooooobbooooobobodbboooobooooboon
godbbooobboobobboooboobboboboobbobobooon
godbobobobooboobobbuoboggboboobooobooo
guobobooobbbuogogunobooobobodn

1.2 O0O00O0Oooooooo

00000000000000000000000000000000000
00000000000000000000000000 [13, 14, 15, 16, 17, 18,
19, 20]0

000000000000 00000000000000000000000
0000030000000000000000000000000000000
0000000000000000000000000000000000 [21]
000000000000000000000000000000000000
000000000000000030000000000000000000
0000000000000 000000000000000000 20000
0000000000000 00000000000000000000000
0[22]000000000000000000000000000000000
000000000000000000000000000000000000
00000000 00000000000

00000000000000000000000000000000000
0000030000000000000000000 23000000000
000000000000000000000 [24,2500000000000
000000000000000000000000000000000000
000000000000000000([26,27]00000000000000
0000000000 00000000000000000000000000
000000000000000000000000 (280000000000

7



gbgobbooobbouoobobobooobooobuoobobobbn
godouboooguuaooobbobooboooouooooboboogn
gobooobooboon
gbboooooobbooobooobobobbooooooobboon
0000 29,3000 0000000000000 O0O0O0OODOOOOOOOO
00000000000000000000000000000000000 [31]
gubboubobobbbooboubbogbbbooobboooboo
000000000000000000000000 32]0000000000
0000000000000 00OCOO0OO0OOObDOOOODOO [33|]00000
goboboboooobboboooobboon
gbboboooboooouooooobbobuoooobooboboboboo
0000000000 [34]0000000000000000000o00o0d
gbboggboogobuoobboooobooooboooboboobbobon
gbooobouodobooooobobbobobuooobbobobobbbooo
goon
goboobgooobobg3gdbbobooboobibobogogobugno
guogboboobbboboobbuobbbobouoooboobooobooaooo
gobgdgg
gboboooooobobuogbbooboobooobboooobo 3bboo
gogoboobboouoobbobbbodoooobuoobobbbbooo
googbbobobboboboobboobobobobbooooooobon
gbodbouogbbooobboubooobbooboboooboboon
godbbooobobbouobboobobboobbobooooo

lL.obuougoouboogobboooobon
2.00000b0b0bboooboobobbaoboo
. uggbbbbouoobuobobbobobuogoobbn

gbouooogbbbodobogoboabuoboboboogbgooobgo
gbobbboobobbudbboobogbooboobooboobbogbn



1.3 0O0O0O0on

gogbobobdgbbbubboo20bbobbboooooboogon
gboogbobuodgbooouobooobouooooobuoooobooobonon
gobodobbooobbbooubuobbboobbbobooboobbboo
gbdoobooodbbooouobboooobooobbooooooobo
gbboobbobogosguoboobooooooobbobboooboon
gobogbogboobobboboboubboooobooobbaon
gbobboboubogboobbobobbuoobboobbobouooaaobon
gboboobobuooooobobuoobbuoobbooboooboo40bo0oo2
go3b0bogbooouboobudobboobobooboboooobbobo
gouboooooboboosugboobboooooon



2. Joboooboouobobbboubouoo

2.1 OO

0000000000 0000000000000000000000000
000000000000 000000000000000000000000
0000000000000000000000 [35, 36, 37, 38, 39, 40]0

0000000000000000000000001(7, 800000000
000000000000003000000000000000000000
HMDO Head Mounted Displayd0 000 0000000000000 O0C0O0
00000000000 0000000000000000000000000
000000003000000000000000000000000000
000

0000000000000 0000000000000000000000
0000000000000000000000000000000000000
00000000000 00000000000000000000000000
0000000000000000000000000000000000000
000000000000000000000O000O0O00 Implicit SurfacesD
000000000000 000000 Skeletal Implicit SurfacesO[41, 42, 30, 43]
000000000000000000000000000000000000
0000000000000 00000000000000000000000
00000000000 0000000000000000000000000
0000000000000 0000000

00000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
00000000000 00O000

10



2.2 0OOOOO

O00bDbO0O0000O0000bO0b00000ooODoDooOoDOoDg Skeletal
Element00 0000000000000 O0DOO0O0O0DOOODOOOOODOOOO
0 0 00 Skeletal Implicit Surfaces[42, 30| 0 000000000000 0O0OOO
000000000 0Blobby Molecule[44] 0 OO0 OO [45]0 Soft Object[46] O
gboggooobobbbboboodoboboooooooboagonn
gbogbbobobbobooobbobogbubbobobooooooooon
gbobobooodgggoobobobobboobbdoobooooboboboan
O000000000000000000000000O0O000C0O0O0C0O0O00O0
Oooooo0ooooO000o0oooO0ooObO000000b0000000000

gubguodgoboboobobobobooobuobooobiobbboooon
OO0000ooooooooooboboboO SO000 «00000D000 Field Function O
FOOOOOOODOOOf(P)<c¢O0000POOOOOOO000f(P)>cOD
00 POOODOOOOOOf(P)=c0000POODOOOODOOOOOODOO
ooooooOoofO0OO0OO0O000O0O0OOOOOOOOOOOODOOOOOO
000 C'000000000000D0000000000D0OOOOoOOoOO
gobodgg

{PeR|f(P)=c}D
where  f(P) = Ewin'(d(P, S;))0 (1)

(a)w;=1.0 we=1.0 (b)w;=0.5 wy=1.0 (c)w;=—1.0 wy=1.0

U6 0U0wbhDOOO0DOODOOO0ODOOO0OOOO0000

11



Ooooobo Sboogboboboooooobobobooooobooobooobooo
00000 «000000000000000000000000000d(P,S;)
O0OpPODODODOO S,00D0000000O000O0O0OO20000DODODOO
O00b00d0bwOobOooooooedoboogedatlobbbboobbooO
U0wdb0oobbgoboobbooobboooobbooboooooon
gboododobebcibuooubudbwbooboooooobon
ggbodobgoooobobbooooobobbobooobbbobob FOOO
oooodvyobooboooobooooboboobooboobooocpobbOO
gbobbgouogooobuodboobobooobbobboboobuonobo
OO0bOO0bOcpO00O00OOODDOOOOOSODOODOODODODODDOOO
b0 &gJadbbbbbougobobboobobbbooobooobon
gL hOoOooDooooooooooo

Fi(d)
')
CP
0 l d
72 & Ei B '

O7 00000000000

12



(a) 00=-1.0 (b) 00 =-57.3

08 OO0 cCPOO0OODODODODODODO

23 UOO0OOOOoobDO

gbooboodgoobboboooboobbooobooboobbbono
gboobobuoguodgboobboodooboooobuobooobooon
gooo

231 2000000000MOobOobObOOobbOobOOon

guoboogbooobooogoob20bbboobobooooboooon
goboobuogbooooboobogobon

gobobobooood

googoobotobbbbobooboboobboooooboobboao
gogoboodobbooobobbboobobuobbboobbooobboo
guoogbooguogooboboobuooguboooobbooobooobb
gbbogdubuogoobbobboobuouoobobobooobbboon
gooon

13



09 ugbgbouogo

ggoobooogabogo

gbbooboooooobooboobobbbbotb oo ooooobo
gbogubouogbobouobbobogobooobobobuoboboobo
gbog3gbbuoubobbooooboobbbobobooobbbooon
gobobbooboboogobbooguboboobooooooobbbobb
gboobbobboobbououubouobobobobooboobobooobn
gbooboobogoobbooon

14



0 10 0bouoooogooo

232 000O0OOOO

gbboooobboobobbbbboboodooooooobobioboobn
g200dgoboobooobn

n

F(P) =Y wiF;(y/d(P,S;))0 (2)

i=1
0D000000000000000000000100000000000000
0D00000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000 FOOOO 3)00000000 (Hermite)
00 (4700000000000 (3)00000H3d)(i=0,1,2,3)00 (4900
03000000000000p0u(=0,1,2)00110000d000000

15



gbobooobboboooboooooboboboo

poH5 (d) + v HP(d)
+v1 H3(d) + p1 H3(d 0<d<1.0
F(d): \ U1 2( ) y41 33( E ( — ) 0 (3)
prH3(d — 1.0) + v, H¥(d — 1.0)

+voH3(d — 1.0) + po H3(d — 1.00 (1.0 < d < 2.0)

H3(t) = (2t+1)(1—1)%*0

Hg(t) = til—t) O @
H3(t) = t*(t—1)0

Hi(t) = t*(3—2t)0

Fi(d)

1.00 AI-E
p0, vO
0.90 \
0.80 \
0.70

0.60
0.50 LIJL v

0.40
0.30

0.20 \
0.10

0.00 T‘T

0.00 0.50 1.00 1.50 2.00

011 Doboouogogooboooon

16



00000000 300000000000000000023.100000
0000000000000000000000000000000 £(P)00
0200000000000 PS;(i=1...3)0000 w; =w, =w; =1.0000
000050000000

f1(P) = F( d(PaPSI)) (5)
+F(y/d(P,PSy)) + F(,/d(P, PS;3))0

gbobooobooood

000000 f,(P) 00000000000 00000000 LS00000

060000000
f2(P) = wi F(y/d(P, LS))0 (6)

000 f(P)0000000 £4(P)O000O00DO120000000f(P)— f2(P)
0000000000000000000000000 f(P)000000OO0
0w =-1.000000700000000

f(P) = fi(P)— fo(P) (M
= F(/d(P,PS)) + F(/d(P, PSs))

+F(y/d(P, PS;)) — F(,/d(P, LS))O

gbooboboobbooobooobobobboboooobbbobobouoo
gbogobobbooubbouoooooobobboobbooooooobon
gobobooguogbdgbuobgobbuboboboboooodb o0t 10
gobobobbboobobooooboobbboobo200011go0on
gobdoobobboboobobboooobbooooobobbon

goooboooooboogo

0000000000000 fp(P)ODOD0DD0O0ODOO0OO0OODOOODOOOnO
goddbobdebobubod23100b00000u0bbuooon 3000

17



£® RS ’

© - =

D

—h

B O-16 OO

012 gdooooodgn

000000000000 £4(P)O0000 f(P)000000 130000000
A(P)+ f-(P)0D0D0D000000D0O0O00O0OOOOOOOOOOON f(P)O0O
00000000 w=1.000000800000000

f(P) = Ffi(P)+ f2(P) (8)
= F(\Jd(P,PS,)) + F(,/d(P, PS,))
+F(,/d(P, PSs)) + F(y/d(P, LS))O

gogbdouboobbooobbobobboobobobbbbbooobon
gobodgoboodguoguboboobbooboboobbobooobonbbo
gbobogoguboobobobo232000000000000000 1000
giogoobuoobdbooboboouoobobboobo2000 11oog
gbuodooobooooboboobbboboobooobbobooooooon
gobbogbobbboobobbboboobboboboobooboboon
gbouboobbbooooobboooboobobobbn

18



w [l [

Om | L) m | -

O O+HB 1O+HO

013 dbougoaggooo

24 UO00O0oooboooooobbod
241 (0J0O0O0OO0OOO0OOOO

gbbobgooobuboboobbbooboobbbuonoobobon
guoodboboobbobbobbdobboouooooobbuobiooooao
gbdodgbodgboobobboogbobobooboooobobboobo
0000000 48, 900000000000 OOOOOOOODOODOODOO
gboggoooboobobbbobbobobbodobooboooboobboooo
gobgbooodbboboobobboobboooboobbuoobuoooobn
guodubgougbboobbogububoooboboboooboaon
000000000000000000000 Desbrun0 000 [50]00000
0000000000000 00O00000O00OoOO BLb2|00000000
0000000000 00000000O000000O BloomenthalO O OO [53]
ggobbogobouoobobobbboobooobboooooboboobobo
gboogdgbbobooboooooooobobbobbobobobbbobn
000000000000 28|0000000000000O0O0OO0ODOOOO
gboobboobobobooobbobbboobooooobooooboooo
gooboboodobooobbobbobbodoboboooooobouooo o

19



gbobdbobougbobooooobooboboooobboboobbiobobn
OO0000DbOooboooobooboodbDOBloomenthal OO OOOOOODO
gododbooodoboobooobooboboooboboooboon
goboooboobbooobooboboo

gogbogboooogbboboobbooboobobboooobbooon
gooooggogo

gogoo

.gooobodoogobbo woboboboobobobooooooboboobgon
g

double Hermite[1001];

gogogoobobobobbboooobbodobo

double d; //00
double F = Hermite[(int) (1000xd)]; //00 0O

godoobbbooouooooobobboobobooooon

2200000000000000000000000O00DO0O00OODOOLDODO
gboboobbobobdooobobobbboobouobobouoagboon
gbooboobbouogobobobboboobbobuooboboooobo
gbbogbobooboooboboobboobobboooooboboob b
gboboboog2000bbooobob4bonbg

. ububooboooobbooobobooboobbooobooobo
goooobobobbobooboboobon

4.0000000000000DLO0O0OObOobbOO0bOb0O0bOo0bDbOisn
gboobbobobobbdobooobooboooobbbobobooaon
gbobdboboooobooboooboo

20



Rt [0 |WMoRotL

Y ——
N - \\ /_\\
~ \| . \
9} @
o /} @ /
<1V

() 00000000 0DO0oOoO (b DOOODODO0DO0OOOOOOOOO

014 200000000

=D
RotEIIL

3

015 0boogooobooboon

() 0 4000000000000000000O00OCOOOOO 1000
gbbobooouoooooboboboobbobogboooooboobbbbo

21



gboggobuobuogubobooobbooooobooobbbobobo

gigodgooo
(hy DOOODOOOOOODODOOODODOOODOOOOO
(c)DO0O0D0OOO0O0OO0O00O00OOO0OUODODODODODODOOODODODODOD

gogbobboooboilgbbboooboooubooobobobboobo

0000000000000000000000000
(d) (h)O(c)00000000000000000000000000000

goobooboodgg

/-\\
\ //
A
W0
HA ///é
7770, $eRo 4k
0 / \ | mmmsEs
/
w <V
HIEARS IR

Bkza4l”
QZEBARIZILZER (b)yT—2RAR )L ZE/E

gl6 doboooooon

22



gogbobbodobobboooobooboooobuoboobibooo

ggoogboogobbioodaogn

lL.ooodgbboubbobobdobbbuoubooboobbbboobobd
gbogooobooobogboo

2.0 16(a)0 0000000000000 0ODOOOOOOOOOOOODOOO
gbogbobobobobbobodbbbouognbbo

()0 0000000 4000000000600 400000000000O
gob1rgogbobddedb4bbooobobooobbobbn
gobon

(b)4D0DOOUOODODODODDODODOODODO0O00O0000000000 16(b)000O
gogobbuogbbdoooboboobobooobuobnobbooboo
gogbobooboboboooooboo

(0 18000000 COOOCOOOCODOODODOODOOOOODOODOOO
gobobooobobbbboobbbooboboboboboobon

Ul1l7r bgoobedDb 4000000

23



018 400000000000 o0boooooon

(d)DO00000000000000O0OO0OOU0O00ODDOODOOODOOOO
godigogobobobuooboboboobbbobogbd

(e)0000000ODO0OD0OO0OOOODOOOOOOODOODOOOOOOOOO
gbooobogbbgbooubooobuooobboobboogboo
0000 h4|0oo0ooooo

()0 180000 000000000000 0000000 0ooooUooDoo
gogboboobobboooobn

gbogbbboouobbobooooooooobobobbboobbooaoon
gbooggbboogbobobooogobbobbooobobobboann
1gbogbobbbiobdooooubuoubobbooooobboobob
gbogobobobbobobobboboobbboboabboaooon

gbg22000000boobboodobooboooobobobobooon
gbooogbbobogoobboooogooboobbobooboboboboboa
gbgbobobooobooooobbobobobooobbooobobonobb
goboboobobbobobobubogobbogbbouogooooban
gboogboobobobooououoooboobboboboobboon
gobbouodooouooooboobboooboobbbboobooon
goubbooobogbbuobobboooooboobbobobobbobobooa

24



C

>
[>
>

® 5158
O AER

case 0000 case 0001 case 0010 case 0011 e XR
i {bd, cd, ad} {ac, cd, be) {ad, bd, be, ac)
case 0100 case 0101 case 0110 case 0111

{ab, be, bd} {ad, ab, be, cd) {ab, ac, ed, bd} {ab, ac, ad}

4

case 1000 case 1001 casa 1010 case 1011
{ab, ad, ac} {ab bd, cd, 8c}  {ab ad cd, be}  {ab, bd, be)

R
=
e 1=

case 1100 case 1101 case 1110 case 1111

{ad, ac, be, bd}  {od, ac, be) {bd, ad, cd} i =ARE-IIUER
(B T=AR22(25E)
168D EAEDLE RUTUDER

019 0bobuoggbbooooobbboogodd

goodgoboobbooooooobobobbbbooooobbooo
goobobobouodboooobbbooobbobilioboboboboon
gboobobbouogubbooguobbobboogbouobobobboon
gbgoodgogbgoboobboouboobbbobobooobooaon
gbbooogouoouogooboboboobbobboboboooooaooon
1joboobodgbouooboo2gbboobobobobobobOoon
digogboooooboboooouoobbooobboobuoboboooa
gogobboooobbooooboobbooboobobbboobobonbo
goood
gooogbbobobdubooboooooooobbboooobboooon
cpUOOOOODOODOOODODODO

25



AR D E L AR

EHR I _ Y
l DAVFHR, T RYI &
ALvk
RYIT L T‘;I/J;h
AUUF

\ LT T | ) Bt S

(OpenGL)

0 20 0boboooobbouboooboogo

242 0O0O0O0O0OO0OOOOOOOOOO

0000000000000000000000OSMP(Symmetrical Multi
Processor) 000 0000000000000 ODOOO0OODOOOOOOOOOO
gobogooobbogbbboobuoobobooobobbooboobbboo
gogooooo

gudgboooobbodoobooooo20bbobobbbobbboonn
gubbbodgbobbobooobobobobbbdabouaboaoooobod
gboobobgobgobdbobouoobobboooouobbobobobann
OO0 OpenGLOOOOOO0OO0OOOO0ODOODODOOOOOOOOOODOODOO
ERERN

gogbbbobooobbooboboooooobobobboobobooooo

26



godboboobooobuoobbobdoddooooobooooboooooo
O00000000000000000000 Bs|00o000ooooooood
goboboboboodbboouobooobooob 1bobbbooooon
gobobbobboooooobobooboboobobobobbbooooa
gogbbobobobbooooououbobbobogoboboooboboo
gbodoogboobbboobogoububobbbooooooubobo
oooboooboooobooooobocpvobooobbboboonoO
gogbobbobobuobogoobooobobobbooooobobbobo
gobdob2o0bboboboobobbbodobobboboobbooobbo
gboggoogoboooooobbbuobbbooooboobboboboognn
gbgbbooguobbuobbbibooboooboooobobouaaon
gbogboboougboubouobuoooooobobobioobuoooooobon
gboogbobbugbooboobobbbbboobobobooobagbon
gbobobobodgouboooobbboobobobbbbobdoobuoognon
gboboooobbbooobboboobbon

25 UUObooooboboobooogd

00000000 b00O0O0bO0bODObO0obOo0obODOOoOooOoOobooboooon
0o00o0doooboboboobobobbo bbb 0b0o0ob OHMIDO Head
Mounted DisplayUD 00O 0000000000 O0O0OOO0O0OOOOOO0O0O
O0000oooooboobooooboooooobboobooeMDOOOODOOO
oo 3doboooouobbbobuotboooboobbououobbboobo
000000000000 000D0ODOO0O0 210000000000 220000
000000000 SGIO ONYX20 MIPS R10000, 195MHz, 16CPUOO OO O
HMDOUODOOOOODOO MediamaskO O30 00000000 O Polhemus O
3SPACE Fastrak O OO0 DOD0O0D00O0O0D0OODOOOOOOODO Super Glove
goobooobobooboooooobobD C++b0ooboooooogoogo
0000000 PthreadsO DO OO OO

00000000000 oo0oobobooobOOo0obOo0obobOooDOoooo

27



U 21 Jbobooooobbboogobobbodgo

gobobobooobobo230n 2400 2500 26000000000 230
000000000000000000000000000 27(a)000000
000000000000 27(b) 0000000000000 0Ooooooo
gooogbobobdobbooobboobobooooboobobobbbooobn
000000000000 2(e) 0000000000000 O0ODOOOOOO
guobdgbobobbooguobooobobbouooboouobuobibooon
20000bo0oobbuobooobo240bobbooobobbooog
guobooogboguooubbobooubiboooboboobobooooobon
gbobgoooubbbobboobbboboodugb sobbooboobb
gobboubbboobbooooobooboboboobbobobodao
goggoobbbobbuoobbobn
OOobbooboooooooooobooboocpvobooobooonoo 30oQg
OobooooooooboooboboiwfpsibobOobOoDbOODODObOOOOD
gboboboobd 120x 120 x 120000000000 00000000000

28



HMD

OLYMPUS
STEH Mediama -
SGI ONY X2 L FBRANEE
issho Electronics

022 gobooooboobooobboooon

Q8 x48x480 100000000 DO0ODODLOObLO0ODLO0ObObO 100D DO
Oboobg 2302400000000 b0o0oooobboobooboobo
odoouboboboobooboobooobobooobobboobogo
O0O0DXF[(6)0 STLH7|0 0000000000000 0O00OODOOOOOO
0000000 ADDOODOOOBOODOOODO2O2000000000O
Ooooboobboboog2800b000ob DXroooooboobo 300
cGOOOOoOoobOoooooboooOo290 STLOOODOOOoOooDOoooO
O0O00COLAMM-300C0 DO O0O0ODOOoOoOboOoOooDOoobooo

29



U 23 D000o0gboogoogo

024 0000000000000

30



U2 00bboboobouooooboo

02 0d0bobogbooooooboon

31



O2r ggoooooobooooon

32



028 Jbuobogoogogoobooboboboobod

029 gbuobooobbooboobbbobooboan

33



2.6 OO

gbogbdobugbouuboooooobodgobouoobouooooooon
goobbooobobbboobbuooobooboboooobooobooon
gboodgboboobdogobbogbboodboooobooobbooon
gboobobdoobodobobobboobbobobobooobbobouboo
guobggoubguboobuboobboobobboobobobaobon
gbooooobobbobobboobbboouobooboobbbodooo
gbbooogoubbobbbobbboooooobbobobboboo2s00
gooooooobobogbboboobboobobooooboboogad

gbobobobogoboobbbooboboobboobbbobobobboon
ggooboobobbooboboboboouoobbboboobobobobuboo
gbboooobooooobboo

34



3. Uobooooboobooobuboboboboond

3.1 00O

0000000000000000000000000000000000
0000000000000 00000000000000000000000
000000000 000000000000000000000000000
0000000000000 00000000000000000000000
0000000000000 [58,59, 60, 61]0

00000000000 000000000000000000000000
O000000000000000000000000000000000000
000000000000 0000000000000000 30000000
00000000000 0000000000000000000000000
000000000000000000000000000 (620000000
000000000000000000000000000000000000
000000000000000000
000000000000000000000000000000000000
0000000000000 00000000000000000000000
000000000000000000 [63)00000000000000000
0000000000000 00000000000000000000000
0000000000000 00000000000000000000000
000000000000 0000000000000 (64000000000
0000000000000 00000000000000000000000
000000000000000000000000000000000000
00000000000000000

3.2 0UOO0Ooooood

ooooooobooobbobooooooobo0oooon f=000bObOO
OoooobooonD f>0000000bbobDbOn0 fcobboOoDO

35



ooboooooobobbooboobooooooboooboobobooD fOo0oOooD
gobuopuboubg3oubobg3gubboungan

fw) =

{30.56w3 — 50.56w? + 20.0 (00<w<12) _ "

o (w > 1.2)

000000000 w00000O00000r00000r000000w=r1/ry
gobood

030 DbOgboooobobodgo

gobodbbobdob.bo0bbbuoobbboooonbn

d2mz~

F; =m;——
g

(Fi > Fy,)0 (10)

goobFmF, 0000000 0000000000 00m;0000000O000
O02z,0000000000000000C0O0O0OODODOO0O0O0OI64]0000
gbobbogoboboobbobbbobobuobogbbobbboobobbobo
gooobb Fp, 0000000000000 0OO0O0OO0O0O0

36



3.3 Uuoooogno

00000000000000000000000 31(a)000000000
00000000000 0000000O00000o0ooOOo0ooooOO31(b)O
goboouooooboouobboobobobuoobouobooboobooogon
gobogbobobobbdoouobboouobobboobbooooobooon
gooboobooooboobobobogbobbooooooboboboooooooon
oboooooobobooooboogoboobbboooooobuoooboobbobon
ooood

-

(a) (b

031 gbgbooboboobooooobon

gbbboouoboogbooboobbbbouobouobboboobooonoooo
000000000 31(e)0000000000000000000000O00O0
gbobbboooobolliooobooggooboobobbobon

{P € R*|g(P) = c}
where  g(P) = EG(d(P, S;))O0 (1)

ooooo s;0bobooobooooboooboboboooobooooon
000000000 0o0o0O0oOooooooUooooooOdp,S;) 00 POO

37



032 0b0boguboobboda

oooo s;ocobobobobbobootbbboooooobobo pOooooDoD
d=t/r 0000000000000 GUOOOOO01200000 3200000
gdd

G(d) =

2043 —3.0d2+1.00 (0.0 <d<1.0)
0 (12)

(N (d > 1.0)

guobobbuodooooobbuobouooobobbiboobbooubbon
Bubuougogobbibbiodbuoooouobboobboobobbbbibo
guoguboobbooouooobbbbbbobbooouoooobooabn
gobdbbooguobgisgooob3sbbbooobbbouoboobobobo
gbooboouodgboooobbooobboooboboobooooooobooon
gboodgdbodobuooooubuobboobobobooosobobuonon
good

gbboboooobbobobbooobooobbodoooboooooboo

38



033 dbouooooooano

ggoboooobbbboboboboboooob 4bbooooooog
godoobdoobobdabbboouogoobobobbbbbbbobobbgan
gooboboobbdbogooodoooboboBgoooo 3bougon
gooooo

godobb200gbbbobdooboboobboobboooobooo
go2000ouooobodooogobibobobobbobobooobb
goobon

51.5v3 — 85.25v2 + 33.75] 0.0<wv<1.2
h(v) = { ‘ ° Cosvsld g gy

(U] (v>1.2)

gboobobobodgbogoo-bob0oobbbdsgbbogbboooooo
000000000 s,000000v=s/sp00000

39



034 0ooobobooobooooon

34 U0O0OOLOOOOODOOOOOOOOO

goouoobgbobbbdooobuooubobobiboboboooobboon
gooboobooobobbbbbobdbo24b00bbboobooooon
goboboobbobboodboobobooobooboooooboobboobn
gooobooodgboobooobbboobboooboboboobobooon
godgooobogoboboboobbobboboobbbbobbooobooboon

3.4.1 O0O0OOObOOOObDOO

gbbudoooooubobbbobobobbuoboodoboooon
gboobobgbobodobugbbooobboboooboobboogon
goboobbooboboobooobbobuoobbbobobooouoooaon
gobogooobbboooobbboobuogubobobbboooboo
gooooo

guogbogbobogogugbbboobbioobobobbooboobbonon
goooogogo

40



0 0.2 0.4 0.6 0.8 1 1.

03 U0b-odbgbooooooooo

gogoo

lL.obdggbbogbobobbobooobbooobobbboooob OB
goodoboooggobuoobuoboooobaoboboboobogg 20
gobboodgoos3sbgng

41



JEE AN

EY YR

V@Y & U@
VAL A AR

o ah @ OGP

oY &

g3 ugogog

2200000000000 0000000000O0DODLDOOUDLDbDDOO0On
gogobouogooobuoboobuoooboooouoooboboobboon
googooboogd

gobobbodboobboooobooobouoooboboobbooo

gogoogboogoobbooaogn

lL.oogodoogooboobobbobboooououoobobooboboaon
gooon

2.03r0guoobboooobobuooboboboooobooono
gbgouooboobogboboouooboooobaobob

42



|
Al lo
JVFMuz
NEE m
[
D] |a w())
YR ZE
D| @
N[

037 Jouobboooooboobobooobbo

()0 0000000 4000000000600 400000000000
g ivoobobobbebi40bUuboooonoobooobbbon
god

(bhyADOODDOOODOOOODOOODOOOODOOO

()0 8OODOD0O0DO0ODO0U0DOOOUODODODOODOODOOOOOOOOOOO
guooubgbdgggoouoogboooobooouooaboooooobbo
googon

(d)DO00000000000000O0OO0OOU0O00ODDOODOOODOOOO
godigogbobooogoboboooobbbobooonbo

(e) 0000000 D0OD0ODOODOOOODOODOOOOOOOOOOD 14000
gboboboooobooobooossgobgoouoooo prODOODDOO
fi000 P,OO0D0OODOD fpU0O00DODODOODOOOOODODO
OooO0o pPOOOOO

43



(P2 — Py) (14)

038 0bbobogoobooda

(H0 8O0 0ODO0DO0O0OO00DO0OO0O0D0DDO0OO0DOO0OOO0OOOO0ODOOOOOOO
gobbooboboooboboobbbooobboboboobobon

gboobbobdoduoooobuoooobobobooobooboon
gboogubbobboobouoobobobbbbbobbooooobbdoboo
gboboobbogobobbbbuooboobuoooboboboonoob
gooboobooooobobbbbboobooobobooboo

3.4.2 DO0OOOOOOOOOO0OOO0OO0O0

gbogobbbdooooboobobboboobooooobbobobo
0 O SMP(Symmetrical Multi Processor) 00000 000000000000
gbobbbobouogbobououooobbogouooooobboobboobn
gboodgbooobboobbbooboboboboouobbobboaaon
godgdobobobdbooobdbuooboabobabobboobbbo
0 [55, 65, 66, 67]0

44



e D UODLODODODLDOOUOOLOLODLOOLODLOOLOUOODLDDO
gbobodoboobbdoooooouboobobboobbbn

e UL DLODDODLOOOLDLOUOODLUOLODOOLODLDOODLDDOOO
gbobboobboobobbbooboboooooobobbboogao
guobbbbooouobbbouootboooobobbobooouoon
gobbooobbooodgon

e OUOLUUODLOUDLDOOOLOODLOOOUOODDLODLDODLDOLOOOOOOOn
guobbouoooon

gbobogooobobbbobbbbboboobboobbobooboobo
gbooobboboogboboobboboogobbboobbbbobbooon
godad
goddgdbgg3gpoobodoboooouoobbuobobooobo
00000000 oO00000ooooooO0Oon)yoooooooooooooo
00000000000000D0002)000000000000000O000
00000000000003)00000000 OpenGLOOOOOOOOO
gobbouboboguobobobooobobuoboobbobon 3ogdad
googuoguobgobobbbooooboooooobobobobobbboon
gbogobogogboodgdo
gbob3b0bboboobuouobbuouboobouoboooanoboon
gbbobgooodguobuogobuooooobobououbooooboogo
gbogogbooobobobobubobbobobobbooobbbagbn
gooboboogoon
gogbogobuoboooobobobboooobbobbbooobboubooo
goodgbbogboobooboboobbbodo 1oobobooboooon
gbogbobooubuogbubgoobbobobuoboobbobbooobaoo
ggoogobbdgoboobobuouoobbboboobbooobooon
gobodgbdoboobbbobobooobbouoboobbbobobobo
goobboobouobbobbooobbobogo

45



TR Il Ea—

DALTIHR RYTEH#
P y ALyk
R332 HREfE ADYR
ALyk [ADUR
ADUR
\'J:/ /\_T'fb)l/
—QA—Z —QA—Z
R3 /?rﬂl_IZl/‘JF /\—7-47)1, {\_2_'47”’ .
S, 2= VATLALYE
VAT L - he
f . AT LADY
%'Jﬁﬂxl/‘yF ”/XT.L\XI./“JI“
B 1 BRIAS T )0 AT L ADYR

U39 gbboboubooobooogbon

gobbdodboboobooobbobobuoobbooobbuoboooobo
gbobobobuooooboobbooogooobobobboobboooboaoa
gooboobodobuobobbooguoougououoooboooobobob
gouoggbobobobobbboboboboboooobbobobbood
gbbooobobbbbuobuobbooobbuoobbooboooobobn
gbobodgboboobbbobobooobouoboobbbobobobo
goobboboobbobbooobbobogo

guboboogobbobouoooobbboboboobbboobbd
gbougobbobbobbbdoooobooooobobbooodabobao
ggubbboobgobbobbououoodobobobooobboubbbo
gbogobobgobobobdboouobouoboooboobobuooobn

46



gbbbogbobuboibouboouoooboooooooobounoobog
gbboogobbooobdooboouboobobbooboobbbooaon
gobodoobboobuoboobboboboboboboboobuooooobon
gogbdbbdoooobobobooobboobbooboooobobon

gobouooooooobobbbooooboobboooboobobboon
ggbuobooogbbouoooooogooboobobbouoobbiboboon
000000000000 0000000 [B|0o0ooooo2000000
guubgbgobboobooobbbuobbbbuoooooobb 2000
gbobgoouogdbooobobbobbooobbbbobuoobbuobon
gboboobbbooobuooboobboobobboboobbooubboboboobn
goobbobobbdoboooooubbobboboooooboboobon
goboooooocpiobooooooobobobboooooooooooo
OoooooobooobobooooobobobobocpuoboobobonoOon
ERERN

guoguobboooooguobobooobobobboboboobobboobon
gouoboggbbbogb3sgudbbbobdobooubooooobonbo
gboggogoubbuodgoobobiobbbbooooboobooooobobob
ggbobdubuoogugoobobobbbioooouooooooobboboon
gobbboooobboobboobooboobboubobobbboonoon
gobboboobobbobogboobobboboooobbboouooooo
godgboooooooboooobbbbooobooboooboooon
gogbbobobobobbbbooobbobobobbobn

gobdgbbbdobboodobobbboooboilgbouoooboogon
gobobobobobbbdododoobobooobbuooobobobooobbbo
goobobobodoooooobbooobobobbooobboboon
godbobbbodobooobboobobooobbobobbobboon
guodoobobdgbbouobbobobobooobobooobobobon
ggouobbbboodooobooobobooobooobobbbooan
gag

47



040 O0oDOOooOoODbbOOooboboobooboon

3.5 UJUbuooboboooooobbogd

oo oooooooooooooooooo
ooooooooooooooooooooooooooooooonooooo
goog

00000000 SGIO O ONYX2Z] MIPS R100000195MHzO16CPULOO OO O
0400 0000000000000O0O0OD0O Virtual Technologies 0 0 CyberGlove
0030000000000 Polhemusd 3SPACE FastrakOO OO O OOOOO
00000000 C++0000000000000D00DO000O00 PthreadsO
goooo

dddooboooobo 41000000 2600000000000 O00OO0O0
200000000000 ro=1000000 Fy =080330000000

48



Odb ece=050000000 sp=1000000341000000000000
godbobooooobboobbbosbbbodbbuoooboouuabon
Dodbrrx7rx7gbboOoooooOooboogoogg

U 41 216000000000000000000

gob33gooobbooobogbbobbuooobooobooboboo
gl1gbogooboobobobobobooboooobobobobooobon
ggobobooooooobooboboobobb4220o0000000b00000
gooodobooboobboobobooooobooooooobboooban
gobobooboobobbooobuodoooboouoboooobooooobon

49



gugbood 3bobuogobgn

042 J00O0O0OO00bOOooooooboobobo

gobbodbotoooboouoobuobbob b ooooboon
goobogbboobbobb4300 4400 450000 46000000000 43
gboboobooboogbobbobooboboobbuooboobobbboo
ooobobobooooooboooboooooo#4oooobuoobooobo
gbboogoobobbbbooobobooouobo4s0booobood
gbobogoogoogoboooooogboobooboboooooboan
600000 b0oooobooobbooo0ouoobLbobobobon
oboogobobo47bo0b48Ubbobobooobobbobooobobbon

50



ooboobobooobuoooboooouoobuooooobb 4700
gobboooboobboobbuooobuobbboooobo 4800000
gogbobobobboobbuooboobbooobooobbbbuoboo
gobogbbboobbbooboooouobobbboooboboooobo
gbogos4d42000000b0o0obobbolgoboboobobboooooobn
Oo0OoOO0obOOooboobobO0o12000000ooboonoob ceUbn 120000
OOooboooobobooboboob200b00ooooboboobooooboo b crpUb
2000000000000D0 CceUO 1ODOOO0OOO0DOOOOOOOOOOO
gobooobobobobobobooodboooboboobuooobooon
gboobboooodbe0obbbbboobbobbossbououoan
OobO400b000ooobboooboooouuoobbooooooboon
gogbogbooobbbbbob26e00dbgb0ooob40b0b00DO
oogoobooboooo44bobbobobbbooboooboobobd
gboodgbobdoboboboboboooooooooooobuoboooboonn
gO00o0o0O0oOoOoOO0bbOoOooobobDOobOOo0obDOoDobOoboUooDbD crPub
10000 3ofps 0000000000 ODOO0O0ODOO0OOODOOOOOOD
gbbooobooilgbobabbobbdoobbbooboooboobooon
gboooobobboooboo
oOooocpUDODOO0OO0ODODOOODODOODODOOODOOOODODOOD
OO0O0oooooobooocpybOODbOODOOOODDDOOOODOOODO
0100000000000 00o0ooob49000004900000CPUD
O8O0 lwooooocpuboobobobooboobooooooboooog
OOooolnooocevbobooooboooooboooobooboboboooooo
00000000 O0oobOoo woooobobcpUbObDODbDOObOOOOOO
gobboobbbboouuuobbobuobbuodoos42000b00000D0O O
gboogobogobobooboboooboooobboooobboboo
obobbooobooobobooboooboooobobbocrpUOn 120000 13
guotbodggbouobooooobboooboboooooobbonoon
gbogubbdoogodbuooboobobouobbboobooobbonon

51



OoboooooboobooooooboocpyubObbOoboobbDbOOoOoboOoDOD
OocCPUOO 1200000
o00o0bo0oooooobbobObOobOobObOobDOoOobOobObocrPUOO
gdbobooboouooooobbbob20000gbso0bobbosond
OOoooooocpUOODODODODDODODOODDODOOOOODOOOO
Oooboboboboooooobooooobooobobooooo ceuonooog
guoubguouogobooouobbbobdboboobooouoobbuoogon
guobodgboobbboogobobog2ebgggobobobg200
cpPUOODOOOO0O0ODOODOOOO0OOUOODOD26000000DOOOOO
gogboogoogoolgbboobbbboobobooooboobobboa
gbooguobbbobdoboobuoobobbooboobboobooaaobn
OOodbooooboooooboooocpyubno 20b0obooboOoDs3430n00O0O
OOo0ooooooobgooocpUbD 1D 1O0000O0OODOOOODOODOOO
godbbogoobooobboobobgs3spobbobsiobubonobon
gbododgbbooooobuodboooobboboobobooobbbooon
OooboOooooobobooooooobooboobobooobooboooooobcery
gbooodobolbobuobodbboobbbboo

3.6 OO

gboodobuogobobobbooobboobboboboooooooon
gogubououboboogbbobobuobobobdgbbbouboounobo
gbodobooboobobboouoobbbbbooooooobobboon
gobdbboboooooobooboobbbooooboobboboboon
gobobobboboogboobbobobboboboooooobobbon
gobbodbdooooobbbbooooooon

goboboboobbboobboooobobobboboboobbboon
gubboggboououdgbbuobobbobboouooooogoobbabgon
gbogbouogooobooobobobbtboooduobooooobuooonoon

52



043 00ooboobooodgbogbooobl

53



04 00O00o0ooOoooooooobo 2

54



O 45 o0oboooboooboobooooobn

%)



46 doboooboboobbooobbobobobuoooboan

56



O 47 goboooobooboobbubobbiooo

57



048 00ooOOoooobooboooooboboon

01 CPUNDODU0OOONOOOUODOODOOUOOOOOOOOOOnoO (O)

gboooobogbodgo

1000

2000

3000

4000

8CPUs
9CPUs
10CPUs
11CPUs
12CPUs
13CPUs

0.32
0.29
0.28
0.35
0.31
0.31

0.63
0.59
0.52
0.58
0.46
0.47

1.06
0.94
0.81
0.88
0.79
0.77

1.25
1.17
1.02
1.08
0.90
0.95

o8




——8CPUs

= 05 = 9CPUs

bEY ~10CPUs
i -—11CPUs
B oo ~*-12CPUs
= —13CPUs

04

02

1000 2000 3000 4000

EHLI=AR OV (E)

049 CcPUOODOODOOOOOOOODOODOOUOODODODODOOODO

02 CpPUOO0OOOODOODOOOUOOOOOOOOOOOOOODOOOD(O)

gooboodd
125 216 343 512
1CPU | 0.016 0.046 0.105 0.236
2CPUs | 0.015 0.044 0.146 0.342
3CPUs | 0.027 0.062 0.158 0.286
4CPUs | 0.028 0.064 0.151 0.263

99



04

0.35

03

> 025

=R - 1CPU

o= -= 2CPUs
0.2

HE - 3CPUs

g —~4CPUs
0.15

0.1

0.05

125 216 343 512

IN—=T4 7 ILE ()

050 CkUOODOOOODDODOODODOOOOODDODODODOOOOODO

U3 goooooboiosgoooogoogooooooon

CPUO (0000 (O)
10 0.121
15 0.101
20 0.090
25 0.086
30 0.081
35 0.078

60



AFERFRE ()

0.14

0.1

o
o
®

o
o
1=

0.04

g 51

25 30

20
ALy ()

gooooboboosaabooooooobobooboon

61

35



4. ODoO0oOoboOouobouobuoboooon

4.1 00U

20000 3guuboogobboboboboobobobobouooboobon
goboodgbobobboobobbuoboboddoouobbooobooo
goboogbobbobobobobbbobobobooboobobboooboonoon
gbooogoooobbobooobbobobuobobboobbbdoubgo
gbobbobobbbooobbouoobooooboboobooobouooo
gboubdobooouoboobobuogoobougnooooobbboogon
godoodoooboboouooouoobooboobbbobbouoobbooan
goodgoon

ggbobooooobbooobbuoobsgbboboooooboonon
gbogbbbbodoouoobuoobuaobbouoooooooobobboooo
gboobboobbobboboobobbbuoboobbbboooobaoo
200000ooboobbuooboboboooubobobbb00ooobonbo
goob20b00bobodg3gboobuobuoobbooobobboogo

4.2 U000 O0OO0oOoUoOobbboooouobobooad

0000000000000 00000000bo0o0oooooooooo
OO0 5200 53300000000000HMDODODOOOODO 3000000
00000000000 0000000000C000DO0000oooooooong
OO0000 SGIO ONYX20 MIPS R10000, 195MHz, 16CPUOO OO OHMD O
00000000 MediamaskO O3000000000 0 Polhemus O 3SPACE
Fastrak O OO0 O ODOOOOOO O Virtual Technologies 0 CyberGlove O O 0O O
O0o00ooooobobos3sbobo0oo0oboDbs3sboobooboooOo 200O0ODDOOD
OO00OO000O0ob0obOoboO0ObObOOo0obO0o0bODbObODO 300b00bbOoboDo
OO00000DOO0O0oDooon

62



g s2 gbbobobbobbbuooooboboobobboooon

FHRRANEE
Virtual Technologi
CyberGlove

BHE
SGI ONY X2

Us3 dubbgbbbbooouoobboboooon

63



goob HeMDO0OO00bDooooboooboooboboobobooooono
00000000000 30000000000000000000000O1) 0
000000000002 000000000oo0o0ooO 200000000
gobodd2ubgobobooooboooboaaon

gobbooooobood

gbooooogobobbododbooooobooboobobbbon
ggodbuoboooobbobobioon
subgbbuoogoobobbooobobobouooobboobon

054 0000000oooo

64



gbouobgooboboboooan

gbbooobooobooobboboooooboobobooobooobo
gobbouooobboooobuoboobbboouoooobboooboboo
gobbooogboouooboobbobuoooooooan

gbouggooogbbbbbooobooobuoooboooobooob
goob3ggubbobobboboobbbooobbbooobbooo
gboobouogoooobbbooobboooooooobbooobooann
gbbodbobogooouooobgooobooob 3poobbooooann
gbogoobobooboboobboboobooboogo

U b buboooobobooooon

65



4.3 U0O0O0O0OODOOOO2000000000

gboodgb2000dbobooogbobobbbuoduobooobbooon
gogboogoboobobboobobooboobooobboobooobboboonbo
O056()000000000030000000000000000O00O0O0O0OO
gobogbobbooubbuoobooboooboobobbbobboboobon
goobboboooobobbobbbod

ggbbooboobuogbobobuouoouoboooouogbbboaon
000000000 56(a)000000000000000000O0O 56(b)00O
O000005(a)0 000000000000 00O0DOO0OO0O0O0OODOOO
0000000000000 bG(b)000000000OOO0O0OODOODO0OOO
gobbooduguooobboobbuobboobbbooboboboooon
goboodbbobugbbbobboobouobbouobobobbbbbo
god

O56b) 000000000000 000O0000O00OO00O0OOOO0OOO0O
goboboboobuoguooguooobbooooboboobboboobooo
gbgboouobobobboboobob20bgbboboooooobbooobon
gubooogbbbbbooooobboooubbobobooobboo
gogbbobooboobbboooobbbbouoobuoobboon

000000000000 O00D00O0O0S(c)D00D0b00ODODOOO0DOO
gbooooobboooboodoggbooboogooboobboboooboon
ggdoboooobooguoboooooboobooobobboboobboaoa
gobouguobgbobbbobobobbobdobbooboobobabaan
gboouoobougbouobobooobboobobooubuooobboo
gogbobbbboboobbobooobodoobooooboobobobboon
gogoogoobbboooobbobobooboo

66



U s6 UODUOubooobbogo

44 UJU0UOOO0O0OO0OOOOOLOOOOOOOOO0OO0

gobgoooobooboooobbooooobbobobobobboon
gobodouogo3gbbooobobobobbobbobobobuoooo
gboogoggo

guogbooobuobobgbuabbboooboogoogobbooon
goooodgsrogbbggboodoobooobooboobbobooon
gobogboobobbobuooobotoooboobboooobbobobo
godgodgbuooggbobuoobbuooobbboobobooobboobn
gooogbbobobbobdbooobbbobooboobobobboooon

67



ggssgu b eobougelbbuobguooubobooooooobon
gssbibboubuouooubobob3bbougugoouooobobbon
gsbbdgbbboogdgobodbbobuooooooooobonooo
gogobopoboboboboobooboboboobbooooooooboon
gbbooboogoobdoobbooooooooobobbbobbbob o
gbogbbobobouogugbbobooboooo3uoboooooboabn
gobbobbobeodobbboobubbbbboudooooooon
gboooboodgboobobbbbobbbboboboooooobobbabn
gobboodobogobbboooobeioboboooogon

Us57 dobooboobobbooooooobooooo

68



gos8 dbboboogobooboobobobobobodood

Us9 gbbbuooogoboboobobibobobuobobobbbod

69



060 UDOODOUOOoooobooouboboad

U6l Ubobogooboboogn

70



gboooboobobobibibooe200 e300 6400 6500 6600 670 0 680U
ggbesguobboboboouoogbbobbbbbbobbooboodooo
200 000ddgoobbodbe3oubonobobooonoboooboobn
gbogbbdde4bbbbb0o0obboooooobboooobobboon
goodobbebibidbooouboggbesbbboooobboon
goooobe7boooobogboobboobobobooesubbbobOon
goboboboobouoaogesobogbobbboboobooobon
OO00D000BOOOOsim2dxf0 000 dxfOO0O00O000OO0OO 300 CG
gogoogbogobboobboouobbooooooboobbbon

Ue62 DDhUoouoooobbbodoooooouoooboboboan

71



63 Dbououooogobobooooooboooboooon

U664 DOOOLOOOOUOODOOOOOoOooboOogo

72



U6 Dbguouooogdobbuooooguobuaooobooo

e DOUOooooobooboogooobodd

73



Ue6r dobogoobooooboooboobobboobobboobogn

68 DOouoodobboboodgooobodd

74



069 Dbguuooooboboooon

U7 0Dodbubooooboobobbooboonooog

75



4.5 OO

googb2db 3gbbbouogbgbbooobobbobobuadoon
gobboobobooobbooooboboobuoobboboboobbooo
gbobgoo200bdgoobbbouodooboobooouobboooooon
goobogobboooobooboboobboo3sgboboobobobboooan
gbbogboooudgbbooouboobobboboobbbooobbobo
gougb20bdbbobubgobbobbdgbobbboooobboogoo
googobbobion
googodgbboodbbooboboboobobooobobooboooon
gboobooobbdogbbbooouobobbooboboobbobobon
godbbbo20000bbboouoogbuoubboboooboobooooan
gboobgbboobgudbooobbobooobbuoooooabbuooogo
gogbobgogbbobboboboobogo
gr7nnogbooboboodgoooboobobbbbobbooooooooa
gdogdbooobbbobbbooooooobobbooobobboDbo
gogobodogboobogobbouooooobboboboooooboboon
gobgbobboubobbogbuoguogoouobogooboobogagn
guodudluoggdobobooobbbobobooouobiobn
gbboddobuooboobuooobobobooooobuobooobooo
gooogbbogooooobboouoboooobbobboooboooobo
gobodoboogobobbbobobobbooobboooobboooooo
gbodbgobobobboobooboooooboobbboobobbob
gbouboboobugggbudboobobboboooooboboooon
godbooooboooobbobbbbuooboboboobobbobobon
gboooobobbbooobbboobbobobubbooooa

76



MITUF=/ S—F A DILT RTF L

WRE/S—FTaoIL

7 DR R 1]

L
{
| AN

—)

071 00Dooboooogo

77



5. OO

gbobdbobobbbooobooooboooboobobobbooon
gbobogobooooobbobbobooooobbuooboboobooaon
gogbooobobooobobob
gboo2gbbugbugoobbobooooobobuoogbobobogan
gbogodboodgbboobouobooooobooobboobbooon
gobgbobdobobobobuogobboobboooouoboboooon
gobodouodgbogooobobobuogoboobbobobobboobobood
goboobobgbooobobbbobbuoobuobobobooobooaon
gguobdbuobobibbooboubooooouobooboouobobooo
gboodobuogbuoboouobboboououbobobooubouoogon
gboobobodbboobobuooobboobboooobobobboonn
goboboobooooboouobobooboboboboboboboooboan 3
gboboguoguoobobooboooooobon
guoboboouogdbooobboobboobbooboboobooaon
gogboobbbuouoboobboobuogoubbooobooobbdaogo
gobboobgo3sbbibooobogboobobuobgboobooboobad
gbobodooguoogooobooobbooooooooboobbooobn
gooodgbuodoogbbobooboooobooobboobobobboobn
gboboobbuooogouoobooooabooobboobboobbooon
gboboogouogobogbbboboobbbobodobdobobuoooboooon
guogubgbubodbuooobobobooooubbobbooboouaoon
gbooogboooogbbbboguboobboooboooooboboon
goggbobooooobboobbooobooobuooooonbn
gooo4000b00000ObD200b000DbO0O0DOOO0ObLOO0OODLODO
gbouoogbuobooobuooggbboubboooobooouoogn
gboboobbooobbbbobbbooooouobogg3sboboooon
gbobgooobbbboobooboobbobuobooobuob20b00obn
gobodgbboboobobboooobobouoobbooobobooooobon

78



gbodobbodguogoooboougoobbobobbooobboanbobon
gbogogbbbuobbbooobo3ggbboooooboobubobn
gogboooooan
gbbdooooogobbobobbbobooosgbboubobobon
gobooboboobobooobobobobobooobboobobobooobobbbn
OO00O00oogooooocoooooobboooooboboooOooson cADO
OobOoobo3gbo cGOooopobooooooobooooboonpooooono
gbobbooooboooobooobobbooooobbbbooobboon
gddooooboooobbbobbboooboboo3gubboooooobo
gooooooggboobobbobboobbboduoboobboonon
gbobobdbooubooobbobbbbuoboboobobbboobbbn
OO000000DO0O0000ooobooOo30bocADODOOOOoOO300 cGo
gobobuooobobdoboboooouobgbobooboobbbaan
gobgogboobobbobbobbooobbooobbooboboon
ggobbodoooobbouoobuobbooobuobooobooobbobo
guobgdbogbodboouoobobbboooooobboboobon
gboogdgbbobogooboooobboboboooobbobbboobb
godbgbobbuobogoobobbbobbboogo
gboboboobbobuogbboodboouobbuoobbbooobboon
goooooobogobooobbooouooooouoobuooobooo
gbodgbobobdogoooobuobobboobobooooobbuoooonoo
oooboooobobboobovROObOOOOOOOoOooLOOOoDDOODDOODD
O000000000000000[68,18,69, 70|00 7200000000000
0000000000000 0 (Mooooooo0o0ooooo300000d
gobogbbboodgboobooobuooobbboobbobobuoooob o
gobooboobooobbogoooobbobooobbooooooboo
gobboobosgocGUoooboobooooonpoooooooboobooDo
gbooogobooobbboobobuooobobooooobbbbbodabb
00720 0000000000000000000000O0O00O0DOOOO0

79



gobobbboubobboooooooboo

O 72 CyberForceD OO0 OO (7100000

80



HEN

gbbdooboboouooboogbbooooooboboobbboon
gboobuodbobdddoooub oo bbb oooboooooooob oo

gbbooobooouoobooboobbbobbobobobbooboboon
gbobo oo oo bbb oobboboogdgbod

gbboogouggugooabbbbooobboobobobobobonbn
goobbob obboo bbb bobobbouaoba

gbboooboooobobboboobbuooobooooobobobo
gbob 0db 00 odgooobooobooouooobbbooooobbon
goboboagod

gbbbbouoooobbboogbobbooobobobo oooboooon
g obodoobbbuodoboobooooobobbobooooonoo
b oo oboboboboobobon

g b ogbodbbobuooobobuoooboboobobboobooon
goobgbbdbugoobbobuonbg

gbboobbuobbuooobbooobboobuoduooboboboobn
goboboobobobobobuoogbbuog oo oo boobbbobb
gbdoooobboooo oo ob ooboobbooo

gogdoobonb goobobobbbobbboobooooobbooboboooo
gbobbodbogoobobobuobbboobbobbobobobuoobbod o
gbobo oo oo bbb oobboboogdgbod

gogobobbob bbobuodoo oo gb bbbbuoboboooogoon
goobbbobooogbbbbobobboobobooboboobobodogoo
gbgbudoobooooobobboobbobboooobbououaonoa

gbobdobouodbbobboobbbuoggooobuooobbboo
gbgdbooouboobuoooobo

81



Ooon

1]
2]
3]

4]
[5]

[10]

[11]

O000D0D00000. AutoCAD Release 14 000 O OO , 1997.
MetaCreations Corporation. Ray Dream Studio 5 0 OO0 OO , 1997.

NewTek Incorporated. LightWave 3D version 5.5 OO OO OQOQO0O OO,
1997.

ExpressionTools, Inc. Shade User Guide, 2001.

oooo0O. jobgbobooooogo 3 bvROobooooo. ooo,
2000.

FUJITSU. CELSIUS CGUOO O e670000000O0DOO0O0O0O Voll.
http://primeserver.fujitsu.com/celsius/3dcg/2001-0904_2.html, 2001.

K. Pimentel and K. Teixeira. Virtual Reality. Windcrest, 1994.

G. Burdea and P. Coiffet. Virtual Reality Technology. John Wiley & Sons,
inc., 1994.

J. Butterworth, A. Davidson, S. Hench, and T. M. Olano. 3dm: A three di-
mensional modeler using a head-mounted display. In Proc. ACM Interactive

3D Graphics, pp. 135-139, 1992.

D. A. Bowman and L. F. Hodges. User interface constraints for immersive
virtual environment applications. In Graphics, Visualization and Usability
Center Technical Report GIT-GVU-95-26. Georgia Institute of Technology,
1995.

M. R. Mine. Working in a virtual world: Interaction techniques used in
the chapel hill immersive modeling program. In UNC Chapel Hill Computer
Science Technical Report TR96-029, 1996.

82



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

K. Kiyokawa, H. Takemura, Y. Katayama, H. Iwasa, and N. Yokoya. Vlego:
A simple two-handed modeling environment based on toy blocks. In Proc.

ACM Virtual Reality Software and Technology (VRST ’96), pp. 27-34, 1996.

S. W. Wang and A. E. Kaufman. Volume sculpting. In Proc. ACM Interac-
tive 3D Graphics, pp. 151-156, 1995.

J. R. Bill and S. K. Lodha. Sculpting polygonal models using virtual tools.
In Proc. CHCCS Graphics Interface ’95, pp. 272-278, 1995.

R. A. Noble and G. J. Clapworthy. Sculpting and animating in a desktop vr
environment. In Proc. IEEE Computer Graphics International, pp. 187-195,
1998.

S. Coquillart. Extended free-form deformation: A sculpturing tool for 3d
geometric modeling. In Proc. ACM SIGGRAPH ’90, pp. 187-196, 1990.

J. P. Y. Wong, R. W. H. Lau, and L. Ma. Virtual 3d sculpturing with a
parametric hand surface. In Proc. IEEE Computer Graphics International,

pp. 178-186, 1998.

Y. H. Chai, G. R. Luecke, and J. C. Edwards. Virtual clay modeling using
the isu exoskeleton. In Proc. IEEE Virtual Reality Annual International
Symposium (VRAIS ’98), pp. 76-80, 1998.

E. Ferley, M. P. Cani, and J. D. Gascuel. Practical volumetric sculpting.
The Visual Computer, Vol. 16, No. 8, pp. 469-480, 2000.

L. Markosian, J. M. Cohen, T. Crulli, and J. F. Hughes. Skin: A constructive
approach to modeling free-form shapes. In Proc. ACM SIGGRAPH ’99, pp.
393-400, 1999.

T. A. Galyean and J. F. Hughes. Sculpting: An interactive volumetric mod-
eling technique. In Proc. ACM SIGGRAPH 91, pp. 267-274, 1991.

83



[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

0000,000,00000,0000.0000-0000000000
000000000. 000000000, Vol. 38, No. 12, pp. 2509-2516,
1997.

0000,0000,0000,000.0000000000000000
000000—00000000— 00000000000 (D), Vol
J82-D-1, No. 11, pp. 2008-2016, 1999.

0000,0000.000000000000000000000000
000.0000000000, Vol. 97, No. 124, pp. 25-30, 1997.

0000,0000,0000. 0000000000000000000
00000.000000000, Vol. 42, No. 5, pp. 1142-1150, 2001.

000,000,00000.000000000000000000000
000000.0000000000, Vol. 99, No. 19, pp. 7-12, 1999.

000,000,00000.000000000000000000000
000. 00000000000000000, Vol. 5, No. 1, pp. 811-817,
2000.

goog,bbb. bobobobobobbbooobbobbbouoogo
O.0000000, Vol. 26, No. 4, pp. 306-313, 1997.

D. Terzopoulos and K. Fleischer. Modeling inelastic deformation: Viscoelas-

ticity, plasticity, fracture. In Proc. ACM SIGGRAPH ’88, pp. 269-278, 1988.

M. P. Cani-Gascuel and M. Desbrun. Animation of deformable models using
implicit surfaces. IEEE Trans. on Visualization and Computer Graphics,

Vol. 3, No. 1, pp. 39-50, 1997

K. Kameyama. Virtual clay modeling system. In Proc. ACM Virtual Reality
Software and Technology (VRST ’97), pp. 197-200, 1997.

84



32]

33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

D. L. James and D. K. Pai. Artdefo: Accurate real time deformable objects.
In Proc. ACM SIGGRAPH ’99, pp. 65-72, 1999.

K. T. McDonnell, H. Qin, and R. A. Wlodarczyk. Virtual clay: A real-
time sculpting system with haptic toolkits. In Proc. ACM Interactive 3D
Graphics '01, pp. 179-190, 2001.

0000,0000,000.000000000000000000000
00.00000000000 (D-II), Vol. J76-D-I1, No. 8, pp. 1772-1779,
1993.

goob,o00,buog,bbbdu. gogbbooooobobogo
OOOoOO0O0O0OO0. bOoooboboOobOOoooboOoboooboog, No. A-16-35,
1998.

goog,odgd,bbgg,boobo. bbbobbobbbioooggo
guooooobdg. gogbuoggbobobooo 3ooboon, pp.
53-56, 1998.

gooob,uoda,bboda,gobb.bbbodgogobob3b0dad
OoooboOo.oobooboobooo, MVE9S-86, 1999.

M. Matsumiya, K. Kiyokawa, H. Takemura, and N. Yokoya. An immersive
modeler for curved objects using implicit surfaces. In Proc. SPIE Intelligent

Systems in Design and Manufacturing II, pp. 109-120, 1999.

M. Matsumiya, H. Takemura, and N. Yokoya. An immersive modeling sys-

tem for 3d free-form design using implicit surfaces. In Proc. ACM Virtual
Reality Software and Technology 2000 (VRST2000), pp. 67-74, 2000.

0000, 0000,0000. 000000000000000000
0D000000O00O00000. 000000000, Vol. 42, No. 5, pp.
1151-1160, 2001.

85



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

J. Bloomenthal and B. Wyvill. Interactive techniques for implicit modeling.

In Proc. ACM Interactive 3D Graphics, pp. 109-116, 1990.

B. Wyvill. Animation and special effects. In J. Bloomenthal, editor, In-
troduction to Implicit Surfaces, pp. 242—-269. Morgan Kaufmann Publishers,
1997.

E. Galin and S. Akkouche. Incremental techniques for implicit surface mod-

eling. In Proc. IEEE Computer Graphics International, pp. 312-321, 1998.

J. Blinn. A generalization of algebraic surface drawing. ACM Trans. on

Graphics, Vol. 1, No. 3, pp. 135-256, 1982.

0000,000,0000,000,000,0000.000000000
00000000000000. 00000000000 (D), Vol. J68-D,
No. 4, pp. 718725, 1985.

G. Wyvill, C. McPheeters, and B. Wyvill. Data structure for soft objects.
The Visual Computer, Vol. 2, No. 4, pp. 227-234, 1986.

OOoO0cGUOO0OO0OoOoooooboobo.oooooboboboooob o
OOoccGUbOOOoboouobo.b0oouobuobobobooon, 199s5.

J. C. Hart. Sphere tracing: A geometric method for the antialiased ray
tracing of implicit surfaces. The Visual Computer, Vol. 12, No. 10, pp. 527—
545, 1996.

G. Wyvill. Ray tracing implicit surfaces. In J. Bloomenthal, editor, In-
troduction to Implicit Surfaces, pp. 166-195. Morgan Kaufmann Publishers,
1997.

M. Desbrun, N. Tsingos, and M. P. Gascuel. Adaptive sampling of implicit
surfaces for interactive modeling and animation. In Proc. Implicit Surfaces

95, pp. 171-185, 1995.

86



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

0000,0000.000000000000400000. 030 NICO-
GRAPHOOODOOOOODOO, pp. 55-61, 1987.

W. E. Lorensen and H. E. Cline. Marching cubes: A high resolution 3D
surface construction algorithm. Computer Graphics, Vol. 21, No. 4, pp. 163—
169, 1987.

J. Bloomenthal. An implicit surface polygonizer. In P. Heckbert, editor,
Graphics Gems IV, pp. 324-349. Academic Press, 1994.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. Numer-
ical Recipes in C: The Art of Scientific Computing, 2nd edition. Cambridge
University Press, 1993.

B. Nichols, D. Buttlar, and J. P. Farrell. Pthreads Programming. O’Reilly
& Associates, Inc., 1996.

J. D. Murray and W. vanRyper. FEncyclopedia of Graphics File Formats.
O’Reilly & Associates, Inc., 1994.

3D Systems, Inc. Stereolithography Interface Specification, 1988.

0000,0000,0000.00000000000000000000
000000000.0000000000000005000000, pp.
225-228, 2000.

goodg,bogo,ggbobo.gbubooboobboobboooboa
OO0000. 00 1200000000000D00O0000O000OO, G15-20,
2000.

M. Matsumiya, H. Takemura, and N. Yokoya. Interactive virtual clay using
implicit surfaces and particle systems. In ACM SIGGRAPH2001 Conference
Abstracts and Applications, p. 211, 2001.

87



61 0000, 0000,0000. 0000000000000O0O0O0O0QCO
gobobooobodob.booobobouoboobooebooo,
pp- 517-518, 2001.

[62] D0 0OO0O0O.000O00OO0OOOO0.00oO, 1997.
[63] A. Watt. 3D Computer Graphics. Addison-Wesley, 2000.
64 OO00OO.000000. 00O, 1997.

[65] D. R. Butenhof. Programming with POSIX Threads. Addison Wesley Long-
man, Inc., 1997.

[66] B. Lewis and D. J. Berg. Multithreaded Programming with Pthreads. Sun
Microsystems, Inc., 1998.

[67] M. Walmsley. Multi- Threaded Programming in C++. Springer-Verlag Lon-
don, Ltd., 2000.

[68] T. V. Thompson II, D. E. Johnson, and E. Cohen. Direct haptic rendering
of sculptured models. In Proc. ACM Interactive 8D Graphics, pp. 167-176,
1997.

[69] V. Popescu, G. Burdea, and M. Bouzit. Virtual reality simulation modeling
for a haptic glove. In Proc. IEEE Computer Animation °99, pp. 195-200,
1999.

[70] W. A. McNeely, K. D. Puterbaugh, and J. J. Troy. Six degree-of-freedom
haptic rendering using voxel sampling. In Proc. ACM SIGGRAPH 99, pp.
401-408, 1999.

[71] Immersion Corporation. Immersion Corporation - 3D Technologies Cyber-
Force. http://www.immersion.com/products/3d/interaction/cyberforce.shtml,

2001.

[72] P. Lord and B. Sibley. creating 3-D animation. Harry N. Abrams, Inc., 1998.

88



Ooog
1. 00ooDOoooooD (Dooo)

1-1

oo obo,o00 bo,00 00d: ‘“dddobooboboboboobooboo
Oooooboobobooooboogr,ogbbobooogn, Vol42, No.b,
pp.1151-1160, May 20010 O 20000 O

2. go0ooogd

2-1

2-2

2-3

2-4

M. Matsumiya, K. Kiyokawa, H. Takemura, and N. Yokoya: “An immersive
modeler for curved objects using implicit surfaces”, Proc. SPIE, Vol.3833,
Intelligent Systems in Design and Manufacturing 11, pp.109-120, Boston,
Massachusetts, September 1999.0 0 20000 O

H. Yoshimori, M. Matsumiya, H. Takemura, and N. Yokoya: “Combina-
tion of two- and three-dimensional space for solid modeling”, ACM SIG-
GRAPH2000 Conference Abstracts and Applications, p.191, New Orleans,
Louisiana, July 2000.

M. Matsumiya, H. Takemura, and N. Yokoya: “An immersive modeling
system for 3D free-form design using implicit surfaces”, Proc. ACM Sympo.
on Virtual Reality Software and Technology 2000 (VRST2000), pp.67-74,
Seoul, Korea, October 20000 O 200 00 O

H. Takemura, H. Yoshimori, M. Matsumiya, and N. Yokoya: “An immersive
modeling workbench using a combination of two- and three-dimensional
interface”, Proc. 10th Int. Conf. on Artificial Reality and Tele-Existence
(ICAT2000), pp.195-200, Taipei, Taiwan, October 2000.

M. Matsumiya, H. Takemura, and N. Yokoya: “Interactive virtual clay using

implicit surfaces and particle systems”, ACM SIGGRAPH2001 Conference

89



Abstracts and Applications, p.211, Los Angeles, California, August 2001.
go300ood

2-6 H. Kawai, M. Matsumiya, H. Takemura, and N. Yokoya: “Elastic object
manipulation using coarse-to-fine representation of mass-spring models”,
ACM SIGGRAPH2001 Conference Abstracts and Applications, p.176, Los
Angeles, California, August 2001.

J. gbboubooouboonbd

3-1 Jooo,00o0,00oo,0bb0: “00obooboooooasnog
Oobooboooo»,goooobobob0 bbooooboobooobooog
00,0000 MVE9SS-86, February 19990 0 20000 O

3-2 D0 0OOo,000b0,0b0O00,0000,00D00: 200000300
ooboooooboboooboooogo»,ocgbobboobn bbobogoo
OboobobooooooD,boobd MVEY9-65, February 2000.

3-3 U0 oOo,00oo,0obboo,0b0 00 “DbbbooUoobOobbo
ooooobooooooboboooboooooo»,oobbooobooob o
Oooobood, ddbd IE2000-167, January 2001.

3-4 00 0OOO,0b0O0O0,0000,000DL:*D0ODbOO0ODDLDOOOOBLO
gobobobooooboobooo,oboobobo obobobobo
OOoDoOoboboO,0o0ob0d MVE2000-125, March 2001.

3-5 U0 00,00 0bL,00 00 “D00b0U0obOoooooOoboDbon
ooooobobooooboboooooobobobo»,boobobbooo oo
O0000000000000oOoDb,boon ITS2001-360 TE2001-175,
January 20020 0 300000

3-6 U0 O,0000,0000:“CO000bO00b0U0bDObbOODODbDOO
oobooboobobooooogoo,gboboob0 obooooooo

90



OO00ooooobooo,0gog ITs2001-3501E2001-174, January 2002.
OoD400000

4. D0 ogobogooon

4-1

4-2

4-3

4-4

4-5

4-7

o0 oob,00 0,00 00,00 00:“0000DbODOODOODO
oooooooboooogr998uouoooobooooooooboon,
No.A-16-35, March 19980 0 20000 O

00 od,00 0,00 OoO0,00 O0O: ‘00000000 oooa
ddddoooooor,oooboooooooooooo3oooooa,
pp-53-56, August 19980 0 20000 O

00 00,00 00,0000,0000:“200/3000000000
doddboooooooor, oo booooboooo 4000
000, pp.353-354, September 1999.

oo ooo,b0 oo,b0 oo,00 od: “boooooboooor,
0000000 0OO0O0DO0oDOOoobos5000000, pp-139-140, September
2000.

00 00,00 00,00 00:“000000000000000000
00000000000 ”,000000000000000500000
0, pp.225-228, September 20000 0 30000 O

00 00,00 00,000,0000,0000,0000:¢“0000
000000000000 00000000”, 000000000000
0005000000, pp.229-232, September 2000.

oo oo,00 00,00 O0: “bbbboboboboobbboooobo
gooboobooo”, b0 120b0b00oo0ooboobobooooooo,
No.G15-20, November 20000 O 300 00 O

91



4-8 00O O0O,00 00,00 00: “CO000DOO0DO0OO0ODOOOOOOOn
O0O000oDoODOoOooooO”,0ooobobobooooooooenononOn
00, pp.-517-518, September 2001.0 0 300 00 O

49 00 0,00 00,00 00:“0000000000000000000
0000000000000007, 000000000000000 60
00000, pp.469-470, September 2001.0 0 40000 O

5. U0

5-1 U0 1200000000000000O0O00O000020010 100

5-2 00 1200000000000DL0O0DODLDOODLDOO20010 400

92



HEN

A. JO0o00oooooooooboon

gboboboboboobobobobdbobobaobbobooobboooboon
gooobbboooobboobboooobooooboon

o000 AlO00O0OO0ODODOOOVwOOOOOoDODDOOoDOoDooooooo
oobooobooobb voooobbobbbooobooooboboogo P
gob Ly,Joooboooboboobb cooobboboooo voob oo
000 L0000 pOOO0OCOOOO NOODODOOUOODODOOOAIODDO
ooogpPOOO0DODDOOODO

C = (s-kqcosa+ke) -Cs+s-kscos” 3-C,0
where
cosa = —L-NO (A1)

cosfp = 2(L-N)N-V)—L VO

000k O0D0000000KkDO00DO0000DO0FR0000DOO0ODODOODO
OOsOOO00OO0bOOooOcc,0oobobooboccboooooooc,0booDo
goblogbglobodrobbbon

93



O A1 O0O0O0O0O0O0ODOO

OO0D0O00boOoooOonodn Skeletal Implicit SurfacesUO O OO OO OO
goboooboogouoobbbuooobobobuobbobuooobbooaan
goobooboobbbobobooooboooobboooooboboo
gbdddooobboooooobuooooboobooooobuooooon

gboobliogoobobooblroggboboooobobboobnbobo
OO000 A20000

l.oogdgobbodoouoouooobobobooboobbobobbaon
OO00D0O0O00OD0ODO00bODbOO0OO0bO0obDOobOoOobOobOobOO A2
gooobooodg ApOROAPRODOOO
200 VWwWooboouoooouoououooboouooouoobooo
() J0000O0O0oooooo
(b DODODODODOOOODOO)00O0M) 000i) 000o000ooooo
Lggobooboboboobobbooboboobbooobobooonn

94



n.goooogoogooooboooogooooobobobobboooogn
ggbobbooobobooogobobbobobbodgg

. 0oooooooboooobo wooooboooboooogoo
O000ODOOoO0O0O0 A200000000WDOOD ROOODODOO
gboboboooooobobo pPO0UC0DbbOODOOUOOUOUODO
goob NDODDOODOOooOOoo

RV

BRATILE L

RATILEY

0O A2 O0DOOOOCOODOODO

0000000 Al0O00O00COO00O0OoOoOoODOoDDOobDODOoObOboO
gobobooboooooobboooobooooobobobbobbuoooon
godobogboobobobooobooobobuoboobboooooobon

0 A30000000000000C0DODOODLOOO Skeletal Implicit Ray
Tracer : sitDO0O0O0OD0O0O0ODOO1600 CcPUODOODIODO CPUDOO 1
gbboubooubooobbouooooobboubobboogon

95



letal Implicit Ray Tracer Wer 1.0

16CPUTHE 5 LI b D ER 5>

0 A.3 Skeletal Implicit Ray Tracer 0 O O OO

B. 0000000000 Osim2dxfl] sim2stl

gbgodobgobbodooouoboouobobsbobuobuobooobobbo
0000000000000 00DbO0D0ObO0ODO0ODbDObODOg SIMO Skeletal
Implicit ModelDO O OO OODOO0OOO0OOOOOOOOOOOOOOOODOO
OO0 DXFO STIO SLAOOODOOO000DO0ODO sim2dxf0 sim2stl0 000 OO
sim2dxf0 sim2stl0 0 OSIMOOO00O0O0O0ODO0O0O0O0DOO0ODO0O0000O
OOooooooooooboobobbooobobboooooobXrooo STL
gbogdoobbbogoooboboobbooboooooobboobboo
gogooo

96



SIMO OO DO O4

1
godbbooobbbuoooobobboooobboooobobo
10

1000 xdn

20

1000 vydO

30

g10d0 zdn

11

2000 x000000b004000o00
21

2000 vyoooooouboooooo
31

2000 zOOooooOoooooooo
100

0

gooo

97



1

1

10
0.373921
20
-2.322046
30
0.020310
11
0.179444
21
-2.524822
31
0.433907
100

0

98



DXrFOO4Ogooo

0
SECTION
2
ENTITIES
0

3DFACE

8

SIM

62

10
1000 x00
20
g1gdovydO
30
1000 zdn
11
2000 x00
21
2000 v4dO
31
g2000 z00
12
3000 xdn
22
g3gdbydO
32
g3gdibzdi

99



13
4000 xX0000300000400n
23
4000 Yo ooo30DbOoooao
33
04000 zOODO DO 30D0O0O4Ooogo

gooo

0
ENDSEC
0

EOF

100



0
SECTION
2
ENTITIES
0

3DFACE

8

SIM

-1.701883

-0.100000

-0.100000

-1.700000

-0.155445

-0.100000

-1.701506

-0.101506

-0.101506

101



13
-1.701506
23
-0.101506
33
-0.101506

0
ENDSEC
0

EOF

102



STLODOOOOO

solid U OO
facet normal (X) OO OO (HOOODOO (@OD0O0OO
outer loop
vertex (X) OOOOO (HOOOOO (OODOOO
vertex (X)) OOOOO (Y)OOOOO (Z)yoOoOoooO
vertex (X)) OOOOO (Y)yOOOOO (Z)yOoOoOoOooO
endloop
endfacet
facet normal (X) OO OO (HOOODOO (@OD0O0OO
outer loop
vertex (X)) OODOOO (Y)yOOOOO (Z)yOoOoOoOO
vertex (X)) OOOOO (Y)OOOOO (Z)OoOoOoOoO
vertex (X) OOOOO (HOOOOO (OODOO
endloop

endfacet

gooo

endsolid OO OO

103



0

solid SIM
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