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Abstract of Master’s Thesis Academic Year 2000

A Joining Operation of Arbitrary Triangular Meshes
Based on Local Subdivision

O

Models represented by triangular meshes are the most widely used in the Computer
Graphics field. As triangular mesh is constructed with arbitrary topology, it can represent
a complex shape which has fine characteristics, such as a model with smooth or bumpy.
While recent advance in computer hardware enables to process a large amount of triangular
meshes, there is increasing demand to construct and to edit high quality triangular mesh
models efficiently.

This paper focuses on an operation called pasting in the basic operations of 3D geo-
metric modeling, in which one mesh is attached to another mesh. Previously, an operation
called Mesh Fusion has been puslished to paste the meshes. However this approach has
some issues that the number of faces would increase dramatically and that the user has
to select boundaries to make a correspondence between two meshes. Especially the latter
issue is often troublesome in the case of complex boundaries. It is desirable to realize an
easier operation of 3D mesh pasting.

This paper proposes a new modeling operation to construct a complex shape easily by
connecting triangular meshes. This operation is based on local subdivision of triangular
meshes. Our method combine the meshes by subdividing only faces which are collided
with each other and by stitching boundaries of meshes. By refining collided faces by local
subdivision, it is possible to preserve the geometry of the meshes and to avoid the increase
of the number of faces. Therefore this operation can connect shapes with preserving the
smooth or sharp regions.

Using this method, we realize the 3D mesh pasting operation which attaches one mesh
to another, by only placing meshes in 3D space. It utilizes the existing meshes or a part of
them, then the efficient modeling can be done. We implement this operation on personal
computer and discuss its availability.

O
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1.1 300 CAD/CGO 30000OOOoOoOOO

oo,b0o0dbobobobo0oboogbbooo 3o booboboobooobog,
jojdboodbobobooobobUobUoobo, bbb Uobo.boboboo
0000000000,0000000000000000000000O00O0, NURBS(Non-
Uniform Rational B-Spline) 000000000, 000000000000O0O0OOO0O
j0b03b0bddbb0ouoooboooboobuouoboo.

jobooOooo,cGO0bOO0oo0b0obOOoobOOo0ooobOooDbOOoDOo. ooooo,
gbooooooboobbobboooboboo, bbb boooooboooo
oo, 0000booboboobbbooodddoooonooo. oogoboooo
googbobboooobooooobooooobooobboboodoboboooboboa
O000.0000000000000,000 CAD O CAID(Computer Aided Industrial
Design) 00000, 00000000000000000O0O00O0DOOOO,00000O
gooooobobobobobbbobobooogoo. 0g3b0bobobo,0obboobon
gooooboooooooobbboooooooobooboobooog,oooboboooogn
gooobobooobbbooobooobo,dgbbooboboob,3ooobooobono
goodooooaoon.

00000000 (Mesh Editing) 00,000 000 0000 FFD(Free Form Defor-
mation) [29, 23, 10]0, 0000000000000 0O0O0O0O0O [15,31,19)000000
ud. oooooooooobbb obbbbbboboboboboobobobooboooooon
go.0o0300dbboobodbboobboo, bbb boobDooobood
00000 (fairing) [17, 5] 000.

1.2 O0O0O0oboboob3boboobooood

goooooo,3b0ooboboobboobbob2000b0boobooobono
goobbooboooobooobbooo. bboo,obbo 3b0bo0o,0obobOon
0000000000000 00O0000000ODO. 000O00,0000000 (pasting)
gooboboobobo,20b0b0b0b000ooobooooooooobobooboooooo
goboooboooobooboboob.ooboo,3ooooooooboooobobo, o
b 3000ooob,0boobooboob 33goouboobobooooooobooboboon
goooboooobooob. bobooooobo 33gboboobooobobobon,200
ugbboobooboobbooboobboobooboobo.

20000000000000000O0O0010000000,0000 240000
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200000000000,000000000000 [12)/00000000000000
00.000,0000000000000000000000000000000000
00000000,00000000000000000000000000000000
ooooo.

00, 00000 (metaball) [14] O soft object [9)) 00000 00000000000
00000000000000000000000,00000000000003000
0000000000000000000,00000000030000000000.
000000,0000000000000000000000 (00)000000000
000000000000000000. 0000000000,00000000000
000000000,0000000000000000000000000000000
0000. 0000,000000000000000000000000000. 000
000,000000000000 [26,BO0000000000000 [2J00000
00000. 00000000000000000000000000000000000
20000000000000000000000000000000000000000
0oo

00000 [16)]00000000000 (Mesh Fusion) 0 0000000000000
00003000000000000000000000000000000000000
00000000000000000000000 (harmonic maps) 600000000
0000000000000000000000000000,000000000000
00000000000000000000000000,00000000000000
000000000000000,000000000000000000000,000
00000000. 000,0000000000000000000000000, 00
000000000 30000000000000000000.00000000000
000000000000000000000,0000000000000000000
ooooooooooo.

00000,000003000000000000000000000000000
oooooo.

1.3 U0bugbobobob 3dbobubobuoobooon

gboboboobo,ob0o30o0bboboboooboobobooboooboboboobono
gobogoobooboobooooobooo. bboo,30gboboooobooobboo
0 [32, 8]0 000000O0. 0000000000000, 0000000DOO0000OO



ugboogboooboobo,bbobobobboobooboobogbooooooon
goboboooo.goobobobobooo,oobobobobo 200 3b00oogoon
goboooooooboooboboobbo.oobbo,b0booboooboobbobo
goooboo.ooooooobo3boboobooboboooobobobboboo
o30000bo0ooboo.booboo3gboobbooboboobooboboboobobon
ugboog,bbobgboboobobooboooobooboboobooooboooa.
go,boo0bbooboooboobbooobo,ogobooobbooboboon
gboogoboobooboobooobooobooboobooon.

goooboogooooobobooob3gboobooboooboboooboooboono,30bng
goboooobooboooogoooboboboooobobooo3gbobooooooooogg
gooobob.ooboboo,0ogobo3bobobbobo,0ooboboooobonobobo
gobooboboooboooobooooboo,3ggobooboooboooboonooon
ggbboooobooobboodo. ooboobbuoobbooboooobo,obooaon
good.

1.4 0O0OOOOO

oboobgoooooobobobo. obo2000,b0b00000b0 3000000
gbooobooobouoobbooboob.bbo3obobo,0bboobooobon
gooooboob,0booboooobobbooboobo.oboo,boobooobo
gooboooobooobobobobobobobobob.oo04b0b,0000
gooboboobooo.bob sOob0o,0b0oboooobooboooooboooooooo
go.o0e6b00,00000DO000O0ODODOODOODODLD.DODOYODOD,DOD
goobooboooo.

1.5 O0O0obooogood

gboog,bbooo0booboobboobbo.
e JODODOOODODODOOOODOOODDOOMOODOOOODOOODDOOOOO.

e J0IDO0O0ODOODOOOwOOD e, O fO0ODODODODOOD. DOODOOO
gboogboo,0boobboobuooboboooobg.

e JUO0DODODODvOOODOODDO.



OoO0oDO skO0D0O0O0ODOOO0ODOOO.
OO0oo0DOoO0O0,a-b0O0O0OD0O -O00DO.
O00D0O000,axb0d000O0 xOOO.

000000000 |aj0000oo.
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0000,000000000000000000,3000000000000000
oooooooooo.

000000000000000000000000,200000000000000
000000000000000000000,3000000000000000000
DOoooo0o0O0o0o0o0o000.

2000000000000000000000,000000000 1000000
0,0000 [24)0000200000000000,000000000000 [12100
00000000000000.000,0000000000000000000000
D0000000000000000000,00000000000000000000
0D0000000000000000.

00,0000000,000000000000000000000000,0000
000000000. 000000000000000000000000000000,
00000 (metaball) [14] O soft object [9) 000 00000000000,000000
00000003000000000,00000000000000000000000
0(00)000000000000000000000000. 00000000000
0,000000000000000000000000,000000000000000
00000000000000000000.000000000000,0000000
000000000000000000000.

Stander 0 [27]0,000000000000000000000000000000O0O
000,0000000000000000000000000000000000000.
000,00000000000000000000000000,0000000000
000000000000000.000000,000000000000000000
000000000000000,0000000000000000000000. 00
Decaudin0 [3]0,00000000000000000000000000000,00
00000000000000000000000000000000. 00000, 00
000000000000000000000000000000000000,0000
0000000000000000000000.000000,00000000000
0 [26),B000O00000000000 [2]0000000000

000,0000000000000000000000000000000. 0000
0000,2000000000000000000000,0000000000000
00000000.00,0000000000000000000,000000000
00000000. 000,000000000000000000000,000000



ubooouooboboobooboobobb. oobobbobboobooboooobo
oo, 0bogoobooboobbooboobbooboobboon.

00000 [16)0,000000000 (Mesh Fusion) JOO0O0O0O0O0O00OO0O0O0OO
gbooo3boobooooobogoooooboobooboobo.bobog,00oo0oboooobooo
O000000000o000O0o00ooO,0000 flOOO0C0O00DODOODOOD. 0O
ugboogbooboooobooobooboa,bbobbobbooboobooboooood
goo.booboooooobooboob,o0boooboobboobbooboobobon
goooo,boboobbobgobooboboboobo,oobooobooobo.bo
U, 0buogobooobobooobbooobboobooa,obbooobbooobobod
uboobooboouoboobobboo. bbbbooooboobboobooobobobo
gbogooooogo,0ogbooboooobooboboooooooooboooo.

goboobooboooo,oboboboooobooooboobobob. oD, oo
gboooboooouooobouoogobobobobogooboboboo,bobobbogn
gbbooboobuodoboobbooboobobooboon.
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ugbooo,ogbobodgbbooobbbooobbooobboobbogboboaonong
gooboooboboo. ggb,bboooobooboooobobo,0oobooooboboon
gboooooboooboboooobobobuoobobobooobobooo.oba,
goo3boooboooboboooboobooooobooooooooooooboboo
uboobo.gob,ogbbooboobboobboobbooboooboobobod
good.

3.1 0OOoOon

00000000 Loop [21)J0000DOCOOOOOOOO. DOODOO,0000
g3bobboooboobooboboboobbobbooboob,0boobboobon
uboboobooabooboa.

goo,b0b0booboo0oboobooboooboo2b00b0b00b0bOb00b0n0.boo
ubobo,gboobboobuoooboobbuoobboobo. boaboobooboboa
googoboobogoboobbobbooobob,oobooboobuooboobon
googbooobo.ob20b0bobooboobooboo,0ogbooboooboon.

LoopO 000,30 000000000000O0,30000000D0O0O0O400° 3
gooboooobo. bobobobobobobo 200bUobOobOob,0b00oooo
ooobobobobobogospoobouo4003b00bo0booob. oboooon 4to1 D
oooooooooD. oo 4tel000D00ODOD 31000,

0 3.1: 401 0000DO0O0

O000,00000000000000 (odd vertices) , 0000000000000
(even vertices) D0 0. Loop0 000000 D0000D0O0O0O0OOODOOOOOOO.
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1
§(3p1 + 3p2 + p3 + pa),

prOp00002000000000,ps0ps 00000000 300000O000O0O
ubobood.booboboobuoobooobboobooboboobooobooog. o
O00000000oOOo0o000o00oUooooOooOoOoOoO 32((@OoooO.

1/8 1/16 1/16

3/8 3/8 1/16

1/8 1/16 1/16

U 3.2.00000000000000O000

gbo,0bbooooboooboboooobboooboo0. ogbbboooboba
goboebbooobOO,6bb000bbOoOoobboO0,0gobbooooboOon
O00.000000 32 ((0)000000000. 00,0000000000 KODODOO
oooooo 330bobobooboobon.

Oo00,p00000000D0O.

(
ﬁ:{ <g—(g+}1cos%f>2> (k> 3) (3.1)

ubboobuogboobboobooboooboooobog.

ugbboooboobboobboobbuoobooboooobbo,obbooobao
goo.gbooobooobooboobuooboobo,bbobbooboobooboon.
0000000000 0000 ¢c?00000,00000000 ctooO0O0on.oo0o,O
ugbboobboboobbooboobbooboo.

ubbobooobuoooboboobbuoobooobboooboobooobooo,0ooog
goboooo,gobobdoooob,bbobobooboboboboobobobobooob. o

= s
=
I
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U 33 0uubbbooabbobogn

O000,0000000 (Multiresolution) 00000000, 0000000,00000
O000000oo0oooooo [4, 32, 20].

0340 LoopO00O0OOO0OO0OO0OODOOOOOOO. (a)0003000000,((b)O1
O,(c)020000000000000000, (d)0000O0OODOOOOOOO.
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0 3.4: LoopOOO0OOO0OOD0OODOO
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3.2 UUO0oboobuooooobobogd

ooooooooobo,bo00b0o0oo0oo0ooo0oooooobooOooboOboO
0000000 (Piecewise smooth subdivision surface) [11] 00 0. OO0O0OOOOOO
00,300000000000000000000 sharp edge(000)0000000O0O
O,0000000000000000DO0DOO0OO00O00DOO0. Dooooo4oooao,
crease(000), corner(0), dert(0) 00 000000000000 0O0ODO. ODODODODO
oooopooOoooooooOo,b0ooobbooooooo0oooboooooboooOooon.

O00000D00000,30000000000000000000000A0 shape
edge 00000000 50000000000 (O 3.5). smooth verter 00 0 00O sharp
edge 10 sO0 00000000000, s=10000 dart vertezr, s=20000 crease
verter, s >2 0000 corner vertec U O O. crease vertex Q00D OOODOOOOOO 2
OO0O0OD0O0. crease vertex DO OO 60 smooth edge0 2000 00000O00OO00OODO
000000000000 (regular) 00 0. DOO0O creasevertex 0000 400000
O000.0000000 crease vertex 0 0000 (non-regular) D000 O0O.

OO0,00000000000003000000000. sharp edge 1000000
000000 smooth edge 000000 D0OO0O0O0OO. sharpedge OO0 O0OOOOO0O
000000000000 d0ooO0DO0o0oDODO0 0100000 00O. DoooOoooo 3
00000, regular crease vertex D0 OO0 00O 5000.

dart | reg | non-reg | corner
crease | crease

dart 1 1 1 1

reg crease 1 2 3 3
non-reg crease 1 3 2 2
corner 1 3 2 2

U 1. gbbbdogoooobooooboobn

000000000000000000000000000000000000000
00000000000,00000000000000000.0 3600000000
000000000.0 (a)000000, sharp edge 10 0000000000. (2)00
03000000,(M010,)020000000000000000,()00000
ooooooooo.

14
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smooth or
dart vertex

/
\

(1) smooth edge

3

8

3

8

\, /]

/N

1

1

2

\
/

(2) regular
crease edge

regular or non-regular
crease vertex

0

: 1/
N

0 ‘ 0

0

corner vertex

5
8

/N

0 0

N/

8
(3) non-regular
crease edge

U 35 00dubbbuoooubobboooooo
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g 3.6:00ggoooog
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3.3 JUubuooonoonoonn

0000,00030000000000000000000000000000000
0000000000.000000000000000000000,00000000
0000000000000000. 000000000,0000000000000 ¢
O000D00000000000000. 0000000000000000000 [11]0
00000000 [§)0ooooooo.

00000000000,000030000000000000000 p®, 0000
O000oOo pOO0000,p®=Lp0000000000000D00OO00O0OOO. LO,
000000000000 000000000000000000. 0000000000
0000,p=L"'"p* 000000 L~'000000000,000 L~'0000000
000000000000.000.000 [28)0000000000000000000
O0000.000000000000000000000000000000Q

O0000000,000000 E0O0O0O0O0O0O0O000O0.

E=YE;, E=p{° - g
7

gooooboboboobooobobo gpOobobgbob, 0000 ;0000
OoooO0pr 00000 ¢geODOOOO02000000. 00000000000, 00
gobobooooboobooboobuooboobooboo,boobooboooobg
0000000000000 00000D0ODO0O000DO0. 00000000 Ap;0D00O0

Ueg00b0oobboobooa,bboaobboonn.

Ap; = p;° — gy (3.2)

0320000000000 p, 0000000000000 0DbO0ODbO0O0O0O0ODOODbOO
O000. Ap;, 000 NODOOOOO0O p,00000O0DO.

pi = pi — MAp;

oooooooooo,0o0ooooobboo0goo. acooboooooooooo
oooooooboobo,a=100000000D000DO.ODDODOODDODOOD
gobooob,b0ogoboobooooobooobboooooo,gooogooboobon
gbboobobooboa,booboooboobbooboobooonon

o37o00bo0boboooboboboobobbooo. 0coob,0b00ooon
gobboobo,booobboobbobobbuooobbooboboobobooooog

17



O0000000.0000000000 3.7(a),00000000ODODO 3.7(b)0O0O. OO,
0000000000 000000000000000 3.7(c)0, 000000000 3.7(d)
oogd.

vt
PR A
N

R

(b 0O0ODDODOOO00DO

() 00000000 () 0000000

U 3.7o00bodbgbooooooo

34 UO0O0o0oood

jboobbooboooobooboboooboo,oboooobboooboobobn
ggbogoo.obooobooobbooooboobooooobooobooooboooobo,oboooon
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oooooooOoOOODOOO0O00O000000OooO0cOOO0O0OOO0O0O0O0O00DOO0000
O000000000000. 0000000000000 000000 (local subdivision)
oo0oo0o0o.0ooooooooboooo,000o0oobooOobobo0ooooooobooooooo
ocooooooooooooooooooboooooo.ooooobooobooooooo,o0
O000000000000000000 Progressive Transmission [18] 000, 00000
ooboooooooooooooooooooooooobooo.

341 000000 TOODOOO

O00o0o0o0o0o0O0,000000000000000COODOOOOOOO (crack)O
O00000.000000000000000 TOO (T-node)00000O. O0O0O0OODO
gobboooopobobooooboboooobobO, 00 TOoooooobooooooo
0.0 Thoooooobboooooooo, bbb oooboobboo 104
ugoooooooooo.

00000, red-green 3000 (triangulation) 220 000000000000. OO
U00,000004t-10000O0 green000D0O0ODO0O. OO0 TODODODODODOO
30002000000 redDODUOD. D0 red00 0000010000 0O0O0O0ODO
ogooobogoobo. 20,000 30boboboboo0booboobo,ogboooobo
green 00000, 00000000000000 red0000O0O.0O0O,red000O,000
00000d0. 00 red0D0000DOOODODOOODOOODODOOOODOOOOO,O00
UOred000000O0O0O0ODO300000,003000000 greend000nOooog
goon.

OO0 red-green 300000000 3.8000. 00,0 39000000000,00
uogogoooooooogn.

red 00 0 green [ [J

0 3.8: red-green 3 0 00

19



RFTEY
#H5 E

g 3.9 00000000

3.4.2 000000

gobooobooboooboobooobooboboboob,0booboobbooboboog
goboooooboboobobobo.boo,obobpoboooooobooobooboob
gbobgoobooooboboboooboobooobooobob. oboobobooboooo, 31
goboboooboobooooboooboobooboobobooboooooboooboooboon
go,00000boboobobobooobooboooboobobobooooooboooo
ooo. bogbo,00boboooboboobobob0oboboboobDoobOoobDo,oon
gooooboooobobooooboooobobo,oboboboooooboboboob
go.00o0o0o000000 3.10000.

0 3.10: bDO0dboooboobooog
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0000,000000000000000000000, 0 {v,vs,v4} 000000
00000000000.000,0 {v,vevs} 0000000000 30000000
000000000.009 000000000000,00%00000000000
00000000000000,00 v, 0, 05,06 000000000000000000
000000. 00 {v,v}00000000000000,00 vy, v1 0 ve, 30000
0000000.0000,0000000000000000000000000000

00000000000000000,000000000000,000000000
000000,000,000000000000000000.000,00000000
000000000000000,0000000000000000000000000
0000000000. 00000000000000000,000000000000
000000000000000000000000000.

0000000000,0000000000000000000000000000
00000000000000000. 00000000000000,0000,0000
000000 0000.000000400000000000000000,00000
400000000000004+1000.00,000000000000000000
00000000000 i+1000

0000000000000000000000000. 0000000000000
000000000,000000000000000000000000000. 000
000000000000000000,0000000000000000000000
0000,000000000000000000000000000000000000
00.03100%000000000000000000, ve, vs 0000 w1, v2, vs, v6
0000000000000000. 0000000000000000000,0000
0000000000000000000000000000000. 000000000
00000000000000000000,00000000000000000000
00000000000000.0 310000 w,00000000000000000
00O, v, v, vs 0 v9,v» 1000000000000000000000O000O. 00O
00000,00000000000000000000,00000000000000
00000000000 0000000000000000.

21
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gboobo,0b0bgoboboooboobobobobo0o3ooo0oooooooDn
goooo. ogoboboooboooob. ob,booob 200 300bboO0o0oboobDOon
goboooboooboobobooboobbo.gob,00obbooboooboobbon
gobobooboobo.bobo,0boobob 3b0obbobobobbobobboboDbo
ubobooo. obbog,ogbbooboooobobooobboooboobboboboood
ugbooooobad.

4.1 O0OODOOOO

000000000000.0000200003000000M!OM200000
0000.00000M!OM203000000000000000000 (0 4.1 (a)).
0003000000000000000,000000000300000000000
D00000,0000003000000ML0M%2000 (0 41(b). 000,003
0D00000OML, M200000000,3000000000000003000000
0(04.1(c)). 000,000000000000000000000300000000
0000,2003000000000003000000Me000 (0 4.1(d)). 000
30000000000000000000300000000000000000000
0000,0000000000.

00000000000000000000
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4.2 JUO0U0O0obooooooon

ubogoouoouoobooooboo,obooobooooboooo.oooobob
gboooooboobooboboo,bbobo30obbo00oo0ooooDoobooo.
gboooboboboobboobuoobob,obbooboobboooon

gbogoobogbooobooboboon.

e JODOODODODODLDDODODODLODO3ODUODODO.
e JOUOODODOOODLOOODDOODLOODDOODOOO.

e JODODOODODODO30OUUOLOOOOOOOO.
goooooooo3sgboboboooobobobobobooboboobon.

4.2.1 DO0O0O0O0O0OOOOOO

0D00200000000M, M?200000000000,0000000000.0
0000000003000 340000000000000000000030000
0000.00,000000000000000000000300000000000
0000000000.000000000000000000000000000000
0000.000000000000000030000000000TO00000300
0000.00TO00,000 redgreend0000000300000000.0000
0000,00000000003000000M,0MZ2000.

422 0O0000300000

DDDDDDDDDDDDDDDDD3DDDDDDM§A@DDDD,DDDDDDD
goob. ggbooobooobo3sgogbboob 3bg,obbooobobooooog
goobgoboobo3gobbooog.

gboo3b0ooobobooo,3bgbobobooooo,ooobooboboooo
oooboboo. bob,00030b0oooooboboobooobobobobobOon
gbo,0ooobooobooboooboo,boob,boboooo3boooooboooon
googbdgobo,0bo0boobooboooboooobooooboooobooDo.
ubooboodgbob,oobbooobbooobbo,oobbooobboobbooobobod
ubobooboooobooooobog.
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gbobgoboobooo,bbobobooboooooboboboooboobbooboobo
00000000000 (0 42 (0)). Do00,000000000000OOOOOOOO
0000.00000,000000000000000DO0O0O0UO0OO0 (¢)DOOODO
00000000000 (f2, fA)00000000000000000000000. 00
goobooboobgo,b0oo0oobobooboooooob,cboobobooboooobooob
goob. boooooboboboooobobo,boboboboobobOoo. obooo
0000000000 0000O0000oUO0oO00D. 0 42(0)00000O0OOO
ob.00000000000000,000000000000000.

BAE  THEHME

U0 4.2. 0000000000

4.3 0O0U0o0oobood

2000000000000000 (Interference Detection) 0 CGOOODOOOOOO
gooo.jgdoooboooooooooooooo, oo ooooog, d
goddooodooooobooogooobou. oo ooooooooooa
g, 0goboobooboobboooooooobobbooboobuooboooboo
goobobooboooogooooobooooobob. ogoobbooooobob,0o0bobogo
goooooooboboboooooooooooooooooonooooooooooo
uo.

Gottschalk O O, OBBTree(oriented bounding boxes tree) 0 00000000000
0000000 [7]. OBBTree 0 OBBs(oriented bounding boxes) D D000 300000
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gbogboobobobbooboobooobboboobooboboobo,obboooo
gboogoobooboobooboobg.
OO0 OBBTreeO, 0 0O0ODOOODOOO.

e JOUOODODODODLOOOODLDOOOLDDOOOODDOODLODOOODOOD.

e 00O (separating axis) 0 0 00 0000000,2000000000000000
gboooooaoo.

30000000 O0BBs000000D0DODOO0O0O.

OBBs 000000000 0 OBBsOOOODOOODOODOC,O0000.CjO00
0D00000000000,000000000000000000.,,03000000,
i0003000000000p,q,r*000. 00 p', g, r0p=(p,,phpt)T 000
03x10000000000.

000 p000000000.

1 &1,
=i 2 (i [ ¥ o) = 6 8 e
DDDmWMDDD3DDDDDDDDsza@hp0xm—pmDDDDDD.ﬂ
0000000040003 000s,t00000000000000000

xi:pi—l—s(qi—pi)—i—t(ri—pi), s,t €[0,1]
gogoono CjkDDDDDDDDD.

1
Cjr = 24n2m Pj+q]+r)(Pk+Qk+rk)

+PP}, + dja, + TP}, 1<j,k<3

ooo,ph o, 00000 p ' =p'—pu, @ =q —p, P =r'—p000. OBBsOODOO
000,2000000000O0BBsO0000000 43000.0BBsOO0O0O00O00O
0O000000000000000000000000000000.

00000000 OBBsOOOOO0OOOODOOOO0OOD. 0000000000000,
0000000000000000000000000,000000000000000
000000000.O0BBsOOO0O00O000000,0000000000000000
0.00200O0BBs00000000200000000000000,200 OBBsO
ooooag.
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0 4.3: OBBsOOOOOODOOOO

100 OBBsOOOOOOOOOOODOOOoOOoOoOooooooobooooooooog
gooob. ogooobooooooooboodoooooboboooooooo
O0000. 00 OBBTreeD O OO OOOO, OO sphere tree [13] O AABBs(axis-aligned
boundiing boxes) [30]|0 00000000000 0O0OOOO.

00000000000 DOO0OO0ODOO OBBTreeOOOO,300000000000. O
0000,00000000000Db00DbO0D0OOob0oOoOooOoBBsOOOOOOoOOoOoOOd
O00. 0000000 OBBsOOOOOOO,00000 OBBsOOOOOOOOOO.
00000 OBBsOOOOOOOODO, DO00DDODOO0ODDOOODOO0OODDODOOOOO00O
uo.

4.4 0JUO0OOOOOOOO

gbobobobobo,obo0obooboboboobooooobo3b00gboonn
gbobooboobboooouooboooboan.

gboogd,2003000000b00boobooboobooboboooboboDo 3
gobooboobooboobo,bbobbobbobboobbobOooboobon
goobooooboooo. obgooo,3gb0oboooboooobo3b0oooon
gooboooobbo.0obobgoo 3gboboboobo,oobbooboboboob
gboo200000,0000000001000DL00bOO0bOOODLDOo0OLOo0bLOn
O0000000000.00000300000000000000 3000 (Constrained
Delaunay Triangulation, 00 CDT) [1]00000O. CDTO,00000000000OO
gboboooboooooooooo 3bobooboboboobooobobo.bboob 300
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000000 p, 00003000 pi,pj,px 00000,00300000000 pi,pj, Pk
00000000 p,00000300000.0000000000000000000
oo.

|z —pil =z —pjl=lz—p| AN Vm#ijk |zv—pi| <|z—ppl

00020300 pip;,pe 000000. 2000000 CDTOOOOOOOO 3000,
oooooobbboobo3sdobuoobuooboob. oboogboo 3gboobo
od0o,0d300000boo0boboooboo,30bb00o0bbooubooo o
0000000000000 oDO00oooOOoooDOooooooooOoD. oo ebTo
ooodb 44000. 000000D00DOD0OO0O0ODO0O0OO.DOODDO 30bOObDOO
O00,0000000000000000O0000ODO0O0UDODOO. (p)Dbboooooo
3000 (Delaunay Triangulation), (b) 0 CDTOOOOOODO.

()0 0003000

044 00000003000

cbrTo2000000000O0O00C0O0OO,30Db00bO0bOO0OO0ObOOOODOD
00000 [25. 0000000 ODOO0OO0,2000CDTOOOOOOOOOOOOOODO
O00.CDTOUOUOO0O0O020000000000000.1000000 (edge flip) 00O
gooo,300b0b0oobobooobbboooboooo,obpbooobobbon
gboobob3goooboboooobobo. obo,30b0ooboboobooooo
goooooooboobobobo,obobobooooboboobo.ob 100,300
goooboobooboboooooboboboooob,0b030ob00oboobOoboboo
go.oooboobbooboobb,oboobbooboo.

gooooobbooooooobbb 3bbobbooobooobobobobboooa
gboboobooobooboobobobobobboob. obo3boboboboobooo
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E{pi,px}, 00 EODDODO 3000 Fi{pi,pjpr} 000. 00,0 AFODDD0O0DO n,
0000,00 ED0O0OO0 /RO0OOO0OO00 PO0OOO,0000 POOOCOOOOO
n,000.0000 45000.0000,

o L] szap]7pk>lplapmapk (vm#%]ak,l) oog.
e 00O FOO00OOOOO.O0O0OO0O np-(pl—pi)>0.0|:||]|].

0000 pi,pr,p 0300000.

U 4.5 000300000

ugboboobboobobooo,obbooobobooobbbobobboobboooboa
gbobooo3gobooob.oo3boobbooobo3gnoooboonoo.

e 100D00O0ODODIODDO0ODUODLDOODOODLDbOO20DO0ODLOOOO

e 20000000000 DOOOODDIDODOOODOOO
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e JU00D0ODODODLOODLOLOODLODLOODLOODOOO

goooboooobobooooooboobobobo3sobobooooooboobooob,bOoon
gooobooboboobboooobobobo.046b0b0003000000O00O
ooooooooooooooo.

Y

]
N/
&
¢

AVAV,
@

U 4.6: JO0OO0OO0OOO

4.5 UdU0booogooobogd

goooboobooooooboooobooboooboboobobbboobobobobn
goooooboboooooooooooooooboooooooooo.boboboo
gbooboooooooo,ooboboobooooobobooboobo,oobooogoooo
obooboooboooboob.booboboobooobooboooboo,bboooubboobboo
gooooooo.

obob30b0o000ooooooo 20000000, 1000000 00DbODbO
gooboboobob,b003b00obooobooboobooooooooogooo. oo
gobooboobooobobooooobooobooboooooboobooboooooboboon
g.b0b010o0oo0boo0booooobobobooboobobo,00oooboobooboobooo
gooboobobobobboboboboobooboooobooo. obobobooo, b
goobobooboooobobooboooboboboboooboboobooboooboob,
ooooooooooobooooooooooooo.

oboobg,00boboboboboobobooooooooboboobooobobo
uoo,0b0ooooooooooooboooboboboboboobooboobo. oo
000000000000 C0oO0O0O0O00O0O0O (28] 00000O0.000,000000
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gooobooobooobooobooobo,bobboobooobobobo,b0bo0obooon
bobobobogoobooobooboboboobooo. obobo,b0oo0oo0bobobos3sooo
ocoobooboobooobooobooboooobooobobooobooooDboOog. g 47g
oooooooooobon.

U 47 000000000O0DOO0ODOO

O4v0000000DOOOOO,00D0000O0O0DO000O0DODOOOOOO. O
oooooooboooboobooooobooooooooo.oooboboboboboo
goooooooooooogo.bobboobobooboboboooboooboboboo
oooooooooboooooooon.

oo,b0b0b0cobobooooooobbooboooboobboobooboonog 480
O0.00000000000000A=050000¢=10x10*00000000
0. 0ob0oooogoboob,0bobooboobobobobOoboobobobooboo
oo.
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0 4.8 000000000000
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ugbooo,bogobobobobooobbobooobbooobooboo. booobod
gobogboobboobooboob,o0oboobboboo0obooooboobon
gb.oob,0booboobooooboo.boo,ooboobobboboboboo
goooboooboboobooobOob0ob0ooobboonDO XVeEViewerJOOO0OODOO.

5.1 UOOUUOoooon

jobccOoopooooooboobo,bo0,booboboobooooooOoooo, Do
gooooboOooooooooooo.ooo,300 cGooboobobobobon,
d0o0dooo0ooooobooo cGOOoDOooOooooooooooooooood
OO00O00O.000,0000CcGUO0ODOO000000DOooooDOoooDoOooooOooog
gogobooboboooooooobbo,bbogoooobbooobobobooboboon
ugogoobooooooooooaa.

o0 cGOO0bO0b000DoDobOoobOOobOOo,0bobobooboboooog,oon
gooboooooooooooo0ooobobooooobbbooooboobooo. oo
O,cGU00O0O0O0OD0DOODOOoODOOo0oDO0O0ooonoooooooooooooag
ugogoooobo, bbb obbbbbdoooooon.

oooodobobuoobobuoo3sobobooobouoobobboobobuobobo,oobg
gooooooboooooddooooooobbbobooooooooo.

00000DOO0DOO0bOOooDO0,b0000b00 cGOObOOooOonDooopoooood
udbo.gobobobotbodooobooboooooboooooobboooooboooboooa
oob0OO0,ccGO0OOnbDoboboDonoobooboonoonoonooog.

goooooboobobooooo, 00 obooooobbo,bbbbbon
000000000 Microsoft 0 00 Windows NT 4.000000000. O00OO0OOO,
Windows 00000000 DOOODO0ODOODOODOODOODOOOOOOOOOODOOOO
MFC(Microsoft Foundation Class) D0 O, Windows 0000 000000000000
OO0O0O00D0O00O00 Microsoft 000 Visual C++ 6.000000000. O0ODOOOO
goobooooooboooooooooobooboobooo,boog,0oboo0, 000000
googboboooo. o0,300bboooooobobooo,jgbboboooooo
00000000000 Lattice Kernel Version 10 (34| 0000000. 00,00000
oo, booL,bbooobbOoUd
ooooboobooooooooooooooooooboon.

ggodogo, bbb ddggoo. bobpboouo O
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goobooobooboboobob,b0boboobobooobbboboobobob. g s10b
goooooooboooboobob.oboobob1o0o0ooboboobo,bboo0boobooo
goboooob.obobo200000000,0003000000000O0DOO
ggobooooboboobobobobobobob.obo4b00b0bOobDOo,bob
g, bgobooagbooboboboon.

-h--—“--—‘""‘-\_

L ERRLTIRED _ s
@ A= a—/\—
Q@ ZBEY—ILIN—
Q@ #BIEY—ILIN—
@ HFEAR—ZR

U s5.1: gdboboobuogaobon

5.2 UUUOOogoooboobooood

ubbooobooboboobooboobbooo. obboouobooboboooo
u,bgboboooboboooboobooboooboo,obooboobboooboooobooa,
gooooboooboobooooooogobooooooo.obobooobo,o,00,0
oo40000.000,00000000D00DOODOODOOODOO.
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ggoooo

UOn00000000000OO0.0b200000000000.

googo ooog

g s5.2. 000000

ggoooo

goooobo,boo,0bo0obooo.bgb,bobo0,0b0ooo0obooboobboo
oooboooobobo.Oos30b0b0obooboboon

ooog go oo googo

g s5.3: 00000d

goon

20b000000O0O0DLO,000000DODOOOOOO. ODO,0000L0,000RO0
oboboboboo.obo3booboobobob,ob0ooo0ooboboDn. O b4,
055, 056000000000000000.
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gbooboboobo gboobooboobo

U s54:. 000000000

oood oooo oooo ooooooo

g 5.5 00

Y Y

g s5.6: 0000000

oooad
000000,000000000000000000000000000. 0570

oooooooooo.

5.3 300000 DOOO0OOOO

gbooooooboooo,boobo0gob 1oobbobboobboooboobg.
gobobooboob3oboobooboobo200000b000000b0Ob000000
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% &

ooog googo

g 5.7 0000

oboob. bgobooooboobobobgooobooobobobooboboboobD, oooo
gooooooobooboo,0ooo0oobooboboo.0obooogob,boboboooboon
20,0000 000001, 000 X00500000.080000000000000
ooooo.

iRk S A4

HEIEE,
0 23 smel 23
TN EEE T YT St |
0.0001 % [ 054

U 5.8 0J0dubboouuogooabon

5.4 XVL Viewer

O00000000,0000000000 XVL(eXtensible VRML with Lattice) O O
00o0o0o0oobooooboooooooobo. oo XvLooooooo,30o0o0o000
0dddoooboooooooooo, ooooooooooooooooooon XVL
Viewer 0000000000000 30000000O0O0O0O0O0OO0OOOOOOO. OO
XVLViewer 0000000, 000000000000000 30000000DO0O0O
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ooobooooooooooboonoonD. 0 s90,XVL ViewerJOOO4OooOoO.

Internet Explorer

(o=
7l W)L AL

| : |
| ¢Fp-= -0 [@ 4 Qe mpscA) FEE | S E-H
JT"FDJ\(Q) I@ hittpe/ e lattice.co.jpsjpindex—jahtm| j Rl H'J)"j >

a2

English Site Map Mail us

- m ="

215E#
L
J1)a—ta
Bt
Hi—k
=a—A
Fyoo—pF

soiydeln|[gem 2101

[&1 Ut ENELE [ | @ fh—sb g

0 5.9: XVL Viewer U0 30000000000
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ugboboo,obbooboodgbobbooboboobbobobobooooooboboooobd
gob.0oboobbooboobboobon.

6.1 0O0O0OO

gooo,bogoboboooobooobooboobboooobooooob. bdg
goobo,jgboooboooobbooooboobboobbooobboono,bboo
OO00DO0O0O0O0O0oDg, sharpedge 100000 DOO0DOOOOOOODOOOOOO.

ggbbobogogboobod

gel1bdidbiooboobboobbooobuoob.boobbooboooobg
gooboboobo,gobooboobobooobo.obooooboobo,bboboaon
00200000,0000000000001.0x1074 0000 0500000.000
gbooooooooobgoobooobobo,0bobbooboobooboobooobon
gooooobog.

gogbooboogooo

0e20,000D00000000DOO0ODODOOODLDDOOODLOOOOD. DO
go,dgdbooobobooboooboooboboobo. booboooboobLoon
gobooo,0boooboobooobboobooooo,20b0oooboooooobooon
gbooobooboobooboa.

ggboboodgboboo

6300000000 DO0O00DDOOODOOODOOODOO.0O0DO0OODLDOOO
OO000OO00O000DOO0ODbOO0.00b00O00 sharpedgeOO0O0DOOOODO. OOO
00000000000,000000200000,000000000000 1.0x1074,
googos0dbuoo. 0bbobobooboobuooboobboobooooobon
goo.
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AN/

VVAV}Aé%

TAVAVAY/
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VAVAVAVAN
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ViN

()0D0OODOOO0 2 (b DODDDODODOOO 3

U 6.2 J0000O0O0O0O0O0OOOOOO0OODODO

gooon

ODeé640,0000000000000DOOO0O0O0O0ODOOOOOOOODO. ODODO
goooooobobob,bobobboboboboboboo.Doboboboooboboboo
10,002000,0000000000001.0x1074, 00000500000, 00
bobobobbobooobobobobobobobobOoboobobobob,0000o
voooooooooboooooooooobooooooooooog.
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(a) DOODOOM! (b DO ODOOOM?

() 000000Mc

U e6.4: 0000000000
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6.2 U0

gooo,bboooboobood, boboobobooooo. bbooooooa,
PentiumlIII-800MHz, OO O 256MB, O OO0 O0000000 O GeForce GTSOOODOO
PC-ATOOODOOODO. OOODOOODDOOODOODOOOOOODOOOOOOOOOO
gobooobog. goobob,bogoobbo,0gooboooboboooobboon
o.0200,00000000,0000000000DL00,D00D000,0D0D000
goboogoooboboobobooooboobobooo.obo,06200000,300
gooboboobooobodoobobobobobobobobo. g, 64000
00,000000000(1),000000000 (2)0000000000000000
go.

00000000000 |0000 0000000 0000
0 6.1 0.495 0.120 0.081 0.696
0 6.2 0.397 0.132 0.076 0.605
0 6.3 0.427 0.130 0.080 0.637

0 6.4 (1) 0.632 0.342 0.180 0.774

0 6.4 (2) 0.824 0.499 0.220 1.443

02:000000000000(0)

goboooooboobooboo,0oobuob, bbb oo boooo
googog,0boooboooobooobooboboboboobobobooboooo.
ugboboboobuoobooboobbooboobooboboboooboo,bo0oooad
ugboogbooobuooboa,bogbooobodboobooobooboobooood
goobooobooogogoboooobobobobb. oobboooboboobobo,od
goboogboobooobbobooboooooboobobobobbooboobooobo
goo.obgobooobooobooboobooboooboobobooboboob, o
gboboobooboobooon.

ooo030,00000b0O00O0obo0oo0ooo0O0 fooboyobOOOOOOODO.

U20000000000,000b0000DO0O00DO0OODOODbD 200000000
gobogbooboobobobobo.gobboboobobbobobooboobon
ugbog,goboboodobooobobobobobobooobooboobboboooo.
ugbobo,ggbobooboobodoobooobbooo, bbooboobbuooooboood
goobodbooo,bopoboobooobooboon.
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Mt M2 ML M3 M,
/ v / v / v / v f v
O 6.1 902 | 453 | 418 | 213 | 1346 | 675 | 1259 | 699 | 1760 | 882
062 | 8 | 42 | 80 | 42 | 830 | 442 | 874 | 438 | 1052 | 532
0 6.3 135 72 | 1370 | 687 | 1246 | 632 | 1566 | 785 | 2270 | 1174
O 6.4 || 1850 | 925 | 2076 | 1040 | 2338 | 1313 | 2901 | 1512 | 4165 | 2086

U3 gdobbooooobbood

uboobobuodo,gooobooboobooboouoobooboba,booboboo
gbooboobooboooboooooboobooboo.boob,obooooa,
goooboogobooobooobooobbooo,gooooobooboobobobooobaa,
uboboodobboobboobboooboo,boobbooaoo,bboooboood
goobobooooooboo. og,0buoobboboobooobooboooboooboan
googoog,bobbooboooboooooboooooboobuooboobon
gooooobooo.obb,bobbdoo0goboboooboobbbobbooboboo
gooooboo,bobboboobooboo.oobo,0e30b0000,00000O00
uboobbobooboogb,oobooboobooboobooboooboboo
ubobood. obobo,booobobooobbooobobooooobooo,goooood
googooo.
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goooo,0bobooobobobobboboobooboobboobbooboog3bboonog
googoobooobo. ogoobooboobooob,oobboooboobon
goooo,bgbooboooobooboobbuoobbooobooobooboboOo. og
ugboogobooobuooboob,obobobboobobboobooboooooood
uboboo. gboooboboobbobooboobobboobooobooo,ouoobon
ubobooobooboobboobogaa.

goooo, bboogobobogooobobooooo,bgooboboobooo
goboobogooobooobb. bbb, o0gbboobboobooobo 3o0obon
gb,obbobbobooboboobooobbooboobobob.bodg,oobooobo
gobobooboooboaoboobooboobooobbo. ooboo,o0boobobod
gooooobooooboooo.ob,bobobobobooobooboboo,bood
goboooboooboobobooboooboboob.obbo,0boooboobbon
gbbooboobooboobooboo,bboobooboboooobg.

obooooooooooo,bob 20000000.

gi1o,000bo0ooooooobooboobbobooboo.3boboboboobo
go,0bo0oobbooobbooobbuooobboooooboobo,0obboobob
gooobooboooobooooo20bbbobbobbooooobbob,00gg
000000000000 (eutting) COODOODOOOOODOODODO. 200000000
oo, bbogboobbobbobobobboobooboobooboooboooonoon
O000000.000 [33)]0,30000000000000000O00OOOOOOOOO
goo.ogobo,obogoboooboooboobbooobooboobobon
ubobooobooobo. boobboobobooboooba,obboooboobobod
ubobo,000booo0o,bboooouooooobobooobboobboobobod
gooo.goboo,bboobooboboobboobboobboooboobboon
gooooobooo. obooooboooboobooboobooobooboboobo,o
gbbooboboobooobboobuoobbooboobbooooon.

U20,0000000000000DODOODOODOOOOD. DDODOODOO
gooo,gobbooobobuoobbooob,oobooobobooobboobLboOon
goo.o0bo,gogbobooooboboobobooboobo,0oboobobo
uboboobooobood. gobuooboboobbo,bbobooboooboobobod
gooboooboobooobobob.obo,00oboooboob 3obobobbooooo
ugb,b000boooboboooobbooobboobbooo,bbooobboobobod
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gbobooboooobobobboobbooobooooo.boobooboog,bboaoboa

gboboobooboobbooboobboon.
googoogo,bo0oboooooooooboooooboobobooboboobg.

ugbooouboboboobobo,ooooo,gbobooobooboboboobobo.
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0000000000000,000000000,0000000000000000
000000,0000000000000000000000000000.
00000000000000000000,00000000000000,0000
00000000000 000000000000000000000.
00000000000000000,00000000000000000000.0
000000000000,0000000000000000000.
000000000,000000000000000000000,00000000
00000000000000020000000000000000000000000
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