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Abstract

Ray tracing is known to be a powerful, versatile rendering method. It is also known
to require lengthy computation time, which has been greatly reduced by previous
authors. Recent improvements also enable to efficiently capture complicated optical
effects, which are difficult to handle with other methods.

There is, however, one serious problem in traditional ray tracing; the cost to
access a scene database is not considered, so that accessing a scene with massive data
may cause thrashing. Recent progress in modelling enables to create highly complex
scenes and to aquire detailed geometry from the real world, thus the amount of data
that users want to render increases rapidly. Traditional ray tracing does not fit for
such requirements.

In this paper, we propose an efficient algorithm to realize ray tracing for massive
data. The algorithm is based on breadth-first ray tracing, which forms a set of rays
and compares each object in turn against this set. The concept of breadth-first ray
tracing itself was previously proposed, but its efficient algorithm has not been known.
We achieve the efficient algorithm by combining breadth-first ray tracing with vari-
ous techniques, such as ‘uniform spatial subdivision,” ‘bounding box hierarchy,” and
other new schemes to minimize accessing data on disk. The algorithm always keeps
sequential access for data on disk, so that no thrashing occurs. Experimental analysis
shows that the algorithm can efficiently handle any size of data. The algorithm makes
it possible to render any complex scene by ray tracing.
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gobbogobobbooobbogoboobooobobo,bgooobooooon
(tz,ty,t,) 000000000000 ODOO0OO0OO0. DO0OOO,0000000
gbobogbo,gobooobooboboobboobbooboon.
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O
)
\
)
)

O
[
K
/\\
)

(b)

() D00. 000000, 000000000D0O0OOLOODODOOOOO. (b)OOoOo
g.goooboobobooobooobo. oboboobobobobobooobobon.

01.8 00000 (0OOD0)
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ooooooooooooooo. oooo,tyo t,0oooooo, t,0dt, 000,
gobooooboboboobooo.

0 1.9 3DDDA

L < min(min(tg, ty),tz)
if t, = t,, then
te — tg + dts
gooooobo cO000ooa
fi
if t, =t,, then
ty — ty + dt,
ggoobboyboooobo
fi
if t. = t,,, then
t, «— t, +dts
gooooon z00o0booOoo
fi

0000D0000000D0000,00000000000,000000000 70
000,000 20000 O(n/r2~)00000. 000000 000000000
000D000000,000000000000000000000,00000000
000000000000000000000000000.
000D0D000000,000000000000000,000000000000
02000.10000000000,0000000000000000000000
000000D0000000000000 (0@I0a). 000,00000000000
00000000000000000000,0000000000000000000
0000000000. 00 10000000000000000000000000
000000000 (O@MI0h). 0000000 Amaldid 000000000000
[AmaR7] 00000000.000,00000000000000000000000
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 —
. —

/ﬁxs /VXS
a8 (Salias
| NIV}

~_/

() 0000 10000000000000,0000 400001 000000000
0.000,000000000000000D00,0D00 2000020000000
ooooooo. (bh)0OOD0ODODO0OUOO0O0OD 4000000,0000 1000000 4
O0olOODOODOOOODOOODOO.

0110 DO00OO0oOooooog

00,000000000D0D000000DO IDODOOOO0ODOOO. OO00ODOO0O0OO
gobboogbbbooobbooobo,obbooobbbogooobboooonon
gboboobogooo.

1.3 000000

gobobogooobdg,ggdobbuooobboooobboooobbooon
go0bO.o000obo0oboooooOooooOooo0oobOooUbDoboOoODo, 19874,
00000 REYESOODODOODODOODOOODOOOOO [Cook8T].

2.1. Geometric Locality.

When ray tracing arbitrary surfaces that reflect or refract, a ray in any pixel
on the screen might generate a secondary ray to any object in the model. The
object hit by the secondary ray can be determined quickly [20,21,34], but that
object must then be accessed from the database. As models become more
complex, the ability to access any part of the model at any time becomes more
expensive; model and texture paging can dominate the rendering time. For this
reason, we consider ray tracing algorithms poorly suited for rendering extremely
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complex environments.

oo00,000b0b000ob0bo0oobobobooboooobooooboooooOg
ooooooobO,00b00ob0oo00o0boo0b00obobob00obDob0bobDoobooDoo
0000000000000, CookODOODOODODODOODDODODOODOODOODODOO
0,0000000000000000D0000D000. REYESOOOOOOOOOO
0000000 200000000000 00DO0ODODOOODOOOO. ODoOoood
oo0ooo0oooO,b000b0b0o00obob0o0o0boDbooobobooobDbooooD.
o000, 0000000b000b0b00oo0bO0O0,0b0o0b0o0obDOoOobDoboOoboDbOon
O0000ooog, CeokODODOIDDODDOOODODODOOOODDOOOODDODDOO.
o000, 0000000000b00b00b0ob00bUobUobUobUobUobOobOoDbao.

Cook 00DOO0DDODODDODOOODOODDODOODOOOODOOOUODD. DODOO,000
001984 000000000000 (Distribution Ray Tracing) 0000, 00000
0000000000000 000D00000000000000 [Cook84. DODO
go0o00o0obO0obO0o0obooOoobooOo0obOobOoOobOooOO,0bobobOooDoo
oooooooooo.

REYESOOODOOO PIXAROO PRMan O, 0000000000000 OO00O0O0O0O
0000000000000 000D00000,00 PRManOOOOOOOQOOODOO
O0000000D0000D00D0000 comp.graphics.renderman OO0 0. 00000
go00,0000000b00bO0obO0ob0obO0obO0bO0bOO0bOO0. bobOobOoobOo, oo
PRMan 00 0OO0OO0OO0O,0000000000D00OC0O0ODOOOODOOOODOODOO, O
D00000O00DO00DOoooooooon B2

Larry Gritz:

As for the original question, why one renderer should be preferred over another
for film production, several answers have been given: flexibility, feature set,
speed. Nobody has mentioned two equally important (probably *more* impor-
tant) properties: robustness and the ability to handle massive complexity with
grace. Studios will, generally speaking, take robustness over speed any day (at
least up to a certain integer factor difference in speed).

Tom Duff:

Second, ray tracers usually use a lot more memory than scan-line renderers
because they have to keep the entire geometric data base around for the whole

2000000 ‘Matt Pharr’s toro’ 0 Pharr 00 000000000000000000000000
O0. Pharr D0O0O0O0O0OO0O0DOODOOO.
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frame. This seriously limits the scene complexity that they can handle. There
are shots in A Bug’s Life in which PRMan’s memory footprint approaches two
gigabytes. 1 don’t believe there’s a raytracer on the planet that can handle
such scenes...

On scenes for which PRMan occupies 2GB, a raytracer (unless it’s Matt Pharr’s
toro) will likely occupy 40GB. PRMan, as we run it (using highly procedural-
ized models), never loads the complete database into memory. Even without
proceduralization it never stores the complete tesselated data base.

goobobo,00b0bobbbbo0o00oooobobobbbooooooooobD,o0oo0on
goooob,00boob,0o0bo0boob0boobo0. ooboobooboo
O0,00000000000000D00ODO0ODO0ODOODODO0OOO, PRMan00OO
goboobbooobooboboooboooDb.

14 0O0OO0DOO

ooobooo,0b0bboooobbooob0bbooooboboooobobooon
oo, 00bb0o0oo0obobbuooo0obob. bbb booooooboobo
0020000000.0000000000000O00O00O00O00OO00ODO.

e 0000 [Naka97]
- 00000000000000000000000000000000000
- 0000000000000000000000000000000
- 0000000000000000
e 0000 [Naka0l]
- 00000000000000
—0ooooooo
- 00000000000000E
—~ 00000000000
~ 00 10°0/87GBOODONONONONODNONONODNONONODNODOO

00,000200000000000000.0000000,00D00000/00
ooooobooooboo.

*3 Culling. 000000000, 00000000000000,00000000000000000
00000000. 0000000000 Moller 000 Haines 00000 “Real-Time Rendering”
Moll99) DO DODOODODDDOOOO.
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balls4

mount6

teapot12 tetra6 treell

gboooobobobooobobobobooo.

0 1.11 SpPboOOO

15 DO0O00ooooon

9800000000000 OO00DOO00DOOO0bOOU0UDbOOODO,DbOO00ODOO
gooobboogoobooboobooooooooboo. oo, gobbboooooobobo
OO000O000O000O000. 000, HainesOOOOOO0ODOOODOOODOODOO
00 SPD (Standard Procedural Database) 0 00 [Hain87]. 000OCOO, 00 SPD O
gbobooboogoboooboon.

SPObO0OCO0OCO0DOOU0DOODOUODOOUODOOUDDO,0DO00DOOO0DOOOO
goboboooobooboobg,ggooboooobbooobobooooobboooobooon
0.0000000000000 (000 10,000000)0000000@LI0000. O
0,00000000000,SPDO0OOOCO0OOODOD (DOOODOODOOOOOOOO
000000000,000000,0000000000000)000000000O0
goo.

SPODO 00000 0O0OOOODOOOOODONOOO. OO, 00000 RayShade
[Kolb89] 00 DOODOOODOODOODO,SPDOOOODOODODOOOODODOODOODOOO.
gogoboo,ob0bbbbbodgog,goooooboboboooooooooobooobo
gooog.

go,0bbbooobbbd, mount 00000000000 DOObOOOOn
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0,000000000000000000000000000O0OO0O0. 000 SPDhOO
gooobooobobbooobb,boo0oobbooobbbooooboboooobobo
00000000, 00000000 SPODO0CO0OODOOOOOODOOOOODOOO.
0000000000 0000 SPhbOO0OD, 000000000000 OOOOOO
gooooo.

16 OOODOO

ooobooooboob,boo0obboo. bg,oobbooobobooo,ob0boOon
0000000000000 00D00RODODD0ODO. D0UBOOO, 00000000
gooobboooooboboboooooobobbooogbD. bbobooooobo,bo
oooobooobobbooobbo,boo0o0ob0booobbbooooboooooboo
0000000000000 0U. 0do00,0000000000D000O00O, O
goobobooooobobbooo. ogoboboboo, bbb booooooobo
0000000000. 0000BooO000o00ooooooooog.
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goboo,0bbboooopobobboooobbboooogb. bbbooooon
gbooooboo,oobooooogn.

e 00O 0ODODDOUUOO,00DbDUOOUODDOUOUOUODODDDOUOOUODDDbDOO
gooob. bo,bb00d00oobbbooooobobobobooooooobo
oooo.oob,0dbboooboobboooboobbooboo,booboo
gooboobobooobooboboobbooboobobuoobobooo.

0000000000000000, 000 [Hanx86, Mull86) 00DOO0O0O0O0OOO
0000000 Max81,[Plun85| 0000000000000, 00000000000
O00000. 000000000000000000,00000000000000
00000000000000000000.000,000000000000,000
000000000000 00000.
0000,00000000000000000000000000000,0000
0000000000000000000.00000000000000000000
000000000000000000000,0000000000000.

e 00,000000000000000D000DOD,000000000000
000000000000000. 0000,0000000000000000
004000000000.

e J000DDDDDDD,DDDDDODND,00000000000000OO
000000000000000000 [Snyd87, Kirk88, Deusd8]. 000000
00000,0000000000000000000000000000000
O00000000000000 [Ward94]. 00, 00000000000000O
00000,0000000000000000000000000000000

000000000 [Kaji®9, Hartoll Neyr9g].
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e 1000000D0DDDOONONONONODOODDOOONONONODODDOOOO. OO
00,000000000 [Hain88,Hain91] 0, 0000000000000 0O0
0000000 Noor91]0OODODO.

oobo0o00,000b0,0b00b00ob00o0obO0o0bOoooOobDOoo. 1% U0D0n
goooobobooooooobobobo,obbobbbbooooooobo,oooobobo
gooboooboboooboooobooobb. oocbooobbooobobooooboo
O00000,00000000000 £,,00000000 200000———20000
gooooboooboooboboobboobuooo—o0obboobbooobooboo
o.o0g,jobbooobbooob,booobbooobboobo,bboooboo
gooooboooobooo.
gooobo,0o0ob0bboooobbooob0bboooob0boooobobooon
goobooo,0obobbooobbooobbooobb.obb,boobbooo,obo
goooooobobobobobobooooooogogo. g, 0bbboobooog,bbobo
gooboobooboboobboobooobooboboobooob.

21 ODO0O0OoOoobobbooooooboodg

oboboooboboooboboooboboobobo,0obobobo0oboooobo
00000,000000000000000. Green JOODDOOODOOODOOOO
gbobOoobobooobobo,b0oboobobooboobobboboobooon
000000000000 0D [Gree89). DOODOO,00000000DO000ODOO
ooobobOooooo,o0oooboboboboooooobobboooooboobobboooon
obO. 0bo0,0b0000b0000boobboobboOo,0b0boobboobbOon
oooboo0ooooooob,0b0bbb00o0o0o0oboobobboooooboobobboooon
0000000000000 0O0O0DO00000oO0. oooooooood Badouel
0000000000 [Bado9)). 00,00000000000D0000O0DODOOOODO
Reinhard 00000000 [Rein99].

00,0000000000000000000,GawdetDOODOOOOOOOOOO
D00000000000000000000 [Gaud®§ 0, Law 0000000000
0000000000000 000000000000000 [Law96 00D0O0O0. OO
gboobooooboooob,boboboobooboobobooob,00b0b0obbon
gboooboobo,boo0bbooobooobooobbooobo. oob,bbgon
gbobooobobooobobooobooboooboboo,0obobb0oboobbobon
gbooooooooooboooboooo.



22 0000000O0O0ODOODOODOODOODOO 24

00,00 (0090000 [Katol] 0000, 0000000000000000
000000000000,00000000000000000000000000
000,0000000000000000000000000000,0000000
000,00000000000000000000000000. 000000000
000D0000000,0000000000000000000000000,000
0000000000000000000000D0.

0000000000000,0000000000000000000000000
0,000000000000000000000.000000000/0000000
0000000000000D000000D000000,00000000000000
00,00000000000000000000000. 000,000000000
0,00000000000000000,00000000,000000000000
00000D0D000D000O0D0O0.

00000000,000000000000000000,0000000000, 0
0000000000000 000000000000, 0000000000000
0000000000000000000000000. 0O0000,0000000
00000000000000D0000D00000000.

22 0DO000OO00obObOoOoOoOobbbOooooo

000000000,00000000000,0000000000000000
00000000000000000. 00000000000000000000
0092 0000,000000000000 Phar0000000000000000
000 [Phar97] 0 Miller 0000000000000 [Lamp90, Miill92) 0000 0.
000000000000000000,Pharr000000000000000000
000000, Millee00000000,000000000000000000000
000. 000000000000000,000000 Phar0000000000,
00 Mille00000000000.

221 DOOOO0OOOOOODOODOOO

Pharr 0000 [Phar97] 0 1997 000000000000. 0000O00O0OOOOO
coboooobooobooo,000o00ob0ob0oboobooobooooobOoooOoboo
OD0.0ooooEoooo00000000000000000000000, 000

*1 Displacement Map. 100 000000000000000000000000CO000. 000000
ooooooooooOoooboo,00000o0b00,000000000000000G0O0O0OA0O.
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0D0000000000000,0000000000.00000000000000
00000, Phar 0000000000000 00O0O00D0O0O0OO0O00ODO00O0
0 [Phar96] 000000000 O0OOO0. 00,0000000000000000
0, Funkhouser, Teller 00000000 000000 [Funk96, Tell94] 0000 O
0Q.
0D00000,0000000000000000.00,000000,000000
0D0000000000000000000. 0000000000000000000
0D00000,000000000000000000000000000000000
0D000.000,0000000000000000000000000000000
0D0000000000,00,0000000000000000000000000
00. 000000000000I0000000000, whiltODOOOOOOOO
Do0o0O0o0o00oooOo.

ooooo0 2.1 00000000000000000

goooooboooooo
while 00 0000000000O0OCO0O0O0O do
gooooobooooooo
forall0O00O0OOO0OOO do
gooboooboooooouooodooooooo
gooboobooooooooooon
if 00000 then
pgoooooooooa
goobooobooooooooooon
gooooooooo
else
goooooboobooboooo
fi
od
od

Pharr 00, 000000000CO00O0OC0O0OODO0OOO,0D00000DODOO0OO
00o000o0ooo0o000oooo. D0Doo0oooooooo440MBOOODODOO
000,0000000000000D0D0000D0D0 40MBOOOODOOOODOO
000oo0o0ooooooooo,0D0DOo00O000oUooooDoDoOO soMBOOO
gboboggbogbbooboboooboon.

O000o0oOd,Pharr 0000000, 000000000000000000000
ggoobooobo,bbbbbodgogooobobobbbodooooo,gooooboobo
gbooogoobuodgboogoob. g, oboobboobuoobboobog,boobn

*2 Radiosity. 10 0000000000000000000000000, 0000000000000
ooooo.
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oo, 0o0oobobbbboodoogoobobobbboooooooobo,ogooobobo
0000000000000 000. 000, Pharr 0000000000 OOOODOO
goo,djdb0boobooobooboboon.

222 O00O0OD0OO0OOOOOO

19900000000 Miiller 0000 [Lamp90, Miill92] 0, D000, REYESO OO
000000000000000000000000008 oooo0o,00000
00,00000000000000000.000,00000000000000 10
000000000000000000000,000000000000000000
00.000,0000,0000000000/00/0000000,000 20000
00000000000000,0000000000000. 00000000000
000000000000000,00000000000000,000000000
000000000.000000000000R2000. 00, 000 Ray-Z-Buffer
00000000000000000000.

g0o0o0o0onD 2.2 DOODOOODOODOO

goooOooooooao
while 0000000000 ODOOOOOO do
00000ooooooo, Ray-Z-buffer 0000 O
forall 00000000 do
Ray-Z-butfer 00 000000000000 DOODOOOO
od
forall 0000000 do
if 00000 then
gOoooOooooooa
Ooo0oOO0oOO0o0oo0oO0o0oooooooooa
fi
od
od

000000200 00000000,000000000000000 Z000O00
0O0bOo0ooOOd0oQoO0. ooo0,00o00bo0obO0boo0boooOooo Zoooood
O000,000000000000000000 Ray-Z-BuffterO0O0O, 00000000
goo.bgooboobo,0ogbbooboooboboob,gogbooobooboooboo
0O0oOo0ooOd0ooO0. ooodoO,00bo00obO00ob0U0Dbo Z00b0000O0DooO

*3 00000000 [Lamp90] 0000 Lamparter 0000000, 00000 Miller 000000
000000000000000000000, 00000000000 19880000000000
000000000. 00,00000 Millee 0000000000000000000000OO

[Mill86]| coOoooQ.
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oooboobooooboooboon.
00000000000 Ray-Z-Buffer 0, 0000000000000 OCO0O0O. O
0,zO00OOooOooOOoOoOo,b00b0b0o0b0o0o0bo. bo,0b0boobooo.

r=az+b,

y=cz+d.

ood0,a,b, ¢, d00000000OOOOOOD. O00DO,000040000000.0
U,z00000 z,yOUOUOOO0ODOOO0ODOOO,000,00000000000000O
gboboobogooboobboobog.

z = Co,
c11 £ < g,

c21 S Y < Coa.
goodoooodoooodoo, jgoooooooooooogaa.

c11 < aco+b < co,

c21 < cep+d < caa.
ooooo,

—aco + c11 < b < —acy + cia,

—cco+ o1 <d < —cey + cog.

000,ab,cd00000000200000000000000000000000
(00)0,000000000. 0000000000, ab,¢d0000000000
004000000,00000000000000000. 000000000000
000000000000 Ray-Z-Buffer 000 .

Ray-Z-Buffer 0000,000 n0O000 O 00000000000000O
0000000.000000000000000000,000000000,0000
00000000000000000000000.0000000000000000
000000000,000000000000000000000000000000
000000000000000. MilleDO,0000000000000000,0
0000000000000000000000 [Mil92).



28

0 30

HRERERN

0000,00000000000 [NakaO7)DODOOODOOOOD. DODOODOOO
g,ggobobbbogooobobboooooboboooooobobob. ogoooobobo
gogobooobbobooooooo,ggoooboobobbboodgoooo,gogoooobooboobo
gbobooobo,oobogoobog.

gobobuogoobobdoo,gobobbooobbboooobboooobbooon
gbo,0gbbooboobboobooboboooboo,boobboob.boobo
O,Millee00000000CO000DODOO0O0ODOODOO0OO, 00000000000
0oo00o0oooooooooO0U0ooooU0UoooD. ODooOO0O0 “cooooooo
0o000ooooUooo”’00oo0oU0oO, 0000000 0oDooUoooOooooo
gboooobogooboon.

‘0000000000000 0DOOO0”000O000,00000DOO0O00 “D
o000, 0000o00o0ooo0oo”00000O00. Jooooooooooo
g,0o0gobooboobboobogb,oobbooboobbooboobob. o
gobooboogoobooboooooobo,bbbboooooobobb. bgooooboo
gboogooobog.

e 00: 0DDOOO0O0O0ODDDLOUOOODDDDOO,D0000DLDDbDOOO
ggoooboooooobb. gooboobooooboobooooobboooo,o00on
gbobooboooboobboobobooboooo.

e 00OO: DOUOO0O0ODDDLOUOOOODDDD,DDOUO0OO0DLDDOOO
gogooobboggoooboobobooo. ggbobbooooo,goooobo
goboobbogobooobooobuooobn.

e OUUI0ODLOD: D0DDUOO0ODLDUOODLDOOUODLDDOOODLDOODDOO
gogooob. boooooooboobbogo,ooooboobboooooooobo
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00000 /00/O00O00000. 0000000000000 00DO0DOO
gobooobooo.

O0200000,00000000000D0000000DO. 0D00O,000000
0000000,000000000000BIDDOO00UDD. 00,300000000
ooobobooooobobboooooobobboo0. oobobbobooooobo,obobo
oooboobobooobooboboooboooo.

ooooonD 3.1 ODOoODOOo

oono
000000000 o00o000 (0D 100000)o00o
repeat
oood
oooooDo
until 00 0000000OOO0O

goobooooobobdooobboooobboo,gooobboooobobooon
0O0oOOd. 00,8000000O00OdbDO0bOobOooOoocoogogooo. oog, “™»
00000000000 o0ooDoooooooooo”00o0,0000ooooooo
goobog,b0boobbooobooobooboboobboobooobooonoo.

gooo,00,goboboobobooobobooobbooobboobo. oo, on
goobogoooboooboooobooobbooobboobobooob. ooobo
goooboogoobooboobooooooo,bbbooooobobboooooobo. bo
g,0bogbboobogooboobboobooooboon.

3.1 000O0OoOoon

gobbogoo,obbuodobbooobbboooobboooobbooon
goboo,bbbogooobobbooooobobbbooooooboobob. booooobobo
gobooobooocooooob,b00ob 10obo0oo0obO,00obo0booUoooog.
gogobooobooog,bdggooooooboboog,boogoooooooobn
gboooob,o0boobbooobogb. bbooboobboobooboon, o
00000000000000000. 00000000000, 000000B200
gooo. bo,bo0ggoobobbooooobboboooobbboooooobon
gobo,0b0bbogooobobboooobob. bbdooobboboooooobobon
oo,00o00ooboooo Ibobgoo0ooobo,0oooo0oooooooo.

000000B200000000000000000,00000000000. O
g,0o0gboboobogbboobogbobooboob.bbooboobo,obn
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000000 3.2 0000 (0D000/000)

goooooooono
while 0000000000 O0OO0OOOODODO do
while 0000000000 ODOOO0O do
goooOooooooooo
3DDDAODOODO
ggoobobooobob,bboooobbooon
od
forallOO00O0OOO0OO do
goooOooooooooo
goooOooooooooo
forallO0O00O0OOO0O do
forall0O00O0OO0OO0OOO0OO0O0OO0OODOO do
if 0000000000 #2000 ID then
if 00000000000000000 then
Ooooooooooooooa
oooooooooo
0000000000 «ooo ID
fi

fi
od
od
od
forallO0O000OOO0O do
gooooooooooooa
od
od

gobboogbobbooobobo,oooobbooobbboooobboooonoon
gobooboogoobo,bbbooooobobbbodo. gogbbboooooobobo
goboboboogoob,obbbooooobbbodooob. bboooooobobo
g.gobd,ooboobbooboobobooboboobooboboobb.
goboboboogooobooboobooooooooboooooobobobo. oooob,on
gooboooobooobbooooobo,ooobboodoobooobobo.oobn,
gobbogobbbooobboooboobooobbboooo,obbooooboon
goooo. goo,bboggobbooooobb,bboggbbb.ogb,boo
gobbuoggbobbooobobogobo, bbb obogoobbooonoon
gboboogobuodgbooob,gobugbooobo.gob,oobobogboobn
gboooob,ggbuogbboobogbo. boobuoobboo,bogboobn
gboogoobodgboo. og,bbogobog,booobogboobobooboobn
gboogoboobobgoobo.
gogo,gggobbobbbodoogooooobobobbboooooooo,oooon
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000000000,000000000000000000 (Axis-Aligned Bounding
Box) 0OODOODODOODODOODODOOOOO. 0DO00OOO,000000D000DO00DOO
goooooboo, b0 oobobobbboooooo,bggoooobobo
o00ob0obOO0 60000000000 DODOOODODOOD. ODODODODODOO
gooboboooooboboboo. oobbbooooobobobbooooo,oobbo
goooooboboooooo,ogoobobobbbooooo,boggoooooboobo
goobobooooo,oobobbuoooobbbbooooobobbooooo. bbb
goo,0jdbboobbooobbo,oobbooboo,obooobooobooboo
goooo.
oooboooobobooobboo,0oobbboooobboooobobooon
ooooobobobo,0o0oooooobobobbbobooog. bbb, 00opobobobobobobo
gooobobooooobobbooooo. bbobbo, bbb booooooboobo
00 Rayshade [Kolb89] 00O, 000000000000 DO0ODOOOOOOOOOOOO
o0.00,00000000DO0DO0DOO0oO0O0oO0O0oOob0OobO,1b0bobDOooDOooOoo
gooo,bo0o0obbbooooboboooobbooobobboooooboooooboo
ono.
00000000000,000000000000000B3LD00O0O0O0 (0BID
0).00,00000 “000000000D0”00,(H)0000O0O0DO0O0ODO0ODOOO
0000000000000, (2)000000000000O0D0O0.
goobobo,00b0bobbbo0o00oooobobobbbooooo,00ooooon
gooo.ooboob,0obbooboobobo,0boobooobooboobo
goooobooboboooboobooob.ob,o0oboobbooboobo,oOoboo
O0000000.00000000000000,00B200B3l00000000.
O0000000,00000000000. 00,00 0000000B30000
OwhileOOOODOOOOODOO. ‘0O0000OD0’00000000O00O0OOOODOO.
O00,000000000,000000000000D0000O00O000. ‘000’000
goobooobobooobooobobooob. oobobooobbooooboooboo
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gooooobobbobooooooooooboobobbbbooooooooobooobobD.
gooooboboooooooooobobbo,bbbbooooooooobooboob,oobbo
0000000000000 00000,000000000 REYES [Apod00] 00O
0000000 Mall99 0O O0O0OD. 00,0000000000000D000O00OO
gb.0bo,0bo0oboobboobooboboobo,oboobobbooboooboo
goooobooboooboob.bo,0obboobooboboo,boobooboo
goooobooo,bboo0bbooob,boobooobooboboobboo,bo
goooobooboboobbooboon.

goobooo,0b,b0boobbooobobooobboo. bo,0ooboboon
gooooboobooob.boo,boob0bbooboobobo,0boobooboo
gooobobooooobob. 0o, 0o bboooobbbooooooboobo
goooooo.

41 DOOOOOODOO

oooboooobobooobbooooboboooo,ob0bboooobobooon
oo0booo0oo0obO0O0. obooobooobOo,30b0b000b0D—0o0o00b,b0000,
000000 0—0000o0000ooooooooooooodEInocoooooo
Od2000. 0000000000, 000000000000000A0.

000000dI0 0000000020000, 00,0000000000000
goooboooo,ooobobobboooooob. bboo,boooooooobo,
oooboobooobooboboo,0boobbooboboobooo.

(1) DOoO0000O0O00O0OO0DO0OO0DO0OODO0OODOODOOObOOOOO.
(2) (1)ODO0ODO0ODO0ODUO0OD,00D000O00DOO0DOO0ODOOODOODOOOD.
(3) (2)0000D0O0ODU0OD,0D0D0DO0O0ODOO0ODODODOODOODO.

goobooboooboo,obooobooob,00ooboobob,0oo0boOooo
0000 IbDO00dDoDoOoooOooooooogd.
00,0000000000000DO00D0DO0DODO, “0O00000DO00DO0O00O0
0”00000000. 0000000000 0DO0DO0000OO00O, 0000000
oooobooobobbooobbo,boo0o0ob0booobobboooooboooooboo
oooboobO,b0o0bbooo0boobboobbooobooob.
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000000 4.1 00D00O0O0OOOODO (OOD)

{ooo}
oo0ooOooooono
forall0O00OO0OOOO do
ooooooo
gO0o0o0oo0o0oo0o0ooooooobooooa
forall 0000000 do
gOoooOooooono
if 0000000000000 00000 then
oOoo0oOooboOoooao
fi
od
od
{oooo}
while 0000000000 OO0OOOOOO do
while 0000000000 OO0OOO0O do
gOoo0oOoooOoooOooo
3DDDAODODO
goooooooooo,bo000obboooobboooo
if 0000000 then
gOoo0o0ooooooOoooa
fi
od
000000 0oo00o0oooooon
forall 0000000 do
goooooooooo,bo000obboooobboooo
od
forall 00O OOOOO do
gOoo0oOoooOoooOooo
gO0o0oO0oo0o00oo0o0o0o0oooooooonoa
forall00O00OOO0O do
forall 0000000000 O0OOO do
if 0000000000 #2000 ID then
if 0000000000000 00 then
if 0000000000000 0000 then
O00o00o0oooooooooao
O0oOoo0o0ooooo
0000000000 «0o0o ID
fi
fi

fi
od
od
od
forall 0000000 do
goooboooooo,bo0000bboooobboooobogd
if 0000000 then
gOooo0ooooooOoooa
fi
od
od
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000000 4.2 00D0O0DO0OOOD (DDOO)

while 0000000000 O0OO0OOOODODO do
while 0000000000 ODOOO0O do
goooOooooooooo
od
gO00o0d0obooo0o0ooooodoooooooooon
Jod0obOoOoooooooooo Iboooboooo
goododoobooooooooooooooooo
forall0000O00O0OOO do
while 00000 ID<OOOOOOOO ID do
goooOooooooooo
od
goooOoooooooooa
gO00o0o0oooooooooooooooooooon
od
od

42 0J00000OOOOOoood
421 0O0OO0OOODOOODOOODOODOODOOO

gdodooooooog, oo ooooooooooo.
ggooobbbooogoooooboboobooooooobobooboo,bbbbobooogooon
gooooboogoooobooboo. ogobbobooooobbbboooo,goooboobo
gogopoooobbboboooooooooboobooboobobbboooooooooobooooboboD.
0000000000000 000000000000000, 0dTFa000000O0O
gboboobooooboobboooboog.

go,gogogooboboobobbodoooooo,oooobbobbbobooooooon
O00000000ooOo0oDoOo,000o0oo0oo OSO000U0oooUoog,0n0o0o
goooob. oooooooobooboobbobboboooooooo,bog,obobobo
gooobboooooboobbooooooobo. bo,bboooobbbooooooboobo
goooooobb,boogoboboooobbooobbobooooobooooboobo
goog.

422 0000

0O0,00000000O0000O00O00DOOo0DO,‘c0booO0’oogooogoon, o
gooobobooooob. bboooobbobbooooooboobobo,booooooboobo
gooobooo. oob,0bobbooooobbboooobbbooooooboobo
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geometry

B 7

INCE S A s

bounding boxes ;‘_J

[ 0 « [ ¢ [ A S A e
—

geometry id bounding box data

(a) (b)

0000000000000 0D0000D0OD0O00U0DbOOODO. ()oooooo,
goooboobobooooooobobbooooobobbooooobobbooooobo. boooo
oooooooooOo,ooc00oooUdo IbOooooUOOoOoUOoO. coooooo
gobooooboob,oboooboboobboobooobobo,0oobooboboo
00000000o00ooD. (h)0O0O0D0OD0OUD0O0D0DDOUOD0OUD0DD0O0O0OO0O,0D000
gooooooooboobbob. bbbbboooooooooo, 00000000 oo
gooooo.

04.1 O00O0OO0O0OOOOO

oooooboobobo,obboobobooobooo.
oooboooobobooo,0b0bboo0ob0bbooooboboooobobooon
0020000.0000000000000O.

s 0000000000 O0ObObOO0Oooob,bbbooobbbooobbbon
gobbooogbobo,bbgdgooboooobbooobboooobbooooobn
00000000.000,00000000000300000000. D0D0ODO if
goobooobbooob. ooboboobbooobobooobooobboooobo
googd.

000000000000 o0O00OO0oU0oOU0O0E4dC 0000 OUDO. 00ooooo,
gbobooboobobooboboobo,ogbooobuoobboobooon.

s 000000000 DOO00DO0DOO0O0b0DbOO0 boOoobOoooboboobobooboo
goobooooo,oobbboooobobbooooobbobooooo, oo nbO
00 O(r)000000. 00000000000, 000000000000000OO0
gooobbooooobobobooooooboobboooooboboooo. obo,o0bbo
goooooobbbooobbooobobobooobboboooobbooooo, oo



42 0000000O0O00OO0O0O0

000000 43 0000 (0O0O0/0000)

while 00 0000000000000O00O do

forall0O00O0OOOOO do
000000ooooo0ooooooooooo
000000ooooo0ooooooooooo
forall0O00OO0OO0O do
forall000000000D0ODOOOO do
if 0000000000 #2000 ID then
if 00000000000000C0C then
if 00000000000000000 then
if 0000000000000 then
Ooooooooooooo
O00000ooooooooo
fi
O00000ooooooooo
oooooooooo
0000000000 «—ooo ID

od
od
od

od

000000 44 0000DOOD (DDODO/O0D00D)

while 000000000000 CCOOOO do

forall0000OO0O0O0OOO do
if 00000000 IDO00O0O0O000O0D0O0O0OC0CO0O00O then
goobobooobobooooo,oobbooobboooooo
gOoooOoooooooooa
fi
goooOoooooooooa
gO0o0o0oo0o0oo0ooooooooooooooooon
od
od
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ooy oobooobooobooo
gobo. bbooooobbobdooo,jooobobboooobobbooooooboobo
goooobobo,bbboobodddo, oo boboboboo0oooooooobobo
gooobooo,jooobobbuoooobbbbooooobn. bboboooooboobo
00oo0ooo,0dItbO0O00O.

10000000000 bO0bOo,00b00bOoobo.

(U‘DDDDD’TU(yMWﬂQDDD.DDD,sDDDDDDDDDDD,MDD
00000000000000000000000000. 0000000000
O0n0000«Y3000000,0000000000000,7000000
000 s0000000000000000.

(2) 000DO0000000O000000,00, A/A, <TO00000000. O
00,A0000000000000000D000000000, 4,;,00000
00000000000000000000000.

goooooboobooob,goobooboooboobooobo.goobo,oooboo
goboobogoboobboobobooboon.

e M<mO L>[00000,7T0000¢t00D00O0O00O0O0OO0 1000000,
00000000oO00. 000,m,,t00000000O0O0O0O,LO0ODO (OO0
0)oooooooooooo.

00000000000,000000000000000000000000000
0000,0000000000000000000000.00,0000000000
00000000000000000000 (000000 100000000000)
00000000000000000 10000.00,000000000000,0
000000000000000000000000000000. 000,00000
000,000,00000000000000,00000000000000,000
000000000000000000000. 00,000000000000000
0000000000000000000000000.
0000,0000000000000000000000000000. 00000
D0000000000000000000,00000000000,0000000
000000000000.00000000,0000,Pharr00000000000
00000000000000000000000 [Phar97], RO [Gutt84, Leut97] O
D000000000. 00,00000000000000000000000000
0000000,0000000000000000000000000,000000
D00000000000000.
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43 ODO0OOOO0OODOOOOOooboODdg

ooooboooobobooobbooooboboooo,ob0bboooobobooon
ojooooooooggg. bobobopoooooooobooooboobooOOoOo. 0o,
10000000000,000000000000 1,000000,10°00000000
goobobooo. oobobbbooooboboboooooobobo,booooooboobo
goooobo,0boobboobooboboo,0cbooboobobooboooob. o
o00,1000000000,00000000000DOO0ODOOODODODODODOO
gooooobg.

ooooobo,0booobo0oboob0booboob0bo.ogb,o0boboon
oooooobobooooooobobobobbooooo, oo bo,ooooboobo
goooobooboobo.oo,0booboobobo0oboobo,0oooboobobooboo
DDDDDDDDDDDDDD@DDDDDDDDDDDD. goo,oooo
oooobooobobbooobbo,boo0o0obbooobobboooooboooooboo
goob.0booboboobobo,00bboobboooboobobooboboobooo.

ooob,0d00obbbbbboo0dooobo, oo bobobbboboooUoooon
o000. 00,000000000,00000O000DO0ODOOO 200000000
goog.

431 00O

0000000, 00000000000000000000000000, 00
000000000000000. 0000, 1,000 x 1,000 x 1,000 000000,
500 x 500 x 5000 8 000 0000000000000 O00. 00000000000
0000,000000000000000000000

0000000000000 00000000000000000,00000000
0000,00000000000000000000000000. 00,00000
00000000,0000000000000000000000000000000
0.000,0000000000000000000000000000000000
00000000000000000000000000000000000. 00,0
000000000000,000000000000,00000000000000
00000000000000000000000000000000000. 0000

*1 Aggregate Object. 1000 000000000000000000O,0000000000000
oo.
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() 0000000 (0D0D0D0)0,00000000000000000 (00O00)0
000000000000, (b)00000000000000,0000000000
000000000000000D000000000.

04.2 O00000O0O0OO0O0OOOOO

000000000000000000000000000,000000000000
000000000000 (0&2).

432 0O00O0O0O0O

oooobooooobobobooooo,oobDbbboooogobobo. oooon
goooboboooo,ogobobbuoooobobbbo0oooobobboooooob. bo
0000000,00000000dB00000000000O00UO, 0000000
goooobooobooooo.

00000, 000000000000000D000 DO0DODD’00000000O0
0. djdobbooobbooobbooob0boooobooobboooboooboo
000,000 for0000000O00DOO0OODOOOOO. OOODOOOODOOO
000000000, 0000 ‘00’000000000 (DOODO0DDOODOOOOOO
O0oooooooon).

oooobobobOboooooooobo,0obobbobob bbb oooo,oon
oooobooooooobboooooobbbooogobobb. oog,oogoo
0000000000000 000O00O00O0O,0000000D (bOoDODODO
0000000000000 0000000000O00)000O0. DO0DO0O0D0[ESD
0O «“..00000000070000000000000000C0GBOO0O0O00
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000000 4.5 0000 (D000 /O00O0OODOOO0O)

{ooo}
while 0000000000 OO0OOOOOO do
forall0O0OO0OOOO do
while 0000000000 ODOOO0O do
gOooo0oooooooono
3DDDAODODO
od
goobobooobooO, bbb bo0o0obobboo0obobboooDoboDbOoo
forall0O0OD0OOO0O do
if 000000000000 then
J000o0oOooooooo Iboooooooboooo
fi
od
od
od
{oooooo}
while 0000000000000 O0OODOOOOODOOOO do
forall 00000000 do
while 0000000000 ODODOOO0O do
000000000 0O000000O000ooo0on
gOoooDOoooOoooooo
3DDDAODODO
od
gO00o00o00o0oo0o0o0ooooooon
godoodooooo, oo oobooobobbooon
oOooo
od
forallDO0OO0OOOO do

od
forall 0000000 do
if 0000000 then
gOoo0o0ooooooOoooa
fi
od
od

(O &3).

odoooooo0o,000dd0po0oobobo0o0oooooO, oD 200000000
good,doooooooooobooogo. oo, ddgobogoooooooao
0o, 0000000 oboooooo, 0ogobooooboooogao
gooooooooooo.
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60

11

r2<J

~r3

r

r5

rlO0 5000000000, ODODOO0,000000000000D00D0D0ODOO
(00000000 0)0000O00. 00,00000000000O00O0O0UOUODOO
O.r10 3000000000, r20 4000000000000 0O0O0. vbO00O0O

gboooooboooboo.

043 0000O0OO0OOOODOOOOO

000000 4.6 0000 (D000 /000000OOOOOOO)

000 XOooooopooooooooo
for alO0O0D0O (DOO0O) do
gbooooboboboobobobobob
foralDOOOOOOO do
goooooboboooobo,obobooobobobg
if 000000000 then
goooooboboodg
fi
od
od
for alJ00D0O (DOOO) do
OO0 for00O0O0O0OOOOOOODO
od

433 0O00O0OO

oooobogo,0b0oooob0bbooooooDbbboooooobobooooo. O

oooooboobO,00o0ooooobobobbbobooo. bbb, ooooobooobobo

oooobooooobobbooooooooboo, bbb booooo. obobo

oooobooobobbooobbooo, bbb bbooooboboooooo
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00000000,00000000000000000000. 0000000000
000000000000000O0oooo.

00000000000000000000000000,000000000000
00.000,00000000000000000,2000000000000000
00. 0000, 1,000 x 1,000 x 1,000000000, 100 x 100 x 1000000000
0,00000000010x10x1000000000000000. 00000 Jevans
000000000 [Jeva9 000000000, 000000,0000000000
ooooooo.

00000 2000000000,00000000000000000,00000
0000000000000000000. 0000,000000000000000
00000000000000000000. 000000000000000000,
0000000000 0000000000,0000000000000000000
000. 000,000000000000000000. 0000000000000
0,000000000,0000000000000000000000000

() 00D0D0D0D0D0DDO0OD0ODO0ODO0DOOOO.

(2) 0000000000000 DOODOODOOO.

(3) 0000000000000 D000000O00O00O0UO0O0O0OO0ODO0ODOD
o.00b,00bo0bboooboobboobo,0obooobooboooboo
gobooboboooboooboooD.

(4 0000000.00,000000000000,00000000000. 00
gooboo,b0bo0obboooboobobo,obbooboboobooo.

oooboooobobooobboooobob,bboo0obboooobobooon
gooobooob,bboo0oboboooobbooobbboooobobooooboobo
goooboooooboboboo. oobobob, bbb bbooooooboobo
goobO,0b0booooobobbuoooobobbboooooobbooooooob. o
goo,bobobobobobobbb, oo g, bbb o
goboobboooboboooboo.

goobobo,00b0bobbboogg, 000000 bobobbboooooooon
goo,0b0bo0oboobbooboobboobooboo.oo,boobooboo
gooobooobobbooobbooo,oobbooobbbooobobooooboobo
goboobo,0obboo0oboobobooboboobobooboon.

() 00,000000000000O00O0DO0ODO R, R,O,0000000DODO
oobooboooooo.
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(2) 000000000 Klimaszewski 000 [Kim97] 000000,0000000
000000 ROOO.

(3 00 R<R,00,00000000000.

(4) 00 R>R,00,00 R, =min(Ry, [R/R,]), 000 R, = min(R,, [R/R])
0000000000000000,20000000000.

44 00O0O0O

ooooO,0b0bb00o0o00oob0bboooobobbbooooooob. booooo
000000 C++0000000000000000,sray0000000000O00OO
000000000, 000BA0D0D0D0N00N0U00N0N0N00N0D000U0UooUoOoO
o, 0bodboboo,0boobbobboobooobooboboobo,boooo
0000000000000 00O00oOD0o0ooO00DoD0o0nD. 00000 LinuxOOO
0000 Pentium IT 450MHz, 000 256MB0O PCOOO. 00O0O0O0O0O0O0OO,O
000000 SPbOO0OD0OOOOO. OOOO SPDOOOOOODO 3.130,000
mount 0O O0OOOO JENKINS_HASHOOODOO. O0O,0000000000000
ooboobooooo.

e OO DOOIOODODODOOODOO (IMD):
s=3,n=1,000,l=4 (000 500). balls, gears, trees0 0000 ¢t =0.5
000 20000000000000,000000000¢t=10000 100
0o00ddo0oooobooooooo. oogdoboooobooooooooooon
O0000000,0000 ballsOO 3,rings00 400 50000000.

e2000000 (330):
R, =256, R, = 4.

000000, 0000000000 (50,000,0000/6GBO0)00000OO0OOO
0.0dIDd20000000—000000000000000O0O00O0O (S),00
0000000000 (G),00000000D000O0ODO0OOoOoDo0D B)——0OOO
00000000000 00000000000000. D0o0o0oo0oo00000 13310
oooobooobobbooobbo,0ogob0booobobboooooboooooo
00,20000000000000O00DO.

0o00oo0o0o0,00 S+GO 18800 23000000000000O0OODOODOOOO.
oo0ooo0ooo,0oo0doodooooo0ooooogoooooo. ooooo, B
000000000000 0DO000o00ooo0oDoO0oO,Bo0ooooooOoooooag
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04.1 00O 50,000,00000000000000000
ooo 000 (MB) 0000 | 0000 | S+G  S+G+B
balls6 597,872 28 0:00:33 | 0:05:23 | 1.11 113 (1.02)
balls7 5,380,841 251 0:04:45 | 0:14:18 | 1.48 1.57  (1.06)
balls8 48,427,562 2,263  0:44:50 | 1:17:16 | 1.88 2.00 (1.07)
gears18 851,473 107 0:03:09 | 0:06:12 | 1.28 1.34  (1.05)
gears49 17,176,755 2,167  1:03:28 | 0:37:36 | 1.97 2.40 (1.21)
gears61 33,139,227 4,181 2:02:32 | 1:03:58 | 1.88 2.57  (1.37)
gears69 47,962,315 6,051  2:57:17 | 1:27:21 | 1.96 2.90 (1.48)
mount9 524,292 49 0:01:08 | 0:04:53 | 1.27 1.34  (1.06)
mount10 2,097,156 194 0:04:32 | 0:10:41 | 1.64 1.86 (1.13)
mount11 8,388,612 776 0:18:06 | 0:28:45 | 2.12 2.67 (1.26)
mount12 | 33,554,436 3,104  1:12:11 | 1:23:15 | 2.14 3.06  (1.43)
rings36 972,361 86  0:01:29 | 0:08:46 | 1.27 151 (1.19)
rings94 16,877,701 1,499  0:26:21 | 1:01:11 | 1.85 3.07  (1.65)
rings118 | 33,279,541 2,055  0:52:10 | 1:42:10 | 1.83 3.62  (1.98)
rings135 | 49,755,601 4,418  1:18:12 | 2:31:03 | 1.70 4.48 (2.63)
teapot124 998,448 126 0:03:45 | 0:06:24 | 1.58 1.70  (1.08)
teapot516 | 17,302,512 2,189  1:05:13 | 0:52:49 | 2.22 2.58  (1.17)
teapot719 | 33,596,713 4,250  2:06:42 | 1:25:21 | 1.99 2.57  (1.29)
teapot877 | 49,986,369 6,323  3:08:32 | 1:53:10 | 2.00 2.58  (1.29)
tetra9 262,144 24 0:00:33 | 0:01:03 | 1.22 124 (1.02)
tetral0 1,048,576 97  0:02:13 | 0:01:52 | 1.52 1.60  (1.05)
tetrall 4,194,304 388 0:08:53 | 0:05:23 | 2.02 2.19  (1.09)
tetral2 16,777,216 1,552 0:35:32 | 0:17:37 | 2.30 2.53  (1.10)
treel? 524,287 47 0:00:42 | 0:03:53 | 1.05 1.04 (0.99)
treel9 2,097,151 186 0:02:55 | 0:05:17 | 1.14 1.14  (0.99)
tree21 8,388,607 744 0:11:42 | 0:09:44 | 1.31 1.31  (1.00)
tree23 33,554,431 2,880  0:46:30 | 0:25:12 | 1.38 1.39  (1.00)

l10000000000000000Q00UO00OUOd. ‘D00R0’o SpboOODODOOO
ojoooooooooOoUoDo0oO, ‘Doboc’gopooooooooUoooooo
(0D0:0:0)000. D0 200 ‘0000’0 000O00O0O0OO0OOOOOD. DOO,
gooooooOoOoOOOOO0OO,00000000O00. ‘SO0 ‘0U0DOoUOooooo
ooooooooo’o, ‘G0 ‘00000000 UUUOn’o, ‘B0 ‘0oooooo
oooooboooooooo’ooo. ‘S+G+B’00ooo, 000000000000
00000o0000. 000000, ‘S+G+B’0 ‘S+G’00000000oa0o.
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04.2 200000000000000

64/2 32/4
balls8 0.89  0.90
gears69 0.90 0.86
mount12 0.81 0.86
rings135 0.93 0.83
teapot877 | 0.89  0.92
tetral2 0.84 0.77
tree23 093 091

OFdIN0o00000,000000000000000000000. 0000000
gooooooooOobo0. ooboobooobooboobooobo128000. D000
00, ‘64/2°000 ‘32/402000000000,000000/000000000
0000 64/2000 32/400000000000.

O0000oo0oooooooOooooo. oooo, S+G+BO0o0oo0ooooooo, O
O000000oooooo 13900 448000000. 000,S+GOO00OODOOOOO
00090 0o00b0o0DO00obO00oOooU0oo,BOo0DbOO0O0oDOoO0OO,0DoOOd
goodoo0oboO0ooOOdOooU0oO0. oog,0b00o00obOO0oboooooOOoboooog
goooOo0o,0000boooooooooooogn.

0d4d0 0047 O000[d20,0000000000000000000O0O (O
0000000000000 000000D). 0400047000, 000000
0O00Oo00Odboo0oOOo0ooO0oOoU0ooO0OooO0obOOoO0ooOoooOooOooO,o0ooog
0000000000 b0o0obOo0obOo0obo0obUoboDb. gearsOOO00O0ODOODODO
0O00O000OdbOo0obOO00oocOdoOoU0oOo0OooO0bOOoOobo,0oogobooogoooog
OO0O0,00000000000DOo0oo00ooooobooOoooooDo.

000000000000000000000000000000000, 0dE200
OO00o0o00O0O20000000000000DOO00DOO0O0DOO0O0ODOObOOOO
OO0o0O0OoO00OO0oOO0. Oboodo,20000000000D00D00D0000 1100
1300000000000000000. 0000, b0boboboboboboooo
OO000000OoOOdOooOo0oooUobOoOooooooog.

000,0000000000000000. 0d3n000d400MdI0oooon
000000000000, 00,0480, 0000000000000 00000O0O
Ob0Od. 000, rings368 0 rings368m D OO OO0O0OO0OOOOOOO, rings368m O O
O00ooooo 000000000000 0000000. ODO,S+GO0O0O S+G+BO
goodooDOOdoOo,00b0o00o0o0b0obogo,0bdbooobooooooog
oooooooogooogo.



44 0000

4500

T
balls ——

balls- - o
4000 | e :

3500 e ,
3000 e i

2500 e i

seconds

2000

1500

1000

500

oL L L L L L
0 le+07 2e+07 3e+07 4e+07 5e+07

#objects

balls

1600

1400

1200

1000

800

seconds

600

400

200 b

0 1 1 1 1 1 1
0 1le+07 2e+07 3e+07 4e+07 5e+07

#objects

gears

ooooo00oo0o0oooo0oooooooo,“roo0oo00o0ooooooooog
o000 1280000000000000DOO.

044 O0DO0O0OOOOOOOODOOODOODOODO
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2000 T T T

1800

1600

1400

1200

seconds

1000

800

600

400

200

0 1 1 1 1
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