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Parallelization of Particle-based Simulations

TAKAHIRO HARADA,t MASAYUKI TANAKA," SEIICHI KOSHIZUKA'
and YOICHIRO KAWAGUCHI?

Since processors are shifting towards parallel architecture at the present time, it is impor-
tant to develop data-parallel algorithms to exploit their computational power. This paper
presents a parallelized real-time particle-based simulation method. Particle-based simulation
is accelerated by using Graphics Processing Units (GPUs) as a parallel computation platform.
With parallelized particle-based simulation, the number of particles which can be simulated
in real-time is increased by more than an order of magnitude. This paper also presents a
particle-based method to interact fluids and rigid bodies. Rigid bodies are represented by a
set of particles. The benefits of this method are not only low computational cost but also par-
allelism of its algorithm. By simulating fluids, rigid bodies and their interactions in real-time,
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we demonstrate the capability of the parallelized particle-based simulation.
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Fig.1 Real-time simulation of glasses and liquid. Glass tower is filled with liquid

and a glass is thrown onto the scene
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Fig.2 Particle representations.

5.2 00000
0000000000000 000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0ooo0oooooot@g
5.2.1 0O O O
00000000000000000000000
00000000000 0000000000000
000000000000000000000000
000000000000000000000000
00000000000000020000 ¢0 50
0000000000000 d0000000000
r;;] 0 d00D0DDOODOOOODOOOOOOO0 f,
0000000000 £, 000000
ri;
|ri;
fo =n(v; —vi) (19)
000 kOpO000000000000000000
000000000000000000000000
00000000000 ry=r;—r; 000 r;0r;
000 0; 00000000000
52.2 0O O O
00000000000000000000000
000000000000000000000000
ooooo

fo = —k(d — |ri;])

(18)

£, = —ulf,| (20)

Vi
[vi]
00000000000 (2000000000000
v 0000000000000000000000
v 0000000000000000000000
000 v, 00000000000000000000
f, = kv (21)
000000000000000000000000
00000 Lee and Herrmann 0 00000000
000000000000000000000000
000000000000%00000000000



Vol. 48 No. 11

gooooboooooooooooboooooooo
gobooooobobooobooooboooobooboooobooo
oooooooboobooooobo « ooooobo

£ rigia O
fi rigia = fs +fa + £ (22)
goooooo

6. OO0OO0OOOODOOO

00000000000 Carlson 00000000
000000000000000000000000
00Oo0O0D0O00'000000 0000000
00 £, 00000000000000000 (6)
0D (7)0ooo

fi,ﬁuid — fipress _|_ fim's (23)
oDooooon

0000000000000 0000000000
0 firiga 000000000 f . 0000000
000000000000000000000000
000000000000 00000D00000

Z (£3,rigia + £, fiuia) (24)
i€ RigidBody

00D00000000000000000 v, 00
000000000000000000000000
000000000000000000000000
oDooooon

Te= Y

i€ RigidBody
00oooooooooOooooooooOooooo
00o00o00o0o0DoU0oooOoooDOoooooon
00ooooooooooooooooooooon
00oooooooooooooooooooooo
ooo

F. =

r; X (£ rigia + fi fuia)  (25)

7. 0OoOoDOOo

00000000000 DO00D000D000D0O00
0000000000000 D0000000DO0D
000000000 000000D0D0D0D0ODO0000
0000000000000 »n0 20000000
000000000000000000000000
000000000000000000000000
0000000000000000000000000
0ooo0®®o0o00000000000n0o0oo
0000000000000 00000000000
0000000D000D000D00000000000
00000000000 D000000000D0O0D
00000000000 D000D00DOO0O0DOO0n

goooooooooooooooo 3561

goboooooooooobooocoOoooooobooo
gbooooobooobobooobobob n0OOOO
goboooooooobooooooboobooooon 1
gobooooooooooboooboooooobooboboo
goboooooooooboooooboobooooolo
goooobooooooo4b00000

8. GPUOOODOOOOO

000000000000 0D00D00000000
0D0D00000000D00D00000000000
0000000000 GPUDOODOOODDOOD
0000000000000000000000000
000000 GPUDOOOOOODOOOOOOODO
000000000000000000000000
000000000000000000000000
00000000 GPUODODOODOODDOOOD
0000000000000 D00D000000000n
0oo0O0000DO0O0o0Oog

8.1 DOODO
GPUDDOOOODOOOOODODOOODDOO
00D0000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000 00000000000
0000000000000 00000000000
00000000001 0000000000000
000000000000000000000000
0D0000000D000000D000000000
000000000000 000000000000
0000000000000D00000000000
0000000000000D00000000000
0000000D00000000 10000010
00000000000000000 1000010
010000000000000000000000
0000000000000 000000000nODn
0D0000000000000000000000
0000000000000 DOO00D00O00 300
0000000GPUD 3000000000000
ODO000O00Haris 00000000 200000
000000 100000000000000000
00*0o0000000000000 100100
ooooooooo

8.2 O00OODOO

0000000000 0000000000000
000000000000000000000000
00000000000 000D000000D 10



3562 ooooooooo

gboobooboboobooboobooobooboo 1000
goooboooocoooooooboooooooooo
gooobooooooooboobobooonoooo
goooboooooooooooooooooooo
ooooOoOoO0Ooo GgeUOOOOODODOOOOOO
gooooooooboobooooobooboooooo
goooobooobooooooooboooooobooo
000000000 GpUOOOODOOOOOOOO
gooobobooooooboooobooooooooo
goooooboobooooooooooooooooo
gooobooooooooooboooooooooo
goboooobooooboocoooo

ooo0o00 sO00OOOOODODOOOOOCODOO
00 0040 000000000000000

0000 0000000000000 RedOGreend

BlueO Alphall RGBAOOOOOOOOOOOOOO
gobobooob4000000000DODOO
oooooooooboooooobOooboOooooo
goooooboooooooooooooooooo
goooobooooooooooooooobooooo
goooooooooooooooocooooooo
oo

100000 0ROOOOCOOOOOODODOO

iwOO00000O0O00O0o0o0oooooooooooon
goooobooooooooobooooooooooo
goooobooooooooooobooooooobo
goooooog s ooooooooboobobDb20
0000 4 0GOOO0O00OOO0O00OOOOooOoo
ooOooooboOo0ooooOO0o0oboc RrROOOOOOOOO
Ooo0ooooOo0o0o0ooOooOo0o0 ROOOOODOOO
gobooooboooobooloboooobooooon
gooooooooooooooooooooooo
goboooooob oooboooboooboboon
gobOoooOooooooooobooOoooD 300

goboobboobbeL0 00000000000

goobooooooobboooooooboooooooo
gooooboooooooooooooooooo
gooooooooboboooooo1goooooon
gdoobobooooooobooobooooooooo
goool1ooooooooocoooooooooon
goboooooo o Oooooooocoooboooo
00000000000 GoOOooOoOooooO o 0
gooboooooooo3booobo40000000
oo20000000000000DO0O0OC0O00O0DAO
300000 RGOOOOD400000 RGBOO

gobooobooobooobooooboooobog

Nov. 2007

000000000000000000000000
00000000000000000000000
8.3 00000D00O0ODO

8.3.1 0000000
00000000000000000000000
000000000000000000000000
000000:00000000000000000
0000000000000000000000000
000000000000000000000 (4)0
000000000D000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000 (6)00 (7)000000000000000
000000000000000

8.3.2 000O0OOO
00000000000D000000000000
000000000D000000000000000
000000000D000000000000000
000000000000000000000000
0000000000000000000

8.4 00000D000ODO

8.4.1 000D000O0OOODOO
0000000000000 (8)00000000
000000000000000000000000
00000000000 (11)0000000000
00000000000D0000000000000
000000D0000D0000 ¢ 00000000
000000000000000000000000
oooo

8.4.2 000D000O0DOOODOO
00000000000 (10)000000000
0000000000000000000 (17)00
000000000000000000000000
0000000000000000000000000
000000000000000000000000
000000000D00000

9. U u

OOOoQO Core 2 X6800 CPUD2.0GBOOOOO
GeForce 8300GTX O ODODOO PCOOOOODOOO
00000 C++0OpenGLO C for Graphics 0 0O 0O
Jooo0ooooooooooooooooooon
goobodooooooboboboobobooboboooood
goobooooooobooboboboooooooooa



Vol. 48 No. 11

03 4096 000000000000000000000O0

Fig.3 Real-time simulation of 4,096 chess pieces.

04 2,731000000000000000000000

Fig.4 Real-time simulation of 2,731 toruses.
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01 0D0o00OOoo0obDOoooooon
Table 1 Number of rigid particles and frame rates.

Number of particles FPS
Figure 3 16,384  133.3
Figure 4 16,384  193.7

02 J000O0OO0oDOOobOOoboOooboo
Table 2 Number of chess pieces and frame rates.

Number of particles FPS

256 | 636.9
1,024 | 355.9
4,096 | 133.3

16,384 40.7

03 CPUOODODDDOOtime ()00 GPUOOODODODO
Otime (b)DO OO0
Table 3 Simulation time on CPU (time (a)) and on GPU
(time (b)) in milliseconds.

Number of chess pieces | Time(a) Time(b)
1,024 12.5 1.41
4,096 51.8 2.81
16,384 195.1 7.96
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05 0D00000D000DO0O0O0O00O00O000O0000O000O 050102000
Fig.5 A liquid and a rigid body are in a channel. Relative densities of rigid

bodies to the liquid are 0.5, 1 and 2, respectively.

06 26000000000000000000
Fig.6 256 Chess pieces and balls of liquid are dropped into a tank.

07 100000000000COOO
Fig.7 Liquid is poured into a glass.
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08 O0O0OOOO0oOO0oOOooOoOoOooOO1000000000DOO0DBO00O
Fig.8 Liqid is poured into a tank. Axes of paddles are fixed in the space.

o9 OO0
Fig.9 A wave and ships.

04 O000D0OOOOODOO
Table 4 Number of fluid particles and frame rates.

Number of particles FPS
Figure 1 49,153 17.1
Figure 5 8,193 91.3
Figure 6 64,512 16.2
Figure 7 12,289 75.2
Figure 8 64,512 15.2
Figure 9 245,760 3.85
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