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Abstract: In particle simulations based on Distinct Element Method (DEM) modeled by contact interaction
forces, the computational performance on GPU strongly depends on the implementation of the neighbor-
particle searching method. We study four kinds of methods: linked-list method, hash method, book-keeping
method with a linked-list method, book-keeping method with a hash method. A benchmark test of 3-
dimentional dam breaking problem is carried out by changing the particle number from 512 to 8,388,608
particles to examine the performances and the memory usages. The book-keeping method with a linked-list
method is the fastest among the four methods, because it is possible to make the neighbor-particle list without
non-contacting particles by using the book-keeping method and results in reducing the number of distance
calculations. The amount of memory used in the hash method is the lowest and we choose it when the size
of GPU device memory is small. However the book-keeping method with a linked-list method uses only 1.18
times the memory of the hash method. When the number of particles is lower than 100,000 particles, all the
neighbor-particle searching methods show low performances and it is found that particle simulations based
on DEM has advantages for large-scale problems by using GPU computing.
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Fig. 1 DEM interaction model.
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Fig. 2 Neighboring cell list.
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Fig. 3 Neighboring cell list using linked-list method.
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Fig. 4 Neighboring cell list using hash method.
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Fig. 6 Combination method of book-keeping method with

neighboring cell list.
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Table 1 Physical condition.
Particle diameter [m] 2.0 x 1073
Particle mass [kg] 1.0 x 1073
Spring constant (Normal) [N/m] 4.0 x 10°
Spring constant (Tangential) [N/m] 1.6 x 103
Damping coefficient (Normal) [Ns/m] 0.4
Damping coefficient (Tangential)  [Ns/m] 0.25
Coefficient of friction [-] 0.3
Discrete time [s] 5.0 x 1076

ATy T 2 eiE, LIFLIEA ="~y FIZh 50T,
R LTI 52H TRY &) IS TFYIEOHEE % A
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Vo PREEREET L. EHEY A FOERIE, 1ALy R
WIRTZFETLAL Y FiEFHL 2479 .

5. ZMERBFEDMERELLE

5.1 MEELEEICAHVAMBENRTE

BAEYER T2 FE¥ L2 DEM M0 7a 75 4T,
512 Ml 2 & 8,388,608 Ml DK & & D L WEKIEOK T %
WS AREEREICNT A Y I 2 L= 3 v EITW, B
Rz ey 5. FELWIH St LRt SR 1, & 2
ZRT.

KWTOWHEEIZEBECTH D, FEMIEEIZIE Leap-frog
Fr VD, KBS0 A N OWEHEE T
BINTA—=% ald 0051252 L, HE) A MEERT S
PRI FERED 105 fETH D, EHE A ORFIOK
E3F, BRTDR2MEORTDA ¥ T v 7 A%REMTE
AWML TWA, ¥TH 4 X, WTsiEzHvin
LA IR TERLEEL L, NTBREE V55130
DA DAY B (R EED 1.05 f5) &8 L e
L7z,

X 7 1287 &9 ICRIREIROIRC & 2 fisET o MR T
BEAZRET D, ¥ LD TEEIX, FHEEsE 5E
T LA SRRV LS LCRFFEE L,
K2DFLORESORMBK T HHET ST, BE
THEITRIE T2 DTH 5. FHEHEEO ©, y HI
DY A X%, WK FERED ©, y FHOYF A4 XD 44512
BRETSH. B 8 ITMPREDLS 10 HAT v THO T L
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A

Table 2 Calculational condition.

Number of particles Size of dam [m?]

Number of cells

(without book-keeping method)

Number of cells

(using book-keeping method)

512 0.004 x 0.004 x 0.256
2,048 0.008 x 0.008 x 0.256
8,192 0.016 x 0.016 x 0.256
32,768 0.032 x 0.032 x 0.256

131,072 0.064 x 0.064 x 0.256
524,288 0.128 x 0.128 x 0.256
2,097,152 0.256 x 0.256 x 0.256
8,388,608 0.512 x 0.512 x 0.256

129 x 129 x 151

257 x 257 x 151

513 x 513 x 151
1,025 x 1,025 x 151

9 x9x151 8 x 8 x 143
17 x 17 x 151 16 x 16 x 143
33 x 33 x 151 31 x 31 x 143
65 x 65 x 151 61 x 61 x 143

122 x 122 x 143
244 x 244 x 143
488 x 488 x 143
976 x 976 x 143

7 AR EIEE Ok 15k 8,388,608)
Fig. 7 A initial condition of braking dam for a performance
test (Number of particles 8,388,608).

8 10 JJAT v TalHitho 5 L0kt (k1% 8,388,608)
Fig. 8 A simulation result of breaking dam simulation at
100,000 steps (Number of particles 8,388,608).
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K WHEOHERE AT v 7179 2 & T, KM
VEF DEFHEZ D H A & 1,129.66 #5725 887.84 #1244
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R 3 BTERER R4y B 0 1L A AR
Table 3 Dependence of computation time on frequency of particle data relocation.
frequency of data relocation interaction [s]  data relocation [s] hash [s] time integration [s]  total [s]
without data relocation 1,129.66 151.17 14.05 1,298.22
every 1 time step 887.84 1,201.50 147.06 14.01 2,254.97
every 100 time steps 900.42 12.24 150.62 14.12 1,080.91
every 300 time steps 909.03 4.10 146.78 14.06 1,077.30
every 1,000 time steps 921.40 1.24 147.00 14.03 1,086.89

4 A A MEENY V2 B ORI
Table 4 Computation time of linked-list method and hash method.

linked-list method hash method
number of particles | total [s]  linked-list [s] ratio | total [s] hash [s]  ratio
512 69.72 6.80 0.098 105.42 43.90 0.416
2,048 78.44 7.38 0.094 143.15 62.99 0.440
8,192 81.05 7.13 0.088 156.36 78.18 0.500
32,768 236.38 8.70 0.037 321.11 81.69 0.254
131,072 812.81 15.53 0.019 986.84 150.28 0.152
524,288 3,230.36 42.68 0.013 | 3,637.28 292.37 0.080
2,097,152 13,220.62 151.42 0.011 14,368.74 665.74 0.046
8,388,608 53,383.79 583.70 0.011 | 57,463.59  2,205.29 0.038
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Fig. 9 Computation time of each neighbor-particle searching

method.
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Fig. 10 Performance of each neighbor-particle searching

method.
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Table 5 Size of memory usage in each neighbor-particle searching method.

particle data

data relocation

linked-list 2,516.6 503.3
hash 2,516.6 436.2
book-keeping + linked-list 2,516.6 503.3
book-keeping + hash 2,516.6 436.2

hash  linked-list  book-keeping total
— 668.1 — 2,516.6 +1,171.4
701.7 — — 2,516.6 + 1,137.9
— 578.4 436.2 2,516.6 + 1,518.0
612.0 — 436.2 2,516.6 + 1,484.4
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