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Beside natural phenomena, granular materials often appear in 

machines as toners in laser printers, pharmaceutical tablets in 

formulation processes, suspension flows in chemical plants, 

and so on. Granular materials sometimes behave as a liquid and 

sometimes behave as a solid. 

 There is a lot of demand for studying granular 

materials by computer simulation. In the commonly used DEM 

(Discrete Element Method), spring and friction forces work 

only among particles that are in contact. Since the number 

of contact interactions with a particle is small, the cost of the 

memory access is greater than that of floating-point operation 

in interaction calculation. On the other hand, MD (molecular 

dynamics) or astrophysics N-Body problems are similar types of 

particle simulations; however, the cost of floating-point operation 

is quite dominant due to their long-range interactions.

 There are few studies on large-scale granular 

simulations because the computational cost proportionally 

increases with increasing number of particles. When we want to 

simulate granular materials in a spoon of sugar, there are more 

than 1 million sugar grains, and the computational cost becomes 

quite large. Although coarse-graining models have been 

developed to reduce the particle number, it is very meaningful 

to carry out DEM simulations with realistic-sized particles for 

quantitative analyses. Recent supercomputers perform well 

enough to carry out granular simulations using the real particle 

number. Almost all supercomputers consist of multiple nodes, 

each node has a few processors with or without accelerators such 

as the GPU (graphics processing unit), and are interconnected by 

high-speed networks. Large-scale DEM simulations have to run 

efficiently on the memory-distributed system of supercomputers.

Recent GPUs have more than 2,000 processing cores (CUDA 

cores) on a single chip. Fine-grain parallelization and multi-

thread programming are required to have high performance, 

and we have to take into consideration the hierarchical structure 

and the limited size of the memory. In the GPU implementation 

of our code, we use the CUDA programming framework given 

by NVIDIA. 

 In the DEM, the particle interaction is modeled as a 

spring and a dumping force proportional to the penetration 

depth and the relative velocity of the two particles in contact 

with each other in the normal direction. In the tangential 

direction, friction is also taken into account as shown in Fig. 1.

 The computational cost of the DEM is proportional 

to the number of particles. We divide the particles into groups 

with the same number of particles. If we divide the particles 

by the numbers initially assigned to them, unacceptable data 

communication among nodes will occur. It is natural to apply 

spatial domain decomposition to the DEM simulation since 

the particles interact by being in contact with each other. 

Unfortunately, since granular material changes its particle 

distribution in time and space, we do not keep the same particle 

number in each subdomain with static domain decomposition. 

Therefore, it is necessary to introduce a dynamic load balance.

 The GPU has the advantages of high performance 

for floating-point operation and wide memory bandwidth. 

We have to use the device memory on the GPU board, so the 

communication cost among the device memory becomes large. 

This makes large-scale DEM simulations more difficult on GPU 

supercomputers.

Introduction 1

DEM computation on GPU 2

Large-scale DEM Simulations 
for Granular Dynamics

Granular materials such as sands and powders sometimes play important roles in science and engineering. In the numerical 
method DEM (discrete element method), the collisions between granular particles are described as classical spring force and 
friction force models. Particle simulations using the DEM have been commonly applied to study granular materials. Even 
in a spoon of sugar, there are more than 1 million grains. A large number of particles have to be used to simulate granular 
materials. Although coarse-graining models have been developed to reduce the particle number, it is quite meaningful to 
carry out DEM simulations with realistic-sized particles for quantitative granular analyses. Recent supercomputers perform 
well enough to carry out such granular simulations. Since granular material changes its particle distribution in time and space, 
it is necessary to introduce a dynamic load balance in spite of the large computation overhead. After developing several 
numerical methods for GPU implementation, we have succeeded in carrying out practical DEM applications using over 10 
million particles. A golf bunker shot simulation demonstrates quite realistic results.

Satori Tsuzuki   Seiya Watanabe   Takayuki Aoki
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 The equation of translational motion is described 

in classical mechanics in Eq. (1), and the right-hand side is the 

contribution from all the particles in contact.

where xi is the position of the i -th particle and xij is the penetration 

depth between the i -th and j -th particles. The notations k and γ

are the spring constant and dumping coefficient, respectively. 

In rotational motion, similar equations for the angular velocities 

with torques are solved, and the particle positions and velocities 

are updated by time integration with the leap-frog scheme or 

the Runge-Kutta method.

 All the dependent variables of particles are allocated 

to the device memory (so called “global memory” in CUDA 

programming). In the thread assignment for CUDA cores, one 

thread computes one particle motion by solving Eq. (1). 

 It is quite inefficient to make judgments on whether 

particles are in contact for all the particles. Neighbor-particle 

lists are commonly used to reduce the cost to find the particles 

in contact; however, the amount of memory needed to save the 

list in the cell often becomes a severe problem in large-scale 

simulations.

 The linked-list method is a candidate to reduce the 

memory use as shown in Fig. 2 [1][2]. Each particle has a memory 

pointer referring to the next particle in the same cell. Using chain 

access we can reduce the memory usage to 1/8.

Large-scale DEM Simulations for Granular Dynamics

Fig. 1   DEM computational model.

Fig. 2   Neighbor particle search using linked-list  
 method on GPU.

Fig. 3   Dynamic load balance based on 
 two-dimensional slice-grid method.

In large-scale DEM simulations requiring a lot of GPUs, the 

computational domain is decomposed into subdomains. A GPU 

is assigned to each subdomain and computes particles located 

in the subdomain. Since particle distributions change in time 

and space, static domain decomposition does not keep the same 

number of particles in each subdomain. The slice-grid method [3] 

is introduced to maintain equal numbers of particles to keep 

the memory usage equal and the computational load balance 

among GPUs. Figure 3 illustrates that the vertical boundaries of 

the subdomains move first to keep the vertical load balance of 

the horizontal subdomain group, and the horizontal boundaries 

of the subdomains move individually next.

 To determine the moving distance of the previous 

subdomain boundary, we have to count the particles located 

near the boundary. We propose an efficient way to find near-

boundary particles on “global memory” without copying the 

particle data to the host CPU memory. The subdomain is divided 

with a proper space       , as shown in Fig. 4, and we count the 

particle number within the       space by means of the Thrust 

library. The particles in the neighbor subdomain after moving 

the boundary are transferred there through the PCI-Express bus. 

When the neighbor subdomain is allocated to a different node, 

the data transfer includes the node-to-node communication by 

the MPI library.

Multi-GPU DEM simulation using 
Dynamic Load Balance 3
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Fig. 4   Particle counting and boundary 
 moving on GPU.

Fig. 6   Agitation simulation using 4,120,000 
 particles on 64 GPUs.

Fig. 5   Defragmentation of particle data 
 on GPU device memory.

We examined the performance of our DEM simulation on the 

TSUBAME 2.5 supercomputer with GPUs (NVIDIA Tesla K20X) with 

the dynamic load balance based on the 2-dimensional slice-grid 

method. The scalabilities are studied for the agitation simulation 

shown in Fig. 6 in the range of 2 M (million) to 1.0 billion particles.

 In Fig. 7, the vertical axis indicates the performance 

defined as the particle number divided by the elapsed time. The 

solid lines indicate strong scalability with 2M (2 million), 16M, 

and 129M particles, respectively. The square symbols show the 

results with 2M particles using 4 to 64 GPUs, the triangles denote 

16M particles using 32 to 256 GPUs, and the cross marks are with 

129M particles using 256 to 512 GPUs. According to Fig. 7, the 

performances keep improving in proportion to the number of 

GPUs with 8 to 16-fold and become sluggish with more than 

16 GPUs when using 2M particles.

 We study the weak scalability by comparing the 

performances for 2M, 16M, and 129M particles using 4 GPUs, 

32 GPUs, and 256 GPUs, respectively. It was found that the 

weak scalability was degraded from the ideal dashed line with 

increasing GPU number. Some subdomains have shapes with 

high-aspect ratio and particles move across the boundary easily, 

so the amount of data communication increases and the total 

performance becomes worse. It is meaningful that we succeeded 

in a large-scale DEM simulation with 129M particles on 512 GPUs 

regardless of low parallel efficiency.

Strong and Weak scalabilities on 
TSUBAME 2.5 4

 Frequent data transfer of particles among subdomains 

causes fragmentation of the GPU memory, which degrades 

the access performance and memory usage. In Fig.  5, a 

defragmentation should be executed with a proper frequency in 

spite of the overhead of data movement to the host memory.
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Fig. 7   Scalabilities of DEM simulation on 
 TSUBAME 2.5.

Fig.9   Conveyor simulation using 4,330,000 
 particles on 64 GPUs.

Fig.10   Sand simulation on spiral slider using 
 4,160,000 particles on 32 GPUs.

To solve the problems when interacting with complex shapes 

of objects, the contact judgment is easily done by introducing 

the signed-distance function from the object surface. When 

we have the CAD data of the object, we have the distance from 

the object surface at the particle positions instead of having to 

calculate the minimum distance from all the polygons of the 

CAD data, as shown in Fig. 8[4].

Application to practical problems 5

 As a typical simulation of granular structure 

interaction, we apply our code to a simulation for a golf bunker 

shot that had been studied by 2-dimensional simulation in 

previous studies [5] due to the computational cost. We have 

successfully performed a 3-dimensional DEM simulation by 

using 16.7M particles with a realistic particle size on 64 GPUs of 

TSUBAME 2.5, which has never been done before. To have the 

initial condition called “eye-ball”, we carried out a simulation of a 

golf ball falling on the sand in advance. We determine the swing 

path of the sand wedge by using a model based on a rotational 

or double pendulum. The swinging speed of the sand wedge 

is 5.0 m/s at the head edge. Figure 11 shows a snapshot of the 

simulation with 0.4-mm particles representing typical silica sand. 

The golf ball is pushed by the sand without the iron head of the 

sand wedge hitting it.

 Figure 9 shows the simulation for a granular conveyor 

with 4,330,000 particles on 64 GPUs. The sand sliding down on 

the spiral structure is demonstrated with 4,160,000 particles on 

32 GPUs, as shown in Fig. 10.

Fig. 8   Representation of object shape using 
 Level Set method.

Large-scale DEM Simulations for Granular Dynamics
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Fig.11   Golf bunker shot with 16.7M particles on 64 GPUs.

Fig.12   Tetrahedral non-spherical particle.

Real granular particles are not spherical. Using the model of 

non-spherical particles, we can conduct more realistic granular 

simulations [6]. It requires much higher computational cost and 

larger memory even if we use a simple model in which several 

spherical particles are rigidly connected. We carried out a large-

scale simulation for a foot stamp using 405,000 tetrapod-shaped 

particles that consist of the same four spherical particles located 

at the vertex of a tetrahedron as shown in Fig. 12.

 The numerical results are shown in Fig. 13 in 

comparison with using spherical particles. The footprint with 

the tetrahedral particles is clearly visible, and the shear friction is 

enhanced due to the inter-locking among tetrahedral particles.

DEM simulations using Non-spherical 
particles 6
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（a）   Using spherical particles

（b）   Using tetrahedral non-spherical particles

By introducing a dynamic load balance, we successfully 

performed large-scale DEM simulations with a maximum of 

129M particles on a GPU supercomputer, TSUBAME 2.5. The 

two-dimensional slice-grid method works well as a dynamic 

domain decomposition to keep equal memory consumption and 

computational load balance.

 We applied the simulation code to several practical 

problems including a golf bunker shot, and the scalabilities were 

also examined. In addition, it is found that we can conduct more 

realistic granular simulations by using non-spherical particles.

Conclusion 7

Fig.13   Foot stamp simulations.
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