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Abstract We present a hybrid GPU-CPU implementa-
tion of an accurate discrete element model for a system of
ellipsoids. The ellipsoids have three translational degrees of
freedom, their rotational motion being described through
quaternions and the contact interaction between two ellip-
soids is described by a force which accounts for the elastic
and dissipative interactions. Further we combine the exact
derivation of contact points between ellipsoids (Wang et al.
in Computing 72(1-2):235-246, 2004) with the advantages
of the GPU-NVIDIA parallelization strategy (Owens et al. in
Comput Graph Forum 26:80-113,2007). This novelty makes
the analytical algorithm computationally feasible when deal-
ing with several thousands of particles. As a benchmark, we
simulate a granular gas of frictionless ellipsoids identifying
a classical homogeneous cooling state for ellipsoids. For low
dissipative systems, the behavior of the granular temperature
indicates that the cooling dynamics is governed by the elon-
gation of the ellipsoids and the restitution coefficient. Our
outcomes comply with the statistical mechanical laws and
the results are in agreement with previous findings for hard
ellipsoids (Bereolos et al. in J Chem Phys 99:6087, 1993;
Villemot and Talbot in Granul Matter 14:91-97,2012). Addi-
tionally, new insight is provided namely suggesting that the
mean field description of the cooling dynamics of elongated
particles is conditioned by the particle shape and the degree
of energy equipartition.
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1 Introduction

Computer simulations facilitate the mathematical modeling
of many systems in physics and engineering. In such numer-
ical algorithms the physical problem is often reduced to
a system of differential equations which cannot be solved
analytically [4]. Implementing these algorithms has a com-
putational time-cost that for many complex problems is not
feasible. Therefore, in recent years several parallelization
strategies have been developed [1,5,6].

One common option for parallelization is the so-called
message passing interface (MPI), which is a standard-
ized communication protocol which is used to coordinate
many processes mapped on different nodes. MPI provides
a language-specific syntax allowing the process to synchro-
nize and communicate [5]. Although MPI can produce good
benchmarks, there are huge differences between serial and
parallel implementation of the same algorithm, due to one has
to deal explicitly with the message passing. A more imme-
diate option is Open Multi-Processing (OpenMP), which is
an application program interface (API) consisting in a set of
compiler directives, libraries and environment variables that
notably improve the run-time benchmarks [6].

In the last years, graphics processing units (GPUs) have
experienced a huge increase in number of cores and flip-
flop rate to improve the rendering of more realistic video
games. Moreover, GPUs are also becoming a powerful tool
in many scientific projects because of its high computing
throughput and memory bandwidth [7]. In this way, general-
purpose computation on graphics hardware (GPGPU) [1,8,9]
has become a promising alternative for parallel computing on
clusters or supercomputers.

One important field in physics where parallel computing
and efficient algorithms are required, due to its computational
demands, is granular matter. Discrete element modeling
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(DEM) is widely accepted as an effective method in address-
ing physical and engineering problems concerning dense
granular media [10]. Using DEM, particle shapes have
been numerically identified from digitized images [11], rep-
resented either by superquadrics [12], polygons [13-15],
ellipsoids [16-22], spheropolygons or spheropolyhedra [23]
or by clumps of disks or spheres [24]. Moreover, advanced
models that consider contact geometry and particle geometry
have been developed by combining DEM with finite element
formulations [25].

Nevertheless, the main disadvantages of DEM algorithms
are the maximum number of particles and the computing time
of the simulation. When examining spherical particles the
contact search is the most time consuming part of the com-
putation. Moreover, the computing time in notably enhanced
when determining the interaction of non-spherical particles
like ellipsoids, whose mathematically rigorous treatment is
notably non-trivial [26,27].

In the past, exact methods of contact detection for ellip-
soids based on algebraic conditions have been proposed
[26,27]. However, those procedures generally involve the
solution of characteristic polynomial equations, which made
them infeasible for most applications, where thousands of
particles are modeled. Thus, to achieve fast execution time,
a number of approximated contact detection algorithms
have been developed [16-19,22]. For instance, intersection
strategies [16], curvature simplifications [17] and geometric
potential algorithms, have been introduced [19]. In general,
those approximations have captured interlocking, the resis-
tance to rolling; and have reproduced realistic statistics of
orientation and stress transmission.

In the present work, we present a step forward in the
development of such algorithms. Namely, we introduce an
analytical description of an arbitrary number of polydis-
perse ellipsoids, which is computationally feasible, fast and
accurate. Given the algebraic complexity of the interac-
tion problem and its computational cost, we have taken
advantage of the GPU-NVIDIA architecture [1] as a par-
allelization strategy. To validate the accuracy of the hybrid
CPU-GPU algorithm, we have examined the free cooling
process of a granular gas of frictionless ellipsoids, comparing
our results with previous works, where other methodologies
are used.

The paper is organized as follows: in Sect. 2 we describe
the specific DEM, reviewing the algebraic conditions, which
are later involved explaining the contact detection proce-
dure. In Sect. 3 the implementation on GPU architecture is
detailed. The homogeneous cooling state of a system of non-
friction ellipsoids (Sect. 4) is then used to validate our GPU
implementation, namely showing several situations where
our implementation reproduces previous results in the litera-
ture. At the end, the conclusions and outlooks are presented
in Sect. 5.
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Fig. 1 Sketch of an ellipsoid, defined by the semi-axis lengths a, b
and c, the center of mass (xg, yo, z0) and ¢ = [qo, 91, g2, q3] 18 its
quaternion (see text)

2 DEM model for ellipsoids
2.1 Relative position between two ellipsoids

An ellipsoid is a geometric object enclosed in a quadratic
surface. The algebraic description of an ellipsoid centered at
the origin and aligned with the axes in the three-dimensional
Euclidean space is given by:
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where the positive numbers a, b and c are the lengths of the
three semi-axis, as it is shown in Fig. 1. For convenience, we
then introduce a scale factor WV such that a = ag)V, b =
boWV and ¢ = coWV, which reduces Eq. (1) to
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Therefore, we embed the three-dimensional Euclidean

space in a four-dimensional space, rewriting Eq. (2) in the
form

xsxT =0 3)

where X = (x,y,z,1) and
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More generally, an arbitrarily oriented ellipsoid centered
at (xo, Yo, zo) (see Fig. 1) is defined by a quadratic expression
with the form of
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aox® +ary? + a2z + a3xy + aaxz + asyz
+ a6x o7y +agz +ag =0 ©)

where «; are constants that are determined from the matrix
representation of a general ellipsoid, namely

xax!’ =0 (6)
with
A=TRSRTTT )

where T and R are the translational and rotational matrices,
respectively. The more general form in Eq. (6) considers the
ellipsoid in homogeneous coordinates.

The translational matrix is defined by

- o O

1 0
0 1
T= 0 0

0
0
0 ®)
1

—X0 —Yo —Z0

and defines the translation of the center of mass from the
origin to the point (xo, yo, z0)-

For the rotational matrix, instead of the common defin-
ition through trigonometric functions of the Euler angles,
we use quaternions [28]. The quaternion formalism char-
acterizes each ellipsoid by a four-dimensional vector g =
[q0. g1, g2, g3]- In such way that the rotational matrix reads

1-¢3-2q3  29192—2q093 2q193+2q0q2 O

_ | 2a192+29095  1-247 245 24243—290q1 O
2019329092  2q2q3+2q0q1  1-2q7—2q3 O

0 0 0 1

We have followed the formulation of Ref. [26,27], when
examining the relative position of two neighboring ellipsoids.
It is summarized next (see Fig. 2).

Let us consider the matrix representation of two ellipsoids,
XAXT =0and XBXT = 0.1t s a fact that when A and B
overlap, there is at least one vector X that satisfies both equa-
tions at the same time. Hence, a linear combination between
both equations establishes the eigenvalue problem [29],

[MA+B|=0 ©))

with A being the eigenvalue that solves Eq. (9).
Useful properties of Eq. (9) are the following ones:

P1 The characteristic equation Eq. (9) always has at least
two negative roots.

P2 The two ellipsoids are separated by a plane if and only if
the characteristic equation Eq. (9) has two distinct posi-
tive roots.

Fig. 2 Tetrahedron built with the eigenvectors [V, Vi, V2, V3] of
—A7'B

Since the characteristic equation in Eq. (9) is a polynomial
equation of degree four, we analyze the nature of the roots
of a general quartic equation with real coefficients

ax* +bxP +ex’+dx+e=0 (10)

which is determined by the sign of the discriminant for the
quartic equation, given by

A =256a%¢> — 192a’bde* — 128a%c*e?
+ 144a’cd*e — 27ad* + 144ab*ce®
— 6ab’d’e — 80abc*de + 18abed’ (11)
+ 16ac*e — dac3d* — 27b*e? + 18b°cde
— AP d — 4b* e + b*rd>.

Namely, when A < 0 the characteristic equation (Eq. (9)
has two complex conjugate roots and two real roots, whereas
when A > 0 one may get four real roots or two pairs of
complex conjugate roots. To distinguish between the two last
cases with A > 0, we inspect the auxiliary quantity for the
quartic solution P = 8ac — 3b>. If P < 0 (and A > 0)
all roots are real, otherwise there are two different pairs of
complex conjugate roots. Therefore, we conclude that two
ellipsoids are disjoint if their characteristic equation has four
real roots, two real positive and two real negative roots, and
this can be easily detected by evaluating A and P solely. If
A > 0 and P < 0 the ellipsoids are disjoint, otherwise they
are colliding.

According to Ref. [27], when two ellipsoids A and B are
disjoint, the four eigenvectors of —A~! B form the vertices of
a tetrahedron that is self-polar to both ellipsoids, see Fig. 2.
Furthermore, they also proved that two eigenvectors, V and
V) are located outside of both ellipsoids while V, and V3 are
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inside B and A, respectively. Thus, having the four spatial
positions V;, the separating plane is well defined by the three
(non-collinear) points, Vp, V; and the middle point between
Vs and V3, C = (V,+ V3)/2 . Details about the computation
of the contact point and the contact force for overlapping
ellipsoids will be shown in Sect. 3.2.

2.2 Equations of motion

In our DEM formulation, each particle i (i = 1...N) has
three translational degrees of freedom and their rotational
movements are described by the quaternion formalism [30—
32]. The translational motion of the particles is governed by
Newton’s Second Law of motion:

Ne

> Fij = mi (12)
j=1
with (i = 1, ..., N) for the translation degrees of freedom.

Complementarily, Euler equations describe the rotational
motion,

Ne¢

X _ X __ . X y z
ZTU =M; =Ly w; — (yy — I;) w; w;,
j=1
Ne¢

Y o_ oY .y 7 x
zfij =M; = Iy o — (I; = L) 0} o,
j=1
N

z _ Z __ 7 x Y
Zrl.j =M} =1, 0 — (Iyy — Iyy) 0 @ (13)
Jj=1

with N, the number of contacts of particle i, Iy, Iyy, I,
the eigenvalues of the moment of inertia tensor /;;, which
are given by I, = %m (b2 + cz), Iy = %m (a2 + c2) and
I.. = im (a® 4 b*), respectively. For sake of simplicity, we
consider homogeneous ellipsoids with a = ¢, then I, =
I.,. F;; is the force exerted by particle j on particle 7, and
T;; accounts for its corresponding torque. ; and @; are the
angular velocity and acceleration of particle i, respectively.
For frictionless ellipsoids there is not net torque acting on

the y angular direction ZNC 7. =0. Moreover, for I, = I,

j=1tij
and a)i} (0) = 0 there is not momentum interchange between
the angular degrees of freedom, resulting wly = 0. Hence, in
that conditions the rotational movement of our particles are

reduced to:

N,
DTl = M = L o], (14
j=1
Ne
2 = M} = I 0} as)
j=1
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We have implemented a Verlet-Velocity numerical algo-
rithm to integrate the 3D translational equations of motion
(see Eq. (12)). Nevertheless, the numerical implementation
of the rotational degree of freedom deserves a better descrip-
tion. The set of Eq. (14) are the first of two steps to simulate
the evolution of the particles’ angular velocity w, in the body
frame. A second step is necessary to solve the orientation,
needed for modeling frictional particles.

The rotational equations of motion are represented using
quaternions. The unit quaternion ¢ = (qo, g1, 92, q3) With
g* = 1 characterizes the particle orientation and each quater-
nion variable satisfies the equation of motion [30]

1
q= EQ(q)w (16)
with

qo 9 —q91 —q¢ —q3
g1 a1 9 —qG 9
. (q9) =

q2 el q2 q3 q0 —q1
q3 a3 @ q q0

Equations (13) and (16) are solved together using a Fin-
cham’s leap-frog algorithm [33]. This algorithm considers
the Taylor expansion of g (¢ + dt) up to second order

. dr? . 3
gt +d1) = q(1) +d1 §(0) + (1) + O (dt ) 17)

and since
(t n d—t) e +an (18)
q(r+5) =a0+d0
one gets
q(;+d¢)=q(t)+dtq‘(t+dl)+0(dt3). (19)
2

Here, the quaternion derivative at the mid-step, g (¢t 4+ dt/2),
is required and for that ¢(t + dt/2) and w(t + dt/2) are
required. The former can be easily calculated using Eq. (19)
where ¢(t) is obtained from Eq. (16) after computing w(¢)
from Eq. (13) as

N — . dt M*\ dt
wx()—wx(—?)‘i‘ .) 2

N — , dt M=\ dt
wz()—wz(—f)ﬁL )7

(20)
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In the same way w(l + %) is determined as

(t+dt)— (t dt)+ M dt
Wy )= Wy 3 I s

(t+dt)— (t dt)+ M dt
w; > ) =@ > I .
To avoid buildup errors the quaternions ¢ (¢) are renormalized

every timestep, based on the formulation introduced by Wang
[34].

2

3 DEM implementation of ellipsoids on GPUs

A hybrid CPU-GPU discrete element method has been imple-
mented to compute analytically the local interaction between
an arbitrary number of ellipsoids. As most of the GPGPU
software some pieces of code run on the CPU and others run
on the GPU. Figure 3 represents the algorithm we have devel-
oped. In this section, we will describe the implementation in
details.

3.1 Overview of the CPU-GPU algorithm
As any other CUDA-software, the program begins with the

initialization of the driver API, just to be able to call the func-
tions from the API. Then, the necessary memory is allocated

in both CPU and GPU, and the configuration parameters of
the system are loaded. All this starting process runs on the
CPU as pointed out in the first step of the flowchart of Fig. 3.
The following step is the copy of all the particles data from
the CPU-initialized variables to the GPU allocated memory.

Once the configuration is set up, the DEM algorithm runs
in a temporal for-loop iterator. As we pointed in the previous
section, a Velocity Verlet integrator algorithm is used to solve
the translational equations of motion [35]. This method is
divided into two steps, one at the beginning and one at the
end of the loop iteration.

Both steps of the Verlet integrator are functions that run
in parallel on the GPU device. In both cases, we take advan-
tage of the powerful library of parallel algorithms and data
structures, Thrust [36]. The procedure starts on the CPU,
and consist in building tuples of acceleration, velocity, and
position based on the particle identifier. Then a thrust-device
iterator routine is launched and the control goes to the GPU.
The main advantage of using Thrust library is that the num-
ber of threads (very basic element of data to be processed)
and blocks (group of threads) is optimized depending on the
number of tuples, and it is set up in time of execution. When
the control goes to the GPU, in parallel, each thread gets a
unique tuple and using the acceleration computes the corre-
sponding velocity and position.

Next we execute the collision detection method by using
a neighbor list. This method consist in finding all the pairs

Fig. 3 Flowchart of our DEM
algorithm. All the code runs on

Initialize >
Cuda Device

Transfer Particles Data
CPU to GPU

) Test No Free
num_iters < max_iter Cuda Device

the CPU until the control is
given to the GPU. The

Yy Yes

overlapped boxes represent
different threads running in
parallel. For further details about

@

DEM METHOD

©

how to determine the relative

FIRST STEP VERLET INTEGRATION

SECOND STEP VERLET INTEGRATION

position between ellipsoids and

- Launch Thrust-Iterator

- Build Tuples Position-Velocity-Acceleration based on Particle_Index |

- Build Tuples Position-Velocity-Acceleration based on Particle_Index
- Launch Thrust-Iterator

the analytical calculation of the
contact distance and contact

plane see Fig. 4

- Compute Velocity at dt/2 for this Tuple
E - Compute Position at dt for this Tuple

- Compute Velocity at dt for this Tuple

v

}

i ControltoGPU

COLLISION DETECTION

LEAP FROG ALGORITHM

- Build Tuples Angular Position-Velocity-Acceleration based on Particle_Index

L
o,

- Launch Thrust-lterator

%

- Calculate grid hash

- Build neighbor list

- Calculate grid_cell based on the Thread Number

- Based on the hash sort particles in grid_cell

v

COLLISION EXECUTION

- Compute Velocity at dt for this Tuple

7 A

%,
L%
%
>

- Update Acceleration

- Compute Particle_Index based on Thread Number :
- For all particles on its neighbor list i
- Determine Relative Position between Ellipsoids

- Analytical calculation of the contact distance

- Analiyical calculation of the plane of contact
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Fig. 4 Flowchart of the contact
detection and execution for a
given pair of neighboring

- Compute Particle_Index based on Thread-Number
- For all particles on its neighbor list

COLLISION EXECUTION

ellipsoids. This routine runs
entirely on GPU

- Determine relative position between ellipsoids

i-

Compute the discriminant

Take a pair of
Ellipsoids (i, j)

of their characteristic equation

Test if the discriminant
Is greater than zero

Disjoint ellipsoids

Ellipsoids collide

Ye
Compute the roots of e

their characteristic equation

Y

- Analytical calculation of the contact plane and contact distance

No

Y

4—| Shrink both ellipsoids

Compute
Yes normal force

Compute the discriminant
of their new
characteristic equation

Test if the discriminant ‘
Is greater than zero

I Save EN

plane for the original ellipsoids

Compute the overlap distance, contact
point and unitary vector of the contact

Test if the unitary vector of the
= contact plane is normal to the +
ellipsoids at the contact point

Correct the

bo unitary vector

- Update Acceleration

of ellipsoids in a certain neighborhood, and that are suscep-
tible of being in contact during a particular time-step. The
collision detection is implemented using a link cell method
[37] while building a list of neighbors with a given frequency.
Once the collision is detected, the forces and torques exerted
on each particle are calculated. The aim is to determine the
total force and torque acting on each ellipsoid. Both subrou-
tines, collision detection and execution, are implemented as
traditional kernels.

3.2 Analytical deduction of the interaction force
between ellipsoids

In DEM of soft particles a local inelastic deformation is
assumed; thus, the interaction force between grains depends
on their overlap distance. In Fig. 4 we present the flowchart
of the contact detection implementation. As we have already
mentioned, the collision detection has been optimized by
using a link cell algorithm and a list of contacts.

First, we get a pair of neighboring ellipsoids and build indi-
vidual matrix using the general representation of Egs. (6) and
(7). After that, we compute the coefficients of their character-
istic equation, Eq. (10), the discriminant A (Eq. 11) and the
auxiliary quantity P = 8ac — 3b> . When the discriminant
A is positive and P is negative, the ellipsoids are disjoint and
so, there is no need to compute any interaction force. Con-
trary, if the discriminant is negative, the ellipsoids overlap
and the contact force and torque are calculated.

As a novel contribution, we have analytically determined
a common contact plane n by thoroughly tuning the scale
parameter W, defined in Egs. (2) and (4). Thus, we proceed

@ Springer

A

Fig. 5 Determining the contact point. The fuzzy ellipsoids A and B are
the original colliding ones. The solid ones A, and Bj are the shrunk dis-
jointellipsoids. The [Vy, Vi, V2, V3] tetrahedron is also shown. Contact
point is C and [x1, x2] is the overlap distance

reducing the spatial scale YV and shrinking both ellipsoids
until they do not overlap anymore, i.e. when the discrim-
inant A(W) = LAW) + B(WW) changes its sign at W,
(see Fig. 5). Remarkably, this part of the our algorithm
is quite efficient because it is not necessary to build both
matrices, while determining A()V) for each value of W.
Additionally, we have properly factorized the discriminant
equation in terms of the parameter WV and, as a result, sev-
eral coefficients are computed just once. Henceforth, we
will refer to the shrunk ellipsoids as A(W,) = A and
B(W,) = B;.
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As a second step, we analytically compute the eigen-
vectors V; of —As_lBs. As we pointed out above, the four
eigenvectors V; define the contact plane and the contact point
C = (V5 + V3)/2. Then, the normal vector of the contact
plane is deduced by the cross product of Vo —Cand V; — C
resulting,

no Vo—C) x (V1 =0
[(Vo—C) x (Vi = O)|’

(22)

To find the overlap distance §, we analytically derive the
intersection points x| and x; between the straight line defined
by V; and V3 with the surface of the original ellipsoids A and
B. Thus, 6 accounts for the length of the segment [x] x2].

Finally, the interaction force, F;;, and torque 7;;, between
two contacting particles read as:

FY = —kVén—y"oln, (23)

iy =1 x F}] (24)

where k¥ is the spring constant in the normal direction, y~
is the damping coefficient in the normal direction and vxl is
the normal relative velocity between ellipsoids i and ellip-
soid j. Vector l;; represents the branch vector related with
the contact point. For sake of simplicity, here we consider
frictionless ellipsoids, and therefore we do not have any com-
ponent acting on the tangential direction t.

4 Benchmark: homogeneous cooling of frictionless
ellipsoids

To validate our DEM algorithm on GPU architecture, we
have implemented a benchmark that consists of a granular
gas of ellipsoidal particles without friction. Hence, we have
explored the cooling dynamics of a granular gas of friction-
less particles. In particular, we examined the evolution of the
rotational and translational temperature that are known to
depend accordingly on specific laws on the geometrical and
elastic properties of the ellipsoids. As we describe in this
section, our data outcomes corroborate the ones presented
by Villemot and co-workers in Ref. [3].

Initially, the ellipsoids are homogeneously distributed in
the space following a simple cubic structure. Their initial
translational and rotational velocities follow a Gaussian dis-
tribution. To minimize finite size effects, periodic boundary
conditions are imposed. Moreover, to remove the sensitivity
to initial conditions the system is allowed to execute several
hundreds of collisions without dissipation, before starting to
analyze the system temporal evolution.

We model hard particles and the maximum overlap must
always be much smaller than the particle size. This have been
ensured by introducing values for normal elastic constant,

Fig. 6 arepresents an HCS of 3D homogeneous prolate ellipsoids with
& = a/b = 2.82 and a volume fraction of n = 0.058 with coefficient
of normal restitution of ¢, = 0.95. Plots (b), (¢) and d show the HCS
of ellipsoids of different kind of elongations of § = 1.15, & = 2 and
& = 3 respectively, keeping the same packing fraction

Table 1 Geometrical dimensions of the homogeneous ellipsoids. The
elongation, & = a/b, major semi-axe a and minor semi-axe b are shown.
In all cases, the sizes of the semi-axes correspond to a constant volume
fraction n = 0.058.

£ 115 125 150 175 20 225 250 282 3.0
a 0.527 0.527 0.629 0.697 0.763 0.825 0.884 0.962 1.000
b 0458 0446 0419 0398 0.382 0.367 0.354 0.340 0.334

k, = 103 N/m and g = 2000 kg/m3. Moreover, we use an

4kymip

2
1+(5Z5)
depending on the normal restitution e, and the reduced mass

mima . .
Py [38]. Hence, we estimate the contact time as

t.=m /",1(—’112, and accordingly a time-step of At = 5% is set.

equivalent normal dissipation parameter y,, =

mi =

To validate the algorithm, systems of particles with different
coefficient of normal restitution have been studied, namely
e, = 0.90, 0.95, 0.98.

In all the simulations reported here, we have a fixed num-
ber of N = 4096 particles, which are confined in a square box
of size L = 2m (see Fig. 6), with constant volume fraction
n = 0.058. Ellipsoids of several elongations (§ € [1.15, 3])
have been examined. In Table 1, the geometrical dimension
of the ellipsoids are given in detail.

4.1 Homogeneous cooling state

A granular gas is a diluted set of macroscopic grains which
loose their energy due to their inelastic collisions. When a
granular gas evolves freely, at early stages, the dissipative
nature of the collisions leads to a homogeneous cooling state
(HCS). In this regime, the density and velocity fields are
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approximately uniform and all the time dependencies are
practically controlled by the granular temperature. Analo-
gously to the kinetic theory of gases the granular temperature
can be defined from equating the kinetic energy 7' = %mvz.

In the past, the HCS has been described for frictional [39,
40,42,43], and non-frictional spheres [44,45], needless [46],
ellipsoids [3] and non-uniform particles [47,48]. Moreover,
in the last years important experimental efforts have been
made examining the macroscopic behavior of granular gases
[49-52].

In our simulation, we consider a granular gas of N iden-
tical ellipsoids of revolution with mass m inside a closed
volume V, with a global mass density p = Nm/V. The
semi-axis a and b can be expressed in terms of the semi-axis
b and the elongation & = a/b, with a > b. The volume of
each ellipsoid is defined as V (¢) = wab® = 37£b3. The
eccentricity of the ellipsoid is {2 = 1 — ng The moment of
inertia is given by Iy = I;; = %m (a2 + bz).

We can define a granular temperature for our gas of ellip-
soids using the translational and rotational energies, reading
as,

I = (25a)

Tror = wf (25b)

where we include three translational and only two rotational
degrees of freedom because the ellipsoids are frictionless.
Following theses definitions Eq. (25), when full equiparti-
tion applies, T/ Tror = 1.

The total granular temperature of the gas of ellipsoids can
also be defined as a weighted average of Ty, and T}, by the
respective degrees of freedom

3 2
= Ttr + < Trot . (26)

Tivi =
tot 5 5

Hence, when equipartition applies, Ty, = T = T7or and a
single granular temperature can be examined.

In the simple case of a gas composed by spherical parti-
cles, the energy lost can be described by a constant restitution
coefficient ¢,. In this case, it has been deduced that the evo-
lution of the granular temperature obeys Haff’s Law [53,54],

T(t) 1 _ 1
TO) (I+alp)?2  (1+71)2

27

where I'g is the equilibrium Enskog collision rate at the initial

granular temperature 7(0) = 2 E”(O) [53,54]. The coeffi-
cient « is defined as a functlon of both the number D of
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degrees of freedom and the effective coefficient of normal
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restitution e,,, namely o« = —p5".

Bereolos et al. [2] examined the transport properties of
the hard ellipsoids fluid. Based on these results, and with the
same spirit of Ref. [3] the collision rate per particle I'p, of
3D elliptical macroscopic bodies can be defined as,

ro = 4( )1/2pgcsc (D). (28)

7T (0)
m
where the term (D). measures the average energy trans-
fer between rotational and translational degrees of freedom
over collisions and 47 Sc accounts for the average exclusion
surface in contact. Moreover, g.(e) is the isotropically aver-
aged contact value of the pair distribution proposed by Song
and Mason [55]. There, e = R(£)S(§)/(3V (§)) is the non-
sphericity parameter and S(§) and R (&) define the surface

area and mean radius of the convex body, which reads as,

S(&) = 2nb? (1 +£ (29a)

+ L log (ﬂ)] .

20¢ 1-¢
Villemot and co-workers [2,3] compute analytically the
quantity (D)., for an homogeneous ellipsoid depending on
its elongation &. Moreover, using an event-driven algorithm,
a HCS of ellipsoids was identified. Their findings indicates
that the cooling dynamics of a gas of ellipsoids in HCS can
be also described by the mean field scheme of Eq. (27).

In the next section, we proceed exploring the kinetic

evolution of a granular gas of ellipsoids, using DEM and
comparing with the mean field approximation.

arcsin ¢ )
¢

R(E) = g [ (29b)

4.2 Numerical results

In Fig. 7 we represent the evolution of the translational 7;,
and rotational 7}, kinetic energies for gases of ellipsoids
with different elongations. In all cases the kinetic energy is
monotonically decreasing, which suggests the establishment
of a homogeneous cooling process for ellipsoids similar to
the traditional homogeneous cooling state of spheres. Hence,
after a short transient, the decay is algebraic 7~ in agree-
ment with the asymptotic analytic prediction of Haff’s law.
Complementarily, in Fig. 8, the asymptotic value of T}, / T}
varying the elongation and the coefficient of normal restitu-
tion is represented. Note that the coupling between degrees
of freedom in a gas of ellipsoids is determined by the particle
elongation £. As it was found in Ref. [3], for short ellipsoids
the translational degrees of freedom cool down faster than the
rotational ones. For longer ellipsoids, however, the energy
equipartition T3,/ To; =~ 1 is satisfied within the numerical
accuracy of the algorithm. Specifically, for ellipsoids with
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Fig. 7 Translational temperatures and 7,/ T, as function of the time
for different elongations & (from 2 to 3) and with a coefficient of normal
restitution of e, = 0.95.
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Fig. 8 Asymptotic value of T}/ Ty as a function of the elongation,
for different coefficients of normal restitution.

& < 2, ata given time the rotational kinetic energy is slightly
greater than the translational one, but for £ > 2 the transla-
tional and rotational kinetic energy equally evolves in time.
This indicates that for short ellipsoids § < 2, the energy
interchange between the rotational and translational degrees
of freedom is notably affected, and full energy equipartition
is not satisfied (see Fig.7). Although this behavior is highly
non-trivial, it is still intuitive that after crossing the &, = 2,
from above, a single collision of two particles may favor the
translational to rotational energy transfer. Note that in colli-
sions where the contact point is close to the center of mass of
one of the particles, its translational energy diminishes, while
its rotational degree of freedom is less affected. As particles
get shorter, central collisions are more and more frequent,
which may unbalance the energy interchange process.

To compare the obtained cooling dynamics with the ana-
lytic expression Eq. (27) one needs to introduce a proper

2
collision rate I'g(¢) and the value of o = 12%, in which D
is interpreted as the number of degrees of freedom among
which energy is transferred [3]. In Fig. 9, we illustrate the

comparison of our numerical outcomes for the evolution of
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Fig. 9 Kinetic translational energy E;,(t)/E;-(0) as a function of the
collisional time 7 = a["¢(§)? obtained for different elongations, using
as collision rate I'g(§) Eq. (28). Note that exactly the same is obtained,
when plotting 7}, (¢)/ T;» (0) as a function of t* = «* 'y (&)7, witha™ =

V32«

E;(t)/N vs the collisional time (t = al'g(&)r) with the
analytical expression Eq. (27). For each case, the value of T’y
has been analytically deduced from Eq. (28), using Eq. (29a)
and (29b), as well as the eccentricity & of the ellipsoids. More-
over, for (D). (€) the analytical values of Ref. [3] were used.
The numerical data corresponds to particles with an effec-
tive restitution coefficients of ¢, = 0.90, 0.95 and 0.98, and
results for several particle shapes & are shown. In each case,

the solid line represents the theoretical prediction of Eq. (27)
using T(0) = E,(0)/N, @ = ,;5 and setting D = 5,
that corresponds with three translational and two rotational
degrees of freedom, respectively [3]. This nice scaling of
the curve and the remarkable agreement with the analytic
prediction validates the performance of the numerical algo-
rithm. However, the agreement is slightly lost as we approach
to the limit £ = 1 (spheres), as well as when the dissipation
is enhanced. This seems to correlate with the fact that long
ellipsoids & > 2 exhibit nearly perfect equipartition, and
short ellipsoids equipartition is lacking T3,/ Tyor 7#~ 1.

As we pointed out earlier, performing even driven simula-
tions a homogeneous cooling state in a gas of hard ellipsoids
was earlier identified [3]. Thus, in Ref. [3] the cooling
dynamics was also compared with Haff’s law Eq. (27), but
examining the evolution of the total kinetic energy Ty (t)

@ Springer
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Fig. 10 Total energy as a function of the collisional time T = a'o(§)?
obtained for different elongations (cases where 7;,/ T; # 1, and sev-
eral restitution coefficient. In all cases the solid line represents the
analytic prediction of Eq. 27, using the collision rate I'g (§) proposed in
Ref. [3]

defined in Eq. (26). In Fig.10, we illustrate the kinetic evo-
lution of the total temperature 7;,, defined by Eq. (26), for
system with £ < 2 i.e., where no-equipartition is found. The
time scale has also been rescaled t = al'g(£)t, using the
analytical values of I'g(£) and the total initial temperature
T (0) = T;5:(0). It is noticeable that Eq. (27) seems to pre-
dict the cooling dynamics during the homogeneous state in
terms of T;,;(¢), for & < 2 where equipartition is lacking
Ttr/ Trot ?é L.

Although our outcomes are in good agreement with [3],
they also seems to indicate that the naive mean field descrip-
tion of the cooling dynamics by Eq. (27) is conditioned to
the existence of energy equipartition. Moreover, note the
cooling dynamics predicted by Eq. (27) is based on the
assumption that the restitution coefficient is constant, regard-
less the details of the collision event. This assumption is
natural when performing event-driven simulations. Mean-
while, presupposing a constant restitution coefficient is not
always valid when using DEMs of non-spherical particles,
because the energy losing generally depends on the type
of collision. However, the quality of the scalings obtained
for the kinetic evolution of % = %T,r(t), (see Fig.9
results for £ > 2)) indicates that the particle shape can
be simply accounted introducing a new characteristic time
t* = a*Ty(&)t, which can be identified using an effective
dissipation o* = \/g o [47].

In addition, we have also examined the velocity sta-
tistics during the cooling process. Originally, the velocity
distribution of the particles follows a Gaussian distribution
then due to the low dissipation the system cools down uni-
formly. Consequently, the particle velocity distribution is
practically governed by a single scale corresponding to the
mean translational temperature 7;,(¢), and one can identify
a dynamic scaling regime where the scaled velocity distribu-

tion P(c) = P (Ui) becomes stationary (see Fig. 11). The
scaled velocity distributions on the x direction are illustrated
at several times. The mean-square speed v,,s has been used
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Fig. 11 Normalized translational velocity distribution at different
times for a system of 4096 frictionless ellipsoids. Results at different
times are presented. The dashed lines corresponds to a Gaussian Fit

Table 2 Values of the Cundall Number obtained computing the cool-
ing dynamics of several number of particles N during one second of
simulation. For comparison results of spheres are also shown

N 64 512 4096 32,768 2,62,144
Ellip. 1.1x10° 7.4x10° 3.9x10° 45x10° 4.2x 10°
Spher. 2.4 x10° 1.5x10° 58x10° 7.7x10° 8.2 x 10°

as scaled parameter. In all cases, the velocity distributions

2

. . 37 .
remain close to a Gaussian P(c) = ——e 2 featuring

o210
the expected homogeneous cooling state. Regardless of the
particle anisotropy (data not shown), the scaled velocity dis-
tribution remains close to a Gaussian.

Details concerning the numerical performance of the algo-
rithm are summarized in Table 2. We have benchmarked the
algorithm computing the cooling process of ellipsoids and
spheres, using different number of particles N and a fixed
volume fraction n = 0.058. For sake of simplicity, in all
cases we have used a cubic initial distribution and the sys-
tem size N was always multiple of 32 [56,57]. The control
parameter was a Cundall Number (N¢ = N N; /1), where t,
is the real time elapse needed to compute N; iterations. The
benchmarks were executed on the same PC with an NVIDIA
GeForce TITAN Black of 2280 NVIDIA cores. Note that,
for small system when increasing the system size the Cun-
dall number increases, because N is smaller than the number
of the GPU-cores. However, when the system size reach the
GPU maximum capabilities the Cundall Number tends to a
plateau, indicating N¢ o N. As expected the performances
of equivalent systems composed by spheres are notably bet-
ter due to the simplicity of the contact interaction. Finally, it
is important to remark that the reported values of N¢ strongly
depend on the specific configuration conditions, specially the
volume fraction n, which determines the collision frequency.
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5 Conclusion

We have presented a novel CPU-GPU implementation of an
accurate DEM algorithm for a system of ellipsoids. We have
implemented on GPU architecture, an analytical collision
detection method and a novel method to compute the over-
lap distance and normal plane of contact for two colliding
generalized ellipsoids. Although, sequentially, this is a really
time-consuming procedure, we have taken advantage of the
GPU multicore architecture.

The accuracy of the algorithm has been validated by sim-
ulating a granular gas of homogeneous prolate ellipsoids
with low dissipation. We have found a uniform regime,
where both the translational and rotational kinetic energy
homogeneously decrease, suggesting the establishment of a
homogeneous cooling process. Our findings for the collision
frequency, depending on the particle eccentricity, have been
validated comparing with kinetic theory for a gas of ellipsoids
[3] However, the results indicate that the mean field treatment
of the cooling dynamics of elongated particles is condi-
tioned by the existence of energy equipartition. Although the
results presented here are focused on frictionless ellipsoids,
it is important to remark that taking advantage of the imple-
mented kernels for rough spheres [41], the implementation
of rough generalized ellipsoids is straightforward. The lat-
ter would allow us to investigate more complex processes, in
granular gases of rough particles with high dissipation, where
clustering and significant translation-rotation correlations are
expected [42,52]. Finally, following our findings, a detailed
comparative analysis between our present framework and
other parallelization strategies is now demanding. Up to
authors knowledge no other analytical implementations were
done that address large scales similar to the ones addressed in
this paper. For comparing different performances the devel-
opment of acomplete new algorithm, using MPI or OPENMP
is necessary. This point will be addressed elsewhere.

Acknowledgments This work has been funded by the Spanish Min-
istry of Science and Innovation, under contracts FIS2011-26675 and
FIS2014-57325, and the University of Navarra (PIUNA Program). S.M.
Rubio-Largo is supported by a research grant from the Asociacion de
Amigos de la Universidad de Navarra. We sincerely thank F. Villemot
for providing the analytic data of (D).

References

1. Owens J, Luebke D, Govindaraju N, Harris M, Kriiger J, Lefohn
A, Purcell T (2007) A survey of general-purpose computation on
graphics hardware. Comput Graph Forum 26(1):80-113

2. Bereolos P, TalbotJ, Allen M, Evans G (1993) Transport properties
of the hard ellipsoid fluid. J Chem Phys 99:6087

3. Villemot F, Talbot J (2012) Homogeneous cooling of hard ellip-
soids. Granul Matter 14(2):91-97

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Press WH, Teukolsky SA, Vetterling WT, Flannery BP (1992)

Numerical recipes in C: the art of scientific computing, 2nd edn.
Cambridge University Press, New York

. Snir M, Otto S, Huss-Lederman S, Walker D, Dongarra J (1998)

MPI-The complete reference: the MPI core, vol 1, 2nd edn. MIT
Press, Cambridge

. Chapman B, Jost G, Pas R v d (2007) Using OpenMP: portable

shared memory parallel programming (Scientific and Engineering
Computation). The MIT Press, Cambridge

. Tasora A, Negrut D, Anitescu M (2011) Gpu-based parallel com-

puting for the simulation of complex multibody systems with
unilateral and bilateral constraints: an overview. Comput Methods
Appl Sci 23(1):283-307

. Pazouki A, Mazhar H, Negrut D (2012) Parallel collision detection

of ellipsoids with applications in large scale multibody dynamics.
Math Comput Simul 82:879

. Juan-Pierre Longmore PM, Kuttel M (2012) Towards realistic

and interactive sand simulation: a GPU-based framework. Powder
Technol 235(1):983-1000

Poschel T, Schwager T (2005) Computational granular dynamics.
Springer, New York

Latham J-P, Munjiza A, Garcia X, Xiang J, Guises R (2008) Three-
dimensional particle shape acquisition and use of shape library for
DEM and FEM/DEM simulation. Miner Eng 21(11):797-805

Williams J, Pentland A (1992) Super-quadrics and modal dynam-
ics for discrete elements in interactive design. Eng Comput Int J
Comput Aided Eng 9:115

Hidalgo RC, Zuriguel I, Maza D, Pagonabarraga I (2009) Role of
particle shape on the stress propagation in granular packings. Phys
Rev Lett 103:118001

Hidalgo RC, Zuriguel I, Maza D, Pagonabarraga I (2010) Granular
packings of elongated faceted particles deposited under gravity. J
Stat Mech 2010(06):P06025

Azéma E, Radjai F, Dubois F (2013) Packings of irregular poly-
hedral particles: strength, structure, and effects of angularity. Phys
Rev E 87:062203

Rothenburg L, Bathurst RJ (1991) Numerical simulation of ide-
alized granular assemblies with plane elliptical particles. Comput
Geotech 11:315

Johnson SM, Williams JR, Cook BK (2004) Contact resolution
algorithm for an ellipsoid approximation for discrete element mod-
eling. Eng Comput 21(2/3/4):215-234

Wang C-Y, Wang C-F, Sheng J (1999) A packing generation scheme
for the granular assemblies with 3d ellipsoidal particles. Int J
Numer Anal Methods Geomech 25:815

Lin X, Ng T-T (1995) Contact detection algorithms for three-
dimensional ellipsoids in discrete element modelling. Int J Numer
Anal Methods Geomech 19(9):653-659

Baram RM, Lind PG (2012) Deposition of general ellipsoidal par-
ticles. Phys Rev E 85:041301

Lind PG (2009) Sequential random packings of spheres and ellip-
soids. AIP Conf Proc 1145:219-222

Zhou Z, Zou R, Pinson D, Yu A (2014) Angle of repose and stress
distribution of sandpiles formed with ellipsoidal particles. Granul
Matter 16:1-15

Alonso-Marroquin F (2008) Spheropolygons: a new method to
simulate conservative and dissipative interactions between 2d
complex-shaped rigid bodies. Europhys Lett 83:14001

Kloss C, Goniva C, Hager A, Amberger S, Pirker S (2012) Models,
algorithms and validation for opensource dem and cfddem. Prog
Comput Fluid Dyn 12(2):140-152

Munjiza AA (2004) The combined finite-discrete element method.
Wiley, New York

Jia X, Choi Y-K, Mourrain B, Wang W (2011) An algebraic
approach to continuous collision detection for ellipsoids. Comput
Aided Geom Des 28(3):164-176

@ Springer



Comp. Part. Mech.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang W, Choi Y-K, Chan B, Kim M-S, Wang J (2004) Efficient
collision detection for moving ellipsoids using separating planes.
Computing 72(1-2):235-246

Kuipers J (2002) Quaternions and rotation sequences: a primer
with applications to orbits, aerospace, and virtual reality. Princeton
University Press, Princeton

Alfano S, Greer ML (2003) Determining if two solid ellipsoids
intersect. J Guid Control Dyn 26:106-110

Evans D (1977) On the representation of orientation space. Mol
Phys 34:317-325

Johnson SM, Williams JR, Cook BK (2008) Quaternion-based rigid
body rotation integration algorithms for use in particle methods. Int
J Numer Methods Eng 74:1303-1313

Johnson SM, Williams JR, Cook BK (2009) On the application
of quaternion-based approaches in discrete element methods. Eng
Comput 26(6):610-620

Fincham D (1992) Leapfrog rotational algorithms. Mol Simul 8(3—
5):165-178

Wang YC, Abe S, Latham S, Mora P (2006) Implementation of
particle-scale rotation in the 3-D lattice solid model. Pure Appl
Geophys 163:1769-1785

Hairer E, Lubich C, Wanner G (2003) Geometric numerical inte-
gration illustrated by the stormer-verlet methods. Acta Numer
12:399-450

NVIDIA (2011) CUDA C programming guide. NVIDIA Developer
Zone

Allen M, Tildesley D (1987) Computer simulation of liquids.
Clarendon Press, Oxford

Luding S (1998) Collisions & contacts between two particles. In:
Herrmann HJ, Hovi J-P, Luding S (eds) Physics of dry granular
media - NATO ASI Series E350. Kluwer Academic Publishers,
Dordrecht, pp 285-304

Luding S, Huthmann M, McNamara S, Zippelius A (1998) Homo-
geneous cooling of rough dissipative particles: theory and simula-
tions. Phys Rev E 58:3416-3425

Brilliantov N, Saluefia C, Schwager T, Poschel T (2004) Transient
structures in a granular gas. Phys Rev Lett 93:134301

Hidalgo RC, Kanzaqui T, Alonso-Marroquin T, Luding S (2013)
On the use of graphics processing units (GPUs) for molecu-
lar dynamics simulation of spherical particles. AIP Conf Proc
1542:169-172

Brilliantov N, Poschel T, Kranz W, Zippelius A (2007) Transla-
tions and rotations are correlated in granular gases. Phys Rev Lett
98:128001

@ Springer

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bodrova A, Brilliantov N (2009) Cooling kinetics of a granular gas
of viscoelastic particles. Mosc Univ Phys Bull 64:2

Brey J, de Soria MG, Maynar P, Ruiz-Montero M (2004) Energy
fluctuations in the homogeneous cooling state of granular gases.
Phys Rev E 70:011302

Brey J, Ruiz-Montero M, Cubero D (1996) Homogeneous cooling
state of a low-density granular flow. Phys Rev E 54:3664
Huthmann M, Aspelmeier T, Zippelius A (1999) Granular cooling
of hard needles. Phys Rev E 60:654-659

Costantini G, Marini Bettolo Marconi U, Kalibaeva G, Ciccotti
G (2005) The inelastic hard dimer gas: a nonspherical model for
granular matter. J] Chem Phys 122(16):164505

Kanzaki T, Hidalgo R, Maza D, Pagonabarraga I (2010) Cooling
dynamics of a granular gas of elongated particles. J Stat Mech
2010:P06020

Maall CC, Isert N, Maret G, Aegerter C (2008) Experimental
investigation of the freely cooling granular gas. Phys Rev Lett
100:248001

Nichol K, Daniels KE (2012) Equipartition of rotational and trans-
lational energy in a dense granular gas. Phys Rev Lett 108:018001
Sack A, Heckel M, Kollmer JE, Zimber F, Poschel T (2013) Energy
dissipation in driven granular matter in the absence of gravity. Phys
Rev Lett 111:018001

Harth K, Kornek U, Trittel T, Strachauer U, Home S, Will K,
Stannarius R (2013) Granular gases of rod-shaped grains in micro-
gravity. Phys Rev Lett 110:144102

Haff P (1983) Grain flow as a fluid-mechanical phenomenon. J
Fluid Mech 134:401-430

Brilliantov NV, Poschel T (2004) Kinetic theory of granular gases.
Oxford University Press, Oxford

Song Y, Mason EA (1990) Equation of state for a fluid of hard
convex bodies in any number of dimensions. Phys Rev A 41:3121-
3124

Sanders J, Kandrot E (2010) CUDA by example: an introduction
to general-purpose GPU programming. Addison-Wesley Profes-
sional, Boston

Each active CUDA block is divided into warps (groups of 32
threads) to be executed on the assigned multiprocessor. All threads
in the same warp run physically in parallel on the same multiproces-
sor. When the block size is not a multiple of 32, the execution time
is notably penalized



	Granular gas of ellipsoids: analytical collision detection implemented on GPUs
	Abstract
	1 Introduction
	2 DEM model for ellipsoids
	2.1 Relative position between two ellipsoids
	2.2 Equations of motion

	3 DEM implementation of ellipsoids on GPUs
	3.1 Overview of the CPU-GPU algorithm
	3.2 Analytical deduction of the interaction force between ellipsoids

	4 Benchmark: homogeneous cooling of frictionless ellipsoids
	4.1 Homogeneous cooling state
	4.2 Numerical results

	5 Conclusion
	Acknowledgments
	References




