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Abstract

The particle-based lattice solid model developed to study the physics of rocks
and the non-linear dynamics of earthquakes is based on molecular dynamics principle. In order to allow large scale simulations to be performed, a
high performance must be obtained when implementing the model. This is
achieved by re ning the model according to the computer architecture and
by developing special algorithm to fully use the full potential of the given
parallel super-computer. Particles in the model represents grains of rocks
where interactions are computed via a neighbors table updated only when
new contacts occur. An adaptative time step increment is implemented to
minimize the total computational time for a simulation. To compute friction
between particles a non-linear system is resolved at each time step using a
modi ed Newton algorithm. Except for the computation of the frictional
forces, parallelism is obtained by distributing the work load of each loop of
the program on the processors. However this involves time consuming communications and on average the program is parallel at 80%. To obtain a
better speedup, the particles data must be explicitly distributed on the processors where calculations on the di erent sub-sets of the model are done
separately with a minimum of communications (as it is the case for the computation of frictional forces). It is expected that a parallelism of 90% at
least in average would be achieved. The continuous re nement of the model
and its adaptation for parallel computer will allow large scale 3D simulations
to be performed.

Introduction
The introduction of massively parallel computers marked the beginning of an era
when large scale numerical simulations of numerous physical processes became feasible. In 1993 molecular dynamic simulations involving up to 100 million particles
become feasible (Lomdahl, 1993[2][3]). The lattice solid model (Mora and Place,
1994[7]; Mora and Place, 1998[6]) is based on molecular dynamics principles and is
capable of simulating the physics of rocks and the non-linear dynamics of earthquakes
including processes such as fracturing, frictional heating and fault gouge development. The model involves particles with short range interactions representing grains
of rocks.
379

The earlier version of the model involving simple particle interactions (interacting
through elastic-brittle bonds) was able to simulate up to 4 million particles (using 2
G-bytes of memory). Because the modelling aims to simulate geological processes,
the time scale is much larger than in molecular dynamics. Whereas in molecular
dynamics a few thousands of time steps may be sucient, the lattice solid model
simulating 4 million particles will typically require few million time steps. Even so,
the rates of movements of model blocks of earth material is many order of magnitude
faster than real rates.
Instead of memory, it is mainly the computational time which limits the size
of the model. Furthermore, the incorporation of more realistic interactions such
as intrinsic friction between particles requires more computation, further reducing
the maximum model size that can be simulated. Ecient large scale simulations
are needed to enable fault systems to be modelled or realistic surface roughness of
faults to be speci ed, and ultimately to allow three dimensional simulations to be
performed.
In order to achieved high performances on a parallel computer, di erent aspects
of the implementation must be carefully addressed: The rst aspect is the most
important and concerns the parallelization, where the algorithm must be modi ed
to allow the work to be split between the di erent processors. The second aspect is
related to how the computations are split over the processors: each processor should
have an equal amount of work to perform. This can be achieved by dynamically
balancing the amount work on each processor (i.e. load balancing). The Third aspect
concerns communications between processors. A processor may have to wait for some
data to become available (currently used and modi ed by an other processor) in order
to continue its computations. Communication costs can be reduced by mapping or
duplicating data such that each processor is only accessing data which is not currently
used by other processors, or located on another node. The fourth aspect concerns
the programming of the algorithm. Unlike the rst three aspects, this is directly
related to the architecture of a processor and the global architecture of the parallel
machine.

The lattice solid model
The lattice solid model has been described in previous papers (Mora and Place,
1994[5]; Place and Mora, 1999[7]) and is summarized as follows. Particles representing idealized round grains of rocks, are arranged in a regular two dimensional
triangular lattice. Each particle is bonded with its six nearest neighbors. Bonds
break if the separation between two particles exceeds a given value rbreak . Bonded
particles are attracted to one another if the separation is greater than the equilibrium
separation r0 . Bonded and unbonded particles repel one another if the separation is
less than r0 .
A simple intrinsic friction is applied when two free particles come in contact (i.e.
the particles are close enough to repel one another). This results in a tangential acceleration which opposes slip between the two unbonded particles. The computation
of the frictional forces requires the resolution of a non-linear system containing all
interacting particle-pairs (Place and Mora, 1999[7]).
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Optimisations
To achieved best performances the program must be adapted to the computer architecture. For instance data are distributed along the processor in a such way that
communications are minimum. Also the programming is adapted such that the best
performance is achieved: for a speci c algorithm, loops and instructions of a subroutine is organised in a such way that the maximum number of oating point operation
per second is achieved. Although these optimisations allow to decrease signi cantly
the total time necessary for a simulation, they are nevertheless dependant of the
computer architectures. Other optimisations are algorithmic optimisation that are
independent of the computer architecture and in the present case can decrease by a
factor 5 the total time necessary for a simuation. These modi cations are summarised
in the following.
To reduce the total number of time step required for a simulation, a variable
time step increment is used. A large time step increment is used during period
of quiescence and a small time step increment when the system undergo dramatic
changes such as a synthetic earthquakes event. The time step increment typically
varies between 0.2 and 0.04 unit of time depending of the maximum particle velocities.
To compute interaction, particles that are interacting together must be known.
Interactions between particles are speci ed by a neighborhood table. This table
is a list of particle-pairs where each particle-pair represent the interaction between
two particles. Interaction occurs only within a range of r0 (when particles came
into contact). Particle-pairs in the neighborhood table are composed of all particles
within a range of (1 + )r0 where is typically 0:3. By doing so, the neighborhood
table will be up-to-date until particles have moved at least a distance of 2 r0 . In 2D
simulations these computations represent only 2% of the total computational time.
The computation of frictional forces between particles requires the resolution of a
sparse non-linear system. The non-linear system is solved using a newton algorithm.
Di erent methods have been used to solve in parallel the sparse linear system such
as a supernodal approach (James Demmel et al., 1995[1]) or using a banded matrix
solver. Using these methods, the resolution is e ectively performed in parallel only
for large linear system. Since our linear system is \small" the resolution cannot
be performed in parallel: the number of non-zero elements per column is always
very small (10 non-zero element per column on average) and therefore, the work
done on each column cannot be parallelized. In order to solve this linear system in
parallel, the linear system is split into several sub-systems. In order to preserve all
interactions, the sub-systems are overlapped. Overlapping sections of the systems
are updated during the newton algorithm. This method does not a ect the rate of
convergence of the Newton algorithm, hence the speedup depends of the size of the
overlap. Depending of the size of the system, this algorithm is at least parallel at
90%.

Conclusions and perspectives
Parallel super-computers with a performance of a few GFlops, provide the ability to
simulate the physics of rocks and earthquakes in model sizes which would have been
infeasible few years ago using the lattice solid model. Using a precise and ecient
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numerical algorithm, and exploiting the capabilities of parallel machines, the lattice
solid model is capable of simulating complex interactions involving a million particles.
However, the program must be well written in order to obtain the best performance.
It is expected that compiler enhancements and increasing computer performance
(towards TeraFlops super-computers) will enable three dimensional large scale simulation. These will provide the means to probe fundamental questions in the physics
of rocks and earthquakes predictability using the lattice solid model.
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