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ABSTRACT

The implementation of 2D-3v (2D in space and 3D in
velocity space) PIC-MCC (Particle-In-Cell Monte Carlo
Collision) method involves the computational solution of
Vlasov-Poisson equations. This provides the spatial and
temporal evolution of the charged-particle velocity
distribution functions in plasmas under the effect of self-
consistent electromagnetic fields and collisions. Stringent
numerical constraints associated with the PIC code makes it
computationally prohibitive on CPU.

In our work, parallelization and optimization techniques
have been extended to this simulation, along with a novel
approach that involves developing a ‘self-aware’ code that
triggers sorting in order to maintain cache-coherence while
reducing the total sorting time during iterations. We present
the effect of important numerical parameters on speed-up.
Finally, we compare the scalability and performance of the
parallelization and optimization strategies on Intel®
Xeon™ E5-2630, Xeon Phi™ 5110p and Xeon Phi™ 7250
relative to a serial implementation on Intel® i5.
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INTRODUCTION

Over the past several years, much effort has been put in to
develop parallel PIC codes, particularly for plasma
simulations [2], [14]. In the early stages, the development
was central to GPU architectures. Stantchev et al. 2008
[12], focus their work on parallelizing the -charge
deposition module on a GPU and have compared the
modified
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fast algorithm to the CPU. In the brief document by
Madduri et al. 2009 [9], the authors have presented the
improvements arriving due to the new method of grid
decomposition and efficient synchronization against the
traditional optimized MPI implementation. Madduri et
al. 2012 [10], extended their previous work for the next
generation of multi-core architectures. This time, the
authors adapted the strategy that involves handling shared
target grid. Their results were very specific to the
initialization factors and the architecture, and less general.
Kai et al. 2013 [6] argues that grid replication for attaining
straight forward parallelism in charge deposition module is
not suitable for GPU architecture due to very limited shared
memory. The code developed by Decyk et al. 2014 [5] has
different versions specific to the architectures they are
executed on. The authors had implemented two new
strategies for GPU, and suggested that highly efficient
openMP implementation of the PIC code on core i7 shall
work similarly on upcoming MIC architectures from Intel.
In recent progress, Surmin et al. 2016 [13] have suggested
potential bottlenecks and hotspots for parallelization of
PIC for plasma simulation on Xeon Phi architecture.

We have developed a serial PIC-MCC code from
scratch and validated it with published results from [4]. The
main target is to build an efficient parallel CPU-MIC
architecture based PIC-MCC code with integration of some
applications of [13] and [8] et al. 2016 implemented
Bucket sort for PIC simulations. The extension of [§]
sorting strategy into our implementation of the code has led
to a significant speed-up for plasma simulations through
PIC. We have devised a self-aware code that balances trade-
off between sorting time and the time added due to cache
miss to obtain the best performance in execution time.
Due to this addition, there is a significant increase in the
overall final speed-up. Since we are on a different
architecture base from [6], we have implemented what the
authors had rejected on a GPU due to limitations of shared
memory to optimise the charge deposition module. The
document [10] does favor the application of full replication
strategies, but limit it’s use for high density grids only.
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COMPUTATIONAL MODEL AND PIC-MCC ALGORITHM
In our work, we have considered a 2D electrostatic PIC-
MCC code. “Electrostatic” signifies that the magnetic fields
produced by the particles are negligible and hence, the only
magnetic field that needs to be accounted for, is the one
present externally [7].

Two data structures are used: the first one particle data
structure being used for storing the positions and velocities
of the particles in the phase space on a Lagrangian grid; and
the grid data structure being used as a Euler grid to store the
electric fields, magnetic fields and charge densities on grid
points. This simulation is carried out by the following
iterative processes of the modules:

* Charge deposition: Calculates the charge density on the
grid points due to the charged particles using bilinear
interpolation. The particles deposit charge on the four grid
points surrounding them, in proportion to their distance
from those points.

» Poisson solver: Calculates the electric field on the grid
points using a sparse matrix of charge density values, by
solving the Poisson equation through PARDISO library
[11] to obtain the potential at those points.

* Particle mover: Uses the electric field and magnetic field
values to calculate the force being exerted on the particles
by the four grid points surrounding them, again by using
bi-linear interpolation. The new positions and velocities
of the particles are calculated using this force.

* Monte Carlo collision: Picks random particles using
collision probability. The new velocities of particles due
to collisions are calculated [3].

This simulation is computationally costly. For practical use,
the size of the grid and the number of particles is very large,
which leads to intensive memory usage. Both the data
structures interact with each other in every iteration, which
means that optimizing the modules keeping just one data
structure in mind is not possible. The nonlinear memory
access for four grid points surrounding one particle, during
bilinear interpolation, adds to the computational
complexity. [1]

PARALLELIZATION AND OPTIMIZATION STRATEGIES

The strategies are specific to the module they are applied to.
Firstly, we implemented sorting of particles (using a
modified version of bucket sort) according to their positions
in the grid prior to carrying out these four operations
mentioned earlier. The particles in the same cell would have
the same four corner grid point, working as an advantage
due to increased cache re-usability during bilinear
interpolation. Next, to parallelize charge deposition, we
divided particles among threads and created private grids
for each thread, to prevent race conditions and enable load
balancing. However, this strategy is only scalable when we
increase the particle numbers so that the particles assigned
to each thread remains above a given threshold in order to
compensate for overhead of launching threads and
producing private grids. The Particle Mover module and the
MCC module do not lead to any race conditions and can be

parallelized using efficient load balancing and cache
optimization. Since the particles change their cell
frequently, we need to sort more than once. However,
sorting too often will lead to serial code executing on a
many-core architecture. Hence, in our novel self-aware
implementation the code maintains a threshold for a single
iteration time. If my next iteration exceeds this threshold,
sorting is triggered and cache coherence is restored.

OBSERVATIONS AND RESULTS

We have been successful in obtaining good efficiency for
the mover module in the case of MIC machines. However,
the serial implementation of the code on Intel Xeon is 3x
faster than that on Intel i5, whereas the same execution
takes 3x more time on the Xeon Phi 7250 with respect to
Intel i5. Xeon Phi has a more primitive prefetching, slower
clock frequency, in- order processing, a smaller pipeline,
one instruction per two cycles etc. as compared to the
multi-core Xeon or i5. Due to this gap, the speed-up relative
to i5 is comparable for both varying architectures.
Therefore, the key to high performance is doing the best
optimization in all the three aspects: vectorization,
parallelization, and memory utilization.
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Figure 1. Module-wise Speedup calculated with respect to an
equally optimized sequential code on iS.

In the charge deposition module, due to the overhead for
generating private grids and irregular load balancing we
observe the speed-up to saturate around 8-16 thread.
Extending the sorting approach with the ‘self-aware’
implementation proved to be advantageous in reducing the
entire run time. The speed-up on MIC architecture jumped
up by at least one-forth of previous value.

CONCLUSION

We have proposed and investigated in detail an optimized
parallel implementation of the PIC-MCC algorithm for
plasma simulation on Intel Xeon-Phi and Xeon architecture.
Several strategies for cache optimization and sorting have
been implemented which improves the performance of the
parallel code. Our novel self-aware sorting strategy
significantly improves the performance of PIC code. For a
complete simulation, we achieved a speed- up of 19.7x on
Intel Xeon E5-2630 (16-cores), 2.5 on Intel Xeon Phi 5110p
and 6.8 on Intel Xeon Phi 7250 compared to a serial
execution on Intel i5 processor. Unlike Xeon multi-core
architecture, observed speedup is below expectation in case
of Xeon-Phi MIC processors due to lack of scope of
vectorization of PIC algorithm and other limiting factors
pertaining to serial executions on Xeon-Phi.
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