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iPIC3D	(MPI+OpenMP	tasks)	

Introduction	
iPIC3D is a Particle-in-Cell (PIC) code for the simulation of space plasmas in space weather 
applications during the interaction between the solar wind and the Earth’s magnetic field. 
The iPIC3D code was initially written entirely in C++ with MPI C bindings and consists of 
approximately 10,000 lines of code, but now makes use of hybrid MPI + OpenMP. 

The magnetosphere is a large system with many complex physical processes, requiring 
realistic domain sizes and billions of computational particles. Hence, the iPIC3D code is 
based on the implicit moment algorithm, using the numerical discretization of Maxwell’s 
equations and particle equations of motion that allows simulations with large time steps and 
grid spacing when compared to common PIC codes, but still retaining the numerical stability. 
Plasma particles from the solar wind are mimicked by computational particles. At each 
computational cycle, the velocity and location of each particle is updated, the current and 
charge density are interpolated to the mesh grid, and Maxwell’s equations are solved. Figure 
1 depicts these computational steps. The communication kernel comprises several files for 
the communication of the particles’ values and quantities defined on the computational mesh. 

 
Figure 1: Computational steps in iPIC3D. 

iPIC3D is parallelized using domain decomposition and message-passing communications: 
an iPIC3D simulation is being run on a number of processors and on a network of cells, so 
each processor handles a number of cells. However, at certain intervals, each processor 
must find out the values of the cells adjacent to those in its own domain. The process of 
each processor finding these values out is called halo exchange. To achieve the full 3D halo 
exchange, the standard approach of shifting the relevant data in each co-ordinate direction 
in turn is adopted. This requires appropriate synchronization, that is, a receive in the first co-
ordinate direction must be complete before a send in the second direction involving relevant 
data can take place, and so on. Note that only “outgoing” elements of the distribution need to 
be sent at each edge. 

Motivation	
The addition of OpenMP tasks to the multithreaded MPI library allows the possibility of 
having multiple communications (during the halo exchange and particle mover) happening at 
the same time instead of a single threaded approach where only one thread could make 
calls to the MPI library for communication. We also aim at employing OpenMP tasks to 
overlap communication of particles with computation of their trajectories. 

Implementation	details	and	performance	results	
The use of task-based programming models is becoming more and more common. Task-
based approach refers to designing a program in terms of “tasks” – a logically discrete 
section of work to be done. Then these tasks are selected by a task scheduler, which 
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dynamically assigns the tasks to threads that are idle and can execute them. The details of 
task scheduling to hardware are hidden from programmers, so the task-scheduling runtime 
becomes responsible for efficient execution of a task-based program. Thus, developers just 
focus on implementing their algorithms in terms of tasks, what decreases programming effort 
and gives portability across different hardware. Most likely, this separation of concerns is the 
main reason why task-based programming models are becoming more important. In order to 
port the version of iPIC3D with MPI (MPI_THREAD_MULTIPLE) + OpenMP threads to the task-
based parallelism, the existing for-loops in the particles mover part were re-written with the 
use of “#pragma	omp	task”. We employ a parallel task producer approach as there are no 
task dependencies in the for-loops in iPIC3D. 

Tests were performed on the Beskow supercomputer (Cray XC40) at KTH. To compare the 
original version of the iPIC3D code with the new version, based on MPI multithreading 
support and OpenMP tasks, we used two standard simulation cases called GEM 3D and 
Magnetosphere 3D. In addition, we used two different data sizes/regimes for both simulation 
cases, namely field- and particle-dominated. In order to ensure a fair comparison, the 
number of iterations in the linear solver was fixed to 20.  

Figure 3 and Figure 2 shows the results of the weak scaling tests for one of the iPIC3D 
simulations. Three-dimensional decomposition of MPI processes on X-, Y- and Z-axes was 
used, resulting in different topologies of MPI processes, each having two, four, and then 
eight threads in addition. For instance, for this particle dominated Magnetosphere 3D 
simulation on 32 cores (2x2x2 MPI processes x 4 OpenMP threads), 27x106 particles and 
30x30x30 cells were used, and the simulation size increased proportionally to the number of 
processes. These plots show that adding OpenMP tasking introduces a runtime overhead, 
which leads to poorer performance of the hybrid version on small numbers of cores. In the 
particle dominated regimes (see Figure 2), on 32 cores, the new hybrid version with two, four 
and eight threads per one MPI process is 27-35% slower than the original version with the 
corresponding number of threads. In the field solver dominated regimes (see Figure 3), on 
the large number of cores (256), the new implementation with two, four and eight threads per 
one MPI process perform mostly better than the original implementation. 

 
Figure 2: Weak scaling tests using the particle dominated regime for one of the simulations of the 

original and new versions of iPIC3D. 
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Figure 3: Weak scaling tests using the field-solver dominated regime for one of the simulations of the 

original and new versions of iPIC3D. 


