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ABSTRACT
OpenMX is an open-source first-principles calculation code
based on density functional theory for explaining and pre-
dicting materials’ properties. We massively parallelize OpenMX
by developing a domain decomposition method for atoms
and grids. In the atom decomposition, we develop a mod-
ified recursive bisection method based on the moment of
inertia tensor for reordering the atoms from 3D to 1D along
a principal axis so that the atoms that are close in real space
are also close on the axis to ensure data locality. The atoms
are then divided into sub-domains depending on their pro-
jections onto the principal axis in a balanced way among the
processes. In the grid decomposition, we define four data
structures to make data locality consistent with that of the
clustered atoms, and propose a 2D decomposition method
for solving the Poisson equation using 3D FFT with commu-
nication volume minimized. Benchmark results show that
the parallel efficiency at 131,072 cores is 67.7% compared to
the baseline of 16,384 cores on the K computer.
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1. INTRODUCTION
Density functional theory (DFT) [3] is a modeling method

for finding the electronic ground state of N -body systems of
atoms and molecules by solving the following equation.

ĤKSφν(r) = ενφν(r), (1)

where ĤKS is the Hamiltonian, and εν is the orbital energy
of the corresponding orbital φν(r).

With tens of petaflops supercomputers already in opera-
tion, generally applicable and efficient methods are required
to take advantage of such extreme-scale machines. Our main
concern in this work is the development of an efficient 3D
domain decomposition method [2] for massively paralleliz-
ing OpenMX [4] to enable large-scale electronic calculations.
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The method should assign approximately the same compu-
tational amount to each process for load balancing among
them, and hold the locality of the clustered atoms in space
to minimize inter-process communications. Also, it should
be applicable to any numbers of processes and atoms, any
distribution patterns of atoms in space, and is computation-
ally inexpensive.

2. MASSIVE PARALLELIZATION

2.1 Atom decomposition method
We develop a modified recursive bisection method to de-

compose a system with any number of processes and atoms.
It involves constructing a binary tree, and each tree node has
a number representing the number of processes treating the
domain under that node (Fig. 1(a)). To ensure data locality,
the moment of inertia tensor is applied to find a principal
axis for each domain so that the atoms that are close in real
space are also close on the principal axis. Then, the atoms
in the domain are reordered from 3D to 1D by projecting
them onto the principal axis, and are divided into two sub-
domains depending on their projections in a balanced way
among the processes to fit the structure of the binary tree
(Fig. 1(b)). The decomposition is performed recursively un-
til there are as many sub-domains as processes (Fig. 1(c)).

2.2 Grid decomposition method
We define four data structures for the partitioning of grids

that are carefully constructed to make data locality consis-
tent with that of the clustered atoms for minimizing inter-
process communications (Fig. 2). Structure A stores the
grid points inside the sphere of a basis function. Structure
B stores the grid points allocated to a specific process. We
also propose a 2D decomposition method for parallel 3D
FFT, where the distribution of the grid points is carried out
in a two-dimensional grid defined by the first two dimen-
sions, which is better in terms of communication efficiency
than previously proposed methods [1]. Structure C stores
the grid points inside a parallelepipedon defined by the basis
functions of all atoms allocated to one process, and structure
D is an extension of B by adding some buffer regions.

3. RESULTS
Figures 3(a) and 3(b) demonstrate that the atoms are

practically localized to the process holding them in the atom
decomposition, which is of great importance to reduce the
communication volume and memory usage for performance
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Figure 1: Atom decomposition method.

enhancement. Figure 3(c) shows the strong scaling result
with the diamond structure on the K computer. The parallel
efficiency at 131,072 cores is 67.7% compared to the baseline
of 16,384 cores with 131,072 atoms.

4. CONCLUSIONS
We have parallelized OpenMX by developing a 3D domain

decomposition method composed of two sub-methods for the
atom and grid decompositions, which is shown to be effective
with hundreds of thousands of cores and atoms.
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Figure 2: Data structures for MPI parallelization.

(a) Top view. (b) Side view.
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(c) Strong scaling on the K computer with 131,072 atoms.

Figure 3: Atom decomposition with 16,384 diamond
atoms and 19 processes: top view (a) and side view
(b), and strong scaling on the K computer (c).


