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In recent years, simulations in various areas of science and engineering have
proven to be very useful. They are used to investigate various phenomena,
often by solving partial differential equations. To efficiently deploy simula-
tion codes on current and future high-performance computer systems with
thousands of processor cores, high node level performance, scalable commu-
nication and the exclusion of unnecessary calculations are an absolute must
when developing new solvers.

We have introduced the NAStJA framework, a block-based MPI paral-
lel solver for algorithms, based on regular grid methods, i.e., stencil codes.
NAStJA decomposes the domain into small cuboid blocks. A characteris-
tic feature of NAStJA is a dynamic block adaptation, which modifies the
calculation domain around the region in which the calculation is currently
taking place, thus avoiding unnecessary calculations. Among other, this can
be useful in phase-field simulations. The creation and deletion of blocks are
autonomously managed within local neighborhoods. Collective all-gather
communication is avoided by using a multi-hop network to distribute in-
formation across the entire domain that greatly improves the application
scaling.

In this contribution, we present applications that can benefit from this
adaptive method and scaling tests demonstrating the excellent scalability.
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Computer simulations help us to understand the theory behind var-
ious phenomena. Especially, when the studied effects are difficult
to access experimentally or when experiments are too complex or
expensive. With the opportunity to perform calculations on ever-
larger machines, users’ thirst for knowledge is also growing. En-
gineers, physicists, and other scientists consider now models with
increasing accuracy, complexity and size employing multiscale and
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Fig. 1. Representation of a phase-field simulation with the interface (blue
line) (a) A block-structured grid covers the whole domain. (b) Only blocks
holding a part of the interface are allocated. (c) Allocated blocks are dis-
tributed to the MPI processes, marked by color. During the simulation, the
interface changes in space. (d) The blocks are adapted correspondingly, as
denoted by the stars for newly created blocks, and the dashes for deleted
blocks.

multiphysics approaches and thus posing great challenges for simu-
lation software. In particular, high node level performance, scalable
parallel communication and omitting of unnecessary calculations
are indispensable for efficient utilization of current and future HPC
systems.

We have introduced NAStJA [Berghoff and Kondov 2018; Berghoff
etal. 2018], a framework for simulations based on regular grids. From
its outset, NAStJA is designed for high performance and flexibility
to including new solvers and models. Blocks play a central role for
the domain decomposition in NAStJA. A block-structured grid cov-
ers the whole simulation domain. Only the blocks that contain the
interface, i.e., the part that has to be calculated, are allocated. These
blocks are distributed to the MPI processes. As the interface is mov-
ing during the simulation, the blocks are adapted correspondingly.
Figure 1 illustrates allocating and adapting blocks in a phase-field
simulation with NAStJA.

In the following example, we will demonstrate the benefit of using
NAStJA for a phase-field simulation of a water drop on a chemically
structured surface depicted in Figure 2. Only the diffuse interface
region between the water and gas phases has to be calculated. Bridg-
ing the scales between a few micrometers for the structured surface
and a few millimeters for the diameter of a water drop requires large
domain sizes. If the water drop is covered with a cuboid simulation
domain, most of the domain contains the bulk of one phase that
does not need to be calculated. The interface area to be calculated is
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Fig. 2. A water drop on a chemically structured surface. The interface
(dashed) is covered by allocated blocks (red).
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Fig. 3. The time and the efficiency of the MSN in comparison to MPI_Alltoall
communications with different message sizes.

very small. For a smooth discretization of the interface area, a width
of about ten grid points is required. Water drops on a chemically
structured surface, with 700 lamellae, have been studied experimen-
tally. A typical raindrop of about 3 mm in size covers all 700 lamellae,
each with a size of about 5 ym—the typical diameter of spider silk. In
a phase-field simulation, the lamellae should be significantly wider
than the diffuse interface. For 15 grid points per lamella, this results
in a resolution of around 10'? grid points, in three dimensions. The
regions outside the interface do not have to be calculated and thus
are omitted in NAStJA. The computational effort and memory con-
sumption can be reduced to only 3.5 %, compared to the classical
full-domain reference simulation as illustrated in Figure 2.

In certain situations, the local neighborhood is not sufficient to
ensure the consistency of block adaptation. When two interfaces
processed by two disjoint neighborhoods move towards each other
during simulation, both of these neighborhoods could allocate the
same new block. To prevent this inconsistency, a global exchange
of information across all local neighborhoods of MPI processes is
necessary. For a large number of MPI processes, both collective
communication and master-worker communication are not scalable.
With particular properties of the phase-field method, we have gained
time until the next block is created from one created block. This
time can be used to manage the global exchange of information.
NAStJA uses a multi-hop network for this. We present the scaling
with a multidimensional Manhattan Street Network in Figure 3.
The diameter of the Manhattan Street Network can be reduced by
increasing dimension so that it can be guaranteed that for many MPI
processes the given time slot is sufficient to exchange the necessary
information globally.

Figure 4 shows simulation of different crystals simulated with
the phase-field crystal [Berghoff and Nestler 2015; Elder et al. 2007]

, Vol. 1, No. 1, Article . Publication date: October 2018.

Fig. 4. Anisotropic crystal growth with a parallel semi-implicit spectral
method for phase-field crystal simulations. The initial crystal with orienta-
tion 100 (left) and 110 (right) is marked dark.

module in NAStJA. A parallel semi-implicit spectral method is used
to speed up the simulations. The anisotropy of the crystals is com-
pared to molecular dynamics and phase-field simulations [Guerdane
and Berghoff 2018].

Besides materials science simulations, the NAStJA framework can
also cover other areas. Thus, a module is implemented that simulates
biological cells with the cellular Potts model [Graner and Glazier
1992]. For this purpose, the individual grid points are re-colored to
a fraction of the individual cells according to a Metropolis Monte
Carlo algorithm that minimizes the energy such that the individual
cells reach their target volume and surface.

While focusing on high scalability, the NAStJA framework is
generic by design and supports any methods based on regular grids
with a stencil sweeping through the simulation domain. Therefore,
the framework provides a beneficial infrastructure not only for
many applications in computational materials science (e.g., phase-
field models) but also in other emerging fields of computational
science, for example in computational systems biology (e.g., cellular
automata) because all these applications are implemented on regular
grids. Specifically, it already supports methods for droplets, as done
by [Ben Said et al. 2014], handles phase-field crystal models and
the cellular Potts model. In addition, the framework can be simply
extended with a wide range of algorithms that work with finite
difference schemes or other regular grid methods.
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