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Abstract

High-performance computing is an impressive tool for physical simulations that allows us to
move towards more accurate and reliable computational models, as it cuts down simulations times
significantly. As computing architectures become increasingly complex and potent, there is a push
towards exascale computing (1018 operations per second). Exascale computing architectures are
heterogeneous: they consist of a combination of processor types. To take full advantage of
these heterogeneous architectures, computational simulations need to be efficient and hardware
portable, i.e. performance portable. The aim of this thesis is to precisely create such performance
portable code, focusing on Particle-in-Cell (PIC) methods, which are used in various fields such
as plasma physics, astrophysics, and accelerator physics. Concretely, a Poisson solver for open
boundary conditions is created in the framework of the Independent Parallel Particle Layer
(IPPL), a backend of the accelerator simulation tool OPAL [1]. We make use of the Kokkos
ecosystem [2], a tool produced by the Exascale Computing Project in order to allow for portable
code. The Poisson solver will be based on Fast Fourier Transforms (FFTs), provided by the
HeFFTe library [3], whose aim is to make FFT scalable and available for exascale computing.
Finally, the Poisson solver’s performance is shown via scaling studies.
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Chapter 1

Introduction

During the past half a century, there has been a consistent increase in performance of computer
processors, as shown by Moore’s law. This can mostly be attributed to the progress of the semi-
conductor industry, which has vastly invested in making smaller transistors, allowing to fit more
of them in integrated circuits (Figure 1.1). However, this steady improvement of microprocessors
is not guaranteed in the future. The trend is slowing down as transistors approach the quantum
scale, since new effects such as quantum tunneling come into play [4].

Figure 1.1: Evolution of the number of transistors per microprocessor since 1971 [5].

Currently, the limiting factor for performance increase of single-processors is the power con-
sumption. When processors are performing operations, they dissipate heat as they use electric
current, and so require cooling systems. If processors were doing more operations per second
than what is currently achievable, the heat dissipated would be so large that no existing cooling
system would be able to deal with it; cooling technology has progressed slower than processor
technology [6, chap. 3]. Hence, making faster single-processors is not a feasible endeavour.
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Parallelization on homogeneous architectures (with a single type of processor) allowed to in-
crease performance without the need for faster processors up to the petascale (1015 operations
per second). However, homogeneous architectures are not sufficient if one wants to go beyond
petascale computing. High-Performance Computing (HPC) is delving into alternatives to in-
crease performance, such as heterogeneous computer architectures, which use different types of
processors. As an illustration, there is current scientific effort towards exascale computing (1018

operations/second) by the Exascale Computing Project (ECP) from the US Department of En-
ergy. These exascale systems will rely on heterogeneous architectures in order to be able to
achieve their goal. To fully exploit all the advantages of these high-performance architectures,
computer programs need to be efficient (highly parallelized) and portable, i.e. simulation codes
need to be hardware independent so that they can run on novel super-computing clusters without
needing to write separate codes for each architecture.

What is the motivation behind this drive for exascale and performance in HPC? Compute-
intensive and large-scale simulations in fields like plasma physics, fusion, and astrophysics would
benefit greatly from more operations per second and increased efficiency. Reducing the run-time
of these simulations could also allow to go to higher resolution and accuracy. This can in turn lead
to new scientific observations, such as plasma behaviour and turbulence in the ITER tokamak
fusion reactor, which requires expensive high-resolution simulations with ∼ 1010 computational
particles [7].

In this general context, our goal is to design a performance portable Particle-in-Cell (PIC)
software. PIC simulations are mainly used in fields such as plasma physics, astrophysics, and
accelerator physics in order to simulate the self-consistent dynamics of charged particles. The
Independent Parallel Particle Layer (IPPL) is a PIC library which serves as the backend of the
particle accelerator simulation tool Object-oriented Parallel Accelerator Library (OPAL) [1]. The
goal is to update this already existing PIC library, IPPL 1.0, by interfacing it with a hardware
abstraction library, Kokkos [2], which allows code to be written in an architecture independent
way so that it can easily be ported. Furthermore, this updated version, IPPL 2.0, makes use
of Highly Efficient FFT for Exascale (HeFFTe), a library which targets exascale computing
platforms and provides highly efficient and scalable Fast Fourier Transforms (FFTs) [3].

Currently, our focus is on electrostatic PIC. To show the performance and applicability of
IPPL 2.0, a suite of mini-apps is developed, known as A pLasma Physics mINiapp for Exascale
(ALPINE). The mini-apps include simulations of the self-consistent dynamics of charged particles
inside Penning Trap and of the Hose Instability, both well-studied topics in plasma physics.

While there are many aspects to the PIC code, the aim of this particular project is to develop a
solver for the Poisson equation with open boundary conditions to be integrated into IPPL 2.0. For
open boundary conditions, the integral approach to the problem is better suited, and our solver
is based on FFTs for the rapid evaluation of the otherwise computationally expensive volume
integral. Various algorithms are explored, such as the quintessential Hockney-Eastwood method
[8], or the more novel Vico-Greengard method [9]. Thanks to Kokkos, both of these methods are
implemented in the context of the solver and have been tested on both Central Processing Units
(CPUs) and Graphics Processing Units (GPUs). The solver also makes use of the Message Passing
Interface (MPI) in order to implement inter-nodal communication between processors with no
shared memory. This allows to run on more processors and therefore have more computing
power and memory, allowing to reach larger problem sizes. The solver is benchmarked on a test
problem (a Gaussian charge density profile). Finally, we seek to demonstrate the applicability
and performance of the solver through an implementation of the Hose Instability.

Sonali Mayani 2



Chapter 2

Numerical Methods

In this section, the numerical methods which are used in the project are presented. First, we give
a brief overview of the Particle-in-Cell technique for the simulation of kinetic plasmas. Then, we
talk about two methods which allow to numerically solve Poisson’s equation with open boundary
conditions: Hockney-Eastwood, which has been the standard algorithm for many years, and
Vico-Greengard, a newer approach to the problem which has been implemented in a performance
portable way for the first time. Both are FFT-based methods. Finally, the metric used to verify
the correctness and accuracy of the implemented algorithms is presented.

2.1 Particle-in-Cell

The Particle-in-Cell method consists in modelling a cloud of plasma particles by a macro-particle,
as otherwise there would be too many particles to account for in the plasmas of interest if we
want to model physical phenomena. These macro-particles are tracked in phase space as they
evolve over time. The time evolution is determined by Newton’s equations of motion, in which
the electromagnetic fields come into play for the force field. In order to compute these fields,
the charge density of the particles is computed on the grid points of a fixed mesh (scatter), on
which we solve for the electromagnetic fields (field solve). These are then interpolated to the
macro-particle locations (gather) in order to compute the force which will drive the particles
to their new position at the next time-step (particle push) [10]. Figure 2.1 shows the PIC
setup. The PIC loop consists of the scatter, solve, gather, and push, and is repeated at each
time-step until the end of the simulation, schematically shown in Figure 2.2. The reason one
can substitute particles by macro-particles is because the Lorentz force, which governs charged
particle dynamics, depends on the charge-to-mass ratio of the particles.

Let ~r be the position of a macro-particle with mass m and charge q, ~p = mγ~v its relativistic
momentum, ~v its velocity, and γ = 1√

1−|~v|2/c2
the Lorentz factor, where c is the speed of light.

3
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Figure 2.1: Particle-in-Cell model, with particles and mesh [10].

SCATTER:
Interpolate charge
of macro-particles

onto grid to obtain ρ

SOLVE:
Calculate field
φ and ~E from ρ

GATHER:
Interpolate fields

from grid to particles

PUSH:
Update particle

position and velocity

INITIALIZATION:
Initialize particle
positions, veloci-
ties, and charges

Figure 2.2: The PIC loop, which is repeated every time-step after the initialization.
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The equations of motion are given by the Newton-Lorentz equations [1]:

d~r

dt
=

~p

mγ

d~p

dt
= q( ~E +

~p

mγ
× ~B).

The above are integrated using the leapfrog algorithm [11] in the particle push phase, to evolve

all of the macro-particles. The fields ~E and ~B are the sum of the self-fields of the particles and
any external fields that may be applied, ~Eext and ~Bext. In the electrostatic case, the magnetic
self-field is zero in the non-relativistic regime. In the case of relativistic particles, a magnetic
self-field appears due to the moving charges.

Let ~x ∈ R represent a position for fields (not the same as the macro-particle positions). At

each time-step, the ~E(~x) field can be computed using the charge density ρ(~x) by means of the
Poisson equation, which relates ρ(~x) to the scalar potential φ(~x):

∆φ(~x) = −ρ(~x)

ε0
~E(~x) = −~∇φ(~x),

where ε0 is the dielectric constant. From the ~E(~x) field on the mesh one can obtain the E-field
~E at each macro-particle position ~r through interpolation (in the gather phase).

The focus of this project is to implement a field solver for the Poisson equation on the mesh
for open boundary conditions (φ → 0 as |~x| → ∞). As already mentioned, these are most
naturally dealt with using integral-based methods. In this case, the potential can be written as
a convolution [12]:

φ(~x) =

∫
G(~x− ~x′)ρ(~x′)d~x′, (2.1)

where G(~x) = − 1
4π|~x| is the solution of ∆φ = −δ(~x) with φ → 0 as |~x| → ∞, known as Green’s

function for the Poisson problem with open boundary conditions.

Let the mesh on which the fields are defined be of size [0, Lx]×[0, Ly]×[0, Lz], and the number
of grid points in the computational grid be Nx ×Ny ×Nz, such that the mesh spacing is hx =
Lx/Nx, hy = Ly/Ny, hz = Lz/Nz in the corresponding directions. Then, ~x = (ihx, jhy, khz)
represents a position on the mesh, where i = 1

2 , ..., Nx −
1
2 , j = 1

2 , ..., Ny −
1
2 , z = 1

2 , ..., Nz −
1
2 ,

since we use a cell-centered scheme for the fields. The convolution 2.1 can be discretized on the
field mesh:

φi,j,k = hxhyhz

Nx−1∑
i′=0

Ny−1∑
j′=0

Nz−1∑
k′=0

Gi−i′,j−j′,k−k′ρi′,j′,k′ .

If this is solved using brute force, the computational cost of the operation is O((NxNyNz)
2)

[13]. The cost of the operation can be brought down by using Fourier transforms, thanks to the
convolution theorem [14]:

Sonali Mayani 5
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Theorem 1 Let f(~x) and g(~x) be two functions. We denote the Fourier transform with F , and
the inverse Fourier transform as F−1. The Fourier transforms of f and g are defined as:

F (~s) = F(f)(~s) =

∫
R3

f(~x)e−i2π~s·~xd~x,

G(~s) = F(g)(~s) =

∫
R3

g(~x)e−i2π~s·~xd~x,

where ~s ∈ R3 is known as the wave-vector.

We denote the convolution of f and g as f ∗ g:

(f ∗ g)(~x) =

∫
f(~x′)g(~x− ~x′)d~x′

The convolution theorem states that a convolution is a multiplication in Fourier space:

F(f ∗ g) = F(f) · F(g) =⇒ f ∗ g = F−1(F(f) · F(g)).

One can apply the above theorem to the convolution ρ ∗G, such that the dominating cost in
the operation is that of the Fourier transform (the rest is just a point-wise multiplication). If we
use fast algorithms for the Fourier transforms, e.g. the Fast Fourier Transform (FFT) [15], the
cost is drastically reduced to O(N logN), where N = NxNyNz. To incorporate FFTs in solving
the Poisson equation for open boundary conditions, the most commonly used algorithm is that
of Hockney-Eastwood [16], explained in the next section.

2.2 Hockney-Eastwood Method

The Hockney-Eastwood method consists in replacing the convolution by a cyclic convolution,
such that we can make use of 3-dimensional FFTs to make the computation more efficient. Let
the physical domain be [0, Lx]× [0, Ly]× [0, Lz], and the mesh the same as defined above. The
steps of the algorithm are the following [8]:

1. Double the computational grid in the non-periodic directions (those which have open
boundary conditions). If all boundary conditions are open, this means we will have a
grid of size 2Nx × 2Ny × 2Nz.

2. The source term ρ(~x), which is defined on ~x ∈ [0, Lx)× [0, Ly)× [0, Lz), is then zero-padded
to be defined on the full doubled domain. So for ~x ∈ [0, 2Lx)× [0, 2Ly)× [0, 2Lz), we define
ρ2(~x) such that:

ρ2(~x) =

ρ(~x), if ~x ∈ [0, Lx)× [0, Ly)× [0, Lz)

0, otherwise.

3. The Green’s function G(~x) also needs to be extended on the doubled domain. In order to

Sonali Mayani 6
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do so, we circular shift it and make it periodic, such that the new function G2(~x) satisfies:

G2(~x) =



G(~x), if ~x ∈ [0, Lx)× [0, Ly)× [0, Lz)

G(2Lx − x, y, z), if ~x ∈ [Lx, 2Lx)× [0, Ly)× [0, Lz)

G(x, 2Ly − y, z), if ~x ∈ [0, Lx)× [Ly, 2Ly)× [0, Lz)

G(x, y, 2Lz − z), if ~x ∈ [0, Lx)× [0, Ly)× [Lz, 2Lz)

G(2Lx − x, 2Ly − y, z), if ~x ∈ [Lx, 2Lx)× [Ly, 2Ly)× [0, Lz)

G(2Lx − x, y, 2Lz − z), if ~x ∈ [Lx, 2Lx)× [0, Ly)× [Lz, 2Lz)

G(x, 2Ly − y, 2Lz − z), if ~x ∈ [0, Lx)× [Ly, 2Ly)× [Lz, 2Lz)

G(2Lx − x, 2Ly − y, 2Lz − z), otherwise.

The Green’s function is singular at the origin, so we need to regularize it. In this work, we
choose to do so by replacing the singularity by G(~0) = −1/4π.

4. Now, assume ρ2 and G2 periodic with period 2(Lx, Ly, Lz). Now we can Fourier transform
ρ2 and G2 (after discretization) using FFTs, such that the convolution becomes a simple
multiplication. In this case, the potential on the doubled domain is given by φ2:

φ2 = hxhyhzFFT−1{FFT{ρ2} × FFT{G2}}.

5. The physical solution for the potential is obtained by restricting the double-grid solution
on the physical domain, i.e. φ(~x) = φ2(~x) for ~x ∈ [0, Lx) × [0, Ly) × [0, Lz). The proof
of the equivalence in the physical domain between the cyclic convolution and the original
convolution can be found in [12, p. 12].

The computational cost of the operation needed to solve the Poisson equation has been
reduced to O((8N)log(8N)), where N = NxNyNz. The trade-off is the increased memory
requirement to store the fields ρ2 and G2 on the doubled domain. The Hockney-Eastwood
method is second-order accurate. Thus, if high accuracy is desired, the computation becomes
expensive quickly. It could be advantageous to explore other methods with spectral accuracy,
such as the new Vico-Greengard method [17].

2.3 Vico-Greengard Method

Vico, Greengard, and Ferrando describe a new method which only differs from the above by the
choice of Green’s function, and offers spectral accuracy for smooth functions, i.e. convergence
faster than any fixed power of the mesh spacing h [9].

For the case of the Poisson equation, in which the differential operator is the Laplace operator,
the choice of Green’s function is given to be the following:

GL(~s) = 2

(
sin(L|~s|/2)

|~s|

)2

,
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where ~s is Fourier wavevector, and GL is defined in Fourier space. L is the size of the truncation
window, which should be chosen to be bigger than the maximum distance between any two points
in the computational domain [9]. If the domain is [0, Lx]× [0, Ly]× [0, Lz], then we should choose

L >
√
L2
x + L2

y + L2
z i.e. one should set L = α ·

√
L2
x + L2

y + L2
z, with α > 1. For this study, we

set α = 1.1 (truncation window 10% larger than the maximum distance between any two points
in the domain).

Now, we have the Green’s function on the Fourier domain. To not lose any information
when doing the inverse Fourier transform of this Green’s function, it should be done on a 4Nx×
4Ny× 4Nz grid, due to the oscillatory nature of GL. Indeed, since we are carrying out a circular
convolution and we want it to give the same result as the linear convolution, we need a doubled
grid (as explained by Hockney and Eastwood [16, p. 213]), so at minimum a doubling of grid
points is required.

The other factor 2 is explained by the sinusoidal in GL. To avoid errors when sampling a
periodic signal, one should use a sampling rate fs twice larger than the maximum frequency fmax
of that signal i.e. fs > 2fmax to not lose any information [18]. This statement applies when
computing the (inverse) FFT of an oscillating signal, such as GL, which contains a sinusoidal.
One needs a two-times finer mesh order to have a sampling rate twice larger than the frequency
content.

So to avoid information loss, the inverse should be taken on the fourfold grid. If all the
convolution computation were to be done on the fourfold grid, i.e. the source term would also
need to be zero-padded on the fourfold domain, it would become prohibitive in memory, making
the method unviable for computational simulations. However, this can be bypassed by computing
solely then inverse transform of GL on the fourfold grid as part of a pre-computation step, then
restricting it to the doubled grid of size 2Nx × 2Ny × 2Nz, getting G2. The restricted Green’s
function G2 is then stored to be used every time the Poisson solve is called in the PIC loop, such
that the fourfold mesh is never needed again. This is only true if a fixed mesh is maintained in
the course of the simulation; if the mesh spacing changes, the pre-computation needs to be done
again.

Since we already have the pre-computed Green’s function G2 on the doubled domain, we can
follow the same steps as Hockney-Eastwood, skipping the Green’s function computation:

1. Double the computational grid in the non-periodic directions (those which have open
boundary conditions). If all boundary conditions are open, this means we will have a
grid of size 2Nx × 2Ny × 2Nz.

2. The source term ρ(~x), which is defined on ~x ∈ [0, Lx)× [0, Ly)× [0, Lz), is then zero-padded
to be defined on the full doubled domain. So for ~x ∈ [0, 2Lx)× [0, 2Ly)× [0, 2Lz), we define
ρ2 such that:

ρ2(~x) =

ρ(~x), if ~x ∈ [0, Lx)× [0, Ly)× [0, Lz)

0, otherwise.

3. We already have the pre-computed Green’s function on the doubled grid G2.

4. Assume ρ2 and G2 periodic with period 2(Lx, Ly, Lz), so that we can Fourier transform
ρ2 and G2 (after discretization) using FFTs such that the convolution becomes a simple
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multiplication. In this case, the potential on the doubled domain is given by φ2:

φ2 = hxhyhzFFT−1{FFT{ρ2} × FFT{G2}}.

5. The physical solution for the potential is obtained by restricting the double-grid solution
on the physical domain, i.e. φ(~x) = φ2(~x) for ~x ∈ [0, Lx)× [0, Ly)× [0, Lz).

In this case, the resulting algorithm is similar in complexity to Hockney-Eastwood, the
sole difference being that we need ∼ 8× more memory for the pre-computation step in Vico-
Greengard. This could be a problem on GPU architectures, which usually have less memory
available, but in the case of a sufficiently smooth density distribution, the number of grid points
required to obtain accurate results will be much lower with Vico-Greengard than with Hockney-
Eastwood. The choice of algorithm is therefore best left to the user depending on the character-
istics of the problem and the amount of memory available.

2.4 Measuring correctness: Convergence tests

The above algorithms are implemented in our FFT-based Poisson solver in the context of IPPL
2.0. We verify our implementation by means of simple convergence tests with known analytical
functions, using the method of exact solutions.

The method of exact solutions consists in verifying the implementation of a differential equa-
tion solver by choosing a function, computing its analytical solution, and seeing whether the
solution from the implementation approximates the analytical solution. The error between the
analytical solution and the computed one should converge to zero as the mesh spacing decreases,
and the order of convergence should correspond to the order of the method implemented in the
solver. To obtain the theoretically optimal order of convergence one needs to choose smooth
analytic functions [19]. This method, along with the method of manufactured solutions, are
important to identify coding mistakes and verify that the correct equations are being solved by
the implementation [20]. For the Poisson equation, we choose ρ such that the solution φ can be
analytically computed.

The first problem we choose is the Gaussian source:

ρ = − 1√
(2π)3

exp

(
− r2

2σ2

)
,

such that the exact solution is given by [17]:

φexact =
1

4πr
erf

(
r√
2σ

)
,

where r =
√

(x− µ)2 + (y − µ)2 + (z − µ)2 and µ = 0.5, such that the Gaussian peak is at the
center of the computational box (three-dimensional box of side L = 1). The standard deviation
is chosen to be σ = 0.05.

For our second test, we choose the source related to the gravitational potential of a sphere,
which we use for the purpose of comparison with the results shown in [21], and for demonstrating
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that Vico-Greengard fails to converge faster than Hockney-Eastwood when the sources are non-
smooth functions. The source term is given by the following expression:

ρ =

4πG, if r ≤ 1

0, if r > 1,

and the exact solution is [21]:

φexact =

−
2
3πG · (3− r

2), if r ≤ 1

− 4
3πG ·

1
r , if r > 1,

where G = 6.67408 · 10−11 m3kg−1s−2 is the gravitational constant, r is as above and we choose
µ = 1.2 this time to center the distribution in the box (3D box of sides L = 2.4).

The metric used to measure the relative error between the exact solution φexact and the
computed solution is the L2−norm:

relative error =
||φ− φexact||2
||φexact||2

.

We solve using the two sources above for increasing number of grid points, and see whether
we reproduce the correct order of convergence for each method. We also double-check that the
algorithms are correctly implemented by comparing with the relative L2-error obtained for the
same grid size using a MATLAB prototype code (c.f. Appendix A). If the difference between
both errors is below computer precision (i.e. < 10−14), we can conclude that it is correctly
implemented.

The implementation also includes the computation of the electric field, ~E = −~∇φ. The user
can choose how the E-field is calculated: applying a finite difference gradient to φ, or through
Fourier differentiation, which is when you apply the gradient in Fourier space such that it becomes
a multiplication with the wave-vector: ~∇φ = F−1(~s · F(φ)).

If the first method is chosen, the E-field accuracy will depend on the accuracy of the finite
difference gradient (second-order in the case of central finite difference). For Fourier differenti-

ation, ~E will retain the same accuracy as φ. For Vico-Greengard, it would be advantageous to
choose this method since then the E-field computation will also be spectrally accurate [17].

2.5 Application: Hose Instability

The Hose Instability is a phenomenon in which a beam of electrons propagating though a plasma
channel starts to oscillate in the transverse plane, with the oscillations growing with time, due
to the interaction between the plasma channel and the electrons [22]. Both the plasma channel
and the electron beam suffer from hosing. It is particularly of interest in the plasma wake-field
accelerator community, as it can arise in plasma wake-field experiments and impact results and
performance [23].

We seek to model the Hose Instability using [24] as a reference. For the Hose Instability to
appear, we need to take into account transverse electric and magnetic fields. However, currently
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only electrostatic PIC is implemented in IPPL 2.0. To circumvent this, we decide to constrain
ourselves to the case of a coasting electron beam with constant longitudinal velocity vz. This
way, by Lorentz boosting to the rest frame of the beam, we can solve the Poisson equation to
find the E-field just as we would in the electrostatic case, and then compute the resulting B-field
due to the inverse Lorentz boost back to the laboratory frame. If the speed of a charged particle
is v = |~v|, then the laboratory frame E-field and B-field ( ~E and ~B) are related to the beam rest

frame ones ( ~E′ and ~B′) by [25]:

Ex = γE′x

Ey = γE′y

Ez = E′z

Bx = −β
c
Ey

By =
β

c
Ex

Bz = 0,

where β = v
c and γ = 1√

1−β2
are relativistic factors, and c is the speed of light.

In the transverse (⊥) direction, the Lorentz force equation is:

d~p⊥
dt

= q

(
~E⊥ +

vz
c
~ez × ~B⊥ +

~v⊥
c
×Bz~ez

)
.

For the Hose Instability simulation, we will use the parameters presented in [24], with all
open boundary conditions so that the solver implemented in this project can be used:

• The electron beam is initialized as a Gaussian distribution of radius Rrms = 5 cm in
the transverse plane, with a small sinusoidal perturbation of amplitude 10−2Rrms. The
pulse length of the electron beam in the z-direction is 2 µs, and the longitudinal motion is
relativistic, with γ = 25.

• The ion channel is initialized to be coaxial with the electron beam, Gaussian distributed
in the transverse plane with same radius as the beam, and uniformly distributed over the
entire box length in the longitudinal direction. The ion species is H2O+.

• We add an external B-field in the longitudinal direction, of magnitude 830 G.

After setting these initial conditions and letting the simulation evolve, one should be able
to observe oscillation of the electron beam in the transverse plane due to the appearance of the
Hose Instability. The measurements should be done at the end of a 50 m drift length.
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Chapter 3

Computer Architecture

“It’s hardware that makes a machine fast. It’s software that makes a fast machine slow” [26].
The choice of software is therefore important when aiming for performance, and especially if
we are targeting exascale computing. It is equally important to specify the hardware used for
performance studies, as performance depends on the computer architecture. In this section, we
present the specifications of the hardware used, as well as a brief description of the libraries that
have been incorporated into IPPL 2.0.

3.1 Hardware used

3.1.1 CPUs

The simulations are run at Paul Scherrer Institut’s Merlin6 computing cluster. Each node (a.k.a.
processor) consists of an Intel Xeon Gold 6152 processor with 2 sockets, 44 cores and 2 threads
per core. It is possible to run with only one thread per core or with hyperthreading (using both
threads). The memory available is 384 GB, of which 352 GB are usable. Infiniband technology
allows for inter-node connectivity, with 2400 Gbps bandwidth among nodes in the same chassis
and 1200 Gbps between different chassis.

3.1.2 GPUs

In terms of GPUs, the latest NVIDIA DGX A100 system is used. This system contains 8 NVIDIA
A100 Tensor Core GPUs, with a total memory of 320 GB (40 GB per GPU). There is a Dual
AMD Rome 7742 CPU with 128 cores and 1 TB system memory. Communication between GPUs
is provided by NVLink, which has a direct bandwidth of 600 Gbps.

12
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3.2 Software Tools

3.2.1 Kokkos

The Kokkos project [2], developed mainly at Sandia National Laboratories, aims at abstracting
the hardware part of parallel programming. As part of the Exascale Computing Project, the
ultimate goal is to prepare scientific computing programs for new exascale infrastructures such
as Aurora [27]. This library allows us to incorporate portability into IPPL, such that Kokkos
takes care of making it run on specific computing architectures, like CPUs or GPUs, primarily
within a single node. Figure 3.1 shows the structure of the Kokkos ecosystem, with Kokkos
Core being the programming model at the heart of the project. Kokkos Kernels provides linear
algebra software, while Kokkos Tools provides profiling and debugging tools. Kokkos Remote
Spaces provide some support for inter-node parallelism.

Figure 3.1: The Kokkos ecosystem [28].

The Kokkos Core programming model allows for the user to write code as instructions using
common parallel programming patterns, decide the execution spaces of the instructions, and
where the data is stored. On top of that, Kokkos optimizes data access for the specific architec-
ture, such that performance is not compromised. In IPPL 2.0, we use Kokkos multi-dimensional
arrays, known as Views, for the fields and particles, as Kokkos can then optimize access to field
and particle data according to the architecture. In terms of parallel execution patterns, the
most commonly present in the Poisson solver implementation and corresponding test scripts are
parallel for loops and reductions.

A parallel for loop is a for loop in which iterations are divided between processes. To do so, it
requires each iteration to be independent of the others. In the case where one wants to compute
an operation such as an addition or multiplication, a reduction should be used, as the iterations
are not independent of each other. For example, in the Poisson solver convergence test scripts,
parallel for loops (Kokkos::parallel for) are used for initialization of fields (Kokkos Views),
while reductions (Kokkos::parallel reduce) are used for the computation of the relative error
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norm. Listings 3.1 and 3.2 show examples of these, respectively. The code snippets are taken from
TestGaussian hockney.cpp, which is the convergence test for a Gaussian charge distribution
using Hockney-Eastwood (c.f. Appendix A for access to the script). Some liberties were taken
when presenting the code snippets here for the sake of brevity. The MDRangePolicy in these
code snippets indicates the execution policy; in these cases, we want a 3D nested loop to be able
to access field data in the Views, and we provide the iteration range.

1 typename field :: view_type& view_rho = rho.getView (); // View for rho field

2

3 // Ghost/guard cells are cells added to the local sub -domain in a process

4 // such that field data is available locally for finite differences methods

5 const int nghost = rho.getNghost (); // number of ghost cells

6

7 // The local sub -domain contained in the process running the code

8 // (as the domain is divided between processes)

9 const auto& ldom = layout.getLocalNDIndex (); // sub -domain in this process

10

11 Kokkos :: parallel_for("Assign rho field",

12 Kokkos :: MDRangePolicy <Kokkos ::Rank <3>>({nghost , nghost , nghost},

13 {view_rho.extent (0) - nghost ,

14 view_rho.extent (1) - nghost ,

15 view_rho.extent (2) - nghost }),

16 KOKKOS_LAMBDA(const int i, const int j, const int k){

17 // go from the local indices of this process to global indices

18 const int ig = i + ldom [0]. first() - nghost;

19 const int jg = j + ldom [1]. first() - nghost;

20 const int kg = k + ldom [2]. first() - nghost;

21

22 // compute the physical position (cell -centered mesh)

23 double x = (ig + 0.5) * hr[0] + origin [0];

24 double y = (jg + 0.5) * hr[1] + origin [1];

25 double z = (kg + 0.5) * hr[2] + origin [2];

26

27 // assign the gaussian at that position to the rho View

28 view_rho(i, j, k) = gaussian(x, y, z);

29 });

Listing 3.1: Example of parallel for loop for initialization of ρ with a Gaussian distribution.

1 fieldE = fieldE - exactE; // difference between computed and exact E-field

2 auto view_fieldE = fieldE.getView (); // View for E-field (vector)

3 unsigned int d = 0; // component of E-field (0 = x component)

4 double temp = 0.0; // variable which will hold the value of the reduction

5

6 Kokkos :: parallel_reduce("Vector errorNr reduce",

7 Kokkos :: MDRangePolicy <Kokkos ::Rank <3>>({nghost , nghost , nghost},

8 {view_fieldE.extent (0) - nghost ,

9 view_fieldE.extent (1) - nghost ,

10 view_fieldE.extent (2) - nghost }),

11 KOKKOS_LAMBDA(const int i, const int j, const int k, double& valL) {

12 // square the difference between exact and computed Efield

13 // for L2 norm relative error computation

14 double myVal = pow(view_fieldE(i, j, k)[d], 2);

15

16 // sum over the squares

17 // this will give numerator of relative error

18 valL += myVal;

19

20 }, Kokkos ::Sum <double >(temp)); // temp = sum(valL of each process)

Listing 3.2: Example of reduction needed as part of the relative error norm computation for Ex.
The variable nghost is the same as in Listing 3.1.
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This higher level of programming avoids the need to rewrite code every time we want to port
our code to a different architecture. Without Kokkos, the estimated amount of code one would
need to rewrite when porting is ∼ 10% [29]. So if IPPL 2.0 (≈ 20k lines of code) did not use
Kokkos, we would need to rewrite ≈ 2000 lines of code every time we need to run on a different
architecture machine. Thanks to Kokkos, we avoid this work and can run on many architectures
without need for changes to the source code.

3.2.2 HeFFTe

Highly Efficient FFT for Exascale, also known as heFFTe [3], is a library aiming at optimising
FFT computation for exascale, and is also part of the Exascale Computing Project. The main
attraction of the library is their implementation of the distributed 3D FFT algorithm that
addresses the inter-node communication needed in order to perform large-scale FFTs, and shows
good performance for these large problem sizes [3].

There are many choices of parameters for the FFT computation left to the user. For example,
depending on the architecture, the user can choose the communication scheme which results in
better performance: point-to-point communication (pairwise interaction between specific pro-
cesses) or all-to-all communication (all processors send or receive data) [30].

One can also choose between reorder or no reorder. The three-dimensional FFT is obtained
by performing FFTs in each dimension, so between these FFTs a data reshape is needed (c.f.
Figure 3.2). By specifying reorder, one chooses to reorder the data to be contiguous in memory
during the reshape step.

Furthermore, there is a choice of two different decompositions of the computational box which
are needed to compute the FFT: slab and pencil. These are shown in Figure 3.2, which also shows
the algorithm followed by heFFTe. More information is found in [3].

3.2.3 MPI

IPPL needs a system for the communication between processors in a distributed memory model,
as Kokkos can only access data within the processor where it is executing (unless we use Kokkos
Remote Spaces). For this, the Message Passing Interface (MPI) library is used. MPI allows the
user to move data between processors with control on the communication scheme used [30]. The
heFFTe library presented above also makes use of MPI for inter-processor communication. In
MPI, we refer to each process as a rank. In our experiments, we use one MPI rank per node.

For both the Hockney-Eastwood and Vico-Greengard algorithms, communication between
nodes is needed for the zero-padding of the source term ρ to obtain ρ2.

If we run the program on n ranks, the computational domain is divided into n boxes, each
of which is stored in a separate rank. Now, if we define a new computational domain of double
the size in each dimension, this computational domain is also divided into n boxes in order to
be distributed among the n ranks. Both the physical and doubled domains are divided into n
sub-domains. However, the sub-domains are not equivalent, as one is a physically larger domain
that the other. Hence, each rank contains different sub-domains of the Nx ×Ny ×Ny grid and
the 2Nx × 2Ny × 2Nz. When writing ρ to ρ2, we need communication to get the sub-domains
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Figure 3.2: The heFFTe algorithm for pencil and slab decompositions [3].

of the field ρ to the rank which corresponds to the same sub-domain in ρ2. A diagram of the
problem is shown in Figure 3.3.

The implementation of this assignment of a field from the physical grid to a doubled grid
is non-trivial. The approach followed is shown in Algorithm 1. All ranks will encounter this
algorithm and execute it, such that the end result will be what is desired (Figure 3.3). A similar
algorithm is used for the restriction from the doubled grid to the physical grid (φ2 → φ).

3.3 Measuring performance: Scaling studies

Performance can be studied using scaling tests, which show how the timings of a program vary
as you vary number of ranks and/or amount of work. There are two types of scaling: strong and
weak.

3.3.1 Strong Scaling

When conducting strong scaling studies, one keeps the problem size fixed and varies the number
of ranks used. Ideally, it is expected that doubling the resources makes the time to solution
decrease by half [31].
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Figure 3.3: Communication is needed to go from the physical grid (Nx×Ny×Ny) to the doubled
grid (2Nx × 2Ny × 2Nz). On the right, the blue cube indicates the physical sub-domain of the
doubled grid, whereas the green cubes are those where ρ will need to be zero-padded.

In the case of strong scaling, you can quantify it using speedup Sp and efficiency Esp [32]:

Sp =
T1
Tp

Esp =
Sp
p
,

where p is the number of processes, T1 is the most optimal time to solution on one process, and
Tp is the time to solution on p processes.

3.3.2 Weak Scaling

For weak scaling studies, the problem size per rank is kept constant such that when you increase
the number of ranks, the problem size also increases. Ideally, the time to solution should stay
constant, which would mean that the work increases proportionally to the number of processes
[31]. Nevertheless, such ideal performance is very hard to achieve, especially when there is
MPI communication involved, since communication time will increase as the number of ranks
increases.

In this case, we can only define efficiency as a way to quantify performance (notation as
above) [32]:

Ewp =
T1
Tp
.
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Algorithm 1 Assignment from physical to doubled grid. The bounds of the sub-domains con-
tained in each rank are globally known.

n ← total number of ranks
myRank ← ID of this rank
domains1 ← bounds of sub-domains of physical grid
domains2 ← bounds of sub-domains of doubled grid

for i← 1, n do
if domains2[i] touches domains1[myRank] then

intersection ← intersect domains2[i] with domains1[myRank]
Pack domains1[myRank][intersection].
Send packed data to rank i.

end if
end for

for i← 1, n do
if domains1[i] touches domains2[myRank] then

intersection ← intersect domains1[i] with domains2[myRank]
Receive data from rank i.
Unpack data into domains2[myRank][intersection].

end if
end for
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Chapter 4

Results and Discussion

4.1 Convergence Tests

The implementation of Hockney-Eastwood and Vico-Greengard needs to be verified, so conver-
gence tests are performed with a smooth Gaussian as the source, for both the potential and
the electric field. Figure 4.1 shows the convergence tests for the potential for both algorithm
choices and on both CPU and GPU. The difference with the MATLAB prototype code is below
computer precision (10−14) for all data points. Figure 4.2 shows a similar plot for the electric
field computation. The grid sizes used were 43, 83, 163, 323, 643 and 1283.

Figure 4.1: Convergence test, Hockney and Vico, for the potential.

As can be seen, Hockney-Eastwood converges with second order and Vico-Greengard spec-
trally, consistent with what is expected. The CPU and GPU results match, assuring us of a
proper portable implementation. There are slight fluctuations in the relative error once it dips
below 10−14, since it is computer precision.

The second test case is that of the sphere, which is non-smooth. We ran the Hockney-
Eastwood solver with the following problem sizes: 483, 1443, 2883, 3843 and 5763. These have
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Figure 4.2: Convergence test, Hockney and Vico, for the electric field.

been chosen in order to compare the results of the implemented Hockney-Eastwood Poisson
solver with what is shown in [21], where they also test the Hockney-Eastwood algorithm on
this problem. The relative errors for the potential are shown in Figure 4.3. For the purpose of
comparison with [21, fig. 7], the L1-norm relative error is shown in this figure. The data-points
are in agreement with [21, fig. 7], which is a verification that the implemented solver is correct
and has the expected decrease in accuracy due to the non-smoothness of ρ.

Figure 4.3: Convergence test for potential of a sphere with the Hockney-Eastwood method. For
this non-smooth problem, Hockney-Eastwood is between first-order and second-order accuracy.

Figure 4.4 shows the relative error between analytical and computed potential using both
Hockney-Eastwood and Vico-Greengard. As can be seen, Vico-Greengard does not converge
spectrally, but rather follows the pattern of Hockney-Eastwood, demonstrating the drawback of
Vico-Greengard for non-smooth distributions. The user should therefore choose appropriately
between the two depending on the properties of the problem at hand. Table 4.1 shows a com-
parison between the time and memory costs of both methods for a specific accuracy, in which it
is evident that for a sufficiently smooth problem, Vico-Greengard ends up being more economic.
This should be taken with a grain of salt for arbitrary problems though, as shown by the case of
the spherical potential.
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Figure 4.4: Convergence test for potential of a sphere, for both Hockney-Eastwood and Vico-
Greengard, for grid sizes from 163 to 1283.

Hockney Vico Hockney Vico

Relative Error Gridsize Memory [MB]

∼ 10−1 83 83 ∼ 10−1 ∼ 1

∼ 10−2 323 - ∼ 101 -

∼ 10−3 643 - ∼ 102 -

∼ 10−4 1283 163 ∼ 103 ∼ 101

∼ 10−9 ∼ (215)3 323 ∼ 1010 ∼ 102

Table 4.1: For a specific accuracy, comparison between both methods of the grid sizes, memory,
and time taken for one solve, for a smooth source.

4.2 Scaling studies: Hockney-Eastwood

Scaling studies are conducted to measure the performance of the solver. We run 5 iterations of
the solver and time it, for varying number of ranks. As mentioned before, the parameters for
the FFT computation via heFFTe are to be user-provided, so we run the scaling tests with all
the possible combinations of FFT parameters to judge which parameters are most suited to our
problem and computer architecture.

First of all, we ran a strong scaling study for the Hockney-Eastwood algorithm for a 2563

problem size. The number of nodes increases in powers of 2, up to 16 CPUs, and up to 8 GPUs.
Appendices B & C show the results for all FFT parameter combinations on CPUs and GPUs
respectively. Figure 4.5, which compares the total time of all FFT parameter combinations on
CPU, demonstrates that all parameter combinations scale well, and the best one is using a pencil
decomposition, all-to-all communication, and reordering. However, the differences between pa-
rameter choices is not drastic. On the other hand, on GPUs, we observe sub-optimal performance
(Figure 4.6). Moreover, there is a set of parameters which takes noticeably less time than others.
The combination with best speedup seems to be slab decomposition, all-to-all communication,
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with reordering. However the best choice for lower time to solution is slab, point-to-point, no
reordering.

Figure 4.5: Time taken on CPUs for 5 iterations of the Poisson solver using the Hockney-
Eastwood algorithm for different combinations of heFFTe parameters and increasing number of
nodes. The problem size is fixed to NxNyNz = 2563. Speedup and Efficiency are also plotted.

While performance seems to approach ideal performance on CPU, on GPU poor scaling is
observed. The reason for this was identified to be a lack of sufficient work for the GPU to
show scaling. Therefore, a new scaling study is performed for a 5123 problem size. The memory
required for this problem size exceeds the memory available on 2 GPUs, therefore in this case the
GPU scaling tests start from 4 GPUs. There are also two parameter combinations which exceed
available memory, so they are not considered (slab, all-to-all, with reordering and slab, point-to-
point, with reordering). Appendix D shows the results, and Figure 4.7 shows a comparison of
scaling results between heFFTe parameter combinations. From this figure, we see that the pencil
decomposition, point-to-point communication, with reordering shows the best performance, and
has a low time to solution. The hypothesis that lack of sufficient work caused poor performance
on GPU is also confirmed, as now we observe scaling and up to ≈ 1.6× speedup from 4 to 8
GPUs.

A more detailed breakdown of the pencil, point-to-point with reordering scaling test for
NxNyNz = 5123 is shown in Figure 4.8. The most time-consuming tasks are the FFT compu-
tations, especially for the E-field, as this consists of three FFTs, one for each dimension. The
FFTs scale well, as shown by the speedup graph. The communication kernels increase in time as
we increase the number of GPUs, consistent with what is expected since more communication is
required if there are more GPUs to communicate between. The time required for the assignment
to and from the doubled grid is low compared to the FFT computation time, showing that this
communication cost is not prohibitive. The solver initialization time (which includes Green’s
function computation) is not accounted for in the total time, as it is only a one time cost. How-
ever, if we were to change the field mesh size in the course of a simulation, the Green’s function
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Figure 4.6: Time taken on GPUs for 5 iterations of the Poisson solver using the Hockney-
Eastwood algorithm for different combinations of heFFTe parameters and increasing number of
nodes. The problem size is fixed to NxNyNz = 2563. Speedup and Efficiency are also plotted.

would need to be recomputed, hence incurring an additional cost, which would be dominated by
the FFT computation of the Green’s function.

Figure 4.8: Time taken on GPUs for 5 iterations of the Poisson solver using the Hockney-
Eastwood algorithm on an increasing number of nodes, with pencil decomposition, point-to-
point, with reordering. The problem size is fixed to NxNyNz = 5123. Speedup and Efficiency
are also plotted.
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Figure 4.7: Time taken on GPUs for 5 iterations of the Poisson solver using the Hockney-
Eastwood algorithm for different combinations of heFFTe parameters and increasing number of
nodes. The problem size is fixed to NxNyNz = 5123. Speedup and Efficiency are also plotted.

Figure 4.9: Weak scaling study on CPU for Hockney-Eastwood, showing time taken by all kernels
for 5 iterations of a solve, as well as the corresponding efficiency. Work per node is kept constant
as number of nodes increase, starting from NxNyNz = 1283.
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Figure 4.10: Weak scaling study on GPU for Hockney-Eastwood, showing time taken by all
kernels for 5 iterations of a solve, as well as the corresponding efficiency.

Weak scaling studies of Hockney-Eastwood are conducted using the optimal parameter choice
for CPU and GPU: pencil, all-to-all, with reordering and pencil, point-to-point, with reordering,
respectively. On CPU (Figure 4.9) the time to solution stays roughly constant, as does the time
for FFT computation. Total efficiency reaches ≈ 80% at 16 nodes. The communication time
required for assignment to the doubled grid increases, as expected. On the other hand, no weak
scaling is observed on GPU (Figure 4.10), as the total efficiency goes down to about 30% at 8
GPUs. The FFT kernels show similar behaviour, possibly because of lack of sufficient work for
GPUs to perform well. Further studies should include running on other computing clusters with
more GPUs to investigate this behaviour.

4.3 Scaling studies: Vico-Greengard

The heFFTe parameter choice for Vico-Greengard is done according to the observations from
the scaling studies of the Hockney-Eastwood implementation, taking into consideration that
Vico-Greengard requires an FFT computation on a mesh 2× larger in each dimension than the
Hockney-Eastwood mesh. We choose a problem size of NxNyNz = 1283 (larger problem size will
not fit on 2 or 4 GPUs), which corresponds approximately in memory and work to Hockney-
Eastwood with 2563. We will therefore expect deterioration in performance from 4 to 8 nodes.
Using the conclusion drawn from Figure 4.6, we decide to choose slab decomposition, all-to-all
communication, with reordering for GPU. For CPU, we choose the same configuration with the
decomposition changed to pencils. We run weak scaling studies for Vico-Greengard with the
same parameters.

Figure 4.11 shows that strong scaling on CPU is very close to ideal. Contrastingly, on GPU
(Figure 4.12) the time to solution increases with increasing number of nodes, indicating that
scaling is not achieved. This is to be expected as the amount of work is too little for the GPUs,
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however we cannot increase the problem size as this would exceed available memory. Similarly
to what was seen with Hockney-Eastwood, the FFT computation of the E-field dominates the
cost, and on CPU the communication costs required for assignment to and from the doubled
grid are well below the FFT costs. Nevertheless, on GPU we see that communication between
GPUs for this assignment becomes very expensive, and similar in order of magnitude to the FFT
costs. This could be a problem in the future, and we need to further investigate by running
larger problem sizes and/or go farther than 8 GPUs on other larger computing clusters.

Figure 4.11: Strong scaling study on CPU for Vico-Greengard, showing time taken by all kernels
for 5 iterations of a solve, with NxNyNz = 1283. Speedup and Efficiency are also plotted.

As for weak scaling, we see that on CPU the time stays roughly constant (Figure 4.13), and
the total efficiency is only reduced to ≈80% for 8 times more nodes, indicating weak scaling is
achieved. The FFTs kernels also stay roughly constant, whereas the communication for writing
to and from the doubled grid increases in time as the number of nodes increase. This behaviour
is expected, as these are not purely parallel kernels and the amount of communication increases
with more nodes despite workload staying constant. On GPU, Figure 4.14 shows that weak
scaling is not achieved. The communication costs for assignment to and from the doubled grid
are also relatively high, as already seen in the strong scaling study on GPU. The same conclusion
is reached as with the weak scaling studies for Hockney-Eastwood: further studies on larger GPU
clusters are required.

4.4 Hose Instability

An implementation of the simulation for the Hose Instability was produced (c.f. Appendix A for
access). Unfortunately, the simulation failed to produce any significant results. The self-fields
are not correctly computed, causing crashes in the simulation as well as energy non-conservation.
The issue is currently being investigated.
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Figure 4.12: Strong scaling study on GPU for Vico-Greengard, showing time taken by all kernels
for 5 iterations of a solve, with NxNyNz = 1283. Speedup and Efficiency are also plotted.

Figure 4.13: Weak scaling study on CPU for Vico-Greengard, showing time taken by all kernels
for 5 iterations of a solve, as well as the corresponding efficiency. Problem size is increased
proportionally to nodes, starting from NxNyNz = 1283.
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Figure 4.14: Weak scaling study on GPU for Vico-Greengard, showing time taken by all kernels
for 5 iterations of a solve, as well as the corresponding efficiency.

Sonali Mayani 28



Chapter 5

Conclusion and Future Outlook

Overall, the implemented solver showed correctness and, in the case of CPUs, good strong and
weak scaling results. There is ample room for improvement in the case of GPU performance.
From our presented studies, it is seen that for GPUs to perform well, more workload is needed.
Running on larger GPU computing clusters might shed light onto the situation.

We also remark that both implemented methods have their advantages and shortcomings. For
sufficiently smooth functions and when high accuracy is desirable, it is seen that choosing Vico-
Greengard as the solver method is the best choice. It allows the user to achieve computer precision
accuracy without the need for a very fine mesh, albeit at the cost of storage space. However,
for non-smooth functions, Vico-Greengard can make no promises of spectral convergence, and
seems to converge just as fast as Hockney-Eastwood. In cases such as these, it is better to choose
Hockney-Eastwood to avoid unnecessary extra memory costs.

In future work, another algorithm to be explored is James’ method [33]. The current bottle-
neck is memory on GPUs, therefore methods which require less memory should be investigated.
James’ method allows to circumvent the doubling of the domain, therefore saving on memory
costs. To solve the Poisson equation ∆φ = −ρ, James suggests the following steps [34]:

1. Calculate ψ satisfying ∆ψ = −ρ with homogeneous Dirichlet boundary conditions. This
is achieved via a sine transform in all three directions. The resulting ψ is known as the
interior potential.

2. Calculate the image charge distribution q on the boundaries due to the potential ψ using
Gauss’ law, considering ψ = 0 outside the domain. This charge distribution on the surface
q is the charge needed to compensate for the original distribution ρ in order to have zero
potential at the boundaries.

3. Find the potential θ induced by the screening charge q.

The potential ψ is the sum of φ, the original potential corresponding to ρ, and θ, the
potential corresponding to the surface charge q. This is because as explained above, θ
(produced by q) and φ (produced by ρ) compensate each other to have 0 potential at the
boundaries, giving exactly the interior potential ψ.
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4. Let us denote with the subscript B the value of a potential at the boundary of the domain.
Since ψB = 0 at the boundaries, we have φB = −θB . So by solving ∆φ = −ρ with Dirichlet
boundary conditions given by φB = −θB , one can finally obtain φ.

Although it requires more computational cost, we do not need to pay in terms of mem-
ory. James’ method has already been integrated in other software, such as the magneto-
hydrodynamics Athena++ code [35], where it has shown second-order accuracy and good perfor-
mance [34]. If this is implemented in IPPL 2.0, it could surpass the attractiveness of Hockney-
Eastwood and Vico-Greengard, especially on GPUs, and give the user yet another choice of
solver. Finally, the Hose Instability implementation should be completed in future work to show
the applicability of the Poisson solver.
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Appendix A: IPPL library, MATLAB codes,
and post-processing

The IPPL library can be found in the following Gitlab repository: https://gitlab.psi.ch/

OPAL/Libraries/ippl. The wiki of this repository contains information on the structure of
IPPL 2.0, as well as installation information for Kokkos and heFFTe.

The Solver fork containing the work for this thesis, including convergence tests and Hose Insta-
bility implementation, can be found here: https://gitlab.psi.ch/mayani_s/ippl-solvers.

The following repository contains all the post-processing scripts used to obtain the results
presented, as well as the MATLAB prototype codes: https://gitlab.psi.ch/AMAS-members/

ippl-sonali. Intermediate presentations given during the master thesis are also included in
this repository.

Instructions on how to install Kokkos and heFFTe, compile IPPL, run the solver test scripts,
and use the post-processing scripts to obtain results can be found here: https://gitlab.psi.

ch/AMAS-members/ippl-sonali/-/wikis/home.
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Appendix B: Scaling tests on CPU, 2563

Figure B.1: Strong scaling test for pencil decomposition, all-to-all communication, no reordering.
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Figure B.2: Strong scaling test for pencil decomposition, all-to-all communication, with reorder-
ing.

Figure B.3: Strong scaling test for pencil decomposition, point-to-point communication, no re-
ordering.

Sonali Mayani 36



EPFL & PSI Villigen Appendix B. Scaling tests on CPU, 2563

Figure B.4: Strong scaling test for pencil decomposition, point-to-point communication, with
reordering.

Figure B.5: Strong scaling test for slab decomposition, all-to-all communication, no reordering.
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Figure B.6: Strong scaling test for slab decomposition, all-to-all communication, with reordering.

Figure B.7: Strong scaling test for slab decomposition, point-to-point communication, no re-
ordering.

Sonali Mayani 38



EPFL & PSI Villigen Appendix B. Scaling tests on CPU, 2563

Figure B.8: Strong scaling test for slab decomposition, point-to-point communication, with
reordering.
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Appendix C: Scaling tests on GPU, 2563

Figure C.1: Strong scaling test for pencil decomposition, all-to-all communication, no reordering.
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Figure C.2: Strong scaling test for pencil decomposition, all-to-all communication, with reorder-
ing.

Figure C.3: Strong scaling test for pencil decomposition, point-to-point communication, no re-
ordering.
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Figure C.4: Strong scaling test for pencil decomposition, point-to-point communication, with
reordering.

Figure C.5: Strong scaling test for slab decomposition, all-to-all communication, no reordering.
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Figure C.6: Strong scaling test for slab decomposition, all-to-all communication, with reordering.

Figure C.7: Strong scaling test for slab decomposition, point-to-point communication, no re-
ordering.
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Figure C.8: Strong scaling test for slab decomposition, point-to-point communication, with
reordering.
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Appendix D: Scaling tests on GPU, 5123

Figure D.1: Strong scaling test for pencil decomposition, all-to-all communication, no reordering.
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Figure D.2: Strong scaling test for pencil decomposition, all-to-all communication, with reorder-
ing.

Figure D.3: Strong scaling test for pencil decomposition, point-to-point communication, no
reordering.
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Figure D.4: Strong scaling test for pencil decomposition, point-to-point communication, with
reordering.

Figure D.5: Strong scaling test for slab decomposition, all-to-all communication, no reordering.
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Figure D.6: Strong scaling test for slab decomposition, point-to-point communication, no re-
ordering.
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