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NEPTUNE Particles

» Modelling the plasma edge/exhaust.
» Along-established exascale grand-challenge multi-physics,

multi-scale problem.

« Complexity: turbulence, many species, atomic physics, etc.
» Kinetic effects: out-of-thermal equilibrium matter (few
collisions), requires coupled fluid and particles.
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NESO-Particles: Core Components

« SYCL Particle framework
e Unstructured meshes

« Particle data communication
1. Highly directional plasma flow (along field lines)
2. Fast neutral flow (typically global and omnidirectional)
3. Unstructured high-order mesh

« Particle Based Operations/Data structures
1. Particle properties — position, velocity, charge, id...
2. Loops over particles
3. Degrees of Freedom (DOF) — Particle Loops
4. Particle — Particle Loops Retain cell based structure of DOFs
and partices.
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Core Components

NESO

Particle Interface
Mesh coupling
Project

Evaluate

Solvers

Nektar++

NESO-Particles

NESO-Spack
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Projection

Current status:
« Efficient particle coupling between finite elements and particles
(project/evaluate).
 MPI+SYCL implementation (CPU + GPU execution).
« Examples:
1. Charge deposition (Two Stream).
2. lonisation (Neutral particles -> FEM plasma).
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Particle Data
ParticleGroup, ParticleDat

« Combines the: mesh, compute
device and particle data.

* Implements particle bookkeeping
— cells and MPI ranks.

« General particle properties, e.g.
charge, mass, weight, velocity.
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ParticleGroup

Domain:mesh

Compute device:SYCLTarget

ParticleDat ||PD ||PD ||PD
Name:"P" "V "ID" "Charge"
DType:REAL REAL [|INT REAL
Ncomp:2 3 1 1




ParticleLoop

Abstraction [1]:
« Have a collection of particles.

« Each particle has the same property types, e.g. position (P), velocity (V)
Loop over all particles and apply the same kernel to all particles, e.qg.

For each patrticle i:
Pi=Pi+dt* Vi

May also wish to access global data — not associated with a particular
particle.
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ParticleLoop

Implementation:

» Is SYCL-free for the user

« Significantly reduced boilerplate

« Reduced room for error

» Access descriptors allow implementation
to infer when data is modified.

 Templated C++
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Key:
e NESO-Particles API
e User Kernel

const int ndim = 2;
const REAL dt = 0.001;

auto loop = particle loop(
particle group,
[=](auto P, auto V){
for(int dimx=0 ; dimx<ndim ; dimx++){
P.at(dimx) += dt * V.at(dimx);

}
}s
Access: :write(Sym<REAL>("P")),
Access: :read (Sym<REAL>("V"))

)

loop->execute();
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Global Data

auto global array = std::make_shared<GlobalArray<REAL>>(

Ieleme e particle group->sycl target, // Compute target to use.
* Is SYCL-free for the user 1, // Number of elements in the array.
* Is MPI-free for the user 0 // Initial value for elements.
* Entries in the GlobalArray are );
automatically reduced after loop
execution. particle loop(

particle group,
[=](auto V, auto GA){
const REAL kinetic_energy =
0.5 * (V.at(@) * V.at(9) + V.at(1) * V.at(1));
GA.add(@, kinetic_energy);

s
Access: :read(Sym<REAL>("V")),

Access::add(global array)
)->execute();

Key:
« NESO-Particles API
e User Kernel
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auto vecd = global array->get();



Cell-wise Data

ln“ﬂernernanon:_ _ // Create a 3x1 matrix for cell count cells.
* CellDatConst is a constant sized auto gl = std::make_shared<CellDatConst<REAL>>(
matrix per cell. particle_group->sycl target, cell count, 3, 1);

g1->fil1(0.0);

particle loop(
particle_group,
Key: [=](auto V, auto GA){
e NESO-Particles API // Increment the matrix in each cell with the
« User Kernel // velocities of particles in the cell.
GA.fetch_add(e, 0, V.at(9));
GA.fetch_add(1, 0, V.at(1));
GA.fetch_add(2, 0, V.at(2));
}s
Access: :read (Sym<REAL>("V")),
Access::add(gl)
)->execute();
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ParticleLoop

auto other = ...
Additional Data Structures:

* Are still SYCL-free for the user: auto loop = particle_loop(
1. LocalArray (Array on each rank) particle_group,
2. GlobalArray (Array with writes reduced over ranks) FMaSE?e%TSEES V, auto OTHER){
3. CellDatConst (Matrix per mesh cell) }
4. CellDat (Matrix per mesh cell — variable row count) Access: :write(Sym<REAL>("P")),
5. SymVector (Runtime number of kernel arguments) Access: :read(Sym<REAL>("V")),
6. ParticleLooplndex (Index of patrticle in kernel) Access: :write(other),
)

loop->execute();
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ParticleSubGroup

auto sub_group = particle sub_group(
particle_group,
[=](auto ID) {
return (ID[O] % 2 == 0);

}s
y Access: :read (Sym<INT>("ID")) + Inspired by NumPy views
« Lightweight selection of a subset of particles.
auto loop = particle loop(  Valid iteration set for ParticleLoop
sub_group, » Either automatically update or are fixed.

[=](auto V, auto P){
P[O@] += ©.001 * V[Q];
P[1] += ©.001 * V[1];
¥
Access: :read(Sym<REAL>("V")),
Access: :write(Sym<REAL>("P"))

);
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ParthIG'COmpOS”:e InteraCtlon // Interesting composites 100 and 200

: : td:: int, std:: t int b d
« 3D/2D Nektar++ mesh with 2D/1D boundaries. i {{1Ta?i;g, 226}}}‘;’“ or<int>> boundary_groups

- Each boundary defined as a composite (collection of /] Create instance
geometry objects) auto ci = make shared<CompositeIntersection>(
« Composite identified via integer id label. sycl target, mesh, boundary groups);

« Want: all particles that passed through each composite
In a time step.

ci->pre_integration(particle sub_group);
// move particles

auto sub _goups = ci->get intersections(
particle sub_group);

// use sub_groups.at(1)

» Handles particle travelling over MPI boundary then
intersecting a composite in one step.

» ParticleSubGroup per composite group.

e Stores:

1. The geometry id the trajectory intersected with. .
2. The intersection point. :XCWJR®




The End
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