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A Particle View of the World



In recent years, several continuum methods such as MPM, SPH have been applied to granular materials using representative volume elements 
to account for discontinuous behavior.

Limited applications of bulk flows have shown success where there is little internal stress differences.

The World of CAE



Over/under engineering devices results increased costs
and reduced throughput.

Industrial equipment is harsh so sensor information is limited

Deal with issues when they 
happen

Why: Industry

Over reliance on historical 
data



Ubiquity of Granular Material

Nearly every industry processes granular 

material at some point.

Complex Behavior: 

Granular material exhibits diverse behavior due to 

the vast range of sizes and shapes.

Unpredictability: 

Material behavior can change with each 

batch, leading to variability in processing.

Fluid to Solid Solid to Fluid

Lack of Universal Formulas: 

The absence of general empirical 

formulae necessitates reliance on 

experiments or numerical modeling.

Significance:

Granular material is the second most manipulated 

substance on the planet after water.

Granular Materials



Granular Material Challenge

User: Can you predict particle behavior

LLM: Sorry, I have only been trained 

on

1.8 Trillion parameters

LLM:  Here you go

User:  Discrete particles

LLM:  Sorry about that, here 

you go

User: Particles like this image



Particle Number: A full scale device contains millions to billions of particles

Discrete Challenge: Particle Number



Discrete Challenge: Particle shape



Accurate 

DEM
(10.1 min/sec)

Simple 

DEM
(2 min/sec)

+ML in the 

Loop
(2.25 min/sec)

Why should you care about GPUs ?





Match the Chip



Chip Design





Think of it like this



What tasks are suited to the GPU



Lets think of it has a hopper with particles ;-)





Consider our force and compute problem again



Heterogenous Computing



A simple example

Suppose the task at hand is to compute the sum of N numbers.

Canonical form: float sum = 0 for (; begin != end; ++begin) sum += *begin;

std::vector<float> numbers(1024 * 1024 * 256); 

std::fill(numers.begin(), numbers.end(), 1.0); auto 

sum = std::accumulate(numers.begin(), 

numbers.end(), 0.0);

float operator()(float const * begin, float 

const * end) noexcept { auto it = begin; // 

SIMD-parallel summation stage auto sums =

_mm256_set1_ps(0); auto compensations =

_mm256_set1_ps(0); auto t =

_mm256_set1_ps(0); auto y =

_mm256_set1_ps(0); for (; it + 8 < end; it

+= 8) { y =
_mm256_sub_ps(_mm256_loadu_ps(it), 

compensations); t = _mm256_add_ps(sums, 

y); compensations =

_mm256_sub_ps(_mm256_sub_ps(t, sums),

y); sums = t; } // Cross-lane horizontal 

reduction sums = _mm256_hadd_ps(sums,

_mm256_permute2f128_ps(sums, sums, 1)); 

sums = _mm256_hadd_ps(sums, sums);

sums = _mm256_hadd_ps(sums, sums); auto 

sum = _mm256_cvtss_f32(sums); // Serial 

summation of the remainder for (; it != end;

++it) sum += *it; return sum; }

float operator()(float const * begin, float

const * end) noexcept { float sum = 0;

size_t const n = end - begin; #pragma omp 

parallel for default(shared) reduction(+ : sum) for 

(size_t i = 0; i != n; i++) sum += begin[i]; 

return sum; }

thrust::reduce(numers.begin(), numbers.end(),
float(0), thrust::plus<float>());

1. 5.40 GB/s

2. 10.9 GB/s

3. 80.0 GB/s

4. 743 GB/s

C++

OpenMP

AVX2 CUDA

1. C++ std

2. SIMD-AVX2

3. OpenMP

4. CUDA

Not something that is suited to the parallel threaded nature of the GPU right ?



Discrete Numerical Methods



Why is DEM bad for GPUs?

Poly or multi-size



Bad on a GPU is still better than great on a CPU



Multi Node Computing



Example 1: Making Loops Parallel on GPU

/* C] Launch kernel using OpenMP target directive on GPU */

#pragma omp target teams distribute parallel for
for (uint indexP = 0; indexP < numParticles; indexP++)

{

Real3 vecPos = floor(posCOM[indexP ] - WOrigin)/cellSize);

uint3 gridPos3D = make_uint3((uint)VecPos.x,(uint)VecPos.y,(uint)VecPos.z)

}

1. Let's compute the 3D grid positions for posCOM [numParticles].

/* B] Perform computation using OpenMP parallel for */

#pragma omp parallel for
for (uint indexP = 0; indexP < numParticles; indexP++)

{

Real3 vecPos = floor(posCOM[indexP ] - WOrigin)/cellSize);

uint3 gridPos3D = make_uint3((uint)VecPos.x,(uint)VecPos.y,(uint)VecPos.z)

}

/* A] Parallel execution using std */

std::transform(std::execution::par, posCOM, posCOM +

numParticles, gridPos3D, [&](const Real3& pos)

{

Real3 vecPos = floor(pos - WOrigin) / cellSize;

return make_uint3(vecPos.x, vecPos.y, vecPos.z); } );

for (uint indexP = 0; indexP < numParticles; indexP++)

{

Real3 vecPos = floor(posCOM[indexP ] - WOrigin)/cellSize);

uint3 gridPos3D = make_uint3((uint)VecPos.x,(uint)VecPos.y,(uint)VecPos.z)

}



How can you code for GPUs ?

We write “Kernels”





These days life is much easier



White Board Time



GPU Feasibility
Multidimensional Stellar Implicit Code (MUSIC)



• What is answered :

o Origin and amplification of magnetic fields 

o Angular momentum transport 

o Chemical mixing and Lithium depletion 

o Interplay of waves and convection

• What needs to be simulated (DOFs)

o Convection & turbulence 

o Acoustic waves, internal waves 

o Transport of chemical elements 

o Magnetic fields

The Physics: Understand the internal structure of stars



The Physics: Compressible Hydro Dynamics



The initial plan

• Understand the code from the maintainers point of view. 

• Get a suitable test case from the maintainers. 

• Verify the assumed bottleneck in the code via profiling.

• Determine key issues for GPU offloading using further profiling. 

These issues could be

o Lots of data transforms 

o Frequent communications between MPI ranks 

o Many operations over small blocks of memory 

• Assess our approach and draft a template process for GPU 

feasibility assessment



The Code

Multidimensional Stellar Implicit Code, simulates hydrodynamics of stellar interiors. 

• Written in Object Oriented Fortran for the time propagation solution with the spatial 

solution of the sparse matrix system done via the C++ backend called Trilinos. 

• Precondition (Equations) in Fortran CG in an iterative manner with the Device using 

GMRES . 

• The preconditioned sparse matrix is then transferred to the Device 

o The system is solved using TPetra for the physical quantities of interest.

o These matrices/vectors are then transferred back to the CPU to have the physics 

evaluated and the residual calculated in a predictor corrector step.



The Code



The Architecture

Trilinos offload

Cost 30% Cost 70%

Move between host/device

Move between host/device



1 MPI, Single Node

PERF: Time loop.................:  3.203E+02   [100.0 %]

PERF:   IO...........................:  4.845E-03    [  0.0 %]

PERF:   Particles.................:  0.000E+00   [  0.0 %]

PERF:   Ghostcells..............:  3.390E+00   [  1.1 %]

PERF:   JFNK......................:  3.171E+02   [ 99.0 %]

PERF:     GMRES................:  2.685E+02   [ 83.8 %]

PERF:       Residual.............:  8.285E+01   [ 25.9 %]

PERF:         Gravity ….........:  1.444E-03    [  0.0 %]

PERF:       PBP....................:  1.360E+02   [ 42.5 %]

PERF:         PBP GMRES...:  1.166E+02   [ 36.4 %]

PERF:   Diagnostics............:  1.863E-01    [  0.1 %]

DIAGNOSTICS: HYDRO: time= 2.50000000E-03, Eint= 

2.50160270E+09, Ekin= 1.26248360E+03, Emag= 2.55946271E-

11

DIAGNOSTICS: MHD: time= 2.50000000E-03, divB_L2= 

5.86671691E-19, divB_Linf= 7.36579851E-18, Emag= 

2.55946271E-11

1 MPI, 4 OMP, Single Node

PERF: Time loop.................:  2.991E+02   [100.0 %]

PERF:   IO...........................:  5.752E-03    [  0.0 %]

PERF:   Particles.................:  0.000E+00   [  0.0 %]

PERF:   Ghostcells..............:  3.422E+00   [  1.1 %]

PERF:   JFNK......................:  2.959E+02   [ 98.9 %]

PERF:     GMRES................:  2.482E+02   [ 83.0 %]

PERF:       Residual.............:  8.297E+01   [ 27.7 %]

PERF:         Gravity ….........:  1.241E-03    [  0.0 %]

PERF:       PBP....................:  1.176E+02   [ 39.3 %]

PERF:         PBP GMRES...:  9.731E+01   [ 32.5 %]

PERF:   Diagnostics.............: 1.817E-01     [  0.1 %]

DIAGNOSTICS: HYDRO: time= 2.50000000E-03, Eint= 

2.50160270E+09, Ekin= 1.26248360E+03, Emag= 2.55946271E-

11

DIAGNOSTICS: MHD: time= 2.50000000E-03, divB_L2= 

5.86975020E-19, divB_Linf= 7.47083059E-18, Emag= 

2.55946271E-11

1 MPI, 1 GPU, Single Prec, Single Node

PERF: Time loop...................: 2.104E+02   [100.0 %]

PERF:   IO.............................: 4.639E-03    [   0.0 %]

PERF:   Particles...................: 0.000E+00   [ 0.0 %]

PERF:   Ghostcells................: 3.368E+00   [  1.6 %]

PERF:   JFNK........................: 2.072E+02   [ 98.5 %]

PERF:     GMRES..................: 1.417E+02   [ 67.4 %]

PERF:       Residual...............: 8.349E+01   [ 39.7 %]

PERF:         Gravity ...............: 1.394E-03    [  0.0 %]

PERF:       PBP......................: 4.442E+01   [ 21.1 %]

PERF:         PBP GMRES.....: 1.415E+01   [ 6.7 %]

PERF:   Diagnostics..............: 1.770E-01    [  0.1 %]

DIAGNOSTICS: HYDRO: time= 2.50000000E-03, Eint= 

2.50160270E+09, Ekin= 1.26248360E+03, Emag= 2.55946271E-

11

DIAGNOSTICS: MHD: time= 2.50000000E-03, divB_L2= 

5.86615548E-19, divB_Linf= 7.53520510E-18, Emag= 

2.55946271E-11

Backend comparison:

Test case: 3dim/roberts/dynamo With resol=64 and 

tfinal=0.0025s

13th Gen Intel® Core i7-13700F

NVIDIA RTX A6000 



Recommendations  

• MUSIC performs many data transfers to and from the device.
o Reducing these could improve GPU performance.

• Choose Sparse matrix format based on the problem with GPU optimal layout

• Is there a reason to evaluate equations on the CPU. 

• Is Trilinos-Kokkos needed or direct callings to  AMGx, cublas, cusparse, CUSP*.  (Less 
vendor lock-in than kokkos format).

• Exploit tensor cores, eg cuSPARSELt.



Have to include “AI” in everything



How the “AI experts” view the problem



The Reality



Code Repo

https://github.com/nicolin/PINN_CUDA_Demo/blob/main/1_NGPINNDemo.py



What the code does



CUDA Auto Diff Magic



Next up the good part: What are PINNs, ML is just Matrix, ok need to think about the “L”

Structural Identity Over Numerical Noise: Traditional data matching fails if sensor noise exists or if variables have different 
names (e.g., t vs. time_step).

Solution: We ignore the raw numbers and look at the topology of the laws. If Mesh A and Mesh B are isomorphic, the physics is 
identical, regardless of the coordinate system or units used.

Pre-Training Verification: Structural Checks Save GPU Cycles Solution: Before running 50,000 training epochs, the checker 
verifies that the PINN is wired correctly for the problem

Gravity vs Gravity: Both meshes show a linear flow of second-order integration (a→v→x). Gravity vs HMO: The checker would 
identify a feedback loop (cycle) in a spring-mass system that doesn't exist in Gravity, preventing a mismatch. Ensures the model is 
mathematically capable of solving the target physics before you hit "Train".

Plug-and-Play Inference: Once a PINN is trained on a "Gravity" hypergraph, the .npz weight file can be safely used on any 
isomorphic mesh.

Did it learn ?
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