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HPC 31794 Athena++ A& o]A
GPU #4gst 9 A5 HAs A+

(A Study on GPU Parallelization and Performance Optimization of the Athena++ Simulation
Code in High—-Performance Computing Environments)
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(Hvun Mi Jung, Hvunjo Lee, Kimoon Jeong, Cheol-Joo Chae)
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Abstract

This paper identifies performance hotspots in the magnetohydrodynamics (MHD) simulation code
Athena++ and proposes parallel optimization techniques for computational acceleration in
high-performance computing (HPC) environments. Through code profiling tools such as gprof,
valgrind, and vtune, the primary computational hotspot was found to be the Hydro::RiemannSolver
module. Performance evaluation was conducted in the Google Colab environment using the A100
GPU. The results demonstrated over a 25-fold improvement in average execution time per
computation cycle compared to the CPU implementation, confirming substantial enhancement in
computational efficiency through parallel processing of repetitive structures. These findings
suggest that parallelization in heterogeneous CPU-GPU environments can significantly improve the
performance of high-fidelity simulation codes. Moreover, architecture design and data flow
optimization tailored for next-generation computing devices such as CXL and DPUs are expected
to play a critical role in future HPC application performance improvement.
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. self
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self

total

name

sec seC

calls

ms/call | ms/call

75.68 | 75.68

8408400

0.01 | 0.01

Hydro::RiemannSolver

91.55 | 15.87 | 1360622832

0

0

EquationOfState::Fas
tMagnetosonicSpeed

99.55 8

1415700

0.01 | 0.01

Reconstruction::Pie
cewiseLinearX3

106.45| 6.9

1415700

Reconstruction::Pie
cewiseLinearX1

113.29| 6.84

1415700

Reconstruction::Pie
cewiseLinearX2

119.74| 6.45

650

9.92 | 9.92

Feld::ConmputeComerE

125.77| 6.03

650

9.28

10
vergence

Hydro::AddFluxDi

130.08 | 4.31

326

13.22122.75

imeStep

Hydro::NewBlockT

9

132.81| 2.73

651

4.19

6.5

EquationOfState::Co
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10
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1

Hydro::RiemannSolver
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69.086s | 0Os

Os

EquationOfState::FastMagnet

osonicSpeed

15.990s

15.990s | 0Os

Os

Reconstruction::PiecewiseLi

nearX3

6.768s

6.768s 0Os

Os

Reconstruction::PiecewiseLi
nearX1

5.532s

5.532s 0Os

0Os

W

Reconstruction::PiecewiseLi

nearX2

5.041s

5.041s 0s

0Os

Field::ComputeCornerE

4.940s

4.940s 0Os

Os

Hydro::AddFluxDivergence

3.919s

3.919s 0Os

Os

Hydro::NewBlockTimeStep

3.088s

3.088s 0Os

Os

=] 0|3 |

EquationOfState::Conserved

ToPrimitive

2.062s

2.062s 0s

0Os

Reconstruction::DonorCellX3

1.910s

1.910s 0Os

Os
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Function

442,801,392,005

61.22% |Hydro::RiemannSolver

43,539,930,624

6.02% |EquationOfState::FastMagnetosonicSpeed

32,621,345,202

4.51% |Reconstruction::PiecewiseLinearX1

29,381,287,071

4.06% |Reconstruction::PiecewiseLinearX2

29,367,075,774
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22,913,850,700
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3.06% |Hydro::AddFluxDivergence

20,941,726,876

2.90% |Hydro::NewBlockTimeStep

O |0 [A[AN | |[H|W| (N |—
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1.45% |EquationOfState::ConservedToPrimitive

—_
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/| Allocate GPU memory
Real *d bx, *d wl, *d_wr, *d flx;

Real *peos_ule, *peos ure, *peos _cfl, *peos_cfr;
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/I Launch the kernel with GPU architecture flags

RiemannSolverKernel<<<blocksPerGrid, threadsPerBlock>>>(il,
i, ivx, ivy, ivz, d bx, d wl, d wr, d flx, nx, peos ule,
peos_ure, peos_cfl, peos cfr, d NWAVE, igml);

// Ensure synchronization for debugging and correctness

cudaDeviceSynchronize();

/I Copy results back to CPU

cudaMemcpy(tmpflxi, d flx, nx * d NWAVE * sizeof(Real),
cudaMemcpyDeviceToHost),

cudaMalloc((void**)&d_bx,
cudaMalloc((void**)&d_wl,
cudaMalloc((void**)&d_wr,
cudaMalloc((void**)&d_flx,

nx * d NWAVE * sizeof(Real));
nx * d NWAVE * sizeof(Real));
nx * d NWAVE * sizeof(Real));

nx * d NWAVE * sizeof(Real));

a8 4 =R HEXM2E fe 7Hd 38, S7I3 |
2t =2

cudaMalloc((void**)&peos_ule, nx * sizeof(Real));
cudaMalloc((void**)&peos_ure, nx * sizeof(Real));
cudaMalloc((void**)&peos_cfl, nx * sizeof(Real));
cudaMalloc((void**)&peos_cfr, nx * sizeof(Real));

/| Copy data to GPU : tmpwli, tmpwri, tmpbxi to wli, wri, bxi

cudaMemcpy(d bx, tmpbxi, nx * d NWAVE * sizeof(Real),
cudaMemcpyHostToDevice);

cudaMemcpy(d wl, tmpwli, nx * d NWAVE * sizeof(Real),
cudaMemcpyHostToDevice);

cudaMemcpy(d_wr, tmpwri, nx ¥ d NWAVE * sizeof(Real),
cudaMemcpyHostToDevice);

cudaMemcpy(peos_ule,  pULE, nx  * sizeof(Real),
cudaMemcpyHostToDevice);

cudaMemcpy(peos_ure,  pURE, nx * sizeof(Real),
cudaMemcpyHostToDevice);

cudaMemcpy(peos_cfl, pCFL,
cudaMemcpyHostToDevice);

nx * sizeof(Real),

cudaMemcpy(peos_cfr, pCFR,
cudaMemcpyHostToDevice);

nx * sizeof(Real),

/[copy results to flx, ey, and ez with k, j, i
/Icall GetWeightForCT() for wet(k,j,i)
for (int i=il; i<=iu; ++) {

int tmpidx2 =i - il;

int idx2 = tmpidx2 * d NWAVE;

flIx(IDN,k,j,i) = tmpflxi[idx2 + IDN];
flx(ivx,k,j,i) = tmpflxi[idx2 + IVX];
flx(ivy,k,j,i) = tmpflxi[idx2 + IVY];
flx(ivz,k,j,i) = tmpflxi[idx2 + IVZ];
flIx(IEN,kj,i) = tmpflxi[idx2 + IEN];
ey(k,j,i) = -tmpflxi[idx2 + IBY];
ez(k,j,i) = tmpflxi[idx2 + IBZ];

wet(kj,i)) = GetWeightForCT(tmpflxi[idx2 + IDN],
wI(IDN,i), wr(IDN,i), dxw(i), dt);

}

a8 5 23 2o A I ghet

a8 3 243 MeE /e GPU o2 2¥

_ global _ void RiemannSolverKernel

(const int il, const int iu, const int ivx, const int ivy, const int
ivz,

const Real *bx, const Real *wl, const Real *wr, Real *flx,

const int nx, const Real *peos ule, const Real *peos ure, const
Real *peos_cfl,

const Real *peos_cfr, const int ANWAVE, const Real igml)

I 6 HEE X2lE 8 GPU Kemnal
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