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Xcompact3d

• High-order CFD code targeting DNS/LES of turbulent flows

𝑑𝑢

𝑑𝑡
= −∇𝑝 +

1

𝑅𝑒
∇2𝑢 − ∇ ⋅ 𝑢𝑢

• Compact finite difference schemes

𝛼𝑓′𝑖−1 + 𝑓′𝑖 + 𝛼𝑓′𝑖+1 = ȁ𝑅 𝑓 𝑖

• Spectral Poisson solver (FFT)

∇2𝑝 = ∇ ⋅ 𝑢⋆ → 𝑝
𝑢 = 𝑢⋆ − Δ𝑡∇𝑝; ∇ ⋅ 𝑢 = 0

• Pencil-based decomposition

𝑁3 → 𝑁2 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑠𝑚

Wind farm (left) and fractal grid (right) simulated using 

Xcompact3d. Bartholomew et al. SoftwareX (2020).

Illustration of pencil-based decomposition. 

Bartholomew & Laizet (2019).



x3d2 redesign

• Xcompact3d designed for small-node, distributed parallelism

• Exploits embarrassing parallelism of independent tridiagonal systems/FFTs

• Poorly suited to modern fat nodes with wide vectors/GPUs

• Data layout rewritten to break data dependencies

Vectorised data layout. Akkurt et al. Computer 

Physics Communications (2025).



x3d2 redesign

• Xcompact3d designed for small-node, distributed parallelism

• Exploits embarrassing parallelism of independent tridiagonal systems

• Poorly suited to modern fat nodes with wide vectors/GPUs

• Data layout rewritten to break data dependencies

• Distributed tridiagonal solver

DistD2 tridiagonal solver. Akkurt et al. 

Computer Physics Communications (2025).



x3d2 backends

• Multicore CPUs with MPI+OMP

• Explicit use of SIMD on inner loops

• NVIDIA GPUs with CUDA Fortran

• AMD GPUs?

• HIP modules? See, e.g. NEKO1

• OMP offloading?

• Compare performance vs CUDA Fortran on NVIDIA

• Target kernels for optimisation with HIP

[1] Jansson et al. Computers & Fluids (2024).



Tandon & Chang. https://rocm.blogs.amd.com/software-

tools-optimization/mi300a-programming/README.html 

Investigating USM

• Modern GPU superchips (NVIDIA GH200, AMD MI300A) feature 

Unified Shared Memory (USM)

• Accelerates host-device data transfer

• Do we need to worry about data motion?

Evans et al. https://developer.nvidia.com/blog/nvidia-grace-

hopper-superchip-architecture-in-depth/ 
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Investigating USM

• Simple benchmark to reflect x3d2’s CUDA Fortran backend

• Timed execution

• OpenMP reports data transfers

Benchmark code (left), timings + data transfers (right).



Investigating USM

• Simple benchmark to reflect x3d2’s CUDA Fortran backend

• Applied data motion controls → 2x speedup

Benchmark code with data motion clauses (left), timings + data transfers (right).



Investigating USM

• Simple benchmark to reflect x3d2’s CUDA Fortran backend

• Made work array device-resident → ~100x speedup

Benchmark code with device-resident work array (left), 

timings + data transfers (right).



Investigating USM

• Simple benchmark to reflect x3d2’s CUDA Fortran backend

• Enabled USM → reference code approaches speed of optimised 

version

Benchmark code (left), timings + data transfers for 

reference and USM builds (top/bottom).



x3d2 OpenMP TARGET status

• Device-resident field type



x3d2 OpenMP TARGET status

• Device-resident field type

• BLAS1-like operations defined on fields, e.g.

𝑑𝜙

𝑑𝑡
= 𝑓 𝜙𝑛 ⇒ 𝜙𝑛+1 = 𝜙𝑛 + 𝑓 𝜙𝑛 Δ𝑡

High-level interface

Low-level implementation



x3d2 OpenMP TARGET status

• Device-resident field type

• BLAS1-like operations defined on fields, e.g.

𝑑𝜙

𝑑𝑡
= 𝑓 𝜙𝑛 ⇒ 𝜙𝑛+1 = 𝜙𝑛 + 𝑓 𝜙𝑛 Δ𝑡

• Tridiagonal solver work in progress, e.g.

𝑓 𝜙 =
𝜕𝜙

𝜕𝑥
⇒ 𝜙′ = 𝐴−1𝑅 𝜙

Forward pass

Backward pass



Testing the tridiagonal solver



Testing the tridiagonal solver

•  

Tridiagonal solves



Testing the tridiagonal solver

Forward pass Backward pass

Tridiagonal solves (5)

Loop boundaries



x3d2 next steps

• Integrate offload code into main code

• Poisson solver

• FFT: rocFFT (cuFFT already implemented)

• GEMM: P.Costa et al. (arXiv:2603.09528)

• Mesh flexibility

• Favourable arithmetic intensity for GPUs?

• Exploits vendor libraries (hipBLAS/cuBLAS)

• Acknowledgements

• Thanks to ARCHER2 eCSE-GPU funding and DIRAC for AMD GPU access
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