IMPLEMENTING A PORTABLE GPU
BACKEND FOR X3D2 USING
OPENMP OFFLOADING

Paul Bartholomew
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Xcompact3d

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

du _ _ 1y —v.
= Vp+ReVu V-uu

Compact finite difference schemes

af'i-1+ fli+af'iys = RO

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

Spectral Poisson solver (FFT) Xcompact3d. Bartholomew et al. SoftwareX (2020).
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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
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Vectorised data layout. Akkurt et al. Computer & p CC

Physics Communications (2025).
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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
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(a) Apply forward pass (b) Reduced system obtained

DistD2 tridiagonal solver. Akkurt et al.
Computer Physics Communications (2025).

Distributed tridiagonal solver
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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. NEKO'

OMP offloading?

Compare performance vs CUDA Fortran on NVIDIA
Target kernels for optimisation with HIP

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



Investigating USM

Modern GPU superchips (NVIDIA GH200, AMD MI300A) feature
Unified Shared Memory (USM)

Accelerates host-device data transfer

NVIDIA Grace Hopper Superch 1p

Do we need to worry about data motion?

CPU LPDORSX
s 512G8 :1665
54 /s :V’

CPU GPU AMD Instinct™ APU 5 %«.
0= 0
8 42382 113114 e

Evans et al. https://developer.nvidia.com/blog/nvidia-grace-
hopper-superchip-architecture-in-depth/

(a) Discrete CPU and GPU. (b) APU.

Tandon & Chang. https://rocm.blogs.amd.com/software- e p C C
tools-optimization/mi300a-programming/README.html
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Investigating USM

Simple benchmark to reflect x3d2's CUDA Fortran backend
Timed execution
OpenMP reports data transfers

i Initialisel $ NVCOMPILER_ACC_NOTIFYw=3 OMP_TARGET_OFFLOADMANDATORY time ./mainl
al:) = 1.0 upload CUDA data filee.../main,f9@ functionsmain lines«16 device«8 threadidsl variables=b(:) bytes=3200020000
upload CUDA dats file=.../main.f9@ function=main line=16 device=8 threadid=1 variable=a(:) bytes=4002000eQQ
lsunch CUDA kernel file=... /main.f98 function=main 1ine=16 device=@ host-threadid=8 num_teams=@ thread_limit=0 kernelnamesnvie
— downleoad CUDA data file=.../main.€9@ function=main 1line=29 device=8 threadid=1 variable=a(:) bytes=42¢eac0aea
- gownload CUDA data #ile=.../main.f9@ function=main line=28 device=8 threadid=1 variable=b(:) bytes=1p2eecoees
upload CUDA data filew.../main,f9@ functionsmain line=23 device=@ threadid=1 variablesb(:) bytes~4209000€00
launch CUDA kernel filee.../main,.f9@ functionsmain line=23 device=@ host-threadide@ num_teams«@ thread_limit«@ kernelname=nvke
download CUDA data File=.../main.f9@ functionsmain lines27 device=8 threadids=l varizble=b(:) bytes=d4oee0Qedea
_ uplosd CUDA data File=.../main.f3@ function=main line=30 device=@ threadid=1 variable=a(:) bytes=4002020a0e
upload CUDA data file=... /main.¥98 function=main line=38 device=8 threadid=1 variable=b(:) byte:=4060230200
- launch CUDA kernel file=.../main.f9@ function=main line=38 device=8 host-threadid=8 num_teams=@ thread_limit=8 kernelname=nvke

download CUDA data file~.../main.f90 function=main line=34 device~=® threadid=1 variable=b(:) bytes=40080900800

o i =1, n download CUDA data file~.../main,f98 functionsmain lines34 device=8 threadidel variableea(:) bytess4e0e0c0008
bii) = 2 ¢ bii PASS
end d 93.92user 4. 44system 1:39.31elapsed 99XCPU (Oavgtext+Bavgdata 7925768naxresident )k

Oinputs+@outputs (@major+162431iminor)pagefaults @swaps

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

Simple benchmark to reflect x3d2's CUDA Fortran backend
Applied data motion controls - 2x speedup

$ NVCOMPILER_ACC_NOTIFY=3 OMP_TARGET_OFFLOAD-MANDATORY time ./main2
upload CUDA data filee.../main2.f90 functionsmain lines16 device=8 threadide<l variable=a$sdl(:) bytes«128
upload CUDA dats file=.../main2.f9@ function=mein line=16 device=0 threadids1l variable=b$sd2(:) bytes=128
upload CUDA date File=.._ /main2.¥98 function=main 1ine=16 device=0 threadid=1 varisble=zdescriptor bytes=128
upload CUDA date file=.../main2.¥90 function=main line=16 device=8 threadid=1 variable=a(:) bytes=402028¢080
upload CUDA data file=.../main2.f9@ function=main line=16 device=@ threadid=1 variable=descriptor bytes=128
launch CUDA kernel file=.../main2.f98 functionsmain line»16 device=® host-threadid=8 num_teams~8 thread_limit=@ kernelname=nvk
download CUDA data file«.../main2,f9@ functionwmain line«2@ device«@ threadid«l variablesb(:) bytes«4oeecaeeee
upload CUDA data file=.../main2.f9@ function=main lines23 device=8 threadid=1l variable=b$sd2(:) bytes=128
upload CUDA dats File=... /main2.¥9@ function=main 1ine=23 device=0 threadid=1 varisble=descriptor bytes=128
upload CUDA data file=.../main2.€9@ function=main 1ine=23 device=8 threadid=1 variable=b(:) bytes=4822a02000
launch CUDA kernel file=.../main2.¥9@ function=main line=23 device=@ host-threadid=8 num_teams=8 thread_limit=8 kernelname=nvk
download CUDA data file=.../main2.f9@ function=main line=27 device=B threadid=1 variable=b(:) bytes~48¢9080008
upload CUDA data files.../main2,f98 functionesmain line=30 device«@ threadidel variable=a$sdi(:) bytes~128
uplond CUDA date files.../main2.f9@ functionsmain line=30 device=8 threadidsl variable=b$sd2(:) bytes=123
upload CUDA data File=_../main2 ¥9@ function=mein line=30 device=8 threadid=1 variable=descriptor bytes=128
upload CUDA data File=.../main2.f98 function=main 1ine=38 device=@ threadid=1 variable=b(:) bytes=4502020000
upload CUDA data file=.../main2.€9@ function=main line=38 device=8 threadid=1 variable=descriptor bytes=128
launch CUDA kernel file=.../main2,.#98 function=main line=3@ device=8 host-threadid=8 num_teams=8 thread_limit=8 kernelname=nvk
download CUDA data filew.../main2,.f98 functionemain line«34 device~8 threadidel variable=a(:) bytes~42@ecaceee
PASS
44 2luser 4.76system 9:49 96elapsed 98XCPU (@avgtext+Bavgdata 7925760naxresident )k
2inputs+Boutputs (@major+200171minor )pagefaults @swaps

Benchmark code with data motion clauses (left), timings + data transfers (right).
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Investigating USM
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$ NVCOMPILER_ACC_MNOTIFY=3

upload
upload
upload
upload
launch
upload
launch
upload
upload
upload
launch

download CUDA data

PASS

CuDA
CUDA
CUDA
CUoA
CudAa
cupA
CuDA
CUDA
CUDA
CUDA
CUDA

data file=
data file=
data file=
data filee

OMP_TARGET_OF FLOAD=MANDATORY time ./maini

<. /malin3, 9@ function=main 1ine=17 device=0
«../main3. 9@ function=main line=17 device=2
«+./main3,. f9@ functionsmain line=17 devices@
«../main3.f9@ functionemain line«17 devicesd

threadid=1
threadid=1
threadid=1
threadidel

Simple benchmark to reflect x3d2's CUDA Fortran backend
Made work array device-resident 2 ~100x speedup

varisble=descriptor bytes=128
variable=agsdi(:) bytes=128
variable~descriptor bytes=123
variable=a(:) bytes«42@0@ce080

kernel file=.../main3,f99 function=main line=17 devices=® host-threadids® num_teans=® thread_limit<® kernelname=nvk
date file=.../main3.fT9@ function=main 1ine=24 device=0 threadid=1 variable=zdescriptor bytes=128

kernel file=.../maind.f9@ function=main line=24 device=9 host-threadid=9 num_teans=8 thread_limit=0 kernelname=nvk
data file=.../main3.f9@ function=main line=31 device=2 threadid=1 variable=descriptor bytes=128

data file=,../main3.f9@ function=main line=31 device=® threadid=1 variable=a$sdl(:) bytes=128

data file=,../main3.f5@ functionemain line=31 devicesd threadidel variablesdescriptor bytes=128

kernel file=.../main3.f3¢ functionsmain lines31 devices® host-threadid=® num_teans=® thread_limit=8 kernelname=nvk

file=.../maind, 90 function=main line=35 device=@ threadid=1 variable=a(:) bytes=400080008000

9.52user 3.86system 2:95.37elapsed B1ECPU (Bavgtext+@avgdata 4827392maxresident)k
Binputs+@outputs (Bmajor+62687minor)pagefaults 8swaps

Benchmark code with device-resident work array (left),
timings + data transfers (right).
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Investigating USM

Simple benchmark to reflect x3d2's CUDA Fortran backend

Enabled USM - reference code approaches speed of optimised
version

i Initialisel $ NVCOMPILER_ACC_NOTIFYw=3 OMP_TARGET_OFFLOADMANDATORY time ./mainl
al:) = 1.0 upload CUDA data filee.../main,f9@ functionsmain lines«16 device«8 threadidsl variables=b(:) bytes=3200020000
upload CUDA dats file=.../main.f9@ function=main line=16 device=8 threadid=1 variable=a(:) bytes=4002000eQQ
lsunch CUDA kernel file=... /main.f98 function=main 1ine=16 device=@ host-threadid=8 num_teams=@ thread_limit=0 kernelnamesnvie
— downleoad CUDA data file=.../main.€9@ function=main 1line=29 device=8 threadid=1 variable=a(:) bytes=42¢eac0aea
- gownload CUDA data #ile=.../main.f9@ function=main line=28 device=8 threadid=1 variable=b(:) bytes=1p2eecoees
upload CUDA data filew.../main,f9@ functionsmain line=23 device=@ threadid=1 variablesb(:) bytes~4209000€00
launch CUDA kernel filee.../main,.f9@ functionsmain line=23 device=@ host-threadide@ num_teams«@ thread_limit«@ kernelname=nvke
end ¢ download CUDA data File=.../main.f9@ functionsmain lines27 devicesd threadids=l varisblesb(:) bytes=d40eeoeccsa
_ uplosd CUDA data File=.../main.f3@ function=main line=30 device=@ threadid=1 variable=a(:) bytes=4002020a0e
upload CUDA data file=... /main.¥98 function=main line=38 device=8 threadid=1 variable=b(:) byte:=4060230200
- launch CUDA kernel file=.../main.f9@ function=main line=38 device=8 host-threadid=8 num_teams=@ thread_limit=8 kernelname=nvke
download CUDA data file~.../main.f90 function=main line=34 device~=® threadid=1 variable=b(:) bytes=40080900800
n download CUDA data filew~,.../main.f98 functionemain lines34 device=8 threadide=l variable~a(:) bytes~480¢9@8088
2 ¢ bii PASS
93.92user 4. 44system 1:39.31elapsed 99XCPU (Oavgtext+Bavgdata 7925768naxresident )k
Oinputs+@outputs (@major+162431iminor)pagefaults @swaps

end d
— $ WUCOMPILER_ACC_WOTIFY=3 OMP_TARGET_OFFLOAD=MANDATORY time ./mainl.usm

n 1sunch CUDA kernel file=.. . /mainl.f9@ functlon=main 1ine=16 device=0 host-threadid=8 num_tesms=0 thread_limit=0 kernelname=nvk
bii launch CUDA kernel file=.../mainl.f9@ function=main 1line=23 device=@ host-threadid=8 num_teams=8 thread_limit=0 kernelname=nvk
end do l1aunch CUDA kernel file=.../mainl.f90 function=main line=32 device=8 host-threadid=8 num_teams=8 thread_limit=8 kernelname=nvk

1.65user 3.34s5ystem @:06.81elapsed B3XCPU (Bavgtextefavgdata 4@27392aaxresident)k
if (anyia /= 2.0 thai Pinputs+@outputs (1major+14543minor)pagefaults @swaps

Brint 2, TOASS Benchmark code (left), timings + data transfers for
reference and USM builds (top/bottom). e p CcC



x3d2 OpenMP TARGET status

Device-resident field type

! Constructs a device-resident field
type({omptgt_field_t) function omptgt_field_init(ngrid, next, id) result{f)

integer, intent{in) :: ngrid
class(field_t), pointer, intent{in) :: next
integer, intent{in) :: id

farefcount = @

fEnext =» next

f%id = id

f¥dev_id = omp_get_default_device()

f¥dev_ptr = omp_target_alloc(ngrid * c_sizeof(@.0_dp), fEdev_id)

call c_f_pointer(f¥dev_ptr, f%p_data_tgt, shape=[ngrid])

end function omptgt_field_init
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x3d2 OpenMP TARGET status

Device-resident field type

BLAS1-like operations defined on fields, e.qg. subroutine vecadd_offlosd_(dins, 2, X, b, ¥)
integer HFoomotos 7Y Fosooa SN e
d¢ real{dp subroutine vecadd_offload(self, a, x, b, ¥)

L= M) = ¢ = ¢n + F(PMAL

real{dp class{omptegt_backend_t) :: self

real{dp real{dp), intent(in) :: =
type{omptgt_field_t), intent{in) :: x

integer real{dp), intent(in) :: b
type{omptgt_field_t), intent({inout) :: ¥

lfomp t ddr{x, v)
do k = dipteger, dimension{3) :: dims
do j:
do . dims = self¥allocator®get_padded_dims(x%dir)
¥
end call vecadd_offload_(dims, a, x¥data_tgt, b, y®data_tgt)
end o

end do end subroutine

!$DI’I‘ID EHHEEE 1Eeﬂl'l'\'l7é] SIF" Utﬁéﬂ&ﬂéﬂal ao

end subrou

Low-level implementation
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R
x3d2 OpenMP TARGET status

'%omp target teams distribute parallel do private(j) collapse(2) has_device_addr(du, u, thom_z)
do k = 1, n_groups
do i =1, 57

Device-resident field type do 5 - 5, nens - 4

du(i, 3, k) = c_md=u(i, j - 4, k) + c_m3*u(di, j - 3, k) &
. . . . + om2*u{i, 7 - 2, k) + c_ml*u{i, j - 1, k) &
BLAS1-like operations defined on fields, e.g. s e
Ci(i) + c_pl*ufi, § + 1, k) + c_p2*u(i, j + 2, k) &
+ c_p3*ufi, j + 3, k) =+ c_pd¥u(i, j + 4, K} &
E = f((pn) = ¢TL+1 = q')n + f(¢n)At - du(i, 7 - 1, k)*thom_s(3)
end do

end do

Tridiagonal solver work in progress, e.qg. e o

'%omp end target teams distribute parallel do

_ 6_¢ ;o oa— Forward pass
f(§)=5-=¢' =A"'R(¢$)

'4omp target teams distribute parallel do collapse(2) private(j) has_device_addr(du, thom_f, thom_w, strch)
do k = 1, n_groups
doi=1, 52
do j =n_tds - 1, 1, -1
D odu(i) = (du(j) - F*du(j+1)/strch(j))*w*strch(i)
dufi, j, k) = (du({i, j, k)*strch(j) - thom_f{j)*du(i, j + 1, k))*thom_w{j)
end do
end do
end do

'%omp end target teams distribute parallel do

Backward pass
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Testing the tridiagonal solver

Total time 2.33828U08156555176
Check performance:

Achieved BW: 4e.e9u GiB/s
Device BW: 9918.213 GiB/s
Effective BW util: % 0.U0

Check error:

min: -1.59065082652U9585E-8T max: 1.59U225T7404U0T23218E-87
+++: —.9999988211479345 .99999882115147u1

error norm 7.08U328B587195277TE-09

Check second derivatives... PASSED

ALL TESTS PASSED SUCCESSFULLY.
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Testing the tridiagonal solver

Tridiagonal solves




Testing the tridiagonal solver

Tridiagonal solves (5)

Forward pass Backward pass

Loop boundaries
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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 ARCHERZ2 eCSE-GPU funding and DIRAC for AMD GPU access
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