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H. Barreiro, et. al

CFD in Astro 2Computational Fluid Dynamics

T. Skřivan, et. al

A. Chern, et. al

• Small scale range 
• Small density range

“Normal” world “Astrophysical” world

• Large scale range 
• Large density range 
• Many physical effects

10 orders of magnitude

Multi-scale

ALMA 2014

Wafflard-Fernandez , Lesur 2023

Planets

Multi-physics

Johansen, Youdin  2007

Vaytet et al. 2018

DUST

MHD

Lebreuilly et al. 2024

Self-gravity

fp64⇒

 DAG scheduler⇒



CFD in Astro 3Computational Fluid Dynamics
“Astrophysical” simulations

Wafflard-Fernandez , Lesur 2023

Planets

Johansen, Youdin  2007

Vaytet et al. 2018

DUST

MHD

Lebreuilly et al. 2024

Self-gravity

SPH

Finite Volumes

Finite elements

(Fastest)

(Most versatile)

(Weird geometries)



CFD in Astro 4Computational Fluid Dynamics

SPHFinite VolumesFinite elements

𝕌t+1 = F ({𝕌t
i}i∈{ })γ( , ) &

Interaction criterion Numerical scheme
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Criterion γ
Scheme F Abstraction

SPHFinite VolumesFinite elements

𝕌t+1 = F ({𝕌t
i}i∈{ })γ( , ) &

Interaction criterion Numerical scheme

All solvers are the “same”



6The goal in Shamrock

Numerical method 
+ Exascale scalability

Generic modules

Optimising SPH  Optimising AMR⇔
Generic modules are coded once for all schemes

Criterion γ
Scheme F

Reality is a bit more nuanced but that’s the goal 
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MPI SYCL PythonC++ STL

Pybind11BaseComm

Backend

Algs Math

Models SPH

Godunov

…

Bindings

• C++17 (templated) 
• (Multi-GPU) SYCL + MPI 
• Inter-operable with Python (runscripts) 
• No #ifdefs !!! (Runtime switch using templates) 
• Multiple Hydro solver (SPH, FE, Godunov) 
• Open source CECILL 2.1 License

Publications :
• David--Cléris et al. 2025 (MNRAS), accepted 
• David--Cléris 2025 (IOWCL proceeding) 
• PHD (defended in 2025)
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Exascale supercomputers



Exascale clusters 9Supercomputers
Top 500 list :

GPU

GPU

GPU

GPU

GPU

⇒ Supercomputers move to GPUs
(Efficiency, density, AI, …)
(But all vendors involved)



10Why SYCL ? Exascale clusters

Possibilities :

Real contenders :

But : 
• Lack of support or performance 
• Proprietary 
• Hard to maintain 

✅
• C++17 library / framework 
• Single implementation 
• Portability (vendor & performance) 
• More adoption in astrophysics 
• Aimed mostly at single stream codes

• C++17 based 
• Open standard 
• Multiple implementations 
• Portability (vendor & performance) 
• Low adoption in astrophysics 
• DAG based scheduling

✅
✅

✅

✅

✅

✅

✅



11Why we use the DAG-scheduler

Position update Legend :

Derivative update

Update patch load

Scheduler step

Sync particle accretion

apply position boundary

Compute ghost zone graph

Build BVHs

Neighbor caches Smoothing length update

Compute CFL

GPU kernel

MPI communication

MPI comm. + GPU kernel

Smoothing length update

Start End

Next
timestep

No

Yes

Yes

No

Control flow for a single config

• Too many control flow possible

 To much maintenance to  
schedule manually

⇒

 Out-of order queues⇒

• We chose to use buffers initially 

• Shamrock relies heavily on dynamic  
runtime allocations

Exascale clusters



12Issues with buffers

• No standard interop with USM for external libs (MPI, xxBlas, xxFFT, …) 
• Lack of fine memory control (e.g. to do memory pooling) 
• Additional latency (Crisci, et al 2024, SYCL-Bench 2020) 
• USM allow additional optimizations (e.g. restrict, Coarse-grained events & instant 

submission)

But : 

Migrating : 
• Need to keep out-of-order queues 
• Need to minimize refactoring (use sycl::buffer like wrappers)

⚠ No performance comparison yet (on-going)

Exascale clusters



13



14The main steps in Shamrock

Domain 
decomposition & 
load balancing

Compute & Exchange 
ghost zones

Generate trees

Find neighbors

Update

Physics

Tree alg.Domain decomposition



Boccaletti et al. 2020

15Global idea
Physical space :

  (MPI) 



16Global idea
Physical space : Patches

• Particles move between patches 
• A patch can split 
• A patch can merge

  (MPI) 



17Domain decomposition

Patch 0 Patch 1

Patch 2Patch 3

GPU 0

GPU 2

GPU 1

• Patch are distributed across GPUs

Patch decomposition  
independent  

of the GPU count !

  (MPI) 



18Domain decomposition

Patch 0 Patch 1 Patch 2 Patch 3

• We attribute a “estimated load” to each patch

W0 = 3 W1 = 2 W2 = 2 W3 = 3

• We load balance according to that load

tupdate = 3 sectupdate = 2.8 sec tupdate = 1.8 sec tupdate = 2.3 sec

Simple load model : Wi = Npart,i

  (MPI) 



19Domain decomposition

Patch 0 Patch 1 Patch 2 Patch 3

• We attribute a “estimated load” to each patch

W0 = 3 W1 = 2 W2 = 2 W3 = 3

• We load balance according to that load

GPU 0 GPU 1 GPU 2

(Using hilbert curve for ordering)

Perfect load model = optimal load balancing !

∑
GPU 0

W = 3 ∑
GPU 1

W = 4 ∑
GPU 2

W = 3

(Motivate better load models)

  (MPI) 



20Domain decomposition

Patch 0 Patch 1

Patch 2Patch 3

• Need to communicate ghost zones

Patch 0

Patch 3

Patch 1

Patch 2

Patch 0 Patch 1

Patch 2Patch 3

  (MPI) 



21Domain decomposition

Patch 0 Patch 1

Patch 2Patch 3

• Need to communicate ghost zones

Patch 0

Patch 3

Patch 1

Patch 2

Patch 0 Patch 1

Patch 2Patch 3

  (MPI) 

• Shamrock uses sparse MPI communications



22GPU nodes (200 - 10000)

Network attached  
directly to GPUs

GPU-CPU link depends on NUMA

• 1 process per NUMA/GPUs 
• Communications with MPI

  (MPI) 



23Ghost zone graph
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Rank 0
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pack unpacksparse all-to-all

patch message
(serialized)

patch message
(serialized)

MPI message
(bytes)
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• Ghost zones graph = sparse matrix
• We perform sparse MPI communications

Sender patch

R
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Messages independant of GPU count

  (MPI) 



24Ghost zone graph
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• Ghost zones graph = sparse matrix
• We perform sparse MPI communications

 

 

 

 

Rank 0

Rank 1

 

 

 

 

MPI message
(bytes)

MPI message
(bytes)

 

 

 

ve
ct

or
_a

ll
ga

th
er

v

 

 

 

isend

isend

irecv

irecv MP
I_

WA
IT

exchange
message list

non blocking
exchange

wait events

communication
skipped

communication
skipped

• Abstracted & can also be used for other communications

  (MPI) 



25Global idea

γ = 1

γ = 0 γ = 1

γ = 0GPU radix tree :
Up to 21 levels

MPI Patch Octree :

Up to 42 levels

63 levels =  in scale resolution (  mm = 0.97 light year)263 263



  (GPU) 26Tree building
Tree (BVH) :
Bounding Volume Hierarchy

Building the tree on GPU :

• Tree update : too slow ❌

• On-the-fly parralelized tree building ✅



  (GPU) 27A novel parallel tree for SPH

Morton curve

Map on fractal curve  
(Z-order)

Parallel tree building 
(Karras 2012)

Limitations :
• Only 1 particles per tree leaf 
• Can not handle duplicates  

(2 particles with same morton code)

Solution :
• Reduction algorithm  

• Exploit binary arithmetics 
• Remove duplicates 
• Reduce the number of leaf  

 before tree building

Patch (subdomain)

Code reduction



  (GPU) 28A novel parallel tree for SPH

Morton curve

Map on fractal curve  
(Z-order)

Parallel tree building 
(Karras 2012)

Patch (subdomain)

Code reduction

Morton curve

Sort 
(Bitonic, or radix onesweep)

Morton curve

Leaf neigh search  
(1st stage): {         }

:
:
{         }
{         }

:
:
:

{         }
{     }
{     }

neigh search  
(2nd stage)



  (GPU) 29Parallel tree building performance

Tree building in SHAMROCK : 
• Fully parallel on single-GPU 
• >200M parts/second (  5% timestep)≃

⇒ Tree building is very cheap 
(No need to update it)

103 104 105 106 107 108

N

106

107

108

109

1010

p
ar

ti
cl

es
p
er

se
co

n
d

full tree

reduction

T. Karras

int range

morton build

morton sort

Nvidia A100-SXM4 40Gb

But : 
• Could reduce allocation latency 
• Could increase perf of the sort



  (GPU) 30Shamrock tree traversal

104 105 106 107

N

106

107

108
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ti
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se
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d

cache performance (1 stage cache)

reduction 0

reduction 2

reduction 4

reduction 6

reduction 8
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cache performance (2 stage cache)

reduction 0

reduction 2

reduction 4

reduction 6

reduction 8
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p
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timestep performance (1 stage cache)

reduction 0

reduction 2

reduction 4

reduction 6

reduction 8
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timestep performance (2 stage cache)

reduction 0

reduction 2

reduction 4

reduction 6

reduction 8

Tree with reduction algorithm : 107 → 108 (parts/sec)

Tree traversal in SHAMROCK : 
• Fit in registers (maximum occupancy) 
• 2-stages optimised by reduction  
• 100M parts/second (SPH criterion is complex)

Ideal case :
• Similar performance to tree build

But : 
• Could exploit RT units 
• Could have better memory access patterns 
• Could have better task balancing/scheduling
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Perform
ance !!!!

 

Used for 15 years, 450 citations

Reference code: 
Phantom SPH code

But: 
• No MPI scalability 
• No GPUs
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32Comparison with Phantom
Sedov-blast wave:

Reproduce Phantom solver !

Tests & scaling



33Single GPU performance
Sedov-blast wave:

⇒ Acceleration by a factor 6 CPU GPU⇒

Tests & scaling

Intel/llvm 
CUDA backend

AdaptiveCpp 
Omp backend



34Single GPU performance
Sedov-blast wave:

Tests & scaling

Similar performance across implementations/backends



35SPH on Multi-GPU (Adastra)
20th (top500), GPU + CPU

338 nodes, 4 MI250x / Nodes 
921kW (max) 
61.6 PFlop/s

Tests & scaling



10 100 1000
GPUs

107

108

109

1010

P
ar
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s

1.38e+09

5.34e+09
6.76e+09
8.73e+09

2e6 parts / GPUs

16e6 parts / GPUs

32e6 parts / GPUs

64e6 parts / GPUs

36Weak scaling (Sedov-blast)

Reference :  
   Same test with Phantom SPH = 2e6 part / seconds

x4500 speedup !→

• 65.000.000.000 particles ( ) 
• 9G part / seconds 
• 7 sec / iterations 
• 1024 GPU (MI250x)

40003
Shamrock :

Tests & scaling



37Weak scaling (Sedov-blast)

10 100 1000
GPUs

0.0

0.2

0.4

0.6

0.8
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0.50

0.75
0.71

0.92

2e6 parts / GPUs

16e6 parts / GPUs

32e6 parts / GPUs

64e6 parts / GPUs

Weak scaling of Shamrock SPH solver :

92% parallel efficiency  
(Large simulations)

Tests & scaling



38Exemples : circum-binary discs

10M SPH particles 100M SPH particles

Ok but on many GPUs ???

Exemple of a simulation



39The Duffel et al 2024 code comparison1G SPH particles
8 nodes (32 MI250X)



40Conclusion

Currently :

Next :
• Exascale disc simulations 
• More optimizations (e.g. performance, latency) 
• More physics 
• Load modelling

• On the fly built trees 
• Patch based decomposition 
• SYCL allow us to target all GPUs 
• 92% SPH weak scalability on uniform tests
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Thanks !

No. 101053020 (Dust2Planets)

Questions ?


