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algorithms & machines



machines



machines in the 1st lattice conference
31 contributions, 102 participants



the 3rd lattice conference
30 contributions, 98 participants



lattice 90



lattice 91



lattice 93



lattice 95



lattice 99



lattice 2003



lattice 2005 SGI Altix

based on Itanium-2 processor
compute node: 2 CPUs, 8 GB memory,

S-HUB, ccNUMA links
connected by fat tree (shmem up to 512 CPUs)
3.2 µs SGI-MPT latency
weak scaling results for Wilson-Dslash (Vlocal = 44, fits in L3 cache)

# CPUs Vglobal sustained perf.

8 83
⇥ 4 31%

16 84 26%
32 83

⇥ 16 30%
64 83

⇥ 32 28%

source:
Thomas Streuer
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BlueGene/L overview

currently #1 and #2 on the Top 500 list
(183 TFlop/s peak at LLNL, 115 TFlop/s peak at IBM Watson)
grew out of the QCDOC project
system-on-a-chip design (ASIC)

2 PowerPC 440 cores and 4 FPUs at 700 MHz! 5.6 GFlop/s peak
32+32 kB L1 cache (I/D) per core, 2 kB L2 cache per core (prefetch),
4 MB shared L3 cache

distributed memory (512 MB DDR per chip)
network:

3-d torus with nearest-neighbor links and virtual cut-through routing
global tree network for global operations
no DMA

two modes of operation:
co-processor mode: one CPU for computation, one for communication
! peak performance 2.8 GFlop/s per chip
virtual-node mode: both CPUs for computation and communication
! 5.6 GFlop/s, but communication cannot overlap with computation

Tilo Wettig Performance of machines for lattice QCD simulations Lattice 2005, 30 July 05 18 / 1

Large PC cluster installations

existing lattice QCD clusters with more than 1 TFlop/s peak

CPU Network Peak (TFlop/s) Name

Wuppertal 1024 Opteron Gig-E (2d) 3.7 ALICEnext
JLAB 384 Xeon Gig-E (5d) 2.2 4G
JLAB 256 Xeon Gig-E (3d) 1.4 3G
Fermilab 260 (520) P4 Infiniband 1.7 (3.4) Pion
Fermilab 256 Xeon Myrinet 1.2 W

NB:
peak numbers are double precision
all benchmarks are single precision

Tilo Wettig Performance of machines for lattice QCD simulations Lattice 2005, 30 July 05 26 / 1

apeNEXT overview
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successor to APEmille
collaboration of INFN/DESY/Orsay
custom-designed processor (J&T)
8 Flops per cycle (complex a⇥ b + c) at 160 MHz! 1.3 GFlop/s peak
4 kB on-chip register file
memory controller and communications hardware on chip
3-d torus network, DMA
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apeNEXT system
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QCDOC overview

successor to QCDSP
collaboration of Columbia/UKQCD/RBRC/IBM
custom-designed ASIC
PowerPC 440 core + 64-bit FPU
2 Flops per cycle at 400 MHz! 0.8 GFlop/s peak
4 MB on-chip memory
memory controller and communications hardware on chip
6-d torus network, DMA

Tilo Wettig Performance of machines for lattice QCD simulations Lattice 2005, 30 July 05 37 / 1

QCDOC system

Tilo Wettig Performance of machines for lattice QCD simulations Lattice 2005, 30 July 05 38 / 1



lattice 2008
GPUs play the game



lattice 2016



lattice 2018

The race to exascale

• China, EU, Japan and US are all developing exascale supercomputers. 

 10Top 20 of TOP 500 (June 2018)
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Data from top500.org

Rank Name Architecture Site
1 Summit IBM Power9 + NVIDIA GPUs DOE/SC/Oak Ridge National Laboratory
2 Sunway TaihuLight Sunway National Supercomputing Center in Wuxi
3 Sierra IBM Power9 + NVIDIA GPUs DOE/NNSA/LLNL
4 Tianhe-2A Intel Xeon + Matrix National Super Computer Center in Guangzhou
5 AI Bridging Cloud Infrastructure (ABCI)Intel Xeon + NVIDIA GPUs National Institute of Advanced Industrial Science and Technology (AIST)
6 Piz Daint Intel Xeon + NVIDIA GPUs Swiss National Supercomputing Centre (CSCS)
7 Titan AMD + NVIDIA GPUs DOE/SC/Oak Ridge National Laboratory
8 Sequoia BQC DOE/NNSA/LLNL
9 Trinity Intel Xeon Phi DOE/NNSA/LANL/SNL

10 Cori Intel Xeon Phi DOE/SC/LBNL/NERSC
11 Nurion Intel Xeon Phi Korea Institute of Science and Technology Information
12 Oakforest-PACS Intel Xeon Phi Joint Center for Advanced High Performance Computing
13 HPC4 Intel Xeon + NVIDIA GPUs Eni S.p.A.
14 Tera-1000-2 Intel Xeon Phi Commissariat a l'Energie Atomique (CEA)
15 Stampede2 Intel Xeon Phi Texas Advanced Computing Center/Univ. of Texas
16 K Computer SPARC RIKEN Advanced Institute for Computational Science (AICS)
17 Mira BQC DOE/SC/Argonne National Laboratory
18 Marconi Intel Xeon Phi Intel Xeon Phi CINECA
19 TSUBAME3.0 Intel Xeon + NVIDIA GPUs GSIC Center, Tokyo Institute of Technology
20 Intel Xeon United Kingdom Meteorological Office

• Top 500 list has a blend of GPU-based and multi/many-core based architectures. 
• In heterogeneous configurations, host CPUs are dominantly Intel Xeon CPUs. 
• Several Intel Xeon Phi-based systems made it to the Top 20. 

Future Pre-Exascale and Exascale Systems in the US
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25

LLNL
IBM/NVidia 

P9/Volta
Secure

Relevant Pre-Exascale and Exascale Systems for ECP

NERSC-9

Crossroads

Frontier
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Pre-Exascale Systems Exascale Systems

Argonne
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Open
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Open
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Cray/NVidia K20

Open
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Unclassified
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TBD
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Argonne
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Open

ORNL
TBD
Open

LLNL
TBD

Secure

LANL/SNL
Cray/Intel Xeon/KNL
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2013 2016 2018 2020 2021-2022

Summit

Sierra

ORNL
IBM/NVidia 
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Open
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Secure
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Trinity

Theta
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Doug Kothe and Stephen Lee, ECP update @ ASCAC 2017

• Architectures on these future systems are still unknown



lattice 2021

1717 Open slide master to edit

Node Programming Models: Pick your standard
• Vendor options

– NVIDIA CUDA: the CUDA you know, evolved.. 
• Support for Tensor cores in cuBLAS, cuDNN and CUDA (wmma:: namespace)
• ecosystem support: cuBLAS, cuFFT, cuRAND etc.
• C++ Standard Library ( cuda::std:: )
• Strong push to implement ISO C++ standard features in full.

– AMD HIP
• very similar to NVIDIA’s CUDA core library ( replace ‘cuda’ with ‘hip’ )
• open source implementations for ROCm, also for CPUs (HIP CPU)’
• LLVM/Clang based compiler 
• ecosystem support: hipBLAS, hipFFT/rocFFT, hipRAND/rocRAND, etc
• access to CDNA features through compiler 

– Intel oneAPI
• based on SYCL Standard from the Khronos Group,  with OpenCL heritage
• Compiler in oneAPI SDK and in Intel’s contributions to LLVM
• ecosystem support: oneMKL, oneDNN, ... 
• oneAPI Tutorial at this conference by P. Steinbrecher

• Directive based approaches: OpenMP-offload and OpenACC
– OpenMP: #pragma omp teams distribute parallel for simd
– all vendors committed to supporting OpenMP-5.0 offload
– OpenACC supported in NVIDIA HPC-SDK and GCC (work by Mentor Graphics)
– OpenMP is likely the best option for Fortran  ( although nvfortran can offload DO CONCURRENT )

• OpenCL is available  through all vendors as well 
– but beware vendor specificity in the implementations...



lattice 2025

06/11/2025  32Member of the Helmholtz Association

EL CAPITAN

CPU: AMD EPYC “Genoa”
GPU: AMD Instinct MI300A (4 per node)
APU (CPU GPU bundle) 128 GB HBM3  each
Performance peak:  1.74 Eflops (29.6 MW)
Deployment: 2024

#1 in TOP500

LLNL, USA

06/11/2025  33Member of the Helmholtz Association

FRONTIER
ORNL, USA

QCD Constraints on Isospin-Dense Matter and the 
Nuclear Equation of State Phys. Rev. Lett. 134, 011903 – Published 6 January, 

2025

CPU: AMD EPYC “Trento”, 512 GB
GPU: AMD MI250 (4 per node, 128 GB each)
Performance peak:  1.35 Eflops (24.6 MW) 
Deployment: 2022

#2 in TOP500

Infinity
fabric

PCIe-G4

06/11/2025  34Member of the Helmholtz Association

AURORA
ANL, USA

CPU: 2 x Intel Xeon Max, 128 GB HBM, 1024 GB DDR5
GPU: Intel DC GPU Max (6 per node, 128 GB HBM each)
Performance peak:  1.01 Eflops (38.7 MW)
Deployment: 2023

#3 in TOP500

CPU-CPU: UPI, CPU-GPU: PCIe-G5, GPU-GPU: Xe link, CPU-NIC: PCIe-G5 switched to G4

Member of the Helmholtz Association

June 2025: 4/10 top systems use Nvidia GPUs, 4/10 AMD GPUs, 1/10 Intel GPUs, 1/10 no GPUs
November 2022: 5/10 top systems use Nvidia GPUs, 3/10 no GPUs, 2/10 AMD GPUs, 0/10 Intel GPUs
November 2021: 7/10 top systems used Nvidia GPUs, 3/10 no GPUs, 0/10 AMD or Intel GPUs

Leonardo@CINECA (Italy, EU)
CPU: Intel Xeon 
GPU: Nvidia A100

Performance peak: 0.17 Eflops
Deployment: 2022
#10 in TOP500

JUPITER@JSC (Germany, EU)
CPU: ARM Grace (GH200)
GPU: H100 (GH200)
Performance peak: 0.79 Eflops
Deployment: 2025
#4 in TOP500

Fugaku @ Riken (Japan)
CPU: ARM
GPU: none

Performance Peak: 0.44 Eflops
Deployment: 2021 
#7 in TOP500 

ALPS@CSCS (Switzerland)
CPU: ARM Grace (GH200)
GPU: H100 (GH200)
Performance peak: 0.43 Eflops
Deployment: 2024
#8 in TOP500

AN INCREASINGLY DIVERSE LANDSCAPE

LUMI@CSC (Finland, EU)
CPU: AMD EPYC 
GPU: AMD MI250

Performance peak: 0.38 Eflops
Deployment: 2023
#9 in TOP500

JUPITER meets JARVIS
Completing AI Supercomputing

40 ExaFLOP/s FP8 AI 

performance
24 000 NVIDIA GH200 superchips

Scalability, Sovereignty 
European (experimental) technology



the newcomer

• LineShine TOP500 #1 

• ARM with SVE and SME 

• LingQi high-speed network with a dual-plane multi-rail fat-tree 

• JUPITER Booster #5 

• NVIDIA GH200 Superchip 

• Quad-Rail NVIDIA InfiniBand NDR200, 

• HPC7 TOP500 #6 

• AMD 4th Gen EPYC 24C 1.8GHz, AMD Instinct MI300A 

• Slingshot-11



the coming-soon

• Doudna, NERSC 

• NVIDIA Vera Rubin CPU–GPU platform 

• Quantum-X800 InfiniBand 

• Alice Recoque 

• AMD EPYC Venice CPUs and Instinct MI430X GPUs 

• Eviden BXI v3 fabric 

• FugakuNEXT 

• Fujitsu MONAKA-X Arm CPUs and NVIDIA GPU subsystem



the missing

https://epoch.ai/data-insights/ai-chip-production





ALCF











softwares & algorithms (non-ML)



accelerator use

• Frank Winter: Portability without Code Changes: Scaling QDP-JIT/
Chroma via LLVM across NVIDIA, AMD, and Intel GPUs, 7/27 2:40 PM 

• Justus Kuhlmann: Accelerating the HMC in openQxD using QUDA, 7/27 
4:30 PM



Frank Winter



software and library 

• Xiangyu Jiang: Use QUDA with Python, 7/27 4:10 PM 

• Nikolai Husung: opbasis: automated construction of minimal operator bases for 
lattice QCD, 7/27 5:10 PM 

• Max Hansen: AmPyL: A python toolkit for three-particle finite-volume spectra and 
scattering amplitudes, 7/28 4:50 PM 

• Gunnar Bali and Giovanni Pedriva: First experiences operating and using ILDG 2.0, 
7/27 3:20 PM 

• Constantinos Costa: Efficient Storage and Compression of Intermediate Data in 
Lattice Calculations, 7/27 4:50 PM 

• Alexis Harilaos Verney-Provatas: Easier parameter scans with hmcdj, 7/28 4:10 PM



autodifferentiation
you don't need to use ML to use it

• GPT/GRID (Christoph, Peter, and others) supports it at the Python level 

• JuliaQCD supports it at the LLVM level (local node for now) 

• Lattice Gauge Theory via LLVM-Level Automatic Differentiation 
Yuki Nagai, Akio Tomiya, Hiroshi Ohno 
https://arxiv.org/abs/2602.20516 

• See 3 talks using JuliaQCD by Shunsuke Yasunaga, Akio Tomiya, Okuto Morikawa 

• QEX (James Osborn) supports it 

• James' previous lattice proceedings 

• X Jin's talk, 7/28 3 PM 

• https://github.com/jcosborn/qex/tree/devel/src/experimental/graph/examples

https://arxiv.org/abs/2602.20516
https://github.com/jcosborn/qex/tree/devel/src/experimental/graph/examples


alternative formulations

• Shailesh Chandrasekharan: Projected Density Matrix Sampling for Quantum Lattice 
Hamiltonians, 7/28 4:10 PM 

• Rohan Misra: The Affine Conjecture: Using Numerical Methods to Tune Geometries for 
Non-integrable Lattice Field Theories, 7/30 5:10 PM 

• Daniel Nogradi: Lattice QCD on the 16-cell honeycomb, 7/31 3:20 PM 

• Katsumasa Nakayama: Tensor renormalization group for four-dimensional SU(N) gauge 
theories, 7/31 4:10 PM 

• Takaaki Kuwahara: Tensor renormalization group analysis of correlators in Yang-Mills 
theory, 7/31 4:30 PM 

• Benjamin Izett: Simulating the string formulation of SU(3) lattice gauge theory, 7/31 4:50 
PM





critical slowing down and topological charge

• Peter Boyle: algorithms for domain wall fermions, 7/27 3:20 PM 

• Gianluca Fuwa: Parallel tempered Metadynamics in full QCD, 7/27 4:50 
PM 

• Victor Granados-Pinto: Exploration of Parallel Tempering on Boundary 
Conditions, 7/27 5:10 PM 

• Xiao-Yong Jin: Crafting the change of variables for HMC, 7/28 3 PM 

• Shuhei Yamamoto: Comparison of Smearing Kernels for Field-
Transformation HMC via the Master-Field Technique, 7/31 5:10 PM



AI/ML-inspired RMHMC kernels—CPN model study Nobu Matsumoto’s poster
w/ R. Abbott, P. Boyle, L. Jin,
C. Kelly, C. Lehner; in prep.

Riemannian manifold HMC (RMHMC)

𝐻HMC ≡
1
2

𝜋𝑇𝐾 𝑈 𝜋 + 𝑆QCD 𝑈 − log det 𝐾(𝑈)

∼Fourier acceleration

• Simple game:
Design K 𝑈  so that the HMC accelerates

• Combined w/ multilevel integration,
the overhead becomes additive 
to the fermion cost

This work

Import the coupling layer from AI/ML:
• The inverse of 𝐾 is easy to take; no internal CG

• No force from the determinant

• Complementary to
 the field transform HMC (FTHMC)

→ overhead massively reduced

Even the simple smearing kernel works:

zero mode of a correlator topological charge



link2 boundary D=3, kappa=2, depth=3
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Xiao-Yong Jin: Crafting the change of variables for HMC, 7/28 3 PM



Gianluca Fuwa 7/27 4:50 PM
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Parallel Tempering on Boundary Conditions (PTBC)
to mitigate topological freezing

• 2d CP(N-1):  
https://arxiv.org/abs/1706.04443 

• 4d gauge theories:  
https://arxiv.org/abs/2012.14000 

• full QCD: https://arxiv.org/abs/2404.14151 

• strong coupling without topological 
freezing https://arxiv.org/abs/2403.13607 

• large-N limit of the topological susceptibilty 
https://arxiv.org/abs/2510.08006 

• large-N limit of the topo susceptibility slope 
https://arxiv.org/abs/2606.29885



Letizia Parato, 7/30/26, 3:20 PM 
Anna Hasenfratz, poster



solvers, Dirac systems

• Issaku Kanamori: A Stabilized FP16 Mixed-Precision Solver, 7/27 2 PM 

• Benjamin Luke: Optimized solver algorithms for computing , 
7/29 10:20 AM 

• Patrick Oare: Spectral Properties of the non-Hermitian Dirac Operators 
from the Krylov-Schur Algorithm, 7/29 11:10 AM 

• Chulwoo Jung: Topological Modes in Lattice QCD evolution, 7/29 11:30 
AM

Tr(A−1)
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FP16 solver with rescaled working vectors
 (even-odd prec + BiCGStab + iterative refinement)
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# low prec. mult

w/o rescaling
Does not converge

PACS 964 lattice, Clover, Mpi~146 MeV
[PoS LATTICE2015, 075 (2016)]
Supercomputer Fugaku, 144 nodes
Code: Bridge++

time  [sec]  speed up

FP64 BiCGStab 142.2 sec ---

FP64-FP32 mixed 67.3 sec 2.1

FP64-FP16 mixed 45.3 sec 3.1

Issaku Kanamori 7/27 2 PM





non-standard Monte Carlo dynamics

• James Osborn: Generalized Dynamics for HMC, 7/28 2 PM 

• Robert Marwhinney: Studying the impact of multiple, localized, gauge-
fixed subvolumes with coherent conjugate momenta on the Hybrid 
Monte Carlo, 7/28 2:20 PM 

• Yacob Ozdalkiran: Event-Chain Monte Carlo for pure gauge lattice QCD, 
7/28 3:20 PM



Reproduces FTHMC and 
RMHMC by choosing 
the appropriate Gij



• Thank all the authors of the slides/papers that I copy-pasted here 

• Thank all of you who send me your materials: Akia Tomiya, Anna 
Hasenfratz, Claudio Bonanno, Daniel Nogradi, Hartmut Neff, Issaku 
Kanamori, Nobuyuki Matsumoto, Timo Eichhorn, Yoshinobu Kuramashi 

• Used ChatGPT for searching the web


