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; ik : Condensed matter theory
I started using Julia around 2016 when I was a Superconductivity,

VISIfIng I”eseal”Cher |n MIT Material science
Machine-learning and Physics

"Julia Programming for Numerical Computation: A one-week course” 2022

- Julia ]
THBETEA2  ocgim Juliacies

Jossns g ° "t A8 “Introduction to Numerical Calculations with Julia”
2024

I wrote two books for numerical computing with Julia




Outline

o Introduction: Lattice QCD

o JACCIZC KD IDE

o JACC.jlZ DIt DERE

s Differentiable Lattice QCD (AD)
e Benchmarks

e Summary



Introduction: Lattice QCD
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What is QCD?
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QCD = Quantum Chromo-dynamics

= A fundamental theory for particles inside of nuclel
Quantum many body, relativistic, strongly correlated
One of the hardest problem in the world
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Lattice QCD and Monte Carlo

A target observable Action for lattice QCD
(related to observables b
n expert 50cD = Seaueel Ul + logdet(D[U] + m)

)

(O) = %J@Ue_SQCD[U]@(U) e.g. 2564 x 4 x 8 dimensional integral

Generate field configurations with
P[U] x e >acolV]
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HMC (Hamiltonian/Hybrid Monte Carlo)

Ut + A7) = el AT P(7) U(r),
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P(r + A1) = P(1) — At F(7),

We solve equations of motions
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AT ON TECHNCLOGY CENTE

What kind of calculation is needed?

Lots of inversions! Massive parallelism has been used
Anatomy of lattice QCD calculation (typical case):

90 % Lots of inversions with huge sparse matrices (solving linear equations (Dirac equation) )

Few months 100(times/step) x 1,000,000,000(steps) of inversions with N X N sparse matrix
to few years N =20"4 x4 x8x2=10, 240, 000 ~ 10 Million
10 % Multiplication of 3x3 complex matrix with 204 x 4 times for 1 step etc

Nested loops for x=1:20, y=1:20, z=1:20, t=1:20 and internal degrees of freedoms (color=3, spinor = 4).

Conventionally, we have used C++/Fortran & massive parallelization (MPl/OpenMP/GPU, hybrid)
on supercomputers

Lattice QCD is one of the most numerically expensive calculation

Point Useful to understand our world & Good benchmark of software/hardware
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Public codes for LQCD

SIMULATeQCD

Name (Historical order, old->new) Language URL Paper
MILC code C/C++ https://github.com/milc-gcd/milc_gcd https://inspirehep.net/literature/321665
Lattice Tool kit Fortran https://github.com/tsuchim/Lattice-Tool-Kit/ NPB Proc.Suppl. 106 (2002) 1037-1039
CPS (Columbia physics system) C/C++/Assemblar  https:/github.com/RBC-UKQCD/CPS https://arxiv.org/abs/hep-lat/0306023
Chroma C++ https://github.com/Jeffersonlab/chroma arXiv:hep-lat/0409003
QUDA(backend) C++/CUDA https://qithub.com/lattice/quda arXiv:1011.0024
Bridge++ C++/GPU https:/ b”di%z-:fki% 'ﬁ“ce‘wde/ J.Phys.Conf.Ser. 523 (2014) 012046
Grid C++/GPU https://qgithub.com/paboyle/Grid arXiv:1512.03487
SimuLATeQCD C++/CUDA https://qithub.com/LatticeQCD/ https://arxiv.org/abs/2306.01098

We made LQCD code with Julia

1. Benchmark test for Julia itself since LQCD is a hardest problem
2. Easy to use. It can work on PC and supercomputers
3. Minimize time/effort for “code development” + “execution”

and more



https://inspirehep.net/literature/321665
https://github.com/tsuchim/Lattice-Tool-Kit
https://github.com/juliaqcd/
https://arxiv.org/abs/2409.03030
https://github.com/LatticeQCD/SIMULATeQCD
https://arxiv.org/abs/2306.01098
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Lattice QCD code for generic purpose

. . Open source code in Julia language
$¢LatticeQCD.jl

Machines: Laptop/desktop/Jupyter/Supercomputers (almost everywhere)

Advantage: Portability, no-explicit compile, fast, machine learning friendly

Functions: 4d, SU(Nc)-heatbath, (R)HMC, Self-learning HMC, SU(Nc) Stout, Z2 gauge,
Dynamical Staggered, Dynamical Wilson, Dynamical Domain-wall
Measurements (chiral condensate, topological charge, etc)

1. Download Julia binary

2. Add the package through Julia package manager
3. Execute!

Start LQCD
In 5 min

https://qgithub.com/akio-tomiya/LatticeQCD.jl

SU(3), Quenched, L=4"4, Heatbath Energy density at # — 0.2% x 10 > s
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https://github.com/akio-tomiya/LatticeQCD.jl
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=== Package structure

https://github.com/JuliaQCD
Wrapper for LatticeDiracOperators.jl &

LQCD code with Julia

Document: https://arxiv.org/abs/2409.03030 Gaugefields.jl, QCDMeasurements. |
- Wizard for parameter files
Dependency is automatically solved - HMC/RHMC for SU(Nc)

- Stout + Wilson/Staggered/DW

ﬁduliaucn - Heatbath for SU(Nc)

- Measurements

ﬁl_athceﬂ[:[]_ﬁ - Jupyter, Colab/PC/Supercomputers

@ QCDMeasurements.jl _
Measurements in LQCD
. LatticeDiracOperators.jl (Correlator, Flow, Qtop, etc)

Gaugefields.jl (+HMC), Wilson, KS, DW, MPI
PC/Supercomputers

Wilsonloop.jl CLIME_jlI
Gauge fields (+HMC/Heatbath), MPI

SU(N) and Zn gauge
PC/Supercomputers

Symbolic operations of Wilson/Polyakov loops Compatible with auto-grad in
Flux.jl

ILDG I/O



https://arxiv.org/abs/2409.03030
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Why do we use Julia?

Fast as Fortran, easy as Python
In LatticeQCD

Hardest part is "Quantum effects from quarks”
- large dimensional linear equations have to be solved, many times

N = 2074 x 4 x 8 x 2 = 10, 240, 000 ~ 10 Million  -> Highly-optimized code is needed
The computational cost is huge -> Sometimes compiling a package becomes difficult

Portability

LatticeQCD.jl works even on Raspberry Pi Zero 2

Easy to understand Machine-learning friendly

One can easily add his/her We can easily implement machine learning algorithms
algorithms in JuliaQCD (like PyTorch in Python)
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Julia uses “LLVM”

Platform 1 |
Machine Lanquage

Platform 2
LLMIR Machine Language l

Platform 3
Machine Language

LLVM Compiler Infrastructure

Toml
Middle-erd Back-end

Gollvm

H LLVM optimizer LLVM IR LLVM static compiler

; ———

’
7
-
-~

Gen/lit
Optimizations/ l

Transformations

write once, run anywhere
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Comparison Single core calculation

Same algorithm, same parameter MAs R
Mac Book Pro 14inch 2023 M2 Max,

—@— Lattice Tool Kit memory 96GB LatticeQCD 1.3.4

—%— LatticeQCD.jl - Julia1.10.8 LatticeDiracOperators 0.4.3
Gaugefields 0.5.1

Wilsonloop 0.1.5

Parameters

L=43 x Nt

Nt=4, 8, 10, 12, 16, 20
kappa = 0.141139

beta = 5.5

Nd =10

CG eps = 10-8

Compare with Lattice tool kit (2002)
- gfortran 14.2 (w/ -O3)

https://github.com/cometscome/Lattice-Tool-Kit

12
System size: Nt

Note: we did not compare with “cutting edge” packages (MILC, grid, bridge++ etc.) written by C++
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MPI| performance

On supercomputer the Wisteria/BDEC-01 in the University of Tokyo

. without MPI
Wilson CG test :
LatticeDiracOperators.|l Initialize_Gaugefields(NC,Nwing,N
FUJITSU Processor A64FX X,NY,NZ,NT,condition = "hot")
with MPI
U =

Initialize_Gaugefields(NC,Nwing,
NX,NY,NZ,NT,condition =
"hot",mpi=true,PEs =
(1,1,1,2),mpiinit = false)

Elapsed time [sec]

We can easily use MPI!
2 4 3 16 32

num. of MPI processes

It looks scaling well
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MPI| performance
Fugaku: Domainwall 1/D

Fugaku job: small size, node number N satisfies n = 4 * N

time
3200.326744453
646.440953768

331.800943196
181.141120232

101.730185027

Elapsed time [sec]

128

MPI Processes We can easily use MPI!

num. of MPI processes

It looks scaling well
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JACCIC &K B D&
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Rl o2 gNED
HMUWP—FTIOFPHEIHITBEVPICI— L ZESRZIDDERE

GPU{EINRE ? NVIDIABD 33—k (CUDA) Z=£<K?
= £ N ext? -> CUDAR® I — ~(E—BBITET:

NILFGPULINRE ? NVIDIAH®OIJ—tF (CUDA) &< ?

XU AIETAMDEGPUXR/NO Y
AMDGPUHI—R#%ZEZ<K?
Z(FRL<<HELDS-
IN\—RD TP ICHFEIT DE I— FDRTFHKRE
-> JACC.J!
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IN— RO PPIRkEFELEWVWI—FTa VD

J005Lh%, J—FRZZZ9(C, HEZRIILEIFIERIIRETEID LCL)
C++: Kokkos

OpenMP(CPUYILFAL v ), CUDA(NVIDIA GPU), HIP(AMDGPU)
KokkosD&KSIC, I\— RO T PIKEFELEWVWI—FTa0 VT ZP D7zl

-> JACC.JI
| e LLYMIE& T, 23CPUTRITIIAS
JACC.jl: 732 IDR%ESB (GPU) CE{TalAS
o weaw
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1D AXPY & DOT on NVIDIA GPU A100

10 AXPY & DOT on AMD CPU Rome 1.E+00
1E+D0D

1.6-01 X l/ b4 ]‘\\\ ’/:ﬁu : o NVIDIA GPU

1.E-02

—
™
o
N

Program “once” and deploy “everywhere”

1.E-03

Time (s) - log. scale

QU
©
U
W
o1}
S
%
U
£
b—

1.€-04

1.E+02 1E+03 1E+04 1.E+05 1.E+06 1E+O07 1.E+08 F '
1.6+02 1.E+03 1E+04 1.E+405 1.E+06 1.E+07 1.E+O8 - ? R¢N ER

Size of 1D Arrays

CUDA-AXPY JACC-AXPY —]| = = -
essssss CUDA-DOT JACC-DOT

Size 1D Arrays

Threads-AXPY JACC-AXPY
e Threads-COT @ =0 ===~ JACC-DOT

1D AXPY & DOT on AMD GPU Mi100 1D AXPY & DOT on Intel GPU MAX 1550

1.£+00 1.£4+00

LE+4D2 1E+03 1E+04 1.E+C5 1.E405 1.E#07 L1.E+O8

;OAK RIDGE

1.£-03 _ . National [aboratory
-

Time (s) - '0g. scale
Time (s) - log. scal

1.£-04

R h11ps: //www.cc.u-tokyo.ac. jp/events/ase/47/Teranishi.pdf

be of _
Size of 1D Arrays Size of 1D Arrays

AMDGPU-AXPY JACC-AXFY OneAPI-AXPY JACC-AXPY
s AMDGPU-DOT JACC-DOT s OneAPI-DOT JACC-DOT

https://ieeexplore.ieee.org/document/10820713

B UI0— RTERININREEZ T TN— &
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JACC.jl

—EZ(F(L. RL v ki3, 70t XR1E5(MPI1. NVIDIA GPUNLER. AMD GPU
DR, IntelGPUNDLRER. £ TISXIH L 7L

> \ATUw Rl RILFGPUIFICH I L7y
JACC jIEEAIETES )

JACC.jIHMEMT 2D [FEANIC =D DRI

JACC.Array(A) J\wOTY RICh U TGETICEIIAZEIRT D
JACC.parallel_for(N,f,a...) Tk I N EEf(i,a...)
RENDI—TZXTID a...[3a,b,c,d,... LAHBZEHN B >THRL

JACC.parallel_reduce(N,f,a...)
RESNDIL—TZE1TU. RDEZETRET
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Benchmarks(preliminary)

We made LatticeMatrices.jl for general D-dimensional lattice

W d JACC.|jl f - -
e ey Scaling Comparison: RTX4090 vs H100 vs RX7800XT (log-log)
Domainwall fermions 10!
- —0— RTX 4090

5D lattice (no public GPU code) | —m- H100

. —- RX 7800 XT

note: the computation is bottlenecked
by GPU memory access

We want to improve it more...

Scaling Comparison: CPU vs GPU (log-log)

- —4#— Single CPU core
- —@— RTX 4090
| —m- H100

el
-
-

Average GPU Time (s)

Average Time (s)

ot
=)
o
—

T10°
Total Lattice Sites (N™4 x L5)

Total Lattice Sites (N™4 x L5)
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JACC.jl

—EZ(F (L. RL v RiES, 70RLE5I(MPI). NVIDIA GPUMDLR, AMD GPU
PR, IntelGPUNDLR. & TITXI I L7zL)
> J\1 7w RilAll, JLFGPUILAICH XIS L7z LY

JACC.parallel_for(
prod(C.PN), kernel 4Dvector _mul!, C.A, A.A, B.A, C.NC, nw, C.PN

)
#set_halo!(C)
end

\ e -— e
— . — NRICERFZED L ([CEED2
@inline function kernel_4Dmatrix_mul!(i, C, A, B, ::Val{NC1}, ::Val{NC2}, ::Val{NC3}, ::Val{nw}, PN) where {NC1,NC2,NC3,nw} /LN

ix, 1y, 1z, 1t = get_4Dindex(i, PN)

@inbounds for jc = 1:NC2 >X775L89|J%;:‘E—._%T\\% %\

for ic = 1:NC1
Clic, jc, ix+nw, iy+nw, iz+nw, it+nw] = zero(eltype(C)) . . .
LatticeMatrices. |7z %

for kc = 1:NC3
b = Blkc, jc, ix+nw, iy+nw, iz+nw, it+nw]
for ic = 1:NC1

Clic, jc, ix+nw, iy+nw, iz+nw, it+nw] += Alic, Kc, ix+nw, 1iy+nw, 1z+nw, 1it+nw] * b# Blkc, jc, ix+nw, 1iy+nw, i1z+nw, 1it+nw]

end
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Everything is defined on lattice

e

\
{L
e x,!

We have to consider gluons and quarks

gluons: SU(N) matrix defined on lattice
G(N,N,Lx,Ly,LzLt) : 6D array
quarks: N x NG matrix defined on lattice
F(N,NG,Lx,Ly,Lz,Lt) : 6D array
We need matrix-matrix multiplication on each lattice
K(:,:,ix,iv,iz,it) = G1(:,:,ix,iy,iz,it)*G2(:,:,ix,iy,iz,it)
We need 4D stencil operation
H(:,:,ix,iy,iz,it) = G1(:,:,ix+1,iy,iz,it)*G2(:,:,ix-1,iy,iz,it)

-> Huge structured sparse systems

N |

s
|

N

|
st

)
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Everything is defined on lattice

, We have to consider gluons and quarks

.! '
A

Jan
.!-!I

gluons: SU(N) matrix defined on lattice
G(N,N,Lx,Ly,LzLt) : 6D array

quarks: N x NG matrix defined on lattice
F(N,NG,Lx,Ly,Lz,Lt) : 6D array

. | ‘

NT N

E—

uﬂ'
_
I

il
b

ay,

4D space

-> Huge structured sparse systems
cPU threads? MPI? Do we have to write different codes?
NVIDIA GPU? Multi-GPU? We want to consider all!

AMD GPU? Supercomputers? -> MPI+JACC. |l
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LatticeMatrices.j| EE—

@ QCDMeasurements.jl

A portable lattice linear algebra layer atticaDiracOperatorai

eBackend abstraction via JACC.|l Gaugefields |

eMPI-based domain decomposition
eSame code — CPU / NVIDIA / AMD / multi-GPU clusters

eDesigned for lattice-local operations

This layer enables performance portability without code duplication.

new backend for both Gaugefields.jl and LatticeDiracOperators. jl

NxXN matrices Nx4 matrices

New functionalities are provided via LatticeMatrices. |l
-> automatic differentiation!
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JACC.j|Z Dt DR



[ ERANFIEHRERT Y

Feature\
Backend

4 e x86, Arm GH RTXA4000,
| Runners GTX1080
Float64

Multi (GPU)
shared

@atomic

GPUIZK

k g T
Multi-

o
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KernelAbstractions. |l

JACC.jl: OpenMPBYIC, A—H—EFH—XRILZE2HEI ICGPUZEZ D
C++DKokkos & Blie K D7zt B18

KernelAbstractions.|l

using CUDA: CuArray

@kernel function mul2_kernel(A) A = CuArray(ones(1024, 1024))
= @index(Global)
_ using AMDGPU: ROCArray -+ X

A[I] =2 % A[I] A = ROCArray(ones(1024, 1024)) NVIDIAT{)'\A‘MDT
end HintelTH EDGPU
dev = CPU() using oneAPI: oneArray CHGPUN—=xILZZ
A = ones (1024, 1024) A = oneArray(ones (1024, 1024)) =(J5
ev = mul2_kernel(dev, 64)(A, ndrange=size(A))
synchronize(dev) backend = get_backend(A)

mul2_kernel(backend, 64)(A, ndrange=size(A))
synchronize(backend)
all(A .== 2.0)

all(A .== 2.0)
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Differentiable Lattice QCD (AD)

"Lattice Gauge Theory via LLVM-Level Automatic Differentiation”
Y. Nagai, A. Tomiya and H. Ohno, arXiv:2602.20516
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Analytic differentiation

In lattice QCD simulation, we have to do HMC (Hamiltonian/Hybrid Monte Carlo)

Molecular dynamics for gauge fields

. ' : N, P N
U(r + A7) = ! A7 PM U (1), variables: LUESEIUGH

Lie group Lie algebra
on 4D lattice

P(t + A1) = P(1) — AT F(7),

Hamiltonian: Sg + SF + tr(P2)/2 Conventional lattice QCD

Sg: action for gauge fields
Sf: action for fermions sometimes this is very complicated
Complicated action

-> VERY complicated forces

Force is derived by hand

Nl S;(U;¢) =¢'(D'D)™ 19,
We have to solve linear equations
-> automatic differentiation!
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Why AD is difficult in lattice QCD

Difficulties in lattice QCD
Complex valued variables on 4D space-fime lattice

There are many in-place operations to construct an action

PyTorch or JAX: computational graph is broken if there are in-place operations

LLVM-level automatic differentiation

Numerical evaluation of S[U] proceeds through an ordered sequence of operations

e A e A A e Ml regarded as discrete time evaluation of program states

To define a reverse pass without ambiquity, we need a representation in
which these successive states are distinguished

-> LLVM-IR
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LLVM-level automatic differentiation

LLVM-level automatic differentiation

LLVM IR is expressed in static single assignment (SSA) form:
each intermediate value is defined exactly once.

Reverse: adjoint traversal of the same instructions

Forward: SSA values along the optimized instruction sequence

%U0
Ug € SU(N.)

smear

SSA viewpoint
in-place code = distinct values %Ui
(memory recuse hidden)

By using LLVM-IR,
we can have forces

Enzyme.jl can do it!

read out

HMC force




33
FRAPIERER 5 — . . .
m ot NS T Y. Nagai, A. Tomiya and H. Ohno, arXiv:2602.20516

AD and custom adjoints

LatticeMatrices.jl can use multi-core or GPUs via JACC.|l
We want to use multi-core or GPUs to obtain forces

In Enzyme.jl, we can design custom Enzyme rules for reverse AD
For example

primal Aj = ZBikaJ' -> parallel for loop via JACC. |l
R ¢ _CEC I 4 . .
adjoint of B B, = 9B, = ZAZ-J-ij -> parallel for loop via JACC.|l

J
adjointBf ¢ Cy = Ok ZB e parallel for loop via JACC. |l
0Cy We can use JACC.jl in AD!
Reverse kernels are parallellzed through the same backend abstraction
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Accuracy

1 00 + Cumulative distribution of the relative Step-size dependence of HMC diagnostics

Frobenius norm error , 4
@ nosmearing, 8

i 4
] stout smearing, 6
0.75

O
3 0.50

0.25

At?

relative error

LLVM-=level AD is consistent with The compller—genera.’red adjoint Fal’rbfull.y |
. . , reproduces the required force contributions in
hand-written implementation this nontrivial setting.
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wall-clock time

TABLE I. Representative wall-clock time (seconds) for a sin-
gle force evaluation of the Wilson fermion action on a 24*

lattice. CPU results correspond to single-thread execution.
GPU results are obtained on an NVIDIA H100 using JACC.jl.

Implementation CPU GPU

Hand-written 195.53 4.61
LLVM-AD 162.50 3.39

Thanks to JACC.jl, we can easily use NVIDIA HI00 without changing codes
We confirmed that it works with multicore-CPU and AMD GPUs
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Summary

QCD has been simulated on supercomputers
Lattice QCD is a good benchmark for software/hardware

$5JuliaQCb S
+; LatticeQCD.ji JACC.Jl Is good!

(> QCDMeasurementsj We made new backend LatticeMatrices. |l

LatticeDiracOperators.jl
Gaugefields.|l

We provide LLVM-level automatic differentiation in QCD

] Forces can be obtained from actions with many in-place operations

We can treat gluon and quarks with GPUs

> 0.3

e

"Lattice Gauge Theory via LLVM-Level Automatic Differentiation”

0.0

0.0000 00005 00010 0.0015 0.0020 00025 Y. Nagai, A. Tomiya and H. Ohno, arXiv:2602.20516

Portable and differentiable lattice QCD is now possible through compiler-level design in Julia



