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» QDP++ Template Tensor Type Structure

Lattice Spin Colour Redlity =~ BaseType
Real Scalar Scalar Scalar Real REAL
LatticeColorMatrix Lattice Scalar Matrix(Nc,Nc)  Complex REAL
LatticePropagator Lattice Matrix(Ns, Ns) Matrix(Nc,Nc)  Complex REAL
LatticeFermionF Lattice Vector(Ns) Vector(Nc) Complex REAL32
DComplex Scalar Scalar Scalar Complex ~ REAL64
typedef OScalar < PScalar < PScalar< RScalar <REAL> > > > Real;
typedef OLattice< PScalar < PColorMatrix< RComplex<REAL>, Nc> > > LatticeColorMatrix;

typedef OLattice< PSpinMatrix< PColorMatrix< RComplex<REAL>, Nc>, Ns> > LatticePropagator;

> C/C++ Array
LatticeColorMatrix  std::complex<FLOAT> U[T][X][Y][ZI[3][3] ~U(X) = [U(x,y,x,t)];;

LatticeFermion std::complex<FLOAT> U[T][XI[YI[Z][A1[3]_~ ¥ (%) = [F(x,y,2,t)]4;

spin color
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SIMD extensions on top of x86/x87

REMEHTT
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H  AVX512F AVX512F

128b

64b SIMD

SIMD

SSE4.1 SSE4.1 SSE4.1 SSE4.1 SSE4.1 SSE4.1

ol Plll P4 P4 Core Core Core Core Core Xeon Phi™  Core
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Tensor<Grid> & DLP C:C Commier Retwork famaton Con

DLP (Data Level Parallelism)

TensorGrid 77 %E:

B Btensorfgtrie U B R A=
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Grid<Tensor> Tensor<Grid>
Ik Array of Struct (AOS) Struct of Array (SOA)
LatticeFermion  std::complex<double> F[GridSize][4][3] double F[4][3][2] [GridSize]
LatticeFermion  std::complex<double> F[GridSize][4][3] double F[4][3][2] [GridSize]

SIMD  » R&KEZRMNIES ETensorzgfy, 04, 3
 BRRENSENMNTHR

RERKEAMIGHE AL, GridSize
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2. GemvE THOGHFET T AR X BIESHIMIBEE 3. GemvE THOOEFER T AR X BIEHERFE 4. GemvE THEOOEFER T AR X BIESH EIF

IIbES IipEs IIBES IjipEs
clang  AutoS AVX5 clang clang  Auto AVX5 clang clang  AutoS AVX5 clang clang  Auto AVX5 clang
AVX- AVX- SVE- AVX- SVE- AVX- SVE
auto-  imd- 12F- 512- | auto-  Simd- 12F- 512- auto-  imd- 12F- 512- auto-  Simd- 12F- 512-
00 03 03 (0]0] 00 03 03
00 (0]0] 00 00 03 03 03 03 00 00 00 00 03 03 03 03
m 1.81 150 3.33 333 273 2.83 m 1 100 1.00 200 1.00 m 373 367 1000 12.83 9.50 m 1.50 1.00 inf 2.00  3.00
200 200 438 429 333 3.36 1.5 100 200 250 2.50 362 373 2050 13.00 9.67 1.00 2,00 6.00 7.00 2.50
m 190 195 217 345 476 4.00 m 1.5 150 1.00 3.00 3.33 m 404 373 1912 17.00 12.50 m 220 367 500 450 450
m 191 183 292 58 592 4.76 164 233 170 6.00 3.80 396 376 1950 14.82 17.96 300 3.00 500 9.00 6.33
1024 1.90 1.90 3.85 7.92 6.76 5. 66 1024 1.44 1.50 1.57 2.77 5.45 1024 EeR:1:] 3.76 20.38 30.95 21.95 1024 Y] 4.00 3.60 7.20 7.20
2048 1.82 1.79 421 4.78 649 6.73 2048 1.35 1.37 1.20 2.00 2.30 p{iE: R 3.91 3.69 15.30 13.14 23.17 Pilk 2.56 2.69 3.60 3.14 3.83
4096 1.90 1.95 3.95 7.74 7.40 8. 00 4096 1.86 1.84 1.52 1.53 2.29 chelss 3.89 3.87 16.22 20.11 25.92 cDEl 2.46 2.47 2.92 3.67 3.54
8192 1.91 2.95 9.06 7.72 9.04 9.51 8192 1.76 1.42 1.26 1.29 1.49 8192 W %:yi 3.77 17.07 21.08 22.98 8192 e 1) 2.65 2.02 2.26 4.82
1638 1638 el 4.11 4.99 16.28 2442 20.51 1638 EEWi) 2.19 2.15 8.20 3.08
2.38 2.83 3.69 6.99 812 11.31 1.61 0.97 1.06 1.32 1.42
4 4 4 4
3276 3276 vkl 543 376 2569 2452 17.44 vkl 406 221 231 258  3.19
2.19 1.86 3.98 7.29 5.77 13.45 1.27 0.80 0.92 2.12 2.66
8 8 8 8
4.04 4.02 15.67 25.73 18.88 1.59 1.40 2.60 2.38 2.93
192 18 358 576 454 16.00 087 085 098 126 1.66
1310 1310 1310 Eei:]e] 4.23 15.42 23.28 18.05 0N 1.21 1.33 1.83 1.81 2.27
187 186 350 6.02 466 19.03 079 076 108 130 1.39
72 72 72 72
2621 3.84 3.71 15.01 2250 17.45 2621 uwy) 1.23 1.79 1.86 2.10
1.87 185 347 530 442 22.63 071 073 104 121 1.28
44 44
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automatically perform four, eight or sixteen matrix vector products in parallel. There is no need to
horizontally add across SIMD lanes, and no impact of pipeline latency beyond any seen by scalar
code. The vector code 1s essentially identical to scalar code, except that sizeof(double) appears to
have grown to 128/256/512 bits. As a result the routine is automatically 100% SIMD efficient.

Vector = Matrix x Vector
Many vectors = many matrices X many vectors

| el Bt e 7 il [EE XK )
- L .
= | EEEEE « .. No reduction or SIMD lane
= R e e . .
I B e :::_ :_:_.:_ i crossing operations.
L1l i 3 1R e
_ Reduction of vector sum DB 72 /
S

is bottleneck for small N IMD interleave

Figure 1: Two different approaches to SIMD accelerating matrix-vector products. The left approach
suffers from long latency operations when horizonally adding a summation register (in addition to the fact
that increasing vector lengths do not typically neatly divide the index ranks of QCD fields), while the right
hand approach to performing many of these operations does not.
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QCD Wide SIMD Library (QWS) £

Lattice QCD simulation library for Fugaku and
computers with wide SIMD, in C/C++
Development with Fujitsu

e Has been started by Y. Nakamura since 2014

e Y. Mukai (Fujitsu) joined since 2015

e K.-I. Ishikawa (Hiroshima) joined since 2015

e I. Kanamori (Hiroshima -> RIKEN) joined since 2018

Download : https://github.com/RIKEN-LQCD/qws
High performance on Fugaku for Wilson-clover

¢ SIMD vectorization for 512 bits SIMD

« FMA computational latency (Real : 9, Complex : 15 or 16)
. It is easier to achieve performance with a data layout that
separates real and imaginary parts (RRII layout)

Re Re Re Re Re Re Re Re [l fim dimn i din i i

512 bits SIMD register 512 bits SIMD register

Removing temporal arrays, unnecessary copies

Manual prefetch for all arrays

OMP Parallel region expansion

Mixed precision Krylov subspace method

Minimizing communication overhead by process mapping
and double buffering

Data layout example for Fugaku I

Continuous access and 100% SIMD vectorization ©OOOOOOOOOOOOK

rate, except for X-direction difference calculation GOOOOOOOOOOO N X

L L S L R R R R R L e

LN R R R R L R e
LN SR R S R R e
L R R L R R L R R )
L B B R B

Fugaku(FP64):[nt][nz][ny][nx/8]1[3]1[4][2][8]
Fugaku(FP32):[nt][nz][ny][nx/16][3][4][2][16]
Fugaku(FP16):[nt][nz][ny]l[nx/32][3][4][2][32]

X-direction shift with Arm C Language Extensions (ACLE)

Spin
Spin

Reim| | | 1| 111

~Na

X coordinate EPJB]E]B[SYI

lMasked load with predicate register l

25mp registers (1121341516171 1

CLITTTT I8

l Merge 2 S5IMD registers by XOR I

X-dir shifted data on
SIMD register
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double [2][N]
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double [2][N]

E;k1: one by one

double x_re, x_im, y_re, yim;

CX
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D -

douoble tmp(2][N] 3k;%2: segment by segment
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