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INTRODUCTION



Jack Wells

Allocation (INCITE 2019)

\

.

= Astrophysics = Biophysics = Turbulence Combustion

s Al-Materials = Plasma Physics = LQCD = Materials/Chemistry

= Nuclear Physics = Seismology = Subsurface Flow = Weather/Climate

YTD Use (INCITE 2019)

LQCD ~40%

= Astrophysics = Turbulence Combustion

= Biophysics

= Al-Materials = Plasma Physics = LQCD = Materials/Chemistry

u Nuclear Physics = Seismology = Subsurface Flow = Weather/Qimate

LATTICE QCD IS HUNGRY

Summit cycle
breakdown in
INCITE allocation

Other

NERSC Utilization
(Aug ’17 - Jul’18)

17.1%

Other - Python

Summit cycle

0.6%

breakdown in Guark prop
INCITE use crRoucs

K2PIPI

LQCD ~13%

VASP

ChomboCru

19.8%

3.6%
PSI -

3.6%

2.7%
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LATTICE QUANTUM CHROMODYNAMICS

Theory is highly non-linear = cannot solve directly

Must resort to numerical methods to make predictions

Lattice QCD
Discretize spacetime = 4-d dimensional lattice of size L, X L X L, X L,
Finite spacetime = periodic boundary conditions
PDEs = finite difference equations = Linear solvers Ax =b

Consumer of 10+% of public supercomputer cycles
Traditionally highly optimized on every HPC platform for the past 30 years
Jobs often run at the 1000+ GPU scale

5 NVIDIA.



STEPS IN AN LQCD CALCULATION

D (z,y; U)W (y) = nf(x)
orAx =b

1. Generate an ensemble of gluon field configurations “gauge generation”
Hybrid Monte Carlo is the algorithm of choice
Produced in sequence, with hundreds needed per ensemble
Strong scaling required with 100-1000 TFLOPS sustained for several months
70-90% of the runtime is in the Krylov solver
O(1) solve per linear system

2. “Analyze” the configurations
Task parallelism means that clusters reign supreme here
80-99% of the runtime is in the Krylov solver
Many solves per system, e.g., O(10¢)

6 <ANVIDIA.
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SCALING THE BERLIN WALL

Tflop per new configuration
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SCALING THE BERLIN WALL

Metropolis Volume dependence V“
Scaling arises from holding stepwise errors with second-order Symplectic integrator Kennedy, Silva and Clark, 2012

Suppressed through use of fourth-order integrator & — 1.125

Linear solver critical critical slowing down .
Conditi ber di h bhvsical point Luscher 2007
ondition number diverges as we approach physical poin Brannick et al 2007
(Adaptive) Multigrid removes the condition humber and volume dependence Babbich et al 2010
Frommer et al 2013

Fermion force instability

e . . : .. Hasenbusch 2001,
Instability in the MD integration due to low fermion modes requiring 6t = QO asm — 0O Urbach et al 2005,

Hasenbusch mass preconditioning / multiple pseudo-fermions dealt with step size instabilities  Clark and Kennedy 2006

Autocorrelation length diverges as a — 0 Citations are illustrative,
not exhaustive

Topology freezing...

8 <ANVIDIA.
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WHAT IS A GPU?

GPUs are extreme hierarchical processors

Many-core processor programmed using a massively threaded model
Threads arranged as Cartesian hierarchy of grids

Deep memory hierarchy

Registers <-> L1 <-> L2 <-> Device - Host

Memory Memory

Increasingly coupled instruction hierarchy
Tensor cores <-> CUDA cores <-> shared mem atomics <-> L2 atomics

Synchronization possible at many levels
(Sub-)Warp <-> Thread Block <-> Grid <-> Node <-> Cluster

A100 sketch
Q. Host Memory
C
(&) PCle | 64 GB/s bi-directional
O Device Memory
I 1.6 TB/s
L2 Cache
I l I l >3 TB/s I l
= 11111 21
e e >20TB
= l l 0TBIs l
o . .
Registers Registers Registers
S
Multiprocessor 1 || (Multiprocessor 2 Multiprocessor n
Core | | Core Core | | Core Core | | Core
1 2 1 2 1 2
Cgre Core Core
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ANNOUNCING H100

Unprecedented Performance, Scalability, and Security for Every Data Center

HIGHEST Al AND HPC PERFORMANCE

4PF FP8 (6X)| 2PF FP16 (3X)| 1PF TF32 (3X)| 60TF FP64 (3X)
3TB/s (1.5X), 80GB HBM3 memory

TRANSFORMER MODEL OPTIMIZATIONS

6X faster on largest transformer models

HIGHEST UTILIZATION EFFICIENCY AND SECURITY

7 Fully isolated & secured instances, guaranteed QoS
2nd Gen MIG | Confidential Computing

FASTEST, SCALABLE INTERCONNECT Custom 4N TSMC Process | 80 billion transistors

900 GB/s GPU-2-GPU connectivity (1.5X)
up to 256 GPUs with NVLink Switch | 128GB/s PCle Gen5

11 <INVIDIA.



**ECP benCh marks apps ry through Advanced Computing @ ’”‘g[

e “QCD on CUDA” - http://lattice.github.com/quda (open source, BSD license)

o Effort started at Boston University in 2008, now in wide use as the GPU
backend for BQCD, Chroma**, CPS**, MILC**, TIFR, etc.Provides solvers for
all major fermionic discretizations, with multi-GPU support

* Maximize performance

— Mixed-precision methods

— Autotuning for high performance on all CUDA-capable architectures
— Multigrid solvers for optimal convergence

— NVSHMEM for improving strong scaling

e Portable: HIP (merged), SYCL (in review) and OpenMP (in development)

* Aresearch tool for how to reach the exascale (and beyond)
— Optimally mapping the problem to hierarchical processors and node topologies

12 <NVIDIA
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GFLOPS
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QUDA NODE PERFORMANCE OVER TIME

Multiplicative speedup through software and hardware

Deflated

[ Wilson FP32 GFLOPS

O Speedup

Optimized
Multigrid

Multigrid
000

/

/,,Agaptive
Multigrid

Multi-GPU
capable

7

100

2008 2010

2012

2014

Speedup determined by measured time to solution for solving the Wilson operator against a random source on a V=24364
lattice, B=5.5, MmT=416 MeV. One node is defined to be 3 GPUs.

Speedup

10

1

2016 2018

2020

14 <ANVIDIA.



MAPPING THE DIRAC OPERATOR TO GPUS

N
Finite difference operator in LQCD is known as Dslash D;C’ xr! — A II
Assign a single space-time point to each thread

V = XYZT threads, e.g., V = 244 => 3.3x10¢ threads
Looping over direction each thread must

Load the neighboring spinor (24 numbers x8)

Load the color matrix connecting the sites (18 numbers x8)

Do the computation

Save the result (24 numbers)
Each thread has (Wilson Dslash) 0.92 naive arithmetic intensity

QUDA reduces memory traffic
Exact SU(3) matrix compression (18 => 12 or 8 real numbers)
Use 16-bit fixed-point representation with mixed-precision solver

15 <A NVIDIA.



Tesla V100,
CUDA 10.1,
GCC 7.3,
QUDA 1.0

SINGLE GPU PERFORMANCE

“Wilson-clover” stencil (Chroma, V100)

O double single O half
3000

2250

GFLOPS

0

8 12 16 20 24 28 32 36 40
L

~1325 GB/s

~1275 GB/s

~1200 GB/s
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MILC/QUDA HISQ CG, mass = 0.001 => x~10¢

MIXED PRECISION

Using your bits wisely

10000

0.0001 F

true residual (L2 norm)

—— double-half (naive)
—— double-half (new)
—— double

1e-08§
Tesla V100,
CUDA 10.1,
GCC 7.3,
QUDA 1.0

iterations

MILC/QUDA HISQ CG solver

s
60
¢ I
o
\&
6060
-
GX\%
»
& 0.0 5.0 10.0 15.0 20.0 25.0

solution time in s
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WHY

MULTIGRID?
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MULTIGRID

The optimal method for solving PDE-based linear systems

GPU requirements very different from CPU

Each thread is slow, but 0(10,000) threads
per GPU

/ Fine grids run very efficiently
\ High parallel throughput problem
Coarse grids are worst possible scenario
EB EB More cores than degrees of freedom

Increasingly serial and latency bound
Amdahl’s law limiter

19 <ANVIDIA.



SOURCE OF PARALLELISM

C . .
X[1] 0 oo @01 @0z 03\ (b0 5 |ink matrix-vector
thready || ci| | _ [aw0 an iz i | | 00) partitioning
index c2 azp dAaz1 a2 as3 ba | 2 Nvec-way thread parallelism
v \C3 aso asi aso ass3 b3 (spin * color)

X[0]

1. Grid parallelism
Volume of threads

‘ 3. Stencil direction

8-way thread parallelism

x—fi X U X+ ‘ ‘ ‘

warp 0 warp 1 warp 2 warp 3

b b
(a0 @01 a2 aos) by = (ago  ao) (bi’)ﬂL(aoz ao3) (é) 4. Dot-product partitioning

4-way thread parallelism + ILP
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COARSE GRID OPERATOR PERFORMANCE

Tesla K20X (Titan), FP32, Nyec = 24

10

4_—

c.f. Fine grid operator
~300-400 GFLOPS

24,576-way parallel

16-way parallel

21 <ANVIDIA.



CHROMA HMC ON SUMMIT

KC, Balint Jod, Mathias Wagner, Evan Weinberg, Frank Winter, Boram Yoon

From Titan running 2016 code to Summit
running 2019 code we see >82x speedup in HMC
throughput

Multiplicative speedup coming from mapping
hierarchical algorithm to hierarchical machine

Highly optimized multigrid for gauge field
evolution

Mixed precision an important piece of the puzzle

e double — outer defect correction

¢ single — GCR solver

e half — preconditioner

¢ int32 — deterministic parallel coarsening

Wallclock Time (seconds)

Chroma ECP benchmark

Hardware: 2.1x faster on
8x fewer GPUs ~17x gain

4006

1878
Hardware, NVSHMEM,
974 tensor cores: 2.5x
439 392 /\
151
L] —
Titan (1024x Summit (128x Titan (512x Summit (128x  Summit (128x
K20X) V100) K20X) V100, Nov 2018) V100, March Se‘e"; ;12255‘1’?100:
\ / 209

Algorithms, Software and Tuning: 4.79x

22 EANVIDIA.



SCALING CHALLENGES



HPC IS GETTING MORE HIERARCHICAL

What does a node even mean?

Cray XT4 (2007)

https://www.nersc.gov/assets/ NUG-Meetings/NERSCSystemOverview.pdf

Opteron
processor
X86-64

4 DIMM slots

HyperTransport
Link

High-speed
network (HSN)< I TEIEY
(interconnect)

—|

LO controller

Legacy

NVIDIA DGX-A100 (2020)

https://www.nvidia.com/content/dam/en-zz/Solutions/Data-Center/nvidia-ampere-architecture-whitepaper. pdf

AMD Rome AMD Rome
— -

200G NIC § 200G NIC

PEX
Switch

Switch
200G NIC

Cu rrent 24 <ANVIDIA.



EVOLVING GPU HIERARCHY

NVIDIA G80 (Tesla)

128 FP32 elements NVIDIA GH100 (Hopper)
681M transistors 18432 FP32 elements

80B transistors

Entire G80 ~ single H100 SM

25 SANVIDIA.



INTRODUCING CLUSTERS

Thread Block Cluster Thread Block Cluster Warp
| Thread Block | ‘Th ead Block Thread Block ThreadBlock‘

Communication through lane shuffling

HHHH M HHHH Im

Thread Block ‘ Thread Block Thread Bloc Thread Block
| (e— reac B Thread block

d Memory Shared Memory Shared Memory Shared Memory

HMHMMHMM Communication through shae emory

L Memory

Communication through distributed shared memory

G Thread Block Thread Block ‘
SM to SM | Global
SMEM Network/'—-b SMEM . .
| C— \ Communication through global memory

o

Kernel boundary or grid synchronization
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MULTI-GPU BUILDING BLOCKS
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exchange

I
:
I face

]

T
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I

.

I

]

T

wrap
around

Halo packing Kernel

llllllllllllllllllllllllllllllll

: Interior Kernel

¢ Overlap

- Halo communication :

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Halo update Kernel
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DGX-1V, 1x2x2x2 partitioning

MULTI-GPU PROFILE

overlapping comms and compute

GEEE TG EE RN (T S dslashidevel16.0.qdrep X [

. - . ) — .
| £ Timeline View - ’ & 2 = ) : A\ 5 warnings, 13 messaa
8s| +5189.25ms +518.3ms +518.356ms +518.4ms +518.45ms +518.5ms +518.56ms +518.6ms +518.656ms +518.7ms +518.76ms +518.8ms +518.85ms +519.9ms +519.85ms
L L f N 1 L f x L L f 1 1 L f : h L f x L L f 1 h . f 1 h L

- Threads (2 324 local volume,
single precision
HIh I, b 1111
CUDA API cuStreamSynchronize . I l ll I ' l l ‘ . l cuStreamSynchronize l ll I l I

Profiler overhead

~ [2444] MPI Rank 0

1thread hidden.., ===

> CUDA (Tesla V100—SXM2—16?%‘0 ker.r‘e IS-
Packing kernel t,z,y

Tl ekt e esens
T - T

Halo exchange

Me... [

~ Al Streams

» 14.7% Kernels

90.0% Memory Me...
. 28 <ANVIDIA.




DGX-1V, 1x2x2x2 partitioning

STRONG SCALING PROFILE
everlapping comms and compute

5549.26ms +249.28ms +249.3ms +248.32ms +248.34ms +249.36ms +249.3Bms +249.4ms +249.42ms +249.44ms +249.46ms +.
1 L 1 L f 1 1 1 1 1 L L L L 1 1 L L L L 1 L

39] . /tests/dslash_test

reads (2) 164 local volume,
1308] MPI Rank 0 half precision

o Bl k.l L.
2] B eeeea 00 i 2]

Profiler overhead

1thread hidden... =

JDA (Tesla V100-SXM2-16 - _.. . . . . . - -
Halo kernels

s Packi nikernel . (fused) -
dslashG.. ds..
b 20.5% packKernel . .

5 kernel groups hemsjs Halo eXChange

dgagaan 7 A

13.3% Kernels

b 75.9% dslashGPU

B6 7% Memaory



WHAT IS THE PROBLEM?

It’s not just data movement we need to
minimize

Task marshaling from a lower level of
hierarchy (e.g., host) adds latency

Data consistency requires synchronization
between CPU and GPU

|deally: offload of task marshaling to GPU
thread to have same locality as data

NVLink

PCle

— QPI

30 <INVIDIA.



Available in NVIDIA HPC
toolkit
NVSHMEM

Implementation of OpenSHMEM1, a Partitioned Global Address Space (PGAS) library

NVSHMEM features
Symmetric memory allocations in device memory
Communication API calls on CPU (standard and stream-ordered)
Kernel-side communication (APl and LD/ST) between GPUs
NVLink and PCle support (intra-node)
InfiniBand support (inter-node)
Interoperability with MPI and OpenSHMEM libraries

1SHMEM from Cray’s “shared memory” library, https://en.wikipedia.org/wiki/ SHMEM 31 <INVIDIA.



Mathias Wagner

DSLASH UBER KERNEL

Interior

atomic flag set by last block atomic wait for
interior

nvshmem_wait_until

Exterior (Halo)

32 <ANVIDIA.



DGX-1,1x2x2x2 partitioning

Mathias Wagner

UBER KERNEL

5s417.22ms
I

+417.225ms +417.23ms +417.235ms +417.24ms +417.245ms +417.25ms +417.2565ms +417.2 4~
1 h N h N h 1 " h

~ [18303] MPI Rank 1

MEI

CUDA API

Profiler overhead

1thread hidden.., — ===

~ CUDA (Tesla V100-SXM2-16

» Al Streams

b 71.4% Default stream (7)

b 18.4% Stream 21

~ 10.2% Stream 37

~ 100.0% Kernels

b 99.3% dslashGPU

v 0.7% reducekernel

164 local volume,

half precision

uber kernel (packing + interior + exterior)
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GFlop/s per GPU

2,000
1,600
1,200

800

400

LATENCY REDUCTIONS

DGX-1,164 local volume, Wilson, half precision, 1x2x2x2 partitioning

Mathias Wagner
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GFlop/s

450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000

50,000

Il MPI double [ NVSHMEM double
B NVSHMEM single
[ NVSHMEM half

Il MPI single
MPI half

SELENE STRONG SCALING

Global volume 643x128

128

256

Mathias Wagner

512

1.6x speedup
A

<ANVIDIA.



PARALLELISM AND
LOCALITY



soo0 Al single double proble size
’ A : :
VLt -
‘ - o . -‘ Lo -‘ - omom -‘ - om m = - A A - -
2,250
750
= 0 ;
2 56 52 48 44 40 36 32 28 24 20 16 i 12 8
o 'l
Latt]ce length Strong Scahng ...............
| 37 @nvmm.

PARALLELISM ISN’T INFINITE...

Wilson stencil performance

smallest reasonable




...UNLESS WE MAKE IT

= Maxwell (2014) 4 Kepler (2012)

& Volta (2017) @ Pascal (2016)
3,000
- .\N/./.

@® Fermi (2010)

2,250
1,500
%— W?&"H_-—&a\?‘_‘_-—‘
= 0
O

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

# rhs
38 <ANVIDIA.



GFLOPS

Latency limited

MULTIGRID

Gets harder with every generation

Coarse Dslash perf

1600 O Kepler © Maxwell Pascal © Volta

1200

800

400

o Ampere 4000

Multi-RHS Coarse Dslash perf

3000

2000

GFLOPS

1000

04823=8:8 0

2 4 6 8
Lattice length

10 1

Bandwidth limited

Volta

3 5 7 9 11 13 15
Number of right hand sides
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MULTIGRID COMPONENTS

Wilson-clover solve (Chroma), V=324
Note: log scale

MG Kernel Performance . . .
Classify multigrid kernels
matrix-matrix matrix-vector . .
< > < > Matrix-matrix: flops / cache bound

10000 /\_\/\/\/\/ Matrix-vector: bandwidth bound

“Structured” GEMMS pervade the MG setup
Coarse operator construction
Block orthogonalization

100000

GFLOPS

100

10

© © > > > > Box e X b b b b b e s UV VUV VU OV U O
§£E535323F3¢8 g8ttt
| |
O O ¢ c > 5S> S Tttt ) b0 O B0 O O O O O O O O
T T 3> > E E P B B B £ € € € O 0O 000 OO 0OV 0
o U 2 = O O « O © 0 00 cccccc < <
5 @ 7 T e PP RERBBRBRE ensor cores
= = L o C o @0 @© @© @© @© @ @© @ .
@ o Pl S S Sl S S Sl

(= = I R e R R o e R

V100 —A100
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MULTIGRID COMPONENTS

Wilson-clover solve (Chroma), V=324

Note: log scale

MG Kernel Performance . .. .
100000 MG is a preconditioner
IS , ‘\ 16-bit precision is perfectly adequate
) \\ a ! .
o / A \‘ No impact on convergence rate
\
£ L —~"
g 1000
’ Majority of MG setup kernels now
. implemented using tensor cores
1.5x-10x kernel speedups observed
10
22E3ZE333 8585855565050 588888888¢
fEs s S35 f g EEEEEEEE - AT
$55 5 EEgggissssgdedgddd  Future work: reworking the pipeline to
o *esszz2z33333 expose more in explicit matrix-matrix form
V100 ——A100 V100-MMA = = A100-MMA
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Al ~ flops / bytes

REWORKING THE LQCD PIPELINE

slaphnn collaboration

2 nucleon (2 baryon) and 2 hadron (mrmr, Kir) and meson-baryon catering cross sections

Classical approach |Parallelism / Modern approach |Parallelism /
Intensity Intensity

3-d Laplace Lanczos TxVs
eigenvectors Al ~ 1
Clover-fermion Sequential multigrid V4
solves Al ~ 1
Sink projections Sequential inner TxVs/
products Al ~ 1

lag=nid sgalenis - Sequential insertions T x V3 /
(morally inner Al -1
products)

Batched-Block-
Lanczos

Block multigrid

Blocked inner
productions

=> Matrix multiply
Blocked insertions
=> Matrix multiply

BxTxVs/
Al ~ B

NLp X V4 /
Al ~ ths

Noe X Ny X T X V3

Al ~ (No X Ny)/(Ni +
Ny)

Ny2x T x V3

Al ~ (Ny2)/(ZNy)

42 ANVIDIA.



FUTURE CHALLENGES



PROTRACTED DEATH OF MOORE’S LAW

40 Years of Microprocessor Trend Data

7
10 T T T Transistors
6 : (thousands)
10
5 Single-Thread
10
Performance
o (SpecINT x 10°)
Frequency (MHz)
10°
Typical Power
102 (Watts)
‘ Number of
10 Logical Cores
10°
1970 1980 1990 2000 2010 2020
Year

Original data up 10 the year 2010 collecled and plotled by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batlen
New plot and data collected for 2010-2015 by K. Rupp 44 SANVIDIA.



PROTRACTED DEATH OF MOORE’S LAW

Moore’s Law: The number of transistors on microchips doubles every two years [oNaWEE!

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.

Transistor count
50,000,000,000

10,000,000,000
5,000,000,000

1,000,000,000
500,000,000

Itanium 2

100,000,000
50,000,000 Northwoo
o9

Pentium [Il lat

10,000,000 ol Aok
5,000,000 A X o

1,000,000 Intel 80486y @
500,000

100,000
50,000

10,000
5,000

TMS. 100( Zilog 780

1,000
/\0 /\% /\b* /\b /\QD %Q (b‘L %V
NN RN N NN N

b ®
P S
N

Data source: Wikipedia (wikipedia.org/wiki/Transistor_count) Year in which the microchip was first introduced
|

O b o do » O
a» ar o @° a° S O
SN N O S I S S

OurWorldinData.org - Re

arch and data to make progress against the world’s largest problems. censed under CC-BY by the authors Hannah Ritchie and Max Roser.

45 <ANVIDIA.



EXASCALE IS FINALLY HERE

Zettascale will be even harder

Matrix and tensor operations required to saturate the machine
Low precision will go much faster
Extreme parallelism required

Hierarchy and Locality must be considered

Follow trends towards future architectures and seize disruptive opportunities
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WHAT COULD LQCD DO WITH 100X MORE?

Can we get significantly more science with 100x more specialized compute?
Can we bludgeon our way past critical slowing down with HMC?
Or solve it with an algorithmic evolution (sMD, Fourier acceleration, etc.)

Or do we need a completely different approach...
That can more naturally use all those Al flops that are coming?
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