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Introduction: CSCS & SSL




CSCS : Swiss National Supercomputer Centre

Early adopter of GPU technology for HPC

Flagship : Piz Daint : one of the most powerful supercomputers in the world
5700 GPU accelerated nodes, Aries network, Cray XC50
1800 Dual socket intel nodes, XC40

CSCS is accessible for scientists worldwide via open peer reviewed calls:
Excellent science and efficient use of the GPU accelerated infrastructure
- ‘'small’ proposals (<1M node hours) - via national call

- ‘large’ proposals (>=1M node hours) - via PRACE
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CSCS : HQ Lugano & ETH Zurich
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Scientific Software and Libraries (SSL) @ CSCS

Develop and modernize libraries and software tools to enable scientific
applications to run at scale on different hardware architectures.

30 people, located at ETH Zurich and Lugano

Scientific Software & Libraries, in various areas:

- Weather and Climate

- Neuroscience

- PDEs: E.g. earth sciences
- Material Science

- Linear Algebra

- Programming models

Long term engagements with academia, and related institutions,
Engaged in Swiss & European projects:
HPCN & PASC, NCCR Marvel, CoE MaX, HBP, PRACE
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HPC evolution and ecosystem




Top 500 number 1 in 1997 and today‘s equivalent’

Asci Red (1 TF, IMW in 1997) Intel® Xeon® Platinum 8180,
>1 TF, 200W, in 2017

M XEON’
PLATINUM
inside”

Amazing progress in computing .... but what is the outlook ?

\\b:o cscs ETHziirich



Towards the end of Moore's law

42 Years of Microprocessor Trend Data
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(SpecINT x 107)

Frequency (MHz)

Typical Power
-1 (Watts)

Number of
Logical Cores

A
10° —-‘---0 ------------ D T L 2 e e -

| | | |
1970 1980 1990 2000 2010 2020

Year

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp
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Ultimately physics (and economics) will put the limits..

¥ G LA CrossMark
TECHINSIGHTS THE JOURNAL OF CHEMICAL PHYSICS 149, 124701 (2018) @

Microcanonical RT-TDDFT simulations of realistically extended devices

Samuel Andermatt,’® Mohammad Hossein Bani-Hashemian,! Fabian Ducry,’
Sascha Briick,! Sergiu Clima,? Geoffrey Pourtois,? Joost VandeVondele,?

and Mathieu Luisier!

!Integrated Systems Laboratory, ETH Ziirich, 8092 Ziirich, Switzerland

2IMEC, 75 Kapeldreef, B-3001 Leuven, Belgium

3Swiss National Supercomputing Centre (CSCS), ETH Ziirich, 8093 Ziirich, Switzerland

6 nm amorphous GeSe

IBM 7nm process (2014) Getting in the explicit atomistic range,
every atom counts.
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High Performance Linpack (HPL*) / Top500

PERFORMANCE DEVELOPMENT

J— June 2013
op/s ~ L21EFlop/s
ki B —
1 Eflop/s " 122 PElop/s
100 Pflop/s ——
10 Pflop/s S

1 Pflop/s -~~~ 716 TFlop/s

100 Tflop/s
10 Tflop/s

1 Tflop/s 7.
100 Gflop/s
10 Gflop/s
1 Gflop/s

100 Mflop/s - — T T T T — T T T T I —
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June 2008

*A benchmark, with nice consistent data, excellent to stress-test machines... but measure systems by their scientific output.
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Programmability

New hardware: ease of programmability vs. efficiency

Softwa re Hardware
]

‘ cPu | GPU [ wyerid [ FPGA il ASIC »

Special purpose,
not programmable

Reprogrammable

Used in modern (+CGRA) new frontier?
supercomputers

specialization
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Extreme specialization is real, the hyperscalers are fast:

Intel Launches FPGA Accelerator Aimed at HPC and HPDA
Applications

Michael Feldman | December 20, 2017 12:44 CET

Google Announces 8x Faster TPU 3.0
For Al, Machine Learning

By Joel Hruska on May 9, 2018 at 10:30 am

<

umentation  Pricing  Training  Marketplace  Partners~  Support Blog More

f ¥ G+ & Y 297 SHARES

Inside the Microsoft FPGA-based configurable
cloud

Microsoft has been deploying FPGAs in every Azure server over the last several years, creating a cloud that can be reconfigured to optimize a
diverse set of applications and functions.

2. TPU Origin, Architecture, and Implementation
Starting as early as 2006, we discussed deploying GPUs, FPGAs, or custom ASICs in our datacenters. We concluded that the
few applications that could run on special hardware could be done virtually for free using the excess capacity of our large
datacenters, and it’s hard to improve on free. The conversation changed in 2013 when a projection where people use voice
search for 3 minutes a day using speech recognition DNNs would require our datacenters to double to meet computation
demands, which would be very expensive to satisfy with conventional CPUs. Thus, we started a high-priority project to
quickly produce a custom ASIC for inference (and bought off-the-shelf GPUs for training). The goal was to improve
cost-performance by 10X over GPUs. Given this mandate, the TPU was designed, verified [Stel5], built, and deployed in
datacenters in just 15 months. (Space limits the amount and the level of detail on the TPU in this paper; see [Ros15a],
[Ros15b], [Rosl5c], [Ros15d], [Thol5], and [Youl5] for more.)

https://arxiv.org/pdf/

1704.04760.pdf
% cscs ETHiirich
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TOP500 Acceleration data
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from accelerated computing
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Example modern accelerator, NVIDIA V100

7 TFDP
14 TF SP

900GB/sec
112 TF Tensor cores

CUDA programming to get
access to all features.

e/
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Summit (ORNL, TOP500 #1): modern HPC nodes
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6.0 GB/s Read
2.2 GB/s Writa
TF 42 TF (6x7 TF) -<+—p HEM/DRAM Bus (aggregate B/W)
HBM 96 GB (6x16 GB) -—= NVLINK
DRAM 512 GB (2x16x16 GB) 4= X-Bus (SMP)
MNET 25 GB/s (2x12.5 GB/s) 4 PCle Gend
MMsg/s 83 -—# EDR IB

HBM & DRAM speeds are aggregate (Read+Write).
All other speeds (X-Bus, NVLink, PCle, I1B) are bi-directional.

Multiple accelerators, many different data movement bandwidths.
Understanding where data is, where it has to go, and when to send it, is key.

\:o:o cscs ETHziirich



US Exascale roadmap

Department of Energy (DOE) Roadmap to Exascale Systems

An impressive, productive lineup of accelerated node systems supporting DOE’s mission

Pre-Exascale Systems [Aggregate Linpack (Rmax) = 323 PF] First U.S. Exascale Systems
2012 2016 2018 2020 2021-2023
FRONTIER
ORNL

Intel/Cray

LBNL
Cray/AMD/NVIDIA

- A LLNL
Sierra (2) CROSS(ROADS £ CAPTTA™ BRED
IBM BG/Q LANL/SNL LN LANL/SNL
E\(\g\\jp sr=ms  Cray/intel Xeon/KNL IBM/NVIDIA TBD

Accelerated systems by various processor vendors (NVIDIA, AMD, Intel)
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Asia with two players

Japan Fugaku China

g Arm 64fx & Post- K (to be rena med) (RJ_(I:!g Exascale Preparation Status — Sunway Plan Exascale Preparation S“““;E“f"f?“"

= Prototype of Sugon exascale

pe of Sumway exascale supercomputer

e Fujitsu-Riken design A64fx ARM v8.2 (SVE), 48/52 core CPU ik e s ek ik 8T o s s s +
4 Node number [ Peak Perf: 512 f 3 13PFlops
o Linpack efficiency: 81.5% 4 Node number | Peak Perf: 1512/

o HPC Optimized: Extremely high package high memory BW (1TByte/s),
on-die Tofu-D network BW (~400Gbps), high SVE FLOPS (~3Teraflops),
various Al support (FP16, INTS8, etc.)

e Gen purpose CPU - Linux, Windows (Word), other SCs/Clouds

3.18PFlaps

= Exa-scale Plf_ﬂl 4 Linpack eficiency: T1.5%

CPU to imp: ge-chip
systems 1o improve bandwidth
core model wil be adapted to faciitate

= Exa-scale Plan:
1 100P machine will be deployed in
Znengzhou by 2020 N
tory for Marine Stience and Technology 2 Bxa-scale supercompuieriseecied 9

4 Marine applications are the main focus 1o be deplayed by around 2022
o Extremely power efficient - > 10x power/perf efficiency for CFD + -
benchmark over current mainstream x86 CPU
e Largest and fastest supercomputer to be ever built circa 2020 Exascale Breparation Stang=eliacheFlan

¢ > 150,000 nodes, superseding LLNL Sequoia

e > 150 PetaByte/s memory BW

e Tofu-D 6D Torus NW, 60 Petabps injection BW (10x global IDC traffic)
e 25~30PB NVMe L1 storage

e ~10,000 endpoint 100Gbps I/O network into Lustre

e The first ‘exascale’ machine (not exa64bitflops but in apps perf.)

§ - Prototype of Tianhe exascale supercomputer
2 Chip: Matix 2000+ whase peak performance is 2.08TFlops.
2 Node number [ Peak Perf. 512 / 3.14PFlops
4 Linpack efficiency: 78.5%

= Exa-scale Plan

= Located in TianJin

Very large node counts, non-x86, some accelerated, prototypes running

e/
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European plans

Infrastructure: selecting Hosting Entities for EuroHPC Supercomputers

Precursors to exascale Petascale
>150 Petaflops (2 - 100 Petaflops)
-3 At /least 2 (hosted in EU) - Atleast 2 (hosted in EU)
EES E=
Maximum EU Maximum EU contribution.
contribution: 250 M€ =  30ME
E B
EU contribution EU contribution
<50% of CAPEX + =50% of OPEX S35% of CAPEX
(computing time for EuroHPC proportional (computing time for EuroHPC proportional

to contribution to TCO) to contribution to CAPEX.)

EuroHPC

- To be decided: Early June 2019
- To be operational: End of 2020
- Very likely: Accelerated architectures

\:o:o cscs | ETHziirich



The LUMI consortium

LUMI: Our vision of the EuroHPC system

* The LUMI system consists of a pre-exascale (200+ Pflop/s)
accelerated supercomputer, which enables the

convergence of high-performance computing, artificial partition - analyis
partition

intelligence, and high-performance data analytics.

* The system will be supplemented by a number of
supporting compute and storage resources, maximizing its
overall value. These will include an additional CPU partition,
data analysis partition and cloud resources.

* Maximized user experience: interactive supercomputing,
easy user interfaces, containerization, pronounced support
for data management.

LUMI consortium

* Unique consortium of g countries with strong national HPC centers
and competence gives an unique opportunity for knowledge ¢
transfer and sharing and providing user support for the system

oWe welcome further countries to join the consortium ﬁ

Switzerland and Belgium might
soon be partners in one of the

G (=] largest European supercomputer
oomekowe St ot infrastructures.

The Netherlands has provided an official letter of support to the LUMI
consortium.

., *Estonia’s 2 Me will be commited during the period for additional states to jow s sc

\\):0 cscs | ETHziirich
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Evolution of used Languages / Tools at CSCS

-@- Fortran C++ C CUDA -@-Python -e@-OpenCL -@- MP| -@ OpenMP -@-OpenACC

80-/; D \ MPI Python
C++

| 5O./—\/" V\;V\V"\m\m\m\m\m\m W\"V C U DA

Fortran

O¢
2013 2014 2015 2016 2017 2018

- C++ or Python > Fortran in 2018 All students know MPI, python,

- Python more than doubled CSE students += C++ & Cuda
- CUDA increases steadily, OMP stagnant

- Limited openCL, openACC

% cscs ETH ziirich
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Adopt the tools of the big players in IT

Think of what happened to the vector computers when the
cheap microprocessors came out!

~ 1995 - 2000 use of commodity hardware in HPC

~ 2015 — 2025 use of commadity software in HPC

jupyter

It will be increasingly more difficult for traditional HPC tools (Fortran / OMP /
etc) to follow the rapid evolution. Students will have different background and
interests.

\::o cscs ETHziirich



Software development with separation of concerns

Phy5|cal model

Mathematical description
Science applications using a descriptive
and dynamic developer environment

Algorlthmlc descrlptlon

Multidisciplinary co-design
of tools, libraries,

Imperative code
programming environment

g

Compiler front-end

©
Optimization / Iov‘v-level libraries /‘runtime
)

Architecture specific back-ends

Architecture 1 Architecture 2 Architecture N

Separate software in performance portable backends and rapid prototyping frontends

Requires a change in how the community writes and maintains software

Thomas C. Schulthess
Nature Physics, 11 (5): 369-373, London: Nature Publ. Group, 2015.

0 CSCS | ETH:zlrich
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Programming for portability ?

Challenging engineering, not just adopting a single programming model

Data layout

Iteration ordering
Maintainability
Recompute vs store - load

Separate what vs how, and specialize ‘how’ as needed

- | need to store a 3D array
- create a storage (how: use tiles, padding, etc).
- | need a triple loop over the data
— use an iterator (how: blocked, unrolled, fused, ...)

The optimal solution will be hardware dependent. Increasingly data
motion, not compute will be the key.

% cscs ETH ziirich
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Tools and strategies

Adoption of C++ and python as languages
- C++ : good performance, large ecosystem, generic, strongly-typed
- python : rapid prototyping, large ecosystem, versatile, interactive

Use of vendor specific extensions as needed, but well separated
- right now : CUDA
- future: ROCM, OpenCL, SYCL, ...

C++ ecosystem provides useful tools for reuse e.qg.
- Kokkos
- TBB
- HPX

Adoption of (embedded) domain specific languages (eDSL), and domain
specific libraries (reuse).

% cscs ETH ziirich
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ISOMP (target??)/pragmas

Even if the maintainability of OMP were not an issue, performance is:

- What when my data layout needs to change to make good use of the hardware

- OMP doesn't give me access to ‘fancy’ stuff
__ldg
__Shared
FP16 Tensor Cores
JIT compilation
numa-awareness?

- OMP (and pragmas) are not well integrated in the language, e.g. how can we
put a pragma on a loop that is not explicit (C++ TMP)

For both performance & maintainability OMP is not optimal.
(but it benefits from being easy for the first 80% of the road to HPC)

% cscs ETH ziirich
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Your CUDA code is not portable...... but maybe just a small part of the whole

GridTools as a DSL, enables a production-quality weather model to run on GPUs:

Set of C++ libraries for developing explicit PDE solvers in weather and climate

® C++ 86.5% @ Python 8.1% CMake 1.8% ® Cuda 1.3% Shell 1.0% ® Makefile 0.4% Other 0.9%
I

DBCSR: CUDA enabled sparse matrix multiplication backend for CP2K and others

DBCSR: Distributed Block Compressed Sparse Row matrix library hitps://dbcsr.cp2k.org Edit
cpzk blas matrix-multiplication gemm cuda sparse-matrix openmp-parallelization mpl  Manage topics
@ Fortran 84.1% ® Python 6.6% ® C++ 2.4% CMake 1.9% ® Cuda 1.2% Shell 1.0% Other 2.8%

SIRIUS: CUDA enabled backend for PW DFT (QE, CP2K, Exciting, ...)

Domain specific library for electronic structure calculations

® C++ 85.6% ® Python 8.9% @® Fortran 2.3% ® Cuda 1.7% CMake 0.9% ® C 0.5% Shell 0.1%
| | W]

- less than 2.0% CUDA code, typically less than Cmake :-)
- Moving SIRIUS to ROCm took a new hire (Msc level) ~2 months

GPU enabling is often introducing good software engineering practices

\:o:o cscs | 27 ETHziirich
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NWP with COSMO: Initial Objective and Result

MeteoSwiss was the first national weather service to have GPU based
operational forecast. This was made possible by Stella/GridTools as
performance portable library.

Weather forecasts in CH: 40x improvement in 3 years
" Same budget

" Rewrite code (Fortran -> C++): 1.7x
" Change in software architecture
" Mathematical improvements (e.g., single prec): 2.8x
" Change in architecture (GPUSs): 2.3x
" Moore’s Law: 2.8x
" More “processors™: 1.3x

% cscs ETH ziirich
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COSMO overview

" Nonhydrostatic regional weather and climate
model on a lat-lon grid

" Monolithic Fortran90 code

" About 250’000 lines of code

Runtime

21.46; 2%
64.98, 6%

Lines of code (F90)

11031, 5%
11079, 5%

12094, 5% ; 102.9; 10%

83271, 37% 12.86; 1%

25300, 1%

| Assimilation :
O Dynamics Ry
OPhysics
@o

O Structure

43066, 19% N

41548, 18%

B Diagnosis based on 2 km operational model of

B Paraleization| MeteoSwiss until 2016

9
9,0 CSCS

GridTools | 30

/ 644.7, 59%

At

Initialization

Copy to accelerator

~ Boundary conditions - OpenACC port

Physics

- OpenACC port

Dynamics

- Interface
- C++ rewrite
Interface

J

Data assimilation

- partial OpenACC port

Halo-update - Communication library (GCL)
Diagnostics - OpenACC port
10 - partial OpenACC port

Cleanup

Porting goals
" Single source code

Performance
portable: optimal on
all supported
architectures

" Separation of

concerns
ETH:zurich



The dynamical core

" 39 stencils
" 50-60 fields in each timestep

Dynamics

Stepﬁ gl Temperature Vertical
Conversion Diffusion

Runge Kutta Time Integrator

Aty {

: Vertical and Horizontal Temperature
Azl Diffusion Conversion

Saturation R Saturation
Adjustment Adjustment

\\‘:. CSCS GridTools | 31 ETH:urich



The challenge ... real world complexity

" Portable efficient weather/climate applications

" Explicit methods

" Many data-fields

" Many equations per time step
" Implicit in the vertical

" Mostly memory bound stencils

" Many users
" Many architectures

Few approaches make it into an K
operational model !

" CSCS Insert_Footer | 32 ETHzZirich
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Weather and Climate : the GridTools Framework

Introduce a domain specific language to express stencil computations.

&

Performance Expert 4

Separation between datastructures
and algorithms can be obtained with
generic programming.

Design Principles

= Separation of concerns between
= Algorithms and data structures
= User interface and efficient implementation
= Backend knows the architecture
= User queries the backend (statically)
= Backend assumes best conditions

= Change a single line to move to another machine

(C++ templates and STL typical
example)

= And recompile

Performance by e.g. loop fusion,
MULTICORE ~ GPU  OTHERS data layout (tiling, alignment), re-
use of optimal code, hardware
specific backends.

ARCHITECTURE DEPENDENT BAKL.\DS

e/
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Example DSL code

struct laplacian {
using in = in_accessor<0, extent<-1, 1, -1, 1>>;
using lap = inout_accessor<l>;
using param_list = make_param_list<in, lap>;

template <typename Evaluation>
GT _FUNCTION static void apply(Evaluation const &eval) {
eval(lap(i, j, k)) = -4. * eval(in(i, j, k))
+ eval(in(i + 1, j, k))

+ eval(in(i, j + 1, k))
+ eval(in(i - 1, j, k))
+ eval(in(i, j - 1, k));

}
};

using arg_in = arg<0, data_store_t>;
using arg lap = tmp_arg<l, data_store_t>;
using arg out = arg<2, data _store_t>;
auto horizontal_diffusion = make_computation<backend_t>(
my grid,
make multistage(
execute::parallel(),
make stage<laplacian>(arg in(), arg lap()),
make stage<laplacian>(arg lap(), arg out())

));
horizontal diffusion.run(arg in{} = in, arg out{} = out);

What, not how!
% CSCSs | ETH ziirich
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Successive Backend Optimizations

Registers

& :. CSCS Insert_Footer | 35 ETHzZirich



KNL Experiments: Dycore on KNL
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\\0‘0 CSCS

P100

KNL

K80

Skylake

Insert_Footer

36

Same user code for KNL and GPU
KNL 2 times slower than P100
Limitations of Performance
Portability

" Compiler issues, softw. prefetching

" Fusion style
Quite nice:

" On par with Fortran implementation
" 10x faster than the old CPU backend
on KNL

ETH:urich



CSCS Exascale target :

Global climate simulation at 1km resolution & 1 SYPD

Fuhrer et al,, 2018, GMD

100 .

Ax =19 km, P100
AX =19 km, Haswell
®— Ax=3.7km, P100
& -- Ax = 3.7 km, Haswell
10 |
g
1 ”
5 .'. o | 3.7 km
.,lr“
> 1 1.9km
. :
0.1}
- ) 0.93 km
] 0.01 too slow to be useful StifPin linear scaling regime
= . 10 100 1000 4888

#nodes

Ambitious scientific goal, needs 60 — 100x speedup. Will
require further progress in software and hardware.

\:o:o cscs | ETHziirich
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Quantum chemistry & CP2K

Swiss Supercomputing (CSCS)

Life Science
Mechanics & lllg%

B — Others
Engineering 73 4, |II ‘1%
|

Earth & Emvironmental
Science B3 ™.
Chemistry &
— Materials 449
Physics /

37%

Home (Change File) Date Range: | 2014-02-21 to 2016-02-21

ttttttttttttttttttttttt

TOP COUNTRY
2 L} United States
17% of downloaders

Windows

35% of downloaders

Solving Quantum Chemistry equations
(=Chemistry and Materials) amounts to
roughly 44% percent of supercomputer
usage in Switzerland.

CP2K is a code for such calculations,
Production ready and widely used:

www.cp2k.org



CP2K: algorithms & implementation tpa‘

P Research & co-design: Hardware vendors &
scientists look together for the best solution (both

soft- and hardware)
How can we
- program T

for 10'000 — 1'000'000 cores ? for 'emerging' architectures ?

/ 4
%

102400 P

"

Idea
Measured NHy =—ffi—
Measured CO, =l

s GPU

51200 p=

25600

12800 =

Speedup

6400 f-

3200 f-

T

4 6 8 10 12
Cores

2

1600

64lOO 12;300 25;‘)00 51.200 102’!100
R i Could save 300 MWh/yr for our group.

M. Del Ben, J. Hutter, J. VandeVondele, J. Chem. Theory Comput 8, 4177-4188 (2012)
Schitt O; Messmer P; Hutter J; VandeVondele J ISBN 9781118661789
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Linear scaling DFT: 1M quite feasible

Linear Scaling Self-Consistent Field Calculations with Millions of
Atoms in the Condensed Phase

Joost VandeVondele,*" Urban Borstnik,** and Jiirg Hutter*

tDepartment of Materials, ETH Zurich, Wolfgang-Pauli-Strasse 27, 8093 Zurich, Switzerland
*Physiml Chemistry Institute, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland

Combining Linear-Scaling DFT with Subsystem DFT in Born—
Oppenheimer and Ehrenfest Molecular Dynamics Simulations: From
Molecules to a Virus in Solution

Samuel Andermatt,” Jinwoong Cha," Florian Schiffmann,”* and Joost VandeVondele* '

*Depanment of Materials, ETH Ziirich, Ziirich, Switzerland
*Centre of Policy Studies, Victoria University, Melbourne, Australia

: . Figure 11. Visualization of the electrostatic properties of the viral
Llnea_r Scallng (GGA) DFT - NOW We” capsid as computed with DFT. The solvent (blue sticks), protein, and
| I f r I r t ms. RNA (ribbons) are shown in part, while the surface, which
possible for large systems ( ) p
corresponds to the viral capsid, is colored according to the computed
Even 1M atoms nOt too hard any more. charges of its constituent atoms. The system contains somewhat more
Lots of work getting the basic than one million atoms. Visualized using VMD.""

algorithms (SpMM) to perform.
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DFT a quick refresh

Dense linear algebra

Sparse linear algebra

( Guess initial density p J

Calculate matrix H from p
Costs: O(N), but dominates for small systems

h

Calculate

eigenvectors v; of H L .S
Costs: O(N?) Calculate p directly as =
matrix function of H 3
x Costs: O(N) [
Calculate new density 8

[ p=2 |3 ? ]

( Calculate energy from p )7

ETH:irich

g

¥% cscs

AN

¢,



Linear scaling DFT, performance comparison
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Algorithms underlying linear scaling DFT

Many algorithms that exploit sparsity in P, H, and S for non-metallic systems.
One example:

PSZi—(l—sign(S_lH—MI))
1 2

Xn+1 —_— EXH(?)]—XH)

Xo=cA — X, =sign(A)

Newton Schulz iteration, requires only matrix multiplications
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DBCSR : a sparse matrix library

https://www.cp2k.org/dbcsr =
https://github.com/cp2k/dbcsr -

Optimized for the science case: 10000s of non-zeros per row.
The dense limit as important as the sparse limit.

Main operation parallel matrix — matrix multiply.
MPI parallel, OMP parallel, CUDA accelerated

Available as a standalone library, to share
> 20 person-years of development effort

GPU-Accelerated Sparse Matrix—Matrix Multiplication for Linear Scaling Density Functional
Theory: https://doi.org/10.1002/9781118670712.ch8
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DBCSR code architecture
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Small matrix multiplication kernels for C +=A x B

DEE
Shared mem = E

i -
Registers Global mem

Carefully orchestrate the memory access pattern,
Requires finding multiple parameters for each m,n and k
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LibCUSMM performance

Measured performance against a roofline model based on memory transfer



JIT compilation to avoid GPU vs CPU fall-back for kernels

DBCSR performance driver (CPU fallback)

H develop
4 W libcusmm_jit

o o o
n o ~

mean runtime over 100 runs [s]
o
B

Launch on GPU

autotuned
parameters

- Table lookup:
libcusmm process_d Kernel JIT-ed?
: Look up JIT kernel | Add handle }
validate to table

Kernels only... full code Daint node vs node typically 2-3x speedup

30
\\0‘0 CSCS

ETH:zurich



Picking optimal kernel parameters

Performance profile of parameter sets for (5, 6, 6)-trip|et/" "winner” kernel
7

275 4
225
:“%170 .
)
Es
$
60 -
O-
0 10000 20000 30000 40000 o
Parameter set id ETH ziric
- Many 10000s of variants for each (m,n,k)
- Only few ‘winning’ kernels
- autotuning possible, but only for a subset of (m, n, k)
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Predicting optimal parameters using machine learning

Predicted optimal kernels against autotuned max.

max. performance per algorithm
predictive model
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Performance profile of parameter sets for (5, 6, 6)-triplet
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measured performances

—— chosen param set: 270.02 Gflops/s
—— baseline param set: 226.29 Gflops/s
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- Near perfect results (<5% error typical)
- Outperforms ~25% expert baseline results
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Conclusions & Acknowledgements

HPC remains in quick evolution

GPU acceleration will dominate in Europe and US for the next 5-7 years
Invest in software: good engineering & separation of concerns needed
Successful demonstration in

* Weather and Climate : GridTools

» Sparse Matrix Multiplication : DBCSR

Thanks to the GridTools and DBCSR teams, at
CSCS, MeteoSwiss, University of Zurich, ETH Zurich !
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Thank you for your attention.
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