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Energy-efficient SCalable Algorithms for
Weather Prediction at Exascale

Nils P. Wedi, Peter Bauer, A. Mueller, W. Deconinck, ESCAPE project partners
European Centre for Medium-Range Weather Forecasts (ECMWF)

CLIMATE MONITORING

HPC workshop ECMWEF, 2018



Outline

* Motivation: Emerging constraints for ensemble-based assimilation and forecasts of Weather & Climate
with increasing complexity

* An intermediate goal: globally uniform weather & climate modelling at 1 km horizontal resolution

« ESCAPE(-2) stands for

Pioneering approaches for refactoring society critical legacy codes

Energy-efficient accelerator use in global weather & climate prediction

Co-development of novel mathematical algorithms & hardware adaptation

Defining and encapsulating the fundamental algorithmic building blocks ("Weather and Climate Dwarfs")
Reviewing the need for precision

Pioneering algorithm development with hardware adaptation using DSL toolchains

A HPCW benchmark and cross-disciplinary Verification, Validation, and Uncertainty Quantification (VVUQ)

Application resilience

L
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Computational power drives spatial resolution
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(Schulthess et al, 2018) ECMWF’s progress in degrees of freedom
— levels x grid columns x prognostic variables
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Hurricane IRMA 18km vs 5km ensemble

Date 20170905 12 UTC @ ECMF

Probability that IRMA will pass within 120 km radius during the next 240 hours
tracks: solid=HRES; dot=Ens Mean [reported minimum central pressure (hPa) 929 ]

W50 W2 [030 [ Jsoso [ Jaoso [[llsos0 [[eoro [7os0 [Pecso [J>o0%

20°N

Probability (%) of Tropical Cyclone Intensity falling in each category
TD[up to 33] TS [34-63] HR1[64-82] HR2 [83-95] HR3 [> 95 k]
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Mean Sea Level Pressure in Tropical Cyclone Centre (hPa) solid=HRES; dot=Ens Mean
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S. Lang & L. Magnusson



Ocean — Land — Atmosphere — Sea ice




Where do we spend the time ? Cycle 45r1

B GP_DYNAMICS BSI_SOLVER O0SP_TRANSFORMS mPHYSICS+RAD mWAVEMODEL mOCEANMODEL

coupled TCo01279 L137 (-9km operational) run

Single electrical group:
~52 minutes wallclock time
(single electrical group==384 nodes)

1408 MPI tasks x 18 threads
290 FC/day



Weather & Climate Dwarfs

(hpc-
escape.eu)

... hardware
adaptation ...

... explore
alternative numerical

... reassemble
algorithms ...

model and
benchmark
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Atlas: a library for NWP and climate modelling

https://github.com/ecmwf
FunctionSpace

Finite Volume\ Spectral Tra.nsforms Finite Element Discontinuous
Spectral Element
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Partitions with halos Deconinck et al. 2017
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Domain-specific language toolchain

F(Yp, Wg, U) =[UI"Y, + [U]” Wk (32)

Advection (MPDATA)

U=—. [Ul*=05U+|U]), [U]” =0.5(

ute_upwind flux(this,pflux,pD,pVn)
e), intent(inout) :: this

t{out) :: pflux(:,:)

e(in) :: pvn(:,:), pD(:,:)

template <uint t Color> struct upwind flux {
using flux = accessor<@, enumtype::inout, icosah

using pD = 5, Zneg
in accessor<l, icosahedral topology t::vertii dges
using vn = in_accessor<2, icosahedral topology t evels

ge, jlev, ipl, ip2
typedef boost::mpl::vector<flux, pD, vn> arg lis
- debug('compute upwind flux')
template <typename Evaluation> static void Do(Evi s%dimensionsnb_edges

constexpr auto neighbors offsets = skdimensionsknb_levels

connectivity<edges, vertices, Color>::offs 0 SCHEDULE(STATIC) PRIVATE(jedge,jlev,ipl,ip2,zpos,zneg)

constexpr auto ip@ = neighbors offsets[0]; edges
constexpr auto ipl = neighbors offsets[1]; sde(1, jedge)
ode(2, jedge)
float type pos = math::max(eval(vn()), (float - b_levels
float type neg = math::min(eval(vn()), (float - = max(0._wp,pvn(jlev, jedge))
- - = min{®. wp,pVn(jlev, jedge))
eval{flux{)) = eval(pos * pD(lp@) + neg * PD(ll ]EdgE) = pD(leU,ipl)*zpos+pD(jlev,ipZ)*ang

enddo

!S0OMP END PARALLEL DO
end subroutine compute upwind flux

Complementary skills of CLAW, GridTools (MeteoSwiss) and Atlas (ECMWF)

}
}i
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Weather & Climate Dwarfs P -

prototype | docu- | based Open| Open
D - spectral transform - SH v v £ first version
running
— 1 7. tin progress
& o
Comparison of software optimized for GPU i
and Xeon processors APE

D - spectral transform - biFFT
D - advection - MPDATA

D - advection - semi-Lagrangian

S80S
S80S0 0

SO0 A0
S 0880880

D - elliptic solver - GCR Ev.m -
EP100 ®m2S E5-2699v4 = KNL-7210
P - cloud microphysics - CloudSC 12 —
| /

P - radiation scheme - ACRANEB2 ), z 107

§ 8
| - LAITRI (3d interpol. algorithm) g

e |
planned next: e ‘7 N
D - advection - discontinousGalerkin o ¢ o ®

0l
D - elliptic solver - multigridPrecon & [ ] ® © ey Xeon & Xeon P
Target architecture

Poulsen & Berg (2017)

RMI NVIDIA.
MeteoSwiss pmi 2 11
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IFS 9km (ECMWF) ALARO-EPS 2.5km (RMI) COSMO-EULAG 2.2km (PSNC)
18
%
55
55%
%
B spectral transform B GCR solver
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Advection

Rossby-Haurwitz test case after 7 days

Path-based

dwarf-D-advection-Semila

-volume-based
MWgdvection-MPDATA
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Moist baroclinic instability with FVM and spectral-transform IFS (ST) using large-scale
condensation and diagnostic precipitation:

Precipitation (mm/day) at day 10 Alternative dynamical core choices

0160/TCo159, A}, = 62 km 0640/TC0639, Aj, ~ 18 km on the same grid with the same physics!
: ol Christian Kuehnlein
: j} ?) ;3 FV ! 33 7) § Surface pressure 0640/TCo639, Ap = 18 km, day 15
) : o 3 .
2/ e ST 1 a7 Finite volume

Precipitation (mm/day) at day 15

0160/TCo159, &h ~ 62 km 0640,/ TCob39, &h ~ 18 km
- - | ] - Spectral transform
SN o] A I b
) S — . Another alternative: higher-order finite-difference
R o i Sk development by M. Glinton & P. Beénard

CECMWF



Bespoke Krylov solvers

Parallel restriction, prolongation and Atlas mesh generation
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Distributed & Atlas
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Fine mesh

Coarse mesh

Coarse mesh
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Fast Legendre Transform
mdgemm SNFLT

Reduces number of 120
floating point operations

100

80

60

40

20

799 1279 2047 3999 7999

Number of floating point operations for direct or inverse spectral

Py transforms of a single field, scaled by N?log3N
~ ECMWF (Wedi et al, 2013)
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Schematic description of the spectral transform method I -
iIn the ECMWF IFS model

OpenACC OpenACC
G.rid-polnF space | Increases number of
/ -semi-Lagrangian advection floating point operations
cuFFT -physical parametrizations cuFFT
F_FT. -products of terms : FET
| - ‘ nverse

l

Fourier space OpenACC

l

OpenACC | Fourier space

|

LT [ Inverse LT|

‘ Spectral space

cublasDgemm -horizontal gradients cublasDgemm

-semi-implicit calculations
-horizontal diffusion
Alan Gray, Peter Messmer, NVIDIA
OpenACC OpenACC y
SECMWF - & M 3 mvsrsormance &gwg& s B Sooptaysys Bull  EERED I

MeteoSwiss pmi 17
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JAFE  Will Deep Learning influence algorithmic choices for weather & climate ?

NVSwitch Delivers a >2X Speedup for
Deep Learning and HPC*

[Language Processing]

s
[Weather Simulation)

1 DGX-2 Baseline
0x

1x 2% Ix

System Configs: Each of the two DGX-1 servers have dual-socket Xeon ES 2690v4 Processor, 8 x V100 GPUs;

servers connected via a 4 EDR [100Ghk) InfiniBand connections. DGX-2 server has dual-socket Xeon Scalable
Processor Platinum 81468 Processors, 16 x Tesla V100 GPUs.

See talk by A. Gray https://news.developer.nvidia.com/nvswitch-leveraging-nvlink-to-maximum-effect/

£ ECMWF = e . ‘ <X METEO FRANCE

Toujours un temps d’avance
e RMI NVIDIA.
MeteoSwiss i

&gmﬁg ) @ Optalysys Buil PSNCD

Loughborough
University
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Analysing performance with roofline plots  cresenuner

10000
goa l peak performance
D
X
Spectral tranSfO rms - . MPDATA 512 Test Case on NVIDIA Tesla V100
A\ —
1000 O

= i ¥

ol \0’6(\ O

e 6\1\ 1000
— e [ ]

= 0 ® Advection

0.037s (10.5x) &
E 100 —®— Roofline g PRzl
£

9 = A TL159 Apr1? 5

% 1 Ox 01185 (33X) . TLlsg Jun 17 § —&— V100 Rocfline

é Speed up ® TLi159 AUgl? @ After Optimization

A
\‘g ©® TLISS Augl7 (LT On[y) - 0.32455 (1x) A Before Optimization
8_ » A - TL159 Augl7 (Matmult Only)
0.389s (1x) X TCO639 Augl7 (LT Only)
+ TCO639 Augl7 (LT Only w/ MPI comms) 10.1 1 10 100

Operational Intensity (Flops/Byte)

X TCO639 Augl7 (Matmult Only)

1 " 00 GPU speed-up

intensity in Flops/Byte figure: courtesy of Alan Gray, Peter Messmer (NVIDIA)

“ o > J —N -
A , ‘ <A METEO FRANCE ICHEC  Deutscher Wetterdienst E £ S Optalvsys Ball “PSNC = BB Lodonbarough
-w EC MWF e D ) i v NVIDIA. Toujours un temps d’avance { ;;g\}\‘mmnwemw._ Wetter und Klima aus einer Hand v p y yb K,_’.) niversity
MeteoSwiss pmi
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Optalysys: optical processor
Coried i for spectral transform (biIFFT and spherical
harmonics) at speed of light ?

/ 2kW

0.7 1 / / / / ).072-kW-(idle-power )

energy (kJ)

—— Camera / /1!,1

0.2 1

0'13| //| 1 1 |//\ 1 [
022 03 04 05 07 1

walltime (s)
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Benefit of accelerators — theoretical model

number of devices (acc.+CPU) at MétéoFrance

800

700

600

500

400

/)

#devices (CPU+acc.)
W
o
o

200

100 -

Tea,
L.
]
]
L)
LS

16x

20

60 80 100
fraction of the code that runs on accelerator in %

Assumes:
sequential execution
perfect scalability

Philippe Marginaud,
Andreas Mueller



Spectral transform
optimisation by Atos/Bull

Funded by the

European Union

1,6
12 transposition in
5 b M Fourier transform:
2 12 2-3x speedup
53 1 W
o
TIT 0,8 = Barrier
uh
E 0,6 === Pack/Unpack
Q
'.E 0,4 —+=Both
o
0,2
measurements for
0 —————— the plot: SKX,
similar results on
1 2 3 4 5 6 7 8 9 1012 13 15 16 20 24 30 Cray at ECMWF

Number of nodes Erwan Raffin



Optimisations In IFS on CPUs

postprocessing of spectral data at 9km
resolution

Single CPU

global

Europe
UK
Hungary

Andreas Mueller

O 08 16 24 32 4

speedup compared to current operational transform used for postprocessing



Geosci. Model Dev., 11, 1665-1681, 2018
https://doi.org/10.5194/gmd-11-1665-2018

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Near-global climate simulation at 1 km resolution: establishing a
performance baseline on 4888 GPUs with COSMO 5.0

Oliver Fuhrer!, Tarun Chadha?, Torsten Hoefler’, Grzegorz Kwasniewski’, Xavier Lapillonne!, David Leutwyler®,
Daniel Liithi*, Carlos Osuna!, Christoph Schiir*, Thomas C. Schulthess>®, and Hannes Vogt®
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IFS 1km: strong scaling on PizDaint

70
69.38
60 64.37
>
(40]
Q 50
(2]
>
8 40
< , 31.10
o
s 30 34.34
LL

—=Tc07999 (1km) NH
10

1920 2400 2880 3360 3840 4320 4800 5280
PizDaint XC50 nodes (x12 == cores)

s~ ECMWF
A 4 EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Goal ~1 year / Day

Result of algorithmic
changes and single precision

Many thanks to
Thomas Schulthess &
Maria Grazia Giuffreda !
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The cost profile of a 1.25km IFS atmosphere simulation on Piz Daint (CPU only)

B GP_DYNAMICS mS|_SOLVER O0SP_TRANSFORMS mPHYSICS+RAD

Example: TCo7999 L62 (~1.25km)

4880 MPI tasks x 12 threads
69 FC/day ~ 0.19 SYPD
single precision / FLT

~85.21 MWh / SY

Based on the Piz Daint, Swiss
Cray XC50 Haswell, Aries
interconnect, ~5000 nodes

total



communication time in second

MPI commumcatlons
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Simulating performance and scalability of -

Communication time as a function
of halo size, topology & routing algorithm,
compared to spectral transpositions

Zheng and Marginaud (GMD, 2018)

MPI collectives at least across a subset
of nodes are required in NWP & climate!

Loughborough

@ Optalysys Buu QES_’N.C-:) % University



Communication is bad — small time steps are worse

- Total data communication volumes [TB]
for 48-hour forecast

Spectral element model
Time step =4s

Spectral transform model
Time step = 240s

Same time to solution!
Energy efficiency?

Spectral element model
Time step =4s

Data movement x100 (x1000)
COMMUNICATION VOLUME (TB) more expensive than
= SEM (2880 MPI) = IFS (2880 MPI) = SEM (57600 MPI) computations in time (energy)!

— o [Shalf et al. 2011]

o
St EC MWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS
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Mathematical methods and algorithms:
* Semi-implicit, semi-Lagrangian CG/DG

* Hierarchical multigrid tools

*  Fault resilient solver

*» Artificial neural networks

and:

* DSL toolchain

* Ensemble based URANIE

_ Benefit beyond the
~ state-of-the-art

@ state-of-the-art N
Portability N | ~ Uncertainty estimate
Resilience s
cECMWF @m:‘“m @ fir Meteorologis cMeteoSwiss (( %mmw e;; b?\lilvgehrg?t;ough " . M E S CA P E -

RMI
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starting October 2018

T5.1-5.3 Plans & infrastructure

T1.1 Semi-implicit, semi-Lagrangian DG \
T1.2 Fault resilient solvers T5.4-5.5 Schools & workshops  WP5
T1.3 Multi-grid tools
l T1.4 Artificial neural network (ANN)
\ T2.1 High-level DSL definition
T1.5 Weather & climate dwarfs WP1 ‘ T2.2 DSL front-end parser
| ] ¥
T2.3-2.5 DSL toolchain WP2

T3.1 Reference benchmarks

| T3.2 Quality measures

. e — — T3.3 Dwarf integration in models
T4.1-4.3 VWUQ methodology & prototype l T3f Workflow simulation

T4.4 Dwarfs in URANIE
l l T4.5 High-dimensional modeling - T3.5 HPCW benchmarks WP3

!

T4.6 Ensemble forecasting in URANIE WP4 |

R (7R | Max-Planck-Institut . Rira Loughborough
- ECMWF @ D',(R ‘Z “@ ﬁira)l(we?g(c)rolzzgl:eu U MeteoSwiss (( conter E E‘} University pouRtion M X
KLIMARECHENZENTRUM - ' _—e S o R M l
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4"Summary

* Numerical weather prediction & climate needs sustained efforts to evolve together with emerging computing
opportunities

 ESCAPE and ESCAPE-2 will deliver

* Pioneering approaches for refactoring society critical legacy codes

e  Weather & climate dwarfs

* Energy-efficient accelerator use in global weather & climate prediction

* Scrutiny of the need for precision
e Co-development of novel mathematical algorithms & hardware adaptation
* Pioneering mathematical algorithm development with hardware adaptation using DSL toolchains

« A HPCW benchmark and cross-disciplinary Verification, Validation, and Uncertainty Quantification (VVUQ)

* Application resilience

CECMWF <S>0 @) iz Qmeteoswiss @5~ [ B DA - WOPN BY @ cmee Bull

s Caménament; Clemstet

S ECMWF

S i . A oleii g TR T Loughborough

— v M S mvemormance: ficnec mmpweenB Shopayss Bau GmE> W
S = L}
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The cost profile of a 1.25km (non-hydrostatic) IFS atmosphere simulation Piz Daint

B GP_DYNAMICS mS|_SOLVER O0SP_TRANSFORMS mPHYSICS+RAD

Example: TCo7999 L62 (~1.25km)

63% comms;
37% compute

4880 MPI tasks x 12 threads
32 FC/day ~ 0.088 SYPD
single precision / FLT
~191.74 MWh / SY

Based on the Piz Daint, Swiss
Cray XC50 Haswell, Aries
interconnect, ~5000 nodes
total



log(KE_h)

-1

-2

Global KE - Spectra ~500hPa

Horizontal kinetic energy spectra

Horizontal kinetic energy spectra

Horizontal kinetic energy spectra

< ECMWF

Equivalent grid/km
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crucial vertical transport of momentum and heat
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IFS single precision performance — Atmosphere only (no 1/O)
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(Vana, Dueben et al 2017)



Sustained Teraflops

Sustained HPC performance
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Ensemble of assimilations and forecasts
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