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Atmospheric models

Atmospheric models are a mathematical representation
of atmospheric water, gas, and aerosol cycles.

Horizontal Grid
(Latitude-Longitude) e
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Chemical mechanism
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Chemistry in the GPU: CUDA

L3 [ ] o [ ]

[ ] [ ]

Moderately stiff reactions: Complete chemical mechanism:

10* v g v v v Configuration Median CPU  Median acce- Performance

& exec tme lerated exec over

10° = (s) time (s) CPU

- “ Intel Xeon X5650 + M2070 4502 0.999 450

, - a Intel Xeon ES-2680 v3 + K80 1.476 0.283 5.21x

E AT 1 IBM POWERS + P100 3.040 0.149 20.40x

. A
&3 ® 10x
3 " E Configuration MPI Processes CPUexec  Accelerated Performance
10! | A g
@ . kS P ® 59x time (s) exec time (s) over CPU
A
10° . s " ; 2 x 6-core Intel Xeon X5650 + 2 MPI processes 5199 2358 227 x
mT L o ® 2 x NVIDIA M2070 12 MPI processes 1388 1368 1.01 x
&
1!k | 6o oo *® — 2 x 12-core Intel E5-2680 v3 4 4 MPI processes 7362 3384 217 x
Pe® e = 2 x NVIDIA K80 24 MPI processes 1756 1473 119 x
- -CPU

102 Lot . . L RRCOU, 2 x 10-core IBM POWERS 4+ 4 MPI processes 2294 918 2.50 x
10? 10° 10* 10° 1w0° 4 % NVIDIA P100 20 MPI Processes 814 437 1.86 x

Number of independent ODEs
Kyle E. Niemeyera,b,1, Chih-Jen Sungb,
Accelerating moderately stiff chemical kinetics in
reactive-flow simulations using GPUs, 2018

Michail Alvanos and Theodoros Christoudia, GPU-accelerated
atmospheric chemical kinetics in the ECHAM/MESSy (EMAC) Earth
system model, 2017

...ahd more
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Our goal

e Challenges Addressed
o Isolated treatment of physical/chemical processes
o Huge heterogeneous codebase
o Efficient solving of complex physical/chemical systems

e Howwedoit
O Integrated stand-alone chemistry solver
o Standardized description of physical/chemical processes
o Porting high-cost functions to GPUs
o Simultaneous solving of multiple grid-cells
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MONARCH: Multiscale On-line Atmosphere
Chemistry Model

~20%

| — Janjic and Gall (NCAR/TN 2012)
— Janjic and Vasic (EGU2012)
— Janjic et al. (MWR 2011)

— Pérez et al. (ACP 2011)
~80% — Haustein et al. (ACP 2012)
— Spada et al. (ACP 2013)
AEROSOLS —» Spada et al. (AE 2014)
— Spada (2015)
— DiTomaso et al. (GMD 2017)

VOLCANIC ASH iy e Yo 0T

B — Jorba et al. (JGR 2012)
GAS-PHASE — Badia and Jorba (AE 2014)

CHEMISTRY — Badia et al. (GMD 2017)
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Atmospheric chemistry - CAMP* module

Host model CAMP Solver

model state

integrated
chemical
mechanism

- |:

provides
aerosol Aerosol Representation
properties
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Atmospheric chemistry - CAMP* module

Host model CAMP Solver

model state

photolysis

deposition

integrated
chemical
mechanism

emissions

Al

provides

aerosol Aerosol Representation
properties
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ODE Solver

e Purpose: Iteratively solves y'=f(t,y) using a Backward
Differentiation Formula (CVODE) and the SuiteSparse
KLU Linear Solver

e Needs: f(y) and J = of /dy (Derivative & Jacobian)

12
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ODE Solver

® Purpose: Iteratively solves y'=f(t,y) using a Backward )
Differentiation Formula (CVODE) and the SuiteSparse 70%
KLU Linear Solver

e Needs: f(y) and J = of /dy (Derivative & Jacobian) ~30%
~20% ~10%
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ODE Solver

® Purpose: Iteratively solves y'=f(t,y) using a Backward )
Differentiation Formula (CVODE) and the SuiteSparse 70%
KLU Linear Solver

e Needs: f(y) and J = of /dy (Derivative & Jacobian) ~30%
~20% ~10%
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CAMP workflow in MONARCH

Host Model
f B
Solve meteorology
\ s
Y
fo h Integrated chemical
Update cell < mechanism
. », A
Send cell
v /]
Y
Solve chemist
[ o ] [ ODE solver J
Return cell N A
Y

fily) and
Jacobian

[ Finish ]
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CAMP workflow in MONARCH

Host Model
& ™)
Solve meteorology
b =
A 4
( ) Integrated chemical
Update cell 02 mechanism
. J A
Send cell
v /]
Y
[ Solve chemistry ] [ ODE solver ]
Return cell\ A
Y

fi(y) and
Jacobian

[ Finish ]
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CAMP workflow in MONARCH

Host Model
Solve meteorology
i > A Entegrated chemical]
Update cell < mechanism
i Cells are not
[ Solve chemistry ] [ N ] interdepende
' nt w.r.t.
chemistry
[ fi(y) and J
Jacobian

[ Finish ]
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CAMP: Multi-cells

] CBO05 CBO5 CBO05
one-cell - s e N
)
Cell 1 Cell 2 Cell N
Group cells
----------------------------------------------------------------------------------------------- data

CBO05;

CBO5,
Multi-cell

CBO5y

N cells
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CAMP: Multi-cells

CBOSy
CellN
e Species
replication”:
03, 03,.. O,
e Common
ODE solver
parameters

] CB05 CB05
one-cell - s e
)
Cell 1 Cell 2
CBO05;
CBO5,
Multi-cell
CBO5y
N cells
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Test environment

e Plaftorm: CTE-POWER cluster, each node with:
o 2XxIBM Power9 8335-GTH @ 2.4GHz
o 4 x GPU NVIDIA V100 (Volta)
o GCCversion 6.4.0 and NVCC version 9.1

e Configuration: Basic

Mechanism Reactions Species Cells* GPUs MPI
processes
Basic 2 3 100 - 0 1
(One-cell) 10,800
Basic 2 3 100 - 0 1
(Multi-cell) 10,800

*10,800 cells is the common configuration per each MPI MONARCH node
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CPU Multi-cells: Results

o Reduced ODE solver iterations

Number of Derivative calls from ODE solver

== One-cell == Multi-cells

8000000
5569964
6000000
3968514
£ 4000000
©
(@]
2368242
1568648
2000000
624580766
1568926699 709 707 712 711 711
0
2000 4000 6000 8000 10000

Number of cells
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CPU Multi-cells: Results

CAMP speedup for basic test with multi-cells

15.00
2 14.00
Q
e
=
E 13.00
©
Q
2 1200
<} ' 12.35
2 1192 1206
D
o 11.00
£
()]
10.00

100 225 900 1125 2250 3375 5625 7875 9000 10800

Number of cells
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Derivative: f(y)

® A reaction:

Ciyy +c2yz2 + -+ CmUYm < Cm+1Ym+1 + Cm+2Ym+2 + -+ + CnYn,

(dy,-) B iy, T, By ) fori <m
dt j— ity 1, B, 1) form<i<n

® Derivative:

_dy; dy;
fim—r= 5

c = stoichiometric coefficient J J

t=time

r =rate

J = reaction

i = species

y,= concentration of species i

m = number of reactants Sarcelons

n = number of products (( ?}5?57"":"""’“,

p = number of reactions
w = number of species

ampuiacion

[ ODE solver ]

requests f(y)

Receive y(t)

f(y)

j=0

h 4
Update
I'j(y,T, P.:)

S

pecies loop

No j++

j::p?

Yes

Reaction loop

v Return f(y(t))

Continue ODE
solving

|
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CAMP: Multi-cells

_ dye dy;j
Ji = dt 24 dt

J

f,=derivative

t=time

J =reaction

I = species

k = cell

y, = concentration of species i in cell k
p = number of reactions

g = number of cells

Barcelona
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[

ODE solver
requests f(y)

Receive y(t)

fy)

j=0,k=0
Y

|

i=0

h 4

[

fik+=Cij Mk

Update
rjk(y,T, P. )

Species loop

No j++

Reaction loop

No K++, j=0

Cell loop

Yes

Return f(y(t))

h 4

{Continue ODE

solving ]




[ ODE solver

requests f(y)

|
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GPU Multi-cells

Receive y(t)

fy)

[ Update

A

| j=0,k=0

Mik(y, T,P...)

Species loop

No

}7

jH+

Reaction loop

k++, j=0

Cell loop

A 4

|

Continue ODE
solving

|

Return f(y(t))

Reaction & Cell parallelization

f, = derivative

t=time

r = rate

J = reaction

i = species

k = cell

y, = concentration of species i in cell k
p = number of reactions

q = number of cells

Barcelona
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ODE solver
requests f(y)

Receive y(t)

A 4
=~

Copy y to GPU

——

GPU run Launch p'q
v threads
a0\

&
<

+ Return f(y(t))

TS
Continue ODE
solving
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Test environment

e Plaftorm: CTE-POWER cluster, each node with:
o 2XxIBM Power9 8335-GTH @ 2.4GHz
o 4 x GPU NVIDIA V100 (Volta)
o GCCversion 6.4.0 and NVCC version 9.1

e Configuration: Basic GPU

Mechanism Reactions Species Cells* | GPUs
Basic (GPU) 2 3 100- 1
10,800
Basic (Multi-cell) 2 3 100 - 0
10,800

MPI
processes

1

*10,800 cells is the common configuration per each MPI MONARCH node

rcelona
Supercomputing
Center
Centro Naciona! de Suparcompulacion
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GPU Multi-cells: Results

CAMP speedup for basic test with multicells CPU and GPU

== CPU Multi-cells == GPU Multi-cells

25.00
= 21.01 a7
iel ]
r—)
@
N 20.00
E
-+
'
o
=
=  15.00
(I-) ‘_______———\
(]
= 14.11
2 13.32 1301 1334 1355
a 1000 —1r0 12:06——12.35 .
] '7/2///
= 33
(]
(]
o
a 5.00

100 225 900 1125 2250 3375 5625 7875 9000 10800

Number of cells
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GPU Multi-cells: Data & Compute

Mechanism Species Cells GPUs Processes
Basic (GPU) 3 131072 1 1
Basic (MPI) 3 131072 0 40

Derivative on GPU and MPI

B Receive [ Send [ Compute [l MPI

Time[s]

((

Barcelona
mammpuung
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Conclusions

Multi-cell approach makes solving 12—-14 times faster

-> Simultaneously solving cells reduces solver iterations

Porting solver functions to GPUs coupled with multi-cell
treatment improves chemistry solving by 7—-21x

-> Maximizing parallelization improves GPU functions

Data movement accounts for most multi-cell GPU
computation time for large numbers of grid-cells

-> Search for alternatives (async & more computation)

Barcelon
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Future work

Porting all solver functions to GPUs will reduce data
movement and improve efficiency (Ongoing work)

Load balancing GPU & CPU + asynchronous communication

Evaluate GPU-based chemistry solving in MONARCH

Barcelon
$ p rcomp uting
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Ongoing work: Linear solving

e Adapting more ODE functions to GPU: Linear solving

CAMP solving function time percentages with CPU KLU CAMP solving function time percentages with GPU Block-cells
SPARSE using 10,800 cells Biconjugate Gradient using 10,800 cells
100.00% B Others 100.00% B Others

B Initizlizations prom B Initializations

W Jac 89.06% B Jac
B KLUSparse 75.00% @ BiConjGrad

B DerivSoe B DervSolve

75.00%

B LinSetup B Linsetup
S B CeriNewton  50.00% @ DervNewton
B LinSolve § LinSolv
B Newtonit B Newton
e e QAT%) W cvstep W% W cstep
0.00 0.00%
Total cvStep Newtonlt  LinSolve  LinSetup Total cvStep Newtonlt LinSolve LinSetup
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Derivative GPU

requests f(y)
Receive y(t)

[ ODE solver i

e Parallelize reactions loop ) N
[CopyytoGPU

J

GPU run Launch p
v threads
Update b
ri(y, T,P...) )‘

e Add data transfer

h 4

fi+=cijrj

' i o eCles 100
® Atomic operations o —_—

Yes

A 4

[Copy f(y(t)) on]
CPU

+ Return f(y(t))

Continue ODE
solving
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Initial CPU-based CAMP

Performance compared against reference methods

4

Time [s]

CAMP

EBI KPP

Solver option
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GPU Multi-cells: Memory & Compute

GPU-based derivative data movement and computation times

B Data movement [ Compute

2.5

Time [s]

10800

100 1125

Number of cells
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CAMP GPU vs KPP GPU

KPP GPU CB054 CBO05, - CBO5p
b )
Cell 1 Cell 2 Cell N
|
Thread 1 Thread 2 Thread N
s 3 Threads:
Solve f(_y) or N Cells X
CAMP S _ Jacobian | M Reactions
. 1
GPU [ )
ODE solver
J J
CBO5y .
[ MONARCH J
N cells

Center
‘Contro Nacional de Supercompulecion : Multiscale Online Nonhydrostatic AtmospheRe CHemistry model 4

©@ = NMMB-MONARCH 0



CAMP GPU (including future work) vs KPP
GPU

KPP GPU CB054 CB05, o CBO5y
Cell 1 Cell 2 CellN
1
Thread 1 Thread 2 Thread N
- Threads:
Sjlve lf)m or | — NCells x
acoblan M Reactions
CA_MP CB054 -
Multi-cell CBO5, . e
GPU ' R Threads:
ODE solver — N Cells x
. J P Species
CBO5Sy v
[ MONARCH ]
N cells
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GPU Multi-cells:

CAMP time per different threads per block for basic test with
10,800 cells

2

1.5

Time [s]

0.5

512 256 128 64

Threads per block
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Block processing

CAMP time kernel division for basic test with 10,800 cells

Time [s]

GPU kernels
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Multiscale Online Nonhydrostatic AtmospheRe CHemistry model 42



BSC | Motivation | Tools | GPU | Multi-cells & GPU | Conclusions

Platform

CTE-POWER:

2 login nodes and 52 compute nodes, each of them:

2 x IBM Power9 8335-GTH @ 2.4GHz (3.0GHz on turbo, 20
cores and 4 threads/core, total 160 threads per node)
512GB of main memory distributed in 16 dimms x 32GB @
2666 MHz

2 x SSD 1.9TB as local storage

4 x GPU NVIDIA V100 (Volta) with 16GB HBM2.

GPFS via one fiber link 10 GBit

Compilers: GCC version 6.4.0 and NVCC version 9.1
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Reaction data

Reaction 1 Reaction 2
-« > <€ >
ir:ta gg?an;i};%e int reaction | float reaction irr?ta ggtoansté p;e int reaction ilé):cttion
float data size | P2réms params float data size | P2réms params
3int 3-100 * [int] 3-30 * [float] 3int 3-100 * [int]  3-30 * [float]
Reaction 1 Reaction 2
<€ > < >
RGO JipIe int reaction TEEEION Jiprs int reaction
[int] array int data size arams int data size arams
float data size P float data size P
Reaction 1 Reaction 2
-«
float reaction float
[float] array reaction
params params
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