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Numerical Simulation of Chemical Kinetics

CLIMATE &
ATMOSPHERE

* Air and water quality

* Climate change
* Wildfire tracking
* Volcanic eruptions




Numerical Simulation of Chemical Kinetics

ENERGY

e Low emissions aircraft
e Alternate fuels
* High efficiency ICE




Numerical Simulation of Chemical Kinetics

MEDICAL RESEARCH

* Microorganism growth
* Cell biology

e Cancer growth & treatment
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Whole System Model Outline

Initialize

<

4 >‘ TransEort
* 60-99% of runtime

\ —-— Other ‘AssimilationI etc.'

Finalize




70% of GEOS-Chem Runtime is Chemistry

Metric: TIME
Value: Inclusive percent
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12.005% |:|

9.76% |:|

8.9% |:|

8.9% =

8.674% =

7.932% |:|

6.922% =

6.386% =

Eight threads -669%
Intel Core i7-4820K CPU

3.70GHz

GEOS_CHEM

CHEMISTRY_MOD::DO_CHEMISTRY

CHEMDR

PHYSPROC

CHEMISTRY_MOD::GCKPP_DRIVER
GCKPP_INTEGRATOR::INTEGRATE
GCKPP_INTEGRATOR::ROSENBROCK
GCKPP_INTEGRATOR::ROSENBROCK::ROS_INTEGRATOR
GCKPP_INTEGRATOR::ROSENBROCK::ROS_PREPAREMATRIX
GCKPP_INTEGRATOR::ROSENBROCK::ROS_DECOMP
GCKPP_LINEARALGEBRA::KPPDECOMP
GCKPP_INTEGRATOR::ROSENBROCK::ROS_SOLVE
GCKPP_LINEARALGEBRA::KPPSOLVE
TRANSPORT_MOD::DO_TRANSPORT
TRANSPORT_MOD::GEOS4_GEOS5_GLOBAL_ADV
CONVECTION_MOD::DO_CONVECTION
TPCORE_FVDAS_MOD::TPCORE_FVDAS
GCKPP_FUNCTION::FUN

FAST_JX_MOD::FAST_JX

FAST_JX_MOD::PHOTO_JX
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70% of GEOS-Chem Runtime is Chemistry

10009 |l | GEOS_CHEM

71.103% | CHEMISTRY_MOD::DO_CHEMISTRY
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Solver is applied over domain “grid”

Transport

III

* Reactions in a “grid cel
depend on concentrations in

that cell only CHEMISTRY(...)
* Increasing resolution CHEMISTRY(...)
greatly increases
computational cost CHEMISTRY(...)
* Embarrassingly parallel CHEMISTRY(...)
] i) ] _.~. . r'; arl -

: . : - “€— CHEMISTRY(...

* Low computational intensity, o e *ﬁ-_ :}—— = (-

e.g. 0.08 operations per byte Bl 4 ___,’ f-f j—---f"'f:_f"“-af <t— CHEMISTRY(...)

. :c’t(\f’f : Su'tIEd tIOtGPUS 1“} - \f’/ “T— CHEMISTRY(...)
. eed large, low latency N W= g 2N

T
Cache-per-thread j"/rl’\l \\ CHEMISTRY(...)

e Cost limits capability 4 } _
Other (Assimilation, etc.)
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Ozone Simulation with GEOS-Chem

The 7th International
T GEOS-Chem Meeting
{ N -L.;'_‘.'__" k--)._l_. (IGC7)

Tropospheric Ozone in Two-way
Coupled Model of GEOS-Chem

Yingying Yan ==, Jintai Lin #A%3%, Xiong Liu, Jinxuan Chen

School of Physics, Peking University




Tropospheric Ozone

Ox, 2.5°x2° 0.667°x0.5° minus 2.5°x2°

= T SR 4

e Computational cost
limits resolution.

R T LU B AT

.| ¢ Limited resolution
misrepresents small
scale processes.

»
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~vh |
+++++ P

o gt ol e\ et
\ [/

gl Gy | Smallscale

aie_| DRI d variations in
chemistry and
emissions cause

large errors.
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Yingying Yan et al.
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Two-way Coupled Model

* High resolution regional nested simulations.

* Differences can be transported outside nested
domains and accumulate over species lifetime.

TS 1N

60°N |

30°N

00

30°s

60’ Global model :~200km res.
. Regional models: ~50 kmres. =

90 ?80” 150°W 120W 90°W 60°W  30°W [} 30°E 60°E 90°E 120°E 150°E 180°

Yingying Yan et al.
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Improvements in Tropospheric Simulation

OH (105 cm™) 11.8 112 (-5%*) 10.4 - 10.9

MCF lifetime (yr)  5.58 5.87 (+5.2%) 6.0 — 6.3

CH, lifetime (yr)  9.63 10.12 (+5.1%) 10.2 - 11.2

0, (DU) 34.5 315 (-8.7%) 31.1 + 3
(OMI/MLS)

0, (Tg) 384 348 (-9.4%*)

NOx (TgN) 0.169 0.176 (+4.1%)

CO (Tg) 359 398 (+10.8% &)

NMVOC (TgC) 10.1 10.2

Yingying Yan et al.
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How do we accelerate kinetics?
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Kppa: The Kinetic PreProcessor Accelerated

Architecture
Domain Specific

Language
L optimized

- ey
Kppa

4 \ __IntelMIC__>
Lexical Code
Analysis
parser generation

- J

r )

@msidei
OpenMP Xembmn‘Phl

<ANVIDIA.
CUDA.

A |

EMIT'15, Copyright © ParaTools, Inc.



Kppa’s Domain Specific Language

KPP Language”
with extensions
for target
hardware,
optimization
parameters,
precision, etc.

# LANGUAGE
#TARGET
#PRECISION
#GRID
#UNROLL
#MODEL
#DRIVER
#INTEGRATOR
#FUNCTION
#JACOBIAN

Fortran90
CUDA_ GPU
single

3; 5; 4

auto

small strato
performance

rosenbrock

eddyjjews

aggregate

sparse lu row

* v, Damian, A. Sandu, M. Damian, F. Potra, and G.R. Carmichael: The Kinetic PreProcessor KPP -- A Software Environment for Solving
Chemical Kinetics, Computers and Chemical Engineering, Vol. 26, No. 11, p. 1567-1579, 2002.
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Kppa’s Domain Specific Language

#DEFVAR W
O = O;
OlD = O; 3
03 =0+ O + 0;
NO = N + O; m
NO2 = N + O + O; _—
Mechanism #DEFFIX I_
T H M =0 + O + N + N;
definition is pu:e 02 -0+ 0 W
KPP Language #EQUATIONS  om &
for backwards 02 + hv = 20 : 2.643E-10f *SUN*SUN*SUN; -
. O  + 02 = 03 . 8.018E-17; Q)
compatibility 03 +hv=0 + 02 : 6.120E-04f * SUN; s
0 + 03 = 202 : (1.576E-15) ; o
03 + hv = 01D + 02 (1.070E-03f) * SUN*SUN; .
OlD +M =0 +M : (7.110E-11);
01D + 03 = 202 + (1.200E-10) ; Q—
NO + 03 = NO2 + 02 : (6.062E-15); (D
NO2 + O = NO + 02 (1.069E-11) ; =y
NO2 + hv = NO + O (1.289E-02f) * SUN;

* v, Damian, A. Sandu, M. Damian, F. Potra, and G.R. Carmichael: The Kinetic PreProcessor KPP -- A Software Environment for Solving
Chemical Kinetics, Computers and Chemical Engineering, Vol. 26, No. 11, p. 1567-1579, 2002.
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Mass Action Kinetics

/yl\ (kl\
n concentrations: y; €Y = S R reaction rates: kj Ek =| :

\Yn/ \KR )

— +
Stoichiometric coefficients: § l,] and § l,]

_ k.
The jth reaction (r)): ZS,-,J-J/,- = >Z‘S:jyi
n —
Reaction velocity: a)j(fa)/) = kj(f)D yiP Coupled stiff ODE system
i=1
d - + — - - - -
Time evolution of y: E)’ =(S" =5 )a(t,y) =Swu(ty) = f(1.y)

\ Large sparse matrices
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N-stage Rosenbrock Solver

® O u t p e rfo FMms b acC kwa rd S Initialize k(z,y) from starting concentrations and meteorology (p, ¢, g, p)

Initialize time variables ¢ U1 ¢4, A1 0.100(2 0 = trart)

differentiation formulas ...,

end

(GEAR) B Fengll Fenll f(t,y)

Jacy L J(1,y)

* Jacobian generally >Gl LU_DECOMP(hly—JacO)
inseparable Fors i L2t
Compute Stages from Fen and Stage (s-1)
— SO IVe r cannot be J1 Solve for Stage, implicitly using G
p ara I I e I | Ze d Update k(t,y) with meteorology (p, ¢, ¢, p)
_Update Fen from Stagey;

—_ BLAS operatlons W|th|n Compute Y,,,,,, from Stagey;

solver can be parallelized Compute error term E
—If E [ 6 then discard iteration, reduce /4, restart

Otherwise, ¢ ¢+ h and proceed to next step

=

Finish:Resultin ¥,,,,,,
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N-stage Rosenbrock Solver

Initialize (¢,y) from starting concentrations and meteorology (p, ¢, ¢, p)

Initialize time variables ¢ [1 #y,,,, AL 0.1 (200 = trart)

While £ <t,,;

[ FengC Fenll f(1.y) < Initial values of the function and its derivatives
Jacy LI J(1,y)

1 e
»>GL LU_DECOMP(E_JGCO) <«——— Sparse LU decomposition
Fors[] L,2]1 ,n

Compute Stages from Fen and Stage]D (s-1)

Solve for Stage, implicitly using G «———— 3 to 6 stage vector calculations
Update £(t,y) with meteorology (p, ¢, g, p)

Update Fen from Stagep;
Compute Y, from Stage;

Compute error term £ <€ New solution and solution error
—If E [ 6 then discard iteration, reduce /4, restart

Otherwise, ¢ [ ¢+ h and proceed to next step

—

Finish:Resultin Y,,,,,,
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Sparse Operation Optimization

4 Al3 1.5

X[1l] = 6 + A[13]*B[3];
A22 X[2] = 0
X[3] = 0.75*B[3];

A32 0.75 B3

EMIT'15, Copyright © ParaTools, Inc.



Simplify Before Generating Code

x4+xt—x—1

> Ix—1
x +2x+1

X[27] = ((A[43]1*A[43]*A[43]) + (A[43]1*A[43]) - (A[43]) - (5+4)) /
(A[43]*A[43] + (8-6)*A[43] + 1)

A 4

Simplify

Fortran

X(28) = A(44) - 1

EMIT'15, Copyright © ParaTools, Inc.



Sparse Matrix/Vector Code Generation

ARR(8.00e-12,2060.0e0,0.0e0, TEMP) ;
O3P + NO + AIR = NO2

ARR(1.00e-31,0.0e0,-1.60e0, TEMP) ;
03P + NOZ2 = NO

ARR(6.50e-12,-120.0e0,0.0e0, TEMP) ;

| #DEFVAR I
I 03 = 30; |

I H202 = 2H + 20; |

| NO =N + O; |

I NO2 = N + 20; | A[334] = t1;

| NO3 = N + 30; I A[337] = -A[272]1*tl + A[337];
| N205 = 2N + 50; I A[338] = -A[273]*tl + A[338];
| 4DEFFIX A[339] = -A[274]*tl + A[339];
I AIR = IGNORE; A[340] = -A[275]*tl + A[340];
I 02 = 20; t2 = A[335]/A[329];

1 H20 = 2H + O; A[335] = t2;

[ H2 = 2H; A[337] = -A[330]*t2 + A[337];
I CH4 = C + 4H; A[338] = -A[331]*t2 + A[338];
| #EQUATIONS A[339] = -A[332]*t2 + A[339];
| NO2 + hv = NO + 03P A[340] = -A[333]*t2 + A[340];
I 6.69e-1* (SUN/60.0e0) ; t3 = A[341]/A[59];

| 03P + 02 + AIR = 03

| ARR(5.68e-34,0.0e0,-2.80e0, TEMP) ;

: 03P + 03 = 202

[

I

|

[
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Where can we parallelize?

Initialize (¢,y) from starting concentrations and meteorology (p, ¢, ¢, p)

Initialize time variables ¢ [1 #y,,,, AL 0.1 (200 = trart)
While t <t,,;

B Fenyll Fenll f(t,y)
Jacy LI J(1,y)
> G LU_DECOMP(h1 —Jac)
Ff)rsD L2/ .n BLAS
Compute StageS from Fen and Stagey, (s-1) opera o
J1]_ Solve for Stage, implicitly using G can be
Update £(t,y) with meteorology (p, ¢, g, p) para llelized
Update Fen from Stagep;
C_ompute Y, 0, from Stagey;
Compute error term £ Many so lver
—If E [ 6 then discard iteration, reduce /4, restart instances on
Otherwise, ¢[] ¢+ h and proceed to next step the whole system
leish :Resultin V,,,,, model grid
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Vectorized n-stage Rosenbrock solver

Vector element 1
Initialize k(¢,y) from starting concentrations and meteorology (o, ¢, g, p)

Initialize time variables ¢ [ tg,,;, A 0.10(200 — tstart)
While £ <t¢,,,;
Fenyll Fenll f(¢,y)

Jacy L J(t,y)
>GU LU_DECOMP(hl —Jacg)
e
Fors[] 1,2/1 n
Compute Stages from Fen and Stage, (s-1)
Solve for Stage, implicitly using G

Update £(t,y) with meteorology (p, ¢, g, p)

Update Fen from Stagey ¢
Compute Y,,,,, from Stager;

Compute error term E

Vector element N
Initialize k(¢,y) from starting concentrations and meteorology (p, ¢, ¢, p)

Initialize time variables ¢ [ ¢4, 1 0.10(2 00 — tsrart)
While £ <¢,,,;
Fenyll Fenll f(t,y)

Jacy LI J(t,p)
>GL LU_DECOMP(hl —Jacg)
v
Fors[l 12/] ,n
Compute Stages from Fen and Stagey, (s-1)
Solve for Stage, implicitly using G

Update k(t,y) with meteorology (p, ¢, g, p)

Update Fen from Stagey
Compute Y,,,,,, from Stagey;

Compute error term £

If E [1 dthen discard iteration, reduce 4, restart

Otherwise, ¢[1 ¢+ & and proceed to next step

If E () 6'then discard iteration, reduce 4, restart

Otherwise, ¢[] ¢+ h and proceed to next step

—

Finish:Resultin Y,,,,,

—

Finish:Resultin Y,
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Vectorized n-stage Rosenbrock solver

Initialize k(¢,y) from starting concentrations and meteorology (o, ¢, ¢, p)

Initialize time variables ¢ [ tg,,,, h1 0.10(2 00 = totart)
While r <t,,;

gm—

Fengll Fenll f(t,y)

Jacy L1 J(¢,y)
> G LU_DECOMP(hl}/ —Jac)

Fors[] 1,2]1 ,n
Compute Stages from Fen and Stagey, (s-1)
Solve for Stage, implicitly using G

Update k(t,y) with meteorology (p, ¢, g, p)

Update Fen from Stagey;

Compute Y,,,,, from Stagey;
Compute error term E = max(Ey,Ey)] E,,)

—If E []o'then discard iteration, reduce A, restart

Otherwise, ¢[] ¢+ h and proceed to next step

—

Finish:Resultin Y,,,,,

EMIT'15, Copyright © ParaTools, Inc.



Kppa Benefits

Performance Productivity

e Parallelize across multiple * High-level domain specific
“grid cells” language as input

* Simplify the code so fewer * Qutputin the most familiar
instructions are required or convenient language

* Parallel BLAS operations * Regenerate mechanism code

e Use all levels of memory to target new hardware

* Optimize for emerging * Extend and update
architectures mechanisms easily

EMIT'15, Copyright © ParaTools, Inc.



Performance Results

e Baseline: hand-tuned KPP-generated code
1. Use KPP to generate a serial code
2. Askilled programmer parallelizes the code

 Comparison: unmodified Kppa-generated code
— Same input file format as KPP
— Minimal source code modifications

EMIT'15, Copyright © ParaTools, Inc.



Kppa vs. Hand Tuned KPP

Speedup:
globchem Runtime * Xeon Phi: 2.42
B Kppa [ KPP * NVIDIA K40: 2.45
80 e Xeon with OpenMP: 1.66
60 Baseline is hand g'
" tuned, parallel >
|5 4
g Y 3
2 ®
B
a
20 a
3
Q
®
0

Xeon E5-2609 Xeon Phi 3120 Tesla K40m
(8 threads) (228 threads)




Fewer Operations, Faster Runtimes

Total Instructions

4.00E+11 B Kppa
B KPP
3.00E+11
2.00E+11
1.00E+11
0.00E+00
Total Floating Non- Scalar Vector
instructions Point floating floating double
Instructions point point precision

TAU configured with PAPI and PDT




Ongoing: COSMO-ART

Joseph Charles, William Sawyer, Heike Vogel, Bernhard Vogel,
Teresa Beck, Oliver Fuhrer, and John Linford. Computational and

Energy Efficiency Optimizations of the Air Quality Prediction Model
COSMO-ART. Poster, PASC’15, 1-3 June 2015.

_ a . 2 nodes, 8 MPI tasks/node, np Computational and energy efficiency optimizations of the air quality prediction model COSM O-ART
#PEs =16 (Piz Dain) KPP-2.2.3 KPPA-0.2.1 (Serial) KPPA-0.2. 1 (OpenMP, 1 th) | KPPA-0.2.1 (OpenMP: 2 th.)
Total time (s) 2,198 1,591 1,586 1,311 PP—— w (KIT) Gormeny, *Unirsty o Heabrg, Grreny; ‘bt
Integrator time (s 1,267 1,151 1,144 878
ETS (J) 425,457 357,743 355,058 284,934 i
Device ETS (J) 62,809 54,027 47,982 36,824 IO 1 st o o 10940 o
Energy-to-solution (J) 488,265 411,770 403,040 321,758 (35 5 Wo et s s s vt it o e e oSO e ldin e et et 1o
Integrator function calls 2,649,358,944 2,789,654,372 2,789,654,372 2,789.654,372 e e i et s ety e ey dr syt
Integrator jacobian calls 662,339,736 697,413,593 697,413,593 697,413,593 Sy e s T e s Ly
Integrator steps 662,339,736 697,413,593 697,413,593 697,413,593 e . ety st
Integrator accepted steps 662,339,736 697,413,593 697,413,593 697,413,593 b = ComM OART rfemnee] KER2213) 2 Pie Dokt H24h srautetion TS
Integrator rejected steps 0 0 0 0 - mws’:‘ﬁ;?;,m;‘:;:,‘Fz‘,:‘:,';m‘;:?r@m
Integrator LU decompositions 662,339,736 697,413,593 697,413,593 697,413,593 e
Integrator forward/backward substitutions 2,649,358,944 2,789,654,372 2,789,654,372 2,789,654,372 oSNl
Integrator singular matrix decompositions )] 0 0 0 Vi CORMO A e COFs ravestn gt chriry el
& e
# PEs = 48 (Piz Dora) 2 nodes, 24 MPI tasksinode, nprocx=8 nprocy=6 - E E et i s
S KPP-2.2.3 KPPA-0.2.1 (Serial) KPPA-0.2.1 (QpenMP. 1 th) | KPPA-0.2.1 (QpenMP, 2 th.) ” =
Total time (s) 637 449 450 389 :
Integrator time (s) 331 279 280 217
ETS (J) 223.873 174,409 179.038 142,054
Device ETS (J) 1] 0 0 0 o
Energy-to-solution (J) 223,873 174,409 179,038 142,054 =
Integrator function calls 2,649,299,600 2,789,645,788 2,789,645,788 2,789,645,788
Integrator jacobian calls 662,324,900 697,411,447 697,411,447 697,411,447 Acknowledgements.
Integrator steps 662,324,900 697,411,447 697,411,447 697,411,447 N
Integrator accepted steps 662,324,900 697,411,447 697,411,447 697,411,447 Tl (ET) Pocive ke Wiizeg By ol Gt 1o =
- e ik MNEOO), Wa o ey a1 o s S
Integrator rejected steps 0 0 0 0 - (Cputing (PASG: P v paso-ch. o9 ).
Integrator LU decompositions 662,324,900 697,411,447 697,411,447 697,411,447
Integrator forward/backward substitutions 2,649,299,600 2,789,645,788 2,789,645,788 2,789,645,788
Integrator singular matrix decompositions 0 0 0 0
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Seconds

COSMO-ART Benchmarks

2400

1800

1200

600

COSMO-ART
B Total time

KPP-2.2.3

B Integrator time

Kppa-0.2.1
(Serial)

Energy-to-solution

Kppa-0.2.1
(OMP=1)

Kppa-0.2.1
(OMP=2)

50
45
(7]
Q2
S
40 S
V
2
35
30

Joseph Charles, et al.




Next Steps: PRACE W2IP and H211b

COSMO-ART with PRACE

2400

1800

1200

Seconds

600

0
KPP-2.2.3 KPP-2.2.3 Kppa-0.2.1

B Totaltime [ Integrator time Energy-to-solution

60

45

1e4 Joules

i (PRACE) (OMP=2)

Joseph Charles, et al.




Kppa Performance Overview

* Automatically-generated code is 1.7 — 2.5x faster than
hand-optimized parallel code (minutes vs. months)

e 22-30x faster than code from by competing tools (KPP)
* GEOS-Chem runtime reduced ~20%

— Exact same hardware
— No loss of precision or stability

e COSMO-ART runtime reduced ~30%

— Exact same hardware
— No loss of precision or stability
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e Aerosols

 Master Chemical Mechanism (MCM)
— Large mechanisms

* PRACE integrator for timestep adjustment
— About 4x faster in COSMO-ART

* Apply Kppa code generation to new domains
— Coupled PDT systems
— Signal processing
— Graph analysis (cyber security)

EMIT'15, Copyright © ParaTools, Inc.



http://www.paratools.com/kppa

Downloads, tutorials, resources



