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Prototipagem rapida
Interfaceamento facil
Facil de ler e manter
Ambiente moderno

Comunidade codigo aberto

Muitas bibliotecas disponiveis
(incluindo PAD)
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Language Ranking: IEEE

Rank  Language Score
- Pythonv 100.0
E Javav 95.4
H Cv o4.7
n C++v 92.4
H JavaScriptv 88.1

http://spectrum.ieee.org



https://spectrum.ieee.org/static/interactive-the-top-programming-languages-2019

Introducao
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Exemplos de pacotes de desenvolvimento Python
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Objetivos (I)

Compilacao do cdédigo Python padrao para
linguagem intermediaria (bytecode)

Execucao interpretada (lenta) por Python

Entao Python nao é adequado PAD?
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Objetivos (ll)

Foco em MPI, execucao no Santos Dumont (LNCC)
Avaliar o desempenho das abordagens
Referéncia: versoes F90 sequencial e MPI

Roteiro para o uso de recursos PAD em Python



Algumas
abordagens

e recursos
Python

para PAD/HPC

8165
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Algumas abordagens e recursos

IPython: shell + completo para computacao interativa

IPython Parallel (IPP): pacote p/ disparar via
srun/mpiexec/etc. processos mestre & escravos
(engines) p/ execucao paralela do programa Python

mpidpy: biblioteca para usar MPl em Python

NumPy: pacote CC, arrays multidimensionais, funcoes
algebra linear, I/F de conversao p/ F90 (F2PY)
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Algumas abordagens e recursos

F2PY (NumPy): cédigo F90 -> bhibliotecas Python
PyCuda: biblioteca de acesso a APl CUDA Nvidia

Scikit-learn: biblioteca de aprendizado de maquina
(permite escolher backend de paralelizacao:
OpenMP, LOKY, IPP, Dask)

Cython: compilador para Python e Cython

Numba: compilador JIT (just-in-time) para Python
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Algumas abordagens e recursos

Python: implementacao padrao interpretada (lental!!)
JupyterLab: aplicativo web interativo

Distribuicoes Python: Anaconda & Intel

F90 (referéncia): GNU & Intel

Outras possiveis, nao usadas neste trabalho:
computacao distribuida, computacao em nuvem ou
grade, ambiente especificos (Dask), etc.



Trés casos de
teste:

Esténcil
FFT
Floresta Aleatoria
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Caso de teste Esténcil

Problema de difusao de calor 2D

Modelado matematico: equacao de Poisson, método
das diferencas finitas, esténcil de 5 pontos

aso de teste Esténcil

Simulacao ao longo de timesteps com atualizacao
sucessiva da grade 2D
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aso de teste Esténcil

Equacao de Poisson 2D (difusao de calor)

Campo de temperatura U em
malha discreta 2D (X, y)

Resolucao Ax = Ay =h

Esténcil de 5 pontos,
expressao diferencas finitas:

PU  PU Uiy + Uijrr =

4U@-’j + Ui—l,j + U@l,j—l

8x2 Oy?

h?
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aso de teste Esténcil
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Paralelizacao: divisao em subdominios com replicacao das
bordas (temperaturas) nas fronteiras entre eles

A cada timestep, atualizacao da grade com esténcil 5 pontos
exige comunicacao MPI entre bordas subdominios vizinhos



Parte intensiva do codigo em questao

do j=2,by+1
do i=2,bx+1
anew(i,j)=1/2*(aold(i,j)+1/4*(aold(i-1,j)+aold(i+1,j)+aold(i,j-1)+aold(i,j+1)))
enddo
enddo

cpdef kernel(double[:,::1] anew, double[:,::1] aold, Py_ssize_t by, Py_ssize_t bx):
for i in range(1,bx+1):
for j in range(1,by+1):
anewli,jl=1/2*(aold[i,j]+1/4*(aold[i-1,j]+aold[i+1,j]+aold[i,j-1]+aold[i,j+1]))

aso de teste Esténcil

@njit
def kernel(anew, aold):
anew[1:-1,1:-1]=(
16/ 1/2*(aold[1:-1,1:-1]+1/4*(aold[2:,1:-1]+aold[:-2,1:-1]+ao0ld[1:-1,2:]+aold[1:-1,:-2])))
1OJ



Caso de teste FFT 3D

Caso de teste FFT

17165

Transformacao dominio espacial/temporal p/ dominio
frequéncia (transformada discreta de Fourier):

FT -> DFT (FT discreta) -> algoritmo Fast DFT (FFT)
FFTW (Fast FFT in the West)

FFTW p/ array multidimensional 3D (dado sintético)

Elementos array gerados por um esquema particular



Caso de teste FFT

Caso de teste FFT 3D

Array multimensional 576 x 576 x 576 (multiplo do
numero de processos MPI)

FFTs multidimensionais (composicao de FFTs 1D)

N3—1 Na—1 N;-1

—2mikgng —2mikgng —2wikin)
H(Al iiz Z Z Z h nl no, Hg N3 g 1

nyg=0 ne=0 n1=0

18/65




Caso de teste FFT
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Paralelizacao: FFT 3D (transposicao)
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Caso de teste Floresta Aleatoria

de teste Floresta Aleatodria
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N arvores de decisao treinadas independentemente
Testel/validacao - N resultados (médialvotacao)
Classificacao de orbitas de asterdides

Dataset com 100.000 asterdides JPL/NASA



Paralelizacao
trivial:

N arvores
mapeadas para
p processos
MPI/IPP/LOKY
(N/p arvores
cada processo)

de teste Floresta Aleatodria
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Paralelizacao

CoOOO0OO0OCOe® COOO0O0Ced

Decision Tree |

t

Result |

Dataset

l

#
0 O @ o
. Feet] g B

19|

Decision Tree 2

Y

Result 2

i

Majority Voung / Averaging

L
Final Result |

Sy

CO0O00Ce0 0

a e
o @ D

Decision Tree i

v

Result



22165

Resultados:
analise de
desempenho
sequencial e
paralelo



Ambiente (Santos Dumont LNCC)

N6 B710: 2x Xeon E5-2695v2 12-core

NO B715: 2x Xeon E5-2695v2 12-core + 2x Tesla K40
N6 Sequana X: 2x Xeon 6152 22-core + 4x Volta V100
GNU Fortran 7.4, GNU Fortran 8.3, OpenMPI 4.0.1, Intel

Fortran 19.0.3, Intel MPI, Python 3.6.12, Cython 0.29.20,
NumPy 1.18.1, Numba 0.41.0, e CUDA 10.1 e outros
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Resultados:

Difusao de calor 2D:
Estencil de 5 pontos
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Tempos de processamento [s] - nés B710

Numero de processos MPI

Seq. 1 4 9 16 36 49 64 381

193 219 73 6.2 47 21 19 12 1.7
189 236 75 6.2 46 21 16 13 1.0

aso de teste Esténcil

240 240 /5 63 47 22 1.7 13 21

305 305 82 63 59 32 27 18 21
212.4 227.2 64.7 448 33.5 15.2 104 7.8 6.7
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Speedup - nos B710

Numero de processos MPI

aso de teste Esténcil

Seq. 1 4 9 16 36 49 64 381
1.0 09 26 31 41 9.0 10.2 15.7 114
1.0 08 26 31 42 90 11.8 151 19.0
08 08 26 31 41 86 11.6 14.7 94
06 06 24 30 33 60 72 108 9.3
01 01 03 04 06 13 18 25 29
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Eficiéncia paralela - nés B710

Seq.

Numero de processos MPI

1

4 9 16 36 49 64

81

aso de teste Esténcil

1.00
1.02
0.80
0.63
0.09

0.88
0.82
0.80
0.63
0.08

0.66 0.35 0.26 0.25 0.21 0.24
0.65 0.35 0.26 0.25 0.24 0.24
0.65 0.34 0.26 0.24 0.24 0.23
0.59 0.34 0.21 0.17 0.15 0.1v
0.07 0.05 0.04 0.04 0.04 0.04

0.14
0.23
0.12
0.12
0.04
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aso de teste Esténcil
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Tempos de processamento [s] - n0s B710

Processing time (seconds)

30

25

20

15

10

—23-6

21.9

30.5

75
7-3

6.2
6.2

B Foo

6.3

4.7

16

B F2Py

59

36

Processes

Cython

1.6
1.9

49

1

B Numba

1.0
1.7

2

64 81

.1



Speedup - nos B710
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Eficiéncia paralela - nés B710

® Foo A FoPy Cython € Numba

0.8 |-

aso de teste Esténcil
Efficiency
@)
(@) ]
|

1 4 9 16 36 49 64 81
30[ 65 Processes



Comparacao tempos [s] Numba-GPU x F90

Numero de processos MPI

Implementacao Seq. 1 4 9 16 36

193 219 73 6.2 4.7

158 156 41 21 15 1.2

94 1048 272 11.7 79 43
495 152 69 6.7 91

Numba-GPU x F90
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Resultados:

FFT 3D




Tempos de processamento [s] - nés B710

Numero de processos MPI

Seq. 1 4 16 24 48 72 96

193 234 64 26 24 22 22 23
238 2/6 74 35 41 43 36 52

Caso de teste FFT

161.7 1748 449 111 775 123 105 8.7
109.0124.2 291 /79 7.7 10.2 106 8.6
48.6 50.0 133 52 43 13.0 115 9.0
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Speedup - nos B710

Numero de processos MPI

Caso de teste FFT

Seq. 1 4 16 24 48 72 96
1.0 08 3.0 73 82 87 86 83
08 0.7 26 55 4.7 45 54 3.7
01 01 04 17 26 16 18 2.2
02 02 07 24 25 19 18 23
04 04 15 3.7 45 15 1.7 21
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Eficiéncia paralela - nés B710

Seq.

Numero de processos MPI

1

4

16

24

48

72

96

Caso de teste FFT

1.00
0.81
0.12
0.18
0.40

0.82
0.70
0.11
0.16
0.39

0.75
0.65
0.11
0.17
0.36

0.46
0.34
0.11
0.15
0.23

0.34
0.20
0.11
0.10
0.19

0.18
0.09
0.03
0.04
0.03

0.12
0.07
0.03
0.03
0.02

0.09
0.04
0.02
0.02
0.02




Caso de teste FFT
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Tempos de processamento [s] - n6s B710

Processing time (seconds)

30
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27.6
234

124.2

50.0
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6.4
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13.3
13.0
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' 7.9

4.3
77
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Python [ Cython
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10.6

3.6
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72
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Caso de teste FFT
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Speedup

10

® Foo

Speedup - n6s B710

A ToPY !
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4 Cython

¥ Numba

= = Linear

16
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Caso de teste FFT
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Efficiency

0.75

0.5

0.25

Eficiencia paralela - n6s B710

® Foo A F2PY Python 4 Cython

¥ Numba

1 4 16 24 48 72
Processes

96



Comparacao tempos [s] CuPy x F90

Implementacao

Numero de processos MPI

GPU Seq. 1 4 16 24

CuPy x F90 - FFT

23.77 2341 6.48 2.73 2.48
12.74 14.85 4.06 1.37 0.96
38.16
19.62

39/65



Tempos [s] - otimizacao para NUMA

16 processos MPI

Implemen- B710 Seq-X
_ tacao None Bind None Bind
e 2.65 2.47 1.65 1.33
: 3.53 3.20 2.09 1.54
- 11.09 10.10 6.60 5.66
7.92 6.52 5.31 4.51
5.20 4.70 3.40 2.30

None (sem opcao):

40I%Opg;ao Binding:

P1 (12 cores) e P2 (4 cores)
P1( 8 cores) e P2 (8 cores)



Resultados:

Floresta Aleatoria
para classificacao de
Orbitas de asterodides




Tempos de processamento [s] - nés B710

Numero de processos

Seq. 1

4 16

24

48 72

96

de teste Floresta Aleatodria

25.7 28.6
25.0 33.6
29.5 65.6
137.7 138.9
135.1 141.7

149 11.1
16.6 13.0
25.7 15.3
45.3 20.8
48.3 23.0

11.0
13.8
15.4
19.1
19.2

12.0 13.9
15.7 15.5
17.7 15.6
14.6 14.6
17.1 17.5

14.5
16.7
16.9
16.0
18.0
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Speedup - nos B710

Numero de processos

de teste Floresta Aleatodria

Seq. 1 4 16 24 48 72 96
1.0 09 17 23 23 21 18 1.8
1.0 08 15 20 19 16 1.7 15
o9 04 10 1.7 17 14 16 1.5
02 02 06 12 13 18 18 1.6
02 02 O05 11 13 15 15 14
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Eficiéncia paralela - nés B710

Nimero de processos

Seq. 1 4 16 24 48 72 96

1.00 0.90 043 0.14 0.10 0.04 0.03 0.02
1.03 0.76 0.39 0.12 0.08 0.03 0.02 0.02

de teste Floresta Aleatodria

0.87 039 0.25 0.10 0.0/ 0.03 0.02 0.02
0.19 0.18 0.14 0.08 0.06 0.04 0.02 0.02
0.19 0.18 0.13 0.07 0.06 0.03 0.02 0.01
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Tempos de processamento [s] - n6s B710

40

35

30

25

20

15

Caso de teste Floresta Aleatoria

Processing time (seconds)
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—33.6
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Speedup - nos B710

3_

» @ Python : A Numba Cython 4 F9o & F2PY == Linear
= :
2
@
9
<
@©
0 o |—
@
e
L)
LL o
H
@
©
1 S
. | | | | | |

1 4 16 24 48 72 06
46/65 Processes



Eficiencia paralela - n6s B710

1 e
@® Python A Numba Cython & Fgo * F2PY
8
S
@
[
< 0.75 |—
8
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o
L)
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@ 3]
= &
_g £3
0.25 —
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Floresta aleatoéria
(Implementacao
alternativa)




Floresta aleatoria (implementacao alternativa)

Classificacao de orbitas de asterodides (Python),
biblioteca Scikit-learn, nés Sequana-X (2x 24-core)

IPP (IPython parallel): até 4 ndés, 192 processos

de teste Floresta Aleatodria

LOKY: Uinico no, até 48 processos

Implementacao extra feita apos entrega da dissertacao
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Floresta aleatoria (implementacao alternativa)

Implemen- Numero de processos

tacao Seq. 1 8 16 24 32 40 48 | 96 | 144 | 192

Tempos de processamento [s]

8.99 10.62 5.71 553 560 597 6.14 6.64 7.99 7.21 6.87
5.77 543 5.62 6.02 6.17
596 1.24 0.72 0.67 0.62 0.62 0.64

Speedup

1.00 0.85 1.57 162 160 151 146 135 1.12 1.25 1.31
1.56 1.66 1.60 1.49 1.46
1.51 7.26 12.56 13.51 14.47 14.50 14.12

Eficiéncia paralela

1.00 0.85 0.20 0.10 0.07 0.05 0.04 0.03 0.01 0.01 0.02
0.19 0.10 0.0/ 0.05 0.04
1.51 0.91 0.79 0.56 0.45 0.36 0.29
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Tempo processamento [Ss] X no. processos - hds Seq-X
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Speedup X no. processos - n0s Seq-X
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Eficiéncia paralela X no. processos - nés Seq-X

® 1PP
A PP Numa
LOKY
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e
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PROFILING:

Intel APS
(Application
Performance
Snhapshot)

e outras



Perfil (Intel APS) - Esténcil F90 - nés B710

NuUmero de processos MPI

Parametro Seq. 1 4 9 16 36 49 64 81
Elapsed Time [s] 22.6 23.3 9.1 7.9 7.5 5.0 4.8 54 5.7
3
N MPI Time [s] - 0.5 1.0 1.2 2.0 2.6 2.8 3.6 4.2
Lﬂ MPI Time [%] - 2.1 10.9 15.1 27.5 52.5 59.4 68.2 74.4
g’ MPL_Init [s] - 1.0 0.8 1.0 1.1 1.5 14 1.9 2.0
L—; MPI_Wait [s] - - 0.2 0.1 0.9 0.9 1.0 0.8 1.2
g MPI_Bcast [s] - - 0.0 0.0 0.0 0.2 0.3 0.8 0.8
MPI Imbalance [s] - - 0.1 0.0 0.7 0.9 1.0 1.2 1.6
DP [GFlops] 3.8 3.6 9.6 12.4 12.0 17.2 16.4 154 13.6
IPC Rate 15 1.3 1.0 0.6 0.9 1.3 15 1.5 1.7
Bound mem mem mem mem mem MPI MPI MPI MPI
Cache Stalls [%c] 13.0 14.4 23.8 32.2 26.9 16.2 16.3 12.6 10.2
DRAM Stalls [%c] 13.3 14.3 29.2 33.2 27.7 24.4 14.0 10.6 7.1
DRAM [GBIs] - 11.9 26.4 - 28.5 20.0 12.1 12.5 8.0
Mem Stalls [%ps] 29.3 31.9 44.7 67.3 52.9 36.2 26.1 21.7 14.0

55/65 Vectorization [%] 100.0 100.0 100.0 100.0 100.0 99.9 98.5 99.8 98.0




Esténcil F90: % métricas x processos MPI - n6s B710

Profiling Esténcil

Percentage (%)

56/65

80%

60%

40%

20%

== MPI % == Mem Stalls %ps IPC Rate % == == DP GFlops %
== == DRAM GB/s %

— -
-
=
i
=

Serial 1 4 9 16 30 49 64 81
Processes



Perfil (Intel APS) - FFT 3D F90 - n6s B710

Numero de processos MPI

Parametros Serial 1 4 16 24 48 72 96
Elapsed Time [s] 20.3 21.1 7.4 4.0 4.0 3.8 5.1 5.5
n
T MPI Time [s] - 0.5 1.5 1.7 2.1 2.5 3.7 4.1
.g’ MPI Time [%] - 2.4 20.9 41.9 52.2 68.3 78.7 77.3
% MPIL_Init [s] - 0.5 0.7 1.0 1.5 1.8 2.2 2.6
a MPI_Sendrecv [s] - - 0.8 0.6 0.4 0.3 0.5 0.3
MPI Imbalance [s] - - 0.1 0.3 0.2 0.4 1.2 1.1
DP [GFlops] 1.1 1.1 3.0 5.6 6.3 6.2 4.5 3.6
IPC Rate 1.4 1.4 1.3 1.1 1.1 1.3 1.6 1.5
Bound mem mem mem MPI MPI MPI MPI MPI
Cache Stalls [%c] 9.1 8.8 19.2 17.9 18.0 13.7 9.3 10.6
DRAM Stalls [%c] 32.2 29.2 16.0 21.0 21.5 12.3 5.7 4.9
DRAM [GBIs] - 1.6 6.9 15.5 16.5 8.8 4.6 2.8
Mem Stalls [%ps] 45.9 41.7 41.3 44.9 43.2 29.4 13.7 17.4

~Vectorization [% 5.3 5.5 5.3 5.4 7.8 5.0 31.0 18.4
57/65 [%]




FFT 3D F90: % métricas x processos MPI - n6s B710

80% —

= MPI% == Mem Stalls %ps IPC Rate % /\
== == DP GFlops % = == DRAM GB/s %

60%

40%

Profiling FFT

Percentage (%)

20%

0%

5 8 165 Processes



Esténcil F90(sem APS) & F2PY(com cProfiler) [s] - n6s B710

Numero de processos MPI

Implementacao Seq 1 4 9 16 36 49 64 381

F90

219 226 80 70 56 38 35 41 38
219 220 74 62 46 22 18 17 14

F2PY

225 210 68 53 40 34 42 45 4.7
219 204 62 46 33 27 35 3.7 38
219 200 58 40 23 14 18 16 1.7
219 204 62 46 33 27 35 3.7 38
223 209 6.7 51 38 32 38 43 45

ll pelo uso de Python - Esténcil

59/65



Esténcil F90 (sem APS) & F2PY (com cProfiler) - n6s B710

3 25—
c
‘% == Fgonolntel APS
L .
' == Fooinside F2PY
c 20 —
e - F2PY & cProfile tottime
S, g |
a S == cProfile cumtime
) b,
S o 15 == Fgo with Intel APS
8 a
% b
o E 10 |—
: g

o

[

5 —
H“____—:I_ e
0
Serial 1 4 J 16 36 49 64 a1

60/65 Processes



FFT 3D F90(sem APS) & F2PY(com cProfiler) [s] - n6s B710

Nimero de processos MPI

Implementacao Seq. 1 4 16 24 48 72 96

188 20.1 6.4 3.2 3.6 3.2 42 43
18.6 19.7 5.6 2.2 1.8 1.2 1.9 2.0

F2PY

204 209 6.8 4.1 4.3 41 48 54
198 203 6.2 3.4 3.5 34 39 46
198 199 538 2.4 2.0 1.6 1.9 20
198 203 6.2 3.4 3.5 34 39 46
202 20.7 6.7 3.9 4.1 39 45 52

bad pelo uso de Python - FFT
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2ad pelo uso de Python - FFT

FFT 3D F90 (sem APS) & F2PY (com cProfiler) - nés B710

Processing time (seconds)
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15

10

Foono Intel APS
Fgoinside F2PY

F2PY & cProfile tottime
cProfile cumtime

Foo with Intel APS

Frocesses



Consideracoes
Finais
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Consideracoes finais

Abordagens HPC/PAD comuns p/Python

3 casos de teste executados no Santos Dumont
Referéncias: versdes F90 sequencial & MPI
Versoes F2PY, Cython, Numba/GPU, Python
Comparacao versoes p/ métricas desempenho
Profiling (Intel APS e outros)

Trabalhos futuros



Obrigado!

Cadigo fonte: https://github.com/efurlanm/msc22

Contato: Eduardo Furlan Miranda. Programa de Pos Graduacao em
Computacao Aplicada (CAP) / INPE
E-mail: efurlanm@gmail.com

Orientador: Dr. Stephan Stephany. Coordenacéao de Pesquisa Aplicada
e Desenvolvimento Tecnhologico (COPDT) (CAP) / INPE
E-mail: stephan.stephany@inpe.br



