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BLAS, LAPACK
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LAPACK/DGESV
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SMP
/ SMP (Symmetric Multi-Processing)

Core cache
EEMEE B Gflops, X E 5% HIHGB/FY, BIF=0.5 V

**************** 10
< CPU I \ cache
Processor Core V 10
Coreds Hcache 10
\LEoreaE g \

Q)

o

>

®

Core cache
KB

= 4

) R
(

cache

\ S A %

MB

'SMP | SMP | SMP || SMP | SMP | SMP | GB
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Share(%)

SIVIE

¢jls
sor  Consigllaiions
695 600 605 610
Years
Top 500 list of Supercomputers

(http://www.top500.0rQ)

SIMD



SMP

SMP Oakforest PACS Oakbridge-CX
SMP 8,208 1,368
SMP 100Ghit/s 100Gbit/s
Processor 1 2
25.0 PFlops 4.8 PFlops
16GB (MCDRAM)
SMP 96GB (DDR4) 192GB (DDRA4)
490GB/sec~ (mcprawm
115.2GB/sec oora) 281.6 GB/sec
Processor Intel Xeon Phi™ 7250 | Intel Xeon Platinum 8280 TM
Core 68 28
Processor (Core) 44 .8 GFlops 86.4 GFlops
Core cache(L2) 512KB 25MB
cache(L3) 38.5MB
GB:Giga Byte , GB= Ghit

flops :



V Xcrypt

Cache

Cache



SP:TS/TP
T, T, P
S =P ideal
E,=S,/P3100 [%]

Saturation /‘;
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Ne T L g Oy
)

K
h
}
S, =K/(Ka/P+K(l- a))=1/(a/P+(l- a))
)
R D n
90

/( -0.9)=_0
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OpenMP

MPIl Message Passing Interface
HPF High Performance Fortran

Open MP
A

Open ACC
P hread (POSIX )

CILK
Java
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Y

A

Y

11



MPI

OpenMP

MPI-process

, SMP-core
OpenMP-Thread

OpenMP-Thread

MPI-process process
MPI-process Thread
SMP-core
1processithread( pure-MPl)  1process2thread 1processdthread
SMP SMP SMP
Thread | process Thread KI'hread \
> i process
| Thread |  process| Thread Thread
) . process
| Thread process| Thread Thread
) S process
Thread | process Thread \Thread /

12




API Application Programming Interface
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OpenMP

> >

To To o

A
A
A

A OpenMP¥%MPI || 4
A OpenMP

IN

Directive

TMel<

OTM
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SMP

OpenFOAM FrontFlow ppOpen APPL/BEM

Super-LU ScalLAPACK
SMP

Intel MKL SSL2 BLAS LAPACK
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ITC

_Science ] Modeling J Algorithm | Software | Hardware_

= =1 OpenACC+MPI
193" 2 JLFGPU
OpenFOAM OFPXix

TR . Mp'i’?

Hyperworks 1 \
OpenMP =-- GPUAFT

N f

MPIE##

X

S = D
2 7 Pe «-=Start

OpenFOAM

'
<




BLAS, LAPACK, ScalLAPACK(
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1. BLAS
http://www.netlib.org/blas/

2. LAPACK
http://www.netlib.org/lapack/

3. ScaLAPACK
http://www.netlib.org/scalapack/

Netlib
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BLAS % Hu
} BasicLinearAlgebralubprograms

API

BLAS
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BLASG ™

BLAS

BLAS
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BLASY 0L CES Mm@ n
1 BLAS

BLAS
BLAS
BLAS
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1 d L BLAS

Vb NXx+y

BLAS

- BLAS

22 i o
RRAKPIEREE LY —
INFORMATION TECHNOLOGY CENTER, THE UNIVERSITY OF TOKYQO



I d i BLAS

Yy T AX+I Yy
/ Tx=y T X

BLAS

BLAS
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I d

24

BLAS

Cw h AB+I C
BLAS

Oo(n®)

- =4 == ral ~
m RRAKPIEREE LY —
INFORMATION TECHNOLOGY CENTER, THE UNIVERSITY OF TOKYQO



BLASG £ | Oy
} XYYYY

YYYY
AXPY

GEMV:

GEMM:
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BLASL ES mJ
LEVEL1 BLAS

zrotg zdcal drotg drot drotm zdrot zswap
dswap  zdscal dscal zcopy dcopy zaxpy  daxpy
ddot zdotc  zdotu dznrm2 dnrm2 dasum izasum

idamax dzabsi

LEVEL2 BLAS

zgemv dgemv zgbmv dgbmv zhemv zhbmv zhpmv dsymv
dsomv  ztrmv  zgemv dgemv zgbmv dgemv zhemv zhbmv
zhpmv dsymv dsbmv dspmv ztrmv  dtrmv  ztbmv  ztpmv
dipmv  ztrsv dtrsv ztbsv dtbsv Ztpsv dger zgeru
zgerc zher zhpr zher2  zhpr2 dsyr dspr dsyr2
dspr2

LEVEL3 BLAS

zgemm [dgemm‘] zsymm dsymm zhemm zsyrk dsyrk zherk
zsyr2k  dsyr2k  zher2k  ztrmm  dtrmm  ztrsm dirsm
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8mtbz x| DGEMM /
} DGEMM
(TRANSA, TRANSB, M, N, K,ALPHA,A, LDA, B, LDB,
BETA, C, LDC)
C = alpha*op(A )*op( B ) + beta*C

op( X)=X op( X X = X0
}
TRANSA " CHARACTER*
TRANSA op(A)

TRANSA = 0'Nop(A)=A
TRANSA = 0 op(A)=A
TRANSA = ' C' or 'c¢', op( A ) =

TRANSB " CHARACTER*

TRANSB op(B)
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8mtbz x| DGEMM /

M - INTEGER
op(A) C
N - INTEGER
op(B) C
K - INTEGER
op(A) op(B)
ALPHA - DOUBLE PRECISION
ALPHA
A - DOUBLE PRECISION
A (LDA,ka) ka TRANSA = ONO «
Kk m
TRANSA = O6NO mrk 6no A

r
K m

28 — 3
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8mt bz E] DGEMM /

LDA - INTEGER
A TRANSA = ONmO LDA
max( ,m) LDA max( ,k)
B - DOUBLE PRECISION
B (LDB,kb) kb TRANSA = ONO
n K
TRANSA = O6NO lom O6nbo B
n k B
LDB - INTEGER
B TRANSA = ONmO LDA
max( ,k) LDB max( ,n)
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8mt bz E] DGEMM /

BETA - DOUBLE PRECISION
BETA

C - DOUBLE PRECISION

m n C BETA O
C C

m n
( alpha*op(A )*op( B ) + beta*C)

LDC - INTEGER
C LDC max( ,m)

30 e , -
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} BLAS
BLAS

BLAS

BLAS
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LAPACK % HU

} LinearAlgebraPACKage

T . T

P A C K

-A P -A C-K

BLAS P A -€ -K

P -A -C K

A -P-A C K

-A -P A C-K
Users’ Guide

I R T
|
o

Thind Cdkian
F Aoy 7.0 C Refer. SRakrer | Dot 1 Cengame
100 Ops e CramSapain D 100 ivvindeg A MO mp sl B 3o s

SO TWARE - CNVINOAMENTN - TOOLN

1 HP http://www.netlib.org/lapack/
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LAPACKg £ | Oy

] XYYZ/Z/Z
X
S: D C /
YY
BD: DI GB GE
HE: HP SY
e .
77
TRF: TRS CON
RFS TRI
EQU e
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LAPACKL s mJ

(od®, GO, 0z
bdsdcbdsqrdisnagbbrdgbcongbequgbequbgbrfsgbrfsxgbsvgbsvxgbsvxxgbtrf
gbtrsgebakgebalgebrdgecongeequgeequigeesgeesxgeevgeevxgehrdgejswgelqf
gelsgelsdgelsggelsygeqlfgeqp3geqpfgeqrfgeqrfpgerfsgerfsxgergfgesddgesvgesvd

jgesvxgesvxxgetrf getri getrsggbakggbabgesggesxggewggevxggglingghrdgglse
ggqrfggrgfggsvdygsvtcongtrfs gtsvgtsvxgttrf gttrs hgeqgznseinhseqropgtr opmtr
orgbr orghr orglg orgql orgqgr orgrg orgtr ormbr ormhr ormiq ormgl ormqgr ormrq
ormrz ormtr pbconpbequpbrfspbstfpbsvpbsvxpbtrf pbtrs pftrf pftri pftrs pocon
poequpoequbporfs porfsx posvposvxposvxxpotrf potri potrs ppconppequpprfs
ppsvppsvxpptrf pptri pptrs pstrf ptcon pteqr ptrfs ptsv ptsvxpttrf pttrs sbevsbevd
sbevxsbgstsbgvsbgvdsbgvxsbtrd sfrk spconspevspevdspevxspgstspgvspgvaspgvx
sprfsspsvspsvxsptrd sptrf sptri sptrs stebzstedcstegrsteinstemr steqr sterf stev
stevdstevr stevxsyconsyequbsyevsyevdsyevrsyevxsygstsygvsygvdsygvxsyrfs
syrfsxsysvsysvxsysvxxsytrd sytrf sytri sytrstbcon tbrfs tbtrs tfsmtftri tfttp tfttr
tgevctgexctgsentgsjatgsnatgsyltpcon tprfs tptri tptrs tpttf tpttr trcon trevc trexc
trrfs trsentrsnatrsyl trtri trtrs tritf trttp tzrzf
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8mtbz x| DGESV /

} DGESV
(N, NRHS, A, LDA, IPIVOT, B, LDB, INFO)
AX=B X

A*X=8B A N N X B N NRHS
LU A A=P*L*U
P L U
A A*X=B

N( )-INTEGER
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8mtbz x| DGESV /
NRHS ( ) 8INTEGER

B NRHS >=0
A ( ) d DOUBLE PRECISION, DIMENSION(:,:)
N N A
A L U =P**U
L
LDA ( ) O INTEGER
A LDA >= max(1,N)
IPIVOT ( ) DOUBLE PRECISION, DIMENSION(:)
A i IPIVOTY)
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8mtbz x| DGESV /

B ( ) d DOUBLE PRECISION, DIMENSION(:,:)
N NRHS B
INFO =0 N NRHS X
LDB ( ) INTEGER
B LDB >= max(1,N)

INFO ( ) INTEGER

=0:

<0: INFO =-i I-th

> 0: INFO =i U, 0

U
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LAPACK95 ( " g E)

} LAPACK Fortran95
LAPACK 77 90/95

Fortran90/95

+ HP http://www.netlib.org/lapack95/
LAPACK
call DGESVY{N, NRHS, A, LDA, IPIVOT, B, LDB, INFO)
LAPACK95
use f95 lapack
call LA_GESV (A,B) ( )
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A A4 a4

C 3 , LAPACKs ' A ¢
BLAS, LAPACK Fortran
DGEMM dgemm

ColomnMajor
=} 2% 4=l 28
. ‘. |
ColomnMajor Row Major
Fortran C
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CBLASUL CLAPACK( "~ g E)

+ CBLAS
BLAS C Interface
RowMajor, Column Major

BLAS
HP http://www.netlib.org/blas/# cblas
} CLAPACK
LAPACK C
f2c
Column Major

HP https://www.netlib.org/clapack/
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http://www.netlib.org/blas/#_cblas

st Oh 0 3
(BLAS/DGEMM)
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ymet gt Ofae g BLAS

}
}

BLAS OpenMP

#PJIM--omp thread=10
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s Al GO0 ¢ ( BLAS DGEMM)

MatMat-BLASOBCX.tar
matmatblas.bash

lecture tutorial
pjsub
lecture :
tutorial : 4+
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BLASDGEMM § Yy met 6+ O e g0

[Fortran B
1 $ cd /work/gto0/ £ XXXXX (XXXXX )
/l Work

}
$ cp /work/gt00/z30113/tut168/MavlatBLASOBCX.tar ./

$ tar xvf MatMatBLASOBCX.tar
$ cd MatMatBLAS
$ cd C/IC

$ cd F //Fortran
$ make
$ pjsubmatmatblas.bash

}
$ cat matmatblas.bash.oXXXXXHXXXXXX )

44 e
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BLASDGEMM § Yy met 6+ O e g0

}

N =9100

MatMat time = 190.748147 [sec.]
7901.214364 [MFLOPS]

OK!

45 s ik oo~
RRARFIEREE T Y —
INFORMATION TECHNOLOGY CENTER, THE UNIVERSITY OF TOKYO



BLASDGEMM § Yy met 6+ O e g0
Fortran

N = 9100
MatMat time[sec.] = 103.923363756388
MFLOPS = 14502.4366198134

OK!
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L ,

yvmet et Ofh e g
y #define N 91

} #define DEBUG

+ MyMatMat
N N
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Vd

Fortran gymet et Ohe g
] NN

matmatblas.inc

iInteger NN
parameter (NN=91 )
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double 1O, t1, t2f w;

lerr = MPI_Barrie(MPI_COMM_WORLD); <&
t1 = MPI_Wtim€));

lerr = MPI_Barrie(MPI_COMM_WORLD);
t2 = MPI_Wtim€));

t0 = 2 - 11,
lerr = MP1_ReducgtO, & w, 1,
MPI_DOUBLE,MPI_MAX, 0, /

MPI_COMM_WORLD):
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Fortran

double precision tO, t1, t2, w
double precision MPI_WTIME

call MPI_BARRIER(MPI_COMM_WORIié¢dy)
t1 = MPI_WTIMEierr)

call MPI_BARRIER(MPI_COMM_WORIié¢dy)
t2 = MPI_WTIMEierr)

t0=1t2-11

call MPI_REDUCE(tO,w,1, <€
& MPI_DOUBLE_PRECISION,
& MPI_MAX, 0, MPI_COMM_WORLIZErr)

50
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BCX BLAS

} BLAS (Intel MKL )

. BLAS (1
mpiifort -mkl < > F
mpiicc -mkl < >

. BLAS

mpiifort omkl =parallel -qopenmp < >

mpiicc dmkl =parallel -gopenmp< >
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BLAS

1. MyMatMat BLAS DEGMM
C matmatblas.c 100
Fortran matmatblas.f 110
DEGMM
C matmatblas.c 106
Fortran matmatblas.f 116
C
DGEMM
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ge mE

) BLAS3
C := alpha*op(A )*op( B ) + beta*C
A: M*K; B:K*N; C:M*N;

CALL DGEMM( ONOG, O NO , n, n .,
2 Y
A / alpha /ZrTbeta f 'T‘
B A c
M B
N A C
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2-2

54

BLAS

DGEMM

Makefile FLAGS=

matmatblas.bash
thread=1

- =4 == ral ~
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BLAS DGEMM !
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BLAS DGEMM W
C

double ALPHA, BETA;
char TEX[1] = {N'};

ALPHA=1.0;
BETA=1.0;

dgemm (& TEX,&TEX,&Nn,&n,&N,&ALPHA,
A, &n, B,&n, &BETA, C, &n);
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BLAS DGEMM W g
Fotran

double precision ALPHA,BETA

ALPHA=1.0d0

BETA=1.0d0

CALL DGEMMC('N','N', n, n,n,ALPHA,
& A,n,B,n,BETA, C,n)
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st Ol
(LAPACK)
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~S

K w

}
1 LAPACK/DGESV
C Fortran
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yvmet gt Ofseni Nt

} CG
test org.ftest _org.c

MicroAVS
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vmetl 6+ O e g
} ERR 10 10 10

} test_org.c test_org.f
CG
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vmel et Ohe go
L APACK/DGESV
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ymelt s+ Of 6§ LAPACK
}
}

} LAPACK
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lecLAPACKOBCX .tar
go.sh
lecture tutorial
pjsub
lecture :
tutorial :

65

(LAPACK dgesv)

4+
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LAPACK dgesvg y met 6+ O 6 g0
[Fortran B
v /work/gtO0/t00***

}
$ cp /work/gt00/z30113 /tut168 /lecLAPACGBBCX.tar ./
$ tar xvf lecLAPACKOBCX.tar
$ cd sphereLAPACK

$ cdC /IC

1 $ cd F //Fortran
$ make
$ pjsubgo.bash

}
$ catgo.bash.oXXXXXX(XXXXXX )
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LAPACK dgesvg y met 6+ O 6 g0

}

time = 0.0000001 [sec.]
13083407467.39 [MFLOPS]
990-2.272792e+00
991-2.276715e+00
992-2.288410e+00
993-2.307670e+00
994-2.334166e+00 FRR
995-2.367479e+00
996-2.407125e+00
997-2.452584e+00
998-2.503330e+00
999-2.558846e+00

err =6.274235e+02
67
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LAPACK dgesvg y met 6+ O 6 g0
Fortran

}

TIME[sec] = 6.05359673500061088

MFLOPS = 110/7/0575549.3297

991
992
993
994
995
996
997
998
999

1000 -2.558846E+00

ERR = 627.423511391423

68

-2.272792E+00
-2.276715E+00
-2.288410E+00
-2.307670E+00
-2.334166E+00
-2.367479E+00
-2.407125E+00
-2.452584E+00
-2.503330E+00

ERR
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OBCX  LAPACK

) LAPACK (Intel MKL )
Makefile

. LAPACK (1

mpiifort -mkl < > F

mpiicc -mkl < >

. LAPACK

mpiifort omkl =parallel -qopenmp < >

mpii.cc omkl =parallel -qgopenmp< >
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1.

LAPACK

test.c test.f

test.c:159 test.f: 114

LAPACKdgesv
ATAN, N,
C dgesv Fortran
dgesv_
ERR

70
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1 LAPACK dgesv '
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LAPCK dgesvg !

dgesv (&nn, &Inc, amat2, Bn,
piv, rhs, &n, &info);
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LAPCK dgesvg !
Fotran

call DGESV(N, INC,AMAT, N,
& PIV, RHS, N, INFO)
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