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What is OpenMP?

® The OpenMP ARB is the non-profit corporation that
owns the OpenMP brand, oversees the OpenMP

specification...
http://openmp.org/wp/, OpenMP3.1 (July, 2011)

® OpenMP is a specification for a set of compiler

directives, library routines, and environment variables

that can be used to specify shared memory parallelism

in Fortran and C/C++4 programs.

o HEXEVYRRICKITBILIER,
Saa IR, BRX, B#, RIFEMCHT S5
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Using OpenMP, by Barbara Chapman, 2007, MIT Press.

Parallel Programming in OpenMP (Paperback), by
Rohit Chandra, etc., 2000, Morgan Kaufmann.

Parallel Programming in C with MPI and OpenMP, by
Michael J. Quinn, 2003, McGraw Hill.

OpenMP AP ¥ILFI7 CPU BRI 7ATSI VY,
el ==, 2009, FHV AT L.

C/C++7097¥—Dfc&h®dD OpenMP W5NT7OT I,
BR BX, 2009, Ay NV AT L.

OpenMP L& BMHNTAOTF IV T EBIERREE, 48 4,
2006, ¥&E. (Fortran, 312 HP & D download A], ver.2.5)
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B c PRIXEVYI AT LA

o WM 27 L Df (KHD 1 CPU=1 core £EH XTI W)

interconnect / network

CPU

7

CPU

7

CPU

/s

memory

(a) distributed mem. sys.

memory

memory

memory

A,

(b) shared mem. sys.

interconnect / network

w4

memory

g

memory

(c¢) Distributed shared mem. sys.

® NUMA (non-uniform memory access) : network TX €V HfF
(77 e AREHE T 5 data locality ASHEE)
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> LD (D 1)

Opteron 8350 Barcelona Inter-Node Link Performance
Rpeak = 36.8GFlops » Aggregate BW = 5 or BGB/s

* MPI Performance
e I Ilad DDR o
- L | i Myrinet 10G
_ ., Transpor k Bundle

- Aggregate BW = 4GB/s
I I - RT latency < 8.5us

Per-Node Performance —fT] —
= Rpeak = 147GFlops E
= Memory :

= Aggregate BW = 42.6GB/s Q D

HX600 (Thin) in Kyoto Univ.
4 cores X 4 processors X 416 nodes
= 6,656 cores (61.2 TFLOPS)

® HURDIHI A7 4 (until 2012/3)

(C) SATORU USHIJIMA



RIEDI AT LDBI (£D2)

~

8GB DDR3-1600 x 8 \

— - — — =64GB ; 102.4GB/s
| 8GB DDR3-1600 x 8
f =64GB ; 102.4GB/s \

Interlagos 16C x 2 = 32C
320GFlops

Sandy Bridge 8Cx 2=16C
333GFlops

IB FDR IB FDR

(a) 5K Sys.A (32 Cores x 940 Nodes) 8B 6.8GB/
(b) 5K Sys.B (16 Cores x 601 Nodes)
® JUKDH T AT L (since 2012/5)
@ NIfEClI~vnFararruty 43 icfHbit T2 DT,
BUE D o BRI O EEGIE OpenMP CTRIHIZITZ 5
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RTEREMLIEFEDT L H

aTER PREAXETVIATL | EEAXAEVIATL
s 51 AL FE D 2 8 70Ot Ri5 AL v RitiFl
70723227V =) MPI OpenMP (+ MPI)

® TEHIXEVIRIETIE. MPILICLDBEEIVE
o HBEXAEVIEETIE. OpenMP I & BiF{bH ATEE
o HEXTEVEBIETIE. MPI ICXkBi5{LH BIRE

¢ FHHEEATEY (DSM) BiETIX. MPI & OpenMP %
HAHEDLENLT) Y REFIDEWRESTHH S

(C) SATORU USHIJIMA



MPI H OpenMP H? (AHD?)

o FIATE S EHBEIRIX?

e OpenMP T, EXRFHETAT S LD S

FHERE 7O S LANDEERZIHHE

o ETMABEPAHVIa<. §RBAA program H
A7ARTHICPED TN ! (MPITEE...)

o fiHIC (/NRIER) MINEHEZITSICIE, OpenMP

o KMBERIELFERZITSICIE, MPI

e MPI & OpenMP OMAZfATHLES I L
(hybrid ¥#51) & A 6E

(C) SATORU USHIJIMA
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OpenMP [C K BDMFNETHEICHERE D

e OpenMP [CKBHIERZ

1) YILFIA778€vY or
— OK

T5®HIC, FAHBEDL?

HEXEUIAT L

2) OpenMP {TE#RIC compliant 2 AV I 5
— OK (ElTN (& gfortran 4.2 or later)

3) OpenMP Ttk TEMMIEY —AT7OT 5 A
— BERETE program Z&5TODZEEI I OK

11
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OpenMP program D= Z AP

® serial code

program hello
write(*, *) ’hello’
end program hello

I FBERX (directives) PR (routines) Z AN S

® parallelized code

program hello

'$ use omp_lib ! declaration to use OMP module (F90)
1$ call omp_set_num_threads(3) ! OMP routine
I$0MP parallel ! directive

write(*, *) ’hello’
I$0MP end parallel ! directive
end program hello

(C) SATORU USHIJIMA
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compile EFRX

® compile EFIC option Z 175
il

gfortran -fopenmp source.f90 # gnu fortran (free)
ifort —-openmp source.f90 # Intel fortran

® I5R"X (directive) : !1SOMP TRESX
® ZMfHE compiling : {THEIC !1$HBBX

® Fortran Tl&, «“!” THRFESIETXII,
AXY M EULTEHRSEIND (FER compile DIFH)

(C) SATORU USHIJIMA
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parallel region & fork-join model

master thread

| $OVP par al | el >

| $OVP end parallel [»

f

thread
team

ST EIFZHRUIE (thread #1=1) & U T start

“thread team” ' “parallel directive” T (fork)
“thread team” ' “end parallel directive” THM (join)
%z fork-join model EWD

WHIETE I, “parallel region” ATiTHhN5

(C) SATORU USHIJIMA
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B (shared) Z# & private ZZIDF A5

program shared_private
'$ use omp_lib
integer :: is = -1, ip = 100

write(*, *) ’init val: is, ip = ’, is, ip

'$ call omp_set_num_threads(2) ! OpenMP routine

I$0MP parallel private(ip) | <- private clause (i)
'$ ip = omp_ get thread num() ! OpenMP routine
write(*, *) ’p-region: is, ip = ’, is, ip

$0MP end parallel

write(*, *) ’s-region: is, ip = ’, is, ip

end program shared_private

l

init val: is, ip = -1 100
p-region: is, ip = -1 0
p-region: is, ip = -1 1
s-region: is, ip = -1 100

(C) SATORU USHIJIMA
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EH (shared) ZE# & private THOMHE

e private Z#{ = accessible from only one thread

o XF (shared) ZZ = accessible from all threads

e default (& «4

Zop

(exceptions:

e fistprivate &Y lastprivate EiDFIFE

loop counter, etc.)

(C) SATORU USHIJIMA
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Parallel region & loop &&

master thread

N/

dave threads

program wsl
'$ use omp_lib
1$ call omp_set_num_threads(3)

I$0MP parallel | start parallel region
do 1 =1, 30
enddo

I$0MP end parallel ! end parallel region
end program wsl

(C) SATORU USHIJIMA
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Work sharing (do directive) (C XML

master thread

program ws2 N /

'$ use omp_lib slave threads

1$ call omp_set_num_threads(3)

I$0MP parallel | start parallel region
1$0MP do | <- work sharing
do i =1, 30
enddo
'$0MP end do | <- optional (FHEH])

I$0MP end parallel ! end parallel region
end program ws2

(C) SATORU USHIJIMA
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Work sharing X

® parallel region AT, AL v RHTS5EEZHIE
o loop BXIX, ZDET®D do loop IcDHB
(%E loop Tl&, 2 BFBUED loop FIEFHLEHiRLY)

e loop X TIlF, !'SOMP end do Ffcld enddo TRHEF
('SOMP end do HEEFICIF enddo THEFAD[FEER)

o FHAZEEPRU =W E E I, nowait BiZfEDS

® loop HDEREDAL v EADEIZICH schedule iz
FIET (eg. ZAFIHIERY MLOBDHELE)

e loop BXDfEIC, sections X, single B,
workshare X H b B

(C) SATORU USHIJIMA
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loop 83X & single X D{EFHHI

program loop
'$ use omp_lib
integer i, j, a(2, 2), n
1$ call omp_set_num_threads(2)
I$0MP parallel
I$0MP single

read(*, *) n | performed by single thread
!$0MP end single ! implied barrier
1$0MP do
do j =1, n I this loop is parallelized
doi=1, n I this is NOT parallelized
a(i, j) =1
enddo
enddo | implied barrier
!$0MP enddo ! <- this can be omitted (optional)
I$0MP end parallel
write(x, *x) a(:, :)

end program loop

(C) SATORU USHIJIMA
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reduction E& (G5IZKHBHEH)

iﬁfeger :: sum = 0, 1
1$ call omp_set_num_threads(2)
!$0MP parallel

1$0MP do
do i1 =1, 2

sum = sum + 1 ! wrong, data race occurs !!!
enddo

!$0MP end parallel

! “reduction clause(fi)” is needed to prevent data race

iédMP parallel
1$0MP do reduction(+ : sum) ! reduction clause

do i=1, 2
sum = sum + 1 ! OK, no data race occurs
enddo

!$0MP end parallel

(C) SATORU USHIJIMA
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reduction Bfi

e reduction(ARL—% : ZHBZV A )
, = *x Oftl, W<ODDHEDHHB

o ARL—HIE, +
o BHDEIZCH

o BEIEFEDZIL

\FHESIC, hrvT

Xt]]%

round-off error D=6, JERHHELZBIEZFTHD

(C) SATORU USHIJIMA
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thread JERE DRIHA & HlfE] (critical #§30)

sum = 0
!'$ call omp_set_num_threads(3)
!$0MP parallel private(i, psum) shared(sum)

! thread NOM psum Z K& 3%
psum = O
1$0MP do
do i =1, 100
psum = psum + 1
enddo

| 2RDF sum ZRKD B

1$0MP critical ! critical region TIIZ thread D3 EXGEHHA
sum = sum + psum
1$0MP end critical
!$0MP end parallel
write(*, *) ’sum = ’, sum
(C) SATORU USHIJIMA
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thread ERE DEHA & FiH (barrier FERX)

I$0MP parallel private(priv_info) shared(eps)

do itr = 1, nitr
| (2 2 CUUORGHESEDMTh I, R eps DNETE I L S)
if (eps < threshold) then ! FR7Z& L Z W HD K

'$ write(*, *) ’info = ’, priv_info
I$0MP barrier ! barrier firln X (IXRTDAL v KA
stop ’converged’ ! A Z{T>THh o1 T %)

endif

iébMP barrier ! barrier 8 X (IEFIEOFRIHZHLS)
enddo
!$0MP end parallel

(C) SATORU USHIJIMA
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[EHA & FlfZ TS F DDA E

e ordered X = BRFHEDIEFEE D DILIE
e master X = master thread DA HLIE% $HY

e atomic HRNX = B—ODmHXICH T B critical LLIE
o Z Ot

(C) SATORU USHIJIMA
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¥5 8 worksharing 183

| $OMP parallel ! Z#¢&

'$0MP do | I F L O TER
do i =1, 100

enddo

!$0MP end parallel

l

1$0MP parallel do ! EEDHTHVLAEHD
do i = 1, 100

enddo
!$0MP end parallel do ! AHgH]

26
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Data dependencies (7—% {K1FI¥)

flow of process
e— —- e— e—-

(RLLINERTNLEIEE
memory
(a) (b) (©) (d)

(a) 7O—&kFE, (b) RIKFH
(c) HAMKEFE, (d) KEFHELL

e data race EHEPNSD

(C) SATORU USHIJIMA
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T—IKFEDH S EEAH (7 A—IKEFHE)

doi=2,3
x(1i) = x(1) + x(1 - 1)
enddo

|
x(2) = x(2) + x(1) ' S1
x(3) = x(3) + x(2) ! 82

® ZDFXTRAMIETERL!

28
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F— SRR DS 2 BE (RIKFL)

doi=1,n-1"!nl¥3BE
a(i) = a(i) + a(i+1)
enddo

| dEFUE

!$0MP parallel do

doi=1, n -1
a2(i) = a(i+1)

enddo

!$0MP parallel do

doi=1, n -1
a(i) = a(i) + a2(i)
enddo

@ CDLKSIC, copy ZEF>THEL, EWSFEHLHBH...

(C) SATORU USHIJIMA
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T KFIEDH SERS (HLAOKFIE)

do i =2, n-1
d = f(i-1) + £(i+1)
fn(i) = £f(i) + 4d
enddo

e =dx*xdt ! RBICEZAEFN 4 20HHEE

!$0MP parallel do lastprivate(d)
do i =2, n-1
d = £(i-1) + f£(i+1)
fn(i) = £(i) + d
enddo
e = d * dt

(C) SATORU USHIJIMA
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Quiz

® [s it possible to parallelize the following codes
by simply putting do-directives ?

do 1 =1, n
z(i) = a * x(1) + y(i)
enddo

do i=2, n
y(i) = x(i) - x4 - 1)
enddo

doi=1, n
x(1) = a *x x(1) + y(i)
enddo

(C) SATORU USHIJIMA
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Quiz (2) : 179IXRY MNIVEIE

® y=Ax DitH
® [sit OK?

| $0MP parallel

enddo
I$0MP end parallel

32
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Ans. (2) : TR MIVEE

o reduction & DTH L5 NHID loop 13
LI v, KLk

(C) SATORU USHIJIMA
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7 — 4 I E B L THINEL & 5!

do j =2, n
do i =1, n
x(i, j) = x(, j) + x(d, j - 1) ! data race in j-dir.
enddo
enddo

l

!$0MP parallel
I$0MP do
do j =2, n
do 1i=1, n
x(i, j) = x(i, j) + x(E, j - 1) ! TIUIRRD 11
enddo

enddo
!$0MP end parallel

(C) SATORU USHIJIMA
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AR (ZD1)

do j =2, n
I$0MP parallel ! parallelize inner loop
I$0MP do
doi=1, n
x(i, j) = x(d, j) +x(1, j - D
enddo
1$0MP end parallel
enddo

® OK, TTD, 74—7 - aAfvyORMmD...

(C) SATORU USHIJIMA
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AR (€D 2)

!$0MP parallel

1$0MP do
doi=1, n | exchange i- and j-loops
do j =2, n
x(i, j) = x(d, j) + x({, j - 1)
enddo
enddo

!$0MP end parallel

o HEEL FHAD (XEY T v ADEL).

(C) SATORU USHIJIMA
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AR (ZD3)

is, ie DREIFZHFEFETEL

!$0MP parallel private(id) ! SPMD-like code
id = omp_get_thread_num() + 1
do j =2, n
do i = is(id), ie(id)
x(i, j) =x@, j) +x@GE, j - 1)
enddo

enddo
!$0MP end parallel

® ORI

(C) SATORU USHIJIMA
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OpenMP 7AYJ S5 LDES5KRDFa—=>9

e first touch (data locality)

e Xty aiia (false sharing) @D
o BF/INT >V ADIIE(L

e JO7 717 DFIFE

38

(C) SATORU USHIJIMA



IWFAETE 1  BHIEE or IKEAERDZES

® LT D AT
® b5\, GS, SOR L% EDFENEIRE (omg = MEFRE)

..=2

J , n -1
doi=2,n-1
rhs = 0.25d0 * (£(i-1, j ) + £(i+1, j ) &
FEGE L, -1+ £E, D)
£(i, j) = £(i, j) + omg * (rhs - £(i, j))
enddo
enddo

® 7T — VKD T, HEMENEE LA,
ZDFE F TSN TE 2\

® FHTHIRDOEZ R 2RI L TE I
OpenMP TSI A[HE (GS — Jacobi)

(C) SATORU USHIJIMA
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odd-even (red-black) &

® XM LiEEIR (BXREIRE T mEdifl)
!$0MP parallel private(rhs)
do itr = 1, nitr

'$0MP do
do j =2, n-1
doi=2+mod(j , 2, n-1, 2
rhs = 0.25d0 * (£(i-1, j ) + f£(i+1, j ) &

FEGE L, 1)+ £, j+1))
f(i, j) = £, j) + omg * (rhs - £(i, j))
enddo
enddo

$0MP do
do j =2, n-1
doi=2+ mod(j+1, 2), n - 1, 2
rhs = 0.26d0 * (£(i-1, j ) + f(i+1, j ) &
+ £(1 , j-1) + £(1 , j+1))
£(i, j) = £, j) + omg * (rhs - £(i, j))
enddo
enddo

(C) SATORU USHIJIMA
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odd-even (red-black) ;ED;ERFIE

® 2O0Dloop T, FELDIHR, BT DMEDNEICEIRE I 115
® % loop WDHEE DS OpenMP 12 & D Wi5{LI 15

1 2 3 45 j

1 0O
2 O
30
4 O
5 O
l

O @ 0 @

O

O ®0 e

O

O @0 @

OO O0OO0OO0O

® NRAETEINTILL, ZOHEZMH > TEPFEINSL DT,
FEBIIRFIE R REI N TR WK

41
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T—IRFHEZEE LU TPNREZRSHE

!$0MP parallel private(rhs)
do itr = 1, nitr

1$0MP do
do j =2, n-1
doi=2,n-1
rhs = 0.26d0 * (£(i-1, j ) + f£(i+1, j ) &

FEGE, o1 4 £E, §+1))
f(i, j) = £(i, j) + omg * (rhs - £(i, j))
enddo
enddo

® RPERIIKAEEZ PR\ 7o TR & 5 293,

et A 1 AR IC 72 5

(C) SATORU USHIJIMA
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OpenMP ZFIAT MR DH (sys.B)

20 T T T 2500
2000 |
15} —&—red-black
a —=—data-race
Q — 1500
(D]
2 10 £
GJ )
& 2 1000
. O
c —linear
i —&—red-black | T
——data-race >00 '\\
0 1 1 1 0 1 L —
0 5 10 15 20 0 5 10 15 20
thread number thread number
(a) RE—RF v 7 (b) EHEIRSRS

® %175 1,000 x 1,000, %A=L Z\WE 1.0 x 1071%, omg=1.5
® SERIFUIMFIETIZIFFE L (%9 170,000 [A])

(C) SATORU USHIJIMA
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odd-even EKFEZE R U ETERROLL

5
4l
L T —e
S 3t
o
(&)
ks
o 2T
©
b
0 1 1 [
0 5 10 15 20

thread number
® thread B bH 569, EELOFIHESEHTIE 4 1555 5

(C) SATORU USHIJIMA
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AR 2 :FEMICE ST 77 AFEANDEE

® 2 JuiHisiC BT 2 B S E

. 2 PP
V= St gy =0
6=¢p [onTo]. 22=u, [nly

(C) SATORU USHIJIMA
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sER L ERARINGETEGIE

o WA HMmAEE (FF—F vik). S KEL
® KEHIINT ZBURR (4, BHIM LB, Tp &)

i sz ] i Uz ]
[K]e ij o [B]e Uj =0
Ok | Ur |

® LIRZMINT 5 Ax = b 2 S BIEEIH SN D

® CG RfETHELRITHIRY LI Ax ORFEMRFIEITIE
s FHEZOBRAE EHLADLY 2 A 25 TEHE (CRS %)
* ARRDT, BERERX—ZATHEL, HiSOM (EBE i)
* A%ZRDT, BiRR—ATIHICEHRE L T (<

(C) SATORU USHIJIMA
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element-by-element i& (BERN—ADEEE)

® EBE IRIC X 2 HBER—ZADITHINT + IV Ax DRI

do ne = 1, nelm ! nelm IFEHEEH
dont =1, 3 | =ABEROZFHE[ICOSZ L=
nd = ind(ne, nt) ! HiLEZE S nd 7 S
s(nd) = s(nd) & l sIZAExDEZKNTERT ML
+ a(l, nt, ne) *x x(inode(1l, ne)) &
+ a(2, nt, ne) * x(inode(2, ne)) &
+ a(3, nt, ne) * x(inode(3, ne))
enddo
enddo

ek~ bV 7 ADBAE, CG ERDEE & flAGHE THIH
TEAEY AT L +MPL TN 5E503H 5

HEH X €Y (OpenMP) TlE T —ZKEFIED T D,

A X ZfAL CUFbd 5 2 LIFTE R

(C) SATORU USHIJIMA
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L 4

Eﬁiﬁ59"§"';(11)ﬂﬁg

~

% & OpenMP I K %iE514E

® iDL — 7% OpenMP IZ X Di4{L L T Az Z 55

I$0MP parallel private(ne, nt, ni) ! /%7 L URESCHAMA
$0MP do
do nd = 1, node_cmp ! node_cmp IZFIEEXNR & 7% 5 fRHT AL
ni = inode_cmp(nd) ! FFENR L L 2HiAES ni 2 S
s(ni) = 0.0dO
do i = 1, elm_no(ni) 'elm_no(nd) IIHIM nd Z &R
ne = elm_id(i, ni) 'EEFE T ne S
nt = elm_tr(i, ni) !'=AEDOHNOFF nt(=1-3) s
s(ni) = s(ni) & Isl3A & xDEZIENT AT P
+ a(l, nt, ne) * x(inode(1l, ne)) &
+ a(2, nt, ne) * x(inode(2, ne)) &
+ a(3, nt, ne) * x(inode(3, ne))
enddo
enddo

(C) SATORU USHIJIMA
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OpenMP+ fiiR—X FEM DEHEHI

35 T T T T T T 20 1 1 I
20 system-A (39,997 nodes) system-B (39,997 nodes)
ot | 15}
g 20} =3
b D 10
S 15 3
(V5] w
10 L
0 s |
5L
o 1 1 1 1 1 1 O 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20
thread number thread number

(a) system A (Cray compiler) (b) system B (Intel compiler)

® LML CG iz MH
o LElDHITIREI KRB D7 (K4 THHiR)

(C) SATORU USHIJIMA
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ISAETE 3 : OpenMP Ic &% DFT DEHE

® [tk 7 — ) 21 (DFT: discrete Fourier transform)

1 ke 1 N N
=y ae ™ = S Y ey (k=g 5 )
§=0 §=0
N (ZPEEA - EFFEN A 2 E b H B
® DFT iz
aj= Y ae’™ = ) wyva  (j=0, ,N-1)
k=— I —_ N

® THIRT FIVEE Ax (N2 MDD 12HHY

(C) SATORU USHIJIMA
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thread 8lic & 5 DFT BE D EF

@ T—FHNDBALY FELP DIGFEITH 256 % WR
@ MDD LI ICHIKFIHSDET—4% PO I INV—7123F 5

mod(k,P)=0 : k=0, P, ---, N—P
mod(k,P)=r : k=r, P+r, ---, N—P+r
mod(k,P)=P -1 : k=P—1,2P -1, ---, N—1

@ X N—TDT—FHIZN/P
PO ITNVN—T7DHEEZ PHEOAL v FIZZNFNEH D YBT3

(C) SATORU USHIJIMA
51



thread [CEID YT S EHE
oImT®~&m&ﬁ%Ak

Ak—ZWNCLJ (k=0,---,N—1)

0Ch%uT@iﬁCﬁ?(’:QWVMT—Lr:Q~WP—D

N-1
o o (Pk: -|-7“)] rj
Ak—Apk/_Ha— E E wN/PwNaJ
7=0
N/P—-1 P—1 N/P—-1
_ _ kg —
- E : wN/P{wN E wp" aj—l—mN/P} = E , wN/P
7=0 m=0

®r=0---.P—-1D7— &%%XV/F &= AT,
-%xv/b FHMSDF—2 Iz LT FFT 2479

(C) SATORU USHIJIMA
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1 ’RJT Burgers HIET

e | XJL Burgers itz u(z,t)
Ju  Ou 0u

+Uu— =1v——. v = const. > 0

ot Ox Ox?’
o M - BEH SRt
0<ax<2m, t>0
uw(z,0) =sinz  (FIHASEH)
RIS S S

o Cole-Hopf Z#2IC X h Hawme g o 5
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DFT ZFIA9 5zl & &RE
o JTUHZ u(x,t) &<

¥

u(x,t) = Z;Z_ﬂ&m(t) emr = REEHA

2

® Burgers JFEZUINAT % &, J&7 R(x,t) &

N-1 ~ 2 2
dum imx ~ ~  jx(r+s)
R(x,t) = g — "™ 4 E g irt, g €
dt
2 2 2
N
Ny
yy E : mQ,&m el
m=—=%
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B AT EREE
LARE e ZAIH L T, XD D 2D K 5 ITH

—
—J
fla— —

zRD %

21
/ R(z,t) e dx = 0
0

o 73 R(x,t) % FRICRA L TRAZE 2

|
duk 9
+ i, + vk‘ur = 0
At ZN ko
7"8_—7
r+s=k

Hg—k)z dr = 2775j—k,0- )

(AR, [ e
(C) SATORU USHILIIMA
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B AIENORERIL

e i Runge-Kutta FE25H > 5 315 23,
Z 2 TIEfHHIZ Euler explicit % FJH

= (1 — vk*At)ay — CPAt
(' = 2nd term on LHS.

® U, = iril,, W, =1, £BL &,
IFREIEIIR DD ITEDOM E 72 5 (N? [FOFER) -

N
N1

N N

N
r,S—— 5

r+s==k
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O, DIHEMBEHE (1)

22, j=0,---,N—1
® vw; IZDFT %179 &

N _ 1 N _ 1
1 N—1 —ikx; \ \
2 = — E ViWie T = E VW + E Vr Wy
N &~j=0 7
’rs——7 rs———
r+s=~k r+s=k+N

due to Z Y le™i = N (k=0,£N,42N,---), 0 (otherwise).
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O DIHEMBEHE (2)

@ HiR—YDRHS# 1 THIZ C, ITHE T 5D T,

N
L

Cr = Zr — g Vr Wy

_ N
r,S$—=—— 5

r+s=k+N

® 2, «— order of N multiplications and DFT
o [ ®D RHS % 213 aliasing error HH & Vb il 5
® Pseudo-spectral method (neglecting 2nd term)
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AR MNIVED outline

® In summary, in a spectral method,
- Initial cond. : DFT for u to u
- Unsteady comp. in W.N.S.
1) IDFT for v, and w,
2) DFT for v;w;
3) time integration for u; (EE, RK etc.)
* Final procedure : IDFT for u to u
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MK System B OFEIVIN1 S

a4 7 | a<wYF | OpenMP | MPI

Intel 12.1 ifort -openmp | NI
PGI 12.3 pgf9s -mp FEXRF T

GNU 4.4.6 | gfortran | -fopenmp | FEXTIG

® system B IZ login L 7K 5T Intel, GNU (I FH ] HE

e PGI 2 %A J fIHHTIC module % load § 2 HEF D
% module load pgi

e MPI ZfifH 3T 2&1%. Intel 2 %4 5 D AF|FHulEE
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OpenMP+ BIFE FFT (system B)

20 T T T 1x10° . : :
SMP system B , SPM system B
15 L 8x10 " }
o % 6x10% L —8—|ntel
© —&—gnu
3 10 E . —a— PG
7 E 4X10° k
—linear O
5 L —&—|ntel - 4
+gnu 2X10° }
—&— PGl
—n
0 1 1 1 0 1 1 11
0 5 10 15 20 0 5 10 15 20
thread number thread number
(a) speedup (b) CPU time

® A7 VKT X % 1D-Burgers TR DEFE (6,400,000 #%1-)

® intel compiler 23&# (ifort -openmp -fast)

(C) SATORU USHIJIMA
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9_H_

&

o OpenMP L0, HHXEY system [T,
B ETHEL program % i HLIC WA L A]EE

e programming IFFIZ X, T — ZIKFIEITIHER

o KA mHEE 217 ) 54 1CiE MPI DY
better 7223, MPI+OpenMP &9 FH H 5
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RAATEEFDOHT—EX (2012/8/31 FHtID)

L 8GB DDR3-1600 x 8
=64GB ; 102.4GB/s

Gemini 9.3GB/s

Interlagos 16C x 2 = 32C 4,ﬁ?:-‘.rB[5
320GFlops

9.3GB/s
9.3GB/s

(a) Sys.A (32 Cores x 940 Nodes)

63

IB FDR

\6.8GB/s

8GB DDR3-1600 x 8 \
= 64GB ; 102.4GB/s

Sandy Bridge 8Cx 2 =16C

333GFlops I
IB FDR
6.8GB!/

(b) Sys.B (16 Cores x 601 Nodes)
1) JI—71—ADEMSEE (sys. A, B and C)
2) BFMMREXIR - TAJT S LREL - KRS EXIE

3) RN AREFEY—ERX (REAEEDFZHWRIC
HNRABEEOFHEZ Y 57—\ HEEh)
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