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Evaluation of MPI Optimization of C++ CFD Code
on the K computer
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In this study, a CFD open-source called OpenFOAM using C++ language in a large scale simulation has been
investigated. Its MPI platform and C++ templates has been discussed to clarify the problems and advantage
characteristics of a CFD code using C++. Some efforts have been made to reduce the execution time by adding the
C++ templates with specific data type to utilize the Tofu highly functional barrier communication of "K" computer.
A new data exchange method has also been proposed to minimize data transfers basing on the adjacent data
exchange form. It successes to reduce the communication buffer size and the communication time and improve the
performance of the entire application in massively parallel solution.
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int main(int arge, char *argv([])

{

OFHHE

Info<< " 3 " << endl;

while (runTime.loop())
{
Info<< " € " << runTime.timeName () << nl << endl;

fvVectorMatrix UEqn

( fvm: :ddt (U) @@@JE%H‘I&

+ fvm::div(phi, U)
+ turbulence->divDevReff (U)
)i

UEqn.relax() ;

if (momentumPredictor)

{

solve (UEqn == -fvc::grad(p));
}
0 loop
for (int corr=0; corr<nCorr; corr++)
{ JUAES
volScalarField rAU(1.0/UEqn.A()); @Jj:jj )J f‘ﬂii\:
volVectorField HbyA("HbyA", U);

HbyA = rAU*UEqn.H();
surfaceScalarField phiHbyA
(

(fvc::interpolate (HbyA) & mesh.Sf())
+ fvc::ddtPhiCorr (rAU, U, phi)
)i

adjustPhi (phiHbyA, U, p);
Non-orthogonal pressure corrector loop

for (int nonOrth=0; nonOrth<=nNonOrthCorr; nonOrth++)
{

Pressure corrector

fvScalarMatrix pEqn

(

fvm::laplacian(rAU, p) == fvc::div(phiHbya)
)i
PEQn.setReference (pRefCell, pRefValue);
if
(
corr == nCorr-
&& nonOrth == nNonOrthCorr

)
{
pEqn. solve (mesh.solver ("pFinal”));
}
else
{
pEqn.solve () ;
}

if (nonOrth == nNonOrthCorr)
{
phi = phiHbyA - pEqn.flux();
}
}

#include "continuityErrs.H"
U = HbyA - rAU*fvc::grad(p);

U.correctBoundaryConditions () ;

}

}

turbulence->correct () ;

runTime.write();

Info<< "ExecutionTime " << runTime.elapsedCpuTime() << " s"
<< " Cloc e = " << runTime.elapsedClockTime() << " ="
<< nl << endl;

}

Info<< " 1\n" << endl;

return 0;

Figure 1 OpenFOAM {RFEH) 2RV /L7 (pisoFOAM)
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Table 1 OpenFOAM DFEIKH T — & LB S DA 2L

REIR] 7 — & Ac AR B BEREAH 24 MPI BI%Kk

BT — & 1%} 138fE
UOPstream::write MPI_Send/ MPI_Isend

UIPtream::read MPI_Recv/ MPI_Irecv

BIRT — 5 3 EHBE
Pstream::gather" MPI_gather
Pstream::scatter” MPI_scatter

Pstream::exchange” MPI_Alltoall

reduce, returnReduce” MPI_Allreduce”

MPI 7Rt A X v & —VBEHE

1) MPI Send/Recv DY = T7/340 F Y > I —iif5

2) Pstream::gather/scatter” +UOQPstream: :write/UIPstream. :read
PstreamBuffer 2 7 X O finishedSends 547> 5 BECNHH L

3) 774/ | : Pstream::gather/scatter” DJE/HE
—F D 7 — % T MPI_Allreduce
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(1) fR¥rET L

KEa— ROMREREZ R D201, BRESTFICFH
ORETH 2 BIARES 2 HH Loy F~v—F T L%
R, T EEEIEE S 16m X1 3mX & & 2m TH 5.
*f5 21— R D Weak Scaling Z {25 7-®I2, —>D MPI 7
bt AR D HEK A 262,144 (=64 X64X64) L L
T, RIWFTSTr—A0ELFEM LI, 72d, K@wT
17— R 2~4 OFERE OIS T 5.

Table 2 fi#HTET /v

No S MPI | Tofu J#HE 13K
1 32X 6X4 768 | 4x6Xx4 2.013E+08
2 64X 6X4 1,536 | 8X6X%4 4.027E+08
3 64X12X4 3,072 | 8X12X4 8.053E+08
4 64X 12X 8 6,144 | 8x12x8 1.611E+09
5 128 X24 % 16 49,152 | 16X24X16 | 1.288E+10

(2)  REGIEAT > VoS & fRAT o1t

FEMT X OpenFOAM-2.2.x DFEAT Y /12N pisoFOAM % F
7. BlEfRiE TR E S C BICG i, E/E T CG EEZEM
L7z, F£7z, fHE7— R X o> TERIEDRBMEN R > T
BY, HXIREEPEELL D, 20, KEERICHED
W BIiCG koK% % 3 18], CG EOMERIE%E 100
ECHEE L. ZhEhE&EThsr—A2AD MPI 7 rt AIZE
JOHAERIIFCICRD. B, fITORID 10 AT v 7
DR R ZFMT 5. T 2 F— 23 V2SR EN -0,

(3) TEMEMERE & FHAI ik
figdrix () 2 Ea—H TiTotz. T 1%, 6 Kot A
w2,/ =T ARy NT—7 TR I LTZ Tofu A ¥
—ax s FNTHE /- FHEES, Zo6knThEzbh
T2 R % Tofu JEAE & LT, K& X 2X3X2 @ Tofu HALT
RSN T3 D K TlE, ZOHEMIZA DY THTHE
WAESEI L (2. £/2, 1 /J—FH/=Y SMPI 7k
A & L T4 Flat-MPI §5 & 30 L 7= (1 5 : 8cores/node) .
FKITFETRETHD. TFYr—3a OIERFHRD
MPI {H#EORIEICIE, T TEHINZFEMT e 7 7
ATV =N O%A Lz, 728, K TIEEIC MPLIFHRO
EHEEANT, 77V r— 3 OREE R L.
Table 3 EATEREE

Compiler Fujitsu C/C++ Version K-1.2.0-16
Build Option | C++ flag: -03 -Xg
MCA Execution option: ~ Default
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LTEBINTNDZ LRG0,

Table 5 OpenFOAM —# D FEAR T — & 1l

Vol i E=LUS Y CH+7— &
label B int

scalar FFE/ NS | double

vector 3 WoThES {double, double, double}
vector2D 2 WIThLS {double, double}

bool ptpie] —

a— R ik
STD it * OpenFOAM HZ #ERK
STD+iR - STD IR D FIH
+ Reduce 7> 7 L — kDB
« Tofu D&Y 7 @55 A
NEW fiii. | - STD+iROFI A

* PstreamBuffer 7 — % R HATERE D ZE &
< WIEPREX B (MPI::Send/Receive)

33 A—FORIRBRBLUSH
3.3.1 Tofu EHEE/ ) 7REHREDOHRE
a) FEhiHiE

OpenFOAM D7 — & B FHEHOR -y B/ N R B D> B BLA
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DT —Z FARTFERK 5 Th 5. MPIL_Allreduce HEREIZ AT 3
LHRERT —F M ONWTIE, BEhs T —28T &7
— & A~ — & —FHE BinaryOp @ reduce 7 > 7 L — b (X
5) L LTIThbhl 5.

OpenFOAM D5 — X ZZ#alL, TH1] @ Tofu Fi%EENY T
WEMELZERL DRV T UL — MEXTEESNT
W5, ZOWEET NI U X AL OpenFOAM DFFA 7Y =
TERIFIAAF IV —EFELE LTITORTWD 2 &3,
5 OFEME a2 — K (linearCommunication, treeCommunication
L) DOBAEINS.

Tofu mitRE Y 7 W{EHERE 2 R RIRICTEH T 272012,
WML Y — AR - SRR - il NS - RO,
EIFERE N Y TIEEHRRICEAS TS L o7 — 2 2R L7z
T 7 L— hEBEMLE. 6 IXFH KM% KD 5B/ MK
AL (scalar) DT 7L —bO—fITHD. ZD XD 7E
WIHESIZ LV allReduce BE% A U OB/ Mg —
@ 1 {#® MPI_Allreduce % FEH T 5.

b) R LB

#6121, 77— A 4(6,144MPI) % 55 & L T, OpenFOAM
DOEHERR (STD hR) &, Tofu mikfe NV 7 WIZHERE % &
WLUCTHIZ AT o7 L — FEBI LT STDHRO R % R~
. PREE L Allreduce, Send/Recv DR X 7= A1k,
Tofu mitRE/N U 7 1E OEH & RIRFATRHTH 5.

STD+iR® Allreduce FIELDIENN, Send/Recv EIEL DI
ERERTEZ S, 2T — 2B A b 728727 reduce 7
YT L— hOBINZ LY, OpenFOAM O—if D Send/Recv
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//src/OpenFonM/db/I0stream/Pstream/PstreamReduceCps. B/ /
template<class T, class BinaryQp>
woid reduce
(
T& Value,
const BinaryCp& bop,

const int tag = Pstream::msgType()

if (UPstream::nProcs() < UPstream::nProcsSimpleSum)
{
reduce (UPstream: : linearCommunication(), Values, bop, tag);:
}
else
{
reduce (UPstream: : treeCommunication (), Value, bop, tag);

}

XT: S h b7 —52
BinaryOp: #WXiLs 4~ 11— —JF#E
Figure 5 7 7 # /L b reduce 7 > 7" L — MEXL

|/ /src/openFORM/db/I0stream/Pstream/PstreanReduceOps. B/ /
roid reduce
(
scalar& Valus,
const maxOp<scalar>& bop,
const int tag = Pstream::msgType ()
D
//src/Pstream/UPstream.C//
void Foam::reducs (scalar& Valus, const maxOp<scalar®& bop, const int tag)
{

allReduce (Value, 1, MPI_DOUBLE, MPI_MAX, bop, tag);

}

Figure 6 {FB)/N AL reduce 7 > 7 L — k OB

Table 6 L dRFET (7 —2 4, 6,144MPI)

== [ STD Jifi STD+iR

FEOVH 372 814K

Allreduce AVG: 6,581 AVG: 6,641
MAX: 6,581 MAX: 6,641
MIN: 6,581 MIN: 6,641

Send AVG: 130 AVG: 8
MAX: 6,975 MAX: 6,182
MIN: 65 MIN: 4

Recv AVG: 130 AVG: 8
MAX: 6,975 MAX: 6,182
MIN: 65 MIN: 4

Tofu Barrier Communication

Allreduce | 6581 | 6.641

TN r—a v DEREITR

B | 324.58 | 319.90
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AIRRETNVICE S TEDEPREL LT D EBDND.

332 AT — A REBEORR LT OHE
a) FEhi7ik

OpenFOAM (3 F(Z UlPstream + UOPstream, Pstream,
PstreamBuffer ® 3 fiHD 7 7 2 %@ U CHIkHE OT — &
ZMAEATD (Hi23 7R 1 25H).

¥FlZ, 7 F A PstreamBuffer (3287 — Z ZZHuZ# A L,
Pstream::exchange B & AW CHEEIN TS, K 7137
— I RBOWIETH 5. Bk & kB S iz 2D
Fis 7 —7 v Tsizes] (YA RIEN?, N : MPI 7' =& 24%)

NH v, KT —7 /I LY Pstream::exchange %% & F\ T,

BTREAH L TT = 2Bk T oV —TEL 78> T
WD, BRZRIZ, TOT—FZWOFEITIET, MEEA~
DARTGFBIRT — & A X% F 972D Bed| T — 7 /v sizes IT4%
LT, combineReduce Pl U TR vt RIIT —#
A L7, fiEkA 5 2E L?‘:ﬁ?ﬁfﬁﬁ’ﬁ?*&ﬂ‘% =
WKLo TT— X HH, ZEEITIDEPITHET 5.

2D £ e T — X AZHITIEIL MPL Alltoall DI FEHE &
YT 57— 25k Thd (M8). 207 —4 RZH#Hik
AT RISk D 2 FE 25k 72 AL oA FE B AR fEIBE S D T
HIETED LHICFEEINTWD TR T — 2B Th 5.

L2, 2D BdSIT—7 L [sizes] 1Z N> (N:MPI &
2E) DY A RZHBIL TV DI, ZOT—T YA X
TERBIR 7 MPL 01272 5 L L <HINT 5 LHERIE N 5.
7o, NN 2RI a2 2B BEETHY, WD 2 F

Wl L ClBEREF bR T 5.

Lo L7Ze b, FIHFEM RN Y V& RET D,
B2, AT E LI/ LN pisoFOAM DIEEIC
DUWNT BRSBTS B S T/ NI R &35 5%
TN TR Y, BEBEREEGRIED b, HEEkHE T
PstreamBuffer DK T — & TG RE A AT 5 LB 720,

e~ T, RimTIL, 7 7 A PstreamBuffer % 7=
Pstream::exchange B O /=727 7L — b &Mz 5 Z
EIZXY, LER/NROBKET — 2 ZHIERE L Lz T A
PstreamBuffer %% L 7-. BARIICIZX 7 @ 2D EFlT —
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[ {src/CpenFOAM,/db/I0scream/Pstream/ PstreanBuffers.C//
template<class Container, class T>
void Pstream: :exchange
(
const List<Container>& sendBufs, // Send buffer data O (W)

List<Container>& recvBufs, e buffer data C(N)
2D Array of Send/Recv

buffer sizes O (H"2)

labelListListhk sizes,

ff Collective Communication using Pstream: :gather/scatter
combineReduce {(sizes, ..., ...}/

forall (sizes, procl) //~ procI=0,H-1
{
label nRecv = sizes[procI][...]:
if (... nRecwv > 0) f/f Do action if awailable

UIPstream::read(...):
¥
forall (sendBufs, procl) [/~ procI=0,N-1
i
/Send daca if available

if (... sendBufs[procI].size() > 0)

i
if(!'UCPstream: :write(...)){}

¥

Figure 7 7 7 A PstreamBuffer ? Pstream::exchange B4

7 T~

\/

(a) BIRT —2 M (B)  (b) BEET — 2 224 (NEW)
Figure 8 PstreamBuffer 7 — % ZZHEHED A 2 — VK

b) fER & B%

F9, FHEMT - AR ELET LR WVEEF2— RO
MERERFIEIZ DWW TR B .

X 9 1Z1%, STD+HERD 7 —A 23,4 (1,536MPI; 3,072MPI;
6,144MPI) Zxt5 & LT, 77U r—va r42iko MPI

BORERRT. 723, STD ML STDHR &[R4k 72 Rk
EREo TND7, 22 TIIEKT 5.

9(@)&L Y, STD+HTIE MPI 7' 1t X7V @ Probe,
Send/Recv, Isend/Irecv, Waitall, Allreduce BIZ/FEONH Sy
ZEEIE VTR S MPLEIZRAFE S, — B L 2> T 5.
—77, K 9Mb)h 5, Allreduce = Isend/Irecy D A v &— D
WY A RE—EETH D0, O S B O 720
Send/Recy D F-#JH A X%, 1,536mpi T 3.6E+6byte,
3,072mpi C 1.4E+07byte, 6,144mpi C 5.7E+07byte TH 5.
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T ONE A XAPNEFEAC R L TR Y, Az~ 7z
2D FeHI T —7 v Tsizes] DA X TdH5H N> (N: MPI 7 1
TR) IZHBFILTWD. Tk W BURO OpenFOAM 13 &
DRI FIGHRICE L TV W EE X 5.

B 9(c), (d)i% STDHRDZFLE D MPI fiv4s O K- 5%
Rf#] (MPI Elapsed time) & #FHREfE (MPI Wait) Th 5. #%
WEEE & R BRI & DZEMN S Allreduce D ALBREF[R 1355 &
RN Enymd. F£72, Allreduce D HIEN & Probe,
Waitall OFEERER]IE MPL BUZHEWEEIIL TW A, KEIZ,
Probe % B RET 13 Waitall #8168 FBFE <> Allreduce D FF B IRF[E &

HEARTZOBMABLARKE V. Zhb ORI OHEKITT 7
Vor—2arosEL B I oHm & 5.

728, Hi3.3.2 L9 7 F A PstreamBuffer |% 2D fid 57—
TV Tsizes] DT — & XA AT 5 WFlZ Pstream:gather/scatter
% 3@ U C MPI_Send/ MPI Recv BB Z O LT 5. F
7=, Y —A=2— K UlPread.C 7 7 A /L5, MPI Recv BI%%
%17 9 HilZ MPI_Probe B34 % 547 L, BRI 2RbAD
H, MPL Get_count TZAFT —F A4 XEBEHF L TZEN
v 77— ATV RMRETISEETES. Thbb,
Probe B HE 1% 2D BESI T — 7 v [sizes] DV A XD
B RIZE D OB ND.

WIT, X 10 1T NEW MOFERTH S, [ 10(a) L Y MPI
OO & 7=E%E0E STDHROFER R L THD. L
LA, STDHR D R A vt — VWA XD MRREN 721
kKﬁLTvamwfyﬁ~9%4fiﬁﬁbt(H
10b). Z Ui STD+ D PstreamBuffer 7 — % XM HE T

B8 MPI Vvt A&k HMHEEEFICK LT, NEW
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FE_THR L2, 2, STDHRICB W TIERICRE 72
A=Y A XD Send/Recv MTHNTEY, TDO%ET
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T< 5.

F7o, K12 1ITFNENOMEH 32— RO FEITRFELRE R
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