OpenMPIZ&5<I/)LFO7 -
A=A4ATWHTOAT 32T A
Fortran#
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OpenMPilfi 514k

 L2-s0lZ#OpenMPIZ&->Tii 5L 9 %,
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A, AR LR DH
FHAA Y 2

57/58/59/60|61/62/63/64
49|50(5152|53(54|55/56
41142|43/44/45/4647\48
33/34(35/36|37|38|39/40
2526|27/28|29|30|31|32
17/18|19|20]2122/23|24
9110{11{12{13[14/15/16
112/3/4/5/6|7]|8
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46, ALy D
FHEAA Y 2

57/58/59/60/61/62/63/64
49/5051/52/53|54/55/56
41/42/43/44/45/46/47]48
33(34/35|36/37(38/39/40
2526/27|28/29(3031[32
17/18/19|20[21(22/23|24
9/10111]12[13[14/15/16
1(2/3]4]5/6|7]8
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46, ALy D
BEDIEIZE ST+

45/61/46/62/47/63/48|64
13|29/14/30/15|31{1632
41|57|42/5843|59/44 60
9 125(1026/11|27|1228
37|53|38|54/39/55/40/56
512116 22| 7 23| 8 |24
33/49/34/50/35/51/36|52
1117/2]18/3 (194 20
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At AR L yK D5l
EICEDERIIIHRIL: {5 FTE I EE
BHEIEIZRALYFIZEIYETS
4561|46/62|47/63/48 64
13J29[14]30]15]31]16[32
41/57142/5843/59/44/60
9 [25[10]26]11]27{12]28
37/53/38/54/39/5540/56
5 [21[6]22] 7 |23] 8 |24
33/49/34/50/35/51/36/52
thread #0 20

thread #3

thread #2

thread #1
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How to Run

>$ cd /work/gt00/t00XXX

>$ cp /work/gt00/z30088/ompf.tar
>$ tar xvf ompf.tar

>$ cd ompf
>S 1s
run src src0 reorderO

>$ cd src

>$ module load f£f3j

>SS make

>$ cd ../run

>S 1ls L3-sol
L3-sol

<modify “INPUT.DAT"”>
<modify “gol.sh”>

>$ pjsub gol.sh



OMP-3

Files on Odyssey

* Location
— <$0-L3>: /work/gt00/t00XXX/ompc
— <50-L3>/src, <$O0-L3>/run

« Compile & Run
— Source Code
e cd <SO-L3>/src
* make
e <$0-1.3>/run/L3-sol execution file

— Control Data
e <SO-L3>/run/INPUT.DAT

— Shell Script
e <SO-L3>/run/gol.sh
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005 LNDEST

)

L3-sol
R7IFRERK
J)LiN—

}

INPUT.DAT
HEI77AIL

J

—

G3L, EBELGI7AILE

—
— 3

test.inp
BRI7AIL

(ParaView)
k/
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#H1EHT—42 (INPUT.DAT)

128 128 128 NX/NY/NZ
1.00e—00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
24 PEsmpTOT
100 NCOLORt ot
I ) N
NX, NY, NZ I BT DB SR
DX, DY, DZ (g B F2 FHEBZDOILDOE S (AX, AY, AZ)
EPSICCG 5 K BE 5240 I AR EAE
PESmpTOT LS T—2nEE (ALY N
NCOLORt ot FHN Ordering it & A
=2 : MC¥E (multicolor) , ik
=0 : CME (Cuthill-Mckee)
=—1 : RCM{: (Reverse Cuthill-Mckee)
<-2 : CM-RCM{E




« Scheduling + Shell Script

10

Job Script: gol.sh

e /work/gt00/t00XXX/ompc/run/gol.sh

#!/bin/sh
#PJM -N “gol”

#PJIM
#PJM
#PJIM
#PJIM
#PJIM
#PJIM
#PJIM
#PJM

—-L rscgrp=tutorial-o

-L

node=1

——omp thread=12

-L
—g

elapse=00:15:00
gt00

err
testl.1lst

module load £

export OMP_NUM_ THREADS=12

Job Name (not required)

Name of Queue (Resource Group)
Node # (=1)

Thread # (= PEsmpTOT)

Elapsed Computation Time
Group Name (Wallet)

Standard Error
Standard Output

Thread # (——omp thread=XX)

export XOS_MMM_1I_PAGING_POLICY=demand:demand:demand

numactl ./L3-sol
—-C 12-23 —m 4 ./L3-sol

numactl



* L2-solI~MDOpenMP M X3
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L2-sollZOpenMP% i F

¢ ICCGYILIN—DEREZEET AL

« N%E, DAXPY, 17HIRNTK)LEE
— 3B ET—RTFMEL = straightforward?i & F A &
e FILIE(EERTEEOLRET—0E, FiEERERLA)
- RILERIZEFEEL > BATIEAS|{EATEE
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E(XZDELS5IZLTDirective®
EE#EALTHERLNDEZHA - (1/2)

I$omp parallel do private(i, VAL, k)
doi=1 N
VAL= D(i)*W(i, P)
do k= indexL (i—-1)+1, indexL (i)
VAL= VAL + AL (k)*W(itemL (k), P)
enddo
do k= indexU(i—-1)+1, indexU(i)
VAL= VAL + AU(k)*W(itemU k), P)
enddo
W(i, Q)= VAL
enddo
I$omp end parallel do

e ALYFEZTOTSLTHIEITEAEIIICLTHES
e GPU, A=Z4Oa7 TIEZOEFL£FOANBRWNGZEELH S

VA



E(ZZD ESIZLTDirective®

BEIEEALTERLIND A - (2/2)

do icol= 1, NCOLORtot
I$omp parallel do private (i, VAL, k)
do i= COLORindex (icol-1)+1, COLORindex (icol)
VAL= D (i)
do k= indexL (i—-1)+1, indexL (i)
VAL= VAL - (AL (k)**2) * DD (itemL (k))

enddo
DD(i)= 1.d0/VAL
enddo
I$omp end parallel do
enddo

« ALYFHZET O S LTHIEITESELIITLTHSED
* GPU, A=/a7 TIRIDFFDANRNEGEELH D




ICCGEMD i 514k : OpenMP

« N$E:0K
« DAXPY:0OK
o ITHINRYKILEE:OK

» HIMLEE
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OS5 LD

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

implicit REAL*8 (A-H, 0-2)
real (kind=8), dimension(:), allocatable :: WK

call INPUT

call POINTER_INIT

cal| BOUNDARY_CELL
call CELL_METRIGS

call POI_GEN

PHI= 0.d0

call solve ICCG_mc
& ( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D,
& BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,

& SMPindex, SMPindexG, EPSICCG, ITR, IER)

al locate (WK (ICELTOT))
do icO= 1, ICELTOT
icel= NEWtoOLD (ic0)

WK Cice)= PHI (ic0) HBER(PHDZHLEDES
eneee Izt ET

do icel= 1, ICELTOT
PHI (icel)= WK (icel)

enddo

cal | OUTUCD

stop
end

Qo o o

16
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module STRUCT

module STRUCT BEHEH (NXXNY XNZ)
l:lselozlp_Jib o .
include 'precision. inc N
IC Vaxi - =T
1C-— METRICs & FLUX B RN
integer (kind=kint) :: ICELTOT, ICELTOTp, N
integer (kind=kint) :: NX, NY, NZ, NXP1, NYP1, NZP1, IBNODTOT
integer (kind=kint) :: NXc, NYe, NZc NX,NY, NZ
real (kind=kreal) :: & XrYy Zﬁﬁ%?é&
& DX, DY, DZ, XAREA, YAREA, ZAREA, RDX, RDY, RDZ, &
& RDX2, RDY2, RDZ2, R2DX, R2DY, R2DZ
real (kind=kreal), dimension(:), allocatable :: & NXP]"NYP];,'FNZ‘?]'
&  VOLCEL, VOLNOD, RVC, RVN x,v, zRENRE
integer (kind=kint), dimension(:, :), allocatable :: &
& XYZ, NEIBcel | IBNODTOT
1C
IC— BOUNDARYs NXP1 XNYP1
integer (kind=kint) :: ZmaxCELtot
integer (kind=kint), dimension(:), allocatable :: BC_INDEX, BC_NOD
integer (kind=kint), dimension(:), allocatable :: ZmaxCEL XYZ (ICELTOT, 3)
Ic BXREE
IC— WORK
integer (kind=kint), dimension(:, :), allocatable :: IWKX NEIBcell (ICELTOT, 6)
real (kind=kreal), dimension(:, :), allocatable :: FCV Bﬁ*ﬁg%
integer (kind=kint) :: PEsmpTOT
end module STRUCT PEsmpTOT

ALw FE
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module PCG (Z CedD
odule —
module PCG
integer, parameter :: N2= 256
integer :: NUmax, NLmax, NCOLORtot, NCOLORKk, NU, NL
integer :: NPL, NPU
integer :: METHOD, ORDER_METHOD
real (kind=8) :: EPSICCG
real (kind=8), dimension(:), allocatable :: D, PHI, BFORCE
real (kind=8), dimension(:), allocatable :: AL, AU
integer, dimension(:), allocatable :: INL, INU, COLORindex
integer, dimension(:), allocatable :: SMPindex, SMPindexG
integer, dimension(:), allocatable :: OLDtoNEW, NEWtoOLD
integer, dimension(:, :), allocatable :: IAL, IAU
integer, dimension(:), allocatable :: indexL, itemL
integer, dimension(:), allocatable :: indexU, itemU
end module PCG
NCOLORtot B

COLORindex (0:NCOLORtot)

SMPindex (0:NCOLORtot#PEsmpTOT) X L v FKAEEH| (k)
SMPindexG (0:PEsmpTOT)

OLDtoNEW, NEWtoOLD

BRIZEFNDIEZRHDAVTVIR
(COLORindex (icol)—COLORindex (icol-1))

ColoringBIZEMERHBSRER

I

\

(i

41

1

)

18
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ZEFE(1/2)
=~

IR C R B

D (N) R | XA, (N:EAV a8

BFORCE (N) R | HiORIKRIL

PHI (N) R | RENEARIERIL

indexL(0:N) | I | BITDIIEFT=AMDH(CRS)
indexU(0:N) | I | BITODIEZTL=Ap» % (CRS)

NPL I |EFT=AMTHE(CRS)

NPU I |EFL=AD#E(CrS)
itemL(NPL) | I |EFT=A/MS (FIFS) (CRS)
itemu(NPU) | I |EFT=A/MS (FIFS) (CRS)

AL (NPL) R | EFT=AMD (RE0 (CRS)

AU (NPL) R | SEF E=AM7 (RE0 (CRS)

NL, NU I | BITOEFLET=ZATDHEKRE (Z ZTIL6)
INL (N) I | BITOEFTT=ZARSTE

INU (N) I | BITDESLE=AEITHE

IAL (NL, N) I | FITDOEFT=ZAMAITHICT HIBE=S
IAU (NU, N) I | FITDOEFLEEZHABAITHICT B

19
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IR *& =
T (2/2)
ECAl -4 pis, N =B
NCOLORtot I | ANERICIXOrderingRyE (=2 : MC, =0 :
CM, =—1 : RCM, 2= : CMRCM) ,
78 S It s 1//\/@5(73»7\6
COLORindex (0 : NCOLORtot) I |0, LLIZEENDAHELRED
— R oo EHMERC A,
COLORindex (icol-1)+175
COLORindex (icol) £ COEHENicol®E
Hof (LUL) IZgFEn5,
NEWt oOLD (N) I |HEs=IHEF~DOSEES]
OLDt oNEW (N) I |IHEEF=>HEF~DOSHEY
PEsmpTOT I | XLy NI
SMPindex I | XLy NAMMBES] (F—F#IKEFEERD 5
(0 : NCOLORtot *PEsmpTOT) JL—FIAER)
: . I| XLy KAMBES (77— FIKFENEN
SMPindexG (0 : PEsmpTOT) — A )

20



OMP-3

JO9 5 LD

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

implicit REAL*8 (A-H, 0-2)
real (kind=8), dimension(:), allocatable :: WK

call INPUT

cal| POINTER_INIT

cal | BOUNDARY_CELL
cal| CELL_METRIGS

call POI_GEN

PHI= 0.d0

call solve_ICCG_mc

& ( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D,
& BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,

& SMPindex, SMPindexG, EPSICCG, ITR, IER)

Ak

21
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iInput
[IPNUT.DAT D&%

IC

| Cksksk

Gkkx [NPUT

| Cokskok

IC

:8 INPUT CONTROL DATA
subroutine INPUT
use STRUCT
use PCG

implicit REAL*8 (A-H, 0-2)
character*80 CNTFIL

1C
IC— CNTL. file
open (11,

read (11,
read (11,
read (11,
read (11,
read (11,

close (11)
return
end

file=" INPUT. DAT’
x) NX, NY, NZ
x) DX, DY, DZ
x) EPSICCG

*) PEsmpTOT

*) NCOLORtot

status="unknown’)

100 100 100
1.00e-02 5.00e-02 1.00e-02

1.00e-08
24
100

22

1A 7

« PEsmpTOT
— OpenMPXR Lvk#
« NCOLORitot

NX/NY/NZ

DX/DY/DZ

EPSICCG
PEsmpTOT
NCOLORtot

2%

1

=01DFEILCM
=-1]DF&IZRCM

=-21DiHEILCM-
RCM
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IC
| Gk
IC#x* CELL _METRICS
| Ckskx
IC
subroutine CELL_METRICS
use STRUCT
use PCG
implicit REAL*8 (A-H, 0-2)
IC
IC— ALLOCATE
al locate (VOLCEL (ICELTOT))
c allocate ( RVC(ICELTOT))

IC—— VOLUME, AREA, PROJECTION etc.

XAREA= DY * DZ
YAREA= DX * DZ
ZAREA= DX * DY

RDX= 1.d0 / DX

RDY= 1.d0 / DY

RDZ= 1.d0 / DZ

RDX2= 1.d0 / (DX*%*2)
RDY2= 1.d0 / (DY*%*2)
RDZ2= 1.d0 / (DZx%*2)
R2DX= 1.d0 / (0. 50d0*DX)
R2DY= 1.d0 / (0. 50d0*DY)
R2DZ= 1.d0 / (0. 50d0*DZ)
VO= DX * DY * DZ

RVO= 1.d0/VO

VOLCEL= VO

RVC = RVO

return

end

23

cell metrics

ATRICBEGFE/NTA—2

XAREA

DZ

DY

DX
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JO9 5 LD

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

implicit REAL*8 (A-H, 0-2)
real (kind=8), dimension(:), allocatable :: WK

cal | INPUT

cal| POINTER_INIT
cal | BOUNDARY_CELL
cal| CELL_METRIGS

call POI_GEN
PHI= 0.d0
call solve_ICCG_mc
& ( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D,
& BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,

& SMPindex, SMPindexG, EPSICCG, ITR, IER)

Ak

24
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poi_gen(1/9)

subroutine POI_GEN

use STRUCT
use PCG

implicit REAL*8 (A-H, 0-2)

IC

IC— INIT.
nn = ICELTOT
nnp= [CELTOTp
NU= 6
NL= 6

al locate (BFORCE (nn), D(nn), PHI(nhn))
allocate (INL(nn), INU(nhn), IAL(NL, nn), ITAU(NU, nn))

PHI = 0.d0
D =0.d0

BFORCE= 0. dO

INL= 0

INU= 0

IAL= 0

IAU= 0

25



C'ib- 26

IC 4 :
:8 | CONNECTIVITY |

e poi_gen(2/9)

ich: NEIBcel | (icel
icN2= NEIBcel |l (icel
icN3= NEIBcel | (icel
oA NElBool| (ool
i cN5= cell (icel, ,
icN6= NEIBcel |l (icel, NEIBcell(icel,6)

if (icN5. ne. 0. and |cN5 le. ICELTOT) then NEIBcell(icel,4)
icou= INL(|ce ) +

OOOIRWN—

[AL (icou, icel)= |cN5
icel)= icou
endif
if (icN3.ne.0.and. icN3. le. ICELTOT) then NEIBcell(icel,1) - N E|Bcell(icel,2)
icou= INL (icel) + 1
IALglcou |celg i cN3
INL icel icou
endif
if (icN1, ne O and. icN1. le. ICELTOT) then NEIBcell(icel,3)
|cou— L(icel) + 1
|cou |celgf icN1
ok icel)= icou NEIBcell(icel,5)

if (icN2.ne.0.and. icN2. le. ICELTOT) then

iXﬁuTc(I)”U Fég?g): !clllz Tzﬁﬁkﬁ. :
(Iij icel)= icou NEIBcell(icel,5)= icel — NX*NY
endi NEIBcell(icel,3)= icel — NX

if (icN4.ne.0.and. icN4. le. ICELTOT) then i _ i _
icou= INUGicel) + 1 NEIBcell(icel,1)=icel — 1
[AU |cou,|celgf i cN4

INU icel)= icou
endif
if (|cN6 ne O and. icN6. le. ICELTOT) then
icou= INU(icel) + 1
IAU |cou |ceI§: i cNG6
icel)= icou
endlf

enddo



Cig o7
iC + =
{8 ! CONNECTIVITY !

e poi_gen(2/9)

ich: NEIBcel | (icel
icN2= NEIBcel |l (icel
icN3= NEIBcel | (icel
oA NElBool| (ool
i cN5= cell (icel, ,
icN6= NEIBcel |l (icel, NEIBcell(icel,6)

if (icN5.ne.0.and. icN5. le. ICELTOT) then NEIBcell(icel,4)
icou= INL (icel) + 1
AL |cou,!ceI§: i cNS
INL icel)= icou
endif

OOOIRWN—

if (icN3.ne.0.and. icN3. le. ICELTOT) then NEIBcell(icel,1) - N E|Bcell(icel,2)
icou= INL (icel) + 1
IALélcou,lcelgz icN3
INL icel)= icou
endif
if (icNT. ne O and. icN1. le. ICELTOT) then NEIBcell(icel,3)
|cou— L(icel) + 1
|cou |celgf icN1
on d| f icel)= icou NEIBcell(icel,5)
if (|cN2 ne 0 a?? |c¥2.le.lCELTOT) then
icou= (ice = VAN
IAU |cou |celg= i N2 L=ARS5 , )
d f icel)= icou NEIBcell(icel,2)= icel + 1
endl NEIBcell(icel,4)= icel + NX
if (icN4.ne.0.and. icN4. le. ICELTOT) then NEIBcell(icel,6)= icel + NX*NY

icou= INU(icel) + 1
IAU(icou, icel)= icN4
icel)= icou

endif
if (|cN6 ne 0.and. icN6. le. ICELTOT) then
icou= INU(icel) + 1
IAU |cou |celg= i cN6
icel)= icou
endlf

enddo
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poi_gen(3/9)

IC
IC + :
=8 | MULTICOLORING |

allocate (OLDtoNEW(ICELTOT), NEWtoOLD (ICELTOT))
al locate (COLORindex (0:ICELTOT))

111 continue

write (x,” (//a, i8,a)’) 'You have’, ICELTOT, ' elements.’

write (x," ( a )’) "How many colors do you need 7

write (x ' ( a )') ' #COLOR must be more than 2 and’

write (k' ( a,i8 )’) ' #COLOR must not be more than’, ICELTOT
write (x,” ( a )’) ° CM if #COLOR .eq. O

write (x,' ( a )’) ~  RCM if #COLOR .eq.-1’

write (%' ( a )’) "CMRCM if #COLOR . le.-2’

write (x, ‘( a ) ) =

if (NCOLORtot. gt.0) then
call MC (ICELTOT, NL, NU, INL, IAL, INU, IAU,
& gt NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW)
endi

if (NCOLORtot.eq.0) then
call CM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
& gt NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW)
endi

if (NCOLORtot.eq.-1) then
call RCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
& gt NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW)
endi

if (NCOLORtot. It.-1) then
call CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
& e NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW)
endi

write (x,’ (//a, i8,// )") '#it#t FINAL COLOR NUMBER", NCOLORtot

i ~E 2 DENE

NCOLORtot > 1 :
NCOLORtot = O :
NCOLORtot =-1:
NCOLORtot <-1:

28

Multicolor
CM

RCM
CM-RCM
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poi_gen(4/9)

allocate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0
do ic= 1, NCOLORtot
nn1= COLORindex (ic) — COLORindex (ic-1)
num= nn1 / PEsmpTOT
nr = nnl — PEsmpTOT*num
do ip= 1, PEsmpTOT
if (ip.le.nr) then
?MPindex((ic—1)*PEsmpTOT+ip): num + 1
else
SMPindex ((ic—1) *PEsmpTOT+ip)= num
endif
enddo
enddo

do ic= 1, NCOLORtot
do ip= 1, PEsmpTOT
j1= (ic-1)*PEsmpTOT + ip
jo=j1 -1
SMPindex (j1)= SMPindex (jO) + SMPindex (j1)
enddo

enddo
allocate (SMPindexG (0:PEsmpTOT))
SMPindexG= 0

nn= ICELTOT / PEsmpTOT
nr= ICELTOT — nn*PEsmpTOT
do ip= 1, PEsmpTOT
SMPindexG (ip)= nn
if (ip. le.nr) SMPindexG(ip)= nn + 1
enddo

do ip= 1, PEsmpTOT
SMPindexG (ip)= SMPindexG(ip—-1) + SMPindexG (ip)
enddo

do ic= 1,
I$omp parallel do ---

SMP index:
for preconditioning

LERNOEFRH
COLORindex (ic)—COLORindex (ic—-1)

F CENDOERISIKFEAE O,

W5 ZEHER[EE = OpenMPsEFH

“tHZEHEIZ TPEsmpT0T] TE|-T
[SMPindex | IZE|Y TS,

RITA0L3E T 51 FA
NCOLORtot

do ip= 1, PEsmpTOT
ip1= (ic—1)*PEsmpTOT+ip

do i= SMPindex (ip1-1)+1, SMPindex (ip1)

(--)
enddo
enddo

lomp end parallel do
enddo

29
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do ic= 1, NCOLORtot

S M P I n d eX !$0mgop?£: | 1| ,e IPlggmr;.T.OT

ip1= (ic—1)*PEsmpTOT+ip

=111 do i= SMPindex (ip1-1)+1, SMPindex (ip1)
Fi']‘gl[LEE:::[E;] (fj- o(]") index (ip + index (ip

enddo
enddo
lomp end parallel do
enddo

Initial Vector

\

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+Ordering *
color=1 color=2 color=3 color=4 color=5

12|13/4/5|6/7/8| |1/2(3|14/5/6|7|8| (1|12/3/4/5|6/7|8| |1|2|3|4/5/6|7/8| [1|12|3|4|5|6|7

e 56, AL YKDH
 BILIBIICETHAIERIIHII=>AFFTHEAIEE
BDIEFICHVEZ

(]
A




Color (ic)

do ic= 1, NCOLORtot

I$omp parallel do private (ip, ip1, i, WAL, k)

do ip= 1, PEsmpTOT

ipl= (ic—1)*PEsmpTOT + ip

do i= SMPindex (ip1-1)+1, SMPindex (ip1) ---

Thread (ip) _

color=1 ||1]2[3/4]5]6|7 |8l
color=2 ||1|2]3}4}5 6 7.
color=3 1 2/1?\ 56 7.
t [ color=4_|[1]7]3]a)s]6]|7HN
color=5 1 2 3|4 5‘\6 7.

/

ip1= (ic-1)*"PEsmpTOT + ip

ip1+1

Numbering

Parallel
Accessing

[——1
[——1
[——1
[——1
[——]
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COLORindex(ic )= 100
COLORlndex(|c+1)— 200

PEsmpTOT = 8
nnl= 200-100 = 100
nun= 100 / 8 = 12 (12.5)

nr = 100 - 12%8= 4
ip0= (ic—1)*PEsmpTOT  (ic: starting at 1)

SMPindex (ip0 )= 100

SMPindex (ip0+1)= 113 (13 elements in the 1st thread)
SMPindex (ip0+2)= 126 (13 elements in the 2" thread)
SMPindex (ip0+3)= 139 (13 elements in the 3rd thread)
SMPindex (ip0+4)= 152 (13 elements in the 4t" thread)
SMPindex (ip0+5)= 164 (12 elements in the 5t thread)
SMPindex (ip0+6)= 176 (12 elements in the 6t" thread)
SMPindex (ip0+7)= 188 (12 elements in the 7t" thread)
SMPindex (ip0+8)= 200 (12 elements in the 8t" thread)
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poi_gen (4/9)

allocate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0
do ic= 1, NCOLORtot
nnl= COLORindex (ic) — COLORindex (ic-1)
num= nnl / PEsmpTOT
nr = nnl — PEsmpTOT*num
do ip= 1, PEsmpTOT
if (ip.le.nr) then
?MPindex((ic—1)*PEsmpTOT+ip): num + 1
else
SMPindex ((ic—1) *PEsmpTOT+ip)= num
endif
enddo
enddo

do ic= 1, NCOLORtot
do ip= 1, PEsmpTOT
j1= (ic—1)*PEsmpTOT + ip
jo=j1 - 1
SMPindex (j1)= SMPindex (jO) + SMPindex(j1)
enddo
enddo

allocate (SMPindexG (0:PEsmpTOT))
SMPindexG= 0
nn= ICELTOT / PEsmpTOT
nr= ICELTOT — nn*PEsmpTOT
do ip= 1, PEsmpTOT

SMPindexG (ip)= nn

if (ip.le.nr) SMPindexG(ip)= nn + 1
enddo

do ip= 1, PEsmpTOT
SMPindexG (ip)= SMPindexG(ip-1) + SMPindexG (ip)
enddo

SEZRH%E TPEsmpT0T] TE|-T
[SMPindexG] [ZE|Y ¥ TS,

NR, 1757 ~IVEE, DAXPYTHER

_NEFEAITNIE ZFEIF,
fpoi_gen(2/91 MDERH + M H{EA]EE
fpoi_gen(5/9] LARFTIIEREIZEFH
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SMPindexG

ip=2 ip=3

ip=4

ip=6

ip=4

ip=6

BALYRCHILIZEE 175X KILEE, W&, DAXPYE
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IC
IC— 1D array
nn = ICELTOT
allocate (indexL(0:nn), indexU(0:nn))
indexL= 0
indexU= 0
do icel= 1, ICELTOT
indexL (icel)= INLgiceIg
indexU(icel)= INU(icel
enddo
do icel= 1, ICELTOT
indexL (icel)= indexL (icel) + indexL (icel-1)
indexU(icel)= indexU(icel) + indexU(icel-1)
enddo
NPL= indexL (ICELTOT)
NPU= indexU (ICELTOT)
allocate (itemL(NPL), AL(NPL))
allocate (itemU(NPU), AU(NPU))
itemL= 0
itemU= 0
AL= 0.d0
e AU= 0.d0
doi=1, N

VAL= D (i)*p (i)
do k= indexL (i-1)+1, indexL (i)

VAL= VAL + AL (k) *p (itemL (k))
enddo

do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU (k) *p (itemU (k))
enddo

q(i)= VAL

enddo

poi

%HHH’&E
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BEIDES
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D (N) R | WA, NW:2AYT 38
BFORCE (N) R | GiANTRIL
PHI (N) R | REIFATNIL
indexL(0:N) | I |&ZRfTOEFTTFT=ZARPE(CRS)
indexU(0:N) | I |R{TOIEFL=BESE(CRS)
NPL I | EFT=AMH A (Crs)
NPU I |EFE=AMSKEE(CRS)
itemL(NPL) | I |JEFT=HEH (5IES) (CRS)
itemU(NPU) | I |EFT=HEH (5IES) (CRS)
AL (NPL) R | EFT=HS (FEH) (Crs)
AU (NPL) R | EFL=HAS (EH) (CrS)
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|C

IC A

IC | INTERTOR & NEUMANN BOUNDARY CELLs |
l C:::

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &
[$omp& private (VOLO, coef, j, ii, jj, kk)

do ip =1, PEsmp , ,
do icel= SMPlndexG(lp 1)+1, SMPindexG (ip)

ic0 = NEWtoOLD (icel)
icN1= NEIBcel | (ic0, 1) icel: FILL\ES
ic0: HL\EE

ic NEIBceII icO, 2;
1cN3= NEIBceII ic0, 3
icN4= NEIBcel | (icO. 4
icNb= NEIBcel | (ic0, 5
icN6= NEIBcel | (icO, 6

VOLO= VOLCEL (ic0)

if (icN5. ne.0) then
icN5= OLDtoNEW (icN5)
coef= RDZ * ZAREA
D(icel)= D(icel) — coef

if (icN5. It. icel) then
do %— 1, INL(|ce )
| L(j, icel).eq. icN5) then
|temLEJ+|ndexL(|ceI 1;)— icNS
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else
do j= 1, INU(icel)
it (IAU icel).eq. icN5) then
itemU J+|ndexU(|ceI -1))= icN5
AU (j+indexU(icel-1))= coef
exit
endif
enddo
endif
endif

36
poi_gen(6/9)

FLWES{TIT2ER
¢neib(icel,1) o ¢icel AyAZ +

Ax
¢neib(icel,2) o ¢icel AyAZ +

Ax
¢neib(icel,3) o ¢icel AZAX"‘

Ay
¢neib(icel,4) o ¢icel MAX +

Ay
¢neib(icel,5) B ¢icel AXAy +

Az
¢neib(icelA,6) - ¢zcel AxAy f‘lcelAX"AyM

<



OMP-3

BREBOETE WA HZEFE A BE
SMPindexG ’Eﬁﬁﬁ

privateE S 2 FE

IC
IC -
1C | INTERIOR & NEUMANN BOUNDARY CELLs |
IC
I$omp parallel do private (ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6) &
I $omp& private (VOLO, coef, j, ii, jj, kk)

do ip =1, PEsmpTOT

do icel= SMPlndexG(lp 1)+1, SMPindexG(ip)

icO0 = NEWtoOLD (icel)

icN1= NEIBcel |l (icO, 1)
icN2= NEIBcel I (icO0, 2)
icN3= NEIBcel |l (icO, 3)
icN4= NEIBcel |l (icO, 4)
icN5= NEIBcel | (icO0, 5)

icN6= NEIBcel | (icO, 6)
VOLO= VOLCEL (ic0)
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|C

IC A

IC | INTERTOR & NEUMANN BOUNDARY CELLs |
l C:::

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &
[$omp& private (VOLO, coef, j, ii, jj, kk)

do ip =1, PEsmp , ,
do icel= SMPlndexG(lp 1)+1, SMPindexG (ip)

160 = NEWtoOLD (icel)
icN1= NEIBcel | (ic0, 1) icel: FILL\ES
ic0: HL\EE

ic NEIBceII icO, 2;
icN3= NEIBceII ic0, 3
icN4= NEIBcel | (icO. 4
icNb= NEIBcel | (icO, 5
1cN6= NEIBcel |l (icO, 6

VOLO= VOLCEL (ic0)

if (icN5. ne.0) then
icN5= OLDtoNEW (icN5)
coef= RDZ * ZAREA
D(icel)= D(icel) — coef

if (icN5. It. icel) then
do %— 1, INL(|ce )
| L(j, icel).eq. icN5) then
|temLEJ+|ndexL(|ceI 1;)— icNS
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else
do j= 1, INU(icel)
it (IAU icel).eq. icN5) then
itemU J+|ndexU(|ceI -1))= icN5
AU (j+indexU(icel-1))= coef
exit
endif
enddo
endif
endif

38
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|C

IC A

|C | INTERTOR & NEUMANN BOUNDARY CELLs |
l C:::

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb5, icN6)

[ $omp& private (VOLO, coef, |, ii, jj, kk)

do ip =1, PEsmpTOT

do |ceI— SMP|ndexG(|p 1)+1, SMPindexG(ip)

icO = NEWtoOLD (icel)

icN1= NEIBcel | (icO, 1

icN2= NEIBcel | (ic0, 2
icN3= NEIBcel | (ic0, 3
icN4= NEIBcel | (icO, 4
icN5= NEIBcel | (ic0, 5
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL (ic0)

if (icN5.ne.0) t
icN5= OLDtoNEW(lcN5)
coef= RDZ * ZAREA
D(icel)= D(icel) — coef

|f (|cN5 [t. icel) then
% INL (icel)
| (IAL icel).eq. icN5
i temL
AL
exit
endif
enddo

else
do j=1, INU(icel)
it (IAUEJ icel). eq. |cN5; then
itemU (J+indexU (icel-1

J+indexL (icel-1))

exit
endif
enddo
endif
endif

; then
J+|ndexL(|ceI -1))= icN5
))= coef

)= icNb
AU (j+indexU(icel-1))= coef

39
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|C

IC A

|C | INTERTOR & NEUMANN BOUNDARY CELLs |
l C:::

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &
[ $omp& private (VOLO, coef, |, ii, jj, kk)

do ip =1, PEsmpTOT
do |ceI— SMP|ndexG(|p 1)+1, SMPindexG(ip)
icO = NEWtoOLD (icel)

icN1= NEIBcel | (icO, 1

icN2= NEIBcel | (ic0, 2
icN3= NEIBcel | (ic0, 3
icN4= NEIBcel | (icO, 4
icN5= NEIBcel | (ic0, 5
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL  (icO) RDZ=
GRS Dl =

ic 0 1C

coet= ROZ * ZAR ZAREA = AxAy

D(icel)= D(|cel) - coef

|f (|cN5 It icel) then
% INL (icel)
| (IALg icel). eq. |0N5§gthen

i temL J+|ndexL$|ceI 1))= icNbd
AL (j+indexL (icel-1))= coef
it
endl i j L
e icN5hticel kY /&

else FRIETFT=A/S
do j=1, INU(icel)

it (IAUEJ icel). eq. |cN5; then

itemU (J+indexU(icel-1))= icN5
AU (J+indexU(icel-1))= coef

exit

endif

enddo
endif
endif
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|C

IC A

|C | INTERTOR & NEUMANN BOUNDARY CELLs |
l C:::

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &
[ $omp& private (VOLO, coef, |, ii, jj, kk)

do ip =1, PEsmpTOT
do |ceI— SMP|ndexG(|p 1)+1, SMPindexG(ip)
icO = NEWtoOLD (icel)

icN1= NEIBcel | (icO, 1

icN2= NEIBcel | (ic0, 2
icN3= NEIBcel | (ic0, 3
icN4= NEIBcel | (icO, 4
icN5= NEIBcel | (ic0, 5
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL (iCO) RDZ= 1
T (ﬁgN5OE8tOhEW( N5)
ic 0 1C
Jaiez Lok ZAREA= AxAy

D(icel)= D(|cel) - coef

|f (|cN5 It icel) then
% INL (icel)
| (IALg icel). eq. |0N5§gthen

i temL J+|ndexL$|ceI 1))= icNbd
AL (j+indexL (icel-1))= coef
exit .
endif icN5h%icel kY KE

enddo

else FhX LE=A/5H
do.%= 1, INU(ice])
|

(IAU(j, icel).eq. icNb) then
|temU J+|ndexUE|ceI—1 §= i cNS
AU(J+indexU(icel-1))= coef
exit
endif
enddo
endif

endif

41
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OMP-3
if (icN3.ne.0) then
icN3= OLDtoNEW (icN3)
coef= RDY * YAREA
D(icel)=D(icel) — coef
if (icN3. It. icel) then
' INL (i

do_%: 1, INL(icel)
i .(IALEJ,!ceI).eq.|cN3) then

itemL (j+indexL (icel-1))= icN3
AL (J+indexL (icel-1))= coef
exit
endif
enddo
else _
do.%: 1, INU(Cicel)
iT (IAU(j, icel).eq. icN3) then
itemU J+!ndexU(!ceI—1;): icN3
AU(J+indexU(icel-1))= coef
exit
endif
enddo
endif

endif

if (icN1.ne.0) then
icN1= OLDtoNEW (icN1)
coef= RDX * XAREA
D(icel)= D(icel) — coef

if (icN1.It.icel) then
do.%= 1, INL(icel)
it (IAL

. (j, icel).eq. icN1) then
itemL (j+indexL (icel-1))= icNT
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else
do.%: 1, INUCicel)
it (IAU(j, icel).eq. icN1) then
|temUEJ+!ndexU§!cel—1;§: icNT
AU(j+indexU(icel-1))= coef
exlt
endif
enddo
endif
endif

poi_gen(7/9)

¢neib(icel,l) o ¢l

cel AyM-I'
Ax
¢neib(icel,2) _ ¢icel AyAZ +
Ax
¢neib(icel,3) o ¢icel AZAX"‘
Ay
¢neib(icel,4) _ ¢icel MAX +
Ay
¢neib(icel,5) o ¢icel A)CAy +
Az
¢neib(icel,6) o ¢icel AXAy — f‘icel
Az
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if (icN2.ne.0) then
icN2= OLDtoNEW (icN2)
coef= RDX * XAREA
D(icel)=D(icel) — coef
if (icN2. It. icel) then
' INL (i

do_%: 1, INL(icel _
i (IALEJ,|ceI).eq.|cN2) then

itemL (j+indexL (icel-1))= icN2
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else
do.%: 1, INUCicel)
iT (IAU(j, icel).eq. icN2) then
itemU J+|ndexU(|ceI—1;): icN2
AU )= coef
exit

endif
enddo
endif
endif

if (icN4. ne.0) then
icN4= OLDtoNEW (icN4)
coef= RDY * YAREA
D(icel)= D(icel) — coef

if (icN4. It. icel) then
do.%= 1, INL(icel)
it (IAL(j, icel).eq. icN4) then
itemL (j+indexL (icel-1))= icN4
AL (J+indexL (icel-1))= coef
exit
endif
enddo
else _
do.%: 1, INUCicel)
it (IAU(j, icel).eq. icN4) then
|temUEJ+!ndexU§!cel—1;§: icN4
AU(j+indexU(icel-1))= coef
exlt
endif
enddo
endif
endif

J+indexU (icel-1

poi_gen(8/9)

¢neib(icel,l) o ¢l

cel AyM-I'
Ax
¢neib(icel,2) _ ¢icel AyAZ +
Ax
¢neib(icel,3) o ¢icel AZAX"‘
Ay
¢neib(icel,4) _ ¢icel MAX +
Ay
¢neib(icel,5) o ¢icel A)CAy +
Az
¢neib(icel,6) o ¢icel AXAy — f‘icel
Az
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I$omp parallel do private
(ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6) &

I $omp& private (VOLO, coef, j, ii, jj, kk)
if (icN6.ne.0) then
icN6= OLDtoNEW (icN6)
coef= RDZ * ZAREA
D(icel)= D(icel) - coef
if (icN6. It. icel) then
do j=1, INL(icel)
if (IAL(j, icel).eq. icN6) then
itemL (j+indexL (icel-1))= icN6
AL (j+indexL (icel-1))= coef
exit
endif
enddo
else
do j=1, INU(icel)
if (IAU(j, icel).eq. icN6) then
itemU (j+indexU(icel-1))= icN6
AU (j+indexU(icel-1))= coef
exit
endif
enddo
endif
endif T — 4
iz %Eucg B HLEDEEIZRES-T
ij= icO, =

BFORCE (icel)= —dfloat (ii+jj+kk) * VOLO
enddo ii,jj,kk,VOLOIZprivate

enddo
!gomp end parallel do
! —

44
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&
&
&

OS5 LD

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

implicit REAL*8 (A-H, 0-2)
real (kind=8), dimension(:), allocatable :: WK

cal | INPUT

cal | POINTER_INIT
cal | BOUNDARY_CELL
cal| CELL_METRIGS

call POI_GEN
PHI= 0.d0
call solve_ICCG_mc &
( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D, &
BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT, &
SMPindex, SMPindexG, EPSICCG, ITR, IER)

—DEFAT, R&#, GiANIML
EBIC, THLLMBEFICLI=AHST
E, SflESNnTULNVS,
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solve ICCG mc(1/6)

ICx*xx module solver_[CCG_mc

| Cksksk

i

' module solver_ICCG_mc
contains

i8*** solve_ICCG

subroutine solve ICCG mc &
& (N, NPL, NPU, indexL, itemL, indexU, itemU, D, B, X, &
& AL, AU’ NCOLORtot, PEsmpTOT SMPindex, SMPindexG, &
& EPS, ITR, IER)

implicit REAL*8 (A-H, 0-2)
integer :: N, NL, NU, NCOLORtot, PEsmpTOT

real (kind=8), dimension (N oD
real (kind=8), dimension(N . B
real (kind=8), dimension(N X

real (kind=8), dimension(NPL) :: AL
real (kind=8), dimension(NPU) :: AU

integer, dimension (0:N) .. indexL, indexU
integer, dimension(NPL):: itemlL
integer, dimension(NPU) :: itemU

integer, dlmenS|ongO NCOLORtot*PEsmpTOT) SMPindex
integer, dimension (0:PEsmpTOT) . SMPindexG

real (kind=8), dimension(:, :), allocatable :: W

integer, parameter :: =
integer, parameter :: =
integer, parameter :: =
integer, parameter :: =
integer, parameter :: DD=

o —
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solve ICCG mc(2/6)

IC

L — +
IG | INIT |
I +——— +

al locate (W(N, 4))

I $omp garalle{ do private(ip i)
0 ip=
dOXI = SMPéndexG(|p 1)+1, SMPindexG(ip)

I$omp end parallel do

do ic= 1, NCOLORtot
I$omp paral lel do Brlvate(lp ipl, i, VAL, k)
do ip=1 B
ipl= (ic—1) *PEsmpTOT + Iﬁ
dOVI— SMPlndex(|p1 1)+1 SMPindex (ip1)

A
do k= ﬂ%exL(|1)+1 index Lg)
VAL= VAL - (AL'(k)*%2) * W(itemL (k), DD)

enddo
W(i,DD)= 1.d0/VAL
enddo
enddo
I$omp end parallel do
enddo




OMP-3

y W(i.DD):
i1 .
_ D(i):
d,=|a;— aikz -d, =1, 1
k=1 itemL(j):
AL(j):

do i=1, N
VAL= D (i)
do k= indexL (i-1)+1, indexL (i)
VAL= VAL - (AL (k)*x2) * W(itemL (k), DD)
enddo
Wi, DD)= 1.d0/VAL
enddo

48



OMP-3 49

AEEEBEILRT—7 R i 5|k

L WGi,DD):  d,
i—1 .
_ D(i): a;
d,=|a;— aikz d, | =1, 1
k=1 itemL(j): k
AL(j): Ay

do ic= 1, NCOLORtot
I$omp parallel do private(ip, ipl, i, VAL, k)
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
VAL= D (i)
do k= indexL(i-1)+1, indexL (i)
VAL= VAL - (AL (k)*%2) * W(itemL (k),DD)
enddo
W(i,DD)= 1.d0/VAL
enddo
enddo
I$omp end parallel do
enddo

privatelZ;¥ &,
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solve ICCG mc(3/6)

IG 4
H

{ro}= {b} - [A]{xini} i

| $omp

I $omp

I'$omp

'$omp
I1C

paral |el do Brlvate(lp i, VAL, k)
do ip=1

do i

VAL= D (i)*X (i) ,

do k= |ndexL(| 1)+1, indexL (i)

VAL= VAL + AL (k) *X (i temL (k))

enddo _ _ _

do k= indexU(i-1)+1, indexU(i)

VAL= VAL + AU (k)*X (itemU (k))

enddo
W(i,R)= B(i) — VAL
enddo

enddo
end parallel do

BNRM2= 0. 0DO

parallel do prlvate(lp i) reduction (+:BNRM2)

do ip= 1

do i = SMP|ndexG(|B(1)+1 gMP|ndexG(|p)
*ok

BNRM2 = BNRM2 +
enddo
enddo
end parallel do

SMPlndexG(lp 1)+1, SMPindexG(ip)

Compute r(®= b-[A]x(?
for i= 1, 2,

solve [M]zG D= p@-D

if i1=1
p(1)._ 7 (0)
else

ri= rd-bH — g gt
check convergence |r]|
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TN DbILIR

KFEHH

E =3 [ZETE A= SMPindexG{E R

-

I$omp parallel do private(ip, i, VAL, k)
do ip= 1, PEsmpTOT
do i = SMPindexG(ip—-1)+1, SMPindexG (ip)
VAL= D (i)*X(i)
do k= indexL (i—-1)+1, indexL (i)
VAL= VAL + AL (k) *X (itemL (k))
enddo
do k= indexU(i—-1)+1, indexU(i)
VAL= VAL + AU (k) *X (itemU (k))
enddo
W(,R)= B(i) — VAL
enddo
enddo

I$omp end parallel do
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solve ICCG mc(3/6)

IC
IC |
1C +

[r0l= (o) - [A (xini) | Cenigue @ Sy R

i $omp

I $omp

I $omp

'$omp

for i= 1, 2
pa(rjallel do Brlvate(m i, VAL, k) S ’ ’
o ip=1
SMPlndexG(|p 1)+1, SMPindexG (ip)

: solve [M]z@ D= -1
0o |

VAL= D (i)*X (i) . .= p(i-1l) 5 (i-1)
do k= indexL (i-1)+1, indexL (i) P

VAL= VAL + AL (k) *X (itemL (k)) if i=1
enddo -
do k= indexU(i-1)+1, indexU(i) p= z©
XQL: VAL + AU (k) *X (itemU (k)) 1
endao else
W(i,R)= B(i) - VAL
20 Bii= Pi1/Pis
end parallel do p(i)= 7 (1-1) 4 Bi—l p(i‘l)
BNRM2= 0. 0DO endif
parallel do private(ip, i) reduction (+:BNRM2) - .. .
do ip= 1 PEsmpTOT gt'= [A]lp®
do i = SMPlndexG(lg _g+1 SMPindexG (ip) (1) ~ (1)
engggmz P AL o, = p;;/p*'q
x 1= x(E-1 4 g.p®
end parallel do . . =
r(l): r(l_l) — (qu(l)

check convergence |r]|

0]
3
0.
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R#E : SMPindexG{£ FH, reduction

BNRM2= 0. 0DO
I$omp parallel do private(ip, i) reduction (+:BNRM2)
do ip= 1, PEsmpTOT
do i = SMPindexG(ip—1)+1, SMPindexG(ip)
BNRM2 = BNRM2 + B (i) **2
enddo
enddo
I$omp end parallel do
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'C

ITR= N
do L= 1, ITR

IC +
|c |

' C:::
| $omp

I $omp

I'$omp

I'$omp

I'$omp

= [Minv] {r} i

parallel do private(ip, i)

do ip= 1. PEsmpIOT _ .

do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
W(i,Z)= W(i,R)

enddo

enddo

end parallel do

do ic= 1, NCOLORtot
parallel do private(ip, ip1, i, WAL, j)
do ip= 1, PEsmpTOT .
ipl= (ic- 1)*PEsm TOT +
do i= SMPindex (ip1-1)+1, SMP|ndex(|p1)
WVAL Wi, 2)
do j= 1, INLGi)

WVAL WVAL - AL(j, i) * W(IAL(], i), 2)

enddo _
W(i,Z)= WVAL * W(i,DD)
enddo
enddo
end parallel do
enddo

do ic= NCOLORtot, 1, -1
parallel do private(ip, ip1, i, SW, j)
do ip= 1, PEsmpTOT .
ip1=_ (ic—1)*PEsmpTOT + ip .
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
SW =0.0d0
do j=1, INU(Ci) -
Sii= S + AU, i) * WUAUQ, i),2)
enddo _ .
W(i,Z)=W(i,Z) — W(i,DD) *x SW
enddo
enddo
end parallel do
enddo

solve ICCG_mc
(4/6)

Compute r®= b-[A]x()
for 1= 1, 2,
solve [M]z(E 1= r@(-1)

— p(i-1) 5 (i-1)
i=1

p= 7z

else

Bi—lz Pi1/Pis

pi= z0GD 4+ B pE-
endif
q¥= [Alp™
o, = p;,/pPag
xW= xED 4+ o.p@®
rid= pt-1 — g g
check convergence |r|

i—-1

-0
I_hl—'

1

0]
3
0.
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ITR= N

do L= 1, ITR
oo ey SOIVe_ICCG_me

IC + '
iIC | {z}= Minv]{r} |
iC 4

L (4/6)

i$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT

do i = SMPindexG(ip—-1)+1, SMPindexG (ip) (0) — _ (0)
gél'z): WG, R) Compute r b [A]X
enddo v
I'$omp end parallel do solve [M]z@-l= p(i-1)
do ic= 1, NCOLORtot P;_ = r(i-1) - (i-1)
I$omp parallel do Brlvate(lp,|p1,|,WVAL,k) i-1
do ip=1, EsmBTOT _ if i=1
do T b (oIS &P index ip) (L= (0
E index (ip1-1)+1, index (ip —
wa_RV - '(cii’Z)L(' 1)+1, indexL (i) Il) i
o k= indexL (i-1)+1, indexL (i
WAL= WAL = AL G0 WitenL 0, 2 S488 y
enddo - . .
Wi 2)= WAL = W(i. DD) Bl(‘i} pl(‘il_l)p:zﬁ (io1)
enddo = .
enddo I), i-1 P
I$omp end parallel do endif
enddo gt= [A]p®
do ic= NCOLORtot, 1, -1 ) (1)
I$omp parallel do private(ip, ipl, i, SW, k) o, = pi_l/p gttt
do ip=1, EEsmpTOT . (1) — (i-1) (1)
ipl=_(ic—1)*PEsmpTOT + ip X X + O, P
do_i= SMPindex (ip1-1)+1, SMPindex (ip1) " Sy "
SW =0.0d0 | | rv'=r - O0;q
do k= indexU(i-1)+1, indexU(i) beel
Sil= S+ A0 » il e ), 2 check convergence |r|
enddo
W(i,2)=W(i,Z) - W(i,DD) x SW end
enddo
enddo
I$omp end parallel do
enddo
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do L= 1, ITR
IC
IC +
IC | {z}= [Minv]{r}
iC -
' C:::

| $omp parallel do private(ip, i)
do |p— 1, PEsmpTOT
do i = SMPlndexG(|p 1)+1, SMPindexG(ip)
W(i,Z)= W(i,R)
enddo
enddo
I$omp end parallel do
do ic= 1, NCOLORtot
I$omp parallel do Brlvate(lp ipl, i, WAL, k)
do |p— B
ipl= (ic—1) %*PEsmpTOT + Iﬁ
do i= SMPindex (ip1-1)+1, SMPindex(ip1)
WVAL= W (i, 2)

do k= indexL (i-1)+1, indexL (i)
WVAL— WVAL - AL * W(itemL(k),2)

en
W(l,Z)= WVAL * W(i,DD)
enddo

enddo
I$omp end parallel do
enddo

do ic= NCOLORtot, 1, -1
I $omp paraIIeI do Brlvate(lp ipl, i, SW, k)
do ip=1 EsmB
ipl= (ic—1) #*PEsmpTOT + ip
do i= SMPindex (ip1- 1)+1 SMPlndex(|p1)
SW = 0.0d0
do k= indexU(i-1)+1, indexUC(i)
SW= SW + AU(K) * W(itemU(k),2)
enddo _ .
WG,2)=W@i,2) - W(i,DD) * SW
enddo
enddo
I$omp end parallel do
@ enddo

ey SOlve_1CCG_mce

(4/6)

(M )z}= (oL Nz} ={r}

(LNz}=1r}
BIERXA
Forward Substitution

(b fz}={z}
ZIBKA
Backward Substitution
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HIEEFE A - SMPindex{# FB

do ic= 1, NCOLORtot
I$omp parallel do private(ip, ip1, i, WAL, k)
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, Z2)
do k= indexL (i—-1)+1, indexL (i)
WVAL= WVAL - AL (k) * W(indexL(k), Z)
enddo
W(i,Z)= WVAL * W(i, DD)
enddo
enddo
I$omp end parallel do
enddo



IC
IC | {p} = {z} if ITER=1
;8 BETA= RHO / RHO1 otherwise
' —
if (L.eq.1) then
I$omp parallel do prlvate(lp i)
do ip= 1, PEsmpT _ .
do i = SHP |Qde§9(|p 1)+1, SMPindexG (ip)
| =
enddo
enddo
I$omp end parallel do
else
BETA= RHO / RHO1
I$omp parallel do prlvate(lp i)
do |p— 1, PEsm
do i = SMPlndexG(lp 1)+1, SMPlndexG(lp)
W(i,P)= W(i,2) + BETA*W(i,P)
enddo
enddo
I$omp end parallel do
endif
!C:::
1C + }
'C | = [A] {p} |
'C:::
I $omp parallel do private(ip, i, VAL, k)

'$omp

do ip= 1, PEsmpTOT _ .
do i = SMPlndexG(|p 1)+1, SMPindexG(ip)
VAL D(i)*W(i,P) .
do k= indexL (i-1)+1, indexL (i)
VAL= VAL + AL (k) *W (itemL (k), P)
enddo . . .
do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU (k) *W (itemU (k), P)
enddo
Wi, Q= VAL
enddo
enddo
end parallel do

Compute r (0=

for

0]
o
0.

solve |ICCG_mc

(5/6)

b-[A]x
i= 1, 2,

solve [M]zG D=
P, ;= rt-l zG-1

if i=1

pUJ= z (0)
else

Bi—1= Pi-1/Pi-2

piil= zG-1) 4 B pGE-D)

endif

q¥’= [A]lp™

o = p;,/pHq

x (= xG-1 4 g p(
= pl-1 — g g
check convergence |r|



IC +
IC | {p} = {z} if ITER=1
IC | BETA= RHO / RHO1 otherwise

if (L.eg.1) then
I$omp parallel do prlvate(lp i)
do ip= 1 PEsmpT _ .
do i = SMPlndexG(|p 1)+1, SMPindexG(ip)
W(i,P)= Wi, 2)
enddo
enddo
I$omp end parallel do
else
BETA= RHO / RHO1
I'$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT _ _
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
WCi,P)=W(i,Z) + BETAxW (i, P)

enddo
enddo
I$omp end parallel do
endif
! C===
IC
IC | {al= [Al{p} |
IC +
' C:::

| $omp parallel do private(ip, i, VAL, k)
do ip= 1 PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
VAL— D(i)*W(i,P) .
do k= indexL (i-1)+1, indexL(j)
VAL= VAL + AL (k)*W(itemL (k), P)
enddo . _ .
do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU (k) *W(itemU (k), P)
enddo
W(i, Q)= VAL
enddo

n
I$omp end parallel do

solve ICCG mc

(5/6)

Compute r(®= b-[A]x(9)

for

0]
o
0.

i= 1, 2,
solve [M]z@ 1= -1

(1-1) o (1-1)

= pl-1 — g g
check convergence |r|
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IC
IC 4

' C:::
I $omp

I $omp

lc | ALPHA= RHO / {p} {a} |

C1= 0.d0
parallel do private(ip, i) reduction(+:C1)

do ip= 1. PEsmpTOT _ .

do i = SMPlndexG(lw 1)+1, SMPindexG (ip)
Gl= C1 + W(i, P)xW(i, Q)

enddo

enddo

end parallel do

ALPHA= RHO / C1

| P2 b~ AR |

'$omp

I'$omp

I'$omp

'$omp

parallel do private(ip, i)

do ip= 1, PEsmpTOT

do i = SMPindexG(ip-1)+1, SMPindexG (ip)
X(i) = X(i)  + ALPHA * W(i, P)
W(i,R)= W(i,R) — ALPHA * W(i, Q)

enddo

enddo

end parallel do

DNRM2= 0. d0

parallel do private(ip, i) reduction (+:DNRM2)

do ip= 1, PEsmpTOT

do i = SMPindexG(ip-1)+1, SMPindexG (ip)
DNRM2= DNRM2 + W(i, R) **2

enddo

enddo

end parallel do

solve |ICCG_mc

(6/6)

Compute r(9= b-[A]x(®
for i= 1, 2,
solve [M]z@ 1= -1

P, = r(i-1) 5 (i-1)
if i=1
pL= 7 (0)
else

Bi—.lz pi—.l/pi—z |
p(l)z Z(l_l) + Bj_—]_ p(l_l)

endif

g®= [A]p®

o; = pi—l/p(l)q(l)

x(W= x4 g p)

rW= pG1 _ g gl

check convergence |r|

0]
o
0.
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IC
IC

iC | ALPHA= RHO / {p} {a} |

C1= 0.d0
I$omp parallel do private(ip, i) reduction(+:C1)
do ip= 1, PEsmpTOT . .
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
Cl=C1 + W(i,P)xW(i, Q)
enddo
enddo
I$omp end parallel do

ALPHA= RHO / C1

| P2 b~ AR |

|$omp parallel do private(ip i)
do |p— 1, mpT
do | = SMPlndexG(lp 1)+1, SMPindexG (ip)
X(i) = X(i) + ALPHA * W(i,P)
W(i,R)= W(i,R) — ALPHA * W(i, Q)
enddo
enddo
I$omp end parallel do

DNRM2= 0. d0
I$omp parallel do private(ip, i) reduction (+:DNRM2)
do ip= 1, PEsmpTOT . .
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
DNRM2= DNRM2 + W(i, R) **2
enddo
enddo
|$omp end parallel do

solve ICCG mc

(6/6)

Compute r(9= b-[A]x(®
for i= 1, 2,
solve [M]zG@ 1= r@-1)

P, = r(i-1) 5 (i-1)
if i=1
pL= 7 (0)
else

Bi1= Pi1/Pis
pi= zG1 4 B, pi-D
endif
q'= [A]p™
o = p;,/pHg
xW= xG1 4 g pi
ri)= p@iE-1) aiq(i)

check convergence |r|

0]
o
0.
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IC
IC

iC | ALPHA= RHO / {p} {a} |

C1= 0.d0
I$omp parallel do private(ip, i) reduction(+:C1)
do ip= 1, PEsmpTOT . .
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
Cl=C1 + W(i,P)xW(i, Q)
enddo
enddo
I$omp end parallel do

ALPHA= RHO / C1

| P2 b~ AR |

|$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
X(i) = X(i)  + ALPHA * W(i,P)
Wi, R)=W(i,R) — ALPHA * W(i, Q)
enddo
enddo
I$Somp end parallel do

DNRM2= 0. d0
I$omp parallel do private(ip, i) reduction (+:DNRM2)
do ip= 1, PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
DNRM2= DNRM2 + W(i, R)#%2
enddo
enddo
|$omp end parallel do

solve |ICCG_mc

(6/6)

Compute r(9= b-[A]x(®
for i= 1, 2,
solve [M]z@ 1= -1

(1-1) o (1-1)

O
|_|.
2

I

o)

pL= 7 (0)
else

Bioi= Pii/Pis

p(l)z Z(l 1) + Bll pll)
endif
gil= [A]lp®
o = p;/pHg?
xB= x0-D 4+ o, pd
ri= rd-b — g gt
check convergence |r|

0]
5
Q.
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OMP-3

» Hitachi SR11000/J2 1/—k(1637)

+ 100°E R

ATHIGR

Memory Memory Memory Memory
L3 [==Core|Core|| L3 [==Core|Core|| L3 == Core|Core|| L3 == Core|Core
o L1 L1 o L1 L1 o L1 L1 o L1 L1
L2 < L2 R L2 ] L2 -
\ i\\\ A i\\\ e A\ e \
~ = %6 = =<
NS PICERINCS s 7
h \\\\ ~ ’/,, - N \\\\ ~ 2 ’/’, -
SN - S -
/’/V\\\ z’/v\\\
’/,/ \\\_\ /,/ \\\\
— e =
y o y a7 S y S y
] 12 E oS 12 F—J J L
L1 [ L[ Ll vl (ol
L3 [==]Core|CPU|| L3 == Core|Core|| L3 [==]Core|Core|| L3 [==]Core|Core
Memory Memory Memory Memory
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SR11000, 16:7!:33(7’%%*%,

ITERATIONS

SecC.

1003

. (@ :MC, C 1EOQ CM)
. o ® F ® 0 9 °
: e .0 °°,
I o0 o ® * °
300 S 1.E+04
o : Oglp
) (]
® S
®
3
250 \_\/\\ S 1.E+02 |
= : "
i / s
g REEL ICP#
200 L——troun i 1.E+00 o ol el
1.E+00  1.E+01  1.E+02 1.E+03  1.E+04 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
COLOR# COLOR#
3.00 .—i 1.0E-02
i
1 BT E AR
250 | ® o ° c 8.0E-03 [
S !
® s
2
® o ® A S I
200 | ° Ve ® 6.0E-03
® ® i
| zas
- ML
1.50 4.0E-03
1.E+00 1.E+01 1.E+02 1.E+03 1.E+00 1.E+01 1.E+02 1.E+03
COLOR#

COLOR#
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Iterations

Sec.

400 |
350 :
300 :
250 |

200

12.00

10.00

8.00

6.00

4.00

2.00

0.00

FX10, 1-node/16-cores, 1003
(@:MC, A:RCM, -:CM-RCM)

COLOR#

e MC
A RCM
A =—CM-RCM
1 10 100 1000 10000
® MC Time (solver)
A RCM ‘
e==CM-RCM o
%
o ®
¢ [
: o090 © '4-—./\
1 10 100 1000 10000

sec./iteration
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e
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1 10 100 1000 10000
COLOR#
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lterations

SecC.

500

450 |
400 |
350 |
300 |

250 L

500
4.00 |
3.00 |
2.00 |
1.00 |

0.00 |

Color

I . ®@ ©MC
: Iteratlons A RCM
—CM-RCM
® ° ° ®
A
1 10 100 1000
Color
® MC A RCM —CM-RCM ®
o
o
() o
Time (solver)

1 10 100 1000

sec./iteration
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OBCX,

1-soket/24-cores,

1283

(@:MC, A:RCM, -:CM-

1.50E-02

1.00E-02

5.00E-03 [

0.00E+00

RCM)

1

® MC A RCM —CM-RCM
o
Time/lteration
“10 | 100 | 1000

Color



lteraions

10.00

SecC.

500 [
450 |
400 |
350 |

300 |

250

8.00
6.00
4.00

2.00

0.00
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Odyssey

1-CMG/12-cores,

1283

(@:MC, A:RCM, -:CM-

® MC A RCM —CM-RCM ®
.\ o ® ®
L . yAN
§ lterations
1 10 100 1000
Color #
2.0E-02
® MC A RCM —CM-RCM
o
1.5E-02
o L
® ® 1.0E-02
5.0E-03 |
&8 Time (solver)
L L R R I L L L1 IIIO.OE'i'OO
] 10 100 1000

Color #

RCM)

®
@l Time/lteration
A
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o
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1 10 100 1000
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OMP-1 . o .
m DYAS WIS S
>$ cd /work/gt00/t00XXX/ompf/src

>$ module load fj

>S make
>SS 1ls ../run/L3-sol

L3-sol
>$ cd ../run
(modify INPUT.DAT, gol.sh)

>$ pjsub gol.sh

/,

1T
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005 LNDEST

)

L3-sol
R7IFRERK
J)LiN—

}

INPUT.DAT
HEI77AIL

J

—

G3L, EBELGI7AILE

—
— 3

test.inp
BRI7AIL

(ParaView)
k/
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#H1EHT—42 (INPUT.DAT)

128 128 128 NX/NY/NZ
1.00e—00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
24 PEsmpTOT
~10 NCOLORt ot
I Y N
NX, NY, NZ I B MO EFZE
DX, DY, DZ (g B F2 FHEBZDOILDOE S (AX, AY, AZ)
EPSICCG kG S FE5K IS AR
PESmpTOT LS T—2nEE (ALY N
NCOLORt ot FHN Ordering it & A
=2 : MC¥E (multicolor) , ik
=0 : CME (Cuthill-Mckee)
=—1 : RCM{: (Reverse Cuthill-Mckee)
<-2 : CM-RCM{E
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gol.sh

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=1

#PIJM —-omp thread=24 (= PEsmpTOT)
#PJM -L elapse=00:15:00

#PJIJM -g gtO00

#PJIM -3

#PJM —e err

#PIM —-o testl.lst

export KMP_AFFINITY=granularity=fine, compact
./L3-so0l

74



lteraions
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SecC.

500 [
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400 |
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Odyssey

1-CMG/12-cores,

1283

(@:MC, A:RCM, -:CM-

® MC A RCM —CM-RCM ®
.\\ o ® @
L . yAN
§ lterations
1 10 100 1000
Color #
2.0E-02
® MC A RCM —CM-RCM
o
1.5E-02
o L
® ® 1.0E-02
5.0E-03 |
&8 Time (solver)
L L R R I L L L1 IIIO.OE'i'OO
] 10 100 1000

Color #

RCM)

®
@l Time/lteration
A
0/
o
(- e

® MC A RCM —CM-RCM

1 10 100 1000

Color #
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e YILFATRI—FDET

» BG4 EEL
— Z®M1: OpenMP Statement
— Z®M2: Sequential Reordering




OMP-E

BIERA IR D514 (Fortran)

do ic= 1, NCOLORtot
1Somp parallel do private(ip, ipl, i, WVAL, k)
do ip= 1, PEsmpTOT
ipl= (ic—-1) *PEsmpTOT + 1ip
do i= SMPindex (ipl-1)+1, SMPindex (ipl)
WVAL= W (i, Z)
do k= indexL(i-1)+1l, indexL (1)

WVAL= WVAL - AL(k) * W(itemL(k), Z)
enddo
W(i,Z)= WVAL * W(i,DD)
enddo
enddo
1Somp end parallel do
enddo

 Nomp parallel JTAL Yk (~28/56) DAL, HiBMFEA
— BT EICZDE R EED
- ZBVDF—IN\—~IEDBHD

« BHMNIEZRDHEF—/IN\—AYRHET




OMP-E

AIEEE A - Overhead§l & (Fortran)

1Somp parallel private (ic,ip,ipl, i, WVAL, k)

do ic= 1, NCOLORtot
1Somp do _
do ip= 1, PEsmpTOT
ipl= (ic-1) *PEsmpTOT + 1ip

do i= SMPindex (ipl-1)+1, SMPindex (ipl)

WVAL= W (i, Z)
do k= indexL(i-1)+1l, indexL

(1)

WVAL= WVAL - AL(k) * W(itemL(k), Z)
enddo
W(i,z)= WVAL * W(i,DD)
enddo
enddo
endd

1Somp end parallel

e ZNIDZFAILIZEHLT, ALWKE

= Rz RITE A

ADRIDO—RITEEELHEMNTES

 Nomp dolMDIL—T Al 54k




OMP-E

Programs (src0)

cd /work/gt00/t00XXX/ompf/srcO
module load £

o° o°

make

cd ../run

ls L3-s01l0
L3-s01l0

o° o° o°

<modify “INPUT.DAT">
<modify “goO.sh”>

% pjsub go0O.sh

79
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go0.sh

#!'/bin/sh

#PJM -N "goO"

#PJM -L rscgrp=tutorial-o

#PJM -L node=1

#PJM —--omp thread=12 (=PEsmpTOT)
#PJM -L elapse=00:15:00

#PJIJM -g gtO00

#PJIM -3

#PJM -—-e err

#PJIM —-o testO.1lst

module load £
export OMP_NUM_THREADS=12 (=PEsmpTOT)
export XOS_MMM_I_PAGING_POLICY=demand:demand:demand

numactl -1 ./L3-s0l0
numactl -C 12-23 -m 4 ./L3-s0l0

80
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Color#~Iterations for CM-RCM

128° case
450
®
400 |
| ®
7)) L
_5 350 | o
©
300 ()
' ®
1 10 100 1000

COLOR#
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82

Time for ICCG Solver: CM-RCM

“src” becomes slower if color# is larger: overhead of
fork-join, unstable for many colors (12 threads, C)

400 |
350 |
3 3.00
250 |

2.00

Osrc @src0 O
Ck%j
- O
O °eo
O
o“
®
O
®
O
O e
O ®
®
®
10 100

Color #

1000
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e YILFATRI—FDET
» HIFAHEEL
— Z®M1: OpenMP Statement
— Z®M2: Sequential Reordering




REDA—F)2T ORERE

« BT

- MC
— RCM
— CM-RCM

» FICRICRT AERITMIL: 55T HF I8
s [BIDIERICESHTIT
s BADERZZALYRIZIRY T4

» RICALYK(FTHEHLBELCAT)ICRI HIERILE

S TlEAEL
— EDET



OMP-3

do ic= 1, NCOLORtot

S M P I n d eX !$0mgop?£: | 1| ,e IPlggmr;.T.OT

ip1= (ic—1)*PEsmpTOT+ip

=111 do i= SMPindex (ip1-1)+1, SMPindex (ip1)
Fi']‘gl[LEE:::[E;] (fj- o(]") index (ip + index (ip

enddo
enddo
lomp end parallel do
enddo

Initial Vector

\

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+Ordering *
color=1 color=2 color=3 color=4 color=5

12|13/4/5|6/7/8| |1/2(3|14/5/6|7|8| (1|12/3/4/5|6/7|8| |1|2|3|4/5/6|7/8| [1|12|3|4|5|6|7

e 56, AL YKDH
 BILIBIICETHAIERIIHII=>AFFTHEAIEE
BDIEFICHVEZ

(]
A
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T—ABEE : Sequential Reordering

e BILALYFTUEY 5T —3FL05RNGERRIZEEET
HEDIZHIZHUVDE R

— NEFED MR EMNEAFINS
o« BREITHEFEDTRLAMNERRKIZLS
- BAENEES2R—THE)

o« BEDFMTBAIZE>TEZRDOKR/NMERITIZEHBH,
F=A T=A0BRIIZEZALGIN(BHEDFEERE
EIES e o TSV AY

— WO TCHAKLYEREZSNKRZVWDIZIAL(T=A)IZEEN
TWL=YU9 35




OMP-3

87

T —>HBECE: Sequential Reordering

AL YK ETAT

=7t A HV5E
5 colors, 81t

nreads

L ETE DL DEICS

DEA

Initial Vector

\

Coloring color=1 color=2 color=3 color=4 color=3
(5 colors)
+Ordering *
color=1 color=2 color=3 color=4 color=3
1(2[3[a[5]6[78l [1/2[3[4[5]6[78l [1/234[5]6]7l [1/2[34/5]6|78l [1]2[34/5]6/7H]
ST UETI (1/1/1/1)1] 1212120202 (3(3(3(3(3][4]4[4]4]4] 5[5]5]5]5] 6666 6| 7|7|7|7|7| EIEEEE




=TI+ Hinconsistent
ICTEAHRIEETEN B S

« Coalesced

88

— icell > icel2, therefore, icel2= itemL[k], where
indexL[icell] =k<indexL[icell+1]

« Sequential

— icelln < icel2n, butstill icel2n= itemL[k],
where indexL[icelln] =k<indexL[icelln+2]

‘ color=1 ‘

1

2

3

78

|

9

78

icel2 _— icell

1111

icelln

¢

icel2n

color=2 H color=3 H color=4 H color=5 |
4/5/6/7[8l |1|2|3|a/s/6[7/8] |1/2|3|4[5|6|7/ [1]2]3]4]s]6
2/2|313(3(3(3| |4/4|4{4
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T—ARBHEE : Sequential Reordering
CM-RCM(2), 4-threads
ALYk EDT—2EHME T2 BUFA, TV

2TIFNNERTLLED
45(10(39| 5 |35| 2 |33 1 29/18(15/5 (11|12 |9 | 1
17/46/11/40 6 |36| 3 |34 33/30/19/16/6 (12 3 |10
53(18/4/7(12141| 7 |37| 4 45|34/3120125| 7 (13| 4
24/54/1948/13/42| 8 |38 40/46|35/32)2126| 8 (14
5925/55)20/149(14/43| 9 99/4914/36/41|222/7(17
29|6026(56/21/50(15/44 53/60/50/48|37|42|2328
63|30/6127/(57|22/51|16 63/54(61/51|57/38|43|24
32|64(31/6228(58|23|52 56|64/55(62/52|58/39(44

CM-RCM(2) Sequential Reordering, 4-threads
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T—ABBEE : Sequential Reordering
CM-RCM(2), 4-threads

H1E
#0 thread, #1, "#2, | #3
4510/39'5, 35/ |33} 29/18/15/ 5118 9 [\
46/14/40 6,363, 34 30/19/16, 812310
53/18/47/12/41 'R 37 45/34/31/20/25/ R (13
541948 1842838 20/46/35/32 24/26/ 8,14
5912§/552Q49/14 /43 59149/47|36/412227|1%|
6026/56/24/50 1544 605Q/48/37/42 2328
63[3Q/61/27/5722/51 63/54/61/54/57/38/43
64/34/62/28/58/23/52 64/55/6252/58'39/44

Sequential Reordering, 4-threads




CM-RCM(2), 4-threads

F2f

#0 thread, #1,

10

2

17

11

6

18

12

/

24

19

13

25

20

14

29

26

2115Q/15

30

27

57/22

32

31

285823

#2,

#3

B2 & : Sequential Reordering

18

5

33

19

34

20

40

39

49

36

22

53

50

37

23

o4

51

38

56

55

52

39

91

Sequential Reordering, 4-threads
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T —3BBELE: Sequential Reordering

Initial Vector

Coalesced %Oézrli(;'r%) color=1 color=2 color=3 color=4 color=5
GPU‘j: :'L_') 575§ +Ordering *

A
j:D E’J &) color=1 color=2 color=3 color=4 color=5

1/23|4/56|7(8| |1|2|3|4/5|6|7/8| |1]2|3|4/5|6(7|8| [1|2/3/4|5|6/7|8| |1|2(3/4|5/6/7|8

Initial Vector

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+Ordering *
FALYELET color=1 color=2 color=3 color=4 color=5
TEHEAEY
7oz (o 12304567/ 121345678 [1]2345/6|78] [1]2[3]4lsl6/7[8 121345678
IEIZFSF1T)

Y 4
Sequential 1]1)1/1]1][22]2]2]2| |3]3]3[3[3| [4]4]4|4]4] 515/5]5]5] |6/66 |6 6| 7/7]7]7|7| BB

ALYFATERICES T




OMP-E

Programs (reorderQ)

o

cd /work/gt00/t00XXX/ompf/reorder0
module load £

o°

o°

make

cd ../run

ls L3-rsolO
L3-rsolO

o°

o°

<modify “INPUT.DAT”>
<modify “gor.sh”>

% pjsub gor.sh

93
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gor.sh

#!/bin/sh

#PJM —-N "gor"

#PJM -L rscgrp=tutorial-o

#PJM -L node=1

#PJM —--omp thread=12 (=PEsmpTOT)
#PJM -L elapse=00:15:00

#PJIJM -g gtO00

#PJIM -3

#PJM —e err

#PIM —-o testr.lst

module load £
export OMP_NUM_THREADS=12 (=PEsmpTOT)
export XOS_MMM_I_PAGING_POLICY=demand:demand:demand

numactl -1 ./L3-rsol0
numactl -C 12-23 -m 4 ./L3-rsol0

94
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#H1EHT—42 (INPUT.DAT)

95

128 128 128 NX/NY/NZ
1.00e—-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICC
24 PEsmpTOT
-100 NCOLORtot
0 NEFLAG
0 METHOD
I il N
PEsmpTOT I T—2nHEE (ALY N
NCOLORtot IS Ordering ik & 3K
=92 : MC¥E (multicolor) , %%
=0 : CM¥E (Cuthill-Mckee)
=—1 : RCM}E (Reverse Cuthill-Mckee)
<-2 : CM-RCM{E
NFLAG L 0 : First-TouchEL, 1: H» Y
A Al R AR
METHOD I ITHNX T AR D )V — Tl
(0 : fE3k@mbv, 1: aitEZIRRA LR L)




@0 @o o

@o @o o

program MAIN

use STRUCT

use PCG

use solver_ICCG_mc
use solver_I1CCG_mc_ft

implicit REAL*8 (A-H, 0-2)

real (kind=8), dimension(:), allocatable ::

cal | INPUT

cal| POINTER_INIT
cal | BOUNDARY_CELL
cal| CELL_METRIGCS
call POI_GEN

ISET= 0
al locate (WK (ICELTOT))

if (METHOD. eq.0) then
call solve_ICCG_mc

( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU,

D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,
I SMPindex_new, EPSICCG, ITR, IER)
else
call solve_ICCG mc_ft
( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU,
D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,
e SMPindex_new, EPSICCG, ITR, IER)
endi

do icO= 1, ICELTOT
icel= NEWtoOLDnew (ic0)
WK (icel)= PHI (ic0)
enddo

do icel= 1, ICELTOT
PHI (icel)= WK (icel)
enddo

cal | OUTUCD

stop
end

WK

96

Sequential
Reordering
(1/5)
Main

Q0 Qo o

Q9o Qo 2o



allocate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0

do ic= 1, NCOLORtot
nnl= COLORindex (ic) — COLORindex (ic-1) Coalesced
num= nnl1 / PEsmpTOT
nr = nnl — PEsmpTOT*num ic=1 ic=2 ic=3 ic=4 ic=5
do lp= 1, PESmpIDI !1|2|3|4|5|6\7l |1|z|s|4|s|e\vl |1|z|s|4|s|e\7l |1|z|s|4|s|e\7l |1|z|s|4|s|e\7l

if (ip. le.nr) then
?MPindex((ic—1)*PEsmpTOT+ip): num + 1
else
SMPindex ((ic—1)*PEsmpTOT+ip)= num
endif
enddo
enddo

allocate (SMPindex_new (0:PEsmpTOT*NCOLORtot))
SMPindex_new (0)= 0

o057 O OReot, Sequential
j1= (ic—1)*PEsmpTOT + ip

éﬁlggnjjex J]ew((Ip—!)*NCOI__ORtot+ic)_: SMPindex (j1) Reo rderi ng

SMPindex (j1)= SMPindex (jO) + SMPindex(j1)

s (2/5)

do ip= 1, PEsmpTOT
do ic= 1, NCOLORtot

g)- (1|p 1)1*NCOLORtot +ic pOi_gen-'l

SMPlndex _new(j1)= SMPindex_new(jO) + SMPindex_new(j1)
enddo
enddo

SMPindex_new

[1[2[3]a]s| [1[2[3[a[g] [1[2[3las] [1]2[3[4]s][1/21a]a]s] 1]2[3[4]s]1}2}s]]] ISR




. ic: 1~ NCOLORitot
ICH#Ip

SMPindex P
i

1#1 | 1#2 | 1#3R1#402#1 | 2#2 | 2#3 | 2#4 | 3#1 | 3#2 | 3#3 | 3#4

jo- j1-
(ic-1)*PEsmpTOT + ip-1 (ic-1)*PESmpTOT + ip

> ﬂ< >

PEsmpTOT=4

SMPindex_new

A0 ' BA0 ' A0 1 04 A0

1#1 | 2#1 | 3#1 | 1#2 | 2#2 | 3#2 | 1#3 | 2#3 | S#3 Y 1#4 2#4 | 3#4

j0= J1=
(ip-1)*NCOLORtot + ic-1 (ip-1)*NCOLORtot + ic

< > >|< > »1
NCOLORtot=3



Coalesced

Color (ic)

I$omp parallel private(ic, ip, ip1, i, WAL, k)

do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT

ipl= (ic—1)*PEsmpTOT + ip

do i= SMPindex (ip1-1)+1, SMPindex(ip1) ---

Thread (ip) _

color=1 1/2)/3|4(5|6
color=2 ||1|2]3}4}5 6
color=3 1 2/1?\ 56
v | color=4 |[1 # 3 4‘\5 6
color=5 1 2 3|4 5‘\6

/

ip1= (ic-1)*"PEsmpTOT + ip

ip1+1

Numbering

Parallel
Accessing

[——1
[——1
[——1
[——1
[——]

99



Sequential

Thread (ip)

I$omp parallel private(ic, ip, ip1, i, WAL, k)
do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT
ipl= (ip—1)*NCOLORtot + ic

do i= SMPindex (ip1-1)+1, SMPindex(ip1) ---

(thread#8 |1]2[3[4[5| ip1+1

Color (ic) _ ip1= (ip-1)*"NCOLORItot + ic
thread#1 (1234 |5
thread#2 (12|34 |5
thread#3 (12|34 |5
" thread#4 |(1]2|3 |4
thread#5 |12 3|4
thread#6 |1|/2|3|4
thread#7 |12 |3 4%\

Numbering

Parallel
Accessing

100
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do ip= 1, PEsmpTOT Sequentlal
do ic= 1, NCOLORtot
i cNS= SMP|ndex(Qew((;p 1) *NCOLORtot +)|c 1)
1c01= SMPindex ((ic—1) *PEsmpTOT + |p 1) + 1 R d (3/5)
ic02= SMPindex ((ic—1)*PEsmpTOT + ip eor erlng
icou= 0
do k= icO1, ic02 2
icel= NEWtoOLD (k) p0| gen'
icou= icou + 1 -
icelN= icNS + icou

OLDtoNEWnew (icel )= icelN OLDtoNEWnew: Original -> Sequential
NEWtoOLDnew (iceIN)= icel NEWtoOLDnew: Sequential -> Original
enddo .- . g .
enddo -Original: Initial icel
enddo -Sequential icelN

I$omp parallel do private (ip, icel, ic0, ik0)
do ip =1, PEsmpTOT
do icel= SMPindex_new ((ip—1)*NCOLORtot)+1, SMPindex_new (ip*NCOLORtot)
icO = NEWtoOLDnew (icel)
ik0 = OLDtoNEW (ic0)
indexL (icel)= INL (ik0)
indexU(icel)= INU(ikO)

Sequential

enggo -Original: Initial icO

enaao -
-Coalesced ikO

do icel= 1, IGELTOT . . . -Sequential icel

indexL (icel)= indexL (icel) + indexL (icel-1)
indexU(icel)= indexU(icel) + indexU(icel-1)
enddo
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Sequential Reordering (4/5)
poi_gen-3

NPL=indexL (ICELTOT)
NPU=indexU (ICELTOT)

allocate (itemL (NPL), AL (NPL))
al locate (itemU(NPU), AU(NPU))

if (NFLAG. eq.0) then
ItemL= 0
ItemU= 0
AL= 0.d0
AU= 0.d0
else
I$omp parallel do private (ip, icel, k)
do ip= 1, PEsmpTOT
do icel= SMPindex_new((ip—1)*NCOLORtot+1),
& SMP index_new (i p*NCOLORtot)
do k= indexL (icel-1)+1, indexL (icel)
itemL (k)= 0
AL (k)= 0.d0
enddo
do k= indexU(icel-1)+1, indexU(icel)
itemU (k)= 0
AU (k)= 0.d0
enddo
enddo
enddo
I$omp end parallel do
endif



I$omp parallel do private (ip, icel, ic0, icN1, icN2, icN3, icN4,
| Somp& private (coef, j, ii, jj, kk)

icNb, icN6) &
&

| $ompé& private (ikO, icN10, icN20, icN30, icN40, icN50, icN60)

do ip =1, PEsmpTOT

do icel= SMPindex_new ((ip—1)*NCOLORtot)+1, SMPindex_new (ip*NCOLORtot)

icO = NEWtoOLDnew (icel)
ik0 = OLDtoNEW (ic0)

icN10= NEIBcel | (icO, 1)
icN20= NEIBcel | (icO, 2)
icN30= NEIBcel | (icO, 3)
icN40= NEIBcel | (icO, 4)
icN50= NEIBcel | (icO, 5)
icN60= NEIBcel | (icO, 6)

if (icN50.ne.0) then
icNb= OLDtoNEW (icN50)
coef= RDZ * ZAREA
D(icel)= D(icel) — coef

if (icNb. It. ik0) then
do j= 1, INL(ikO)
if (IAL(j, ik0).eq. icN5) then
itemL(j+indexL%iceI—1)): OLDtoNEWnew (icN50)
AL (j+indexL (icel-1))= coef
exit
endif
enddo
else
do j= 1, INU(ikO)
if (IAU(j, ik0).eq. icN5) then
itemU(j+indexU(icel-1))= OLDtoNEWnew (icN50)
AU (j+indexU(icel-1))= coef
exit
endif
enddo
endif
endif

Sequential
Reordering
(5/5)
poi_gen-4

icel: Sequential
ic0: Original
ikO: Coalesced

icN50: Original
icN5 : Coalesced

ICN5>ik0: Upper (AU)
ICN5<ik0: Lower (AL)

103



1 $omp
I $omp

I $omp
I $omp

I $omp

I $omp

parallel private(ic, ip, ip1, i, WAL, k)
go ic= 1, NCOLORtot
)
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, 2)
do k= indexL (i—-1)+1, indexL (i)
WVAL= WVAL - AL (k) * W(itemL(k), Z2)
enddo
W(i, Z)= WVAL * W(i, DD)
enddo
enddo
enddo
end parallel

parallel private(ic, ip, ipl, i, WAL, k)
go ic= 1, NCOLORtot
0
do ip= 1, PEsmpTOT
ipl= (ip-1)*NCOLORtot + ic
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, Z2)
do k= indexL(i-1)+1, indexL (i)
WVAL= WVAL - AL(k) * W(itemL(k), Z)
enddo
W(i,Z)= WWAL * W(i, DD)
enddo
enddo
enddo
end parallel

Color #1
Color #2
Color #3
Color #4

Color #Nc

Thread #1
Thread #2
Thread #3
Thread #4

Thread
#(Pe)

BIERADTEE : BIL—T 134}

Thread #1-#(Pe )

Thread #1-#(P

Thread #1-#(Pe)

Thread #1-#(Pe)

Coalesced

Sequential

104
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TEINDEILIR

I$omp parallel do private(ip, i, VAL, k)
do ip= 1, PEsmpTOT
do i = SMPindexG(ip—1)+1, SMPindexG(ip)

VAL= D (i)W (i, P)

do k= indexL(i-1)+1, indexL (i)
VAL= VAL + AL (k)W (itemL (k), P)

enddo

do k= indexU(i—-1)+1, indexUC(i)
VAL= VAL + AU (k)*W(itemU(k), P)

enddo

W(i, Q)= VAL

enddo
enddo METHOD=0
I$omp end parallel do

I$omp parallel do private(ip, i, VAL, k)
do ip= 1, PEsmpTOT
do i= SMPindex ((ip—1)*NCOLORtot)+1, SMPindex (ip*NCOLORtot)

VAL= D(i)*W (i, P)

do k= indexL (i—-1)+1, indexL (i)
VAL= VAL + AL (k) *W (itemL (k), P)

enddo

do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU (k) *W (itemU(k), P)

enddo

W(i, Q)= VAL

ggddo
enddo -
I$omp end parallel do METHOD=1
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Comp. Time for ICCG, CM-RCM

Generally “sequential (reorder0)” is stable and faster
than “coalesced (src, src0)”. Effects aremore significant
in cases with more colors (12 threads, C)

4.00

3.50

S 3.00

n B
2 50

2.00

Color #

| | O Original, Coalesced (src) O
| | @ Improved, Coalesced (src0) Oo o
| | A Improved, Sequential (reorder0) O
O e o
O
° e
n O
AYVAN
o 4 °7a
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First Touch Data Placement
“Patterns for Parallel Programming” Mattson, T.G. et al.

To reduce memory traffic in the system, it is important to keep the
data close to the PEs that will work with the data (e.g. NUMA control).

On NUMA computers, this corresponds to making sure the pages of
memory are allocated and “owned” by the PEs that will be working
with the data contained in the page.

The most common NUMA page-placement algorithm is the
“first touch” algorithm, in which the PE first referencing a region of
memory will have the page holding that memory assigned to it.

A very common technique in OpenMP program is to initialize
data in parallel using the same loop schedule as will be used later
In the computations.
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Local/Remote Memory

Memory Memory I Memory | I Memory I
A A A / A
A / |
L3 L3 L3 / L3
(2| L2|LL2|LL2|—|L2|L2|L2]| L2 L2 | L2 | L2 ||L2 [ — ,12 L2 | L2 | L2
L1 (L1 | Lt Lt [ L1 |Lt|Lt|Ld L1t [t [t f*=—/Lt1 |01t
Core|Core|Core|Core Core|Core|Core|Core Core|Core|Core|Qore Core|Core|Core|Core
Core|Core|Core CoreI Core|Core|Core|Core Core|Core|CorefCor Core|Core|Core|Core
L1 | L1 | L1 | 4 L1 | L1 | L1 | L1 L1 | L1 | L1 | L1 L1 | L1 | L1 | L1
— [ 2 | L2 | L2 | L2 12| L2|LL2|LL2|=—|L2|L2]| L2 | L2
e

L3 L3 | L3
\

12 | L2 | L2 [/L2
3 /
| |
Memory Memory Memory

Local Memory

Remote Memory



OMP-3

#H1EHT—42 (INPUT.DAT)
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128 128 128 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICC
48 PEsmpTOT
-50 NCOLORtot
0 NFLAG (0 or 1)
0 METHOD
KA L N &
PEsmpTOT I T—2nHEE (ALY N
NCOLORt ot A Ordering it & A3
=92 : MC¥E (multicolor) , %%
=0 : CM¥E (Cuthill-Mckee)
=—1 : RCM}E (Reverse Cuthill-Mckee)
<-2 : CM-RCMi%E
NFLAG A 0 : First-TouchZEL, 1: %V
METHOD GET ITHI_ T RNIVERED)V— T s
(0 : fEk@mbv, 1: aitEZIRRA LR L)




g.sh: reorder0

#!'/bin/sh

#PJM -N "goO"

#PJM -L rscgrp=tutorial-o

#PJM -L node=1

#PJM —--omp thread=48 (=PEsmpTOT)
#PJM -L elapse=00:15:00

#PJIJM -g gtO00

#PJIM -3

#PJM -—-e err

#PIM —-o testl.lst

module load £
export OMP_NUM_THREADS=48 (=PEsmpTOT)
export XOS_MMM_I_PAGING_POLICY=demand:demand:demand

numactl -1 ./L3-rsol0
numactl -C 12-59 —m 4-7 ./L3-rsolO



Array Initialization: NFLAG=0/1 (1/3)

c POI gen.f
1C—— ARRAY init. —
if (NFLAG. eq.0) then Pages are allocated at the
EE‘I’RCEi 8- 38 local memory of the master
D =0.d0 thread

OLDtoNEWnew= 0
NEWtoOLDnew= 0
else
I$omp parallel do private (ip, icel)
do ip= 1, PEsmpTOT
do icel= SMPindex_new((ip—1)*NCOLORtot+1),
& SMPindex_new (ip*NCOLORtot)
BFORCE (icel)= 0.d0
PHI  (icel)= 0.d0

D(icel) ~ 0 40 Pages are allocated at the
OLDtoNEWnew (icel)= 0 local memory of each thread
NEWtoOLDnew (icel)= 0
enddo
enddo
I$omp end parallel do

endif

A very common technique in OpenMP program for optimization is to
initialize data in parallel using the same loop schedule as will be used
later in the computations.



Array Initialization: NFLAG=0/1 (2/3)

if (NFLAG. eq.0) then

d°i,‘1§§LE<};}e}§EL(§°T Pages are allocated at the
indexU(icel)= 0 local memory of the master
enddo thread

else
I$omp parallel do private (ip, icel, k)
do ip= 1, PEsmpTOT
do icel= SMPindex_new ((ip—1)*NCOLORtot+1),
& SMPindex_new (ip*NCOLORtot)
indexL (icel)=0

enéggex“ eal)= Pages are allocated at the
gngdo local memory of each thread
enail

A very common technique in OpenMP program for optimization is to
initialize data in parallel using the same loop schedule as will be used
later in the computations.



Array Initialization: NFLAG=0/1 (3/3)

if (NFLAG. eq.0) then

:Egmhz 8 Pages are allocated at the
AL= 0. d0 local memory of the master

I$omp parallel do private (ip, icel, k)
do ip= 1, PEsmpTOT
do icel= SMPindex_new ((ip—1)*NCOLORtot+1),

& SMPindex_new (ip*NCOLORtot)
do k= indexL (icel-1)+1, indexL (icel)
itemL (k)= 0
AL (k)= 0.d0
enddo
do k= indexU(icel-1)+1, indexU(icel)
itemU(k)= 0

AU (k)= 0.d0
enddo Pages are allocated at the
enﬁg?,d" local memory of each thread

I$omp end parallel do
endif

A very common technique in OpenMP program for optimization is to
initialize data in parallel using the same loop schedule as will be used
later in the computations.



Sequential Reordering (4/5)
poi_gen-3

NPL=indexL (ICELTOT)
NPU=indexU (ICELTOT)

al locate (itemL (NPL), AL(NPL))
al locate (itemU(NPU), AU(NPU))

if (NFLAG. eq.0) then
itemLl= 0
itemU= 0
AL= 0.d0
AU= 0.d0
else

I$omp parallel do private (ip, icel, k)

do ip= 1, PEsmpTOT

Pages are allocated at the

local memory of the master
thread

do icel= SMPindex_new ((ip—1)*NCOLORtot+1),
& SMP index_new (i p*NCOLORtot)

do k= indexL (icel-1)+1,
itemL(k)= 0
AL (k)= 0.d0
enddo
do k= indexU(icel-1)+1,
itemU(k)= 0
AU (k)= 0.d0
enddo
enddo
enddo

I$omp end parallel do
endif

indexL (icel)

Pages are allocated at the
NG local memory of each thread

116
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Results: reoder0, L3-rsol0, N=1283, C

based on the performance of CM-RCM(2) with
12 threads/without First Touch

With First-Touch

Without First-Touch
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: reoder0, L3-rsol0, N=1283, C

48 threads
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