Introduction to Parallel
Programming for
Multicore/Manycore Clusters

Part V: Parallel Version by OpenMP

Kengo Nakajima
Information Technology Center
The University of Tokyo



Parallel Version: OpenMP

e OpenMP version of L2-sol

— Number of threads= “PEsmpTOT”
e can be controlled in the program

e Fundamental Idea

— Meshes in a same color/level are independent, therefore
parallel/concurrent processing is possible for these
meshes.



4-Colors, 4-Threads
Initial Mesh
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4-Colors, 4-Threads
Initial Mesh
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4-Colors, 4-Threads
Renumbering according to Color ID
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4-Colors, 4-Threads

Meshes in a same color/level are independent,
therefore parallel/concurrent processing is possible for
these meshes, renumbered meshes are assigned to

threads
45|6146/62|4763(48/64

13]29[14|30[15]3116]32
41/57/42/5843/59/44/60
9 [25[10]26[11]27|12]28
37/53/38/54/39/55/40/56
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




OMP-3

How to Run

>$ cd /work/gt69/t69XXX

>$ cp /work/gt69/z30088/omp/multicore—-c.tar
>$ tar xvf multicore-c.tar

>$ cd multicore/L3
>SS 1s
run src src0 srcx reorderO

>$ cd src

>$ make

>$ cd ../run

>$ 1ls L3-sol
L3-sol

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

>$ pjsub gol.sh



OMP-3

Files on OBCX

e Location
— <$0-L3>: /work/gt69/t69XXX/multicore/L3
— <SO-L3>/src, <SO-L3>/run

e Compile & Run

— Source Code
e cd <$O-L3>/src
* make
e <50-L3>/run/L3-sol execution file

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

— Shell Script
e <SO-L3>/run/gol.sh



Running the Program

L3-sol
Poisson Solver
FVM

l

}

INPUT.DAT
Control File

J

— T
—

test.inp

ParaView File
\\/



Control Data: 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 NCOLORtot
NX, NY, NZ
— Number of meshes in X/Y/Z dir. }
DX,DY,DZ NZ NZ
— Size of meshes 2y oy T e

- »* NY

EPSICCG ‘5 -
— Convergence Criteria for ICCG *
PEsmpTOT

— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM
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Job Script: gol.sh

e /work/gt69/t69XXX/multicore/L3/run/gol.sh
o Scheduling + Shell Script

#!/bin/sh

#PJIM —-N “test” Job Name (not required)

#PJM -L rscgrp=lecture9 Name of Queue (Resource Grp.)
#PJM —-L node=1 Node # (=1)

#PJM —-omp thread=24 Thread # (=1-56) (=PEsmpTOT)
#PJIM -L elapse=00:15:00 Computation Time

#PJIM —-g gt69 Group Name (Wallet)

#PJM -7

#PJM —e err Standard Error

#PJM -0 test.lst Standard Output

export KMP_AFFINITY=granularity=fine, compact
./L3-sol Execution of the Program

export KMP_AFFINITY=granularity=fine, compact
All of 1-28 threads are on Socket #0



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




Applying OpenMP to “L2-sol”
 on ICCG solver

Dot Products, DAXPY, Mat-Vec
— NO data dependency: Just insert directives
* Preconditioning (IC Factorization,
Forward/Backward Substitution)

— NO data dependency in same color: Parallel processing
IS possible for meshes in same color

12



Just Inserting directives works fine,
but ... (1/2) (Mat-Vec)

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

 Thread number cannot be handled in the program
 This may work better on GPU and manycore’s
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Just Inserting directives works fine,
but ... (2/2) (Forward Substitution)

do 1col= 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

 Thread number cannot be handled in the program
* This may work better on GPU and manycore’s
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Parallelize ICCG Method by OpenMP

* Dot Product: OK

« DAXPY: OK

o Matrix-Vector Multiply: OK
* Preconditioning



&
&
&

Main Program

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

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

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

call INPUT

cal|l POINTER INIT

call BOUNDARY CELL
cal| CELL _METRICS

call POI_GEN

PHI= 0.d0

call solve [ICCG_mc
( ICELTOT, NPL, NPU, indexL, itemL,

WK

indexU,

BFORCE, PHI, AL, AU, NCOLORtot, PEsmEJOT,

SMPindex, SMPindexG, EPSICCG, ITR,

allocate (WK(ICELTOT))
do icO= 1, IGELTOT
icel= NEWtoOLD (ic0)
WK (icel)= PHI (ic0)
enddo

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

call OUTUCD

stop
end

IE

itemU, D,
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module STRUCT

module STRUCT

use omp_|lib .
include "precision. inc

IG
IC—— METRICs & FLUX

integer (kind=kint) :: ICELTOT, ICELTOTp, N
integer (kind=kint) :: NX, NY, NZ, NXP1, NYP1, NZP1, IBNODTOT
integer (kind=kint) :: NXc, NYc, NZc

real (kind=kreal) ::

& DX, DY, DZ, XAREA, YAREA, ZAREA, RDX, RDY, RDZ,
& RDX2, RDY2, RDZ2, R2DX, R2DY, R2DZ

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

& VOLCEL, VOLNOD, RVC, RVN

integer (kind=kint), dimension(:, :),

& XYZ, NEIBcell

IC

IC—— BOUNDARYs
integer (kind=kint) :: ZmaxCELtot
integer (kind=kint),
integer (kind=kint),

IC

IC— WORK
integer (kind=kint),
real (kind=kreal),
integer (kind=kint)

end module STRUCT

. PEsmpTOT

dimension(:), allocatable
dimension(:), allocatable

dimension(:, :),
dimension(:, :),

allocatable ::

allocatable ::
allocatable ::

- BG_INDEX, BGC_NOD
.. ZmaxGCEL

IWKX
FCV

ICELTOT:
Number of meshes (NX X NY X NZ)

N:
Number of modes

NX,NY,NZ:
Number of meshes in x/y/z directions

NXP1l,NYP1l,NZP1:
Number of nodes in x/y/z directions

IBNODTOT:
= NXP1 X NYP1

XYZ (ICELTOT, 3) :
Location of meshes

NEIBcell (ICELTOT, 6) :
Neighboring meshes

PEsmpTOT:

Number of threads




module PCG

integer, parameter :: N2= 256

integer :: NUmax, NLmax, NCOLORtot, NCOLORk, 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

module PCG

integer, dimension(:, :), allocatable :: IAL, IAU

integer, dimension(:), allocatable :: indexL, itemL
integer, dimension(:), allocatable :: indexU, itemU
end module PCG

NCOLORtot Total number of colors/levels
COLORindex Index of number of meshes in each color/level
(0 : NCOLORtot) (COLORindex (icol) - COLORindex (icol-1))

SMPindex (0:NCOLORtot*PEsmpTOT)
SMPindexG (0 : PEsmpTOT)

OLDtoNEW, NEWtoOLD Reference table before/after renumbering
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Variables/Arrays for Matrix (1/2)

19

Name Type Content
D (N) R | Diagonal components of the matrix (N= ICELTOT)
BFORCE (N) R | RHS vector
PHI (N) R | Unknown vector
indexL(0:N), I |# of L/Unon-zero off-diag. comp. (CRS)
indexU (0:N)
NPL, NPU I | Total # of L/U non-zero off-diag. comp. (CRS)
itemL (NPL), I | Column ID of L/U non-zero off-diag. comp. (CRS)
itemU (NPU)
AL (NPL), R | L/U non-zero off-diag. comp. (CRS)
AU (NPU)
Name Type Content
NL, NU I | MAX. # of L/U non-zero off-diag. comp. for each mesh (=6)
INL (N), I | # of L/U non-zero off-diag. comp.
INU (N)
IAL (NL,N), I | Column ID of L/U non-zero off-diag. comp.

IAU (NU, N)




Variables/Arrays for Matrix (2/2)

Name Type Content
NCOLORtot I |Input:
reordering method + initial number of
colors/levels
=2: MC, =0: CM, =-1: RCM, -2=: CMRCM
Output:
Final number of colors/levels
COLORindex I | Number of meshes at each color/level
(0 : NCOLORtot) 1D compressed array
Meshes in icol®® color/level are stored in
this array from COLORindex (icol-1)+1 tO
COLORindex (icol)
NEWtoOLD (N) I | Reference array from New to Old nhumbering
OLDtoNEW (N) I | Reference array from OIld to New numbering
PEsmpTOT I | Number of Threads
SMPindex I | Array for OpenMP Operations (for Loops with
(0 : NCOLORt ot *PEsmpTOT) Data Dependency)
SMP indexG (0 : PEsmpTOT) I | Array for OpenMP Operations (for Loops

without Data Dependency)

20
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Main Program

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
cal| CELL_METRICS

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)

21
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iInput: reading INPUT.DAT

IC
| Cokskok
[ Cxx INPUT
| Cokskok
IC
IC INPUT CONTROL DATA
IC
subroutine INPUT
use STRUCT
use PCG
implicit REAL*8 (A-H, 0-2)
character*x80 CNTFIL
IC

IC— CNTL. file
open (11, file="INPUT.DAT , status="unknown’)
read (11,%) NX, NY, NZ
read (11,%) DX, DY, DZ
read (11,%) EPSICCG
read (11,*) PEsmpTOT
read (11,*) NCOLORtot
close (11)
! B===
return
end

100 100 100

1.00e-02 5.00e-02 1.00e-02
1.00e-08

24

100

e PEsmpTOT

— Thread Number

* NCOLORtot

NX/NY/N
DX/DY/D
EPSICCG

PEsmpTOT

— Reordering Method
+ Initial Number of
Colors/Levels

Z
Z

=2:

NCOLORtot

MC

CM
RCM
CMRCM



IC
I Gtk
ICx*x CELL_METRICS
| Coksksk
IC
subroutine CELL_METRICS
use STRUCT
use PCG
implicit REAL*8 (A-H, 0-2)
IC
IC— ALLOCATE
allocate (VOLCEL (ICELTOT))
i 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.
RDY2= *

3 (DX*x2)
RDZ2= 1.d

d

d

? (DY=£2)
/ (DZ#%2)
/
/

R2DX= 1. (0. 50d0=DX)
R2DY= 1. (0. 50d0=DY)
R2DZ= 1.d0 / (0. 50d0*DZ)

VO= DX * DY = DZ
RVO= 1.d0/VO

VOLCEL= VO
RVC = RVO

0
0
0
0
0
0

return
end

cell metrics

DZ

DX

XAREA

DY
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Main Program

program MAIN

use STRUCT
use PCG
use solver_ICCG_mc

implicit REALx8 (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)
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subroutine POI_GEN

use STRUCT
use PCG

implicit REAL*8 (A-

IC

IC— INIT.
nn = [CELTOT
nnp= ICELTOTp

NU= 6
NL= 6

H, 0-2)

poi_gen (1/9)

al locate (BFORCE (nn), D(nn), PHI (nn))

al locate (INL(nn),

0.d0
0.d0
BFORCE= 0. dO0

INU (nn) ,

IAL (NL, nn), TAU(NU, nn))

25



IC 26

IG + }
}8 ! CONNECTIVITY !

6= T faele o pOI_gen (2/9)

=1
icN1= NEIBcel | (icel, 1
icN2= NEIBcel | (icel, 2
icN3= NEIBcel | (icel, 3
icN4= NEIBcel | (icel, 4
icNo= NEIBcel | (icel, 5 .
icN6= NEIBcel | (icel, 6 NEIBcell(icel,6)

if (icN5.ne.0.and. icN5. le. ICELTOT) then NEIBcell(icel,4)

icou= INL(icel) + 1

IAL (icou, icel)= icNd
IN icel)= icou
endif
if (icN3.ne.0.and. icN3. le. ICELTOT) then NEIBcell(icel,1) NEIBcell(icel,2)

icou= INL(icel) + 1

IAL§|cou |ceI;: icN3

INL icel)= icou
endif

if (icNl. ne 0 and. icN1. le. ICELTOT) then NEIBcell(icel,3)
icou= INL(icel) + 1
IAL§|cou |celgf icN1
end icel)= icou NEIBcell(icel,5)
if (ICNzlﬂﬁ(O a?? |c¥2.le.ICELTOT) then
icou= icel) + -
IAU§|cou |ce|g i oN2 Lower Trlangular Pa_rt
U icel)= icou NEIBcell(icel,5)= icel — NX*NY
endi NEIBcell(icel,3)= icel —
if (icN4.ne.0.and. icN4. le. ICELTOT) then NEIBcell(icel,1)= icel —

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

+

endif

if (icN6.ne. 0. and. icN6. le. ICELTOT) then
icou= INU(lceI) 1
IAU(icou, icel)= icN6

+

INU icel
endif
enddo

icou



G 27
IG 4 =
}8 ! CONNECTIVITY !

6= T faele o pOI_gen (2/9)

=1
icN1= NEIBcel | (icel, 1
icN2= NEIBcel | (icel, 2
icN3= NEIBcel | (icel, 3
icN4= NEIBcel | (icel, 4
icNo= NEIBcel | (icel, 5 .
icN6= NEIBcel | (icel, 6 NEIBcell(icel,6)

if,(icN5.ne.Q.and.|c¥5.le.ICELTOT) then NEIBcell(icel,4)

icou= INL (icel)

+

IAL (icou, icel)= icNb
IN icel)= icou
endif
if (icN3.ne.0.and. icN3. le. ICELTOT) then NEIBcell(icel,1) NEIBcell(icel,2)
icou= INL(icel) + 1
IAL§|cou |celg: icN3
INL icel)= icou
endif
if (icN1.ne.0.and. icN1. le. ICELTOT) then NEIBcell(icel,3)
ixﬁu— INL(lc?I) + h1
icou, icel)= ic
IN § |celg: icou NEIBcell(icel,5)
endif '
if (icN2.ne.0.and. icN2. le. ICELTOT) then
'COUTCwUIég?D: HE Upper Triangular Part
d f icel ;= icou NEIBcell(icel,2)=icel + 1
endi NEIBcell(icel,4)= icel + NX
if (|cN4 i 0 and. icN4. le. ICELTOT) then NEIBcell(icel,6)= icel + NX*NY
icou= INU(icel) + 1 ’
IAUElcou |celg= |cN4
icel)= icou
endif

if (icN6.ne.0.and. icN6. le. ICELTOT) then
icou= INU(icel) + 1
IAU |cou,!ceI;: icN6
INU icel)= icou
endif
enddo
10===

-+



I1C
1C +

28

poi_gen (3/9)

ic |
| !

MULTICOLORING i

i C===

111

&
endif

&
endif

&
endif

&
endif

allocate (OLDtoNEW(IGELTOT), NEWtoOLD (ICELTOT))
allocate (COLORindex (0:ICELTOT))

continue

write (x,' (//a, i8,a)’) 'You have' , ICELTOT, ' elements.
write (*," ( a )') "How many colors do you need ?’
write (x," ( a )') ' #COLOR must be more than 2 and’
write (x," ( a,i8 )') '~ #COLOR must not be more than’
write (x," ( a )’) ' CM if #COLOR .eq. 0’

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

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

write (x, ‘( a ) ) =

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

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

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

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

ICELTOT

write (x," (//a,i8,//)") "#i## FINAL COLOR NUMBER', NCOLORtot

Reordering

NCOLORtot > 1: Multicolor
NCOLORtot = 0: CM
NCOLORtot =-1: RCM
NCOLORtot <-1: CM-RCM



poi_gen (4/9)

al locate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0
do ic= 1, NCOLORtot
nn1= 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= [CELTOT / PEsmpTOT
nr= [CELTOT - nn*PEsmpTOT
do ip= 1, PEsmpTOT
SMPindexG (ip)= nn
if (ip.le.nr) SMPindexG(ip)= nn + 1
enddo

do ip= 1, PEsmpTOT
3MPindexG(ip): SMPindexG (ip—-1) + SMPindexG (ip)
enddo

SMP index.
for preconditioning

do ic= 1, NCOLORtot
I$omp parallel do ---
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT+ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
(-+4)
enddo
enddo
lomp end parallel do
enddo



SMPindex:

for preconditioning

Initial Vector

do ic= 1, NCOLORtot

|$omp parallel do ---
do ip= 1, PEsmpTOT
ipl1= (ic—1)*PEsmpTOT+ip

lomp end parallel do

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

(-+)
enddo
enddo

enddo

\

Coloring color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *
color=1 color=2 color=3 color=4 color=5
1|2/3|4|5/6|7|8| |1|2|3|4|5|6|7|8| |1|2|3|4|5|6|7 2/3|4|5|6 1|2|3|4|5|6

e 5-colors, 8-threads
 Meshes in same color are independent: parallel processing
* Reordering in ascending order according to color ID




SMPindex

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) ---

Color (ic)

-

Thread (ip) _

color=1 112|3(4|5|6
color=2 1 25 6
color=3 1 Zf?\ 5|6
color=4 1 ;l 3 4‘\3 6
[color=s | [1]2]3]4]5%6

Ipl= (ic-1)*PEsmpTOT + ip

ipl+1

Numbering

Parallel
Accessing

[——]
[——>]
[——>]
[——>]
[——]

31



SMPindex

COLORindex (ic )= 100

COLORindex (ic+1)=

200

PEsmpTOT =

nn1= 200-100 = 100
num= 100 /8 = 12
nr = 100 - 12%8= 4
Ip0= (ic—1)*PEsmpTOT
SMPindex (ip0 )= 100
SMPindex (ip0+1)= 113
SMPindex (ip0+2)= 126
SMPindex (ip0+3)= 139
SMPindex (ip0+4)= 152
SMPindex (ip0+5)= 164
SMPindex (ip0+6)= 176
SMPindex (ip0+7)= 188
SMPindex (ip0+8)= 200

(12.5)
Ic: starting

—_— e el ek ek ek
NNNONLWLWLWOLW
ODODD®DDDDDD

NN\ NN

ements
ements
ements
ements
ements
ements
ements
ements

N
N
N
N
N
N
N
N

e
e
e
e
e
e
e

+ + F & + &  +

e

1st

2nd
3rd
4th
5th
6th
7th
8th

Nreac
Nreac
Nreac
Nreac
Nread
Nread
Nread

&+ o o o

Nread

N’ N NN
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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

al locate (SMPindexG (0:PEsmpTOT))
SMPindexG= 0
nn= ICELTOT / PEsmpTOT
nr= IGELTOT - 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

SMP indexG.

for Dot-products, DAXPY,
Mat-vec, and Poi-gen



SMPiIndexG

ip=3

ip=4

Ip=5

\

ip=3

ip=4

ip=6

for Dot-products, DAXPY, Mat-vec, and Poi-gen
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10
IC— 1D arra

nn = IGELTOT

allocate (indexL(0:nn),

indexL= 0

indexU= 0

do icel= 1, ICELTOT
!ndexLégceI;: INLégceI;
indexU(icel)= INU(icel

enddo

do icel= 1, ICELTOT .
!ndexLégceI;: !ndexLégceI;
indexU(icel)= indexU(icel

enddo

NPL= indexLéICELTOT;

NPU= indexU (ICELTOT

al locate éitemLéNPL;, ALéNPL;;

al locate (itemU(NPU), AU(NPU

itemL= 0

itemU= 0
AL= 0.d0
AU= 0. d0

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

+ indexU

indexU(0:nn))

+ indexLéiceI—1

icel-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

)
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poi_gen (5/9)
New numbering Is applied
after this point

Name Type Content

D (N) R Diagonal components of
the matrix (N= ICELTOT)

BFORCE (N) R RHS vector

PHI (N) R Unknown vector

indexL(0:N), I # of L/U non-zero off-diag.

indexU (0:N) comp. (CRS)

NPL, NPU I Total # of L/U non-zero off-
diag. comp. (CRS)

itemL (NPL), I Column ID of L/U non-zero

itemU (NPU) off-diag. comp. (CRS)

AL (NPL), R L/U non-zero off-diag. comp.

AU (NPU) (CRS)




'C

IC 4

'C | INTERIOR & NEUMANN BOUNDARY CELLs |
l C:::

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

I $omp& private (VOLO, coef, j, ii, jj, kk)
do ip =1, PEsmpT _ _
do icel= SMPlndexG(lp 1)+1, SMPindexG (ip)

ic0 = NEWtoOLD (icel)

i S (6

|CNZ= ce |CU, 1 .

1S 2: NE}E%H%'CSE icel: New ID
icN4= cell (icO, -

{oNb= NElBoel | (1005 1€0: Old 1D
icN6= NEIBce! | (icO. 6

VOLO= VOLCEL (ic0)

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

|f (|cN5 It. icel) then
% INL (icel)
it (IAL(j, icel). eq. |0N5§3then

itemL (J+indexL (icel-1))= icN5
AL (J+indexL (icel-1))= coef
exit
endif
enddo

do % INU (icel)
it (IAU(j, icel). eq. icN5) then
g— icN5
= coef

itemU (j+indexU (icel-1
AU (J+indexU(icel-1
exit
endif
enddo
endif
endif
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poi_gen (6/9)

New numbering is applied

Greiv(icel 1) ~ Heel AYAZ +
AX
Breiv(icet,2) ~ Beel AyAZ +
AX
Breiv(icet,3) ~ Beal AZAX +
Ay
Breiv(icet,4) ~ Beel AZAX +
Ay
Breiv(icel 5) ~ Aeal AXDy +
Az
¢neib(iceIA,6) ~ Rea AXAy = f._ AxXDAYAZ
Z



Coef. Matrix: Parallel, “SMPIndexG”

“private”
IC
IC 4
IC | INTERIOR & NEUMANN BOUNDARY CELLs |
IC 4
|C:::

I$omp parallel do private (ip, icel, ic0, icN1, icN2, icN3, icN4, icNb, icN6) &
| $ompé& private (VOLO, coef, j, ii, jj, kk)

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

icN1= NEIBcell (icO, 1)
icN2= NEIBcel | (icO, 2)

icN3= NEIBcel | (ic0, 3)
|cN4— NEIBcell (icO, 4)
icN5= NEIBcel | (icO, 5)

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



'C

IC 4

'C | INTERIOR & NEUMANN BOUNDARY CELLs |
l C:::

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

I $omp& private (VOLO, coef, j, ii, jj, kk)
do ip =1, PEsmpT _ _
do icel= SMPlndexG(lp 1)+1, SMPindexG (ip)

ic0 = NEWtoOLD (icel)

i S (6

|CNZ= ce |CU, 1 .

1S 2: NE}E%H%'CSE icel: New ID
icN4= cell (icO, -

{oNb= NElBoel | (1005 1€0: Old 1D
icN6= NEIBce! | (icO. 6

VOLO= VOLCEL (ic0)

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

|f (|cN5 It. icel) then
% INL (icel)
it (IAL(j, icel). eq. |0N5§3then

itemL (J+indexL (icel-1))= icN5
AL (J+indexL (icel-1))= coef
exit
endif
enddo

do % INU (icel)
it (IAU(j, icel). eq. icN5) then
g— icN5
= coef

itemU (j+indexU (icel-1
AU (J+indexU(icel-1
exit
endif
enddo
endif
endif
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poi_gen (6/9)

New numbering Is applied

Greiv(icel 1) ~ Heel AYAZ +
AX
Breiv(icet,2) ~ Beel AyAZ +
AX
Breiv(icet,3) ~ Beal AZAX +
Ay
Breiv(icet,4) ~ Beel AZAX +
Ay
Breiv(icel 5) ~ Aeal AXDy +
Az
¢neib(iceIA,6) ~ Rea AXAy = f._ AxXDAYAZ
Z



'C

IC

'C | INTERIOR & NEUMANN BOUNDARY CELLs |
' C:::

I$omp parallel do private
(1p, icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &

I $omp& private (VOLO, coef, j, ii, jj, kk)
do ip =1, PEsmpT . .
do icel= SMPlndexG(lp 1)+1, SMPindexG(ip)

icO = NEWtoOLD (icel)

icN1= NEIBcel I (ic0, 1)
icN2= NEIBcel | (ic0, 2)
icN3= NEIBcel | (ic0, 3)
icN4= NEIBcel | (ic0, 4)
icN5= NEIBcel I (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) then
|temL(J+|ndexL(|ceI 1))= icNb

AL (J+indexL (icel-1))= coef

exit

endif

enddo

do % INU(icel)
[ (IAU( icel).eq. icN5) then
|temU(J+|ndexU(|ceI 1))= icNb
AU (J+indexU(icel-1))= coef
exit
endif
enddo
endif
endif
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poi_gen (6/9)

New numbering Is applied

Creivicet 1) ~ Hicel
AX
Breivicet 2) ~ Bee
AX
Breiviica 3) ~ Bea
Ay
Preivice .4) ~ Bee
Ay
Breiv(ica 5) ~ Hea
Az
Drciv(ice 6) ~ Hee
Az

AyAz +

AyAz +

AzZAX +

AZAX +

AXAy +

AxAy = f.  AxAyAz



'C

IC

'C | INTERIOR & NEUMANN BOUNDARY CELLs |
C:::

I$omp parallel do private
(1p, icel, icO, icN1, icN2, icN3, icN4, icNb, icN6) &
I $omp& private (VOLO, coef, j, ii, jj, kk)

do ip =1, PEsmp . .
do |ceI— SMPlndexG(lp 1)+1, SMPindexG(ip)
icO = NEWtoOLD (icel)

icN1= NEIBcel I (ic0, 1)
icN2= NEIBcel | (ic0, 2)
icN3= NEIBcel | (ic0, 3)
icN4= NEIBcel | (ic0, 4)
icN5= NEIBcel I (ic0, 5)
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL  (ic0) RDZ= L

B0 &
o DhotoNoNRES ZAREA = AxQy
D(icel)= D(icel) - coef

|f (|cN5 It icel) then
% INL (icel)
| (IAL icel).eq. icNb) then
i temL J+|ndexL§|ceI Sl §= icN5
QL J+indexL = coef
exi

endif icN5 < icel

enddo
INU (i ce)) Lower Part

do
|% (IAU( icel).eq. icN5) then
|temU(J+|ndexU(|ceI 1))= icNb
AU (J+indexU(icel-1))= coef
exit
endif
enddo
endif
endif

icel-1
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poi_gen (6/9)

New numbering Is applied

Greiv(icel 1) ~ Heel AYAZ +
AX
Breiv(icet,2) ~ Beel AyAZ +
AX
Breiv(icet,3) ~ Beal AZAX +
Ay
Breiv(icet,4) ~ Beel AZAX +
Ay
Breiv(ica 5) ~ Hea AxAy|+
AZ
¢neib(iceIA,6) ~ Rea AXAy = f._ AxXDAYAZ
YA



41

IC

'C t } n

EgZLINTERIOR & NEUNANN BOUNDARY CELLs | pOI g e n (6 / 9)

| _ ] . i
Somp parallel do private . e v & New numbering Is applied
I'$omp& private (VOLO, coef, ], ii, jj, kk)

do ip =1, PEsmpTQT . .
do icel= SMPindexG(ip—1)+1, SMPindexG (ip)

icO = NEWtoOLD (icel) ¢neib(ice| 1 - %Cel
icN1= NEIBcel | (ic0, 1) Ax AyAz +

icN2= NEIBcel | (icO, 2)
icN3= NEIBcel | (icO, 3)

e NElbosl1 (1508 Brein(ice2) ~ Hea
i cN5= cell (icO, :
iocN6= NEIBce! | (icO0. 6) A AyAz +
_ : X
VOLO= VOLCEL  (icO) RDZ = Ai 2 7
if (icN5. ne.0) then y4 ibticl 3) — Heal
oo~ ODEINEN(IENS)  ZAREA = Axay e T AZAX +
D(icel)= D(icel) - coef Ay
if (icNb. It. icel) then
do#':I, INC (icel) @i -q
it (IAL(j, icel). eq. icN5) th heib(icel ,4) cel
| it(engj+Eﬁ§e3<L3?cé?—1§;: ToN AZAX +
AL (J+indexL (icel-1))= coef Ay
it icN5 > icel
en |
enddo ¢ o —(Q
I neib(icel,5) cel
Shoci- 1 IUgice  JpperPart AxAy +
|% (IAU(j, icel). eq. icN5) then IAV4

itemU§J+indexU§!cel—1§;= icN5
_léU JtindexU(icel-1))= coef ¢ _qq
exl neib(icel,6 cel —
end 1 el AXAY|= 4 AXAYAZ
enddo N7 Ic
endif
endif




if (icN3.ne.0) then
icN3= OLDtoNEW (icN3)
coef= RDY * YAREA
D(icel)=D(icel) - coef

if (icN3. It. icel) then
do.%: 1, INL(icel)
it (IAL

. j, icel).eq. icN3) then
i temlL J+!ndexL§!ceI—1 ;: icN3
AL (J+indexL (icel-1))= coef
exit
endif
enddo
else .
do.%: 1, INUCicel)
it (IAU(j, icel).eq. icN3) then
i temU 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
i temL J+!ndexL§!ceI—1 ;: icN1
AL (J+indexL (icel-1))= coef
exit
endif
enddo
else .
do.%: 1, INUCicel)
it (IAU(j, icel).eq. icN1) then
i temU J+!ndexU§!ceI—1 ;: icN1
AU(J+indexU(icel-1))= coef
exit
endif
enddo

endif
endif
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poi_gen (7/9)

Creivicet 1) ~ Hicel

AX
Breivicet 2) ~ Bee
AX
Breiviica 3) ~ Bea
Ay
Preivice .4) ~ Bee
Ay
Breiv(ica 5) ~ Hea
Az
Drciv(ice 6) ~ Hee
Az

AyAz +
AyAz +
AZAX +
AZAX +
AXAy +

AxAy = f.  AxAyAz



if (icN2.ne.0) then
icN2= OLDtoNEW (icN2)
coef= RDX_* XAREA
D(icel)= D(icel) - coef

if (icN2. It.icel) then
do.%: 1, INL(icel)
it (IAL(], icel).eq. icN2) then
itemL (J+indexL (icel-1))= icN2
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else .
do.%: 1, INUCicel)
it (IAU(], icel).eq. icN2) then
itemU (J+indexU(icel-1 ;: icN2
AU (j+indexU(icel-1))= 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) .
i (IAL(J,lceI).eq.|0N4§;then

itemL (j+indexL (icel-1))= icN4
AL (J+indexL (icel-1))= coef
exit
endif
enddo

else
do =1, U(iceD)
it (IAU(j, icel).eq. icN4) then
;: icN4
= coef

itemU (J+indexU(icel-1
AU (J+indexU (icel-1
exit
endif
enddo
endif
endif
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poi_gen (8/9)

Creivicet 1) ~ Hicel

AX
Breivicet 2) ~ Bee
AX
Breiviica 3) ~ Bea
Ay
Preivice .4) ~ Bee
Ay
Breiv(ica 5) ~ Hea
Az
Drciv(ice 6) ~ Hee
Az

AyAz +
AyAz +
AZAX +
AZAX +
AXAy +

AxAy = f.  AxAyAz



1$omp parallel do private
(ip, icel, ic0, icN1, icN2, icN3, icN4, icNb, icN6) &
1 $omp& private (VOLO, coef, j, ii, jJj, 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
eng?glf BFORCE
ii= %Eucg B using original
11= IcU,
kk= XYZ(ic0, 3) mesh ID
BFORCE (icel)= —dfloat (ii+]j+kk) * VOLO
enddo Tt .
o i1,j),kk,VOLDO:
I$omp end parallel do private
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poi_gen (9/9)

Creivicet 1) ~ Hicel AYAZ +
AX

Breivicet 2) ~ Bee AyAZ +

AX

Breiviica 3) ~ Bea AZAX +
Ay

Preivice .4) ~ Bee AZAX +
Ay

Breiv(ica 5) ~ Hea AXQy +
AV

Dreinicel 6) ~ Aol AXAy = f._ AxXDAYAZ

Az



&
&
&

Main Program

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

call POINTER_INIT

cal| BOUNDARY_CELL
call CELL_METRICS

call POI_GEN

PHI="0.d0

call solve_IGCG_mc
( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D,
BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,
SMPindex, SMPindexG, EPSICCG, ITR, IER)
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solve ICCG_mc (1/6)

ICk*xx module solver_ ICCG_mc

| Goksksk

i

' module solver_ICCG_mc
contains

i8*** solve_ICCG
subroutine solve [GCG mc &
& "N, NPL, NPU, indexL, itemL, indexU, itemU, D, B, X, &
& AL, AU. NCOLORtot, PEsmpTOT, SMPindex, SMPindexa, &
& EPS, ITR. IER)
implicit REAL*8 (A-H, 0-2)

integer :: N, NL, NU, NCOLORtot, PEsmpTOT

real (kind=8), dimension(N) :: D

real (kind=8), dimension(N) :: B

real (kind=8), dimension(N) X
real§kind:8) dlmen3|ongNPL) co AL

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

integer, dimension(0:N) .. indexL, indexU
integer, dimension(NPL) :: itemL

integer, dimension (NPU) :: itemU

integer, dlmenS|onEO NCOLORtot*PEsmpTOT) SMP index
integer, dimension (0:PEsmpTOT) . SMPindexG

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

integer,
integer,
integer,
integer,
integer,

parameter :: =
parameter ::
parameter ::
parameter ::
parameter ::

1
SN —



solve ICCG_mc (2/6)

IC

R e — +
IC | INIT |
IC +——— +

allocate (W(N+128, 4))

I$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT . .
do | ; SMP|ndexG(|p 1)+1, SMPindexG (ip)

| =

i,2)= 0 ODO

él 332 0. 0DO

i,4)= 0.0D0
enddo
enddo

I'$omp end parallel do

do |c— 1, NCOLORtot
| $omp para lel do Brlvate(lp ipl, i, VAL, k)
do ip= 1 EsmpT
ipl=_( ) *PEsmpTOT + Iﬁ
do i= SMPlndex(|p1 1)+1 SMPindex (ip1)
VAL= D (i)

do k= |ndexL(| 1)+1, indexL(i)
_ VAL= VAL — (AL (k) %%2) *
W(itemL (k), Dgé

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

Incomplete

“Modified” Cholesky
Factorization

47
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Incomplete “Modified” Cholesky

Factorization
4 -1 WDD][i]: d
d :(aii -> a,’ mk} =1, DLI]: S
< itemL[j]: K
AL[]]: By
d i=1, N
VAL= D (i)

do k= indexL(i-1)+1, indexL (i)
VAL= VAL - (AL(k)*%x2) * W(itemL (k),DD)
enddo
W(i,DD)= 1.d0/VAL
enddo
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Incomplete “Modified” Cholesky
Factorization: Parallel Version

1 -1 W[DD][i]: d

d :(aii _Zaikz mk] =1, DLI]: G
- itemL[j]: K
AL[]]: A

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



solve ICCG_mc (3/6)

IC + }
;8 | {r0}= {b} - [Al{xini} |
| $omp paraIIeI do Brlvate(lp i, VAL, k)
do |p— EsmpTO
do i = SMPlndenglp 1)+1,
& SMPindexG (ip)
VAL= D(i)*X (i)

do k= |ndexL(|—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 (i temU (k)
enddo
W(i,R)= B(i) - VAL
enddo’
enddo
I$omp end parallel do

s 25D v
omp para e o private(ip, i
reduction (+:BNRM2)
do ip= 1 PEsm _ _
do i = |ndexG(|B 1)+1, SMPindexG (ip)
(i) *%2

NN SN

BNRM2 = BNRM2 +
enddo

|$omp end parallel do

Compute r(®= b-[A]x(?
for i= 1, 2,
solve [M]zW D= rG-1)
P, = ri-b z(i-1)

Bi—1= pi—l/pi—z

pW= zGD 4+ B pE-D
endif
gil= [AlpW®D

ai = pi_l/p(l)q(l)

xW= xE-1 4+ g pd
r(l)= r(i_l) —_ alq(l)
check convergence |r|

)
o
0.
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Mat-Vec
NO Data Dependency: SMPindexG

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 :
:8 | {r0}= {b} - [Al{xini} | Compute r®= b-[A]x(?
ic:;: ' 1 =
I $omp paraIIeI do Brlvate(lp i, VAL, k) for - Lo Zy . .
do ip= 1 . solve [M]zG D= p@-l)
do i = SMPlndexG(lp 1)+1, SMPindexG (ip) . .
VAL= D (i) *X (i) P = r(i-1) 5 (i-1)

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(i,R)= B(i) - VAL
enddo

enddo
I$omp end parallel do

BNRM2= 0. 0DO
I$omp parallel do private(ip, i) reduction(+:BNRM2)
do ip= 1. PEsmpTOT _ _
do i = SMPlndexG(lg 1g+1, SMPindexG (ip)
EQRMZ = BNRM2 + B(i) **2
enddo

enddo
|$omp end parallel do

0]
3
O,

1iE A=l

p )= 7 (0)
else

Bi—1= pi—l/pi—Z
p(l)z Z(l_l) + Bi—l p(l_l)

endif

q¥'= [A]lp®

a, = p,/pH g

xW= gD + qap®
ri= pt-b — gq,q@
check convergence |r|
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Dot Products: SMPindexG, reduction

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

ITR= N
do L= 1, ITR

IC + :
'C | (z}= Minv1{r} |

' C:::
| $omp

I $omp

I'$omp

I'$omp

I'$omp

parallel do prlvate(lp i)

do ip= 1, PEsmpTO _ _

doW% = SMP|?dex§(|p—1)+1 SMPindexG (ip)
i

enddo’

enddo

end parallel do

do ic= 1, NCOLORtot
parallel do private(ip, ip1, i, WAL, j)
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT +
do i= SMPindex (ip1-1)+1, SMPlndex(|p1)
WVAL= W (i, 2)

do j= 1, INL(i) - -
WVAL="WVAL - AL(j, i) * W(IAL(j, 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
ipl= (ic—1) *PEsmpTOT +
do i= SMPlndex(|p1 1)+1, SMPlndex(|p1)
SW 0. 0d0

do '— 1, INUCI) o
SW: SW+ AUCj, i) = W(IAU(], i), 2)
enddo
W(i,Z)=W(i,Z) - W(i,DD) * SW
enddo
enddo
end parallel do
enddo

solve ICCG_mc
(4/6)

Compute r(®= b-[A]x(9
for i= 1, 2,
solve [M]z(E 1= p(-1)
=
if i=1
pM= 70
else
Bi—lz pi—l/pi—Z
p(l)z Z(i_l) -|- B 1 p(i_l)
=
endif
gi= [Alp@
a, = p, ,/pPg
r(l)z r(l_l) — qu(l)

check convergence |r|

0]
3
o,
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'C

ITR= N
do L= 1, ITR

IC + :
'C | (z}= Minv1{r} |

' C:::
| $omp

I'$omp

I $omp

I $omp

I'$omp

parallel do private(ip, i)

do ip= 1 PEsmplOT . .

do i = SMPlndexG(lp 1)+1, SMPindexG(ip)
W(i,Z2)= W@, R)

enddo

enddo

end parallel do

do ic= 1, NCOLORtot
paraIIeI do Brlvate(lp ip1, i, WAL, k)
do ip= 1, PEsmpTO
ipl= (ic—1) *PEsmpTOT + i
do i= SMPindex (ip1-1)+1, SMPlndex(|p1)
WVAL= W(i, 2)

do k= indexL (i-1)+1, indexL (i)
WVAL= WVAL - AL (k) * W(itemL (k),2)
enddo .
W(i,Z)= WAL * W(i, DD)
enddo
enddo
end parallel do
enddo

do ic= NCOLORtot, 1, -1
parallel do private(ip, ip1, i, SW, k)
do ip= 1, PEsmpTOT
ipl= (ic—1) *PEsmpTOT +
do i= SMPlndex(|p1 1)+1, SMPlndex(|p1)
SW 0. 0d0

do k= indexU(i-1)+1, indexU (i)
SW=SW + AU(k) * W(itemU(k), 2)
enddo . .
W(i,Z)=WC(i,Z) — W(i,DD) * SW
enddo
enddo
end parallel do
enddo
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solve ICCG_mc
(4/6)

Compute r(®= b-[A]x(9
for i= 1, 2,
solve [M]z( D= (-1
i
if i=1
pM= 7
else
Bi—lz Pi_1/Pi
p(l)z Z(i_l) -|- B 1 p(i_l)
i
endif
gqi= [A]pWD
a, = p, /pPgd
xW= xE1 4+ g.pd
ri= rE-1 — g, g
check convergence |r|

0]
3
o,



ITR= N

L do L= 1, ITR

IC 4 : .

€ | le)= Min] (1) | SMPindex
'C:::

| $omp parallel do private(ip, i)
do |p— 1, PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG(ip)
W(i,Z2)= W@, R)
enddo
enddo
I$omp end parallel do
do ic= 1, NCOLORtot
I $omp paraIIeI do rlvate(lp ip1, i, WAL, k)
do ip=1 EsmB
ipl= ( ic—1) *PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPlndex(|p1)
WVAL= W (i, 2)

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

enddo
W(i,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, PEsmpTOT
ipl=_(ic—1)*PEsmpTOT + ip
do i= SMPlndex(|p1 1)+1, SMPlndex(|p1)
SW 0.0d0

do k- indexU(i-1)+1, indexU(i)
SW= SW + AU(K) * W(itemU(k),2)

enddo
W(i,Z)=W(i,Z) - W(i,DD) * SW
enddo
enddo
I$omp end parallel do

enddo
! C===

solve ICCG_mc

(4/6)

M)z =(LoU f 3 ={1)
(LN ={}

Forward Substitution

oL 2 ={2

Backward Substitution
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Forward Substitution: SMPIndex

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



e solve ICCG_mc

! {p} = {z} i ,
IC | BETA= RHO / RHO1 otherwise

= if (Leq.1) then | (5/6)

I$omp paraIIeI do Brlvate(lp i)
do ip=1

doWk —P§Mqude§9(lp 1)+1, SMPindexG(ip) ) )
i,P)= = hH-—
enggo Compute r b-[A]x
enddo S =
1 $omp entli parallel do for 1 L, 2, e e
else - i-
BETA= RHO / RHOT solve [M]z™~ =
1 $omp paraIIeI do Brlvate(lp i) P, = r(i-1) - (1-1)
o PSP o a lip-1)+1. SHPindexd (ip) £ i=1
0i = indexG (ip—1)+ indexG (ip if i=
W(i,P)= W(i,Z) + BETA%I (i, P) -
enddo p(1)= z (0)
enddo
I$omp end parallel do else
endif
1G=== Bi—1= Pi_1/Pi2
|cI (o= (Ao | p o=zt 4 By pU
: endif
IC::: . '
I$omp parallel do private(ip, i, VAL, k) CI(J')zz [A] ID(l)
do ip= 1, PEsmpTOT . () ~ (i)
do i —SMPlndexG(|p1)+1 SMPindexG (ip) a, = p;;/p*Pq
VAL= = D()N (i, P) _ (1)= x(i-1) 4+ .p(1)
il il A TS f o
= + *W (item , : . -
gndgo indexU (i=1)+1.indexU (i) riW= rt=H — aiq(l)
o k= indexU(i-1)+1, indexU(i
VAL= VAL "+ AU () i (i tenll ). P) check convergence |r|
enddo
W(i Q)= VAL end
enddo

endd
l$omp end parallel do



IC +

IC | {p} = {z} if ITER=1

}8 BETA= RHO / RHO1 otherwise

i C=== '

if (L.eg.1) then
I$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT . .
do i = SMPindexG(ip-1)+1, SMPindexG (ip)

Wi, P)= Wi, 2)
enddo
enddo
I$omp end parallel do
else

BETA= RHO / RHO1
I$omp parallel do prlvate(lp i)
do ip= 1. PEsmpTOT . .
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
W(i,P)= W(i,Z) + BETA%W(i,P)

enddo
enddo
I$omp end parallel do
endif
1C===
'C | {a}= [A] {p} !
IC::: '

I$omp parallel do prlvate(lp 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 (i)
VAL= VAL + AL (k) *W (itemL (k), P)

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

ndd
|$omp end parallel do

solve ICCG_mc
(5/6)

Compute r®= b-[A]x(®
for i=1, 2,
solve [M]zG = p@G-1)
P, ;= rih zGE-D
if i=1
pL= z(©
else
Bii= Pi1/Pis
pi= zED 4+ B, pED
endif
q¥’= [a]lp®
a; = pi/pHgt
x(@= xG1) 4 g, p@
ril= G-l — q,q@®
check convergence |r|

0]
3
O}



IC

IC + :

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

I C::: I
C1= 0.d0

1 $omp garalle{ do prlvate(lp i) reduction(+:C1)
0 ip=

do i = SMPlndexG(lw 1)+1 SMPindexG (ip)
Cl=C1 + W(i,P)+W (i,
enddo

I$omp end parallel do
ALPHA= RHO / Ct

IH [ - Azl |

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

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

I$omp end parallel do

solve ICCG_mc
(6/6)

Compute r®= b-[A]x(®
for i= 1, 2,
solve [M]zi 1= p@-1)
p,_,= rUD zE-D

if 1=1

p M= z(0)

else

Bi—ll_ pi—_l/pl—z

p(l)= 7z (1-1) 4 Bi—l p(l—l)
endif

ri= pi-1 — g g
check convergence |r|

0]
3
O}



10
1C + t
lc | ALPHA= RHO / {p} {a} |
| C::: I

C1=0.d0
I'$omp parallel do prlvate(lp i) reduction(+:C1)
do ip= 1, PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
Cl=C1 + W(i,P)«W(i, Q)
enddo
enddo
I$omp end parallel do

ALPHA= RHO / C1

IH [ - Azl |

|$omp parallel do private(ip, i)
do |p- 1, PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)

XEI) = XEI) + ALPHA * WE Pg
W(i,R)= W(i,R) — ALPHA * W(i,Q
enddo
enddo
I$omp end parallel do
DNRM2= 0. dO

I$omp parallel do private(ip, i) reduction (+:DNRM2)
do |p— 1, PEsmpTOT . .
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
DNRM2= DNRM2 + W(i, R) #%2
enddo

I$omp end parallel do

solve ICCG_mc
(6/6)

Compute r®= b-[A]x(®
for i= 1, 2,
solve [M]zi 1= p@-1)
p,_,= rUD zE-D

if 1=1

p M= z(0)

else

Bi—ll_ pi—_l/pl—z

p(l)= 7z (1-1) 4 Bi—l p(l—l)
endif

ai — pi_l/p(l)q(l)
x(W= xGE-1 4 g,p@
r(1)= r(i_l) — alq(l)

check convergence |r|

0]
3
O}



Jo
1C + t
Ic | ALPHA= RHO / {p} {a} |
IC::: I

C1=0.d0
I'$omp parallel do prlvate(lp i) reduction(+:C1)
do ip= 1, PEsmpTOT
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
Cl=C1 + W(i,P)«W(i, Q)
enddo
enddo
I$omp end parallel do

ALPHA= RHO / C1

g | 7= 7] - ARl |

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

DNRM2= 0. dO
I$omp parallel do private(ip, i) reduction (+:DNRM2)
do ip= 1. PEsmpIOT _ _
do i = SMPindexG(ip-1)+1, SMPindexG (ip)
3§RM2 DNRM2 + Wi, R) #*2
enddo

enddo
|$omp end parallel do

solve ICCG_mc
(6/6)

Compute r®= b-[A]x(®
for i= 1, 2,
solve [M]zi 1= p@-1)
p,_,= rUD zE-D

if 1=1

p M= z(0)

else

Bi—ll_ pi—_l/pl—z

p(l)= 7z (1-1) 4 Bi—l p(l—l)
endif

check convergence |r|

0]
3
O}



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




— Retired in Fall 2011, based on IBM’s Power 5+

e 1003 Meshes

Results
e Hitachi SR11000/J2 1-node, 16-cores

Memory Memory Memory Memory
A { A { A { A !
L3 [==]Core|Core|| L3 [==]Core|Core|| L3 [==]Core|Core|| L3 [==]Core|Core
NEE AR AEE Jin ]
L2 < L2 < L2 < L2
A i\\\\ A i\\\\ ,//1 A ,’/’ A
T~ SN r
S - //’/ SS o,
h \\\\A’/,,,, \\\\\\A’/”,, -
- /’,/’, \\\\\\ /,//,’ \\\\\\ ~
y ,’/4’ “ y a ;"\\: y \\\\\ y
> L2 i > L2 i > L2 - N L2
L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1
L3 [==]Core|CPU|| L3 [==]Core|Core|| L3 [==lCore|Core|| L3 [==]Core|Core
A A A A
v v v v
Memory Memory Memory Memory
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SR11000, 1-node/l16-cores,

ITERATIONS

Sec.

1003

. (@:MC, A:RCM, -: 06C )
i o ® g ® 0o,
- e ., °°,
B ~ :H:
300 £ 1E+04 E
c M
® =
3
o
250 ) § 1E+02 | |
- \ g 5
3 Iterations [ fl ICP#
200 L L aaaanl L Al il Aianl 1.E+00 | A A |||||“ A A ||||||| A {T"“"l A (TN
1.E+00 1E+01 1E+02 1.E+03  1.E+04 1E+00 1E+01 1.E+02 1E+03 1E+04
COLOR# COLOR#
300 T .—l LOE-02 B
d Time (solver) ¥ Time/lteration o
[ [ ®
250 ® o ° _ 8OE-03 [
- S )
I e 5 I o®
I ® A 3 I o
o ® 2 3
2.00 ° e 6.0E-03
® ® / i
150 4OE_O3 Lanl 1 L b 111l
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#



Iterations

Sec.

400 .
350
300 [
250

200

12.00 |
10.00 |
8.00 |
6.00 |
200 |
2.00 |

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

@ .
o =R - Fujitsu PRIMEHPC FX10
v' Oakleaf-FX, Oakbridge-CX
Qoo o o ® o ° . .
[ \ °® oo - v' Commercial Version of K
\ e ... | *Apr.2012-Mar. 2018
w"\ A RCM }
A =CM-RCM
T
4.00E-02 .
¢ '\R"EM Time (solver) [ : "R"EM Time/
A L
—CM-RCM .’ 300802 T __cm-rem | ILEELTel
“L é 2.00E-02 ".
o ¢ g : o ®
[ S [ °
: o © .:’!A g LO0E-02 | "_._‘_M
T T o T

COLOR# COLOR#



Iterations

Sec.

500

450 |
400 |
350 |
300 |

250 L

5.00
400 |
300 |
200 |
100 |

0.00

Color

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

sec./iteration

67

OBCX,

1-soket/24-cores,

1283

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

1.50E-02

1.00E-02 [

5.00E-03 |

0.00E+00

RCM)

® MC A RCM —CM-RCM
o
Time/lteration
1 .10 100 | 1000

Color



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




 Running the Code
o Further Optimization




Compile & Run

>$ cd /work/gt69/t69XXX

>$ cd multicore/L3/src

>SS make

>$ 1s ../run/L3-sol
L3-sol

>$ ed ../run

>$ pjsub gol.sh
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Running L3-sol

L3-sol
Poisson Solver
FVM

}

INPUT.DAT
Control File

J

—

— T
—

test.inp
ParaView File

\\/
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Control Data: 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 NCOLORtot
NX, NY, NZ
— Number of meshes in X/Y/Z dir. 1
DX,DY,DZ NZ NZ
— Size of meshes 2y oy ! e

- > NY

EPSICCG ‘4 \X
— Convergence Criteria for ICCG ™
PEsmpTOT

— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM




OMP-3

gol.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

export KMP_AFFINITY=granularity=fine, compact
./L3-sol
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Iterations

Sec.

500

450 |
400 |
350 |
300 |

250 L

5.00
400 |
300 |
200 |
100 |

0.00

Color

I . ® o MC
: Iteratlons A RCM
—CM-RCM
o ° ° ®
A
1 10 100 1000
Color
® MC A RCM —CM-RCM ®
[
[
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)

® MC A RCM —CM-RCM
o
Time/lteration
1 .10 100 | 1000

Color



 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering




Forward Subst.: Current Impl. (F)

do ic= 1, NCOLORtot
ISomp 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 (i)

WVAL= WVAL - AL(k) * W(itemL(k), 2)
enddo
W(i,Z)= WVAL * W(i,DD)
enddo
enddo
!Somp end parallel do

enddo

e At“lomp parallel”, generation and corruption of
threads (up to 28) occurs: Fork-Join

— In each color, this occurs
— Some overhead

e QOverhead increases, If number of color increases.
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For. Subst.: Reduced Overhead (F)

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

WVAL= WVAL - AL(k) * W(itemL(k), 2)
enddo
W(i,Z)= WVAL * W(i,DD)
enddo
enddo

endd
ISomp end parallel

* Generation of threads occurs just once before
starting forward substitutions.

 Loops with “'omp do” are parallelized.



OMP-E

78

Programs (src0)

cd /work/gt69/t69XXX
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o® o° o

o°

cd srcO

make

cd ../run

ls L3-s01l0
L3-s010

o° o° o

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

% pjsub go0O.sh



OMP-3

go0.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

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

solO
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OMP-E

80

Programs (srcx )

cd /work/gt69/t69XXX
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o® o° o

o°

cd srcx

make

cd ../run

ls L3-solx
L3-so0lx

o° o° o

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

% pjsub gox.sh



OMP-3

gox.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

export KMP_AFFINITY=granularity=fine, compact
./L3-so0lx
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OMP-3

Difference
between srcO
& srcx (1/2)
|C Fact.

srcx: OpenMP
directives were
directly inserted to
“L2-sol”, and
performance Is not
so different from that
of srcO

I$omp parallel private(ic, ip, ipl, i, VAL, k)
do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT
ipl1= (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
enddo ESF()()
I$omp end parallel

I$omp parallel private(ic, ip1, ip2, i, VAL, k)
do ic= 1, NCOLORtot
ipl= SMPindex ((ic—1)*PEsmpTOT) + 1
ip2= SMPindex ((ic—1)*PEsmpTOT + PEsmpTOT)

I$omp do

do i= ipl, ip2
VAL= D (i)
do k= indexL(i-1)+1, indexL(i)

VAL= VAL - (AL (K)*x2) * W(itemL (k). DD)

enddo
W(i,DD)= 1.d0/VAL

enddo

enddo
I$omp end parallel SICcX
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Difference
between srcO
& srex (la/2)
|C Fact.

srcx: OpenMP
directives were
directly inserted to
“L2-sol”, and
performance Is not
so different from that
of srcO

I$omp parallel private(ic, ip, ipl, i, VAL, k)
do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT
ipl1= (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
enddo ESF(:()
I$omp end parallel

I$omp parallel private(ic, ipl, ip2, i, VAL, k)
do ic= 1, NCOLORtot

I$omp do
do i= GOLORindex(ic—1)+1, CGOLORindex(ic)
VAL= D (i)
do k= indexL(i-1)+1, indexL (i)
VAL= VAL - (AL (K)*x2) * W(itemlL (k). DD)
enddo
%éi,DD)= 1.d0/VAL
enddo
enddo SIcXx
I$omp end parallel Corresponding

Implementation
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I$omp parallel do private(ip, i, VAL, k)

" do ip= 1, PEsmpTOT
Difference 40?7 L 5O o1y +1, SWPindex(i)
o S ] ()
= -1+
between srcO U= TAE S AL e )
endado
do k= indexU(i-1)+1, indexU(i)
& srcx (2/ 2) O\ASL:I\?AEX+ AU o4 (i teml (O P)
endado
W(i Q)= VAL
SpMV endd:) SI‘CO
enddo

srcx: OpenMP

i i I$omp parallel do private(i, VAL, k)
directives were do i=1, N
. VA ted to XQLE:Dféézgék]E%)+1 indexL (i)
SlreCt ynmser < VAL= VAL + AL (0 +ll (i teml (k) , P)
_2-sol”, and _ do kg_indexU(i—1)+1, indexU (i)
so different from that end S

of srcO
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Color#~Iterations for CM -RCM

1283 case
450
o
400 |
' )
0 |
.5 3&). °
©
E [ ® o0 00 ¢00
300 @
' o
1 10 100 1000

COLOR#



OMP-3

86

Time for ICCG Solver: CM -RCM

“src” becomes slower if color# is larger: overhead of
fork-join, unstable for many colors (24 threads)

240
230 |
220 F

2.10 |

SecC.

1.90 |
1.80 F
1.70 F

1.60 L

2.00 F

Osrc @srcO0 Asrcx

N
O
(A OO
O
oéoQ
ogaﬁé
o onl
NN
0 100 1000

Color



 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering




Problems in Reordering

e Coloring
— MC
— RCM
— CM-RCM

 Renumbering is according to color/level ID

e On each thread, numbering is not continuous
— reduced performance
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SMPindex:

for preconditioning

Initial Vector

do ic= 1, NCOLORtot

|$omp parallel do ---
do ip= 1, PEsmpTOT
ipl1= (ic—1)*PEsmpTOT+ip

lomp end parallel do

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

(-+)
enddo
enddo

enddo

\

Coloring color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *
color=1 color=2 color=3 color=4 color=5
1|2/3|4|5/6|7|8| |1|2|3|4|5|6|7|8| |1|2|3|4|5|6|7 2/3|4|5|6 1|2|3|4|5|6

e 5-colors, 8-threads
 Meshes in same color are independent: parallel processing
* Reordering in ascending order according to color ID




Sequential Reordering

« Reordering for continuous memory access on each
thread (core)

— Performance is expected to be better.
« Continuous address of arrays, such as coefficient matrices
» Locality (2-page later)

e |nconsistent numbering
— itemL(k) > icel
— indexL (icel-1)+1=k=indexL (icel)
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Sequential Reordering

Further reordering for continuous memory access on
each thread, 5-color, 8-threads

Initial VVector

Coloring

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

Lol 12345678l [1]2/3(4[5]6|7[8 |1|2|3l4l5l6|7 |8 |1[2[34l5]6] 78] |1|2/3]4]5]6|7/8]

Sequential  [EiKRERERE] -




Inconsistent numbering may occur

Coalesced
— icell > icel2, therefore, icel2= itemL(k), where
indexL (icell)+1=k=indexL[icell+1]

Sequential

— jcelln < icel2n, butstill icel2n= itemL (k),
where indexL (icelln)+1=k=indexL[icelln+2]

color=1 color=2 ” color=3 ” color=4 ” color=5 |

4/5|6[7/8l [1[2|3]a[s]6|7[8 |1|2|3|a[5|6|7[ |1]2|3]4]5]6|7 B

. . Coalesced
icel2 _— icell

——A a

_ _ Sequential
icelln icel2n

Coalesced _
112 3[3[3[33]|4|4|4|a|4|5k5|5]5]5) [6]6]6]6]6| |7]7|7|7|7| ElEIEIEE
\J
Sequential
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Sequential Reordering

CM-RCM(2), 4-threads
Continuous Data Access on a Thread: Utilization of
Cache, Prefetching

45(10[39| 5 35/ 2 33| 1 29/18(15/5(11|2 |9 | 1
17|46/11/40| 6 |36| 3 |34 33/30(19/16| 6 |12/ 3 |10
53|18/47|1241| 7 |37/ 4 45(34(31/2025| 7 |13| 4
24/54(19|48/13/42| 8 |38 40(46|3532(21|26| 8 (14
59/25|5520(49|14/43| 9 0914947\361412227\17
29160/26/56/21|50(15|44 53/6050|48|37/42|23|28
63|30612757|22|51/16 6354/61/51/57(38|43|24
32/64/31/62|28|58|23|52 56/64|55/62/52|58|39/44

CM-RCM(2) Seqguential Reordering, 4-threads



Sequential Reordering
CM-RCM(2), 4-threads
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1st--Color
#0 thread, #1, ' #2, | #3
4520395, 35/ (33} 29/16/15/511/'”] 9
46|14/40 6,36/ '3 [34 30,1916/ 612810
53(28/47/12/41 X 37 45(34/31|20/25 /13
54/19/48/13/42/ 8 38 46|35/32/24/26/ 8,14
-
59/2§/55/2Q49/1443 5914947/36/41/2227/1%]
60/26/56/21/50/15/44 60/50/48/37/42/23/28
63[3Q/6127/5722/51 63/54/61/54/57/38/43
64/34,62/28/58 23|52 56/64/58/62/52/58/3944

CM-RCM(2)

Seqguential Reordering, 4-threads



Sequential Reordering
CM-RCM(2), 4-threads

2"d-Color
#0 thread, #1, [ #2, | #3

10[39Q, 5 3§ 2 3§/ 1 1825/ 5 N 2 |9 1
17/46/112Q) 6 3§ 3 3330/19/2¢| 6 | IR 3

18/47/12/21 7 3| 4 34/31/20/25/ 7 2R 4
24/54/19/48/13/42 8 40(26|35/32/21/26| 8

255520491443 9 49|27/36/44,2227/17
29/6Q/26/56/21/5Q/15 53/6Q/5048|37|42/23

30(64/2757(22/54/16 54/64,51/57|38/43 24
32/64/31/62/2858/23 56|64/55/625258/39

CM-RCM(2)

Seqguential Reordering, 4-threads
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Sequential Reordering

Coalesced

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

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| |1|2|3|4|5|6|7|8

Sequential

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+Ordering *
%-}L»y FET color=1 color=2 color=3 color=4 color=5
RERFTG AT
7oez@o  [120l45e[78 [1]2[2la5e[78 [2]2[zlal5le[78 [2]2/2lal5le[78 [2]2[2l4l56[78
IEIZFESTIT)
>
1l1l1111[2]2]2]2l2l [3]3]3]3]3|[a]alalal] [5[5]5]5]5) [6]6]6]6]6] [7]717] 77 -

ALYFATERICES T
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Programs (reorder0)

o°

cd /work/gt69/t69XXX
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o°

o°

o°

cd reorderO

o°

make

cd ../run

ls L3-rsol0
L3-rsol0

o°

o°

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

% pjsub gor.sh
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gor.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

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

rsolO
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INPUT.DAT

128 128 128 NX/NY /NZ
1.00e-00 1.00e-00 1.00e-00  DX/DY/DZ
1.0e-08 EPSICC
24 PEsmpTOT
~10 NCOLORt ot
0 NFLAG
0 METHOD
PEsmpTOT
— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels

— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM

NFLAG

— =0: without first-touch, =1: with first-touch

METHOD

— Loop structure for Mat-Vec

— =0: conventional way, =1: similar to forward/backward
substitution
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@0 @o o

@0 @o o

program MAIN

use STRUCT

use PCG

use solver_ICCG_mc
use solver_ICCG_mc_ft

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

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

call INPUT

call POINTER_INIT
cal| BOUNDARY CELL
call CELL_METRIGCS
call POI_GEN

ISET= 0
al locate (WK (ICELTOT))

if (METHOD. eqg.0) then
call solve_ICCG_mc

( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU,
D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,
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,
SMPindex_new, EPSICCG, ITR, IER)

endif

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

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

call OUTUCD

stop
end

WK

Sequential
Reordering

@o @o o

@0 @o o

(1/5)
Malin
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allocate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0
do ic= 1, NCOLORtot
nnl= COLORindex (ic) — COLORindex (ic-1)
num= nnl1 / PEsmpTOT

nr = nnl — PEsmpTOT*num ic=1 ic=2 ic=3 ic=4 ic=5
do ip= 1, PEsmpTOT IIIIEI IIIIEI IIEIEI IIIIEI IIIIEI

if (ip.le.nr) then
SMPindex ((ic—1) *PEsmpTOT+ip)= num + 1

101

SMPlndex

else
Sl e (=< FRATABID= Lt SMPindex_new | Sequential
endl —

enddo
enddo

al locate (SMPindex_new (0:PEsmpTOT*NCOLORtot))
SMPindex_new (0)= 0

ST Sequential
j1= (ic—1)*PEsmpTOT + ip

)P idex_new ((ip-1) MCOLORtot+ic)= SWPindex (i) RO rd erin g

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

enddo. (2 /5)

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

JI= (-1 AICOLORtot + ic pOi_gen -1

1[2[3[]] El2[3[alS]1[2[3[4[5] 1]2]3[[5] nl2lalals] nf2lalal 112131

J
SMPindex_new (j1)= SMPindex_new (jO) + SMPindex_new(j1)
enddo
enddo
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Coalesced

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) ---

Color (ic)

Thread (ip) _ Numbering iicr:iléesling
color=1 1]2|3[4]5]6]7 . E
color=2 1]2 5 B/ . E
color=3 1 2/1?\ il |/ . E

\ color=4 1 ;l 3 4“\5 6 7. E
=a|EABDEE [——]

Ipl= (ic-1)*PEsmpTOT + ip ipl+1




Sequential

I$omp parallel private(ip, ip1, i, WAL, k)
do ic= 1, NCOLORtot
I$omp do

Thread (ip)

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

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

Color (ic) Ip1= (ip-1)*NCOLORtot + Iic

-

thread #1
thread #2

1

1
thread #3 1
thread#4 |1
1

1

1

thread #5

thread #6
thread #7

Numbering

Parallel
Accessing

103
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@ iIo301] cfE?mpﬁg(T)LORtot Seq uentlal
|cg? gmglngex (rgew(1()l gpé) *N%)IfOEtOt J{) |5:r } R d 3/5
c02- 8MP:2dg§((:g 1)+PESMTOT + ip ) eor e”ng ( )
I GOU=
O b Niebt poi_gen -2

icou= icou + 1
icelN= icNS + icou

OLDtoNEWnew (icel )= icelN OLDtoNEWnNew: Original -> Sequential
NEWtoOLDnew (ice IN)= icel NEWtoOLDnew: Sequential -> Original
engggdo -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)
ikO = OLDtoNEW (icO)
indexL (icel)= INL (ikO)
indexU (icel)= INU(ikO)

enddo -Original: Initial icO

enddo )
-Coalesced ikO

do icel= 1, ICELTOT -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))
allocate (itemU(NPU), AU(NPU))

if (NFLAG. eq.0) then

ItemL= 0
ItemU= 0

AL= 0. d0

AU= 0. d0

else
I$omp parallel do private (ip, icel, k)
do ip= 1, PEsmpTOT
do icel= SMPindex_new ((ip—1)*NCOLORtot+1),
& SMPindex_new (ip*NCOLORtot)
do k= indexL (icel-1)+1, indexL (icel)
itemL (k)= 0
AL (k)= 0. dO
enddo
do k= indexU(icel-1)+1, indexU(icel)
itemU(k)= 0
AU (k)= 0. dO
enddo
enddo
enddo
I$omp end parallel do
endif



I$omp parallel do private (ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6) & 206
| Sompé& private (coef, j, ii, jj, kK) . &
$omp& private (ik0, icN10, icN20, icN30, icN40, icN50, icN6O)
do ip =1, PEsmpTOT
do icel= SMPindex_new ((ip—1)*NCOLORtot)+1, SMPindex_new (ip*NCOLORtot)
icO = NEWtoOLDnew (icel)
ikO = OLDtoNEW (ic0)

o fEfeet 0§ Sequential
R £ -
{cN50= NEIBce! | (10’ 5) Reorde”ng
icN60= NEIBce! | (ic0. 6)

i f (icN50.ne.0) th
T ey (5/5)
ST . - 4
ICel)= 1G€E — CO€
if (icN5. It. ik0) then pOI_gen
do j= 1, INL(ikO)

if (IAL(j, ik0).eq. icN5) then . :
itemL (j+i ndexL(z icel-1))= OLDtoNEWnew (icN50) icel: Sequential
.éL(j+indexL(iceI—1))= coef icO: Original
exi
endif IkO: Coalesced
enddo
eése 1, INU(ikO) i Qi
0 j= | -
|1J° (lAU(J ik0) . eq. icNb) then !CN5O' Ongmal
itemU (J+|ndexU(Z|ceI —1))= OLDtoNEWnew (icN50) IcN5 : Coalesced
éU(J+|ndexU(|ceI 1))= coef
exi
endif ICN5>1k0: Upper (AU)
e icN5<ik0: Lower (AL)

endif



Forward Substitution

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

do ic= 1, NCOLORtot Color #1
I$omp do
do_i?: 1n Pﬁ§m%%pT T Color #2
Ipl= (I1c—1)*Fcsmp + Ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1) Colos
WVAL= W(i, 2) Color #4

do k= indexL (i—-1)+1, indexL(i)
WVAL= WVAL - AL(k) *x W(itemL(k), Z)
enddo
W(i,Z)= WAL * W(i,DD) Color #Nc
enddo
enddo
enddo
I$omp end parallel

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

do ic= 1, NCOLORtot
I$omp do Thread #1

do iﬁ): 1(’ P%m%%IT_OR Thread #2
ip1=_(ip—1)* tot + ic
d0W¢XLSMWQUd§§_neW(ip1-1)+1, SMPindex_new (ip1) Thread #3
= I,
do k= indexLnew(i-1)+1, indexLnew(i) USRI 5
WVAL= WVAL - ALnew(k) * W(itemLnew(k), Z)

enddo Thread
W(i,Z)= WVAL * W(i, DD)
enddo #(Pe)
enddo
enddo

I$omp end parallel
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Thread #1-#(Pe)

Thread #1-#(Pe)

Thread #1-#(Pe

Thread #1-#(Pe)

Thread #1-#(Pe)

Coalesced

#1-#(Nc)

#1-#(Nc)

#1-#(Nc)

#1-#(Nc)

#.1-#(Nc)

Sequential
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Mat-Vec

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
($Somp ond & METHOD=0
I$omp end parallel do

I$omp parallel do private(ip, i, VAL, k)
do ip= 1, PEsmpTOT
do i= SMPindex_new ((ip—1)*NCOLORtot)+1, SMPindex_new (ip*NCOLORtot)
VAL= D(i)*W(i, P)
do k= indexLnew(i—-1)+1, indexLnew (i)
VAL= VAL + ALnew (k) *W (itemLnew (k) , P)
enddo
do k= indexUnew(i—-1)+1, indexUnew (i)
VAL= VAL + AUnew (k) *W (i temUnew (k) , P)
enddo
W(i, Q)= VAL
enddo
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 should be more

significant in cases wit

N more colors, but ... (24 threads)

240
2.30 -
220 F

2.10 |

> @

2.00 F

SecC.

1.90 |
1.80 |

1.70

O Oiriginal, Coalesced (src)
@® Improved, Coalesced (src0)
A Improved, Sequential (reorderQ)

O
O

O G
O..
@

O o ®

9 s® A
AA AN VAN

A A

1.60 L

10 100
Color

1000
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Results on OBCX (Baseline) : 1283

24 cores, src: MC (2-colors) :424 iter’s, 2.287 sec.
RCM (382-levels) : 287 iter’s, 2.117 sec.
CM-RCM(Nc=20) : 318 iter’s, 1.830 sec.

Speed-Up based on RCM (src)
with 1 thread

25.00 15.00
Z’ ® MC(2) i ® MC(2)
[ A RCM A RCM
20.00 | !
: —CM-RCM(20) _ —CM-RCM(20)
1000 Ideal
¢ 15.00 g
@ 5
® B
I o
1000 | )
I 5.00 |
o
5.00
N N !‘!
0.0o ........................... 000
0 4 8 12 16 20 24 28
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Results on OBCX (Sequential) : 1283
24 cores, reorderQ :MC (2-colors) :424 iter’s, 2.287 sec.
RCM (382-levels) : 287 iter's, 1.857 sec.
CM-RCM (Nc=20) : 318 iter’s, 1.754 sec.

Speed-Up based on RCM (src)

with 1 thread

25.00 15.00
@ ® MC(2) - e MC(2)
I A RCM I A RCM
20.00 I
I —CM-RCM(20) i —CM-RCM(20)
[ 10.00 Ideal
8 15.00 %
o
) ®
F o
10.00 } )
I 5.00 F
o
5.00
o
-, \ 4}
000 b v v v 0 0.00
0 4 8 12 16 20 24 28
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OBCX
1-node: 2-CPU’s/sockets

4 Intel® Xeon® ) 4 Intel® Xeon® )
CBoraS  Platinum 8280 Platinum 8280
“ (Cascade Lake, CLX) m» (Cascade Lake, CLX)
(. DDRA,»  2.7GHz, 28-Cores ” 2 7GHz, 28-Cores
2.419 TFLOPS 2.419 TFLOPS

k Soc. #0: 0th-27th cores / KSOC. #1: 28th-55t cores /

Memory
96 GB

—__/
2933 MHz X 6¢ch Ultra Path Interconnect 2033 MHz X 6¢h
140.8 GB/sec 10.4 GT/sec x 3 140.8 GB/sec

Socket #0 ~'*°®®**° Socket #1

Each Node of OBCX
— 2 Sockets (CPU’s) of Intel Cascade Lake
— Each socket has 28 cores

Each core of a socket can access to the memory on the
other socket : NUMA (Non-Uniform Memory Access)

Utilization of the local memory is more efficient

So far, only a single socket has been used
— Let’s utilize both sockets
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Summary: First Touch Data
Placement

 On NUMA architecture (Non-Uniform Memory Access), “pages
of memory” are not allocated when variables and arrays are
declared/allocated in the program.

« “Pages” are allocated at the local memory of the “socket” for the
“core/thread” that first touches the variables and/or arrays.

 If the pages are not on the local memory of the socket for each
thread, performance of the program is very bad.

* 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.

e You have to consider this if you use two sockets of the OBCX
system for a single OpenMP program
— Not needed for a single socket case
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Summary: First Touch Data
Placement

 On NUMA architecture (Non-Uniform Memory Access), “pages
of memory” are not allocated when variables and arrays are
declared/allocated in the program.

« “Pages” are allocated at the local memory of the “socket” for the
“core/thread” that first touches the variables and/or arrays.

 If the pages are not on the local memory of the socket for each
thread, performance of the program is very bad.

* 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.

e You have to consider this if you use two sockets of the OBCX
system for a single OpenMP program
— Not needed for a single socket case
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Control Data: INPUT.DAT

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

e PEsmpTOT

— Thread Number (--omp thread=XX)

e NCOLORtot
— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM

e NFLAG
— =0: without first-touch, =1: with first-touch

e METHOD

— Loop structure for Mat-Vec
— =0: conventional way, =1: similar to forward/backward

substitution
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go2.sh: reorder0O

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=1

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

#PJIM —-g gt69

#PJIM -5

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact

./L3-rsol0
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Array Initialization: NFLAG=0/1 (1/3)

6 poi_gen.f
IG— ARRAY init. -
if (NFLAG. eq.0) then Pages are allocated at the
EE?RCEf 8- gg 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 Pages are allocated at the

D(icel) = 0.d0
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 optimi zation Is to

Initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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Array Initialization: NFLAG=0/1 (2/3)

if (NFLAG. eq.0) then

d%ﬂ,ggif(};;e})cELgOT Pages are allocated at the
indexU(icel)= 0 local memory of the master
enddo thread

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

indexU(icel)= 0 Pages are allocated at the

enddo
enddo local memory of each thread
endif
A very common technique in OpenMP program for optimi zation is to

Initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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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
AU=0. d0 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)
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
ggddo Pages are allocated at the
enaao
enddo local memory of each thread
I$omp end parallel do
endif
A very common technique in OpenMP program for optimi zation IS to

Initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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Sequential Reordering (4/5)
poi_gen -3

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

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

if (NFLAG. eq.0) then

iteml= 0
itent= 0 Pages are allocated at the
AU= 0. d0 local memory of the master
else

thread

I$omp parallel do private (ip, icel, k)
do ip= 1, PEsmpTOT
do icel= SMPindex_new ((ip—1) *NCOLORtot+1),
& SMPindex_new (i p*xNCOLORtot)
do k= indexL (icel-1)+1, indexL(icel)
itemL (k)= 0

AL (k)= 0.d0 Pages are allocated at the
enddo

do k= indexU(icel-1)+1, indexU(icel) [RloJorzINnalcTnglolgYAoI W1l g MigI(=L:T0
itemU(k)= 0
AU (k)= 0.d0
enddo
enddo
enddo

I$omp end parallel do
endif
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Results: reoderQ, L3 -rsol0

128 128 128 NX/NY/NZ
1.00e-0 1.00e-0 1.00e0 DX/DY/DZ

1. 0e-08 OMEGA, EPSICCG
48 PEsmpTOT
—1 NCOLORtot
O NFLAG
METHOD
_
0 1.736 1.670
28 0] 1.859 1.764
0] 1.550 1.275
48
1 1.274 0.891
56 0] 1.681 1.297
1 1.321 0.819
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Summary

Material: ICCG solver for sparse matrices derived
from FVM applications (Finite Volume Method).

Parallelization on a single node of OBCX using
OpenMP

— Data Placement
— Reordering

Effects of reordering
First-Touch Data Placement



Future Directions

Gap between performance of CPU & memory
— BYTE/FLOP

Multicore/Manycore
— Intel Xeon/Phi, GPU with OpenACC

Supercomputer system with >10° cores
— Exascale: >108

Reordering/Ordering

— Intensity of components of matrices should be also
considered (not only the connectivity information)

— Selection of optimum number of colors: research topic,
especially for ill-conditioned problems

OpenMP/MPI Hybrid -> One of effective choices

— Optimization for OpenMP is the most critical

— Winter School: Parallel FEM using OpenMP/MPI
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