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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.
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4-Colors, 4-Threads
Initial Mesh

57|58(59/60/61|62|63/64
4950|51/52|53|54|55/56
4142|43/44/45|4647/48
33|34(35|36|37|38/3940
25|26(27|28/29(30|31|32
17|18|19|20|2122/23|24
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4-Colors, 4-Threads
Initial Mesh

0/7|58(59/60/61/62|63/64
49(50(51|52|53|54/55|56
4142|4344/45|464748
33|34(35(36|37|38|3940
25|26\27(2829|30|31/32
17|18|19(20|21\22(23|24
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4-Colors, 4-Threads
Renumbering according to Color ID

4561/46/62(47|63/48|64
13|29(14/30|15|31/16|32
4157|42/5843|5944/60
9125/10126|11 271228
37|53|38/54/39|55/40|56
52116 22| 7 23| 8 |24
33|49|34/50/35/51|36|52
117,218/ 3|19 4 20
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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]1531]16]32
4157/42/58/43/59/44 60
9 [25]10]26(11/27|12[28
3753/38/54/39/55/40 56
5 [21] 6|22 7 23[ 8 |24
33149/34/50/35/51/36/52
thread #0 ..-.... 20

thread #3

thread #2

thread #1
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Files on FX10

>$ cd <$0-TOP>

>$% cp /home/ss/aics60/C/multicore-c.tar .
>$ cp /home/ss/aics60/F/multicore-f.tar .

>$ tar xvf multicore-c.tar
>$ tar xvf multicore-f.tar

>$ cd multicore

Confirm the following directories:
L3 omp

<$0-L3>, <PO-stream>
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Files on FX10 (cont.)

e Location
— <$0-L.3>/src, <$0-L3>/run

o Compile/Run

— Main Part
e cd <$0-L3>/src
e nmake
e <$0-L3>/run/L3-sol (exec)

— Control Data
e <$0-L3>/run/ INPUT .DAT

— Batch Job Script
e <$0-L3>/run/gol.sh
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%
%

%
%
%
%

%
%

%

Running the Code

cd <$0-L3>
Is
run src srcO reorderO

cd src

make

cd ../run

Is L3-sol
L3-sol

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

pjsub gol.sh
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Running the Program

L3-sol
Poisson Solver
FVM

l

}

INPUT.DAT
Control File

J

—
—

test.inp

ParaView File
\\—/
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Control Data: INPUT.DAT

100 100 100 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
16 PEsSmpTOT
100 NCOLORtot
e NX,NY,NZ
— Number of meshes in X/Y/Z dir. }
e DX,DY,DZ NZ AZ
— Size of meshes !
zZ) y - J/
- EPSICCG A
— Convergence Criteria for ICCG ™
e PEsmpTOT

— Thread Number
e NCOLORtoOt

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

#1/bin/sh

#PJIM -L "‘node=1"

#PJIM -L "elapse=00:10:00"
#PJIM -L "rscgrp=lecture"
#PIM -g "'gt71"

#PIM -]

#PJIM -0 "arcm.lst"

export OMP_NUM_THREADS=16
./L.3-sol

=PEsmpTOT

11



* Applying OpenMP to L2-sol
« Examples
e Optimization + Exercise
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Applying OpenMP to “L2-sol”
 on ICCG solver

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

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

13
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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

14
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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
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Parallelize ICCG Method by OpenMP

* Dot Product: OK

« DAXPY: OK

o Matrix-Vector Multiply: OK
* Preconditioning
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Main Program (1/2)

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)

17
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Main
allocate (WK(ICELTOT))

do icO= 1, ICELTOT
icel= NEWtoOLD (icO0)
WK (icel)= PHI (ic0)
enddo

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

call OUTUCD

stop
end

Program (2/2)

Renumbering of “PHI”
to original numbering

18
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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)

19
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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(:,:), allocatable ::
& XYZ, NEIBcell

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

integer (kind=kint), dimension(:), allocatable :: BG_INDEX, BGC_NOD
integer (kind=kint), dimension(:), allocatable :: ZmaxGEL

IC

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

integer (kind=kint) :: PEsmpTOT
end module STRUCT

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

NXP1,NYP1,NZP1:

Number of nodes in x/y/z directions

IBNODTOT:

= NXP1 x NYP1

XYZ(ICELTOT,3):

Location of meshes

NEIBcel 1 (ICELTOT,6):

Neighboring meshes

PEsmpTOT :

Number of threads

20
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module PCG (cont.)

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

module PGCG

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

SMPindex (O:NCOLORtot*PEsmpTOT)
SMP1IndexG(0:PEsmpTOT)

OLDtoNEW, NEWtoOLD Reference table before/after renumbering

21
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Variables/Arrays for Matrix (1/2)

22

Name Type Content
D(N) R | Diagonal components of the matrix (N= ICELTOT)
BFORCE(N) R | RHS vector
PHI(N) R | Unknown vector
indexL(O:N), 1 [|# of L/Unon-zero off-diag. comp. (CRS)
indexU(O:=N)
NPL, NPU I | Total # of L/U non-zero off-diag. comp. (CRS)
1temL(NPL), I | Column ID of L/U non-zero off-diag. comp. (CRS)
1temU(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.
INUCN)
IAL(NL,N), I | Column ID of L/U non-zero off-diag. comp.

IAUCNU,N)
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Variables/Arrays for Matrix (2/2)

(0:NCOLORtot)

Name Type Content

NCOLORtot | Input:
reordering method + initial number of
colors/levels
=2: MC, =0: CM, =-1: RCM, -2=: CMRCM
Output:
Final number of colors/levels

COLORiINndex I Number of meshes at each color/level

1D compressed array

Meshes in icolt" color/level are stored in
this array from COLORIndex(icol-1)+1to
COLORINndex(i1col)

(O:NCOLORtot*PEsmpTOT)

NEWtoOLD(N) | Reference array from New to Old numbering
OLDtoNEW(N) | Reference array from Old to New numbering
PEsmpTOT I | Number of Threads

SMPindex I | Array for OpenMP Operations (for Loops with

Data Dependency)

SMP1ndexG(0:-PEsmpTOT)

Array for OpenMP Operations (for Loops
without Data Dependency)

23
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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
cal |l 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)

24
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25

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*80 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)

! ===
return
end

100 100 100

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

16

100

e PEsmpTOT

— Thread Number

e NCOLORtoOt

— Reordering Method
+ Initial Number of
Colors/Levels

NX/NY/NZ
DX/DY/DZ
EPSICCG

PEsSmpTOT

=2:
=0:
=-1:

2=

NCOLORtot

MC

CM
RCM
CMRCM
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IC
I Gtk
ICkxx CELL_METRICS
I Gtk
IC
subroutine CELL_METRICS
use STRUCT
use PCG
implicit REAL*8 (A-H, 0-2)
IC
IC— ALLOCATE
allocate (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.
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

26
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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
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)

27
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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. dO

INU (nn),

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

28
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IG 4 =
}8 ! CONNECTIVITY !

6= T faele i, o pOI_gen (2/9)

=1
icN1= NEIBcel | (icel, 1
icN2= NEIBcel | (icel, 2
icN3= NEIBcel | (icel, 3
icN4= NEIBcell (icel, 4
icN5= NEIBcel | (icel, 5 .
|cN6 NEIBcel | (icel, 6 NEIBcell(icel,6)

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

icou= INL(icel) + 1

IALE|cou,!ceIg: i cNb

INL icel)= icou
endif

if (icN3.ne.O0.and. icN3. le. ICELTOT) then NEIBcell(icel,1)
icou= INL(icel) + 1

L (icou, |celg= icN3

icel)= icou

NEIBcell(icel,2)

endif

if (icN1.ne.0.and. icN1. le. ICELTOT) then NEIBcell(icel,3)
icou= INL (icel) + 1
IALE|cou,|ceIgf icN1
ené’iﬂf icel)= icou NEIBcell(icel,5)
if (ICNzlﬂﬁ(O a?? |c¥2.le.ICELTOT) then
i cou= icel) + -
IAU§|cou |ce|g i oN2 Lower Trlangular P_art
i icel)= icou NEIBcell(icel,5)= icel — NX*NY
end! 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
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iC - =
;8 ! CONNECTIVITY !

6= T faele i, 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)
icou= INL(icel) + 1
IALglcou,lceIgf i cN1
enél}lf icel)= icou NEIBcell(icel,5)
if (|cN2 ne. 0. and. icN2. le. ICELTOT) then
iXﬁ”lchfég?l): Tcl112 Upper Triangular Part
A |celg: icou NEIBcell(icel,2)=icel + 1
endi NEIBcell(icel,4)= icel + NX
|f|éc|)3!4 ne. ((I)cgnsj |cl1‘l4. le. ICELTOT) then NEIBcell(icel,6)= icel + NX*NY
IAUE|cou |celg: i cN4
INU icel)= icou
endif

if (icN6.ne.0.and. icN6. le. ICELTOT) then
icou= INU(icel) + 1
lAUElcou |celg— icN6
INU icel)= icou
endif
enddo
! C:::
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I1C
1C +

31

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 MC (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
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poi_gen (4/9)

al locate (SMPindex (0:PEsmpTOT*NCOLORtot))
SMPindex= 0
do ic= 1, NCOLORtot
nn1= COLORindex (ic) - GOLORindex (ic-1)
num= nni1 / 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

SMP1ndex:
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)
D)
enddo
enddo
lomp end parallel do
enddo

32
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SMPindex:

for preconditioning

33

do ic= 1, NCOLORtot
I$omp parallel do ---
do ip= 1, PEsmpTOT
ip1= (ic—1)*PEsmpTOT+ip
do i= SMPindex (ip1-1)+1, SMPindex(ip1)
D
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
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|7|8| |1|2|3|4|5|6|7

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

SMP1ndeXxG:

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

ip=3

Ip=6

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

nn = [CELTOT .

allocate (indexL(0:nn), indexU(0:nn))

indexL= 0

indexU= 0

do icel=1, ICELTOT
!ndenggceI;: INngceI;
indexU(icel)= INU(icel

enddo

do icel=1, ICELTOT . .
!ndenggceI;: !ndenggceI; + indexL
indexU(icel)= indexU(icel) + indexU

enddo

NPL= indexLéICELTOT;

NPU= indexU (ICELTOT

al locate gitengNPL;, ALgNPL;;

al locate (itemU(NPU), AU(NPU

itemL= 0

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

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

é

icel-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(O: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

1temU(NPU) off-diag. comp. (CRS)

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

AU(NPU) (CRS)
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IC
IC + :
;8 | INTERIOR & NEUMANN BOUNDARY CELLs |
i G=== '

I$omp parallel do private . .
(ip, icel, ic0, icN1, icN2, icN3, icN4, icN5, icN6) &
I'$omp& private (VOLO, coef,j, ii, Jj, kk)

do ip =1, PEsmpTOT . .

do Tcel= SMPlndexG(lp—1)+1, SMPindexG (ip)
ic0 = NEWtoOLD (icel)
1oN2= NElboel | (1502
icN2= cell (icO, : .
1S5 NE{E%H%'CSE icel: New ID
i cN4= cell (icO, F N
{oN5- NElBool I (o0 5y 1€0: Old 1D
icN6= NEIBcel |l (icO, 6
VOLO= VOLCEL (ic0)

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

if (icN5. It.icel) then
do.%: 1, INL(icel)
i (IAL(J,lceI).eq.|cN5§gthen

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

else
do = 1, U(iceD)
it (IAU(j, icel).eq. icNb) 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

¢neib(ice| 1) ¢i

cel
AYAZ +
AX g
¢neib(icel,2) _¢iCE| AyAZ 4+
AX
¢neib(icel 3) ¢iCGl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ
¢neib(ice|A,6) ~ P AXAY = Ty AXAYAZ
Z



OMP-3

Coef. Matrix: Parallel, “SMPIndexG”

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

I$omp parallel do private (ip, icel, ic0O, 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)
icO = NEWtoOLD (icel)

icN1= NEIBcel | (ic0, 1)

icN2= NEIBcel | (icO, 2)
= NEIBcel | (icO0, 3)
= NEIBcel | (icO, 4)
icN5= NEIBcel | (ic0, 5)

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

Q
Z
(%)

Q
=
S

O
=
o1
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IC
IC + :
;8 | INTERIOR & NEUMANN BOUNDARY CELLs |
i G=== '

I$omp parallel do private . .
(ip, icel, ic0, icN1, icN2, icN3, icN4, icN5, icN6) &
I'$omp& private (VOLO, coef,j, ii, Jj, kk)

do ip =1, PEsmpTOT . .

do Tcel= SMPlndexG(lp—1)+1, SMPindexG (ip)
ic0 = NEWtoOLD (icel)
1oN2= NElboel | (1502
icN2= cell (icO, : .
1S5 NE{E%H%'CSE icel: New ID
i cN4= cell (icO, F N
{oN5- NElBool I (o0 5y 1€0: Old 1D
icN6= NEIBcel |l (icO, 6
VOLO= VOLCEL (ic0)

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

if (icN5. It.icel) then
do.%: 1, INL(icel)
i (IAL(J,lceI).eq.|cN5§gthen

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

else
do = 1, U(iceD)
it (IAU(j, icel).eq. icNb) 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

¢neib(ice| 1) ¢i

cel
AYAZ +
AX g
¢neib(icel,2) _¢iCE| AyAZ 4+
AX
¢neib(icel 3) ¢iCGl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ
¢neib(ice|A,6) ~ P AXAY = Ty AXAYAZ
Z
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'C

IC

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

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb5, icN6) &
I'$omp& private (VOLO, coef, ], 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 | (ic0, 5)
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL (ic0)

if (icN5.ne.0) t
i cNb= 0LDtoNEW(|cN5)
coef= RDZ * ZAREA
D(icel)=D(icel) - coef

|f (|cN5 [t.icel) then

% INL (icel)

i (IAL( icel).eq. icN5) then
|temL(J+|ndexL(|ceI 1))= icNb

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

exit

endif

enddo

do % INU(icel)
i (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

¢neib(ice| 1) ¢i

cel
AYAZ +
AX g
¢neib(ice|,2) _¢iCE| AyAZ 4+
AX
¢neib(icel 3) ¢iCGl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ

¢neib(icel,6) ~ e AXAY = . AXAyAz

Z&Z icel
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'C

IC

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

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb5, icN6) &
I'$omp& private (VOLO, coef, ], 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 | (ic0, 5)
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL  (icO) RDZ-

if (icN5.ne.0) t Az

o fhoeilio  zareas way

D(icel)= D(icel) - coef

|f (|cN5 It. icel) then
# L(icel)
i (IALE icel). eq. |cN5§;then

i temL J+|ndexL$|ceI 1))= icNb
AL (J+indexL (icel-1))= coef
gX#t i .
endi
endio ICN5 < icel

do% INU (i ce)) Lower Part
it (IAU

(j, icel).eq. icN5) then

|temU(J+|ndexU(|ceI 1))= icN5
AU (J+indexU(icel-1))= coef

exit

endif

enddo
endif
endif
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poi_gen (6/9)

New numbering Is applied

¢neib(ice| 1) ¢i

cel
AYAZ +
AX g
¢neib(icel,2) _¢iCE| AyAZ 4+
AX
¢neib(icel,3) - ¢iCGl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ
¢neib(ice|A,6) ~ P AXAY = f,. AXAYAz
Z



OMP-3

'C

IC

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

I$omp parallel do private
(|p icel, icO, icN1, icN2, icN3, icN4, icNb5, icN6) &
I'$omp& private (VOLO, coef, ], 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 | (ic0, 5)
icN6= NEIBcel | (icO, 6)

VOLO= VOLCEL  (icO) RDZ-

if (icN5.ne.0) t Az

o fhoeilio  zareas way

D(icel)= D(icel) - coef

|f (|cN5 It. icel) then
# L(icel)
i (IALg icel). eq. |0N5§gthen

i temL J+|ndexL§|ceI 1))= icNb
AL (J+indexL (icel-1))= coef
gX#t . .
endi
ondde ICN5 > icel
do =1, INU(icel) Upper Part
(IAU(], icel). eq. icN5) then
i temU J+|ndexUE|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

¢neib(ice| 1) ¢i

cel
AYAZ +
AX Y
¢neib(icel,2) _¢i06| AyAZ 4+
AX
¢neib(icel,3) - ¢iC€| AZAX +
Ay
¢neib(icel,4) _¢icel AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
Az
¢neib(ice|A,6) ~ P AXAY|= fi. AXAYAZ
Z
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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 temlL 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

poi_gen (7/9)
¢neib(ice|,l) _¢icel AyAz +
AX
¢neib(ice|,2) ~ e AYAZ +
AX
¢neib(icel 3) ¢iCEl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ
¢neib(ice|A,6) ~ P AXAY = Ty AXAYAZ
Z



OMP-3

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

|f (|cN2 It. icel) then

% INL (icel)

if (IAL(j, icel).eq. icN2) then
itemL (j+indexL (icel-1))= icN2

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

exit

endif

enddo

do % INU(icel)
it (IAU(j, 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

|f (|cN4 It. icel) then

% INL (icel)

if (IAL(j, icel).eq. icN4) then
itemL (j+indexL (icel-1))= icN4

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

exit

endif

enddo

do % INU(icel)
if (IAU(, icel).eq. icN4) then
itemU (j+indexU (icel-1))= icN4
AU (J+indexU(icel-1))= coef
exit
endif
enddo
endif
endif

poi_gen (8/9)
ﬁmummy_ﬂwlAyAz+
AX
¢neib(ice|,2) ~ e AYAZ +
AX
¢neib(icel 3) ¢iCEl AZAX +
Ay
¢neib(icel,4) ~ e AZAX +
Ay
¢neib(icel,5) _¢icel AX Ay +
AZ
¢neib(ice|A,6) ~ P AXAY = f,. AXAYAz
Z



OMP-3

I$omp parallel do private
(ip, icel, icO, icN1, icN2, icN3, icN4, icNb, 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
Joonait BFORCE
ii= %Emg B using original
11= |GV,
kk= XYZ(ic0, 3) mesh ID
BFORCE (icel)= —dfloat (ii+]j+kk) * VOLO
enddo Tt .
e i,j],kk,VOLO:
I$omp end parallel do private
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poi_gen (9/9)

¢neib(ice|,1) _¢icel AYAZ +
AX

¢neib(icel,2) _¢iCE| AyAZ 4+
AX

¢neib(icel 3) ¢iCGl AZAX +
Ay

¢neib(icel,4) ~ e AZAX +
Ay

¢neib(icel,5) _¢icel AX Ay +
AZ

¢neib(ice|,6) _¢icel AXAy — f
AZ

icel

AXAYAZ



OMP-3

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_ICGCG_mc
( ICELTOT, NPL, NPU, indexL, itemL, indexU, itemU, D,
BFORCE, PHI, AL, AU, NCOLORtot, PEsmpTOT,
SMPindex, SMPindexG, EPSICCG, ITR, IER)
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OMP-3

solve ICCG_mc (1/6)

ICkxx module solver_ ICCG_mc

| Goksksk

i

' module solver_ICCG_mc
contains

i8*** solve_ICCG
subroutine solve [CCG _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
realgkind:8) dlmen3|ongNPL) ooAL

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

integer, dimension(0:N) .7 indexL, indexU
integer, dimension(NPL) :: itemL

integer, dimension (NPU) :: itemU

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

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

integer,
integer,
integer,
integer,
integer,

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

1
SN —
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solve ICCG_mc (2/6)

IC

Ll — +
IC | INIT |
Ll — +

allocate (W(N, 4))

I$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT . .
do i ; SMPéndexG(lp 1)+1, SMPindexG (ip)

I$omp end parallel do

do ic= 1, NCOLORtot
I$omp parallel do Brlvate(lp ipl, i, VAL, k) Incomplete
do ip=1 B
ipl= (ic—-1)* EsmpTOT + ﬁ
dovl— SgPlndex(|p1 1)+1, SMPindex (ip1)

A
do k= indexL (i-1)+1, index Lé i)
VAL= VAL - (AL(k)**Z) * W(itemL (k), DD)

enddo
W(I DD)= 1.d0/VAL
enddo

“Modified” Cholesky
Factorization

enddo
I $omp end parallel do
enddo
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Incomplete “Modified” Cholesky

Factorization
i1 -1 W(@i,DD):  d
d. = (a” —Zaikz .dk) = |ii_1 D(i): a.
“ IAL(j,i): k
AL(j,i): a,
do i=1, N
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



OMP-3 50

Incomplete “Modified” Cholesky
Factorization: Parallel Version

1 1 W(@i,DD):  d.

d; = (aii _Zaikz °dk] =1, D(1): aj
- IAL(],1): k

ALG,i): a,

do ic= 1, NCOLORtot
I$omp parallel do private(ip, ip1, i, VAL, k)
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
VAL= D (i)
do k= indexL (i-1)+1, indexL(i)
VAL= VAL - (AL (k)*x2) * W(itemL (k),DD)
enddo
W(i, DD)= 1.d0/VAL
enddo
enddo
I$omp end parallel do
enddo
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solve ICCG_mc (3/6)

IC + =
w! {r0}= {b} - [Al{xini} |

I $omp paraIIeI do Brlvate(lp i, VAL, k)
o |p- EsmpTO
i = MPlndexG(lp— 1)+1, SMPindexG (ip)
VAL D (i) *X (i) ,
do k= |ndexL( -1)+1, indexL (i)
VAL= VAL + AL(k)*X(ltemL(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 3ara||e{ do prlvate(lp i) reduction (+:BNRM2)
0 ip=
do i = SMPlndexG(lg 1)+1, SMPindexG (ip)
BNRM2 = BNRM2 + B(i) #*2
enddo

I$omp end parallel do

Compute r®= b-

[AIx

for 1= 1, 2,

M

solve [M]zG-D= rG-1
Pi_1— r(i—l) Z(i—l)
if i=1
p(l): 7(0)
else
Bi—_lz pi—_llpi—z )
p(l): 7z(-1) 4 Bi—l p(l_l)
endif
qﬁ): [A]p(D
o; = pi/pPgd®
xM= xG-1 + ¢ pd
rM= pG-1) _ (Xiq(i)
check convergence |r}|
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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(i,R)= B(i) - VAL
enddo
enddo

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

IC + =
:8 | {r0}= {b} - [A]l{xini} |
IC::: I
I $omp paraIIeI do Brlvate(lp i, VAL, k)
do |p—
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
VAL= D (i)*X (i)

do k= |ndexL( -1)+1, indexL (i)
VAL= VAL + AL(k)*X(ltemL(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. PEsmpTQT
do i = MPlndexG(lg .;+1, SMPindexG (ip)
BNRM2 = BNRM2 + B(i) *x2
enddo

|$omp end parallel do

Compute r®= b-
for 1= 1, 2,

D

[A1x®

solve [M]zG-D= rG-1
0; = rG-D zG-D

if 1=1

pM= z(®
else

Bi-1= Pi-1/Pi-2
p(D= zG-D 4+ g.

endif

qO= [A]p®

o; = pij/pMg®

XM= x(-D + o.p®
rd= rG-1 _ g.qd
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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I[TR= N
do L= 1, ITR
'C
IC + : :
'C | {z}= Minv1{r) |
' C::: I

i $omp parallel do private(ip, i)
do ip= 1. PEsmpTOT _ _
dowk = SMqudeﬁg(lp 1)+1, SMPindexG(ip)
i

e
I$omp end parallel do

do ic= 1, NCOLORtot
I$omp parallel do private(ip, ip1, i, WAL, j)
do ip= 1, PEsmpTOT _
ipl= (ic—1)*PEsmpTOT +
do i= SMPlnd§§(|p1 1)+1, SMPlndex(|p1)

WVAL= W(
do j= 1, INL(i) o o
WVAL="WVAL - AL(j, i) * W(IAL(j, i),2)

enddo
W(i,Z)= WAL = W(i, DD)

enddo

enddo

I'$omp end parallel do
enddo

do ic= NCOLORtot, 1, -1
I$omp 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 j=1, INUCi) o
SW: S+ AUGE, i) * WUAUG, 1), 2)

enddo
W(i,Z)=W(i,Z) — W(i,DD) * SW

enddo

enddo

I'$omp end parallel do
enddo

solve ICCG_mc

(4/6)

Compute r®= b-[A]x©
for i=1, 2,

D

solve [M]zCG-D= rG-D
pi_= rG-1 zG-1)

if 1=1

pM= z(®
else

Bi-1= Pi-1/Pi2 )
p(D= zG-D + B pG-D

endif

q= [A]p®

o = pi-/pq®

XM= x(-D + o.p®
rd= rG-1 _ g.qd
check convergence |r|
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'C

ITR= N
do L= 1, ITR

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

' C:::
| $omp

I'$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 prlvate(lp ipl, i, WAL, k)

do i
|_? (ic- 1)*BEsm TOT + Iﬁ
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),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),Z)
enddo . .
W(i,Z)=WC(i,Z) — W(i,DD) * SW
enddo
enddo
end parallel do
enddo

)
)

solve ICCG_mc
Compute r®= b-[A]x©®
for 1=1, 2, ..
solve [M]z(-D= rG-1
pi_= ra-n zG-1
if i=1
pD= z©
else
Bi-1= Pi-1/Pi-2
p(O= zG-D + g. . pG-D

endif

q= [A]p®

o = pij-o/pMg®

XM= x(-D + o.p®
rd= rG-1 _ g.qd
check convergence |r|
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lve ICCG mc
¢ | (2= tNinvI ] | SMPindex
:§3;; parallel do private(ip, i) (4/6)

do ip= 1 PEsmplOT . .
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
W(i,Z2)= W@, R)
enddo
enddo
I$omp end parallel do
do ic= 1, NCOLORtot
1$omp paraIIeI do private(ip, ip1, i, WAL, k)
do ip= 1, PEsmpTOT
ip1=_(ic—1)*PEsmpTOT + Iﬁ
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)= WAL * W(i, DD)
enddo
enddo
I$omp end parallel do
enddo

do ic= NCOLORtot, 1, -1
I$omp parallel do prlvate(lp ipl, i, SW, k)

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

do i= SMPindex (ip1-1)+1, SMPindex (ip1)
SW = 0.0d0
do k= indexU(i-1)+1, indexU(i)

SW= SW + AU(K) * W(itemU(k),Z)

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

(M)z}=(LDL Jiz}=
(Lizp=1r]

Forward Substitution

(DL Jiz}=

Backward Substitution
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Forward Substitution: SMPindex

do ic= 1, NCOLORtot
I$omp parallel do private(ip, ip1, i, WAL, k)
do ip= 1, PEsmpTOT
ipl1= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, 2)
do k= indexL(i-1)+1, indexL (i)
WVAL= WVAL - AL(k) * W(indexL (k), Z)
enddo
W(i,Z)= WWAL = W(i, DD)
enddo
enddo
I$omp end parallel do
enddo



IC +
IC | {p} = {z} if ITER=1
}8 BETA= RHO / RHO1 otherwise
! ===
if (L.eg.1) then
I$omp parallel do private(ip, i)
do ip= 1. PEsmpTOT _ _
do i = SMPlndexG(lp—1)+1 SMPindexG (ip)
W(i,P)= Wi, 2)
enddo
enddo
I$omp end parallel do
else
BETA= RHO / RHO1
I $omp paraIIeI do Brlvate(lp i)
do ip= 1, PEsmpT
do i = SMPlndexG(lp—1)+1 SMPlndexG(lp)
Wi, P) W(i,Z) + BETA%W(i,P)
enddo
enddo
I$omp end parallel do
endif
I C:::
'C | {a}= [A] {p} !
I C:::
I $omp parallel do private(ip, i, VAL, k)

'$omp

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) *W (itemU (k), P)
enddo
W(i, @)= VAL
enddo
enddo
end parallel do

solve ICCG_mc

Compute r®= p-

(5/6)

[AIx®

for 1= 1, 2,

M

solve [M]zC(-D= rG-1D
Pi_1= ra-1 zd@-1)

if i1=1

pM= zO®
else

Bi-1= Pi-1/Pi-2

pO= zG-D + . pG-D

endif

q(O= [A]p®

a; = Pi-1/p(i)q(i)

x(M= x(-1) 4+ o.p®
rd= rG-0 - g.qM®
check convergence |r|



IC +
IC | {p} = {z} if ITER=1
}8 BETA= RHO / RHO1 otherwise
!C:::
if (L.eg.1) then
I$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT . .
do i = SMPlndexG(lp—1)+1, SMPindexG (ip)
W(i,P)=W(i, 2)
enddo
enddo
I$Somp end parallel do
else
BETA= RHO / RHO1
I$omp parallel do prlvate(lp i)
do ip= 1, PEsmpTOT . .
do i = SMPlndexG(lp 1)+1, SMPindexG (ip)
Wi, P)— W(i,2) + BETA%N (i, P)
enddo
enddo
I$omp end parallel do
endif
IC:::
'C | {a}= [A] {p} !
IC:::
I $omp parallel do private(ip, i, VAL, k)

'$omp

do ip= 1, PEsmpTOT _
do i = SMPlndexG(lp— )+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
W(i, Q)= VAL
enddo

enddo
end parallel do

solve ICCG_mc

Compute r®= p-

(5/6)

[AIx®

for 1= 1, 2,

M

solve [M]z(-D= rG-D
Pi_1= ra-1 zd@-1)

if i1=1

pM= zO®
else

Bi-1= Pi1/Pi-2 ]
pO= 2G-D 1 . pl-D

endif

q(O= [A]p®
a; = Pi-1/p(i)q(i)

x(M= x(-1) 4+ o.p®
rd= rG-0 - g.qM®
check convergence |r|
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IC

1C + f
|C | ALPHA= RHO / {p} {a} |
C:::
= 0.d0
I $omp paraIIeI do prlvate(lp i) reduction(+:C1)
do ip= 1, PEsmpT
do i = SMPlndexG(lp—1)+1 SMPindexG (ip)
Cl= C1 + W@, P)+W(i, Q)
enddo
enddo

I$omp end parallel do
ALPHA= RHO / C1

| T

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

DNRM2= 0. dO

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

do |p- 1, PEsmpTOT . .
do i = SWPindexG(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]zC(-D= rG-1D
pi—]_: r(i—l) Z(i—l)
if 1=1
p(l): 7(0)
else
Bi—_lz Pi-_1/Pi_2 _
p(l): z(i-1) 4 Bi—l p(|_1)
endif
qMO= [A]p®
OLi = pi—]_/p(i)q(i)
x(D= x(-D + . p®
r= rG-0 - g.q®
check convergence |r}|

D
-
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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)

Cl1=C1 + W(i,P)«W(i, Q)

enddo
enddo

I$omp end parallel do

ALPHA= RHO / C1

| T

C:::
I $omp parallel do prlvate(lp i)
do ip= 1. _ _
do i = SMPlndexG(lp—1)+1 SMPindexG (ip)
X(i) = XC(i) + ALPHA * W(i,P)
Wi, R)= W(i,R) — ALPHA * W(i, Q)
enddo’

ndd
I$omp end parallel do

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

I$omp end parallel do

Compute r®= p-

solve ICCG_mc

(6/6)

[AIx®

for 1= 1, 2,

M

solve [M]zC(-D= rG-1D
Pi_1= ra-1 zd@-1)

if 1=1

p= z©®
else

Bi-1= Pi_1/Pi2 ]
pMO= z3G-1) 4+ Bi_1 pC-1

endif

gO= [A]p®

a; = Pi-1/p(i)q(i)

XM= xG-D + o.p®
rM= rG-0 _ ¢.q®»
check convergence |r]|
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, solve ICCG mc

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

s (6/6)

I $omp paraIIeI do prlvate(lp i) reduction(+:C1)
do ip= 1, PEsmpTOT
do | = SMPlndexG(lp 1)+1 SMPindexG (ip)

[ $omp ggd garallel do for 1=1, 2, G-n N
i-1)— i-
ALPHA= RHO / Cf solve [M]z¢ V= r
|C=== pi_= ra- zaG-H
1f 1=1
= D= (O
|[1 ) - Apl | Ise
ri — ALPHA*{q ! else
= Bi-1= Pi-1/p;
I Ilel d i-1= Pi-1/Pi-2 _
ome et Sednator 0 p(= zG-D + g pG-D
do i = SMPindexG(ip-1)+1, SMPindexG (ip) _ -1
i 0= i AR 16 endit
enggo ' q(i): [A]p(i)
I $omp = garallel do a; = pi_llp(i)q(i)
DNRM2= 0. d0 o XM= x0-D + ¢.pM
I $omp §gr?r|)leiM:o :nig’%e(;p 1I) ;;:lljc:w:(T.DNRMZ) ()= pG-1) _ Otiq(i)
°3§Rﬁz— DﬁRM§X+(\}4‘ZT bk ndex6(ip) check convergence |r|
enado

D
-
o

0
|$omp end parallel do



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

e Hitachi SR11000/J2 1-node, 16-cores
e 100° Meshes

L3

Memory
A
 /

Memory
A
\

Memory
\

Memory
\

L3

®|Core|Core|| L3 [=—=lCore|Core|| L3 [==]Core|Core|| L3 [==]Core|Core
NEE AR Jun Jin]
L2 < L2 < L2 < L2
A i\\\\ A i\\\\ ,//1 A ,’/’ A
T~ SN o
'\\ < //'/ \'\\ P
h \\\\ A’/,,,’ \\\\\\A’/”,, -
sz MS M N
’,’r” 1 NS > ",/”’ ) DS >
y ,’/4’ y a ;"\\\ y \\\\\ y
> L2 - > L2 - > L2 N L2
L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1
"|Core|CPU|| L3 [==]Core|Core|| L3 [==lCore|Core|| L3 [==]Core|Core
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SR11000, 1-node/16-cores, 1003
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400
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FX10, 1-node/16-cores, 1003
(@:MC, A:RCM, -:CM-RCM)
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* Applying OpenMP to L2-sol
« Examples
 Optimization + Exercise




Running the Code
~urther Optimization
Profiler, Analyzing Compile Lists
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Compile & Run

>$ cd <$0-L3>/src
>$ make

>$ Is

. ./run/L3-sol

L3-sol

>$ cd

_./run

>$ pjsub gol.sh
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Running L3-sol

L3-sol
Poisson Solver
FVM

}

INPUT.DAT
Control File

J

—

—
—

test.inp
ParaView File

\—//
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Control Data: INPUT.DAT

100 100 100 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
16 PEsSmpTOT
100 NCOLORtot
e NX,NY,NZ
— Number of meshes in X/Y/Z dir. }
e DX,DY,DZ NZ AZ
— Size of meshes !
zZ) y - J/
- EPSICCG A
— Convergence Criteria for ICCG ™
e PEsmpTOT

— Thread Number
e NCOLORtoOt

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

#1/bin/sh

#PJIM -L "‘node=1"

#PJIM -L "elapse=00:10:00"
#PJIM -L "rscgrp=Ilecture™
#PJIM -g "'gt71"

#PJIM -]

#PJIM -0 “test.lIst*

export OMP_NUM_ THREADS=16
_/L.3-sol

=PEsmpTOT
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Results on FX10, 10° meshes

lterations: MC(2): 333, RCM(298-levels): 224,
CM-RCM(Nc=20): 249

30.0 20.0
BMC=2 [ | omc=2
BRCM(298) 160 kI WRCM(298)
B CM-RCM(20) "} | scM-RCM(20)
20.0 [
_ [ % 12.0 —
o ie)
7 2
o
) 80 1
100
m 4.0 —
1 2 4 8 16 1 2 4 8 16
thread# thread#
o [hreads
I I D D D D
MC(Z)- 2-42 SeC- L1 L3113 fLajrajLrl LlLl e e 1 e A A e
c|c|c|jcjcfcjcjcjc|jcjcjc|jcjc|c|c

CM-RCM(20): 2.01 sec.






 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering
— ELL

* Profiler, Analyzing Compile Lists
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Forward Subst.: Current Impl. (F)

1$ o 'fl %’dNCOLQRtOt ip,ipl,i,WAL,k)
omp parallel do private 1 I ,
PP do 1p= 1, Esm TO§ P 1P
Ipl= &IC 1)*PEsmpTOT + Iﬁ
do 1= S Plndex(lpl 1)+1, SMPindex(ipl)
WVAL= W(i, z
do k= index (i-1)+1, indexL(1)
WVAL= WVAL - AL(K) * W(itemL(k),Z)

enddo
g ,Z)= WVAL * W(i,DD)
enddo
enddo
1Somp end parallel do
enddo

« At“Tomp parallel”, generation and corruption of
threads (up to 16) occurs.
— In each color, this occurs
— Some overhead

Overhead increases, if number of color increases.
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Forward Subst.: Current Impl. (C)

for(1c=0; 1c<NCOLORtot; ic++) { ) ) ) )
#pragma omp parallel for rlvate |p, ipl, 1, WAL, j)
for(ip= O |p<PEsm i {
1 = IC * PEsm T T + ip

for(l SMPlnde\&g E |<SMP|ndex[|p1+1] |++){
ex

WVAL =
for(J=in [|] j<index {]|+1

WVAL —="ALLT * W[

[|tem
%[Z][ 1] = WAL * W[DD][1];

}

« At“Tomp parallel”, generation and corruption of
threads (up to 16) occurs.
— In each color, this occurs
— Some overhead

e QOverhead increases, If number of color increases.
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For. Subst.: Reduced Overhead (F) 79

1$omp parallel private(ip,ipl,i,WAL,k)
do 1c= 1, NCOLORtot
1$omp do
do 1p= 1, PEsm TOT
|p1 &IC 1)*PEsmpTOT + Iﬁ i i
do 1= S Plndex(lpl 1)+1, SMPindex(ipl)
WVAL= W(1,Z
do k= index (i-1)+1, indexL(1)
WVAL= WVAL - AL(k) * W(itemL(k),2)
enddo
é ,Z)= WVAL * W(i1,DD)
enddo

enddo
endd
13omp end parallel

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

 Loops with “'omp do” are parallelized.
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For. Subst.: Reduced Overhead (C)

#pragma omp parallel private (ip, ipl, 1, WAL, J)
for(?c =0; 1c<NCOLORtot; i1ct++) {
#pragmqfomg fg{ SESTOTOT )
or(1 1p<PEsm i
p'f (i)éﬁP*FEEsm Phit s ISMP dex[i1pl+1]; )2 4
or(a inde |< index[ipl+ 1++
WVAL = ﬁg E
ex

f d
orQ= IWVAL -[:' ]ALff]' ks e\K/(I[{]'E |1 temlf++ {

@[Z][ i] = WAL * W[DD][i];

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

 Loops with “'omp do” are parallelized.
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%
%
%
%

%
%

%
%

%

Programs

cd <$0-L3>
Is
run reorder0O src srcO

cd srcO

make

cd ../run

Is L3-s0l0
L3-s0ol0

<modify “INPUT.DAT”>
<modify “go0.sh”>

pjsub go0.sh
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Results: L3-s0l0 Is better
N=1283

NCOLORtot= -20
CM-RCM (20) 5.69 sec. 5.44 sec.
318 lterations

NCOLORtot= -1
RCM (382 levels) 6.54 sec. 6.37 sec.
287 Iterations



 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering
— ELL

* Profiler, Analyzing Compile Lists
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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

85

do ic= 1, NCOLORtot
I$omp parallel do ---
do ip= 1, PEsmpTOT
ip1= (ic—1)*PEsmpTOT+ip
do i= SMPindex (ip1-1)+1, SMPindex(ip1)
D
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
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|7|8| |1|2|3|4|5|6|7

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

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

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

e |nconsistent numbering
— 1temL(k) > 1icel
— indexL(icel-1)+1=k=i1ndexL(icel)
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Sequential Reordering

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

Initial Vector

Coloring

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

112[3[a[s[6|7[] [1[2[34[s[6]7 ] [1[2|3[4[s[6]7] [1]2]al4l5[6[7@] [2]2[s]4l5e]7 B
Sequential [EEIKERERE] -
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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 29118(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 4534(31/20125| 7 |13| 4
24/54(19|48|1342| 8 |38 4046|35/3221|26| 8 (14
59/25(55]20/49|14/43| 9 09149147\36/4122)27(17
29/60/26/56/21|50(15|44 53(60/50|48|37/42|23|28
63|301612/757|22|51/16 6354/61|51/57(38|43|24
32/64(31/62|28|58|23(52 56(64(55(62/52|58|3944

CM-RCM(2) Sequential Reordering, 4-threads
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Sequential Reordering
CM-RCM(2), 4-threads
1st-Color

#0 thread, #1, [ #2, | #3

4520/39/5,35[% (33} 291815 %11) |9 '}
46|14/40| 6,36/ 8 [34 301916/ 612810
53/28/47/12/41 45|34/31/20/25 K13
54/10/48(13/42/ 8,38 46/35/32/21/26/ 814
59|2§(55(2Q|4924/43 > 15020/4736/4122 27 7
60/26/56/24/50/15/44 60/5Q/48(37/4223/28|
63/3Q6127/57[22/51 6354/61[54,57|38/43
64/34,6228/5823/52 5664 /55/62|52/58/39|44

Sequential Reordering, 4-threads

CM-RCM(2)




OMP-3 90

Sequential Reordering
CM-RCM(2), 4-threads
2"d-Color

#0 thread, #1, [ #2, | #3

10139 5 [3§| 2 18|2§/ 5
17/46/11 33/30/19
1847/12 34/34,20
24/54/19/48/13 40(26|35
25/5520149/14/43| 9 49|27|36
29/6Q26/56/21/5Q/15 53/6Q/50
30(6427[57/22/54/16 54(64/51
32/64/31/62/2858/23 56/64/55

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

Coalesced

Good for GPU

Sequential

91

Initial Vector

Coloring color=4 color=5
(5 colors)
+Ordering
color=4 color=5
1|2|3|4|5|6(7|8| [1|2|3|4|5/6|7|8
Coloring color=4 color=5
(5 colors)
+Ordering
HFALYRLET color=4 color=5
REFRAEAEY
FHER(BD 1[2]3l4l5]6[78] [2]2[3]4l5le] 78
IBIZHEST1T)

<
-t

5

D

o

6l6l6l6l6 77777-

ALYFATERICES T
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Files on FX10

e Location
— <$0-L.3>/src, <$0-L3>/run

o Compile/Run

— Main Part
e cd <$0-L3>/reorder0
e make
e <$0-L3>/run/L3-rsol0 (exec)

— Control Data
e <$0-L3>/run/ INPUT.DAT

— Batch Job Script
e <$0-L3>/run/gor.sh

92
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INPUT.DAT

100 100 100 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00  DX/DY/DZ
1.0e-08 EPSICC
16 PEsmpTOT
100 NCOLORtot
0 NFLAG
0 METHOD

e PEsmpTOT

— Thread Number
e NCOLORtoOt

— 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

93
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Sequential Reordering

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

do ic= 1. NCOLORtot :
nni= COLORindex (ic) - COLORindex (ic-1) SMPindex

num= nnl1 / PEsmpTOT

nr = nnl — PEsmpTOT*num | ie=t | =2 || =3 |[ ic=a || ie=s |
do_ ip= 1, PEsmpTOT Elsi/elel7H [ EElEls 7 [EaeEleH [EElEe M (2B

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

I
e(SjI?VIEindex((ic—1)*PEsmpTOT+ip)= num SMPindex new
endl —

 eids 2l gl 2l 4 ) ] 21

allocate (SMPindex_new (0:PEsmpTOT+NCOLORtot))
SMPindex_new (0)= 0
do ic= 1, NCOLORtot
do ip= 1, PEsmpTOT
jéz (%c—1%*PEsmpTOT + ip
JU=J1 —
SMPindex_new ((ip—1)*NCOLORtot+ic)= SMPindex (j1)
SMPindex (j1)= SMPindex (jO) + SMPindex (j1)
enddo
enddo

do ip= 1, PEsmpTOT
do ic= 1, NCOLORtot
.61:_fip—})*NCOLORtot + ic
JU=JI —
SMPindex_new(j1)= SMPindex_new (jO) + SMPindex_new(j1)
enddo
enddo

94
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Mat-Vec: METHOD=0

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

enddo Original
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

enddo
enddo New

I$omp end parallel do
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Forward Substitution

I$omp parallel private(ip, ipl, i, WAL, k)
do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT
ipl= (ic—1)*PEsmpTOT + ip
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, 2)
do k= indexL (i-1)+1, indexL (i)
WVAL= WVAL - AL () * W(itemL (k), Z)
enddo
Wi, Z)= WVAL % W(i, DD)
enddo
enddo
enddo

I$omp end parallel Original

I$omp parallel private(ip, ipl, i, WAL, k)
do ic= 1, NCOLORtot
I$omp do
do ip= 1, PEsmpTOT
ipl= (ip—-1)*NCOLORtot + ic
do i= SMPindex (ip1-1)+1, SMPindex (ip1)
WVAL= W(i, Z)
do k= indexL (i-1)+1, indexL (i)
WVAL= WVAL - AL (k) * W(itemL(k), Z)
enddo
Wi, Z)= WVAL % W(i, DD)
enddo
enddo
enddo
I$omp end parallel
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Matrix Storage Format
ELL (Ellpack-Itpack): Fixed Loop Length,
Good for Prefetching

-

P, O M B
O W KRk N W
O N W 01 O
O b O O O
o1 O O O O

(a) CRS
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Cases: 1283 meshes

srcO Case-1

reorderQ0 Case-2
ELL Case-3

Further First Touch _
Coloring Reordering Data Matrix
Storage Format
Placement
Coalesced NG
CM-RCM S ot
eguentia VES
(4 4 (b)) oL

Coalesced

Initial Vector

¥

Sequential

Initial Vector

(C;olcc())rlicr)lg) | color=1 | color=2 | color=3 | color=4 | color=5 | gocl,%?:r%)’ color=1 | color=2 | color=3 | color=4 | color=5 |
+Ordering * +Ordering *
[ color=1 |[ color=2 |[ color=3 || color=4 || color=5 | ig‘;ﬁj‘:}éﬁ | color=1 || color=2_|[ color=3 || color=4 || color=5 |
ML

lals]67le| [2ialalslelle] [2lelalslel7[e| [2]3la[slel7[e] [r23l4lslel7e 7o &  [123uslel7 12s4lslel7l |12sl4]56l7 [12/3llelel7 11245l

IRIZES 1)

(o112l 33[g3] el [slle leelle 7177 ]

ALYRRTERICESH T
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Color# ~ Iteration
CM-RCM

450
[
400
[
2 9
S 350 | °
I
300 ®
i o
250 M 2 2 2 32 223l M 2 22 3 22l 2 M g 2 2 32y
1 10 100 1000

COLOR#
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Results: FX10

+ CASE-1(srcO)=CASE- |
2(reorder0) 300 1O

L0
— Slightly improved when so0 | A O QOO@o@ﬁ
. A

number of colors are largerg

A

. 4.00 . A_A_A_“_k‘k

— Generally spgaklng, [ eCasel

performance is getting 200 [ OCase-2

worse If number of colors | ACase-3

INCreases 1 10 100 1000

e In CASE-2, data on each COLOR#
thread is continuous, when
Case-1: srcO

computation proceeds to the
next color.

— First Touch: NO effect
 ELL: Big effect

Case-2: reorder0
Case-3: reorderO + ELL
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Fujitsu FX10: CASE-1, CM-RCM(2)
L1-dem.-miss:25.6%, Mem. throughput:41.8GB/sec.
Forward/Backward Substitution

DEHO—FAE)TIEREE BEE/PMEEO—FAERYTIERED BRLT L BHO—FFvyiaT7 I ERfFbE
DEE/MIRO—R X vyl a7 IR L BEYEESD DEE/IMNRERSS BRI REFD
(@1 oHATIVFHD 83U 7RIS ouOPaSVh BEDORES
405300 LRk =) BEHLORIEEAHFIK B2/3@mHIAIVE B4@Hasvh
JOE+

3.5E+00

3.0E+00

2.5E+00

2,0E+00 = =

1.5E+00 — —

1.0E+00 — I I —

5.0E-01 —

] ] ] ] ] ] - ]
Sl ENN BN I I BE B B B D B B B B B B =
Thread 0 Thread 1 Thread 2 Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13 Thread 14  Thread 15

src0: CRS, Coalesced
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Fujitsu FX10: CASE-2, CM-RCM(2)
25.6%, 41.8GB/sec.

DEHO—FAE)TIEREE BEE/PMEEO—FAERYTIERED BRLT L BHO—FFvyiaT7 I ERfFbE
DEE/MIRO—R X vyl a7 IR L BEYEESD DEE/IMNRERSS BRI REFD
(@1 oRHITYFEL 83U 7RIS DUOPaS Yk BEDORES
AOE400 BigHIAIVE REHLORFIEEAAHFIK m2/3@FIZIVh B4aHIaAIVE
JOE+

3.5E+00

3.0E+00

2.5E+00

2.0E+00

1.5E+00

1.0E+00 — I — —

5.0E-01 —

- ] ] - ] - ] - 1 1 - ] - 1 - ]
Nl BN BN I BN B B B B B B S B B B B =
Thread 0 Thread 1 Thread 2 Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13 Thread 14  Thread 15

reorder0: CRS, Sequential
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Fujitsu FX10: CASE-1, CM-RCM(382)

37.7%, 28.7GB/sec.

4.0E+00

3.5E+00

3.0E+00

2.5E+00

2.0E+00

1.5E+00

1.0E+00

0.0E+00

50E-01

[#]

DEYO—FAE)TIERFFE
BEHNMRO—FEFrylaT I RS

BERIIVFRD

mi@Hasyh

EEENAO—F AT T ERED BANT L BBHO—RFroaT7rERHL
REYEESD DEFEINRERERD BRI AR D

B\ 7REES OuOoPaZwhk DZDHOEFL
REHLORFIEETAHFIK m2/3fHIZIVh B4@mHIAIVE

T |

T |

T |
T |
T |
T |
I |
T |
T |
T |
T |
T |
T |
T |

—

L]

]

I
[
]
]
]
]
]
I
W]
]
]
]
]

Thread 0

Thread 1

Thread 2

Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13 Thread 14  Thread 15

src0: CRS, Coalesced
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Fujitsu FX10: CASE-2, CM-RCM(382)

29.3%, 32.6GB/sec.

reorder0: CRS, Sequential

DEYO—FAE)TIERFFE BEE/MNERO—RAEY TV EREFL BRLT L DEHO—FFvoiaT7 IR FE
DEFEMIRO—FFrylaT VRS REYEESS DFE/IMRERSS BRIREREFD
@] oHATIVFHS 83U 7RIS ouOPaSvh BZOMmOES
40E+00 BifmgaIvh REHLORFIEETAHFIK m2/3Em|FaZvhk B4fFaIVh
JOE+
3.5E+00
3.0E+00
2.5E+00
2.0E+00
1.5E+00
1.0E+00
N é é é é é E E E g g E é é é
0.0E+00
Thread 0 Thread 1 Thread 2 Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13 Thread 14  Thread 15
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Summary: Fujitsu FX10

Analysis by Profiler
Upper: L1 Demand Miss Rate
Lower: Memory Throughput

srcO reorderQ

CASE-1 CASE-2 CASE-3

ELL+
Sequential

CRS+ CRS+
Coalesced | Sequential

25.5 % 25.6 % 5.42 %

CM-RCM(2)
41.8 GB/sec. 41.8 GB/sec. 64.0 GB/sec.

37.7 % 29.3 % 16.5 %
CM-RCM(382)
28.7 GB/sec. 32.6 GB/sec. 52.2 GB/sec.
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Summary: Fujitsu FX10

Analysis by Profiler

Upper: CM-RCM(20), Lower: CM-RCM(382)

: Memory Access
0
Instructions | SIMD (%) Throughput (%)
Case-2 | 1.83x 10" 7.17 50.2
CRS | 1.83x10" 6.90 44.5
Case-3 | 6.71x10% 16.3 69.8
ELL | 5.96x10%Y 16.2 67.0
Case-1: srcO

Case-2: reorder0

Case-3: reorder0 + ELL

106
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Results: Cray XE6

30.00

« CASE-1(srcO)=

: ® ®Case-1 0OCase-2
CASE-2(reorder0) e, e
— Significant Improvement " | ® 0000 otly
— Optimization for NUMA & A
Architecture 1000 |O—A
| A
- QRR R
— + First Touch | o iy
e CRS=ELL 000 e
. 1 10 100 1000
Improvement IS not so COLOR¥
large
J Case-1: srcO

Case-2: reorder0
Case-3: reorder0 + ELL
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T2K/Tokyo

L2

L2

L2

L2

L1

L1

L1

L1

L1

L1

L1

L1

L2

L2

L2

L2

L2

L2

L2

L2

L1

L1

L1

L1

L1

L1

L1

L1

L2

L2

L2

L2

Cray XE6 (Hopper)

L1

L1

L1

L1

108

X

L1

L1

L1

L1

L1

L2

L2

Fujitsu FX10 (Oakleaf-FX)

L1

L1

L1

L1

L1

L1

L1

L1

L1

L1

L1

L2

L1

L2

L1

L2

L1

L1

L1

L1

L1

L1

L1

L1

L1

L2

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

L2

L2

L2

L2

L2
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Summary

CM-RCM(20) CM-RCM(382) = RCM

Time Time/lteration Time Time/lteration
(sec.) (sec.) (sec.) (sec.)

N - s N s

Case-1 5.44 1.71 X107 6.37 2.22 X102

FF“>J<'§SOU Case2 | 576 | 181x102 | 578 | 2.02x10°
Case-3 3.90 1.23 X107 3.61 1.26 X 107
Case-1 19.7 6.26 X 107 18.7 6.52 X 107
%‘g’ Case2 | 745 | 2.34x102 | 740 | 2.58x10°

Case-3 7.14 2.25%X 102 6.77 2.36 X107

Case-1: srcO
Case-2: reorder0
Case-3: reorder0Q + ELL



OMP-3 110

Fujitsu FX10: CASE-3, CM-RCM(2)
5.4%, 64.0GB/sec.

BEHO—FAEYTIERES BEENIAO—R AR TV RED ORLT RS BEHO—RF vyl a7 It RFE
ORFENERO—FFryia7 R s BEYREMS 0EFHNMRERRSD B EGEED
2 oHETIVFHD 83U 7RIS DuOPaS Yk BZOOES
LOEH0 BigHaIvh REHLORFIEETAAFIK m2/3@FaIvh 4RIV
.OE:

3.5E+00

3.0E+00

_— [ O s o v B

2.0E+00 I ! ! I

1.5E+00 — || I L I I L I I — I

1.0E+00 — —

socor | _ - i __ i i = B B B B a

0.0E+00 ! I I l I l I I I I l

Thread 0 Thread 1 Thread 2 Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13  Thread 14  Thread 15

ELL, Sequential
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Fujitsu FX10: CASE-3, CM-RCM(382)

16.5%, 52.2GB/sec.

ELL, Sequential

BEHO—FAEVTIERES BEE/MNERO—RAEY TV EREFL N ) DEHO—FFvoiaT7 IR FE
DEFEMIRO—FFrylaT VRS REYEESS DFE/IMRERSS BRIREREFD
@] oHATIVFHS 83U 7RIS ouOPaSvh BZOMmOES
+0EH00 BIfHIIVE BEHLORIEEAHFIK m2/3@HaIvh B4@Hasvh
JOE+
3.5E+00
3.0E+00
2.5E+00
2.0E+00
1.5E+00 . . . . . I
1.0E+00 l I
50E-01 [ g g
0.0E+00
Thread 0 Thread 1 Thread 2 Thread 3 Thread 4 Thread 5 Thread 6 Thread 7 Thread 8 Thread 9 Thread 10 Thread 11 Thread 12 Thread 13 Thread 14  Thread 15




Running the Code
~urther Optimization

Profiler, Analyzing Compile Lists

— FATER—2IIL=2FF 2 AVNEE=TOSS
LERXBY—IL=>TAI7/S5FERF5IE=

[3F 7RI 743]
— Users Portal=Document=Programming

Development Support Tool=Profiler
User’s Guide="Chap.3 Advanced Profiler”
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Default Compile & Run

>$ cd <$0-L3>/src

>$ make
>$ Is ../run/L3-sol e -Qt
$L3;S°' , — List of Messages by
>p C --/run . . :
>$ pjsub gol.sh Compiler (Compile List)
— *.Ist
= f
IESSOPTFLAGS: —&%gét,openmp -Qt — Fortran Only

FOOFLAGS =$(F90OPTFLAGS)

e In C, “-Qt” Is not avilable
— Please use “-Nsrc”
— Displayed on screen
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Current version of C/C++ compiler
can produce list of messages

Fortran/C/C++

-NIst=p ZEDHEILIFEHR (T74I/F)
-NIst=t M4 mEILIBEER

Fortran ONLY

-NIst=a AHIDEHIFEER

-NIst=d IREZ DHERLIEHR

NIst=1i 12— REnF=T74)ILDTATSL)RF
LA IL—FIT7MILE—E

-NIst=m BEli5{t DK% Z0penMPIERXIZ L > TREL
IR 70495 LH A

-NIst=x BFIHPLUVXEFESDHESHEIEHR




Info In *.Ist

(line-no.)(nest)(optimize)
1 subroutine sub(a, b, n)

oop-information Start >
<<< [PARALLELIZATION]

*AK

<<< [OPTIMIZATION]

N

SOFTWARE PIPELINI

Jjo
——

<<< Loop-ififo o nd >>>
doi=1,n
a(i)=b(i)+b(i+1)+b(i+2)

Procedure information
Lines :6
Statements . 6
Stack(byte): 64

Prefetch num: 0

st

<<< Standard iteration count: 800

—T B O RE LR
B )L—TREER
(L—TRE. L —TXhE)
B SIMD{LiE#R
i FMETER
B YINITTINATS4=VF
B )y FiER
SAVEHDORBELIER
B SIMD{tiE#R
m AfFEIER
B L—T7on-) U BRE
B AUSMUREAER
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SIMD Information

/7 DOL—T MSIMD1L 1§
v :SIMDiEEh 1=

~N O O A~

- N NN

m :SIMD{tEh - ESIMDiEEhEh-1- 89 %280
s :SIMDiEEh7gEhof-
28 :SIMD{E 3 & T

<<< Logp-information Start >>> SIMDiL & 1=

PTIMIZATIO

<4< Loop-information End >>>

doi=1,n -
— RITXDSIMDEE#
a, J) =b(, j)*2.0 v -SIMDIET &
enddo m :SIMDIL AT §EL 8 & SIMDIE F TR IR 28D
enddo s :SIMD{E R eTHE
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Automatic Parallelization

(line-no.)(nest)(optimize)

<<< Loop-information Start

[OPTIMIZATION]
SIMD

17 1 Vv doi=1,n
18 1 Vv a(i)=cnst
19 1 Vv enddo

DOIL—T D F{Lig
pp : dFEEh iz
m :#FeEhi-BaefeshEho-BaEa8T
s MFHEEhEh o1
Z8 HFIEHRTEL

<<< Loop-information End >>>

— | J—T DEL I
1778 LLE DB IL M FIE T
1778k D L ERELT

\\\\ RAEXOL IR

p i FI{EATRE

s HHHEFATRE

m : 3 FEATRE GRS LA F LR AT e BAEET
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101
102
103
104
105
106
107
108

109
110
111
112
113
114
115
116
117
118
119
120
121
122

123
124
125
126
127
128
129
130
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solver_ICCG_mc.Ist (src)

DRRWWNNRRRRPNWWW NRRRRRR

NNWhARIOIOT

TTTT TTTT

TTTOTTTT

8v
8v

1C

IC:::

1$omp parallel do private(ip,i)
do ip= 1, PEsmpTOT
<< LooB information Start >>>
<<< [OPTIMIZATION]
<<< SIMD
<<< SOFTWARE PIPELINING
<<< Loop- |nformat|on End_>>>
do 1 _= SMPindexG(ip-1)+1, SMPindexG(ip)

endgo Z) (R

enddo
1$omp end parallel do

Stime= omp_get_wtime()
call fapp_start (“precond™, 1, 1)
do 1c= 1, NCOLORtot
I$omp parallel do rlvateglp,lpl,l,WVAL,k)
do |p 1, PEsmpTO
&IC 1)*PEsmpTOT + ﬁ
do |— s Pindex(ipl-1)+1, SMPindex(ipl)

WVAL= W(i,2Z2)
<< LOOB information Start >>>
<<< OPTIMIZATION]
<<< SIMD

<<< SOFTWARE PIPELINING
<<< Loop-information End >>>

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

enddo
g ,Z)= WVAL * W(i,DD)

enddo

enddo

1$omp end parallel do
enddo
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3.5 FFFEPARIfR{L#EEE (Excel)

(Precision PA Visibility Function)
(1/3): Inserting Call's, Compile & Run

call start_collection (“SpMV”™)
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=1, 3
VAL= VAL + AL(k, i)*W(itemL (k, i), P)
enddo
do k=1, 3
VAL= VAL + AU(k, i)*W(itemU(k, i), P)
enddo
W(i, Q)= VAL
enddo
enddo

I$omp end parallel do
call stop_collection (“SpMV”)
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3.5 FFEPARtRIL#EEEE (Excel)
(Precision PA Visibility Function)

(2/3): Collecting Performance Data: 7X Exec’s
Directories: pal~pa/, -Hpa=1~7

#!/bin/sh

#PJIM -L “node=1"

#PIM -L “elapse=00:05:00"
#PIM -L “rscgrp=Ilecture”

#PIM —-g  “gt71”
#PIM -
#PIM -0 “3. Ist”

#PIM —mpi “proc=1~

export OMP_NUM_THREADS=16
fapp -C —-d pal -Ihwm -Hpa=1 . /sol-r3k
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3.5 FFEPARtRIL#EEEE (Excel)
(Precision PA Visibility Function)

121

(3/3): Performance Analysis: Transformation + Excel

fapppx
fapppx
fapppx
fapppx
fapppx
fapppx
fapppx

-A —d
—-A —d
-A —d
-A —d
-A —d
A —d
—-A —d

pal
pa2
pad
pad
pad
pab
pal

output_prof_1.csv
output_prof_2.csv
output_prof_3. csv
output_prof_4.csv
output_prof_b. csv
output_prof_6. csv
output_prof_7.csv

—tcsv —Hpa
—tcsv —Hpa
—tcsv —Hpa
—tcsv —Hpa
—tcsv —Hpa
—tcsv —Hpa
—tcsv —-Hpa
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Summary

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

« Parallelization on a single node of Oakleaf-FX
(FX10) using OpenMP
— Data Placement
— Reordering

« Effects of reordering
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Future Directions

Gap between performance of CPU & memory
— BYTE/FLOP

Multicore/Manycore
— Intel Xeon/Phi

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



