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T—RFHEDEERE(L?

A—41)>% (Ordering) IZDULNT

— Red-Black, Multicolor(MC)

— Cuthill-McKee (CM), Reverse-CM(RCM)
— =312 T LUER DR %R

A —FY 5 nERE
A —F YT {FICCGEMNEE




ICCGEMD A F1E

ANFE: OK

DAXPY : OK

1THRIRILEE :OK

BIALEE - fr A E LT R E s 70y

— BE{[Z0penMP73 & ME7R1T (directive) 1 AL =111 T
(&I AEHE I TEELY,




T—RRFEDFERE =
a1+, D1+ (coloring)

==t

13

14

15

16

10

11

12

6

14

2

3

s (RTFHEZFLGW (BTG BERZREIC
MIBYTHEIITTNILRL



T —RFIEDERRRK =

o

5317, D17 (coloring)

s (KTFMHEZEGWL (BT ERZ RIS

MIBFHEIITTNIERL

13

14

15

16

10

11

12

6

14

2

3

n10 11 A

@ 0
m:B-



T—AMRIFEDFEREK =

&5+, DI+ (coloring)

s REFEEEFEGODERF>RCIE1CEDT

(coloring) 9%
% D[+ : Red-Black Coloring (2£,)

. B

13 |14

15

11

13 14 15 16

9 10 11 12

5 6 7 8
1 2 3 4

Numbering starts at 0 in the program, but

| would like to use this one starting at 1.

Please do not confuse !!



Red-Black (1/3)

#prgma omp parallel for private (ip, i, k, WAL)
for (ip=0; ip<4; ip++) {
for (i=INDEX[ip]; |<INDEX[|p+1], i++) {
i (COLOR[|]== ‘RED” ) {
for (i=0; i<N; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

13 14 15 16
9 10 11 12

5 6 7 8 }
1 2 3 4 ;- WIZIED = WAL < WD) LD

#prgma omp parallel for private (ip, i, k, WAL)
for (ip=0; ip<4; ip++) {
for (i=INDEX[ip]; |<INDEX[|p+1] i++) {
if (COLOR[i]== “BLACK” ) {
for (i=0; i<N; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

J
W[Z][i] = WVAL = W[DD][i];




Red-Black (2/3)

#prgma omp parallel for private (ip, i, k, WAL)
for (ip=0; ip<4; ip++) {
for (i=INDEX[ip]; |<INDEX[|p+1], i++) {
i (COLOR[|]== ‘RED” ) {

14 15 16

10 11 12 for (i=0; i<N; i++) |

WVAL = W[ZI[i];

for (j=indexL[i]; j<indexL[i+1]; j++) {
6 7 8 } WVAL —= ALTj1 * W[Z][itemL[j1-1];
2 3 4 } W[Z1[i]l = WVAL = W[DD][i];

« [Red]EXRZFNIET S, ABIZEKLIDITNT
[Black | E &
— RED:Z=H L, BLACK: A IAH

« [Red|ZEXNDUNIEZT S/, [Black|EXDNA
'“7b\ﬁak=1f)i§)g_.é:l2ti» ['\

« TARREFHEAREENSD

IO




Red-Black (3/3)

13 ' 14 15 16 B rB'GCkJ%%’Emj?—%}FEﬁ, Eiﬂl:ﬂé
HDE 9 TRed 1 EFR
0 — RED:#:&3AA, BLACK: EZHL

5> 6 7 » [BlackJZHXDUIEAEF B, Red]
1 2 3 BRODABTNEHLLHZEITE

« TARREFHEAREEENSD

#iprgma omp parallel for private (ip, i, k, WAL)
for (ip=0; ip<4; ip++) {
for (i=INDEX[ip]; i<INDEX[ip+1]; i++) {
if (COLOR[i]== “BLACK” ) {
for (i=0; i<N; i++) |
WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

%[Z][i] = WVAL * W[DD][i];

IO




10

Red-Black Ordering/Reordering

13 14 15 16
9 10 11 12
5 6 7 8

1 2 3 4

15 7 16 8
5 13 6 14

11 3 12 4
1 9 2 10

for (icol=0; icol<2; icol++) {
#pragma omp parallel for private (ip, i, j, WAL)

for (ip=0; ip<4; ip++) {
for(l INDEX[|p][|coI] i<INDEX[ip+1][icol]l; i++) {
j<indexL[i+1]; j++) {

WVAL = W[Z][i]l;
for (j=indexL[i1;

} WVAL —= AL[J] * W[Z] [itemL[j]-1];
W[ZI[i] = WVAL = W[DD][i];

INDEX[0] [0]= 0
INDEX[1][0]= 2
INDEX[2] [0]= 4
INDEX[3][0]= 6
INDEX[4][0]= 8

INDEX[0][1]= 8
INDEX[1]1[1]= 10
INDEX[2][1]1= 12
INDEX[3]1[1]= 14 RS
INDEX[4]1[1]= 16 EERENE:

14 6 15 7
4 12 5 13

e BXREFZXIRed|=IBlack | DIEIZ A

l)[E 9" (reordering, ordering) &70%
SLHMEEIZESGTEDELSLY)




T—ARFEDEEREKIL?

A—451)>% (Ordering) [ZDLNT

— Red-Black, Multicolor(MC)

— Cuthill-McKee (CM), Reverse-CM(RCM)

- A—FYL T EIRE D%
F—F) 5 DELE
F—F) T FICCGEDELE
ILFAT~DREE (OpenMP) ~N[[IFT




A—451)> % (ordering) D% A
. WiHEEF5 KFEDHERR

» Fill-inZFnd

e NUKRIEZFELY, 7AJ/ILERFHLT

. JOvwo1L

« HEHIE, 4BHEE, —FEZT(KEEL—ILRAT UM
R8) F LR E
— BEFTE~ADER

« INEMRITHIFTREY IR0 71, #FE(1991)




MHNFEDI-ODA—F) T E

o YILFHAS—F—F)D
— i 514
— Red-Black #—#1)> 5 (28) %

« CM;Z% (Cuthill-McKee), RCM;% (Reverse Cuthill-
McKee)
— fill-inZF 59
— IRV RDINVREZERLT, TRIAIVERLT
— A 5] %

13



OMP-2

AEDESR

- i {TICHITHIEEORT DINEFESD
EKNEZKETDES, f=k-1

« NUKRIR: BOmKIE

« JO7J4)L: BDF

o A:‘/F‘rIIE, J874)L, Fill-inEHIZDIEWNVADLERES
MELY
e $RIZ/NVKIE TOJ4J)LITIREE [ZELE

14



OMP-2

14

15

10

11

JEERRS

15



OMP-2

NIWFhI—H—=F)27

— IMCi& 1 &EFEA

IATIRFHEDOGWERRLZR

— Red-BlacklZ2fa D5 &

HIZHHIZEmTES,

c HHEXRL, TOERIZEGITLIEE
DEXRITESBEIIZELTLS,

16

o TWILFHS—A—F)2T1%, BELMIIH

1C

HE'JL SEL, ZOREIH->TESR
VERDBESZIRYEE T FETHD,

- ERBROBE, LFYSWEINRE
» RCTRICHESNI-RRICET 55T




MCEDERWZT LT X Ls

D IBERH-BHIZImIET S,
2 MHEREZEENEWNBEIZEWNIMEHEERE M {E

EZUVHLTERL, XD

BEANED,

@ IEELEFEBEHIZZELT, 2 TOEZRINE

Qz#RYRT

BSNDET

@ BEENDEVERICERZBEZES DTS (ZENR
TIIPHERBZSHNEWVIE),




k.44

MC

13114 15|16

9 110 (11]12

1123 |4




Cik
EBIESN-M

[E51
5=11,

o=

HXR

NDERZIH

EI \

[ R &

®

[ -

éo
ﬁ /

& &L,




R (deg
ree) :
BRIZEET S
. \
VAR Y 0) *
2

(8,
aV,




OMP-2

21

BEIESnT-MC%

O TR IHNNDEFREIHEREE =11, 518 1&L,
BHDOAIE=11LT B,

2 ITEMcou=ICELTOT/NCOLORtotIZtf 43 B3{EZ & &
ZEFENLSERMIET S,

@ ITEMcoulB DM T ERZIIAERBZENELIEIZ
EUOHT,

@ ITEMcoulEDEEZENZEIEINSD, HAWNIHILER
NELTGS = BB DA 2=2]LLTE2EAED,

B ETOEZENEBINDETO, @OFHEYIRT,

® RGBS
NDEVEEICEXRZBEE S DOITTSH(HBNTILHER
EFRESDIEE), FILE  EfHnLI=IFI1EEZE S

U ANEEZNCOLORtotEL, BEE




OMP-2

MC:%: 3l

13

14

15

16

— =/
o4

E, (X5

22




OMP-2

WHNEFFED-HODA—F) 2Tk

« CM;Z% (Cuthill-McKee), RCM;% (Reverse Cuthill-
McKee)
— fill-inZF 59
— YR RDNUREERLY, TAT4ILERLT
— A 5] %

23



OMP-2

CMEDERZTILIYX L

24

D BRICEET SR DEZEI X (degree) |, T/IREL
DEEILAR)I=11DHEET S,

@ TLRNI=k-1IIZETHHI[EETEIaEILA)L=k]
ET B ETHDHEIZLRILDTFNENBETIkIZE1D
I OEHPLTERYIRT,

@ ETHEMNLANILDFEINEDS, LRNILDIEHBIZEE
BOFTB(ZLANILATIK ZEIDFE SN DAL
&) ,




OMP-2 25

Cuthill-Mckee Ordering (CM;%) M 15

9

8

/ Level=4

Level=1 Level=2 Level=3

Level=1 Level=2 Level=3

LRIVIBE(ELARIILATIE
REDDEEWE) IZHUEZ

Level=1 Level=2 Level=3




OMP-2 26

RCM (Reverse CM)

- FICMDFIEZZEST
— R (degree) DEHE
— TLAR)IL(k(k=22)) IDERDEIR
—- #BYURL, BE ST

- BRESHIT
- CMOE S TZRBIZHIRICAYET
— Fil-inhICMD 15 & &Y D15<73 %



OMP-2

9 {10 11

N> Fig

4

7a74JL b1

Fill-in

54

JLLL

mEE0ORkS,

Fill-in

27



OMP-2

N> RIg 4
JA7J4)L 46
Fill-in 44

mEE0ORkS,

Fill-in

28



OMP-2

N> RIg 4
JA7J4)L 46
Fill-in 44

mEE0ORkS,

Fill-in

29



EIESNT-CM;%
W5 ET&E M T

30

D BERICHEEIHIEZRRZIREIEL, m/IDRED
BREZILARNIIL=11NDEXRLT S,

@ TLRIIL=k 1 |DEXRIZHEETIERFILANI)IL=k|&
95, AILLANIVIZEBTHAERIEIT —HMREFENRLE
LEEWESIZ, BELTWWSERRTITARICLANILIC

ABGRIE—AZFENT 5 (RIRTIXEIZER DM o=

EFZHFEXELTLND) . ETORERIZLRNILDITN
SNSETIkIZF1DT DIELLTHEYIRT,

B 2 THEZNLRLDIFENEDS, LRIILDIESIZE
EE2IFHT 3, FLLANIL EEL-TH I BEEEES




OMP-2
31

ﬁCbN‘)M:ETé%?&Ii
T—RREENREELLL



OMP-2
32

EIESNT=-CM;%

LARILDDIEWBIZH VD EZ



OMP-2

BEIESNT-CM%

9

11

12

13

33



OMP-2

34

MC;x, CM/RCME®DELN

« CMETIE, BI—LRIL(B)IZBITARZRELRDMIL

£ T, FEIE

FEEELT, LNILBOEKTE

EZzEELTLD R

15 7 16 8 15

11 16 |12 10 | 13 15.

5 13 . 6 14 9

1M113 12 4
1 9 2 10

13110 14 12 [ 14
7 I s W 8 | 11
12“ 47




T—RFHEDERIKIL?
A—451)>% (Ordering) [ZDLNT
— Red-Black, Multicolor(MC)
— Cuthill-McKee (CM), Reverse-CM(RCM)

— A—FY T LR DR

=52 DELE

A —H G FICCGEDNELE

Y ILFAT ~NDEZEE (OpenMP) AN\ 1FT




OMP-2

ICCGEMD Y (k)

10000 80
® 0 o
o
* 1000 o 70 © @ o o o_ o
: 2 o % o
o 0 00 g e e
2 100 &° ' 60 o o4
S ® &
g =
(8)
£ 10 o9 50. ﬁ
1 --&u.u_n_n_n_n.u.u. 40
1 10 100 1000 1 10 100 1000
COLOR# COLOR#

(20%=8,000&E %, EPSICCG=10"%)
(M:ICCG(L1), @:ICCG-MC, A:ICCG-CM, A :ICCG-RCM)

36



OMP-2

IR EA—F) T DR (1RaR)

« BFH=203
« Red-Black ~ 4 < #JH#iIKkHE ~ CM, RCM

) HAAK RE Red-Black
N RiE 4 N> Kiig 10
JO7J4)L 51 JO2J4)L 711
Fill-in o4 Fill-in 44
4% CM, RCM
N2 Kig 10 /\> Kig 4

JAaJ4J)L 51 TJRAJ4)L 46
Fill-in 46 Fill-in 44



OMP-2

RERBEBHDEFR

Incompatible Nodes& [ ?
Doi, S. (NEC) et al.

38

HEDIEHYT
@) S S S e
Ge—()—(19—(9— S S W S
AD—2—(13—0)—3 S S W S
O—0—&—0— S S W S
O—0—6—60—0 *—

2% 2 (T m A Incompatible Node |
BFEOEZTHORLYILBESNEL, LLHTE
DITWNA DA ERLY
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OMP-2

CM (Cuthill-McKee) Diz&

e

—

1

2
x
N
5

2

2
N\

7

1

N\

8
4

N

\Q
o—

NV
A
N\

5
2

IO NN

N\

N
R

6) (S
:\

e

3

' ' ' A

' '™ '™ A

= -} -} ‘
o ol el

@\

@



OMP-2

Red-BlackDiE4&

ifi 51| 14 (F 5 LyAlincompatible nodeZ LY
ILUZRBTALEE, Gauss-Seidel TR {E

I

P D @

) 19

7

20

D@
P 0O @ O &

8

18

G 4

17

5

| 4

2/

SA 3

FEhn

®
!
®
!
@

40



OMP-2

41BDIZFE
ifi 51| 1% 1385 F % Alincompatible nodel & 4>
ILURBILIE, Gauss-Seidel Tk 8 [EI%H

T

0 & © > 0 S ——7— 0

O B O O

OO0 D@ O ——

O 23600 e
2]

e
©
e
®

41



OMP-2

IRREA—F)T

. ;hu%! HEREFHOEELRELHY, —BICZITER
&0

o T2EAZIEACMERCMIZARBIREDIZEELRLIZESIET
THdh, RCMOANETFINERARLY




OMP-2 43

=57 DR

c FA—HFN)JIZ&H-T, THDOUNEDIEENZEHLY,
mMohn IhE] NEond,
— EHEDME  BHHE, R FLHEADEEM
— INEMNBRL L BIBEALH B,

c BlITRLf-& D GEMERIRTT b, A—F )Y
LA NnIE, sk, XTI MILIETEALY,

inn

- FER
— A =BV ICETEADNEDDELDH D,
- SRELTVOME, HFICHET ORVABERTERT 5,



OMP-2 44

A—F VY27 FiED B
=R RE
« MCIZUNEELY, AT FE BFICTHAHYE (EEH) BRE)

» Cyclic-Mulricoloring + RCM(CM-RCM) RE % (k)
[Washio et al. 2000]

90 280 ®
[ ° .
[ ¢ f Heterogeneous .
] Homogeneous [P - o *
X 260 | [
2 ot o o _° 2 | °
9 °® S
s [
2 B [ o
O O 240 | O o °
60 0 A
0
A O o o o. O
L O O
50 —t—tiul ittt il L 220
1 10 100 1000 1 10 100 1000
color # color # ® MC

3D Linear-Elastic Problems with 32,768 DOF 3 "ol



T—RFHEDERIKIL?

A—41)>% (Ordering) IZDULNT

— Red-Black, Multicolor(MC)

— Cuthill-McKee (CM), Reverse-CM(RCM)

- A—FYL T EIRE D%

=) DRE
F—F) T FICCGEDELE
ILFAT~DREE (OpenMP) ~N[[IFT




A—4A1) | 2-color Uil

s ZRTIHWIK(CCTIFEZRIT)DBEDIFTOTOT S L
— RILFHS5—F—FY>4, CMiE, RCMi%E (CMRCMIZDULY

TlEHET)
$ cd <$P-L2>/coloring/src
S make
S ed ../run
S ./L2-color
NX/NY/NZ ? :@2:5@?5247&"&?&%%@1%(:
EO=@DI+9 5,
4 4 1 e COESIZAHNTS
You have 16 elements.
How many colors do you need ? 1314 115]16
#COLOR must be more than 2 and
#COLOR must not be more than 16 9 {1011 12
CM 1f #COLOR .eq. O
RCM 1f #COLOR .eq.-1 S 6 [ 3
CMRCM 1f #COLOR .le.-2
- 1123 | 4




REANE (2/2) =]

¢ 2DDI7AILIER NS
— color.log FHBAYL 2B SDRIGER
1T B E R
— color.inp A aDBDITI7AIL (ParaViewH)

AAB:0 A7:3 A4
(CM, 7 colors) (5 colors) (4 colors)



OMP-2

AA=0: CM(7£)

1314|1516
9 1101112
5|6 |78
1123 |4
6

11

#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new

—
QOO JdOoO OThwWN—

— et — — — —
DO~ W —

#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old

— —
WO JIPhPOOOWOIN —

—_ o )t o
DTN B —

color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color

~Nooocoooabh bW WWNN—

48



OMP-2

AA=0: CM(7£)

1314|1516
9 1101112
5|6 |78
1123 |4
6

11

#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new

—
QOO JdOoO OThwWN—

— et — — — —
DO~ W —

#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old

— —
WO JIPhPOOOWOIN —

—_ o )t o
DTN B —

color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color

~Nooocoooabh bW WWNN—

49



OMP-2

AF=-1:

1314|1516
9 1101112
5|6 |78
1123 |4

RCM(7&)

#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new

—
QOO JdJOoO Ol wWwhN —

— et — — — —
DO~ W —

#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old

16
15
12
14
11

13
10

— N OC1wWwo © b~

color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color

~Nooocoooabh bW WWNN—



OMP-2

AN=3: ERIF5E (RILFHF—)

1314|1516
9 1101112
5|6 |78
11234

#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new

—
QOO IO OIS WN —

—_— ek )k
O RWN —

#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old

—
O W UITDRN©O®OOD W —

— — — — —, —)
GOl BN LW —

color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color

TP PRWWWNNNRNN — — — —

51



OMP-2

AN=3: ERIF5E (RILFHF—)

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

(519 DHILLZERZTD
BSIEIZER




OMP-2

A $1=3: EE(L5 (multicolor)

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

(5 1{EY DHILLGERETD
BSIRITER




OMP-2

AF=3: EEEF5E (RILFHTF—)

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

WILGEZRNELLGSE=6RD
B




OMP-2

AF=3: EEEF5E (RILFHTF—)

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

WILGEZRNELLGSE=6RD
B




OMP-2

AN=3: ERIF5E (RILFHF—)

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

RSB ETHT-




OMP-2

AN=4: 48 (T ILFNH

1314|1516
9 1101112
5|6 |78
1123 |4

#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new
#new

—
QOO JdOoO OThwWN—

— et — — — —
DO~ W —

#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old
#old

O J TR~ NOOOSW—
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SCTLWwNNOO B~ —

7_

color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color

)
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- AHN=3: ERIFSE (RILFHT)

color.log: 1751 B8:&E(F $I§L4

1314|1516
9 11011 ]12
56|78
1123 |4
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I=

I=

[=

I=

I=

[=

I=

I=

I=

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL
IAU:

IAL:
IAU:

IAL:
IAU:

IAL:
IAU:

IAL
IAU:

IAL:
IAU:

### IN{TIAL

N
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—Oo OOC1 NhA 0w ~INd o—

—
O OO0 DN

connectivit

INL(i)=
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1
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INL(i)=
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11 11
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INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=

INU(i)=

2

2

COLOR number

#new
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew
#tnew

Z
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=
-
=
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N
=
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N
=
c
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color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
color
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0000000000000 000O O
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o AHN=3: ERIFS®E (RILFHI—)

color.log: 1751 B8 &

### FINAL connectivity .
13114 | 15| 16 1 INL(D= "0 INU(i)=
IAL
IAU: 6 8 |
I= 2 INLO)= 0 INU(i)=
9 |10 |11 12| B o 7 o |
I= 3 INL(i)= 0 INU(i)=
IAL:
IAU: 6 8 9 10 |
5106 | 7| 8 | 1= 4 1= o ING=
— — [AL:
IAU: 7 9 14 |
I= 5 INL(i)= 0 INU(i)=
112134 w
IAU: 8 10 12 |
I= 6 INL(i)= 3 INU(i)=
[AL: 1 2 3
[AU: | |
I= 7 INL(i)= 2 INU(i)=
[AL: 2 4
[AU: | |
I= 8 INL(i)= 3 INU(i)=
[AL: 1 3 5
IAU: | |
I= 9 INL (i)= 3 INU(i)=
IAL: 2 3 4
IAU: 11 |
I= 10 INL (i)= 2 INU(i)=
[AL: 3 5
AU: 11 15 |
I= 11 INL (i)= 2 INU(i)=
[AL: 9 10
IAU: 14 16 |
I= 12 INL (i)= 1 INU(i)=
[AL: 5
AU 15 |
I= 13 INL (i)= 0 INU(i)=
[AL:

IAU: 14 16

EIHHE

2

i 7

14 INL(i)= 3 INUCi)= 0
AL: 4 11 13
AU: _ _

15 INL(i)= 2 INUCi)= 1
AL: 10 12
AU: 16 _ _

16 INL(i)= 3 INUCI)= 0
Qh: 11 15 13



OMP-2

[L2-color| DY —AXT7A)L

$ cd <$P-L2>/coloring/src
S 1ls

13114115 | 16 CD2RTHKRERDITT 5,




Main Program

#include <stdio.h> ..

int
main(int argc, char **argv)
FILE *fp21;
int 1, ic, k;
if (POINTER_INIT()) goto error;
if((fp21 = fopen(“color. log”, “w”)) == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
} return -1;
if (POI_GEN (fp21)) goto error;
i f (OUTUCD()) goto error;
fprintf (fp21, “¥n¥nCOLOR number%8d¥n¥n”, NCOLORtot) ;
for (ic=1; ic<=NCOLORtot; ic++) {
for (i=COLORindex[ic—1]+1; i<=COLORindex[ic]; i++) {
} fprintf (fp21, © #new%8d #o0ld%8d color%8d¥n”,
}
...)
fclose (fp21) ;
return O;
error:

return -1;

I

NEWtoOLD[i-1]+1,

ic);
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MAIN
IMMUI—FY

INPUT

HE T 7 A )L EEd
INPUT.DAT

POINTER_INIT
Ay aT7AILERIA
mesh.dat

Structure of L2-color

MC

RIVFAS—F—HF)T

BOUNDARY CELL
O=0ZKTE I DERDIRER

CM

Cuthill-McKee
v s 1 D27

CELL METRICS
RER FIRFOHE

RCM
Reverse Cuthill-McKee

F—5Y2Y

POI_GEN
T AR TAETAHERK
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Main Program

#include <stdio.h> ..

int
main(int argc, char **argv)
FILE *fp21;
int 1, ic, k;
if (POINTER_INIT()) goto error;
if((fp21 = fopen(“color. log”, “w”)) == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
} return -1;
if (POI_GEN (fp21)) goto error;
i f (OUTUCD()) goto error;
fprintf (fp21, “¥n¥nCOLOR number%8d¥n¥n”, NCOLORtot) ;
for (ic=1; ic<=NCOLORtot; ic++) {
for (i=COLORindex[ic—1]+1; i<=COLORindex[ic]; i++) {
} fprintf (fp21, © #new%8d #o0ld%8d color%8d¥n”,
}
...)
fclose (fp21) ;
return O;
error:

return -1;

I

NEWtoOLD[i-1]+1,

ic);

63



64

struct.h

#ifndef __H_STRUCT ICELTOT:
#define __H_STRUCT Number of meshes (NX x NY x NZ)

#include <omp. h>

N:

int ICELTOT, ICELTOTp, N; Number of modes

int NX, NY, NZ, NXP1, NYP1, NZP1, IBNODTOT;
int NXc, NYc, NZc;
NX,NY , NZ:

Number of meshes in x/y/z directions

double DX, DY, DZ, XAREA, YAREA, ZAREA:

double RDX, RDY, RDZ, RDX2, RDY2, RDZ2, R2DX, R2DY, R2DZ;

double *VOLCEL, *VOLNOD, *RVG, *RVN;
NXP1l,NYP1l,NZP1:

int #+XYZ, *NElBcell: Number of nodes in x/y/z directions
int ZmaxCELtot;

int *BC_INDEX, *BC_NOD; IBNODTOT :

int */maxCEL; = NXP1 x NYP1

int **xIWKX;

double *xFCV; XYZ[ICELTOT] [3]:

Location of mesh
int my_rank, PETOT, PEsmpTOT; ocation of mesnhes

#tendif /x __H_STRUCT */ NEIBcell [ICELTOT] [6] :
Neighboring meshes




65
#ifndef __H_PCG

#tdefine _ H PCG pcg . h
static int N2 = 256;
int NUmax, NLmax, NCOLORtot, NCOLORk, NU,
NL;
int METHOD, ORDER_METHOD;
double EPSICCG;

double *D, *PHI, *BFORCE;
double *AL, *AU;

int *INL, *INU, *COLORindex;
int *indexL, *indexU;
int *OLDtoNEW, *NEWtoOLD;
int *k]AL, **x[AU;
int *itemL, *itemU;
int NPL, NPU;

#tendif /* _H PCG */

21751 : ER1T3
(B3 DELIDH & i)
= FEEORDTDHZFECIET S

FT=FnZ Al <IZERIE




#ifndef __H PCG
#tdefine _ H PCG
static int N2 = 256;
int NUmax, NLmax, NCOLORtot, NCOLORk, NU, NL;
int METHOD, ORDER_METHOD;
double EPSICCG;

double *D, *PHI, *BFORCE;
double *AL, *AU;

int *INL, *INU, *COLORindex;
int *indexL, *indexU;
int *OLDtoNEW, *NEWtoOLD;
int *k]AL, s*k[AU;
int *xitemL, *itemU;
int NPL, NPU;

ftendif /* __H PCG %/

INL[ICELTOT] # Non-zero off-diag. components (lower)

IAL[ICELTOT] [NL] Col. ID: non-zero off-diag. comp. (lower)

INU[LICELTOT] # Non-zero off-diag. components (upper) U
IAU[ICELTOT] [NU] Col. ID: non-zero off-diag. comp. (upper)

NU, NL Max # of L/U non-zero off-diag. comp.s (=6)

INndexL[ICELTOT+1] # Non-zero off-diag. comp. (lower, CRS)

indexU[ICELTOT+1] # Non-zero off-diag. comp. (upper, CRS) L

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

itemL[NPL], itemU[NPU] Col. ID: non-zero off-diag. comp. (L/U, CRS)

pcg.h 66

Auxiliary Arrays

Lower Part (Column ID)
JAL[i] [icou] < i

Upper Part (Column ID)
IAU[i] [icou] > 1




#ifndef __H PCG

#tdefine _ H PCG
static int N2 = 256;
int NUmax, NLmax, NCOLORtot, NCOLORk, NU, NL;
int METHOD, ORDER_METHOD;

double EPSICCG;

double *D, *PHI, *BFORCE;
double *AL, *AU;

int *INL, *INU, *COLORindex;
int *indexL, *indexU;
int *OLDtoNEW, *NEWtoOLD;
int *xk[AL, **x[AU;
int *xitemL, *itemU;
int NPL, NPU;

ftendif /* __H PCG %/

INL[ICELTOT] # Non-zero off-diag. components (lower)

IAL[ICELTOT][NL] Col. ID: non-zero off-diag. comp. (lower)

INU[ICELTOT] # Non-zero off-diag. components (upper) U
IAULICELTOT][NU] Col. ID: non-zero off-diag. comp. (upper)

NU, NL Max # of L/U non-zero off-diag. comp.s (=6)

INndexL[ICELTOT+1] # Non-zero off-diag. comp. (lower, CRS)

indexU[ICELTOT+1] # Non-zero off-diag. comp. (upper, CRS) L

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

itemL[NPL], itemU[NPU] Col. ID: non-zero off-diag. comp. (L/U, CRS)

pcg.h 67

Auxiliary Arrays

Lower Part (Column ID)
JAL[i] [icou] < i
INL[i] : Number@each row

Upper Part (Column ID)
IAU[i] [icou] > 1
INU[i] : Number@each row




INPUT=3: MC, 5-Colors

color.log: matrix info.

it INITIAL connectivit . 1= 14 INL(i)= 2 INU(i)=
= 1 INL(i)= INU(i)= 2 [AL: 10 13
13114 15| 16 IAL: IAU: 15 _ _
IAU: 2 5 _ = 15 INL()= 2 INU(i)=
= 2 INL(i)= 1 INU(i)= 2 [AL: 11 14
IAL: 1 IAU: 16 _ _
1 11 12 IAU: 3 6 . I= 16 INL(i)= 2 INU(i)=
S) () = 3 INL(i)= 1 INU(i)= 2 [AL: 12 15
IAL: 2 [AU:
AU 4 T _
= 4 INL(i)= 1 INU(i)= 1
5106 |7 8 3 COLOR number 5
I= 5 INL(i)= 1 INU(i)= 2 #tnew 1 #old 1 color
IAL: 1 #new 2 told 3 color
1 2 1 31 4 AU: 6 9 | finew 3 fold 6 color
I= 6 INL (i)= 2 INU(i)= 2 #tnew 4 told 8 color
IAL: 2 5 #new 5 told 9 color
IAU: 7 10 . #new 6 #old 2 color
I= Ji INL (i)= 2 INU(i)= 2 #tnew 7 told 4 color
IAL: 3 6 #new 8 told 5 color
IAU: 8 11 . #new 9 #old 1 color
I= 8 INL(i)= 2 INU(i)= 1 ftnew 10 #old 10 color
IAL: 4 7 #new 11  #old 11 color
IAU: 12 . . #new 12 #old 13 color
I= 9 INL(i)= 1 INU(i)= 2 ftnew 13  t#old 16 color
IAL: b #new 14 #old 12 color
[AU: 10 13 . #new 15 #old 14 color
I= 10 INL(i)= 2 INU(i)= 2 #new 16  #old 15 color
[AL: 6 9
AU 11 14 _
= 11 INL (i)= 2 INU(i)= 2
[AL: 7 10
AU 12 15 _
[= 12 INL (i)= 2 INU(i)= 1
[AL: 8 11
IAU: 16 _
[= 13 INL(i)= 1 INU(i)= 1
[AL: 9
[AU: 14

GIAPRWWWNINNNN—————



INPUT=3: MC, 5-Colors

color.log: matrix info.

1314|1516
9 11011 ]12
56|78
1123 |4

#i# FINAL connectivity
= 1 TINC(D)=

I

I

I

I

I

I

I

I

I

I

IAL:
_TAU:

AL
1AU:

IAL:
IAU:

AL
I

AL
I

AL
I

AL
I

AL
1AU:

IAL:
IAU:
= 10
IAL:
IAU:
= N
IAL:
IAU:
= 12
IAL
IAU:
= 13
IAL:
IAU:

2

3

4

5

9

6

6

6

—

— — — —
o101 N {e} —_ —_NY

—_
=S

8
INL(i)=

7.9
INL(i)=

8 9
INL(i)=

9
INL(i)=

10
INL (i)=
2 3

INL (i)=
4

14

12

INL (i)=
3 5

INL(i)=
3 4

INL (i)=

INL (i)=
10
16

INL(i)=

INL(i)=
16

0

0

0

10

INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=
INU(i)=

INU(i)=

2

3
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Main Program

#include <stdio.h> ..

int
main(int argc, char **argv)
FILE *fp21;
int 1, ic, k;
if (POINTER_INIT()) goto error;
if((fp21 = fopen(“color. log”, “w”)) == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
} return -1;
i f (POI_GEN (fp21)) goto error;
i f (OUTUCD ()) goto error;
fprintf (fp21, “¥n¥nCOLOR number%8d¥n¥n”, NCOLORtot) ;
for (ic=1; ic<=NCOLORtot; ic++) {
for (i=COLORindex[ic—-1]+1; i<=COLORindex[ic]; i++) {
} fprintf (fp21, © #new%8d #o0ld%8d color%8d¥n”,
}
...)
fclose (fp21) ;
return O;
error:

return -1;

I

NEWtoOLD[i-1]+1,

ic);
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pointer_init (1/3)

<{stdio. h>
<stdlib. h>
{string. h>
<errno. h>

#include
#include
#include
#include

“struct_ext. h”
“pcg_ext. h” 7
“pointer_init. h’

“al locate. h”

#include
#include
#include
#include

=%

extern int
?OINTER_INIT(void)

P

NX
ipe, i, J, k;

fprintf (stderr, “input NX NY NZ=>¥n");
fscanf (stdin, “%d%d%d”, &NX, &NY, &NZ);

int icel,

fprintf (stderr, “NX=%d NY=%d NZ=%d¥n”, NX, NY, NZ);
/%

* INIT.

*/

ICELTOT = NX * NY * NZ;

NXP1 = NX + 1;

NYP1 = NY + 1;

NZP1 = NZ + 1;

NEIBcel | =

(int #x)al locate_matrix(sizeof (int), ICELTOT, 6) ;
XYZ =

(int #x)al locate_matrix(sizeof (int), ICELTOT, 3) ;

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

NXP1l,NYP1l,NZP1:

Number of nodes in x/y/z directions
(for visualization)

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

XYZ[ICELTOT] [3]:
Location of meshes

NEIBcell [ICELTOT] [6]:
Neighboring meshes
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pointer_init (2/3)

for (k=0; k<NZ; k++) {
for (j=0; j<NY; j++) {
for (i=0; i<NX; i++) {

J
J

J

icel =k * NX * NY + j % NX+ i;

NEIBcel I[icel]l[0] = icel — 1 + 1
NEIBcel I[icel]l[1] = icel + 1 + 1
NEIBcel I[icel]l[2] = icel — NX + 1
NEIBcel I[icel][3] = icel + NX + 1
NEIBcell[icel]l[4] = icel — NX * NY + 1
NEIBcell[icel][5] = icel + NX * NY + 1
if(i == 0) NEIBcel I [icel][0] = O;
if(i == NX-1) NEIBcell[icell[1] = 0;
if(j ==0) NEIBcell[icell[2] = 0;
if(j == NY-1) NEIBcell[icel]l[3] = 0;
if(k == 0) NEIBcel I [icel][4] = 0;
if(k == NZ-1) NEIBcell[icel][5] = 0;
XYZ[icell[0] =i + 1;

XYZ[icell[1] = j + 1;

XYZ[icell[2] = k + 1;

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0 P NEIBcell[icel][1]

zy y_ NEIBcellicel][2]
Z, NEIBcell[icel][4]

X

i= XYZ[icel][0]
j= XYZ[icel][1], k= XYZ[icel][2]
icel= K*NX*NY + j*NX + i

“icel” starts at 0 | “NEIBcell” starts at 1 | NEIBcell[icel][0]= icel — 1

1211314 |15 13114 /15|16
819|101 9 10|11 |12
4 15|16 |7 56|78
0O(1]23 112 3|4

NEIBcell[icel][1]= icel + 1
NEIBcell[icel][2]= icel — NX
NEIBcell[icel][3]= icel + NX
NEIBcell[icel][4]= icel — NX*NY + 1
NEIBcell[icel][5]= icel + NX*NY + 1




pointer_init (3/3)

if (DX <= 0.0) {
DX = 1.0 / (double)NX;
DY = 1.0 / (double)NY;
DZ =1.0 / (double)NZ;

J

NXP1 = NX + 1

NYP1 = NY + 1

NZP1 = NZ + 1

IBNODTOT = NXP1 * NYP1;
N = NXP1 * NYP1 * NZP1;

return 0;

NXP1, NYP1, NZP17z &£ [FUCD
I7AIVEDITBR
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Main Program

#include <stdio.h> ..

int
main(int argc, char **argv)
FILE *fp21;
int 1, ic, k;
i f (POINTER_INIT()) goto error;
if((fp21 = fopen(“color. log”, “w”)) == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
} return -1;
if (POI_GEN(fp21)) goto error;
i f (OUTUCD ()) goto error;
fprintf (fp21, “¥n¥nCOLOR number%8d¥n¥n”, NCOLORtot) ;
for (ic=1; ic<=NCOLORtot; ic++) {
for (i=COLORindex[ic—-1]+1; i<=COLORindex[ic]; i++) {
} fprintf (fp21, © #new%8d #o0ld%8d color%8d¥n”,
}
...)
fclose (fp21) ;
return O;
error:

return -1;

I

NEWtoOLD[i-1]+1,

ic);
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L ” ” 7 5
#include “allocate. h
extern Int

I?OI_GEN(void) pO'_gen (1/4)

int nn;

int ic0, icN1, icN2, icN3, icN4, icN5, icN6;

int 1, J, k, ib, ic, ip, icel, icou, icol, icouG;
int i1, jj, kk, nn1, num, nr, jO, j1;

double coef, VOLO, S1t, E1t;

int isL, ieL, isU, ieU;

NL=6; NU= 6;

IAL = (int **)al locate_matrix(sizeof (int), ICELTOT, NL) ;
IAU = (int *%)al locate_matrix(sizeof (int), [GELTOT, NU) ;
INL = (int *)allocate_vector (sizeof (int), ICELTOT) ;
INU = (int x)allocate_vector (sizeof (int), ICELTOT) ;

for (i = 0; i <IGELTOT ; i++) f{
BFORCE[i]=0.0;

DLi] =0.0; PHI[i]=0.0;
INLLi] = 0; INULi] = O;
IAL[i1[j]1=0; TAULi1[]j]=0; al locate matrix al locate. ¢

skrkkkkokkkkRRkokk kR RRK
void** allocate_matrix(int size, int m, int n)

}
for (i = 0; i <=ICELTOT ; i++) { {void *%33
indexL[i] = 0; indexU[i] = 0; int i;

if ( (aa=(void %« )malloc( m * sizeof (void*) ) ) == NULL ) {
fpriq$;(stdout,”Error:Memory does not enough! aa in matrix ¥n”);
exit(1l);

]

if ( (aal[0]=(void * )malloc( m* n * size ) ) == NULL ) {
fpriq$;(stdout,”Error:Memory does not enough! in matrix ¥n”);
exit(1l);

for (i=1;i<m; i++) aalil=(charx)aali-1]+size*n;
return aa;



for (icel=0; icel<ICELTOT; icel++) {

icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel][1];
icN3 = NEIBcel I [icel][2];
icN4 = NEIBcel | [icel][3];
icN5 = NEIBcel | [icel][4];
icN6 = NEIBcel | [icel][5];

if(icNb 1= 0) {
icou = INL[icel] + 1;

IAL[icel]l[icou-1] = icNb;
= icou;

INL[icel]

if(icN3 1= 0) {
icou = INL[icel] + 1;

IAL[icel][icou-1] = icN3;

INL[icel] icou;
if(icN1 1=0) {

icou = INL[icel] + 1;

IAL[icel]l[icou-1] = icN3;

INL[icel] = icou;

76

poi_gen (2/4)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

z) y NEIBcell[icel][2]
M, NEIBcell[icel][4]

X

NEIBcell[icel][1]

Lower Triangular Part
NEIBcell[icel][4]= icel — NX*NY + 1

NEIBcell[icel][2]= icel - NX ~ +1
NEIBcell[icel][0]= icel — 1 +1

1211314 | 15 1314|1516
8 9110 11 9 101112
4 | 5|16 |7 5|6 |78
o112 |3 11234




for (icel=0; icel<ICELTOT; icel++)

icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel][1];
icN3 = NEIBcel | [icel][2];
icN4 = NEIBcel | [icel][3];
icN5 = NEIBcel | [icel] [4];
icN6 = NEIBcel | [icel][5];

if(icN2 1= 0) {
icou = INULicel] + 1;

IAU[icel][icou-1] = icN2;

INU[icel] = jcou;
if(icNd 1=0) {

icou = INU[icel] + 1;

IAU[icel][icou-1] = icN4;

INU[icel] = jcou;
if(icN6 1= 0) {

icou = INU[icel] + 1;

IAU[icel][icou-1] = icN6;

INU[icel] = jcou;
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poi_gen (3/4)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

z) y NEIBcell[icel][2]
M, NEIBcell[icel][4]

X

NEIBcell[icel][1]

Upper Triangular Part
NEIBcell[icel][1]= icel + 1 + 1

NEIBcell[icel][3]= icel + NX  + 1
NEIBcell[icel][5]= icel + NX*NY + 1

“icel” starts at 0 @ “IAU” starts at 1

1211314 |15 13114 15|16
819|101 9 (10|11 |12
4 15|16 |7 5|6 |78
0O/ 1123 11234




N111:

fprintf (stderr, “¥n¥nYou have%8d elements¥n”, ICELTOT);
fprintf (stderr, “How many colors do you need ?¥n”);
fprintf (stderr, ” #COLOR must be more than 2 and¥n”);

fprintf (stderr, ” #COLOR must not be more than%8d¥n”, ICELTOT) ;

fprintf (stderr, “ if #COLOR= O then CM ordering¥n”);
fprintf (stderr, “ if #COLOR=-1 then RCM ordering¥n”);
fprintf (stderr, “ if #COLOR<-1 then CMRCM ordering¥n”) ;

fprintf (stderr, "=>¥n");
fscanf (stdin, “%d”, &NCOLORtot)
i f (NCOLORtot == 1 && NCOLORtot > ICELTOT) goto N111;

OLDtoNEW = (int *)cal loc (ICELTOT, sizeof (int));

i f (OLDtoNEW == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

}

NEWtoOLD = (int *)calloc (ICELTOT, sizeof(int));

i f (NEWtoOLD == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

}

COLORindex = (int *)cal loc (ICELTOT+1, sizeof (int));

i f (COLORindex == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno)) ;
return -1;

J

i f (NCOLORtot > 0) {
MC (ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if (NCOLORtot == 0) {
CM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if (NCOLORtot ==-1) {
RCM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if(NCOLORtot <-1) {
CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,

J

fprintf (stderr, “¥n# TOTAL COLOR number%8d¥n”, NCOLORtot);
return 0;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

poi_gen
(4/4)

Reading “initial” color
number
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N111:

fprintf (stderr, “¥n¥nYou have%8d elements¥n”, ICELTOT);
fprintf (stderr, “How many colors do you need ?¥n”);
fprintf (stderr, ” #COLOR must be more than 2 and¥n”);

fprintf (stderr, ” #COLOR must not be more than%8d¥n”, ICELTOT) ;

fprintf (stderr, “ if #COLOR= O then CM ordering¥n”);
fprintf (stderr, “ if #COLOR=-1 then RCM ordering¥n”);
fprintf (stderr, “ if #COLOR<-1 then CMRCM ordering¥n”) ;

fprintf (stderr, "=>¥n");
fscanf (stdin, “%d”, &NCOLORtot) ;
i f (NCOLORtot == 1 && NCOLORtot > ICELTOT) goto N111;

OLDtoNEW = (int *)calloc (ICELTOT, sizeof(int));

i f (OLDtoNEW == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

}

NEWtoOLD = (int *)calloc (ICELTOT, sizeof(int));

i f (NEWtoOLD == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

]

COLORindex = (int *)calloc (ICELTOT+1, sizeof(int)):

i f (COLORindex == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

i f (NCOLORtot > 0) {
MC (ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if(NCOLORtot == 0) {
CM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if(NCOLORtot ==-1) {
RCM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if (NCOLORtot <-1) {
CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,

J

fprintf (stderr, “¥n# TOTAL COLOR number%8d¥n”, NCOLORtot);
return 0;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

poi_gen
(4/4)

Allocate matrices
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i f (NCOLORtot > 0) { "
MC (ICELTOT, NL, NU, INL, TIAL, INU, IAU, pOI gen

&NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW):

} else if (NCOLORtot == 0) {
CM(ICELTOT, NL, NU, INL, IAL, INU, IAU, 4/4
OLDtoNEW) ;

&NCOLORtot, COLORindex, NEWtoOLD,
} else if (NCOLORtot ==-1) {
RCM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW) ;
} else if (NCOLORtot <-1) {
CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW) ;

J

fprintf (stderr, “¥n# TOTAL COLOR number%8d¥n”, NCOLORtot) ;
return 0;

INL, INU, IAL, IAU Info. after renumbering

OLDtoNEW, NEWtoOLD Reference table before/after renumbring

NCOLORtot Final number of colors (g.e. initial number)

COLORindex [NCOLORtot+1l] Meshes from COLORindex[ic] tO
COLORindex[ic+1]-1 arein (ic+1)-th color.
Meshes in same color are independent:
Parallel processing can be applied.

(ic)-th color: if color ID starts at 0
(ic+1)-th color: if color ID starts at 1
In the program, color ID starts at 1 !!




COLORindex [NCOLORtot+1l] Meshes from COLORindex[ic] to
COLORindex[ic+1]-1 arein (ic+1)-th color.
Meshes in same color are independent:
Parallel processing can be applied.

(ic)-th color: if color ID starts at 0
(ic+1)-th color: if color ID starts at 1
In the program, color ID starts at 1 !!

for (ic=1; ic<=NCOLORtot; ic++) {
for (i=COLORindex[ic-1]+1; i<=COLORindex[ic]; i++) {
fprintf (fp21, "#new%8d #old%8d color%8d¥n”,
i, NEWtoOLD[i-1]+1, ic);

} COLOR number 5
} ftnew 1 told 1 color 1
#tnew 2 told 3 color 1
#tnew 3 told 6 color 1
ftnew 4 told 8 color 1
#tnew 5 told 9 color 1
#tnew 6 told 2 color 2
#tnew 1 #old 4 color 2
ftnew 8 told 5 color 2
ftnew 9 t#old 7 color 2
u ftnew 10 #old 10 color 2
COLOR'"dex #new 11 #old 11 color 3
#tnew 12 #old 13 color 3
#tnew 13 t#old 16 color 3
ftnew 14 #old 12 color 4
#tnew 15 #old 14 color 4
81 #new 16 #old 15 color 5



#include <stdio. h>
#include <stdlib.h>
#include <string.h>
#include <errno. h>

#include “mc. h”

int

MC(int N, int NL, int NU, int *INL, int *kIAL, int *INU,

int *NCOLORtot, int *COLORindex,

int NCOLORK;

int *IW, *INLw, *INUw;

int *k[ALw, *x[AUw;

int INmin, NODmin, I[TEMcou;

int i, j, k, icon, icou, icouk,

{

int *NEWtoOLD,

icoug, icol, ic,

int *x[AU,
int *OLDtoNEW)

ik, JL, JjU;

mc (1/8)
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IW = (int ®%)calloc(N, sizeof(int));
if (IW == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)) ;
return -1;

}
NCOLORk = *NCOLORtot;

for (i=0; i<N; i++) {
NEWtoOLD[i] = i;
OLDtoNEWLi] = i;

J

INmin = N;
NODmin = -1;

for (i=0; i<N; i++) {
icon = INL[i] + INU[i];
if (icon < INmin) {
INmin = icon;
NODmin = i;

}

OLDtoNEW[NODmin] = O;
NEWtoOLD [0 1 = NODmin;

memset (IW, 0, sizeof (int)*N) ;
IWINODmin] = 1;

ITEMcou = N / NCOLORK;

83

mc (2/8)

IW:
Work array

“Color ID” of each mesh
IW=0 at initial stage

NODmin:
ID of the mesh with minimum
value of “degree”




IW = (int ®)calloc(N, sizeof(int));

if (IW == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)) ;
return -1;

J
NCOLORKk = *NCOLORtot;

for (i=0; i<N; i++) {
NEWtoOLD[i] = i;
OLDtoNEWLi] = i;

J

INmin = N;
NODmin = -1;

for (i=0; i<N; i++) {
icon = INL[i] + INULi];
if (icon < INmin) {
INmin = icon;
NODmin = i;
}
}

OLDtoNEW[NODmin]
NEWtoOLD[0 ]

1,

memset (IW, 0, sizeof (int)*N);

IWINODmin] = 1;
ITEMcou = N / NCOLORK;

NODmin+1;

mc (2/8)

New mesh ID of NODmin is setto O
Color ID of NODmin is set to 1

OLDtoNEW|[NODmin]= 1
NEWtoOLD [ O]= NODmin+1l

IW[NODmin]=1: Color ID



IW = (int ®)calloc(N, sizeof(int));
i f(IW == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)) ;
return -1;

J
NCOLORKk = *NCOLORtot;

for (i=0; i<N; i++) {
NEWtoOLD[i] = i;
OLDtoNEWLi] = i;

J

INmin = N;
NODmin = -1;

for (i=0; i<N; i++) {
icon = INL[i] + INULi];
if (icon < INmin) {
INmin = icon;
NODmin = i;
}
}

OLDtoNEW[NODmin] = O;
NEWtoOLD [0 1 = NODmin;

memset (IW, 0, sizeof (int)*N) ;
IWINODmin] = 1;

[TEMcou = N / NCOLORk;

mc (2/8)

ITEMcou= N/NCOLORk:

(Maximum) number of meshes in
each color
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INPUT=3: MC, 5-Colors

1314|1516
9 1101112
5|6 |78
1123 |4

#new 1 #old 1 color 1
#new 2 told 3 color 1
#new 3 told 6 color 1
#new 4 fold 8 color 1
#new 5 told 9 color 1
#new 6 #old 2 color 2
#new 7 told 4 color 2
#new 8 told 5 color 2
#new 9 tfold 7 color 2
#new 10 #old 10 color 2
#new 11 #old 11 color 3
#new 12 #old 13 color 3
#new 13  #old 16 color 3
#new 14  f#old 12 color 4
#new 15 f#old 14 color 4
#new 16 #old 15 color 5

16/3=5 = ITEMcou

RSB ETHT-

gy LIF-PYTIFTEDS
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icou =1;

for ticol =0 icol<N; icol++) | MC (3/8)

NCOLORK = icol + 1;
for (i=0; i<N; i++) { T
if(IW[i] <= 0) IW[i]l = 0;} Initialization of Counters

/x already ooLontpey T
b3 3
N 10 == jco|+1)_| icou : Global Counter
for (°0: ‘ff\ﬁ'\['h['[ﬂ(] k) | icoukK: Intra-Color Counter
| if (IN[ik=-1] <= 0) IW[ik-1] = -1;
for (k=0 k<INU[|] k++) |
ik = TAUL| ][k]
it (IW[ik-1] <= 0) IW[ik-1] = -
]
/% not COLORED */
if(IW[i] == 0) {
icou++; |couK++
IW[i] = icol + 1;
for (k=0 K<INL[iT: k++) {
ik = IALLiT[k];
| if (IN[ik=-1] <= 0) IW[ik-1] = -1;
for (k=0 K<INULIT: k++) {
ik = IAULiT[K];
if (IN[ik-1] <= 0) IW[ik-1] = -1;

}
if(icou == N) goto N200;
i f (icouK == ITEMcou) goto N100;

]
N100:
icouk = 0;

J
N200:
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icou =1;

icouk = 1;
for (icol=0; icol<N; icol++) { [MeYeJeXelgRWoLe][eI s
NCOLORk = icol + 1;

for (i=0; i<N; i++) {
if(IW[i] <= 0) IW[i] = 0;}

for (i=0; i<N; i++) {
/* already COLORED*/ .
if(IWLi] == icol+1) {
for (k=0; K<INL[i]; k++) {
ik = lAL[I][k]
} if(IW[ik-1] <= 0) IW[ik-1] = -1;
for (k=0; k<INU[|] k++) |
ik = IAULiT[K];
if(IW[ik=1] <= 0) IW[ik-1] = -
}
/* not COLORED */ .
if(IW[i] == 0) {
cou++; |couK++
IW[i] = icol + 1;
for (k=0; k<INL[i]; k++) {
ik = TALLi][Kk];
} if(IW[ik-1] <= 0) IW[ik-1] = -1;
for (k=0; k<INU[i]; k++) {
ik = TAULI][k];
if(IW[ik-1] <= 0) IW[ik-1] = -1;

}
if(icou == N) goto N200;
i f (icouK == ITEMcou) goto N100;

N100:
icouk = 0;

J
N200:

mc (3/8)
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icou =1;

icouk = 1;
for (icol=0; icol<N; icol++) {
NCOLORK = icol + 1;
for (i=0; i<N; i++)
if (IW[i] <=0) IW[i]l = 0;}
for (i=0; i<N; i++) {
/* already COLORED*/ .
if(IWLi] == icol+1) {
for (k=0; k<INL[i
ik = TAL[i]
} if(IW[ik-1]
for (k=0; k<INU[|
ik = IAULiT[K];
if(IW[ik-1] <=
}
/* not COLORED */
if(IW[i] == 0) {
cou++; |couK++
IW[i] = icol + 1;
for (k=0; k<INL

[i
ik = TAL[i]
i f(IWLik-1]

[i
]
]

}

for (k=0; k<INU
ik = TAULi
ifC(IW[ik—-1

k++) |

k++) |

],
[k]:
<=0) IW[ik-1] = -1;
],
k
<

0) IW[ik-1] = -

}
if(icou == N) goto N200;

i f (icoukK ==

N100:
icouk = 0;

J
N200:

ITEMcou) goto N100;
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mc (3/8)

NCOLORk :
Current number of colors

IW[i]=0:
If i-th mesh (original numbering)
IS not colored.




icou =1;
icouk = 1;
for (icol=0; icol<N; icol++) {
NCOLORK = icol + 1;
for (i=0; i<N; i++) {
if(IW[i] <= 0) IW[i] = 0;}
for (i=0; i<N; i++) {
/* already COLORED*/
if(IW[i] == icol+1)

for (k=0; k<INL[i]; k++) |
ik = TIALLi] [ ]
} if(IW[ik-1] <= 0) IW[ik-1] = -1;
for (k=0; k<INU[i]; k++) |
ik = TAULi] [k ]
if(IW[ik-1] <= 0) IW[ik-1] = -1;
}
/* not COLORED */
if(IW[i] == 0) {
i cou++; |couK++
IWLi] = icol + 1;
for (k=0; k<INL[|] k++) |
ik = lAL[I][k]
} if(IWLik=1] <= 0) IW[ik-1] = -1;
for (k=0; k<INULi]; k++) {
ik = lAU[I][k]
if(IWLik=1] <= 0) IW[ik-1] = -1;
if(icou == N) goto N200;

i f (icouK ==

N100:
icouk = 0;

J
N200:

Loop on Colors

{

ITEMcou) goto N100;
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mc (3/8)

2EFRICETHIL—T,

I TICREDRIZEDFEINTLSIGE
&, BEHEITLIEZRDIWDEZ-11&£T 5
(RIRICCOF D ZRHAREME L&D
—RBIDAHTHAHN, BDT=8H),

JTICMREDREICBDIFENTLND
BROBEEERIMREDEICAS
A RETE DNV =R,




icou =1;
icouk = 1;
for (icol=0; icol<N; icol++) {
NCOLORk = icol + 1;
for (i=0; i<N; i++) {
if(IW[i] <= 0) IW[i] = 0;}
for (i=0; i<N; i++) {
/* already COLOREDx*/
if(IW[i] == ico

1+1) {
for (k=0; k<I?L

|

1

il, k++) |
ik = IAL

} if(IW[ik-
for (k=0; k<I
ik = TAU
if(IWLik

k++) |

1
[i
]
]
NU[i
[] _
-11] 0) IW[ik-1] = -

I
K

J

/* not COLORED x*/
if(IW[i] = 0) |
i cou++; |couK++
IW[i] = icol + 1;
for (k=0; k<INL[ |] k++) |
ik = IAL[i] [k ]

if(IN[ik-1] <= 0) IW[ik-1] = -1;

for (k=0; k<INU[i]; k++) {
ik = TAULIT[k]:

if(IN[ik-1] <= 0) IW[ik-1] = -1;

}
if(icou == N) goto N200;
i f (icouK == ITEMcou) goto N100;

N100:
icouk = 0;

J
N200:

],
[k]:
<=0) IW[ik-1] = -1;
],
k
<
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mc (3/8)

if IW[i]=0:
eicou =icou+l
ejicouK=icouK+1l
eIW[i]=icol+1l:

Color ID

eIW[ik]=-1 where ik-th mesh
is adjacent to i-th mesh



icou =1;

icouk = 1;

for (icol=0; icol<N; icol++) {
NCOLORk = icol + 1;
for (i=0; i<N; i++) {

for (i=0; i<N; i++) {
/* already COLOREDx*/
if (IW[i] == icol+
for (k=0; k<I?L
|
1

)

1
[
I1
]
[
]
1]

k++) |
ik = IAL
if(IW[ik-

}

for (k=0; k<I
ik = TIAU
ifCIW[ik

k++) |

1,
k
<=
NULi];
[i [k] _
-1] <= 0) IW[ik-1] = -

J

/* not COLORED */
if (IWLi] == 0) {
i cou++; |couK++
IW[i] = icol + 1;
for (k=0; K<INL[i
ik = TIAL[i
if(IWLik-T

}

for (k=0; k<INU[I
ik = TAULi
ifC(IW[ik—-1

}
if(icou == N) goto N200;
if (icouK == [TEMcou) goto N100;

icouK = 0;

J
N200:

1;
=0) IW[ik-1] = -1;
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mc (3/8)

icou : Global Counter
icouK: Intra-Color Counter

BERBDHYZ(icou) N
[NCICELTOT) 1Z#8BA=0I—T%
RTH(EERDRMAITET).

BROADIA (TcouK) MTITEMcou
#BZ1-6licouk=01&LTRODBEA
%5,

[icouK < ITEMcou]THIiJATINJIZ
BZEL-D (I BERNESILELDT)
RDODEAIESL,



INPUT=3: MC, 5-Colors

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

(519 DHILLZERZTD
BSIEIZER




INPUT=3: MC, 5-Colors

#new 1 #old 1 color 1

1 :3 1 Zl 1 55 1 ES #new 2 told 3 color 1
#new 3 told 6 color 1

#new 4 fold 8 color 1

Sa 1 () 1 1 1 :2 finew 5 fold 9 color 1
#new 6 #old 2 color 2

#new 7 told 4 color 2

5 6 7 8 #new 8 told 5 color 2
#new 9 tfold 7 color 2

#new 10 #old 10 color 2

1 :2 53 11 #new 11 #old 11 color 3
#new 12 #old 13 color 3

#new 13  #old 16 color 3

#new 14  f#old 12 color 4

#new 15 f#old 14 color 4

#new 16 #old 15 color 5

16/3=5

(5 1{EY DHILLGERETD
BSIRITER




INPUT=3: MC, 5-Colors

1314|1516
9 1101112
5|6 |78
1123 |4

#new 1 #old
#new 2 told
#new 3 told
#new 4 fold
#new 5 told
#new 6 #old
#new 7 told
#new 8 told
#new 9 tfold
#new 10 #old
#new 11 #old
#new 12 #old
#new 13  #old
#new 14  f#old
#new 15 f#old
#new 16 #old
16/3=5

RIS ERDY

1 color 1
3 color 1
6 color 1
8 color 1
9 color 1
2 color 2
4 color 2
5 color 2
1 color 2
10 color 2
11 color 3
13 color 3
16 color 3
12 color 4
14 color 4
15 color 5
ELIEST=bRD

fa
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INPUT=3: MC, 5-Colors

1314|1516
9 1101112
5|6 |78
1123 |4

#new 1 #old
#new 2 told
#new 3 told
#new 4 fold
#new 5 told
#new 6 #old
#new 7 told
#new 8 told
#new 9 tfold
#new 10 #old
#new 11 #old
#new 12 #old
#new 13  #old
#new 14  f#old
#new 15 f#old
#new 16 #old
16/3=5

RIS ERDY

1 color 1
3 color 1
6 color 1
8 color 1
9 color 1
2 color 2
4 color 2
5 color 2
1 color 2
10 color 2
11 color 3
13 color 3
16 color 3
12 color 4
14 color 4
15 color 5
ELIEST=bRD

fa
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/******************

* Final Coloring *
******************/

*NCOLORtot = NCOLORk;

memset (COLORindex, 0, sizeof (int)*x(N+1));

icoug = 0;
for (ic=1; ic<=(*NCOLORtot); ic++) {
icou = 0;
for (i=0; i<N; i++) {
if(IW[i] == ic) {
NEWtoOLD [icoug] = i+1;
OLDtoNEWLi ] = icoug+1;

icou++;
icoug++;

}

}
} COLORindex[ic] = icou;

for (ic=1; ic<=(xNCOLORtot); ic++) {
COLORindex[ic] += COLORindex[ic-1];

mc (5/8)

NCOLORtot= NCOLORk:
Final number of colors.

NCOLORtot g.e. (Initial

number of colors provided by
user)

BOTERTLERATOREY
[NCOLORK | ZmEBEBE#ET S,
A—H—HARIIHKREL-BEHERLC
MmENKY ZLIE-TLNVS,
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/******************

* Final Coloring *
******************/

*NCOLORtot = NCOLORK:

memset (COLORindex, 0, sizeof (int)*x(N+1));

icoug = 0;

for (ic=1; ic<=(*NCOLORtot); ic++) {
icou = 0;
for (i=0; i<N; i++) {
if(IW[i] = ic) {

NEWtoOLD[icoug] = i+1;
OLDtoNEW[i] = icoug+l;
i cou++;

icoug++;

}
COLORindex[ic] = icou;

for (ic=1; ic<=(xNCOLORtot); ic++) {
COLORindex[ic] += COLORindex[ic-1];

mc (5/8)

Renumber meshes in ascending
orders according to color ID.

OLDtoNEW[Ol1ldID]= NewID+1
NEWtoOLD [NewID]= OldID+1
starting@”1”

COLODindex[ic]:
At this stage, number of meshes in
each color (ic+1) is stored.
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/******************

* Final Coloring *
******************/

*NCOLORtot = NCOLORK:

memset (COLORindex, 0, sizeof (int)*x(N+1));

icoug = 0;
for (ic=1; ic<=(*NCOLORtot); ic++) {
icou = 0;
for (i=0; i<N; i++) {
if(IW[i] == ic) {
NEWtoOLD[icoug]
OLDtoNEWLi ]
I cou++;
icoug++;

}
}
COLORindex[ic] = icou;

1+1;
icoug+1;

J

for (ic=1; ic<=(*NCOLORtot); ic++) {
COLORindex[ic] += COLORindex[ic-1];

mc (6/8)

COLODindex[ic]:

Now it is 1D index.
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INLw = (int *)calloc(N, sizeof(int));

if (INLw == NULL) {

fprintf (stderr, “Error: %s¥n”,

return -1;

|

for (j=0; j<NL; j++) {
for (i=0; i<N; i++)

IWN[i] = TALINEWtoOLDL[iI-11Lj];

#or(i=0: i<N; i++) |
IALLiI[5] = IWLiT:

}

for (j=0; j<NU; j++) {
for (i=0; i<N; i++) {

INLi] = TAUINEWtoOLDL[iI-11Lj];

#or(i=0: i<N; i++) |
IAULIT L[] = IWLi]:

~ j= 1~NL/NU

I=1~N

strerror (errno)) ; mC (6/8)

Arrays for Work

*INLw|[N]
*INUw[N]
«TALw|[N] [NL]
«TAUw[N] [NU]

Lower/upper components
(column ID) are reordered
according to new numbering.

|ID’s of column ID are by old
numbering.

ET=AS%Z, HILLWESHITIC
HOTANEZD, L T=A/RD
ZDLDDESEZTDEE,
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for (i=0; i<N; i++) |
IW[i] = INL[NEWtoOLD[i]-1];

for (i=0; i<N; i++) |
INLw[i] = IW[il;

for (i=0; i<N; i++) |
IW[i] = INU[NEWtoOLD[i]-1];

for (i=0; i<N; i++) |
INUwWLi] = IWLil;

for (j=0; J<NL; j++) {
for (i=0; i<N; i++) {
if(IALLi][j] == 0) {
IALw[i]l[j] = 0;
} else {

IALw[i][j] = OLDtoNEW[IAL[i][j1-11;

J
J

for (j=0; j<NU; j++) {
for (i=0; i<N; i++) {
if(IAULI][j] == 0) {
TAUW[i][j] = 0;
} else |

IAUwLil[j] = OLDtoNEW[IAULi][j1-11;
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mc (7/8)

ET=ZARTOHE, HLLESHITFIC
HKOTANEZ D,

INLZ I UE X TINLw [Z#$#19 B,
INUZIEUE X TINUw [ZH$#19 B,
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for (i=0; i<N; i++) { C (7/8)
| IW[i]l = INLINEWtoOLD[i]-1];
for (i=0; i<N; i++) {
| INLwli] = IW[i]:
for (i=0; i<N; i++) {
| IW[i] = INU[NEWtoOLD[i]-1];
for (i=0; i<N; i++) {
INUwLi] = IW[i];

for(1J;=0:(.j6NL;<'{'l++). {) : ET=A7% FHILLWESHITIC
=0; i<N; i++ % = (- =
TURAALTI ] = 0) | RoTHLNEECHFEZ S,
}ALW[I][J] = 0;
else
IALw[i][j] = OLDtoNEW[IAL[iI[j1-11; IALW, TAUW [Z#%83 2
}
}

for (j=0; j<NU; j++) {
for (i=0; i<N; i++) {
if(IAULI][j] =0) {
IAUWLilL[j] = 0;
} else {
IAUWL[il[j] = OLDtoNEW[IAULi][j1-11;



memset (INL, 0, sizeof (int)*N) ;
memset (INU, 0, sizeof (int)*N) ;
for (i=0; i<N; i++) {
memset (IAL[i], 0, sizeof (int)=*NL);}
for (i=0; i<N; i++) {
memset (IAU[i], 0, sizeof (int)*NU) ;}
{

for (i=0; i<N; i++)
jL = 0;
jUu = 0;
for (j=0; j<INLw[i]; j++)
if(TALw[i][j] i+1
IAULCI][jU] = TALwlil[j];
JU+H+;
} else {
IALLi][jL]
JL++;

I\

IALw[i][il;

J

for (j=0; j<INUw[il; j++) {
if (TAUWLi][j] i+1
TIAUCI][jU] = TAUwLil 4],
JU++;
} else {
IALLi][jL]

JL++;

J
J
INL[i]
INULi]

I\

TAUWLiT[]]:

jL;
jU;
free (IW) ;

free (INLw) ; free (INUW) ;
free (1ALw) ; free (1AUW) ;

return 0;
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mc (8/8)

HELEDT=ZAMTITENT H0E,

for (i=0; i<N; i++) {
jL = 0;
ju = 0;
for (j=0; j<INLw[il; j++) {
if (IALw[i][j] > i+1) {
IAULIT[jU] =
IALwlil[j]1;
JU++;
] else {
IALLiT[jL] =
IALwlil[j]1;
JL++;
: ]
} Because IALw[i] [j] could

be larger than i according to
new numbering.
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CDREINAVELGIER

5 Color

INL[7-1]= 2 INL[9-1]= 3

IAL[6] [0]= 3, TAL[6][1]=6 IAL[8][0]= 2, TAL[8][1]=3
[AL[8][2]= 4

INU[7-1]= 2

[AU[6] [0]= 8, TAU[6][1]=11 INU[9-1]= 1

[AU[8][0]=11

BESMHFICI > THEEREOKR/NMERLENLOTLEILDH



memset (INL, 0, sizeof (int)*N) ; 105

?em?gtéINUZNO,'sife?f(int)*N):
=0; St
o n|1emse1|:(IAL|[i], 0, sizeof (int)*NL) ;} mC (8/8)

for (i=0; i<N; i++) {
memset (IAULi], 0, sizeof (int)*NU) ;}
{

for (i=0; i<N; i++)
jL = 0;
Jju =0;
for (j=0; jJ<INLw[i]; j++)
i f(IALwil[j] > i+1)
IAULIT[JUT = TALw[il[j];
JU++;
} else {
IALLi][jL]
JL++;

I\

IALwLi][]j];

J

for (j=0: j<INUW[IT: j++) [ HELEDE=ZAMSITT-LNT S,
if (TAUwWLi][j] i+1
IAULi] [jU] IAUWLilLj];
JU+H+;
} else {
[AL[i10)L]

JL++;

I\

IAUWLi][i1;

jL;
ju;
free (IW) ;

free (INLw) ; free (INUW) ;
free (1ALw) ; free (1AUW) ;

]
b
INL[i]
INULi]

return 0;



memset (INL, 0, sizeof (int)*N) ; 106

$em?¢téINUZNO,_si;e?f(int)*N):
=0; i<N; i++ m
o n|1emse1|:(IAL|[i], 0, sizeof (int)=*NL);} C (8/8)
for (i=0; i<N; i++) {
memset (IAU[i], 0, sizeof (int)*NU) ;}
{

for (i=0; i<N; i++)
jL = 0;
ju = 0;
for (j=0; j<INLw[i]; j++) {
i f(TALwLiI[j] > i+1) {

IAULIT[JUT = TALw[il[j];
JU++;

} else {
IALLiT[jL] = TALw[il[j];
JL++;

}
for (j=0; j<INUW[il; J+T) {

if(IAUWLiT[j] > i+
IAULITLjU] = TAUWLi] L],
JU++;
} else {
IAL[i][jL] = TAUwlil (i1, _
| JLs “Final” number of upper/lower
b components (column ID) in the
INL[i] = jL; :
: INULi] = juU; renumbered new matrix.
e N Free (INUW) |
Froe (1ALW) Free (1AUW) e
«TNU
return 0;
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CMZDFIR

FIES: #&YRL, BESTIT

— TLRIL(K) IIZET A5EFmT-TERZINEE-T=5, k=k+1
ELT, FlE2Z#EYRL, EERDILARILIARELI=#T

—LRIVLIDEVBIZEREZSESYET




OMP-2

RCM (Reverse CM)

+ FFCMD3
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|
o

|
i
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E2:TLARJL (k(k=2)) IDEZDER
B3 #&YIRL, BE ST

- FlB4:-BREBSHIT
- CMOES T EEICHIEICSYEYT
— Fil-inACM®D 5 & &Y D775
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cm (1/5)

#include <stdio. h>
#include <stdlib.h>
#include <string.h>
#include <errno. h>

#include “rcm. h”

extern int
CM(int N, int NL, int NU, int *INL, int *xIAL, int *INU, int **xIAU,
: int *NCOLORtot, int *COLORindex, int *NEWtoOLD, int *OLDtoNEW)

int *k[W;

int *INLw, *INUw;

int *k[ALw, *x[AUw;

int KC, KCT, KCTO, KMIN, KMAX;

int JC, JN;

int II;

int i, j, k, ic, jL, jU;

int INmin, NODmin;

int icon, icol, icouG, icou, icou0, in, inC;



IW = (int *x)calloc(2, sizeof(int *));
if (IW == NULL) {

fprintf (stderr, “Error: %s¥n”, strerror(errno));

return -1;

for (i=0; i<2; i++) {
IWLi] = (int ®¥)calloc(N, sizeof (int));

INmin N;
NODmin = -1;

for (i=0; i<N; i++) {
icon = 0;
for (k=0; k<INL[i]; k++) {
lcon++;

]
for (k=0; k<INU[il; k++) {
icon++;

if(icon < INmin) {
INmin = icon;
NODmin = i;

J
i f (NODmin == -1) NODmin = O;
IW[1][NODmin] = 1;

NEWtoOLD [0]

NODmin+1;
OLDtoNEW[NODmin] :

1

icol = 0;

cm (2/5)

IW[O][i]-

Work array

IW[1]1[4i]:
“Level ID” of each mesh
starting at “1”

110



IW = (int *x)calloc(2, sizeof (int *));
if(IW == NULL) {

fprintf (stderr, “Error: %s¥n”, strerror(errno));

return -1;

for (i=0; i<2; i++) {
IW[i] = (int *x)calloc(N, sizeof(int));

INmin N;
NODmin = -1;

for (i=0; i<N; i++) {
icon = 0; .
for (k=0; k<INL[il; k++) {
icon++;

}
for (k=0; k<INU[il; k++) {
Icont++,

if(icon < INmin) {
INmin = icon;
NODmin = i;

J
if (NODmin == -1) NODmin = O;
IW[1] [NODmin] = 1;

NEWtoOLD [0]

NODmin+1;
OLDtoNEW[NODmin] :

1

icol = 0;

cm (2/5)

NODmin:
ID of the mesh with minimum
value of “degree”
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IW = (int *x)calloc (2, sizeof(int *)); 2/5
if(IW == NULL) { CI I l (
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

for (i=0; i<2; i++) {
IW[i] = (int *x)calloc(N, sizeof(int));

INmin = N;
NODmin = -1;
for (i=0; i<N; i++) |

icon = 0;

for (k=0; K<INLLil; k++) |

} Icont++;

for (k=0; k<INULil; k++) |

Icont++;
'f(iﬁ,%?n< lNTéQ%; | New mesh ID of NODmin
LI = G is set to O.

} Level ID of NODmin is set to 1
i f (NODmin == -1) NODmin = O
IW[1][NODmin] = 1; OLDtoNEW[NODmin]= 1
NEWtoOLD[O] = NODmin+1; NEWtoOLD [ 1]= NODmin+1

OLDtoNEW[NODmin] = 1
icol =0 IW[1] [NODmin]=1: Level ID



icouG = 1;

for (icol=1; icol<N; icol++) {
icou =0;
icoud = 0;

for (i=0; i<N; i++) {
if(IWN[1J[i] == icol) {
for (k=0; k<INL[i]; k++) {
in = TALLi][k];
if(IW[1][in-1] == 0) {

IW[1][in-1] = =(icol + 1);

| cou++;
IW[O] [icou-1] = in;

¥or(k:O; K<INULi]; k++) |
in = TAULIT K]
if (IW[1][in-1] == 0) {

IW[1][in-1] = =(icol + 1);

| cou++;
IW[O] [icou-1] = in;

J
J
J

if(icou == 0) {
for (i=0; i<N; i++) |
if(IW[11LiT = 0) {

icou++;

IW[1] [ ] = -(icol + 1);
IW[O][icou-1] =i + 1;
break;

J
J
J

cm (3/5)

icouG: Global Counter
icou : Intra-Level Counter

Loop on Levels
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lcouG = 1;

for (icol=1; icol<N; icol++) {
icou = 0;
icou0 = 0;

for (i=0; i<N; i++) {
if(IW[11Li] == icol) {
for (k=0; k<INL[i]; k++) {
in = TAL[i][k];
if (IW[1][in-1] == 0) {
IW[1][in-1] = -(icol + 1);
i coutt; _
IN[O] [icou-1] = in;

}
for (k=0; k<INU[i]; k++) {
in = TAULi] [k];
if (IW[1][in-1] == 0) {
IW[1][in-1] = -(icol + 1);
i cou++;
IN[O] [icou-1] = in;

J
J
}

if(icou == 0) {
for (i=0; i<N; i++) {
if(IW[11LiT = 0) {

icou++;

IW[1] [ ] = -(icol + 1);
IW[O][icou-1] =i + 1;
break;

J
J
J
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cm (3/5)

icouG: Global Counter
icou : Intra-Level Counter

Loops for Each Element

If (in-1) *®* mesh is adjacent to it®
mesh where IW[1] [i]=icol-1,
and level of (in-1) *®* mesh is not
finalized, (in-1) * mesh could be a
candidate for meshes in icolt" level.

*IW[1l] [in-1]= -(icol+l)
ejcou= icou + 1

*IW[0] [icou-1]= in: This array
indicates “when” this mesh was
found, and nominated as a candidate.

mesh, color: starting from 0
IAL[:][:]: starting from 1



1314|1516
9 1101112
0| 6|7 |38
213 ]|4
icol=4-1

IW[1l] [1]= icol-1=2:
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What does it mean ?

i=3,6,9

icouG: Global Counter
icou : Intra-Level Counter

Loops for Each Element

If (in-1) *®* mesh is adjacent to it®
mesh where IW[1] [i]=icol-1,
and level of (in-1) *®* mesh is not
finalized, (in-1) * mesh could be a
candidate for meshes in icolt" level.

*IW[1l] [in-1]= -(icol+l)
ejcou= icou + 1

*IW[0] [icou-1]= in: This array
indicates “when” this mesh was
found, and nominated as a candidate.

mesh, color: starting from 0
IAL[:][:]: starting from 1



13|14 | 15| 16
9 110| 11|12

9 o0 | 7|8
234
icol=4-1

IW[1][i]= icol-1=2:

i=3,6,9

IW[1][ 3(= 4-1)]= -4
IW[1][ 6(= 7-1)]= -4
IW[1][ 9(=10-1)]= -4
IW[1] [12 (=13-1)]= -4

IW[0][0]= 4
IW[0] [1]= 7
IW[0] [2]= 10
IW[0] [3]= 13
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What does it mean ?

icouG: Global Counter
icou : Intra-Level Counter

Loops for Each Element

If (in-1) *®* mesh is adjacent to it®
mesh where IW[1] [i]=icol-1,
and level of (in-1) *®* mesh is not
finalized, (in-1) * mesh could be a
candidate for meshes in icolt" level.

*IW[1l] [in-1]= -(icol+l)
ejcou= icou + 1

*IW[0] [icou-1]= in: This array
indicates “when” this mesh was
found, and nominated as a candidate.

mesh, color: starting from 0
IAL[:][:]: starting from 1



icouG = 1;

for (icol=1; icol<N; icol++) {
icou = 0;
icoud = 0

for (i=0; i<N; i++) {
if(IW[1][i] == icol) {
for (k=0; k<INL[i]; k++) {
in = TIAL[i][k];
if(IW[1]1[in-1] == 0) {
IW[1]1[in-1] = =(icol + 1);
icou++;
IW[O] [icou-1] = in;

}
for (k=0; k<INU[i]; k++) {
in = [AULi][k];
if(IW[1][in-1] == 0) {
IW[11Lin-1] = =(icol + 1);
icou++;
IW[O] [icou-1] = in;

} J
J

if(icou == 0) {
for (i=0; i<N; i++) {
if(IW[11Li1 == 0) {

icou++;

IW[1] L 1 =-(icol + 1)
IN[O] [icou-1] = i +

break;
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cm (3/5)

icouG: Global Counter
icou : Intra-Level Counter

Loops for Each Element

If icou=0, a mesh, which satisfies
the following conditions, is the
candidate (usually, this does not
happen):

Level of this mesh is not finalized.
*Mesh |ID according to the initial
numbering is the smallest.



for (icol=1; icol<N; icol++) {

for (ic=0; ic<icou; ic++) {
inC = IW[O0] [ic];
if (IN[1]1[inC-1] = 0) {
for (k= 0 k<INL[inC-11; k++) |
in = IAL[inC-11[k];
if(AW[1][in-1] <= 0) {
IN[1]1[in-1] = O;

]
for(k 0; k<INU[inC-1]; k++) {

= [AU[inC- 110kl

(I [1][in- 1] <— ) {

IW[1][in

}

}

}

for (ic=0; ic<icou; ic++) |
inC = IW[0][ic];
if(IW[1][inC-1] '= 0) {
IcouG++;
IW[1][inC-1] = icol + 1;

}
ff(icouG == N) break;
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cm (4/5)

Candidates for 1icoltk level are
stored in:

*IW[0] [1c], ic= O~icou

Remove such meshes that are
adjacent to other candidates,
because neighboring meshes cannot
belong to same level.

If we have such removed mesh in-1,
apply the following operations:

eIW[1] [in-1]= O



e.g.
Mesh (1) belongs to (icol-1)th

level
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What does is mean ?

Candidates for 1icoltk level are
stored in:

*IW[0] [1c], ic= O~icou

Remove such meshes that are
adjacent to other candidates,
because neighboring meshes cannot
belong to same level.

If we have such removed mesh in-1,
apply the following operations:

eIW[1] [in-1]= O
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What does is mean ?

Candidates for 1icoltk level are
stored in:

*IW[0] [1c], ic= O~icou

Remove such meshes that are
(2),(4) and (5) are candidates for adjacent to other candidates,
(icol)*k level because neighboring meshes cannot
belong to same level.

IW[1] [2-1]= - (icol+l)

IW[1][4-1]= -(icol+l) If we have such removed mesh in-1,
IW[1][5-1]= - (icol+l) apply the following operations:
IW[1][0]= 2 eIW[1l] [in-1]= O

IW[1][1]= 4

IW[1][2]= 5
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What does is mean ?

Candidates for 1icoltk level are
stored in:

*IW[0] [1c], ic= O~icou

Remove such meshes that are

Considering dependency: adjacent to other candidates,

because neighboring meshes cannot

IW[1] [2-1]= -(icol+l) belong to same level.

IW[1][4-1]= -(icol+l)

IW[1] [5-1]= O If we have such removed mesh in-1,
apply the following operations:

IW[1][O0]= 2

IW[1l] [1]= 4 eIW[1] [in-1]= O

IW[1][2]= 5



for (icol=1; icol<N; icol++) {

for (ic=0; ic<icou; ic++) {
inC = IW[O0] [ic];
if (IW[1][inC-1] = 0) {
for (k= O K<INL[inC-11; k++) |
in = IAL[inC- 1][k]
i f(IW[1][in-1] <= 0) {
IW[1][in-1] = 0;

}
for (k=0; k<INU[inC-1]; k++) {
in = TAU[inC- 1][k]
|f(lW[1][|n 1] <= 0) {
IN[1][in-1] = 0;

J
J
J

for (ic=0; ic<icou;_ict+) {
inC = IW[0][ic]:
if (IW[1][inC-1] 1= 0) {
| cOuGH+;
IW[11[inC-1] = icol + 1;

}
ff(icouG == N) break;

cm (4/5)

icouG: Global Counter
icou : Intra-Level Counter

Finally, meshes which satisfies
IW[1l] [inC]=- (icol+1), belong
to icoltk level.

For such meshes, apply
IW[1l] [inC]= icol + 1.

Finally, icouG= icouG + 1
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What does is mean ?

Finally, meshes which satisfies
IW[1l] [inC]=- (icol+1), belong
to icoltk level.

For such meshes, apply
IW[1l] [inC]= icol + 1.

Considering dependency: Finally, icouG= icouG + 1
IW[1] [2-1]= - (icol+l)
IW[1][4-1]= - (icol+1)
IW[1] [5-1]= O

IW[1][0]= 2

IW[1][1]= 4

IW[1][2]= 5
Finally:

IW[1][2-1]= icol
IW[1][4-1]= icol
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fg_r_(ico|=1; icol<N; icol+) { cm (4/5)

for(icEO' iﬁféﬁ%u' ic++) {
S OWETTineai] 1= 0) | icouG: Global Counter

for (k=0; K<INL[inC-11; k++) { - - _
in = IAL[inC-1] k] : icou : Intra-Level Counter

i f(IW[1][in-1] <= 0) {
IW[1][in-1] = 0;

}
for (k=0; k<INU[inC-1]; k++) {
in = TAU[inC- 1][k]
|f(lW[1][|n 1] <= 0) {
IN[1][in-1] = 0;

J

J
J

for (ic=0; ic<icou; ic++) {

if icouG=N (ICELTOT) :

inC = N[0 [ic]: *All meshes are colored
i inC- =
IW[11[inC-1] = icol + 1;
} Otherwise, proceed to the next

}if(icou == N) break; level.
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/xkkkkkokkokokkokkFokkdok I I l 5 / 5
/* FINAL COLORING */ C (

/xkskokkskokkokokdokkdokkKok
e NCOLORtot= NCOLORK:
for (ic=1: ic<=(*NCOLORtot); ic++) { Final number of colors.
LGO%'zoo;'<N i++) |
=0, ; ++ 202
o =1=([W|[1][iI == ic) { NCOLORtot g.e. (Inltlal
gfgﬁgﬂkﬁ%:w”ﬂ LT number of colors provided by
| cout++; user)
| couG++;
{;OLORindeX[ic] - icou: Renumber meshes in ascending
1 orders according to level ID.
COLORindex[0] = 0;
for (ic=1; io<=(NCOLORtot) ; ic++) | OLDtoNEW[O1dID]= NewID+1
COLORindex[ic] = COLORindex[ic-1] + NEWtoOLD [NewID]= 01dID+1
} COLORindex[ic];
/sksktokolklokksrokokokok COLODindex[ic]:
* MATRIX transfer * At this stage, number of meshes

*******************/

in each level (ic+1) is stored.
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/xkkkkkokkokokkokkFokkdok I I l 5 / 5
/* FINAL COLORING */ C (
/xkskokkskokkokokdokkdokkKok

*NCOLORtot = icol + 1;
icouG = 0;

for (ic=1; ic<=(*NCOLORtot); ic++) {
icou = 0;
for (i=0; i<N; i++) {
if (IW[11[i] == ic) {

NEWtoOLD[icouG] i+1;
OLDtoNEW[ i ] icouG+1;
| cou++;

couG++;

}
} COLORindex[ic] = icou;

COLORindex[0] = 0;
for (ic=1; ic<=(*NCOLORtot); ic++) {

COLORindex[ic] = COLORindex[ic-1] +
COLORindex[ic];

COLODindex[ic]:
Now it is 1D index.

J

/*******************

* MATRIX transfer *
sookokokokkkokk koK Fokok ok /
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Comparison between MC & RCM
. MC

— Good parallel performance & load balancing

— Many iterations with smaller number of colors

— Although larger number of colors provides faster
convergence, performance is not good due to
synchronization overhead.

« RCM

— Faster convergence than MC.

— Effect of synch. may be significant. Not good for many
threads.

— Problems in load balancing.

« Convenient method needed
— Fast convergence, Low overhead
— Smaller number of colors, Fast convergence
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More Colors: Synch. Overhead

for (ic=0; ic<NCOLORtot; ic++) {
#ipragma omp parallel for private (i, WAL)
for (i=COLORindex[ic]; i<COLORindex[ic+1];
WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[ ] * W[Z][itemL[j]-1];
}

WLZI[i] = WVAL * W[DD][i];

i++) |
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Remedy: CM-RCM

« RCM + Cyclic Mulricoloring [Doi, Osoda, Washio]

* Procedures

— Apply RCM

— Define “Nc” (Color number of Cyclic Multicoloring (CM))
« 1st-Color in CM-RCM: 1st, (Nc+1)t, (2Nc+1)t™ ... levels in RCM
« 2M-Color in CM-RCM: 2", (Nc+2)th, (2Nc+2)t ... levels in RCM
 kth-Color in CM-RCM: ki, (Nc+k)™, (2Nc+k) " ... levels in RCM
« Each level of RCM is colored in cyclic manner (cycle=Nc).

— If °*k” reaches “Nc”, and all levels of RCM are colored, it's

completed.

 Renumber meshes in ascending orders according to “Color” ID.

— |f dependency between levels in same color, start from the
beginning of the cyclic multicoloring with Nc=Nc+1.
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CM-RCM

e How to run
— "NCOLORtot=-Nc” in INPUT.DAT

— Already implemented in L2

« cmrcm.f, cmrcm.c
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Comparison of Reordering Methods
3D Linear Elastic Problems
 MC: Slow convergence, unstable for heterogeneous cases

(ill-conditioned problems).
 Cyclic-Mulricoloring + RCM (CM-RCM) is effective

90 280 ®
[ ° .
[ ¢ f Heterogeneous .
] Homogeneous [P - o *
X 260 | [
2t o o _° 2 | °
9 °® S
s [
2 B [ o
O O 240 | O o °
60 0 A
0
A O o o O
[ 0
50 —t—tiul ittt il L 220 —
1 10 100 1000 1 10 100 1000
color # color # ® MC

3D Linear-Elastic Problems with 32,768 DOF 3 "ol
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A—41)>% (Ordering) IZDULNT

— Red-Black, Multicolor(MC)

— Cuthill-McKee (CM), Reverse-CM(RCM)

— A=Y LR DR

A—HIT DEE

A—F )T HICCGEMDRELE
YILFAT ~D3RE (OpenMP) ~[FT
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L1-s0l

MAIN
main

INPUT

control info.

POINTER_ INIT

mesh info.

BOUNDARY CELL
boundary meshes

CELL_METRICS
area/volume

POI_GEN

matrix

SOLVER_ICCG

ICCG: METH=1

SOLVER_ICCG2
ICCG: METH=2

SOLVER_PCG
PCG: METH=3
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Minv{r}={z} (1/2)
Zorvaza substicucion (IDASNON (LD ST

for (i=0; i<N; i++) {
WVAL = W[Z] [1];
for (j=indexL[i]; j<indexL[i+1]; j++) {

139

WVAL -= ALJ[4] * W[Z][itemL[j]-11;
} T— £t
WIZ][4] = WAL * W[DD) (31, Hpydniari o
} . Kb B0, D
Backuard Substicution |WIR) RN RENGENEEAL
[CI/RNS:
for (i=N-1; i>=0; i--) { ~ BN
SW=0.0; e -
for (j=indexU[i]; j<indexU[i+1l]; Jj++) E%é;j\%ﬁ%'{,gij:@b
SW += AU[9] * W[Z] [itemU[j]-1]; e AEEIA
} = A=Y

W[Z] [i]= W[Z][i] - W[DD][i] * SW;
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Minv{r}={z} (2/2)
Fomwaza substicueion [CRRON L

for(icol=0; icol<NCOLORtot; icol++) {
for (i=COLORindex[icol]; i<COLORindex[icol+1l]; i++) {

WVAL = W[Z] [1];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL -= AL[j] * W[Z] [itemL[j]-1];

}
W[Z][i] = WVAL * W[DD][i];

BRIHENBIZ1E, &9, HEDRE]

. (icol) INADBREIZEL TS,
FRILEIZELTLWASEREERENITIKEFE,
BELEMEZE I

=T — 2K £ 5 A BE
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Minv{r}={z} (2/2)
Fomwaza substicueion [CRRON L

for(icol=0; icol<NCOLORtot; icol++) {
for (1=COLORindex[icol]; i<COLORindex[icol+1l]; i++) {
WVAL = W[z] [1];
for (j=indexL[i]; j<indexL[i+1l]; j++) {
WVAL -= AL[j] * W[Z][itemL[j]-1];

}
W[Z][i] = WVAL * W[DD][i];

ZDIL—T(BRADIL—T) (L5, &

. MICEHERIRETH S,




$>

$>
$>

Files

cd <$P-1L.2>/solver/run

cd ../src

make

ls ../run/L2-sol
L2-sol
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Running the Program
<$P-L2>/solver/run

L2-sol
Poisson Solver
FVM

l

}

INPUT.DAT
Control File

J

—
S

test.inp

ParaView File
\—/
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Running the Program
Control Data: <$P-L2>/solver/run/INPUT.DAT

20 20 20 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
« NX, NY, NZ =
— ZARMD AV 18
+ DX, DY, DZ NZ
_ EBROXY.ZAMDES LI
. EPSICCG X

— ICCGED IR HITE E



A5 LNDET

<$P-L2>/solver/run/

S cd <$P-L2>/solver/run
S ./L2-so0l

You have 8000 elements.
How many colors do you need ?
#COLOR must be more than 2 and
#COLOR must not be more than 8000
CM 1f #COLOR .eq. O
RCM 1f #COLOR .eq.-1
CMRCM 1f #COLOR .le.-2

=> XXX

$ 1ls test.inp
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OMP-2 146

FELWVTWSREIE: = RTR 7V FRER

R7VARER
9,0, 0%, ¢,
oy a
RAREH _

~HRRTHIRIZVIR
oZ=7 .. HTd=0 EEROHETTVIR

= dfloat(i+j+k) X EHE&KE
j

(1,3.k)=XyZ(icel, (1,2,3))
X




Main Program

#include <stdio.h> ...

int
main ()

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN xL, xU; Stime, Etime;

if%INPUT()) ﬁoto error;

i f (POINTER_INIT()) goto error;
|f§BOUNDARY CELL(;) goto error;
i T(CELL_METRICS()) goto error;
if(POI_GEN()) goto error;

ISET = 0;
WK = (double *)malloc (sizeof (double)*ICELTOT) ;
if (WK == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));

goto error,;
if (solve_ICCG_mc (ICELTOT, NL, NU, indexL, itemlL, indexU,

D, BFORCE, PHI, AL, AU, NCOLORtot COLOR i ndex,

EPSICCG, &ITR, &IER)) goto error;
for (ic0=0; icO<ICELTOT |cO++) {

icel = NEWtoOLD[ic0]; Renumbering of “PHI”

WKCicel-T] = PHILic0]; to original numbering

for (icel=0; icel<ICELTOT; icel++) {
PHI[icel] = WK[icel];

if (OUTUCD()) goto error;
return 0;

error:
return -1;
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MAIN
main

INPUT

reading control info.
INPUT .DAT

Structure of L2-sol

POINTER INIT

creating mesh
mesh.dat

MC
Multicoloring

BOUNDARY CELL
boundary meshes

CM
Cuthill-McKee

CELL METRICS

surface area/volume
of meshes

RCM
Reverse Cuthill-McKee

POI_GEN
constructing matrices

CMRCM
Cyclic-Multicoloring +
Reverse Cuthill-McKee

SOLVE ICCG mc
ICCG solver
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Variables/Arrays for Matrix (1/2)

149

Name Type Content
D [N] R | Diagonal components of the matrix (N= ICELTOT)
BFORCE [N] R | RHS vector
PHI [N] R | Unknown vector
indexL[N+2] I | # of L/U non-zero off-diag. comp. (CRS)
indexU[N+2]
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[N] [NL] I | Column ID of L/U non-zero off-diag. comp.

IAU[N] [NU]




Variables/Arrays for Matrix (2/2)
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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
[NCOLORtot+1] 1D compressed array
Meshes in icolt® color/level are stored in this array
from COLORindex[icol]
to COLORindex[icol+1]-1
NEWtoOLD [N] I | Reference array from New to Old numbering
OLDtoNEW [N] I | Reference array from Old to New numbering




NEIBcell: ID of Neighboring Mesh/Cell

=0: for Boundary Surface

NEIBcell[icel][3]

NEIBcell[icel][5] *

NEIBcell[icel][0] < =g NEI|Bcell[icel][1]

/ i= XYZ[icel][0]

j= XYZ[icel][1], k= XYZ[icel][2]
NEIBcell[icel][2] * icel= K*NX*NY + j*NX + i

NEIBcell[icel][4] ST | (V) BN TE-TE

NEIBcell[icel][1]= icel + 1
NEIBcell[icel][2]= icel — NX
NEIBcell[icel][3]= icel + NX
NEIBcell[icel][4]= icel — NX*NY + 1
NEIBcell[icel][5]= icel + NX*NY + 1




Main Program

#include <stdio.h> ...

int
main ()

error-:

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

iféINPUT()) ﬁoto error;

i f (POINTER_INIT()) goto error;
i T (BOUNDARY CELL(;) goto error;
if (CELL_METRICS()) goto error;
if (POI_GEN()) goto error;

ISET = 0;

WK = (double *)malloc (sizeof (double)*ICELTOT) ;

if (WK == NULL) { B
fprintf (stderr, "Error: %s¥n”, strerror(errno))
goto error,;

if(solve_I1CCG_mc (ICELTOT, NL, NU, indexL, itemL, indexU,

D, BFORCE, PHI, AL, AU, NCOLORtot COLOR i ndex,

EPSICCG, &ITR, &IER)) goto error;
for (ic0=0; icO<ICELTOT; icO++) |
icel = NEWtoOLD[icO];
WKLicel-1] = PHI[ic0];

for (icel=0; icel<ICELTOT; icel++) {
PHI[icel] = WK[icel];

if (OUTUCD()) goto error;
return 0;

return -1;
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#include “allocate. h”

extern Int

POI_GEN(void)

{ int nn;
int icO, icN1, icN2, icN3, icN4, icN5, icN6;
int i, J, k, ib, ic, ip, icel, icou, icol, icouG;
int i1, jj, kk, nn1, num, nr, jO, j1;
double coef, VOLO, S1t, E1t;
int isL, ieL, isU, ieU;
NL=6; NU= 6;
IAL = (int *%)allocate_matrix(sizeof (int), ICELTOT, NL) ;
IAU = (int *%)al locate_matrix(sizeof (int), ICELTOT, NU) ;
BFORCE
D
PHI
INL = (int *)allocate_vector (sizeof (int), ICELTOT) ;
INU = (int *)allocate_vector (sizeof (int), ICELTOT) ;

for (i = 0; i <IGELTOT ; i++) {
BFORCE[i]=0.0;
D[i] =0.0; PHI[i]=0.0;
INLLi] = 0; INU[i] = 0;
for (j=0; j<6; j++) {
IAL[i1[j]=0; TAULi]1[j1=0;

al locate matrix

}
for (i = 0; i <=ICELTOT ; i++) { void **aa;
indexL[i] = 0; indexU[i] = 0; int i;

if ( (aa=(void ** )malloc( m * sizeof (voidx) )

(double *)allocate_vector (sizeof (double), IGELTOT) ;
(double *)allocate_vector (sizeof (double), IGELTOT) ;
(double *)allocate_vector (sizeof (double), IGELTOT) ;

/ kdkokakakakkokokokkkkkokokokkkkkokokokk k

sokRkkkkkRRRRoRRk kKKK
voidx* allocate_matrix(int size, int m, int n)
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poi_gen (1/8)

al locate. ¢

== NULL ) {

fprintf (stdout, “Error :Memory does not enough! aa in matrix ¥n”);

exit(1);

if ( ( aa[0]=(void * )malloc( m * n * size )

== NULL ) {

fprintf (stdout, “Error :Memory does not enough! in matrix ¥n”);

exit(1);

for (i=1;i<m;i++) aalil=(charx)aali-1]+size*n;

return aa;



for (icel=0; icel<ICELTOT; icel++) {

icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel][1];
icN3 = NEIBcel I [icel][2];
icN4 = NEIBcel | [icel][3];
icN5 = NEIBcel | [icel][4];
icN6 = NEIBcel | [icel][5];

if(icN5 1=0) {
icou = INL[icel] + 1;
IAL[icel]l[icou-1] = icNb;
} INL[icel] = jcou;

if(icN3 1=0) {
icou = INL[icel] + 1;
IAL[icel][icou-1] = icN3;
} INL[icel] = icou;

if(icN1 1=0) {
icou = INL[icel] + 1;
IAL[icel]l[icou-1] = icN3;
} INL[icel] = icou;
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poi_gen (2/8)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

z) y NEIBcell[icel][2]
M, NEIBcell[icel][4]

X

NEIBcell[icel][1]

Lower Triangular Part
NEIBcell[icel][4]= icel — NX*NY + 1

NEIBcell[icel][2]= icel - NX ~ +1
NEIBcell[icel][0]= icel — 1 +1

1211314 | 15 1314|1516
8 9110 11 9 101112
4 | 5|16 |7 5|6 |78
o112 |3 11234




for (icel=0; icel<ICELTOT; icel++)

icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel][1];
icN3 = NEIBcel | [icel][2];
icN4 = NEIBcel | [icel][3];
icN5 = NEIBcel | [icel] [4];
icN6 = NEIBcel | [icel][5];

if(icN2 1= 0) {
icou = INULicel] + 1;

IAU[icel][icou-1] = icN2;

INU[icel] = jcou;
if(icNd 1=0) {

icou = INU[icel] + 1;

IAU[icel][icou-1] = icN4;

INU[icel] = jcou;
if(icN6 1= 0) {

icou = INU[icel] + 1;

IAU[icel][icou-1] = icN6;

INU[icel] = jcou;
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poi_gen (3/8)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

z) y NEIBcell[icel][2]
M, NEIBcell[icel][4]

X

NEIBcell[icel][1]

Upper Triangular Part
NEIBcell[icel][1]= icel + 1 + 1

NEIBcell[icel][3]= icel + NX  + 1
NEIBcell[icel][5]= icel + NX*NY + 1

“icel” starts at 0 @ “IAU” starts at 1

1211314 |15 13114 15|16
819|101 9 (10|11 |12
4 15|16 |7 5|6 |78
0O/ 1123 11234




poi_gen
(4/8)

N111:

fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,

“¥n¥nYou have%8d elements¥n”, ICELTOT) ;
“How many colors do you need ?¥n”);
“ H#COLOR must be more than 2 and¥n”);

if #COLOR= 0 then CM ordering¥n”);
fprintf (stderr, if #COLOR=-1 then RCM ordering¥n”) ;
fprintf (stderr, if #COLOR<-1 then CMRCM ordering¥n”);
fprintf (stderr, “=>¥n");

fscanf (stdin, “%d”, &NCOLORtot) ;

i f (NCOLORtot == 1 && NCOLORtot > ICELTOT) goto N111;

OLDtoNEW = (int *)cal loc (ICELTOT, sizeof (int));

i f (OLDtoNEW == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror (errno));
return -1;

}

NEWtoOLD = (int *)calloc (ICELTOT, sizeof(int));

i f (NEWtoOLD == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror (errno));
return -1;

]

COLORindex = (int *)calloc (ICELTOT+1, sizeof (int));

i f (COLORindex == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror (errno));
return -1;

J

i f (NCOLORtot > 0) {
MC (ICELTOT, NL, NU, INL, IAL, INU, IAU,

&NCOLORtot, COLORindex, NEWtoOLD,

} else if(NCOLORtot == 0) {
CM(ICELTOT, NL, NU, INL, IAL, INU, IAU,

&NCOLORtot, COLORindex, NEWtoOLD,

} else if(NCOLORtot ==-1) {
RCM(ICELTOT, NL, NU, INL, IAL, INU, IAU,

&NCOLORtot, COLORindex, NEWtoOLD,

} else if(NCOLORtot <-1) {
CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,

&NCOLORtot, COLORindex, NEWtoOLD,

J

fprintf (stderr, “¥n# TOTAL COLOR number%8d¥n”, NCOLORtot) ;

return 0

#COLOR must not be more than%8d¥n”, ICELTOT);

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;
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indexL =

(int *)allocate_vector (sizeof (int), ICELTOT+1) ;
indexU =

(int *)allocate_vector (sizeof (int), ICELTOT+1) ;

for (i=0; i<ICELTOT; i++){
indexL[i+1]=indexL[i]+INL[i];
indexU[i+1]=indexU[i]+INU[i];

}
NPL = indexL[ICELTOT];
NPU = indexU[ICELTOT];

itemL = (int *)allocate_vector (sizeof (int), NPL) ;
itemU = (int *)allocate_vector (sizeof (int), NPU) ;

AL = (double *)allocate_vector (sizeof (double), NPL) ;
AU = (double *)allocate_vector (sizeof (double), NPU) ;

memset (itemL, 0, sizeof (int)*NPL);
memset (itemU, 0, sizeof (int)*NPU);
memset (AL, 0.0, sizeof (double)*NPL) ;
memset (AU, 0.0, sizeof (double)*NPU) ;

for (i=0; i<ICELTOT; i++) {

for (k=0;k<INL[i] ; k++) {

kk= k + indexL[i];
itemL[kk]= TAL[i][k];

]

for (k=0;k<INULi] ; k++) {
kk= k + indexU[i];
itemU[kk]= TAULi][k];

“itemL” ”itemU”
start at 1

poi_gen (5/8)

New numbering is

applied after this point

157

Name Type Content
D[N] R | Diagonal components of the matrix (N= ICELTOT)
BFORCE [N] R | RHS vector
PHI [N] R | Unknown vector
indexL[N+1] I | # of L/U non-zero off-diag. comp. (CRS)
indexU[N+1]
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]

} 1314|1516

free (INL) ; free (INU) ;

free (IAL) ; free (IAU) ; 9 (10111112
5|67 8
11234

for (i=0; i<N; i++) {
qlil= D[] * pli];
for (j=indexL[i]; j<indexL[i+1]; j++) {

qli] +=AL[j] * plitemL[j]-1];

}

for (j=indexUl[i]; j<indexU[i+1]; j++) {
qli] += AU[] * plitemU[j]-1];




for (icel=0; icel<N; icel++) {
icO = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0];
icN2 = NEIBcell[icO-1][1];
icN3 = NEIBcel I [ic0-1]1[2];
icNd = NEIBcell[ic0-1][3];

icN5 = NEIBcel | [icO-1] [4];
icN6 = NEIBcel | [icO-1][5];
VOLO = VOLCEL[icO];

isL =indexL[icel 1;
isU =indexU[icel 1;

if(icN5 1= 0) {
icN5 = OLDtoNEW[icN5-11;
coef = RDZ * ZAREA;
Dlicel] —= coef;

if(icN5-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icN5) {
AL[j] = coef;
break;
}
}
} else {
for (j=isU; j<iel; j++) {
if(itemU[j] == icNb) {
AULj] = coef;
break;
}
}
}
}

ieL =indexL[icel+1];
ieU =indexU[icel+1];
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poi_gen (6/8)

Calculation of Coefficients

N
o ,D @
o c ik*——— [
') DX DX E
Y DY
o o O
S

fég_::;g&_zss/_+.féﬂL_::jéL.ZX)/_+
X X

A A

=t Ax+¢ —4 AX = f AXAY
Ay Ay



New Numbering

15

16

9 110

11

12

» Coloring by MC/CM/RCM/CM-RCM

 Renumber meshes in ascending orders according
to “Level/Color” ID.
— 1st-Color: 1,2,3,4,5 (Original: 1,3,6,8,9)
— 2"d-Color: 6,7,8,9,10 (2,4,5,7,10)
— 3rd-Color: 11,12,13 (11,13,16)
— 4th-Color: 14,15 (12,14), 5t-Color: 16 (15)
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New Numbering (cont.)

1314|1516
9 11011 ]12
5|6 |7 |8
1123 |4

NCOLORtot= 5
COLORindex[0]= 0, COLORindex[l]= 5, COLORindex[2]= 10
COLORindex[3]= 13, COLORindex[5]= 15, COLORindex[6]= 16

« NEWtoOLD, OLDtoNEW
— OLDtoNEW (6) =3, NEWtoOLD (3)=6
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for (icel=0; icel<N; icel++) {

0 = NEWtoOLD[icel]; pOi_gen (6/8)

icN1 = NEIBcell[ic0-1][0];

icN2 = NEIBcel I [icO-11[1]1; |

icN3 = NEIBcel I [icO-11[2]; NEIBcellficel][S] |
icN4 = NEIBcel I [ic0-11[3]; NEIBcelllicel][3]
icN5 = NEIBcel | [icO-1][4];

icN6 = NEIBcel I [ic0-1]1[5];

VOLO = VOLCEL[icO];

NEIBcell[icel][0] - NE|Bcell[icel][1]

isL =indexL[icel 1; ieL =indexL[icel+1];
isU =indexU[icel 1; ieU =indexU[icel+1];
if(icN5 1= 0) | NEIBcell[icel][2]
icN5 = OLDtoNEW[icN5-1]; .
GO?f = RDZ * ZAREA: NEIBcell[icel][4]
Dficel]l —= coef; ¢neib[ice|][0] _¢icel AyAZ-l—
if(icN5-1 < icel) { AX
for (j=isL; j<ieL; j++) {
if(itemL[j] == icN5) { ¢neib[ice|][1]_¢icel AVAZ +
AL[j] = coef; y
break; AX
} } ¢neib[icel§2] _¢icel AZAX +
} else { y
for (j=isU; j<iel; j++) { 4 4
if(itemU[j] == icNb) { neibficelJ[3] __ Picel A Ay
AULj] = coef; Ay
break;
} ] J ¢neib[iceli4] _¢icel AXAy-I-
VA
} ¢neib[ice|][5] _ ¢icel
AXAY + f._ AXAYAz =0

AZ icel



for (icel=0; icel<N; icel++) {
icO = NEWtoOLD[icel];
icN1 = NEIBcel | [icO-1][0];
icN2 = NEIBcell[icO-1][1];
icN3 = NEIBcel I [icO-1][2];
icNd = NEIBcell[ic0-1][3];
icN5 = NEIBcel | [icO-1][4];
icN6 = NEIBcell[ic0-1][5];
VOLO = VOLCEL[ic0];

isL =indexL[icel 1; ieL =indexL[icel+1];
isU =indexU[icel 1; ieU =indexU[icel+1];
if(icNb 1= 0) {

icN5 = OLDtoNEW[icN5-1];
coef = RDZ * ZAREA;
D[icel] —= coef;

if(icN5-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icNb) {
AL[j] = coef; i
} break ; icN5 < icel

] Lower Part

} else {
for (j=isU; j<iel; j++) {

if(itemU[j] == icNb) {
AULj] = coef;
break;

}

}
}
}
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poi_gen (6/8)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0] - NE|Bcell[icel][1]

NEIBcell[icel][2]
NEIBcell[icel][4]

¢%mmmmno1_ﬁé

AX

¢%mmmmnu"¢é

AX
¢%mmmmn2]_ﬁé
Ay
¢%emﬁcmns]_“¢
Ay

“L AYAZ +

“L AYyAZ +

el AZAX +

el AZAX +

¢neib[ice|][4] o ¢ice|
Az

¢neib[iCE|][5] ~ P AXAY + ficel
Az

AXAY +

AXAYAzZ =0



for (icel=0; icel<N; icel++) {
icO = NEWtoOLD[icel];
icN1 = NEIBcel | [icO-1][0];
icN2 = NEIBcell[icO-1][1];
icN3 = NEIBcel I [icO-1][2];
icNd = NEIBcell[ic0-1][3];
icN5 = NEIBcel | [icO-1][4];
icN6 = NEIBcell[ic0-1][5];
VOLO = VOLCEL[ic0];

isL =indexL[icel 1; ieL =indexL[icel+1];
isU =indexU[icel 1; ieU =indexU[icel+1];
if(icNb 1= 0) {

icN5 = OLDtoNEW[icN5-1];
coef = RDZ * ZAREA;
D[icel] —= coef;

if(icN5-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icNb) {
ALLj] = coef;
break;

}

} else {
for (j=isU; j<ieU; j++) {
if(itemU[j] == icNb) {
AU[j]_: coef;
} ICELS: icN5 > icel
} } Upper Part
}

NEIBcell[icel][0]
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poi_gen (6/8)

NEIBcell[icel][5]

NEIBcell[icel][3]

- NE|[Bcell[icel][1]

NEIBcell[icel][2]
NEIBcell[icel][4]

¢%mmmmno1_ﬂé

AX

¢%mmmmnu"9ﬁ

AX
¢%mmmmn2]_14

Ay
¢%mbwmum]"¢z

Ay

“L AYAZ +

“L AYyAZ +

el AZAX +

el AZAX +

¢neib[ice|][4] o ¢icel
Az

AXAY +

ﬁMMMMﬁT_ﬂwIAXAy+'ﬁm
Az

AXAYAzZ =0



if(icN6 '=0) {
icN6 = OLDtoNEW[icN6-1];
coef = RDZ * ZAREA;
D[licel] —= coef;

if(icN6-1 < icel) {
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN6) {
ALLj] = coef;
break;
}
}
} else {
for (j=isU; j<iel; j++) {
if(itemU[j] == icN6) {
AULj] = coef;
break;
}
}
}

} BFORCE

i = ﬂ%%icg% E(H; using original
jj = ic ;
kk = XYz[icol[21; mesh ID

BFORGE[icel]= —(double) (ii+jj+kk) * VOLO;

poi_gen (7/8)

¢%ebﬁcdﬂ0]__

¢icel AyAZ-l-

AX
¢%eMUcd]U]__

¢

AX
¢%em[meu[2]"

< AyAZ +

¢

Ay

¢%emﬁcd]B]__

el AZAX +

¢

el AZAX +

Ay

¢%em[meu[4]"

¢ice|

AZ
¢neib[ice|][5] _

AXAyY +
¢

AZ

<l AXAY + f

icel

AXAYAZ =0

164



for (ib=0; ib<ZmaxCELtot; ib++) {
icO /maxCEL[ib] - 1;
coef = 2.0 * RDZ * ZAREA;
icel = OLDtoNEW[icO];
D[icel-1] —= coef;

return O;
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poi_gen (8/8)
Calculation of Coefficients
on Boundary Surface @ Z=Z,,,

E d=—-dg E
+ Z=Zmax
DZ
o ® ®
b=dg
o ® ®
o o ®

1st Order Approximation:

Mirror Image according to Z=Z__, surface.
d=-¢, at the center of the (virtual) mesh

»=0@<Z=~Z,,,, surface



Main Program

#include <stdio.h> ...

int
main ()

error:

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

if (INPUT()) goto error;
|f§POINTER INlT(); goto error;
i f (BOUNDARY CELL ()) goto error;

i f (CELL_METRICS()) goto error; -
|fEPOI a0 U ok Boto ¢ Matrix, RHS are calculated

[SET = 0: according to new numbering

WK = (double x)mal loc (sizeof (double)*ICELTOT) ;
if (WK == NULL) {

fprlntf(stderr “Error: %s¥n”, strerror(errno));
goto error;}

if (solve_ICCG mc(lCELTOT NL, NU, indexL, itemL, indexU, itemU,
BFORCE, PHI, AL, AU, NCOLORtot COLORindex.
EPSICCG &ITR, &IER)) goto error;

for (ic0=0; icO<ICELTOT; icO++) {
icel = NEWtoOLD[icO];
WK[icel-1] = PHI[icO];

for (icel=0; icel<ICELTOT; icel++) f{
PHI[icel] = WK[icel];

if (OUTUCD()) goto error;
return 0;

return -1;
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solve ICCG mc (1/7)

#include <stdio. h>
#include <stdlib.h>
#include <string.h>
#include <errno. h>
#tinclude <math.h> etc.

#include “solver_ICCG. h”

extern int
solve _ICCG_mc(int N, int NL, int NU, int *indexL, int *itemL, int *indexU,
int *itemU,
double *D, double *B, double *X, double *AL, double *AU,
: int NCOLORtot, int *COLORindex, double EPS, int *ITR, int *IER)
double *xW;

double VAL, BNRM2, WVAL, SW, RHO, BETA, RHO1, G1, DNRM2, ALPHA, ERR;
int i, j, ic, ip, L, ipl;

int R =0;
int Z=1,;
int Q =1,
int P = 2;
int DD = 3;
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solve ICCG_mc (2/7)

Compute r(%= b-[A]x(0)
for 1= 1, 2, ..

W = (double **)mal loc (sizeof (double *)%*4) ;

if(W==NULL) f{

fprintf (stderr, “Error: %s¥n”, strerror(errno));

return -1;

for (i=0; i<4; i++) {

WLi]l = (double *)malloc (sizeof (double)*N) ;

if(W[i] == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)); return -1;

Incomplete

“Modified” Cholesky
Factorization

for (ic=0; ic<NCOLORtot; ic++) {

for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {

VAL = D[il;

for (j=indexL[i]: j<indexL[i+1]; j++) {
VAL—= AL[j]*AL[jI+W[DD] [itemL[j]1 - 11;

%[DD][i] =1.0 / VAL;

M

solve [M]z(-D= rG-D
Pi_1— r(i—l) Z(i—l)
if i=1
p(l): 7(0)
else
Pi_1= Pi-_1/Pi_2 _
p('): Z(I—l) + Bi—l p(l_l)
endif
q(i): [A]p(i)
x(M= x(@-1) 4 Otip(i)
rd= rG-1 - o q®
check convergence |r|



solve ICCG_mc (2/7)

W = (double **)mal loc (sizeof (double *)%*4) ;

iT(W == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1; i1 -1
2 -1
for (i=0; i<4; i++) { di — aii — Iik 'dk :|ii
WLi] = (double *)mal loc (sizeof (double)*N) ;
if(W[il == NULL) | k=1
fprintf (stderr, “Error: %s¥n”,
strerror (errno)); return -1;
} *
i1 -
2 -1
“Modified” Cholesky k=1
Factorization
for (ic=0; ic<NCOLORtot; ic++) { W[DD][i]: d,
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) { Dfil:
VAL = D[il: [i]: i
for (j=indexL[i]: j<indexL[i+1]; j++) {
| VAL—= AL[j]*AL[jI*W[DD] [itemL[j] - 1]; ] LT ‘
WIDDITi] = 1.0 / VAL; Xf_ra]m' )
- ik
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Incomplete “Modified” Cholesky
Factorization

for (i=0; i<N; i++) {
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL—= AL[jI*AL[jI+W[DD] [itemL[j] - 1];

J
WIDD] [i] = 1.0 / VAL;

Mesh “i” and “itemL(k)” in RHS
belong to different “colors”.

NO data dependency.

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++){
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL-= AL[j]*AL[j]*=W[DD][itemL[j] - 1];

J
W[DD][i] = 1.0 / VAL;



solve ICCG mc (3/7)

for (i=0; i<N; i++) {

J

VAL = D[i] * X[il;

for (j=indexL[i]; j<indexL[i+1]; j++) {

} VAL += AL[j] = X[itemL[j]-1];

for (j=indexU[i]; j<indexU[i+1]; j++) {
VAL += AU[j] * X[itemU[j]-1];

J
WIRILil = BL[i]l - VAL;

BNRM2 = 0.0;
for (i=0; i<N; i++) |

J

BNRM2 += B[i]*B[i]:

Compute r(9= b-[A]x(?)
for i=1, 2, .
solve [M]zG-D= rG-1
if 1=1
pM= 7O
else
Bi-1= Pi-1/Pi-2 _
p(l): z(@-1) 4 Bi_1 p(l—l)
endif
q(O= [A]p®
o; = pi/pMq®
x(M= x(i-1) 4 aip(i)
rM= rG-1) _ aiq(i)
check convergence |r|

D
>
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*[TR = N;
for (L=0;

for (i=0;

172

solve ICCG mc (4/7)

L<GITR) ; L++) |

i<KN;i++) |

WLZI[il = WIRILi]:

for (ic=0;
for (i

i cKNCOLORtot; ic++) {
=COLORindex[ic]; i<COLORindex[ic+1];

WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++)

WVAL —= AL[j] = W[Z][itemL[j]-1];

J
W[Z][i] = WVAL = W[DD][i];

}

for (ic=NCOLORtot-1; ic>=0; ic—) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]

SW=0.0;
for (j=indexUL[i]; j<indexU[i+1]; j++)
SW += AU[j] * W[Z][itemU[I-1];

J
WCZITil= W[zI[i]l - WIDDI[i] * SW;

{

i ++)

{

i ++)

{

{

Compute r®= pb-[A]x©®
for i= 1, 2, .
solve [M]z(i D= r@E-1)
Pij_1— r@-1 z3aG-1)
if 1=1
p(l): 7 (0)
else
Bi—_lz pi—_llpi_z _
p(l): z(-1) 4 Bi—]_ p(l_l)
endif
q(i): [A]p(i)
o; = pi/ptg®
x(M= x(-1) 4 Otip(i)
rM= G-1) _ Otiq(i)
check convergence |r}|

D
-
o



solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[jl-1];

J
WIZILi] = WAL * WIDDILi: (| Yz ) =
| (Lz)=1)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
SW=20.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[I-1];

J
WCZITil= W[zI[i]l - WIDDI[i] * SW;

Forward Substitution
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solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[jl-1];

J
WIZILi] = WAL * WIDDILi: (| Yz ) =
| (Lz)=1)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
SW=20.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[I-1];

J
WCZITil= W[zI[i]l - WIDDI[i] * SW;

Forward Substitution

174



solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[jl-1];

J
WIZILi] = WAL * WIDDILi: (| Yz ) =
| (Lz)=1)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
SW=20.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[I-1];

J
WCZITil= W[zI[i]l - WIDDI[i] * SW;

Forward Substitution
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solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[jl-1];

J
WIZILi] = WAL * WIDDILi: (| Yz ) =
| (Lz)=1)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
SW=20.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[I-1];

J
WCZITil= W[zI[i]l - WIDDI[i] * SW;

Forward Substitution
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solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[jl-1];

J
WIZILi] = WAL * WIDDILi: (| Yz ) =
| (Lz)=1)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for(éwCOLgRéndex[ic]; i<COLORindex[ic+1]; i++) {
for (j=indexU[i]; j<indexU[i+11; j+©) {
SW += AU[ ] * W[ZI[itemU[jl-11;

J
WIz1[il= W[ZI[i]l - WIDDIL[i]l * SW;

| (DL iz}=1{2]

Forward Substitution

Backward Substitution

177



178

solve ICCG mc (4/7)

*ITR = N;
for (L=0; L<GkITR); L++) {

Ior Wit L umicn: (M Rz} = (LDLT ){Z}: r

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[icl; i<COLORindex[ic+1]; i++) {

If order of computations in same 2 feos)
color is changed: NO effect _i:j:J|—1] :

oo bt 4 (EREI=1r)

for (ic=NCOLORtot-1; ic>=0; ic—) {
for(éwCOLgRéndex[ic]; i<COLORindex[ic+1]; i++) {
for (j=indexU[i]; j<indexU[i+11; j+©) {
SW += AU[ ] * W[ZI[itemU[jl-11;

J
WIz1[il= W[ZI[i]l - WIDDIL[i]l * SW;

| (DL iz}=1{2]

Forward Substitution

Backward Substitution
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Forward/Backward Substitution
ALERIEBEA

for (i=0; i<N; i++) {
WVAL = W[Z]L[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

}
W[ZI[i]l = WVAL % W[DD][i];
for (i=N-1; i>=0; i—) {
SW=0.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[j]1-1];

J
WLZITil= W[ZI[il - WIDDI[i] * SW;

*

for (ic=0; ic<NCOLORtot; ic++) {
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z][i]l;
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

}
W[ZI[i] = WVAL = W[DD][i];
}
for (ic=NCOLORtot-1; ic>=0; ic—) {
for(éwCOLgRéndex[ic]: i<COLORindex[ic+1]; i++) {
foij:}nAexU[i]; j<indexULi+1]; j++) {
} SW += AU[j] * W[Z][itemU[j]-1];
WLZILil= W[ZI[il - WIDD][i] * SW;

}



solve ICCG mc (5/7)

/xxkpkkklolokokokokok
* RHO = {r} {z} *
sorkkkkolololokokokok /

RHO = 0.0;
for (i=0; i<N; i++) |
RHO += W[RI[i] * W[ZI[i];

/ Skkskokkskokksk ok sk sk ok ks ok sk sk ok sk sk sk sk sk sk Sk sk sk sk sk sk ok
* {p} = {z} if ITER=0 *
* BETA = RHO / RHO1 otherwise *

skkkokkskkekokkokkokkokkkokskok ok kk ok k ok sk ok sk ok k /

if(L ==0) {
for (i=0; i<N; i++) {
WLPILil = W[Z][i];
} else {

BETA = RHO / RHOT;
for (i=0; i<N; i++) {

WIPI[i]l = W[ZI[i] + BETA = W[PIL[i];

Compute r®= p-[A]x©®
for i=1, 2, .
solve [M]z(-D= rG-D
P;_1= r(i-1) z(i-1)
if i=1
p(1)= z(o)
else
Bi—_1= Pi_-l/pi_z |
P(l)= z(l—l) + Bi_l P(l_l)
endif
gM= [A]p®
a; = pi_/pMg®
x(M= x(-1) 4 OCip(i)
rM= G-1) _ OCiq(i)
check convergence |r|

D
)



solve ICCG mc (6/7)

/****************

* {a} = [Al{p} *
****************/

for (i=0; i<N; i++) {
VAL = D[i] = W[PI[i];

for (j=indexL[i]; j<indexL[i+1]; j++)
VAL += AL[j] = W[P][itemL[j]-1];

}
for (j=indexU[i]; j<indexU[i+1]; j++)
VAL += AU[j] = W[P][itemU[j]-1];

3V[0][i] = VAL;

Compute r©®= b-[A]x®
for i= 1, 2, ..
solve [M]z(-D= rG-D
Pi_1= r@a-1 z@G-1)
1f 1=1
p(l): 7 (0)
else
Bi-1= Pi-1/Pi-2 _
p('): z@-1) 4+ Bi_1 p(l-l)
endif
qt’= [A]lp®)
oa; = pij/pPIg®
x(M= x(i-1) 4 aip(i)
rM= G-1) _ aiq(i)
check convergence |r|
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solve ICCG mc (7/7)

/KRR AKAFAKAAFAAK
* ALPHA = RHO / {p} {a} *
ok RRR KRR AR F KK/
C1 =0.0;
for (i=0; i<N; i++) {

C1 += W[PIL[i]l = W[QI[i];

J
ALPHA = RHO / C1;

/ kskkskskoksksk ok sk sk ok sk sk ok sk sk ok sk sk ok sk sk ok sk >k
* {x} = {x} + ALPHA * {p} =*
* {r} = {r} — ALPHA * {q} =*
***************************/
for (i=0; i<N; i++) {
X[i] += ALPHA * W[P][il;
WIRI[i]l —= ALPHA = W[Q][i];

DNRM2 = 0.0;
for (i=0; i<N; i++) {
DNRM2 += W[R][iJ+W[RI[i]:

ERR = sqrt (DNRM2/BNRM2) ;
if((L+1)%100 ==1) {

fprintf (stderr, “%5d%16. 6e¥n”, L+1, ERR);

J
i f (ERR < EPS) {
*[ER = 0; goto N90O;

} else {
RHO1 = RHO;

J
*[ER = 1;

Compute r©®= b-[A]x®
for i=1, 2, .
solve [M]z(-D= rG-D
Pi_1= r@i-10 z@-1)
if i=1
p(l): 7 (0)
else
Bi-1= Pi-1/Pi2 _
p('): z@-1) 4+ Bi_1 p(l-l)
endif
g®= [A]pD®
Oti - pi_l/p(i)q(i)
x)= xE-1) 4 g.p
ri= p@E-1) - g .q@
check convergence |r|
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Effect of Color Number on
Convergence of ICCG
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Iterations
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