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Parallel Preconditioners based on a Hierarchical Interface Decomposition
for Finite-Element Applications on Multicore Clusters

KENGO NAKAJIMA & Tf

In this study, “HID (Parallel Hierarchical Interface Decomposition)” and a hybrid parallel programming model have
been implemented to a finite-element application for linear-elastic simulations with heterogéneous material property
using parallel preconditioned iterative solvers. Developed code has been tested and optimized on T2K Open
Supercomputers (Tokyo) with up to 512 cores. Combination of “First-Touch Data Placement”, “reordering of data” ,
and NUMA control with “--localalloc” improved performance of hybrid parallel programming models, and final
performance of hybrid is competitive with or rather better than that of Flat MPI programming model.
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(a) Flat MPI (b) Hybrid
Fig.1 Parallel programming models on multicore clusters [1,2]
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Fig.2 Simple cube geometries with heterogeneity for 3D linear-
elastic problems
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Fig.4 Domain/block decomposition of the matrix according to the
HID reordering
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Fig.5 Performance of SGS/GPBi-CG solver on T2K (Tokyo) for 3D
linear-elastic model with heterogeneous distribution of Young’s
modulus (E=10°~10"), 2,097,152 elements, 6,440,067 DOF, Flat
MPI parallel programming model [2]
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(a) MC: 4 colors
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(c) CM-RCM: 4 colors

Fig. 6 Example of MC, RCM, and CM-RCM coloring for
reordering on 5-point grid, numbers indicate color/level ID [1,2]

do lev= 1, LEVELtot 4
ic= 1, COLOREot (lev
15omp puaue1 do pzivate(ip 1,8WL,8H2, SW3, 8D, deL .k, X1,X2,X3)
ip= 1, PEsmpTOT
g STACKme (ip-1,ic,lev)+1, STACKme(ip,ic,lev)
SW1= WW(3*i-2,R); SW2= WW(3*1 1,R); SW3= WW(3*i ,R)
isL= INL(i-1)+1; ieL= INL(
do j= isL, iel

k= IAL(J)
X1= ww(3 k-2, R) X2= WW(3*k-1,R); x3u WW(3*k ,R)
SWi= SW1 - AL(9%j-8) *X1 - AL(9%j-7)*X2 - AL(9 §-6) *X3
SW2= SW2 - AL(9*j-5)*X1 - AL(9*j-4)* xz L(9%3-3) *X3
SW3= SW3 - AL(9*3-2)*X1 - AL(9*j-1)*X2 - AL(S*j )*X3
enddo
X1= SW1; X2= SW2; X3= swz
X2= X2 - ALU(9*i-5)*X
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- ALU(9*i-3)*X3 )

X1= ALU(9*i-8)*( X1 - ALU(9*%i-6)*X3 - ALU(9 s 7)~x2)
ww(z i-2,R)= X1; WW(3*i-1,R)= X2; WW(3 R)=

en

180iip end parallel do

enddo p—

call SOLVER SEND_RECV_3_LEV(lev,.):  Communications using
\SEND _REGV. 3] < e el

enddo Sase

Fig.7 Forward substitution process of preconditioning written in
FORTRAN and MPI with OpenMP directives. Global
communications using hierarchical communication tables occur in
the end of the computation at each level.
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Fig. 8 Overview of a “node” of T2K/Tokyo, each node consists of
four sockets of AMD Quad-core Opteron processors (2.3GHz)

University of Tokyo
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Fig. 9 Overview of “T2K Open Super Computer (Todai Combined
Cluster) (T2K/Tokyo)” [7]
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3 --cpunodebind=$SOCKET
--membind=$SOCKET
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Fig.10 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous distribution of Young’s modulus (E=10-~10%),
2,097,152 elements, 6,440,067 DOF, Effect of NUMA control,
Performance of Flat MPI (policy 0) is set to 1.0
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| O best (policy 2)
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NUMA Policy
Fig.11 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous distribution of Young’s modulus (E=10°~10"),
2,097,152 elements, 6,440,067 DOF, Effect of NUMA control
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(2) First Touch Data Placement
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BEBIEREINT, DIEHEENT 7EALE
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DEHOTEBEILA R SND, % First Touch
Data Placement (8] & MUY, ESFIDHHMLFIRIZL D
KIERHEREDR ERERTE 2560 H D, BEMIC
1%, Fig12 \Z"7 & 912, Fig7 OEBROFHEDOFIEID
L7eo TR ZMELTEZLICL - TERTE S,

Fig.13 i First Touch Data Placement DZhR TH 5,
7 —2A 1 ® Flat MPI (policy 0) DA (Fig.10 ZHR)
DOMREER 1 L LTERTELTHE, F—R 1 2bD
UEIL HB 4X4: 1252125 L EDH7ZRWVA, HB 8X

Coloring

EVWIFRERALTVWAERS, ALALY N (Thb
HLRLAT) BT 2ERILERDOES TIIEN 2D,
PHEPMET LTV D AREMRH D, I Tr—2 3T
1%, ACRLVy NCRIEBT 5T —48 %725~ EEIC
BET2LI)CEICEVEL, FEomEEZRLZE
LLz, BEORIEZICE > TEREEDOK/NIBIE
BEDLLARES DB, L=, TZAOERKRIIE
AF, TOFELREREPELLRNEDIZT 2,
H-TEN LV EREEVREVDIZTZARDICE
ENTWLEIRBELDHY 95, Figls IO LD
BT — A BREOEETHB,

Initial Vector

2:0.80 (policy 2) =0.89 (policy 4) , HB 16X 1 : 0.682 eaory L_o00=1 [ color=2 | color=3 [ color=4 [ color=5 |

(policy 2) =0.70 (policy 5 )
57, HERmELTWS, Figl0 & Figl3 Zr#Ek+
% &, HB 8X2, HB 16X1 TiZ, policy 4, policy 5 I
BT OIHREUELBEE CHLHIZ RS, 1
policy 0 DHERER KL LT EL TS,

do lev= 1, LEVELtot
do ic= 1, COLORtot (lev)
t$omp parallel do private(ip,i,j,isL,ieL,isU,ieU)
do ip= 1, PESmpTOT
do i = STACKmc(ip,ic-1,lev)+1, STACKmc(ip,ic,lev)
RHS(i)= 0.40
X (i)= 0.d0
D (i)= 0.40

Coloring

D L H 12T HTlE d +Ordering *

I color=1 || color=2 ” color=3 ” color=4 || color=5 [
[ 2lfefslel7 (+flslefSlei7 M [1fea[alsel

Fig.14 Original array configuration by CM-RCM, Because all arrays
are numbered according to “color”, discontinuous memory access
may happen on each thread

Initial Vector

isle indexL(i-1)+1 (5 colors) I color=1 ] color=2 I color=3 | color=4 I color=5 |
ieL= indexL(i) .
do j= isL, ieL +Ordering *

itemL(j)= 0; AL(j)= 0.d0

enddo

isU= indexU(i-1)+1
ieU= indexU(i)
do j= isU, ieU
itemU(j)= 0; AU(j)= 0.d0

enddo

enddo

enddo

enddo
enddo

Fig.12 Example of array initialization for efficient local mapping
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Z 050
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Fig.13 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous distribution of Young’s modulus (E=10°~10%%),
2,097,152 elements, 6,440,067 DOF, Effect of First Touch Data
Placement (CASE-2), Normalized by the result of Flat MPI (policy
0) of CASE-1 (Fig.10)

(3) T—2BEE

First Touch Data Placement (77— 2 2) Tidb ¥ h /e
2 PEREME B R Hiviz, BIED CM-RCMIEIZ X 5
SEEZTH, Figld lRT L 510 :

e FA—0fE (F-IELN) ICBTHAERIIMIT
Hv, EFNCEEATRE

o [fa) DOIEFIZEST

e BNDERZEZAL Y NIZIRY BT 5

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

el S e 21| SIS 2L )

Fig.15 Array configuration in CASE-3, Continuous memory access
is possible on each thread by further reordering

Fig.16 137 —2 3 O ERFR (FExHERE) TH D,
r—2R 2 b OgEX, HB 4X4:1.25 (policy 2) =
1.30 (policy 3) , HB 8X2: 0.89 (policy 4) =1.18

(policy 4) , HB 16 X1 : 0.70 (policy 5 ) =1.00

(policy 5) L 72oTHY ERENMEREOH EBE LN
TW\%, Flat MPI D& i#EfE (Fig.10, policy 2) 7% 1.10
THHDOT, HB8X2iXIN% EE->THKY, HB 16X
1 HINIZEET AHEOLENFELNTWVAZ A
Db, Figl? 37— 2BV TRaEEEE-5

BOHREZTLDZHLDOTH S,
1.50
W HB 4x4
& @ HB 8x2
2 m HB 16x1
o
E1.00
: I I I
[
o
3
2 050 |
k]
Q
) I I I] I
0.00
0 1 2 3 4 5

NUMA Policy
Fig.16 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous  distribution of Young’s modulus (E=10°~10"%),
2,097,152 elements, 6,440,067 DOF, Effect of Data Reconfiguration
(CASE-3), Normalized by the result of Flat MPI (policy 0) of
CASE-1 (Fig.10)
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B CASE-1
B CASE-2
0O CASE-3

-
o
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Relative Performance
s
&
g

0.00
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Fig.17 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous distribution of Young’s modulus (E=107~10"%),
2,097,152 elements, 6,440,067 DOF, Best results of CASE-
1~CASE-3, Normalized by the result of Flat MPI (policy 0) of
CASE-1 (Fig.10)
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Fig.18 Performance of SGS/CG solver with HID on 32 nodes (512
cores) of T2K (Tokyo) for 3D linear-elastic model with
heterogeneous distribution of Young’s modulus (E=107~10"%),
2,097,152 elements, 6,440,067 DOF, CASE-3 without First Touch
Data Placement, Normalized by the result of Flat MPI (policy 0) of
CASE-1 (Fig.10)
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OpenMP with 16 threads, Comparison of Red-Black Coloring
(CASE 1-3) and HID (CASE-3)

AHFETIX, /— FADOIEFEIZ CM-RCM i % 5@ A
LTWAD, BEY Fillin LU ES < FLERE: 4
BT 2%4, /— FAOWEFIEIZS HID 2@AT25 2

EBEZbND, Figl9 1% (9) 1Rz, HRAKGRE
PEFIZBTDIRT Y FERT 7Y r—ra vieo
WT, AW LEBAHED S — R 1~3 (Red-Black
Multicoloring (2 ) ) @A LHEEL, ¥ — A 3
(First Touch Data Placement+ 5 — # BEZ &) |Z HID %
WA LB EDEBE Y L A— (ICCG 1) DR
Thod, T2K (HXK) , 1 /—FK&EFERAL, 16 ALy
R® OpenMP %M L TW5%, #—* 3+HID 13K
B, 333 @A G 259 EIZEAD LTS HO0, A
Ly NMOBWRAREE L5729, 5HERME LT
WES THEML TV 5,

7.FED

WHIBRBERIET ) r—a s LT, BBR
PRI R 7y BN -3 < SGS/CG 3 & 1Y OpenMP &
MPI ® Hybrid 5|72 75 v =5 L&2@EMAL,
TXK F—7F 22y (AEKRK) ® 512 a7i2B80T
Flat MPI & O4RELLES, Hod{b % FEhE L 7=, First Touch
Data Placement, 7 — % HAL®E, [--localalloc] %
&1p NUMA control DFZA&HEIZL Y, Hybrid ¥%)
Ia s T I =T N Flat MPL £ A% 0F % EE
LHEBREROND Z ENbhrolz,

A1%1E, Fill-in LSV @ WGETLEIZH L CEAT
XHLHIITHZBLTW EEBIZ, 1 a7 bz ot
BEZEO TV LERH D, BUKTIEINE— 7 gkt
13 3%RBETHY, v viaDBBYHAZE LK
ik, TRICESITA 7TV BHEIABETH D,

& & X ®

[1] Nakajima, K. (2007), The Impact of Parallel
Programming Models on the Linear Algebra
Performance for Finite Element Simulations, Lecture
Notes in Computer Science 4395, 334-348

[2] Nakajima, K. (2008), Parallel Multistage
Preconditioners by Hierarchical Interface
Decomposition on “T2K Open Super Computer
(Todai Combined Cluster)” with Hybrid Parallel
Programming Models, Proceedings of the 2008 IEEE
International Conference on Cluster Computing
(Cluster 2008), 298-303

[3] Henon, P. and Saad, Y. (2007), A Parallel Multistage
ILU Factorization based on a Hierarchical Graph
Decomposition, SIAM Journal for Scientific
Computing, 28-6, 2266-2293

[4] TKA—T> ARz (HK) : http//www.cc.u-
tokyo.ac.jp

[51 Deutsch, C.V. and Journel, A.G. (1998), GSLIB
Geostatistical Software Library and User’s Guide,
Second Edition, Oxford University Press.

[6] GeoFEM: http://geofem.tokyo.rist.or.jp/

[7]1 The T2K Open Supercomputer Alliance:
http://www.open-supercomputer.org/

[81 Mattson, T.G., Sanders, B.A. and Massingill, B.L.
(2005), Patterns for Parallel Programming, Addison
Wesley

[91 FEHE (2009) T2K A—7> A3y (EXK)
Fa—=r TEHHE (Z05) , OpenMPIZ &
LFHb DT 7 = 7 . Hybrid #FLIZTHIT T,
A== a—T 4V =a—A (ERKF
THHmERE 2 —) 11-1

—108—



