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"Parallel" FEM Procedure

Pre-Processing Main Post-Processing
—

Initial Grid Data Data Input/Output
Partitioning Matrix Assemble

Linear Solvers

Domain Specific
Algorithms/Models




HPC-MW

o TNFNDTOLXIIHWI EIZRE{L A BE,
e HPC-MWIZ, i 5l R U E{RCPUIZ® L Tk

SN-AREHREZFEM)DT7ATSLORFEE,
BRABT7—XTIOF1T7 LTXIETBE-OHDIFIL

DIT -S54 T3)THb,

HE—DA3ATT—RIC

o ’RRIGT7—FTUF17 LTE

Lo THIHTES,




Goal of HPC Middleware

FEM code developed on PC
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Goal of HPC Middleware
HPC-MW library optimized for each H/'W

FEM code developed on PC

Solver

HPC-MW for Earth Simulator

HPC-MW for Xeon Cluster

HPC-MW for Hitachi SR8000
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Goal of HPC Middleware
UNIFORM interface for every type of HW

FEM code developed on PC

I/F for I/F for I/F for I/F for
/O Mat.Ass. Solvers Vis.

HPC-MW for Earth Simulator
/10

HPC-MW for Xeon Cluster

HPC-MW for Hitachi SR11000
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Goal of HPC Middleware
Parallel FEM code optimized for ES

FEM code developed on PC

I/F for I/F for I/F for I/F for
/O Mat.Ass. Solvers Vis.
Yo Matrix Linear Vis.

ssembl Solver

HPC-MW for Earth Simulator
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Goal of HPC Middleware

Parallel FEM code optimized for Xeon

FEM code developed on PC

I/F for I/F for I/F for I/F for
/O Mat.Ass. Solvers Vis.
Matrix Linear :
U ssembl Solver Vis.

HPC-MW for Xeon Cluster
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Goal of HPC Middleware
Parallel FEM code optimized for SR11000

FEM code developed on PC

I/F for I/F for I/F for I/F for
/O Mat.Ass. Solvers Vis.
Matrix Linear :
/0 ssembl Solver Vis.

HPC-MW for Hitachi SR11000
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Finite-Element Method (FEM)
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Galerkin FEM procedures
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Element Matrix
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FEM 1/2
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FEM
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ICCG

e |C (Incomplete Cholesky)/ILU (Incomplete LU) I [
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BR1TH . Z0niE, BRERE, BRAEE
do i= 1, N
qg(i)= D(1i)*p (i)
do k= index(i-1)+1, index (i)
g(i)= gq(i) + AMATs (k) *p(item(k))

enddo
N N [— 7> Lp, ||,
enddo RUOFRWIZ/E AR EESE

i ,—

ZITH: AR IVE, R FEINE, BRERE

do i= 1, N

q(i)= 0.4d0
do j= 1, N

g(i)= g(i) + AMATA(i,j)*p(7)
enddo —

enddo HEiEL=7FLX

23
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« DJDS (Descending order
Jagged Diagonal Storage)
with long innermost loops is

suitable for vector processors.

— RNYOMLETER R (T
— ANIL—TEMNKELY

* Reduction type loop of DCRS
IS more suitable for cache-
based scalar processor
because of its localized
operation.

— ABAT—stEH#M T
— ABIEEEHKED (SW) ILEE
— DIDSTIIED(Z>)HZE1E

\

\

\

\

\

\

\

do iv= 1, NVECT
gv0= STACKmﬁ(iz—lg
0 j= 1, NLhyp(iv
1S= index_LENL*Eiv—1;+ j—lg
1E= index L(NL*(iv-1)+ J
do i= iv0+l, ivO+iE-iS
k= 1+iS - 1v0
kk= item_L(k)
Z(1)= Z(1) - AL(K)*Z(kk)
enddo
1S= STACKmc(iv-1) + 1
1E= STACKmc(iv )
do i= 1S, iE
Z(1)= Z(i)/DD(1)
enddo
enddo
enddo

do i=1, N
SW= WW(i,2)
IsL= index_LEi—1)+1
ieL= index_L(i)
do j= isL, ielL
k = 1tem L(g
SW=SW - AL()*2(k)
enddo

Z(i)= SW/DD(i)
enddo
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Impact of Reordering on
3D Elastic Simulation (FEM)

Problem Size~GFLOPS
Earth Simulator, 8 PE’s, Flat-MPI

1.0E+02 g |
s Y >
[ /./H/.—.’._. V -
1.0E+01 E -
% ./' i -
O i >
i | \ AR/ —>
o m N I BB E B RN
1.0E+00 ]
) DJDS (Descending order
Jagged Diagonal Storage)
with long innermost loops

1.0E-01 N T T R T
1.0E+04 1.0E+05 1.0E+06 1.0E+07 IS suitable for vector

DOF: Problem Size pProcessors.
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Impact of Reordering on
3D Elastic Simulation (FEM)

Problem Size~GFLOPS
IBM SP-3 (Seaborg @NERSC), 8 PE’s, Flat-MPI

3.00

- i
[
D_ -
e
o O -+
S 1.00 —
Reduction type loop of
DCRS is more suitable for
O — \\ \ cache-based scalar
1.0E+04 1.0E+05 1.0E+06 1.0E+07

processor because of its
localized operation.

DOF: Problem Size
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“CUBE” Benchmark
e U UOODOOO O

 Hardwarel] Single CPU
— Earth Simulator

z
— AMD Opteron (1.8GHz)

Uniform Distributed Force in

z-dirrection @ z=Z_,

Uy:0 @ y:Ymin
Ux:0 @ X:Xmin
N,-1
N,-1 y
U,=0 @ z=Z,, A;-l
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Time for 3x643=786,432 DOF

DCRS DJDSoriginal | .
SEc. SEC. ¥ -
(MFLOPS) (MFLOPS) , :
. 286 34.2 ! ==
Matrix (291) (240) i1 =
ES 360 21.7
8.0 GFLOPS SEIET (171) (3246)
Total 389 55.9
: 10.2 12.4
Matrix (818) (663)
Opteron _— 225 271
1.8GHz (275) (260)
3.6 GFLOPS
Total 235 283
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L[] Matrix

Matrix+Solver g ¢
olver

60
» [ DJDS on ES
. | original

é 30 | -

ol “
"l N i
O:m 1 m 1 [ 1 [ 1 [

41472 98304 192000 375000 786432
DOF

300

DJDS on Opteron
original

200 f

e om WK

41472 98304 192000 375000 786432
DOF

SecC.
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Computation Time vs. Problem Size

40
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® 20 }
wn

SN

98304

10

0

300
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SecC.

100
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w b

41472

192000 375000 786432
DOF

| Total

;ﬁ.m.m.ﬁ.

41472

98304

192000 375000 786432
DOF

SecC.

300

200

100

31

| Solver

S

41472 98304 192000 375000 786432

] ES (DJDS original)
B Opteron

(DJDS original)
Opteron (DCRS)
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FEM

e 100
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Element-by-Element Operations

* Integration over each element => element-matrix
 Element matrices are accumulated to each node
=> global-matrix

* Linear equations for each node

A,
A1

A,
A2

A3

a33, 33

a34 ,34 a34, 35

Ag5 34 Ags a5 || U

34
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Element-by-Element Operations

—————————

o 0 O a, a, Ifw] [f
by &) u, fa

1_3 14 a, U, fy
@ . . @ d.v=3 .t
e | a33,33 Uss f33

B3 Baugs |[Ugy| | Ty

e @ ] 53 Aasgs |(Uss) | Tas)

* If you calculate a,; ;4 and a,q ,3, you have to
consider contribution by both of 13th and 14th

elements.
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FEM

—————————

G
Lo s

ARIATEE:
EHHNBERPIDTERIND=D,
ER~EROEBRLMFELGZN
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—————————

Current Approach

do icel= 1, ICELTOT
do 1e= 1, 4
do je= 1, 4
- assemble element-matrix
- accumulated element-matrix to global-matrix
enddo
enddo
enddo

37
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—————————

38

Current Approach

do icel= 1, ICELTOT
doie=1, 4 | ;cal Node ID
do je= 1, 4
- assemble element-matrix
- accumulat element-matrix to global-matrix
enddo
enddo
enddo

O O

Local Node ID
for each bi-linear 4-node
element

@ (@)
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—————————

Current Approach

 Nice for cache reuse because of

do icel=

15

ICELTOT

39

do 1e=

enddo
enddo

. 1, 4 Local Node ID
do je=1, 4

- assemble element-matrix
- accumulat element-matrix to global-matrix

enado

localized operations

* Not suitable for vector processors_es

calculated properly.
— Short innermost loops

— There are many “if-then-else” s

8.0 GFLOPS

Opteron

1.8GHz
3.6 GFLOPS

DCRS DJDSooriginal
SecC. SecC.

(MFLOPS) (MFLOPS)
Matri 28.6 34.2
360 217
SBRET (171) (3246)
Total 389 55.9
: 02 24
Uk S 818 663
Solve 225 271

(275)

(260)

Total

235

283
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do jpn=
do ipn=

1, 2
1, 2

coef= dabs(DETJ(ipn, jpn))*WEL(ipn)*WEI(Jpn)

PNXi= PNX(ipn,jpn,ie)
PNYi= PNY(ipn,jpn,ie)

PNXj=
PNYj=

all=
a22=
al2=
a2l=
enddo
enddo

PNX(ipn, jpn, je)
PNY(ipn, jpn, je)

all + (valX*PNXi*PNXj
a22 + (valX*PNYi*PNYj
al2 + (valA*PNXi*PNYj
a2l + (valA*PNYi*PNXj

+ valB*PNY1*PNYj)*coef
+ valB*PNX1*PNXj)*coef
+ valB*PNXj*PNY1)*coef
+ valB*PNYj*PNX1)*coef

40
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Remedy

@ —@ @  doicel=1, ICELTOT

i do 1e=1, 4

= — do je= 1, 4

(15 e 16 e 17) - assemble element-matrix

e ’ - accumulat element-matrix to global-matrix

enddo

@ @ enddo

enddo

* Q5.3 and a,5 14 Might not be calculated properly.
- 0013000140 00000000

- 00000000000000000000000
13000140 000000000000000000
0J00000000000000000D000CO
5030 8,3, J0000000000000000

— coloring the elements: elements which do not share
any nodes are in same color.

41
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Coloring of Element

42
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Coloring of Element

Elements sharing the 16th node are assigned to different colors

RILT B[RRI AERIIRBGICETE TS EXHT S

ZBHAICEHELLDOYET

43



2007-07-18-CS11

—————————

Remedy

do icel= 1, ICELTOT
do 1e= 1, 4
do je= 1, 4
- assemble element-matrix
- accumulat element-matrix to global-matrix
enddo
enddo
enddo

e Short innermost loops
— loop exchange

44
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Remedy

@ — O —@  doicel=1, ICELTOT
do ie= 1, 4
o — do je=1, 4
(15 e 16 e 17) - assemble element-matrix
o | - accumulat element-matrix to global-matrix
enddo

@ @ enddo

enddo

 There are many “if-then-else” s
— define ELEMENT-to-MATRIX array

45
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Define ELEMENT-to-MATRIX array

—————————

@ 9 @
13 | 14
(15 17
(5 @®
If

kkU=index_U(16-1+k) and
item_U(kkU)=23 then

ELEMmat(13,2,3)= +kkU
ELEMmat(14,1,4)= +kkU
endif

ELEMmat(icel, ie, je)

Element ID Local Node ID

Local Node ID

kkL=index_L(23-1+k) and
item_L(kkL)=16 then

ELEMmat(13,3,2)= -kkL
ELEMmat(14,4,1)= -kkL
endif
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Define ELEMENT-to-MATRIX array

—————————

13 | 14
@ @ Local Node ID

If if
kkU=index_U(16-1+k) and kkL=index_L(23-1+k) and
item_U(kkU)=23 then item_L(kkL)=16 then
ELEMmat(13,2,3)= +kkU ELEMmat(13,3,2)= -kkL
ELEMmat(14,1,4)= +kkU ELEMmat(14,4,1)= -kkL

endif endif

“ELEMmat” specifies relationship between node pairs of
each node of each element and address of global
coefficient matrix.
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e JUUOONOO Coloringl

- bbb ddnd
oot obobootddunon

- boond

e OO OOO
NN ERERERERN

e Uif-then-elsel OO OOOOOOOOONO O
— 00ttt ELEMmat]
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Joddduobood
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Optimized Procedure

do icol= 1, NCOLOR_E tot
do 1e=1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- define “ ELEMmat” array
enddo
enddo
enddo
enddo

do icol= 1, NCOLOR_E_tot
do 1e=1, 4
do je=1, 4
do icO= index_COL(icol-1)+1, indexCOL_(icol)
icel= i1tem_COL(ic0)
- assemble element-matrix
enddo
enddo
enddo

do ie= 1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- accumulate element-matrix to global-matrix
enddo
enddo
enddo
enddo

Extra Computation for
« ELEMmat

Extra Storage for

« ELEMmat array

» element-matrix components
for elements in each color

* < 10% increase
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Optimized Procedure

do icol= 1, NCOLOR_E tot
do 1e=1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- define “ ELEMmat” array
enddo
enddo
enddo
enddo

do icol= 1, NCOLOR_E_tot
do 1e=1, 4
do je=1, 4
do icO= index_COL(icol-1)+1, indexCOL_(icol)
icel= i1tem_COL(ic0)
- assemble element-matrix
enddo
enddo
enddo

do ie= 1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- accumulate element-matrix to global-matrix
enddo
enddo
enddo
enddo

PART |

“Integer” operations for
“ELEMmat”

In nonlinear cases, this part
should be done just once
(before initial iteration), as long
as mesh connectivity does not
change.

ZDESZTif-then-else ] A% LY



2007-07-18-CS11

51

Optimized Procedure

do icol= 1, NCOLOR_E tot
doie=1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- define “ ELEMmat”
enddo
enddo
enddo
enddo

do icol= 1, NCOLOR_E_tot
do 1e=1, 4
do je=1, 4
do icO= index_COL(icol-1)+1, indexCOL_(icol)
icel= i1tem_COL(ic0)
- assemble element-matrix
enddo
enddo
enddo

array

do ie= 1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- accumulate element-matrix to global-matrix
enddo
enddo
enddo
enddo

PART Il

“Floating” operations for matrix
assembling/accumulation.

In nonlinear cases, this part is
repeated for every nonlinear
iteration.

[if-then-else]lXIFEA EEELY
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Time for 3x643=786,432 DOF

DCRS DJDSoriginal | DIJDSimproved
(MFLOPS) (MFLOPS) (MFLOPS)

. 28.6 34.2 1215

Matrix (291) (240) (643)

ES 360 21.7 21.7

8.0 GFLOPS Solver (171) (3246) (3246)

Total 389 55.9 34.2

. 10.2 12.4 21.2

Matrix (818) (663) (381)

Cl)%tg:l’” Solver 225 271 271
. Z

3.6 GFLOPS (275) (260) (260)

Total 235 283 202

52
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Time for 3x643=786,432 DOF

53

DCRS DJDSoriginal | DIJDSimproved
(MFLOPS) (MFLOPS) (MFLOPS)
: 28.6 34.2 12.5
Matrix (291) (240) (643)
ES 360 21.7 21.7
8.0 GFLOPS Solver (171) (3246) (3246)
Total 389 55.9 34.2
: 10.2 12.4 21.2
Matrix (818) (663) (381)
Opteron
1%GHZ Solver 225 Slower than original
: (275) ( i
3.6 GFLOPS because of long innermost
loops (data locality has been
Totd 235

lost)
|
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Matrix+Solver g wa™
olver

60 T 60
50 | 50 |
40 f 40
S 30 [ — S 30 [
(2] i v L

20 | IIII - 20 |
| n IR s
O:m 1 m 1 " 1 " 1 " O:_= 1 j— 1 H 1 " 1

41472 98304 192000 375000 786432 41472 98304 192000 375000 786432
DOF DOF
300 300
DJDS on Opteron | DJDS on Opteron
| original - improved
200 } 200 |—
5 | e
n | )
100 I 100 F I
o L —====m 1 - 1 ! 1 1 L o L === 1 ! 1 . 1 N 1 N
41472 98304 192000 375000 786432 41472 98304 192000 375000 786432

DOF DOE
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Computation Time vs. Problem Size
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“Matrix” computation time for
improved version of DJDS
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INTEGER/FLOATING parts

do icol= 1, NCOLOR_E tot
do ie=1, 4
do je=1, 4
do icO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- define “ ELEMmat” array
enddo
enddo
enddo
enddo

do icol= 1, NCOLOR_E tot
do 1e= 1, 4
do je=1, 4
do i1cO= index_COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- assemble element-matrix
enddo
enddo
enddo

do ie=1, 4
do je=1, 4
do 1cO= index COL(icol-1)+1, indexCOL_(icol)
icel= item COL(ic0)
- accumulate element-matrix to global-matrix
enddo
enddo
enddo
enddo

INTEGER

INTEGER
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U 0000 Coloring
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e On scalar processor
— “Integer” operation part

e On vector Processor
— “floating” operation part

— linear solvers

e Scalar performance of ES (500MHz) is smaller
than that of Pentium Ill

o [ES

15 |

] Integer
B Floating
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60

Time for 3x643=786,432 DOF

DCRS DJDSimproved | DJDSvirtual
(MFLOPS) (MFLOPS) (MFLOPS)
. 28.6 125 1.88
A (291) (643) (4431)
ES 360 21.7 21.7
8.0 GFLOPS Solver (171) (3246) (3246)
Total 389 34.2 23.6
. 10.2 21.2
Matrix (818) (381)
Opteron Solver 205 271
LEEIAZ (275) (260)
3.6 GFLOPS
Total 235 292
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