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An Automatic Data Distribution Method
Based on Array Alignment Analysis

Atsusal KuBoTA™ and TosHiaAKT KITAMURA !

When a programmer parallelizes programs for large-scale distributed mem-
ory machines, it has been enabled for programmers to generate parallelized
programs with inter-process data transfers by HPF language. However, it is re-
quired for programmers to specify distribution for arrays when they write HPF
programs. Therefore, this paper proposes a new method for array alignment
analysis to determine array data distribution automatically. One of the con-
ventional data distribution methods is the Component Affinity Graph (CAG)
based method where relations between multiple array dimensions accessed in
nested loops are analyzed. With our method, it is possible to determine more
proper data distribution for arrays in multiply nested loops by analyzing re-
lations of dimensions of the arrays under consideration of parallelism of the
loops. With the proposed method, the Fortran program where HPF data dis-
tribution directives are inserted can be generated automatically. The generated

HPF program was parallelized by the PGI HPF compiler and executed on a
PC cluster. We confirmed that scalability of the benchmark is close to those of
NPB3.0-HPF.
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ENDDO
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DO J=1,N

DO I=1,N-1

A(T,J) = B(I-1,7)+B(I,J)+B(I+1,J)

ENDDO

ENDDO
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DO K=1,N
DO J=1,N
DO I1=1,N
FJAC(I1)=U(I1,J,K)+SQUARE(I1,J,K)
ENDDO
DO I2=2,N-1
LHS(I2)=FJAC(I2-1)+FJAC(I2)+FJAC(I2+1)
ENDDO
DO I3=2,N-1
RHS(I3,J,K)=RHS(I3,J,K)+LHS(I3)
ENDDO
ENDDO

ENDDO
0 1 NPB3.2-SER BT xsolve 000000 OOOOOO
Fig.1 A Fragment of NPB3.2-SER BT x_solve subroutine.
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Fig.2 CAG for NPB BT x_solve subroutine.

ddooboooooO0ooooooOooooo Joboo KOODoooboOooooooboooo
00000000FRJACOOOOO0DOO0D0ODOO00O0O0O00ODOOOO privatizationO
gooo
00o0o0obOooooo0oooooooooooobobbooDooboooboooono
Joddo0ooOoObObOO000o00bObobOoOo00o0oooDooboooooooooobooo
O0000000000000000000 2000000 Component Affinity Graph
ocAGO™ 000D DOO0ODODOOODOO
000001000 U0 1000000 FJACO 1000o0D0oooobooooon
nooooodoo 2000000000000 O0DO100D0bOO000DODDbOOOO0DODOO
goooooood
CAGUODOODOODODOoOODODOO0DOoOO0oOO0D00ooo0DoOoDoooooDoD 200
000000000000 1000000000000000000 SQUAREO UO 2
00003000000000000000 REHSO 20000 300000000000
gooboooboboo
gobooobooboooboobooboobOooboobooobooboboboo
gobooboboobooboobuoobooboobooboobbooboobooo
gooboooobooobobooobobooobobooobbooobobOooobobooo
goooooobobooodoooodoboboooooooooboobboooooob oo
dbo020 1000000000000 0DO0DO0ODOO0O10NOROIBO3000O0O0O0O
gooboooooog
gooooboobDO0ooooOoooDOoobOoooOOo10o0bO0o0JOooo KOOooo
000000000000 0000D0000o0O0O0 JoOoooooooo SQUARED UO

(© 2010 Information Processing Society of Japan



44 0O0OO0OO0OO0OO0OOO0OOOOOOOOCOOOO

RHSO 200000000000CO KOOODOOOOOOODOOOO 30000
O0000oDOo0o0o0ooooooogoono 20 CAGODOOO SQUAREDUOOO
RHSO 20000 3000000000000000000000O0000O0OO00O0OO
00000 SQUAREDUORHSO 20000000000000 3000000000
goboodooobooooooobooooboooo

goooooobooboooooboooooooooboo0oooooboooOoooooboo
O00ooO0o0oooOooocAGUOOOOOOOOoOoUoooooooooooooooooo
goooboooooooooooooobooooboOoboOo0oooobOoOoboOooooDbono
gooad

3. 0oooao

0000000000000000000000000000000000000000
0000000000000 0000000000000000000000000000
0000000000000 0000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000

3.1 000000

3.1.1 000000

0000000000 00000000
DO J=1,N

DO I=1,N

A(T,3) = B(I,D)

ENDDO
ENDDO

000000000000 0000000000000000000000Y 0000
a=Ai+c 000000000000

=0 Ny >+<g> (1)

000 a=(a1,a2)T D0D0O0DO0O00OO00 AD100002000000000000

000000000 0000000 Vol.3 No.l 41-53 (Mar. 2010)

YHIHEADT

0 2N | 0 0 0

I1 12 13 J K
FJAC1 LHS1  SQUARE! SQUARE2 SQUARE3 Ut RHS1
2N | 0 0 0 0 0 0
HEAIT

0 3 NPB BT xsolve DOOOOO
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Fig.5 Propagation of scores for NPB BT x_solve subroutine.
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01 pCOO0OD0OOOO
Table 1 Specification of PC cluster.

CPU
CPU Intel Xeon 2.8 GHz
L2 Cache 512 KB

ooo
CPU O 2
ooo 1GB
Network Myrinet-2000 00 O 2.0 Gbps
oS Fedora Core 3
Compiler PGI HPF 7.2
SCore 5.8.3
oooo 8
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Table 2 Execution time of NPB3.2-SER BT (Time in second).

1 2 4 8 16
auto_dist W 11.190 7.375 4.986 3.460 3.443
hpf W 19.713 11.356 6.865 4.240 4.170
auto_dist A 227.219 157.183 94.066  58.419  36.172
hpf A 413.164  225.281 126.920  71.188  49.974
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07 NPBBT Class WODOOODOOOOO
Fig.7 Scalability of NPB BT Class W.
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Fig.8 Scalability of NPB BT Class A.
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DO STEP=1,NITER

CALL ADI

ENDDO

SUBROUTINE ADI
CALL COMPUTE_RHS
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03 NPBBTOOOOOOOODODOOOODOOO
Table 3 Distribution scores in subroutines in NPB BT.

XTI Y(J) Z(K

NSZ

COMPUTE_RHS € € €
X_SOLVE + 0 0
Y_SOLVE 0 + 0
Z_SOLVE 0 0 +
ADD 0 0 0

04 NPB3.2-SER BT Class WOOOOOOOMMOOOOOOOOO
Table 4 Execution time of parallelized NPB3.2-SER BT Class W for several distribution patterns

(time in second).

1 2 4 8 16
777Y7Z 11.190 7.375 4.986 3.460 3.443
XYXXX 9.956 18.004  19.223 17.818 18.800
AZZYZ 9.666 7.916 7.733 10.073 19.569

CALL X_SOLVE

CALL Y_SOLVE

CALL Z_SOLVE

CALL ADD
END
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0 5 NPB3.2-SER BT Class WO ZZZYZ OOOOOOOOOOOOOOD

Table 5 Execution time of parallelized NPB3.2-SER BT Class W with ZZZYZ distribution (time in

second).
1 2 4 8 16
Total 11.190 7.375 4.986  3.460  3.443
compute_rhs 3.880 2.589  2.043 1.507  1.506
x_solve 1.968 0.990 0.538 0.277 0.191
y_solve 2.203 1.095 0.571 0.283 0.189
z_solve 2.911 2.621 2.104 1.709 3.344
adi 0.008 0.007 0.006 0.005 0.006
add 0.135 0.065 0.032 0.014 0.011

0 6 NPB3.2-SER BT Class W 0 XYXXX O0O0OOOODOOOODOOOO
Table 6 Execution time of parallelized NPB3.2-SER BT Class W with XYXXX distribution (time

in second).
1 2 4 8 16
Total 9.956 18.004 19.223 17.818 18.800
compute_rhs 2.306 12.447 15.771 15.223 15.688
x_solve 2.837 3.246 2.858 2.484 2.982
y-solve 2.229 1.240 0.733 0.428 0.237
z_solve 2.277 1.246 0.723 0.412 0.229
adi 0.007 0.007 0.007 0.006 0.008
add 0.171 0.094 0.044 0.022 0.011

00000000 XYXXXOOCOMPUTERHSODODOOODODOOOODOODOO
0000000000000 000000 Z2ZZYZO00DOO0OOOO AZzZzYZ0O 2000
0000000000000 000000000O00000O000b0000 400000

000000000000000 Z2ZYZ00010000000000000000O0
00000ooO0o0o00oooooo0o0o0ooo0oo0oooooooooooooooo
O0000oo0o0O0o0ooo0o0ooooooooooooooo

O00o0ooooo0ooo0oo0ooooooooooooooooooooooo
000000o0o00ooOoOo0oo s0denn 70000

Z27ZZ2Y7Z00000zsolve 0000000000000 OO0OOOOOOOOODOOOO
000000 xsolved ysolve 000 O00D00O0D00OO0OODOOOODOOO0O XYXXX
0000 xsolve 0O OOOO0OOOOOOOO0OODOOOOOOOOOOOOOOOOO
0000000000000 0O0O0compute_rhs x_solvel y_solvell z_solve 0 0 00O 0O O
000000 zzZyz0OoOooOoOoooooooooooooo0316000000000

(© 2010 Information Processing Society of Japan



52 ODO0O0O0OO0OO0O0O0OOOOOOOOOoooOoO

0O 7 NPB3.2-SER BT Class W O AZZYZ OOOO0OOO0OO0O0OO0OO0OO0OOO
Table 7 Execution time of parallelized NPB3.2-SER BT Class W with AZZYZ distribution (time

in second).
1 2 4 8 16
Total 9.666 7.916 7.733 10.073 19.569
compute_rhs 2.374 3.123 4.801 8.143 19.494
x-solve 1.963 0.994 0.544 0.281 0.206
y_solve 2.209 1.101 0.574 0.282 0.195
z_solve 2.888 2.630 2.203 1.961 2.246
adi 0.008 0.007  0.007 0.006 0.008
add 0.137 0.062  0.032 0.014 0.010
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