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Bulk Recurrent Parallel Processing:
A Method of Parallel Execution for Non-doall Loops

HIDEYUKI KAWABATA," HIROMI TANIGUCHI and TAKAO TSUDAf

In this paper, we propose an efficient method to parallelize non-doall loops. Paralleliza-
tion techniques for linear recurrences are applicable for many non-doall loops which are not
amenable to such methods as pipeline method and doacross method. However, naive appli-
cation of parallelization for recurrences to non-doall loops can cause additional volumes of
computation for parallel execution of the loops, so that speedup on computers with small
number of processors is not necessarily guaranteed. In order to tackle this problem, we in-
troduce a loop transformation technique into the parallelizing method for recurrences. The
transformation is based on the idea of reducing “the amount of loop-carried dependence,” and
suppresses the growth of the amount of computation. Experimental results show the method
is efficient for loops which can not be parallelized by doacross method on both shared-memory
SMP systems and distributed-machine environments.
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for (i=1;4i< N;i++) /* stepl */ /* stepl */
ai =pi - Gi—1 + qi; t = ao; U= Pem+13
1 for (i = 1; V= Qhmt1;
1 < m; for (i = km + 2;
. i.ltDEDID.DDDD i++){ ig(k+1)-m;
1g. 1rst order linear recurrence. t:pzt—‘,—qz, Z++){
} u=p; -y
2, Jg0o0oOobobOboOoooooboo } U= Pic vt i
2.1 JO000O0O0O0O0OOOOOO % step2 */ /% step2 */
gboooooooolooodooooaono send ¢ to PE1; receive t from PE k — 1;
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send t to PE k + 1;

/* step3 */ /* step3 */
for (i =1; Apm = t;
i < my for (i = km + 1;
i++){ i< (k+1)-m;
a;=pia;—1 + qi; i++) {
} ai=piai—1+ ¢;
}

(a) code for PEO (b) code for PE k
(1<k<p-2)

02 0000000D0O0O0DDOO
Fig.2 Parallel code for linear recurrence.
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Table 1 Mapping of computation for each PE.
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Fig.3 Progression of parallel linear recurrence execution.
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for (i=1;: < N;i++) { B

ai =zi-cic; [Fa*) (o) e
b =a; +di—1; /*b*/ ’
¢ =bi-yi+z; [Fe*/ Q
d; = c; - wi; /*d*/ .

} (@

(a) loop code (b) dependence
graph of (a)
04 00000O0OO0COOOODO

Fig.4 A non-doall loop.

for (=11 < N;i++) {
a; = x;Ci1;
bi = zici—1 +di—1;
¢ = Tyici—1 + Yidi—1 + 245
di = zyiwici—1 + yiwidi—1 + ziw;;

}
05 04(x)00000000
Fig.5 Modified non-doall loop.
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/* stepl */ /* stepl */
= do; U = Pym+1;
for (i =1; U = Qm+1;
i < m; for (i = km + 2;
i++){ i< (k+1) my
t= Pt +q; i++){
} U=P-U;
V=P U+ q;
}
/* step2 */ /* step2 */
send t to PE1; receive t from PE k — 1;
T=U- t+7,
send i to PE k + 1;
/* step3 */ /* step3 */
for (i =1; A = &
i < m; for (i = km 4+ 1;
i+4){ i< (k+1)-m;
a;=Pid;—1 + Gi; it++){
} a@;=P;d;—1 + Gi;
}
(a) code for PEO (b) code for PE k
1<k<p-2)
06 00000O0DOOOOOODOOO
Fig.6 Parallel code for bulk recurrence.
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Fig.7 Expanded dependence graph.

iteration

ay = x1 - Co; /¥a ¥/
by = a1 + do; /¥ b %/
for (i=1;a<N-—1;i++) {
¢ =bi-yi+zi; [Fec¥/
di = ¢; - wg; /*d*/
iyl = xip1-c; [Fa*/

biy1 = ajy1+di; /*b*/

}
ey =byyn +z2n; [ */
dy = cN - wN; [*d*/

08 0OO0OOODOO
Fig.8 Restructured loop.
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(4) PEOOOOODO
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for (t=1;0 <N —-1;i++) {
bir1 = (Tip1yi + wiys)bs + (Tiy12i + wizi);
}

09 DOOO0OOO0OO0OOO
Fig.9 Extracted recurrence.

/* stepl */ /* stepl */

ooooooooooboooooooooooooooo 117

00p0¢OwudvDt00000000000000
000
0000000000000000000000
000 deal 000 00000000000 D0000
00000000000000 (2)0000000
0000000D0000000 (4)00000000
0O step30 000000000000000000
0000000000000000 doallDO0D0DO
0000D00000000000000000000
000000000D0000000000 00 doall
000000000000000000000000
0oooooooo
00000000000000000000000
000000000000000000000000
00000000 000000000000000
e 000DDOO (2)d(4)0000000000
00000000000000000000000
000000D00000000000000000
00000000000 00000000000
00000000000000000000
e 000OOOD(1)0000000000000
00000000000000000000000
0000000000 D0000000000000
00000000000000000000000

/* stepl */

P =Ti41Yi + WiYi;

q = T;41%i +wizi;

t=p-b1+g

for (t =1 <m;i++) {
P =Ti41Yi + WilYis
q = Ti41%i + WiZi;
t=p-t+gq;

}

/* step2 */
send t to PE 1

/* step3 */
a; = x1 - co; [*a*/
by = a1 + do; /* b */
for (t =15 <m;i++) {
i =biyi+z;  [fc*/
d; = ¢; - w;; /*d*/
ajy1 =41 -¢i; [*a¥/
bit1 =a;41 +di; /*b*/

(a) PEOODOO OO

U = Tpm4-2Ykm+1 T Wim+1Ykm4-15
V= Lhm+422km+1 T Wem+1Zkm+15
for (i=km+2;i < (k+1)m;i++) {
P =Ti41¥Yi + WiYi;
q = T;412i + WiZi;
U=Dp- u
vV=p-v+g;

}

/* step2 */

receive t from PE k — 1
t=t-u+uv;
send t to PE k+ 1

/* step3 */
bem = t;
for i =km+1;i < (k+1)m;i++) {

ci =bi -y +25 /¥
di:Ci-U)i; /*d*/
ajp1 =x41-¢i;  [Fa*/
bi+1 =a;+1+di; /*b¥*/

}

(b)PEk(1<k<p-—2)00000

010 O00O0O0O0OCOOOOO0

/* do nothing */

/* step2 */
receive t from PE p — 2

/* step3 */

bpm—1=1;

for (i =pm;i < N —1;i 4+ +) {
ci =biyi+zi;  [Fc*/
di=Ci'wi; /*d*/
ai41 =Ti41-¢i; [Fa¥/
bi+1 =a;41 +di; /*b¥*/

}

aN = TN ' CN; /*a */

by =an +dn; [*b*/

() PEp—100000

Fig. 10 Bulk recurrent parallel processing code.



118 gooooooooobooOoooooooooboooOooobobooobooo

000 34000000
e 0600000000000 step3 000 PEOL
O stepl0000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000000
00000000000000000000
40000000000000000000000
0oooooooo
000D004(x)0000000000000000
0000000000000000000 10000
000000D000000000000000220
00000000000 4(a)0000000000
(5+88)¢t;NOOOODODOOD 1000000000
000000000 (14+128)t;m 0000000
0000000000PED pO0000D000 5p/14
002/30000000000000
34 000D0000O0O0DO0OO
00000000000000000000000
00D000000000000D0000000000
0000 3.2000000000003300000
000000000000000000000000
0000D00000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00D00D00000000000D00000000
0000000000000 000000000
04(a)0000000000000000000
0000000000000 4(b)00000000
0000000000000000 11()00000
000004()0005000000000000
000 11(b)000000000000000000
0000000 11(b)00000000000000
00000000CO00 DOOODOO0OO0O000
000000000 200000000000000
200000000000000000000
00033000000000000000000
000000000 12() 00000 11(a) 000
00000000000 MO0000000000
0000000000 90000000000000
0 12(h)0000000 11(b)0000000000
000000000000000000000
0000000000000000000000
000000000000000000000000

. loop independent
dependence
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(a) 00000000000

__, loop independent
dependence
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dependence

B :- copy node set of nodes in one statement

(p)20000000000000O
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Fig.11 Dependence graphs of bulk recurrence.
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___, loop independent
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Fig.12 Dependence graphs of restructured loop.
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Table 2 Specifications of experimental environment.
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0000 MPI_Isend() 00O MPIRecv() DD OOO
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00100000000000000000O00O
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O pthreadcreate() 00O OODOOOOOOOO
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00000000 gettimeofday(O OO OO OPED
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oo0oooobD4000000000000O
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