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quad: an Array Section Descriptor for Parallel Computing

NAOKI YONEzZAWAT and KOICHI WADA 't

One of the approaches to implement programming languages which provide shared memory
for programmers on distributed memory environment is communication code generation, in
which a producer sends appropriate data to the consumer. In this approach, the optimal use
of network can be achieved by precisely identifying the necessary data to be transferred. This
requires a compiler represents the exact range of accessed arrays. In this paper, we proposed a
new array section descriptor, called quad, which can concisely represent array sections that are
accessed in executing parallel programs. To identify data to be transferred, the compiler gen-
erates quads that represent written array section and read array section, and then generates
codes for intersection operation between those quads. At runtime, according to the results of
the intersection operation, the generated communication code sends the data to satisfy the
dependency. For evaluation, we executed several parallel application programs using the quad
and a conventional array section descriptor, and measured the amount of data transferred and
the computational cost of the operations between descriptors. The results showed that the
quad represents various access patterns typically observed in parallel programs efficiently, and
can be more efficiently calculated when compared against an existing descriptor BRS1, and
reduces the amount of data transferred when compared against BRS2.
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int a[n], c[n];

#pragma omp parallel for schedule(static, bs)

for (i = 0;i < bs * nproc * 5; i++) /* (a) */
ali] =i * i

#pragma omp parallel for schedule(static, bs)

for (i = 0; 1 < bs * nproc * 5; i++) { /* (b) */

if i <=0]]i>=n-1) continue;
c[i] = a[i-1] + a[i] + a[i+1];

01 OpenMPOODDOOO
Fig.1 An example of OpenMP program.
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Fig.2 Typical access patterns observed in parallel

programs.
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Fig.3 An example of intersection operation between
quads which investigates data dependency.

omp_set_num_threads(4);
#pragma omp parallel for
for (i = 0; i <100; i++)
ali] =1 *i;
#pragma omp parallel for
for (i = 100; i <200; i++)
ali] =i *i+ 1;
04 OO00ODOOOOODOOOOOODO 200000
Fig.4 Two loops that access exclusive parts of the same
array.
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Fig.5 Dataflow in LU.

/* factor diagonal block */
if (pid == BlockOwner(Bk)) {

luO(BKK);
register_quad(pid, Write, Bx i, P;); /* (a) */
}
barrier();
/* divide column k by diagonal block */
for I (K+1.. N)
if (pid == BlockOwner(Brk)) {
register_quad(pid, Read, Bxk, Pit1); /* (b) */
fetch(intersection(read_by_me, written_by_others));
1 () %/
bdiV(BIK, BKK);
register_quad(pid, Write, Brk, Pi+1); /*(d) */

06 LUOODOD quad 0000
Fig.6 Using quad in LU.
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Fig.7 A case in which the result of intersection operation
cannot be represented with a single quad.
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Fig.9 A case in which a resulting quad includes the

unnecessary array elements.
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Fig.10 An example of unionl. return (g3, ¢4);
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ny; = l-iso(ch, pn);

Npi = roiso(ct, pt);

if (n;; == 1 and n,; ==1) {
q3 = generate_quad(two_isolated_quads);
g4 = generate_quad(overlapped_quads);

else if (nli > 1 and Ny == 0
or ny; > 1 and nj; == 0) {
q3 = isolated_quads;
q4 = generate_quad(overlapped_quads);

}

else if (n;; > 1 and n,; > 1)

(g3,94) = (q1, q2);
else

q3 = generate_quad(overlapped_quads);
return (g3, ¢4);
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Fig.11 An algorithm of union operation for the case of
q.d ==1.
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Fig.12 An algorithm of union operation for the case of
q.d>1.
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Fig.13 A case in which a longer cycle is a multiple of a
shorter one.
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Table 1 Results of LU.

400000
BRS1 BRS2 quad
oooood 1,054 17,614 184
000 (0o0)| 34,537,472 | 577,175,552 | 34,537,472
oooooo 1.00 16.71 1.00
oooooo 5.73 36.93 1.00
1600000
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oooooo 3,148 48,868 880
000 (0o0) | 103,153,664 | 1,601,306,624 | 103,153,664
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oooood 3.58 10.16 1.00
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Table 2 Results of FFT.
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Table 3 Results of N-body.
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Table 4 Total cycles and calls to union operations.

400000
LU BRS1 BRS2 quad
00000 (10%) 1,524.89 757.47 14.82
000000 | 7,310,344 | 3,622,269 | 49,284
0oooooo (10%) 0.21 0.21 0.30
FFT BRS1 BRS2 quad
00000 (109) 6.33 0.09 0.04
oooooo 31,896 376 10
0000000 (10%) 0.20 0.24 3.66
N-body BRS1 BRS2 quad
ooooo (10%) 75.53 30.17 0.91
ooooon 382,769 152,838 2,044
00ooooo (10%) 0.20 0.20 0.45
1600000

LU BRS1 BRS2 quad
ooooo (10%) 1,722.58 753.17 32.39
000000 | 8,225,171 | 3,558,076 | 71,852
0oooooo (10%) 0.21 0.21 0.45
FFT BRS1 BRS2 quad
00000 (109) 172.76 0.48 0.32
oooooo 877,590 1,888 238
0oooooo (10%) 0.20 0.26 1.36
N-body BRS1 BRS2 quad
0oooo (10%) 88.13 34.12 1.02
oooooo 447,830 171,081 2,230
0000000 (10%) 0.20 0.20 0.46
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Table 5 Total cycles and calls to intersection operations.
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LU BRS1 BRS2 | quad
00000 (109) 43.67 5.14 5.18
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0o0oooo (10%) 0.06 0.20 0.65
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0oooo (109) 0.13 0.03 0.06
oooooo 720 15 23
0000000 (10%) 0.19 2.33 2.57
N-body BRS1 BRS2 quad
ooooo (10%) 15.54 0.55 1.06
0ooooo 287,232 2,244 1,128
00ooooo (10%) 0.05 0.25 0.94
1600000
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ooooo (10°%) 62.82 15.09 27.29
000000 | 1,097,682 | 82,792 | 51,236
0000000 (10%) 0.06 0.18 0.53
FFT BRS1 BRS2 | quad
0oooo (109) 1.27 0.14 0.39
oooooo 15,300 255 479
0o0oooo (10%) 0.08 0.55 0.82
N-body BRS1 BRS2 quad
ooooo (10°%) 19.51 2.69 2.99
oooooo 359,040 | 11,220 | 5,700
0000000 (10%) 0.05 0.24 0.52
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Fig.14 The plots of the computational cost of the union
operations between descriptors in increasing the
size of LU.

OD0D00OD00O00Oquad000000DO0OBRS10000O0
0O1ec00000000O000DDOOODOODOOO
O00OquadO000000O0OOCOCOOOOOOO
goooboobbooooooooooooooooon
oooooooobooboboooooooogooaon
oobooooood
01400001500L0000000000AO
oooobooooooooooobocoooooooo
goooobooooooooboboooooobooobooon
OO0 “Sequential” OO LUOOOOOODOOOOOO
gooobobooooooooobooboooooooo
gooobooooooooooooboboooooo
ooooobooboobooOoos1200000001
ooboodoobooooooooood
goobooboooooobooooooooooon
ooo00O0 20480000000000000000
000000000000 00000D0000quad
gooooboboooooooooboooooooooo
oobobooooooooooooooooooooon
ooooooooooobooooooocoonoooo
Ooo0O0O0O0O000oOoOooooOoBRSIOOOOO
gooobooboooooooobooboboobooooooo



1284 goooooooo

Intersection (4 procs.)
10000

S ial: 6.61
1000 -+ Sequential — BrS1:  24.41
V BRS1 BRS2: 3671
ABRS2 | |quad: 1525
M quad

100 +—

Sequential: 47.11
BRSI:  655.05
BRS2: 127147
quad: 103.00

T T 1
256 512 1024 2048

Intersection (16 procs.)
1000

Sequential: 6.61

100 BRSI: 13.19
BRS2: 7.56
quad: 8.63 /
10 =

Sequential: 47.11
BRSI: 185.14
1 BRS2:  54.65

quad: 46.61
0.01 T T

1
256 512 1024 2048

015 LUOOOOOO0OO0O0O0OoooOoOoOooooo
Fig. 15 The plots of the computational cost of the intersec-
tion operations between descriptors in increasing
the size of LU.
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