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A Method for Estimating Optimal
Times of Unrolling for Nested Loops

AKIRA KOSEKI,t HIDEAKI KOMATSUtt and YOSHIAKI FUKAZAWA'

Loop unrolling is one of the most promising parallelization techniques, because programs
have characteristics that most processing time is spent in their loops. Existing methods would
unroll only the innermost loop, so they cannot derive high parallelism, which nested loops
originally have, and cannot fully utilize the reuse of data. With unrolling nested loops, the
scope, in which data can be reused and instructions can be parallelized, is largely expanded.
Therefore, we will obtain much parallelism if we unroll not only the innermost loop but also
outer loops. The efficiency obtained by unrolling nested loops is affected by the dependen-
cies among iterations of a loop and the reuse of data, therefore, the direction of unrolling
(which loops should be unrolled) and the times of unrolling (how many times a loop should
be unrolled) extremely affect the efficiency of the unrolled program. Additionally, the effect of
unrolling will saturate because the resources of a hardware are limited, therefore, the certain
times of unrolling exists where no more effect can be obtained by unrolling the loops. Con-
sequently, to obtain the best effect, we have to decide the times and the directions of loops
unrolling based on the information such as the dependencies among iterations, the reuse of
data and the machine resources. In this paper, we described a method to obtain and express
such information as dependencies and reuse, and a heuristic algorithm to decide the times
and the directions of loops unrolling by utilizing this information and machine resource’s one.
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fori:=1to IMAX do
for j :=1to JMAX do
D[i] := D[i] + A[i,j] * (B[j] + CLiD;
M1 M7y IL
Fig.1 Target program.

[ tmpl := Bﬂ] [ tmp?2 := CU]I

tmp3 := tmpl + tmp2 tmp4 := Ali,j]

l tmpS := D[i]J I tmp6 := tmp3 * tmp4

(tmp7 := tmpS5 + tmp6 J

D[i] := tmp7

2 = TRROKAET T 7
Fig.2 Dependence graph of loop body.
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for ii := 1 to IMAX step 2 do
fori:=iitoii+1do
for jj :=1 to JMAX step 3 do

for j:=jjtojj+2do

Dfi] := D[i] + Ali,j] * (B[j] + C[jD);
B3 L—74>59 7 ADsrE
Fig.3 Division of loop indices.

for ii := 1 to IMAX step 2 do
for jj := 1 to JMAX step 3 do
for i -ut0u+1do
for j :=jjtojj+2do
D[i] := D[i] + Ali,jl * (B[j] + C[j]);
B4 A To7ossit

Fig.4 Loop blocking.

for i := 1 to IMAX step 2 do
for j := 1 to JMAX step 3do
begin
D(i] := DI[i] + A[i ] * (B[j] + C[jD);
D[i] := D[i] + Alij+1] * (B[j+1] + C[j+1]);
Dli] := D[i] + A[i,j+2] * (B[j+2] + C[j+2]);
D[i+1] := D[i+1] + A[i+1,j] * (B[j] + C[j]);
D[i+1] := D[i+1] + A[i+1,j+1] * (B[j+1] + C[j+1]);
D[i+1] := D[i+1] + A[i+1,j+2] * (B[j+2] + C[j+2]);
end
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Fig.5 Unrolling nested loops.
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{:mm)e I tmp3 := tmpl + tmp2 l Itmp4 = A[i,j—]l

| tmps :=Dfi] | [ tmpé := tmp3 * tmp4 |

Ltmp7 = tmpS + tmpﬂ

flow output
dependenc D[i] := tmp7 dependence
(.1 o,1)

6 Wfryo 7R H#

Dependence graph and information derived from

Fig. 6
the graph.
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[mpt =8| [ tmp2:=cyl

SEL— 7B ARl — TRAREERE 1143

[tmp1’ := Byen)] [tmp2’ := cijeny]

[tmp3 := tmp1 + tmp2 | [ tmp4 := Alij)]

[ tmp3’ := tmpl’ + tmpZ’J rtmpd’ = A[iiﬂl

[ tmps := Dli) | [ tmpé := tmp3 * tmp4 |

l;ﬂ := tmp5 + tmp6 ]

l tmp$’ := tmp3’ * tmp4J

[tmpﬁ’ := tmp7 + tmp5’ I

[l = tmps’ |

7 K20 5 Jilig~DhelR
Fig.7 Unrolling loop with index j of Fig.2.

[tmp1:=8j)] [ tmp2:= cyji]

[tmp3 := tmp1 + tmp2 | [ tmp4 := Aliij)]

tmp1’ := Ai+1,j)

[:ps .= Dfi} ] [m;ﬁ := tmp3 * tmp4 J ItmpZ‘ 1= D[iﬂl [lmpJ’ :=tmp3 * (mpl’J

| tmp7 := tmp5 + tmpﬂ

[ tmpd’ := tmp2’ + tmﬂ

[ Dfi+1] := tmpe |

8 K20 i L~ ~OKE
Fig.8 Unrolling loop with index ¢ of Fig.2.
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Fig.9 Saturation of efficiency in loop execution.
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directions.
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8 | {1,1} 1.00 | {1,1} 1.00
18 | {1,2} 1.43 | {1,2} 1.43
21 | {1,1,6} 5.41 | {3,2,2} 7.41
23 | {1,1} 1.00 | {5,5} 2.99
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k1l

k3 k2 1 2 3 4 5 6 7 8
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1] 2|P.286/0.444|0.545/0.615/0.667/0.706{ 0.737[0.762
2| 2|P.571]0.889}1:091] ;1.".1.43 1.176f1:20081.21711.231
2| 3[0.828| 1.043] 1.163| 3.200{ 1.237] 1.263{ 1,262 1.397
3| 3[0.857|1.091]1.200] 1.263] 1.304] 1,333} 1.358] 1371
3] 4[0.873[1.116] 1.234] 1,297] 1. 341 1.371 1.394]1.412
4] @] 0.885]1.143| 1. 263] 1 353] 1,375 1 412} T 43e[ 1455
a| 5[0.899]1.159] 1.283]1,356] 1.404] 1.437] 1,465} 1,481
S| 510.909/ 117601 .304f1.370} 14291 1.463 1.48911.509
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Fig.11 Estimated executional efficiency of kernel No.21.
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k3| k2| 1 2 3 4 5 6 7 8
1] 1] 0.143[0.222]0.300] 0.364] 0.417] 0.462| 0.500] 0.533
1| 2[0.286[ 0.444] 0.545| 0.667] 0.714| 0.750| 0.778] 0. 842
2| 2|0.571/0.800f0,92383.000f1,053}.31.091} 1,120} 1.143
2] 3|0 €670 53] 1.059] 1. 143] 1 154] 1,300 1 235 1T 363
3] 3] 0818 1,059 1.174] 1.241] 1.286f 1 317] 1.340] 1,356
3| 4] 0.857] 1,051 1.300{1.287] 1333 1.358] 1379 1,413
4| 4[0.885] 1 143|1,263]1.333] 1,378} 1. 412} 1 4361 455
4| 5]0.870]1.143] 1.279] 1,356] 1 380 1,420 1 45811 451
5| 5/ 0.853]1.163] 1.253] 1.370] 1.450] 1. 456/ 1 483/ 1 504

12 #—40 No.21 HATMEE (LB
Fig.12 Measured executional efficiency of kernel No.21.
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Fig. 13 Estimated executional efficiency of kernel No.23.

k1l 1 2 3 4 5 6 7 8
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Fig. 14 Measured executional efficiency of kernel No.23.
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Table2 Optimal number of times and estimated ones.

No. | B B - R
4 | (3,2) (3,2)
8 | (1,1) (1,1)
18 | (1,2) (1,2)
21 | (3,2,2),(2.3,2) | (3,2,2)
23 | (5,5) (5.5)

®m3 ZKH—ALVERMLICEEOGTER
Table3 Number of instructions of each unrolloed kernel.

No. | BRI g o> 4
4| (3,2) 18
8 | (1,1) 54
18 | (1,2) 83
21 | (3,2,2) 36
23 | (5,5) 380
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