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New Method of Conditional Branch Elimination
in Loop Statements and Its Evaluation

TAKUYA SHIOTARI,t NORICHIKA HATABE,"t MASATO KIYAMAttt
and HIDENORI UMENOftt

‘We focus on the loop optimization methods to reduce the execution times of the programs.
Especially we consider the optimization methods for eliminating conditional branches in the
program loops. Because those branches cause long execution times by running in every loop
iteration. Conventionally, the Index Set Splitting (ISS) method is limited, that is, though
splitting loop statements, it can be applied to the branch conditions where “the only one loop
index variable is compared with a constant”. To enhance its applicability, we propose the new
method that extends the conventional ISS and makes it possible to apply it to the branch
conditions where “multiple loop index variables are compared with a constant” by using a
newly proposed diagram to decide the execution blocks. Evaluating its execution time, we
conclude that our extended ISS method reduces the total execution times of the programs by
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more than about 30%.
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for(i =054 < 1057 + +){
BlockA;
if(i < 5)BlockB;
else BlockC}
BlockD;

}

for(i=0;i <554+ +){
BlockA;
BlockB;
BlockD;
¥
for(i=5;1 < 10571+ +){
BlockA;

() 00D

gobooooob20000000000000O0
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coob400000000O0O0S00000O0D0OO

BlockC}
BlockD;

}

(b) DOD

0 1 Index Set Splitting 00000000000 0O0O00O
Fig.1 Example of Index Set Splitting method to eliminate
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conditional branch (conventional method).

1112=0
DO 20 11=1,NDSP
DO 20 12=1,NDSP
IF(I1.EQ.I2)GOTO 20
T112=I112+1
MPL(I1,12)=I112
20 CONTINUE

02 000000000
Fig.2 Unapplicable loop.
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for(ip =l1511 <= uy;i1+ = stridey){
for(ip = lgsiag <= ug;iz+ = strideg)q{
poooooooono
for(i = lg; i <= ig; i+ = strideg){
if( f(i1,i2,..,4%) {00000} N ) BlockA;
else BlockB;
¥
poooooooon
}
}
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Fig.3 General loop form.
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for(i=1; i<=10; i++){
for(j=1; j<=10; j++){
if(i+j<14) Block A
else Block B
}
}

CONONRWN =
|

(a)

Oslock A
[MBiock B

(b)

04 0OO00O0D0OO
Fig.4 Sample code.



Vol. 47 No. SIG 2(PRO 28)

i
1

[ Block A
I Block B

i+j<N i-j<N
(a) B3R (b) BB
05 O000D0O0OO0OOOOOOOO
Fig.5 Difference by monotonic increase and decreasing.
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Fig.7 Difference by comparison operator.
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Fig.8 Borderline for loop splitting.

for(i=1; i<=15; i++){
for(j=1; j<=10 && i+j<14; j++){
Block A
}
for( ; j<=10; j+-+){
Block B
}
¥

09 OOoOooOoooOoooo
Fig.9 Innermost loop splitting.
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for(i=1; i<=15 && i+10<14; i++){
for(j=1; j<=10; j++){
Block A;
}
}
for( ; i<=15 && i+1<14; i++){
for(j=1; j<=10 && i+j<14; j++){
Block A
}
for( 5 j<=10; j++){
Block B
¥
}
for( ; i<=15; i++){
for(j=1; j<=10; j++){
Block B
¥
}

010 0000000D000DDODO
Fig.10 Other most inner loop splitting.
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struct info{ char *indez_var;
char *lower_upper;

char *operator;

/*¥2000000000000000 */
/*i) 0000000000 */

operator = "less”;
if (0000007>"0007>=") {

then 0 « BlockB;
else 0 « BlockA;

}

elseif (000000 ="0"==") {
operator = "eq”;
if (000000” =) {

then 0 « BlockB;
else 0 « BlockA;

if (a4, 00000 ){

splitiinfo[t].maz = ug;
splitiinfo[t].min = ly;

else if (a¢ -4, OO0DO0O0 ){
split_infolt].maz = ly;
splitiinfo[t].min = uy;
}
t+ +;
}

/*3000000 */
/¥y 0000000000 */

/*¥il) 000000000000 */

}

t——;

int max, min; } split_infolk];

if (0000007<’0007<="0007>"0007>=") {

if (000D000”<="000">" )N =N + 1;

}
}
/*ii) 00000000000O0O00OOO0OO0 */
t=1;
while(t <= k){
split_info[t].index_var = 7i”;

split_in fo[t].lower_upper ="U";

split_in fo[t].lower_upper =" L”;

SPLIT1(f(i1,...,1%), operator, split_info[k].lower_upper);

t=k—1;
while(t >= 1){
if ( split[t].lower_upper == "U" ){
g1 (1, ..., 0¢) = f(i1, ..., 4, splitiin fo[t + 1].max, ..., split_in fo[k].max);
g2(i1,...,12¢) = f(i1, ..., i, splitiin fo[t + 1].min, ..., split_in fo[k].min);
else if ( split[t].lower_upper == "7"L" ){

g1(31, ..., 8¢) = f(i1, ..., ¢, split_info[t 4+ 1].min, ..., split_in fo[k].min);
92(i1, ...y i) = f(i1, ..., 3¢, split-info[t + 1].maw, ..., split-in fo[k].max);

SPLIT2(g1(%1,..-,%t), 92(31, ..., %t ), operator, split_in fo[t].lower_upper);

011 000oO0oo0Dz2.08.0
Fig. 11 Algorithm (2., 3.).
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/*i)0000o0ooo */
void SPLIT1 ( f, char *operator, char *lower_upper )
{
if ( operator == "less” ) {
if ( lower_upper =="U") then O0else 0000}
else if( lower_upper =="L" ) else D0then 0000}
else if ( operator == "eq” ) {
else D0then OOelse 0000,
}
¥

012 SPLIT1I00000000O0OO
Fig.12 SPLIT1 (Innermost loop splitting).

/*ii) 00000D0DO0000000 */
void SPLIT?2 ( g, char *operator, char *lower_upper )
{
if ( operator == "less” ) {
if ( lower_upper ==7U" ) then OO then-else D0else DO0OO;
else if( lower_upper == ”L” ) else 0 O then-else 00 then O0000;
else if ( operator == "eq” ) {
else 00 then-else O0else 0000}
}
¥

013 SPLIT2000000000000000D
Fig. 13 SPLIT2 (Other most inner loop splitting).
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OO0OthenOOOOOO0O20000000000O
oooUooopoOoooOooooooooo
O«“=="000000000000000o00d
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e lower_upper: = L 000

ooo0, 000000 ---4>7
ood,00oggg ---4>="

3.3 0 0O O
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goooodoo 20000ooooooooooo

oooooooooo

3.3.1 OOOOCOO 2000

e JOOODOOO
014(a)00000000000O0O0ODO 14(a)
000000 ai-i(a; =1)0a;-j(a; =1) 0
00o0ooooooooooo
0o0dooooooooooooooooon
000 “<” 000000operator = “less” 1]
000000o00oo0o0o0o s 000000
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min,=10000000000000000 50
000000 ;- 0000000000000
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goboooooooooon 5 000 operatort
lower_upper;0 000000000 0Othen OO
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for(i=1;i<=15;i++){ for(i=1; i<=15; i++){ /* 0000 a (then O) */
for(j=1;j<=105++){ /* 0000 a0p’ (then O) */ for(i=1; i<=15 && i+10<15; i
if(i+j<15) Block A; for(j=1; j<=10 && i+j<15; j++){ Ofi)(;(j=,1]: j<=10; jJr]I){ R
else Block B; Block A Block A
} }
} /* 0000 B0~ (else O) */ }}
for( ; j<=10; j++){ /* 0000 B (then-else 0) */
(a) OO Block B for( ; i<=15 && i+1<15; i++){
} /* 0000 B’ (then O) */
} for(j=1; j<=10 && i+j<15; j++){
Block A

(b DODO jOOOO }

/* 0000 B (else 0) */

for( ; j<=10; j++){
Block B

}

}* 0000 ~ (else 0) */
for( ; i<=15; i++){
for(j=1; j<=10; j++){
Block B
}
}

(¢)0DO 40000

014 000000 2—00000
Fig. 14 Double nested loop — case of add.

I —
/* 0000 « (then O) */
- - - 12345678910 for(i=1; i<=10 && i-1<5; i++){
for(i=1; i<=10; i++){ ; ! for(j=1; L<:1o; )4
for(j=1; j<=10; j++){ ij ¢ Block
if(i-j<5) Block A 4 | 3
else Block B 5 I for(; i<=10 && i-10<5; i++){
} 7 —— B 1+ /* 0000 B’ (else 0) */
} 8 ] (] Block A for(j=1; j<=10 && i-j>=5; j++){
of 5" ; B Block B Block B
10 ¥
(a) /* 0000 B’ (then 0) */
b for( ; j<=10; j++){
( ) Block A
015 DOO0O0D2 —i—j )
: P /* 0000 ~ (else O) */
Fig.15 Double nested loop i— 7. for((; <=10; i1 { 9
for(j=1; j<=10; j4++
Block B
elseJ00000000DOOO0OOODOOOOO }
}

0i4+j<1500000000000 14(b)0O
016 000000 2—00000

ooo Fig.16 Double nested loop case of sub.
oooboooobg ¢« 0004 Odoperatord

lower_upper;1 00 0000000O0Othen OO maz;=10 min;=101

then-else O0else 0 00 O O OO O Olower _upper; Jjodddddddddooooooddgooo
=UyQ000000 +10< 150 ¢++1 < 15000 0 7 O @ operatortd lower_upper;0 00000
000000020 00000000000 14(c) O00OC0ODelseO0OthenOOO0OOO0OODODO
gpood 000000000000 «<wro “>="000
e JOOODODOO i—j>=5000000000000000 4
01500000000000000 150 ¢0 00000 operatorOlower_upper; 000000
000 a;-i(a; =1) 000000000500 00000 then OO then-else D Oelse 0000
00 a;-j(a; =-1) 000000000000 goooooo0oD +—-1<509—-10<50
oo0o ooooobi1en0OnOO
goooooboooooooboooooobooDo 3.3.2 0DOODOOO 3000

000 “<” 000000 operator = “less” goooooobooo sbobooooooobooooo
gooooooOOoOooUooboOo «obOobDbo gopoCoboi17000000O0 3000OO0DDOOO
0« 000000D0O0O00O0O0DOO 100000 gooooooooooobooboooo
0100006 lower_upper;=“U"0 max;=100 dobooooOooobobobOOoobooOoooooooo
min;=1000000000000OOOO 40 0 “<” 000000 operator = “less”M 00000
000000 o;-j000000000000O 000000000 0000000 a4 -i(a; = 1)

1000000 10000y lower_upper;=“L"0 goooobooo0ooboooo woocoboDb 100
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00 é: lower_upper;=“U" Omax;=100min;=1000
O0oooooooooDoUoo j 0000000
aj -j(a;j = 1) 0000000000000 1000
000 10000 j: lower_upper;=“U"0max; =100
min;=1000000000000 kO000O00O0OO
ap-k(apy=-1) 0000000000000 1000
000 10000k: lower_upper,=“L"0 max,r=10
main=10C1]
ooopoooooOooooooOobooooooooo
k O 0O operatord lower_upper, 0000000000
OOelseO0then0 OO0 O0O0O0O0OOOOOOO
o000 <’ “>="000i+5—-k>=12000
O0DO0O00 j 00000 operator lower_upper; O
O0000D00COOthen OOthen-else OOelse OO
Oo0oob00 i+j—-1<120 +4+5-10< 12000
0oboO0o0oobboooobbD «00000 operatort
lower_upper; 00000000000 then OO then-
elsed0else 000000000 ¢410—-1<120
1+1-10<12000000 180000

for(i=1; i<=10; i++){
for(j=1; j<=10; j++){
for(k=1; k<=10; k++){
if(i+j-k<12) Block A
else Block B
}
}
}

017 000000 300000
Fig. 17 Triple loop nest (before).

for(i=1; i<=10 && i4+10-1<12; i++){
for(j=1; j<=10; j++){
for(k=1; k<=10; k++){
Block A /* o (then 0) */
}
}
}
for( ; i<=10 && i+1-10<12; i4++4){
for(j=1; j<=10 && i+j-1<12; j++){
for(k=1; k<=10; k++){
Block A /* 3 (then O) */

}
for( ; j<=10 && i+j-10<12; j++){
for(k=1; it+j-k>=12; k+-+){
Block B /* ~ (else O) */
}
for( ; k<=10; k++){
Block A /* § (then O) */
3
}
for( ; j<=10; j++){
for(k=1; k<=10; k++){
Block B /* € (else O) */
}
}
}
for(; i<=10; i+-+){
for(j=1; j<=10; j++){
for(k=1; k<=10; k++){
Block B /* ¢ (else O) */
}

}
}

018 000000 300000
Fig. 18 Triple nested loop (after).
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00000000000 000C000then 00O else
oo0ooooOoooooooooooooooooo
o0oooooo0oo0ooooooooooooo
poooooOooO0oO0o0oOoOoOoOoooooooooo
000000000000 Loop Unrollingd OO0
go0ooooOooooooOoooooooooooo
gooooooOoOoOoOoOoOooooOoooooooo
0000000 200000000000D000O0O0
goooooooooboOoooooooOoOoos0o00
ooooo
e JOODODO
oo0oooooooooOooooooooooo
goooooooo
e thenU else0 00000
thenO0O else 00000000 O0OOOOOO
ooooooooooooo
e JOOIODODOOODO
o00ooU0ooOoooOoooOooooOooooo
oooOoooooOooooooooo
Loop Unrolling 0000
00000 Loop Unrolling 000000000
ooooooooood
goooooooo
goobO0o00100s000000000O0O0
oooooooooooooooooooo
O00oooooooOoooo 1900000000

01 0O0DOo
Table 1 Evaluation environment.
oS Fedora Core 3 kernel 2.6.11
CPU Pentium 4 2.66 GHz
memory 256 MB
compiler | gcc-3.4.3
(-O3 -march=pentium4 )

for(i=1; i<=100; i++){
for(j=1; j<=100; j+-+){
if(f(4,7) < N) suml4+=j;
else sum2+=j;
}
}

019 0000000
Fig.19 Evaluated code.
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Fig.20 Comparing execution time (double nested loop).
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Table 2 Execution time shortening rate.

oo oo
0oo%0o 46.4 | 85.8
0oo%Oo 2.57 | 67.9

Shortening Ratio of Execution Time [%]

Number of Xor
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Fig.21 Load of loop body.
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Fig. 22 Using Loop Unrolling.

03 00000000 Loop Unrollingd
Table 3 Execution time shortening rate (Loop Unrolling).
oo oo

00 (%) | 64.7 | 90.0
0o (%) | 25.1 | 73.0

00000000000000 2200000000
000000000000 Loop Unrolling 0D OO0
000000020000 2000000000
O0o00o00oo0ooooooooooooooooo
O0ooO0oooo 3o0oooooooooooo
OO0O0D000000 Loop UnrollingOD OO OOOO
O000000o0o0oO0o0ooooooooooooo
OO0 300 20000000Loop Unrolling 00
0000000000o0o00O0oooooooooo
0000000000000 Loop Unrolling 000
0o000ooooooo

4.5 000000000

ooooooo0ooooooooooooooog
O00ooO0o0oO0o0ooOoooOooooooOooooo
00000oo0oO0o0oo0oooooO f<NDOOOO
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00000o0O00oO0o0o0ooooO f<NOOOO
O0ooooooooooo
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00 23 000000000000000O0O0OO
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00000000 24000000000 24000
O000oo0o0ooooooooooonD f<NOO
0000000000000 0O0 240000000
O0000000000oo0oooOooooOooooo
0000000000000 0o0oooooooooo
0000000000o0o00O0oooooooooo

for(ip = 1341 <= 100;i1 + +){
for(iz = 1549 <= 100;i2 + +){
pooooobooooo
For(iy, = 1iig <= 1004k + +){
if ( f(i1,i2,...,i) < N ) suml+ = j;
else sum2+ = j;
}
poooooooono
}
}

023 J00O0D00O0O0OODO0ODOOODOOOODOO
Fig.23 Evaluated code for depth of loop nest.
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Fig.24 Reduction ratio of number of f < N executions.
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Fig.25 Depth of loop nest.
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