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An Optimizing Method with SIMD Instruction Set
for Program with Complex Control Structure

YUSUKE HIROMATSU,t HISAYASU KURODA*
and YASUMASA KANADAft

Modern general purpose processors have SIMD (Single Instruction Multiple Data) instruc-
tion set which computes packed data in parallel. Using data parallelism, this instruction
set processes mass data faster than the scalar. Therefore it is used to optimize multimedia
or mathmatic processing. There are researches to analyze programs to vectoize with SIMD
instruction set, that make compilers to enable to generate SIMD codes. By the way, SIMD
instruction set cannot select instructions for every packed data. Accordingly the complex con-
trol flow which includes conditional branches or loops are not treated for optimization with
the instruction set. However if they became applicable to parallelize with that instruction
set, more programs are expected to be optimized. In this paper, the method vectorizing the
programs containing complex control structure with SIMD instruction set is proposed. It was
implemented with COINS compiler infrastructure and converted some programs from scalar
to vector. They achieved from 1.19 to 12.3 times speedup on PowerPC’s SIMD instruction
set.
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Fig.1 Example of a SIMD instruction.
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(a)

fori=0---ndo
0 if afi] > 0 then
00 afi] — ali] + 1
0 else

00 ali] < —ali]
0 end

end

(b)

fori=0---ndo

0 while b[i] > 0 do
00 bfi] — bli] — 1
0 end

end

02 000000O0O0oo
Fig.2 Examples of non-trivial control flow.
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Fig.3 Branch with multiple branch destinations.
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Fig.4 While loop with multiple exit timings.
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Fig.6 Successor and predecessor.
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Fig.7 Dominator and postdominator.
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Exp ::= Var | Var Op Exp | Op Var ; 000000
Stmt ::= Exp | v4est '="Exp ; 00000

StmtList ::= Stmt | Stmt StmtList ; 0000000
oo

Block ::= pred succ dom pdom StmtList ; 00000
gooooboooboooo

BlockList ::= Block | Block BlockList ; 000000
gooood

Vgesy = Var; 00000000000000

pred ::= Block | ¢ ; 00000 predecessor(]

suce ::= Block | ¢ ; 00000 successord

dom ::= BlockList | ¢ ; 00000 dominator
pdom := BlockList | ¢ ; 00000 postdominatorQ
VarOOOO

Op00DD0OODODOODOODODO
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Fig.8 Data structures.
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vectorize_block_list: BlockList L — BlockList
0 BlockList L' «— @

0 while L # 0 do

00 Block B « find_next_block(L, L")
00 Block B’ + gen_new_block_from(B)
00 if num_of_predecessor(B) > 1 then
000 B’ < merge_branch(B’)

00 B’ « vectorize_block(B’, B, L")

00 L — L' U{B'}

00 L L—{B}

0 return L’

vectorize_block: Block B’, Block B,

0000 BlockList L — Block

O if is_loop-block(B) then

00 B’ « vectorizeloop(B’, B)

O elseif is_branch_block(B) then

00 B’ « vectorize_branch_block(B, B’)

O else

00 foreach Stmt s = (so, -, sn) € B.stmt do
000 Stmt s’ = vectorize_stmt(s, B")

000 B'.stmt — B'.stmtU{s'}

O if is_exit-of_loop(B) then

00 Block LB « get_parent_loop(B’)

00 StmtList term «—gen_loop_terminal(LB, B’)
00 B’.stmt — B’ .stmt U term

0 return B’

gen_new_block_from: Block B — Block
0000 B O successor, predecessor, dominator, post-
dominator 00 000000000000 O0OOOO0

09 0OoOOO
Fig.9 General flow.
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vectorize_branch_block: Block B,Block B’ —Block
Var cond < gen_new_variable()

Exp ¢ « get_cond_exp(B)

Stmt s < vectorize_stmt({c})

s < gen_assign_stmt(cond, s)

B’ Weong +— cond

B'.stmt — B’.stmt U {s}

return B’

Oooooood

get_cond_path: Block from, Block to,
0000 Block term — Exp

O Expe«0

O if to # 0 A to # term then

00 foreach Block p =

00000 (predo,---,predy) € to.pred do
000 Exp ¢ < get_cond_path(to, p, term)
000 ife# 0 then

0000 ¢« gen-or(e,c)

o000 e«<~c

O if is_branch_block(to) then

00 Exp ¢ < to.Vcond

00 if to.else_part = from then

000 ¢« gen_not(c)

00 ife # 0 then

000 ¢« gen_and(e,c)

OO0 e«—c

O return e

merge_branch: Block B — Block

0 while num_of_predecessor(B) > 1 then
00 Block pg « predg € B.pred

00 Block p1 « pred; € B.pred

00 Block p « find_nearest_branch(po, p1)
00 Exp cond < get_cond_path(B, p1,p)
00 VarList L = find_replaced_varlist(po, p)
0000 U find_replaced_varlist(p1, p)

00 Block pred’ « gen_new_block(po, p1, B)
00 foreach Var v = (vg,---,vn) € L do
000 Var vg < find_replacement(v, po)
000 Var vy < find_replacement(v, p1)
000 Var v/ « gen_new_variable()

000 B.war + Bwar U {{(v,v')}

000 Exp op < gen_vselect(vg, v1, cond)
000 Stmt s < gen_assign_stmt(v’, op)
000 B.stmt «— B.stmtU {s}

00 B.pred < B.pred — {po,p1} U {pred’}
0 return B

gen_new_variable: — Var
SIMDOODODOOOODOOOOoo

get_cond_stmt: Block B — Stmt

00000000 BOOOOoDOOoOOooOOoDOOoOOooOoOoo
find_nearest_branch: Block By, Block B1 — Block
0000 BpOOOOO B 00000oooooooon
gooood

010 OO0 SIMDOODO
Fig. 10 Vectorization of branch.
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vectorize_stmt: Stmt s, Block B — Stmt

0 Stmt s’ <« 0

O foreach Exp e = (eg, " - .en) € s.exp do
00 Var ¢

00 if is_variable(e) then

000 ¢ « find_replacement(e, B)

00 else

000 e < operator_to_simd_instruction(e)
00 s'.exp — s'.expU {{e,e')}

O if is_assign_stmt(s) then

00 Var v < $.Vgest

00 Var v/ « get_replacement(B, 1)

00 if is.in_branch(B) Av’ = () then

000 v « gen_new_variable()

000 B.war < B.war U {{(v,v")}

00 s .vgest < (v,v")

0 return s’

find_replacement: Var v, Block B — Var
0 Var v’ < get_replacement(B, v)

0 if v/ = 0 then

00 if num_of_predecessor(B) = 0 then
000 Block BL < get_parent_loop(B)
000 if BL # 0 then

0000 v « getreplacement(BL)
000 else

0000 v «—w

00 else

000 Block pred «— predg € B.pred
000 v « find_replacement (v, pred)

0 return v’

operator_to_simd_instruction: Op op — Exp
000 eopO00O0OO SIMDOODODOO

011 000000000000000000000 SIMD 00
ooo
Fig.11 Statement vectorization for complex control flow.
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find_next_block: BlockList L, BlockList L’ — Block
0 Block next «+ 0

O foreach Block B = (By,---,B,) € L do

00 Block LB « get_parent_loop(B)

00 if (Vpred € B.pred) C

00000 (L' N LB.blocks_in_loop) then

000 next — B

000 break

0 return next

vectorize_loop: Block B, Block B’ — Block

O Block root <« get_root_block(B)

0 B’.Weond < gen_variable()

0O Exp p < get_cond_path(B, predo € B.pred,root)
0 Block LB « get_parent_loop(B)

0 if LB # 0 then

00 p« gen_and(p, LB.V¢ond)

0 Stmt s < gen_assign_stmt(B’.veond, P)

0 B’ — set_stmt_before_loop(B’, {s})

0 BlockList L < B.blocks_in_loop

O VarList VL « find_varlist_changed_in_loop(B)
000000 N find-varlist_used_after_loop(B)
O StmtList S « 0

0 foreach Var v =g, ---,v, € VL do

00 Var v/ « find_replacement(v, B’)

00 Var v" < gen_variable()

00 Stmt a « gen_assign_stmt(v”,v")

00 B'war «— B'.var U {{v,v")}

o0 S« Su{a}

0 BlockList L’ < vectorize_block_list(L)

O StmtList term < gen_loop_terminal(B’, B')
O L' — {S}UL U{term}

0 B’.blocks_in_loop «— L’

0 return B’

gen_loop_terminal: Block LB, Block B — StmtList
O StmtList L « 0

O VarList VL « find_varlist_changed-in_loop(LB)
0 foreach Var v = (vg,---,vn) € VL do

00 Var v/ « find_replacement(LB)

00 Var v"” « find_replacement(B)

00 Exp ¢ « get_cond_path(B, predy € B.pred, LB)
00 ¢+« gen-and(c¢, LB.Vcond)

00 Exp op < gen_vselect(v’,v"”, ¢)

00 Stmt s < gen_assign_stmt(v’, op)

00 L+« Lu({s}

0 if B # get_lastblock_of_loop(LB) then

00 Stmt s < gen_branch_vcond_any(
0000000000 LB.eond, succ € LB.succ)
00 L« LU({s}

O return L

while z < y do
Oz—zxx
Oz—x+1
end

if a < x then
O0a+—=x
elseif a < z then
Oa—z

end

b—a+c

get_root_block: Block B — Block
BOOOOOOOOOOOOODOOOOOOOOOO
Joooooboboooooooooboooooono
goooobood

set_stmt_before_loop: Block B, StmtList S — Block
0000 BOOOOOOOODODOOOD sSsoooo
find_varlist_changed_in_loop: Block B — VarList
Joo00Do0o BOOODOODODOODOODOOO
Joooobooboooooooooog
find_varlist_used_after_loop: Block B — VarList
0000 B O predecessor 00000000 DOOOO
gooooboooog

012 0000 SIMDOODO
Fig.12 Vectorization of loop.

013 0O0O0Ooooooo
Fig.13 Sample program.
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Fig.14 Control flow of sample code.
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‘ condlL < {true, true, true, true} ‘
I

loop '

»{ condL — condL A (x <y) ‘

cond_any(condL

ES

20—z *x
X0 —x+1

l

|z~ vselect(z, z0, condL)
x < vselect(x, x0, condL)

015 00000000 SIMDOOO
Fig.15 Vectorization of loop block.
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a2 < vselect(a 7,
ao, cond0)

l

a3 — vselect(a, a2,
cond0 V condt)

END

condl — a < x

condi —a<z

016 000000000 SIMDOODO

Fig. 16 Vectorization of condition branch block.

condL «— {true, true, true, true}
loop

O condL « condL A (z < y)

O if vcond-any(condL) = false
00 break

0 end

20 «— vector_mul(z, x)

20 « vector_add(z, {1,1,1,1})
z « vselect(z, 20, condL)

x «— vselect(x, 20, condL)

end

cond0 «—a <<z

al —z

condl — a < z

al «— z

a2 — vselect(al, a0, cond0)

a3 «— vselect(a, a2, cond0 V condl)
b «— vector_add(a3, c¢)

o o o |

017 SIMDOOOOOOOODOOOO
Fig. 17 SIMD-vectorized code.
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0000 100000000000000000
threshold 0000000
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0000400000000000000000
0000000000000 0000000on
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beta DO000D00000D0000D0 B(z,y) =
HY pooo000000000000
Ba,y) = exp(In(I'(2))+In(T'(y)) ~In(T'(z+y)))
00000000300 In(N(z)) 000000
0000000000004 (z,y) DO00DOO
000000000000 10,000,0000000
000000000000 0000000000
0000 In(l(x)) 000D 100000000
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Table 1 Environment of test programs.

goooo PowerPC 970 1.8 GHz
SIMD DO0O0od AltiVec(VMX)
2L 00000 512 KB
ooogd 1GB
ooooo gee 4.0.0
gooooooogo -02 -faltivec

02 000000
Table 2 Table of speedup ratio.

oooooao 000 (sec) | SIMD(sec) oooo
lifegame 20.78 1.70 12.3
threshold 15.3 11.56 1.32
edging 44.19 31.01 1.43
add 24.4 13.47 1.81
beta 6.89 5.78 1.19
mandel 32.63 10.95 2.98
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Fig. 18 Graph of average speedup ratio.

03 D0O00OO0OO0DOOO0OOO0O0oOOo
Table 3 Result of extra test programs.

oooooo 000 (sec) | SIMD(sec) | O0OODO
lifegame(400) 17.50 1.44 12.16
lifegame(512) 22.57 2.26 9.97
lifegame(1024) 47.74 5.71 8.36
mem-graphic 2.42 1.88 1.29
loggamma 4.27 1.81 2.36
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