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Improved SIMD Vectorization Method in the Presence of Control Flow

GAO Wei, LIYing-Ying, SUN Hui-Hui, LI Yan-Bing, ZHAO Rong-Cai

(State Key Laboratory of Mathematical Engineering and Advanced Computing (PLA Information Engineering University), Zhengzhou
450001, China)

Abstract: SIMD extension is an acceleration component integrated into the general processor for developing data level parallelism in
multimedia and scientific computing applications. Control dependence hinders exploiting data level parallelism in the programs. Current
vectorization methods in the presence of control flow, loop-based or SLP, all need if-conversion. They do not consider the SIMD
parallelism in programs, and thus result in a lower SIMD executing efficiency. Another factor that leads to low efficiency is the lack of
cost model to direct SIMD code generation in the presence of control flow. To address these problems, an improved control flow SIMD
vectorization method is proposed. First, loop distribution with control dependence is put up to separate the vectorizable parts and
unvectorizable parts, taking data locality into account simultaneously. Second, a direct vectorization method of control flow is presented
considering the reuse of data between basic blocks. Finally, cost model is used to guide the generation of select and BOSCCs to improve
the efficiency of SIMD code. Experimental results show that the code performance generated by the improved methods increase by 24%
compared with those of the existing control flow vectorization methods.
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SIMD
,20 90 ,
(single instruction multiple data, SIMD) ,
, SIMD 1996 Intel SIMD MMX,
SSE,AVX,IMCI AVX-512. SIMD PowerPC
AltiVec Sun SPARC VIS HP PA-RISC MAX DEC Alpha
MVI-2 MIPS \Y MDMXM.SIMD :
, SIMD ,  IBM Blue Gene/L
) [2] (3] 14 SIMD
SIMD , Intel MMX 64 AVX 256 IMCI 512
) , SIMD
, SIMD | SIMD
, ICC,GCC  Open64
SIMD )
SIMD , SIMD .SIMD
.SIMD -
, SIMD )
, if , BT if
SIMD , SIMD
select , SIMD 18] select 1
,dst=select(src1,src2,mask), 3 , ,mask ,srcl src2
1 , src2 dst; , srcl dst.
312|312 =select(|2|2|2]2| . |3]3|3|3| ,|1]0|1]0])
Fig.1 Format of select instruction
1 select
SIMD loop-based ,
, select , [, [8]
(superword level parallelism, SLP)e , if
, (predicate hierarchy graph, PHG), PHG
- (define-use, DU) - (use-define, ub) , SLP select
loop-based , : )
, DU ub ;
, SLP , ,
, SLP ,
, if :
if , , ;
select ,

loop-based SLP , , '
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SIMD . 3 ,
, select ; )
1 .2 .3 SIMD
4 5 6
1
2 , 4 ,
if ) ,
, if , SLP
loop-based . SIMD ,
if select
if , ,
, 2 ~ 4
->Loop based SLP
______________ |
__swo__ |
select
Fig.2 A vectorization framework with control flow dependence
2
1.1 if
If ) Y , .
, if if
: ; f ] ;
1.2 if
If Jif
: , If : :
opr_select, dst=opr_select(cond,srcl,src2):  cond ,dst=srcl;  cond ,
dst=src2. opr_select if-else , if else-if

, opr_select if
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if (expl) then
S1 b(i)=B0
if (exp2) then
S2 c(i)=Co
else if (exp3)
S3 c(i)=C1
else
S4 d(i)=D0
endif
else
S5 b(i)=B1
S6 x(1)=y(i)
endif
opr_select ,
select 1, opr_select 2,
3. , SiSj
; Si.condvSj.cond=1, , Si§j Si
Si Sj . Sj Si
Sj ,S1 S5 , ,
c® :
S1  b(i)=opr_select(exp1,B0,B1)
S2  c(i)=opr_select(expl .AND. exp2,C0,c(i))
S3  c(i)=opr_select(expl .AND. .NOT. Exp2 .AND. exp3,C1,c(i))
S4  d(i)=opr_select(expl .AND. .NOT. Exp2 .AND. .NOT.exp3,D0,d(i))
S6  x(i)=opr_select(.NOT.expl,y(i),x(i))
1.3
,loop-based
opr_select select ,
SLP , if
DU ub DU ub , select
1.4 if
; if
if , if
Jif

SIMD
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opr_
opr_select
: Si §j
Sj :
; , Si
S§1.82 S3
select
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Fig.3 Ilustration graph for full reordering and packet reordering
3
SIMD “ , 7 , ,
, SIMD .
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, vf , Vf ,
[10] wolf cache , cache :
1 ,
, gencode , )
gencode 2
1. SIMD
SIMD SIMD
1 P S: S , 2 ,
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n S RS n, n gencode , 3.
gencode S, 1.
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Fig.5 Vectorizaton graph after loop distribution
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3 SIMD
, loop-based SLP 7
, select
) b if
, select .
SIMD SIMD
, SIMD , if
if
,  SPEC 2000 191.fma3d solve ,183.equake
zran3 6(a) Jif
SLP A
: select
(A O=simd load(A[i:i+1]);
B_0=simd_load(B[i:i+1]);
BBO < T O=simd set(2,2);
A 0=T 0*B 0;
(Al =2*B[; . simd_store(A[i:i+1],4 0);
BBO 1 A[H11=2%B[i+1]; ¢ If (mode){ BBO
" If (mode){ J A_l=simd_load(A[i:i+1]);
{ A[I=8[1]; BRI B 1=simd load(B[i:i+1]);
BBl A[H1]+=B[+1]; A 1=4 1+B 1;
} simd_store(A[i:i+1],4_0); BBI
else{ ) l}El :
) AL—=B[:  Else
BB2 JL AE-L],EL];[,-H]. A_2=simd_load(A[i:i+1]); | BB2
! ’ B B_2=simd load(B[i:i+1]);
pp3 | CLFAL2; } A 2=4 2-B 2,
U it =i 2; simd_store(A[i:i+1],4 2); | BB3
3
(A 3=simd load(C[i:i+1]);
J C 0=simd _load(A[i:i+1]);
BB3Y € 0=A4 3+T 0;
t simd_stroe(C[i:i+1],C 0);
(a) HEAERE] 5 (b) SLPSTIL
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vectoriable
t

vectoriable

smvp NPB MG

¢ A_O=simd_load(A[i:i+1]);
‘ B_0=simd_load(B[i:i+1]);
1 T 0=simd_set(2,2);
A_0=T 0*B_0;
If (mode){
A 0=4_0+B 0;
3
else{
A4 0=4_0-B_0;

3

" C O=simd _load(C[i:i+1]),
C 0=40+T 0

1 simd_stroe(Cli+i+1],C 0);

U simd_stroe(A[i:i+1],4_0);

(c) Bl AL HIARAL

Fig.6 An example of using across basic block vectorization
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, SIMD , SIMD
.SLP , ,
, simd_load  simd_store , 6(b) ,
: 6(c)
:V_store ,V_load
. V_store simd_store , (S_vector,
B_scalars), simd_store :B_scalars=simd_store(S_vector).
. V_load simd_load , V_load ,
simd_load :S_vector =simd_load(B_scalars).
SLP , ,
1)
SLP B B _scalars V_load B_scalars
: , simd_load B_scalars S_vector (S_vector’,
B_scalars’) V_load ; , V_load (S_vector’,B_scalars’) S_vector SIMD
2)
SLP S_vector B_scalars ,
simd_store , simd_store (S_vector,B_scalars) V_store V_load
B_scalars , (S_vector,B_scalars) simd_store
simd_store mo ”
, IF , Bs,
IF Bir Bir IF

3i V _load[i].B_saclars == simd _load.B _saclars’
= simd _load.S _vector’' =V _load[i].S _vector
Vi V _load[i].B _saclars = simd _load.B _saclars’
= S _vector’ =simd _load (B _saclars’)
=V _load.add ((S _vector’,B _saclars")).

Vi V _store[i].B_saclars = simd _store.B_saclar”
=V _store.add (S _vector”,B _saclar”)
Vi V _load[i].B_saclars = simd _store.B_saclar”
=V _load.add (S _vector”,B _saclar”).
3i  (V _store[i].B_saclars nsimd _load.B _saclars’) = simd _load.B _saclars’
=V _store[i].B_saclars = simd _store(V _store[i].S _vector)
= S _vector'=simd _load (B _saclar’)
=V _store][i].delete(-)
=V _load.add((S _vector’,B_saclar’)).
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scalars”) ,V_load[] ,V_store[]
IF Bir . Bir

Bir ) PN/
01
02 G=CFG(B,E)
03 func Between_Blocks_Vector_Reuse(G)
04 Pack_queue[]=Null; I
05 V_store=V_load=NULL; I V_load,V_store
06 while (n<-breadth-first search of G)
07 Pack_queue[]<-SLP(n.B);
08 reuse_vectors[]=Null;
09 for i=0 to Pack_queue do
10 reuse_vectors[]<-gen simd_load or simd_store of Pack_queue[i] with reuse rules;
11 if (reuse_vectors[]) then
12 gen other simd_* with reuse_vectors;
13 end if
14 end for
15 end while
16 if (V_store) then
17 for all (S_vector,B_vector) in V_store do
18 generate V_scalsr=simd_store(B_scalars);
19 end for
20 end if

Fig.7 A vector reuse algorithm of across basic block
7
SLP , Pack_queue ,
simd_load  simd_store , reuse_vectors[-]={(R_vector,B_scalars)},
B_scalars R_vector , SIMD
, V_store (S_vector,B_scalars) simd_store
6(a) ,BBO SLP V_store=(A_0,(A[i],Afi+1])),

(B[i1,B[i+1])).(T_0,(2,2))).
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i (V _store[i].B_saclars msimd _store.B _saclars”) = simd _store.B _saclars”
=V _store[i].B_saclars = simd _store(V _store[i].S _vector)

= S_ vector” = simd _store(B _saclars”)
=V _store[i].delete(:)

=V _load.add ((S _vector”,B _saclars"))
=V _store.add ((S _vector”,B _saclars”)).

A0

,simd_load(S_vector’,B_scalars’)

B_O

BB1 BB2

simd_store
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,simd_store(S_vector”,B_

Pack_queue

V_load=((A_0,(A[i],A[i+1])),(B_O,

SIMD

reuse_vectors=((A_0,(A[i],A[i+11])),(B_0,(B[i].B[i+1]))).
. BB3 ,reuse_vectors=((A_O,(A[i],A[i+1])),(T_0,(2,2))).
V_store=((C_0,(C[i],C[i+1])),(A_0,(A[i],A[i+1])))

6(c)
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select , BOSCC , ,
BOSCC
4.1
[11]
|D°| |D° |~ em
COStS = VF (zcscalar—mimd)"' Z VF COStextra (1)
merefg
,scalar—simd SIMD , Cost! . m D% s
COStsimdset ' m
Cost, ., + Cost , m
COSt;:qra — load shuffle (2)
(coeff —1)(Costy,g + COSty1e), M (Coeff <VF)
VF -Cost,,,q + (VF —1)CoSty 0., M (Coeff =VF)
p! (l_p) ’
Cost_before=Cost_true+Cost_false 3)
,Cost_true ,Cost_false
Cost_after=pxCost_true+(1-p)xCost_false 4)
0=p=1, Cost_after Cost_before. , ,
1) if :
) p,
4.2 BOSCC
8(a) Jif select
8(b) , BOSCC 8(c)
for (i=0; i<1024; i+=4){
for (i=0; i<1024; i+=4){ v255=(255,255,255,255);
for (i=0; i<1024; i++) v255=(255,255,255,255); v_pT=fore[i:i+3]!=v255;
if (fore[i]!=255) v_pT=fore[i:i+3]!=v255; branch-on-none(v_pT) L1;
back[i]=fore[il; back[i:i+3]=select(back[i:i+3], back[i:i+3]=select(back[i:i+3],
fore[i:i+3],v_pT)} fore[i:i+3],v_pT);
L1, }
(a) (b) select (c) select BOSCC
Fig.8 Generation flow of BOSCC instruction
8 BOSCC
v_pT , L1, select . v_pT
, select , v_pT BOSCC ,
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, select , vpT ,
. , BOSCC , BOSCC
BOSCC (percentage of
all false superword, PAFS), ; BOSCC
, BOSCC (number of bypassed instructions, NBI),NBI
.BOSCC : BOA, BON,
BOA BON , BON , BOSCC
4.2.1 PAFS
PAFS = (5)
4.2.2 BOSCC
, select .Select 3
.BOSCC 3 , 3
. select dst=select(srcl,src2,pred), 1 ,
dst=srcl BON select, select BON
. 2 ,select srcl,
src2 ,
, src2 , '
BOSCC .
. 3 pred load srcl
store, load store , load  store,
pred
3. BOSCC
1. select dst=select(srcl,src2,pred), dst=srcl, 2; , 4,
2. src2 ,
BOSCC
3. pred
4. .
4.2.3 BOSCC
BOSCC NBI 4 BOSCC ,
1+NBIx(1-PAFS) BOSCC BOSCC BOSCC
. BOSCC NBI NBIC, BOSCC
NBICx(1-PAFS)+NB, ,NB  BOSCC BOSCC NBIC>
NBICx(1-PAFS)+NB, PAFS>NB/NBIC ,BOSCC 4

4. BOSCC
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BOSCC , BOSCC
1. select , 3
2. ,
3. NBIC.
4. PAFS NB/NBIC, BOSCC
; , BOSCC
BOSCC
o , select ,
L4 1 [l
BOSCC
) NBIC, ,
, BOSCC BOSCC ,
, BOSCC
5
Open64 ,
, Readhat Enterprise 5. , SW-VEC
, CPU -1600 : ’
CPU 2.0GHz, 2GB,L1
8KB, 256 4
, BOSCC . if ,SW-VEC
loop-based  SLP
5.1
511
. , 10
SW-VEC loop-based ,
,no_reuse+distribution
,reuse+distribution
SPEC2006 456.hmmer P7Viterbi
quantize .
P7Viterbi , 9(a) ,
1. 9(b)
{S1,52},{S3},{S4,55,56}. , 1.78.
. {S1,52},{S3},{S4,55},{S6}, 1.89
quantize ]
, 1.0;
10 avg P7Viterbi  quantize

BOSCC

cache

9(c)

SW-VEC.

loop-based

scalar

Berkeley

BOSCC ,

BOSCC

32KB,L2 cache
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BOSCC

Linux

256KB,

.SW-VEC

10

SLP

, ,scalar
1. if ,
10 ,simd

lame

1.12;
1.25.
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1.0;
1.57. ,

for (k=1; k<=M k++) {

Journal of Software Vol.28, No.8, August 2017

, 1.45;
57%.

for (k=1; k<=M k++) {
S1  if ((sc=ip[k-1]+tpim[k-1])>mc[Kk]) mc[k]=sc;

S1 if ((sc1l=ip[k-1]+tpim[k-1])>mc[k]) mc[k]=sc1; S2 if ((sc=dpp[k-1]+tpdm[k-1])>mc[k]) mc[k]=sc;}
S2 if ((sc2=dpp[k-1]+tpdm[k-1])>mc[k]) mc[K]=sc2; for (k=1; k<=M; k++) {
s3 de[K]=dc[k-1]+tpdd[k-1]; $3  dc[k]=dc[k-1]+tpdd[k-1];}
S4 if ((sc3=mc[k-1]+tpmd[k-1])>dc[K]) dc[k]=sc3; for (k=1; k<=M; k++) {
S5 if (dc[K]<-INFTY) dc[K]=-INFTY; S4  if ((sc=mc[k-1]+tpmd[k-1])>dc[K]) dc[K]=sc;
if (k<M) { S5 if (de[K]<-INFTY) dc[k]=-INFTY;}
ic[k]=mpp[k]+tpmi[K]; if (k<M) {
if ((sc4=ip[K]+tpii[K])>ic[K]) ic[K]=sc4; ic[k]=mpp[k]+tpmi[k];
6 ic[K]+=is[K]; S6 if ((sc=ip[K]+tpii[K])>ic[K]) ic[K]=sc;
if (ic[K]<-INFTY) ic[K]=-INFTY; ic[k]+=is[K];
3 if (ic[k]<-INFTY) ic[K]=-INFTY;} }
}
@ (b)
for (k=1; k<=M; k++) {
S1  if ((sc=ip[k-1]+tpim[k-1])>mc[k]) mc[k]=sc;
S2  if ((sc=dpp[k-1]+tpdm[k-1])>mc[k]) mc[k]=sc;}
for (k=1; k<=M k++) {
$3  dc[k]=dc[k-1]+tpdd[k-1];}
for (k=1; k<=M k++) {
S4 if ((sc=mc[k-1]+tpmd[k-1])>dc[k]) dc[k]=sc;
S5 if (dc[K]<-INFTY) dc[K]=-INFTY;}
for (k=1; k<=M; k++) {
if (k<M) {
ic[kK]=mpp[K]+tpmi[K];
S6 i ((sc=ip[K]+tpii[K])>ic[K]) ic[K]=sc;
ic[k]+=is[K];
if (ic[K]<-INFTY) ic[k]=-INFTY;} }
(©)
Fig.9 Distribution results of P7Viterbi kernel
9 P7Viterbi
M scalar M simd no_reuse +distribution M reuse +distribution
2
1.5
1
0.5
0 T
P7\Viterbi quantize avg
Fig.10 Results of loop distribution with control dependence
10
5.1.2 SIMD
11 , ,scalar
, 11, scalar 1. if ,SW-VEC
[8] SLP .
11 ,simd ;direct_simd
, ;direct_simd+reuse ,
SPEC2000  191.fma3d solve 183.equake smvp
NPB MG zran3 H.264.
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solve if 1.17,
1.29. smvp if 1.09,
1.20, 1.25.
zran3 if 1.35,
1.41. H.264 if 1.32,
1.45, 1.51.
solve  zran3 , , if
; , if
11 avg . if
1.25, 1.37.
if 11%.
Wscalar M simd  Wdirect simd M direct simd + reuse
2
15
14
05 -
0
solve smvp zran3 H.264 avg
Fig.11 Result of direct control flow vectorization method
11
5.1.3
12 , scalar ,simd
,simd+cost_model
M scalar M simd M simd + cost_model
2
15
1 -
0.5 -
o -
hsmoc Lorentz toffoli sigma thined avg
Fig.12 Results of vectorization method guided by benefit
12
hsmoc  lorentz 434.zeusmp.hsmoc , 1.34;
, 1.61. : , )
BOSCC , lorentz hsmoc ,
1.28, 1.52.
toffoli  sigma 462 3 toffoli 1.53,
if , BOSCC )
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1.08,

1.28,

1.23,
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1.75. sigma toffoli , if , BOSCC
1.58,
1.80.
thinéd  SPEC2000 200.sixtrack , , 0.92,
, 1.0.
12 avg . )
1.33; , 1.54. )
16%.
5.2
SPEC2006 SPEC2000 )
1.
Table 1 Overview of the kernels for full program test
1
(%)
456.hmmer Spec2006 P7Viterbi 79.76
434.zeusmp Spec2006 hsmoc 38.74
434.zeusmp Spec2006 Lorentz 22.35
462.libquantum Spec2006 toffoli 72.68
462.libquantum Spec2006 sigma 21.35
183.equake Spec2000 smvp 72.87
456.hmmer,434.zeusmp,462.libquantum  183.equake, 4
13 , ,scalar . ,
, scalar 1. if ,  SW-VEC loop-based  SLP
, loop-aware , .13 ,simd
,simd+improved
2
15
1 - |
0.5 - -
B simd
0 - T T T T imd+i g
simd + Improve
&z’\ ‘fQ ,&& \\;s{_z & P
& Q,\) /z,o (o
o Y N bt
bf’) b’b RN ,;b
Qv
™
Fig.13 Test results of full programs
13
456.hmmer P7Viterbi, 79.76%. P7Viterbi
13 ,simd 1;

1.66

) 1 [l

434.zeusmp hsmoc,lorentz 38.74% 22.35%,

)
\

PR 2 R

13
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, 1.23,
1.41. , BOSCC
462.libquantum 2 toffoli,sigmax 72.68% 21.35%.
, 1.52; )
BOSCC 1.74.
183.equake smvp, 72.87%, 1.04,
, 1.13,
13 avg , 1.19,
1.48. ,
24%.
6
, SIMD )
[12] 3 - , [13]
[14] : [71 : [15] :
3 - [16,17] [18] [19,20]
Jloop-based [
SIMD (21] 122 g) p 1
[23,24] [25]
, [26] SIMD . [27]
BOSCC , SIMD
[28,29]
7
) SIMD
) ; ) SIMD
, 24%.
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