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Research on Function Vectorization Technology Based on Directive Statements

LIU Lili' ,\SHAN Zheng' ,LI Yingying' s WU Wenhao® and LIU Wenbo'
1 PLA Strategic Support Force Information Engineering University,Zhengzhou 450001, China
2 National Research Center of Parallel Computer Engineering Technology, Wuxi,Jiangsu 100190, China
Abstract With the continuous development of processor technology,SIMD(Single Instruction Multiple Data) vectorization has
been widely applied in various fields. However, previous research has mainly focused on loops and basic blocks, while full-function
vectorization can better exploit the advantages of SIMD instructions,thereby improving application performance. This paper pro-
poses a guided statement-based function vectorization method. Firstly,a relatively simple guided statement is added to the loop in-
volving function calls, which can vectorize the instructions involving function calls in the loop. Secondly, the vectorization of the
called function is achieved by using full function vectorization to generate a vectorized full function instead of inlining it. Finally,
the function call instructions in the loop are processed to generate vectorized function call instructions. We selected 10 bench-
marks from ISPC benchmark tests and SIMD library benchmark tests to evaluate our method,and the experimental results show
that compared to scalar,the average speedup achieved is 6. 949 times.
Keywords Function vectorization, SIMD, Automatic vectorization
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A b AL H SIMD i o (9 43 3, 38 3 8 AR K 43 S HEAT AL
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W40 SR IR AE SN R RS 1) AL BEAT SE B AR B X T RR AL
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R R 2 & e . 76 C B F b S5 04 bR B0 &t Ak, 38 i 4l
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HER B AR ERBIF AL CIEHESTHSE & H map M
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T —HF N C/CH+mP &y MY JEA Intel C++
7 G R A TR 5 8 ) e R B 4 S Ak B9 SIMID 48 4
FE 3, L SE e AL R BCRIE 2 AR TR R T At 2 HoA
S B W AR T OR ULIE R K AP . Masten 5557 38 i 7E 06 5 )
AL pass ZHTNIT— 4 VecCLONE R pass 2 5% Bi bR 41
K 1) AL, 3 OpenMP 47 3545 78 52 B0 R B 1) # ik . Vece-
Clone pass [ pR £ 18] 5 A6 77 202 o8 80 i i AR o e — 1>
vi(Vectorization Factor) G H , 3% Ff 52 88 77 20 2 28 T pR 4%
A1 PR &5 4, (o AT 32 PR B IR, Karrenberg!™ 48 H T — Fif
e F 1 B (CFG) 9 SSA JE 39 1% ¢ A 8] 48 45 19 4= bR 8K
) 5 A AU 5% 46 J7 15, % 07 1 R A OpenMP 48 548 4] L i %
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Xof 0 B v K R B Y g S 34T AL VR X T
PRI i St Ak SR FH 4 R B80T i 4K 0 T 2 T AS S B
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Bk, an A R & O B PIANE AT LT RE —& IR AT
B R MBI R — A, 859 BTEIERAHCE
PUNH AR A ST i — 2D 9 ATk, XREWRER
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50 FRE IR, LUE U i 1) & 33X T LASE 2o 385 P A
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P AORT R B T4 51 3R v 1) /) e TR ) AR S

Larsen %57 5 YK 4@ Hh 38 A< B £ 4k B0 AR, B8 57 0F 47
(Superword Level Parallelism,SLP) , F] B 3% 7% He Py 50 95 Y 1%
S A7 U7 R AN AR B B 2 2k AR ABLEL AT IR 47 AT 19 3 4] 20
AR A AR A TR = A AT ROR . 25 AR
Xt SLP il £ 4k (9 7 55 A oK 45 1k . Porpodas 4E00 M 1 T 3k
T2k 304 fr 22 # /9 SLP [a] & 46 J7 3% LSLP (Left-to-
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S5 40 00 J9RE 88 A A 23 A — R B0 AT LATR AT BT B R AE
HEBR TC vk 1) 46 09 06 B, 40 % A R 8O0 T L B A OE ) SE L Bk
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R A AT ECA 5] S 06 R BN S G BUHT AR
A R B TG SR ) R, R R B 58 48 TR A R R A
e 22 B 2 LS BRI i Ak . O 3843 I I8 0 2 08 A 2 4R 1 4
P 0T M s B 2R AR b 9 B0 HiE 9 A7 P Nuzman' ' 2 T —
F#T 9 SLP(Loop-Aware SLP) J5 ik, B ¥ 3 m &1L 5 SLP
] A5 A A L LS Fe AR A Y 1 i Al bL 2 .
2.3 HELEEmENK

BRBC S 1) Bk Ak O R BB BE TR0 R P RO 9 0F AT & JR
SRR E 43T . PRECA S By ) 3R [y ) i N G
BN 22 UK b ik R O A e Sl — ok ) RO . — RS I
T 3% 52 22 U R BOIR P — AN HS BAE G B4 P R Ik B 3
A — M S8R 1 AL G . W 1 TR B 1) bR i
PR B 1) 2 A 1 Ca) 1 1] & Ak bR 4, HoAZ A S8 a0 AR
[l ¢ #JE ma,

float foo (float a. float b)  _ ml128 foo_sse (_ ml28 a,_ ml28 b)
{ {
float ¢ _ ml28 mask = _mm_cmpgt_ps (a. b):
if(a <b) _ ml28s=_mm add_ps (a._mm_one):
c=a+l: _ ml28 t=_mm_sub_ps (a. _mm_one):
else _ ml28 ¢=_mm_blendv_ps (mask. s. t ):
c=a-1; return ¢:
return c: }

(a) (b)

Bl 1 e e
Fig.1 Function vectorization diagram

H BT 7E76 26 b A7 1 e E0OR ] — AR JOAS 1) 4 AL B0 HE
PR 9 J7 2U AT 1t Ak, SR AT 3K O AN 2 L OE 19 R 40 AL
Karrenberg"®' 78 ifft 45 5. M B 26 7% JE 20 (SSA) T L 7 — Fib
FET SSA JE A I 4 pR B 1) 1t A 78 46, 38 ik B A 43 BT AR d
I 4 e 0 35 PR 4 4 M7 R o I 1] i b P B AT HRAE AR — By [R)
B, Li SEUSVE A TR T v B AR AR AR ey SIMD R B2
T —Fh 3T SIMD $5 1 52 3 4 pf 85 1m0 AR S I 1k . A2
FHSL ) £ REAS S5 = 4] A AR 4R Ak .

3 E:F'TFE—E'J-IEI_JE’J G 8 7 = 4 TR

FE TG TR R e B 1 e A 3 A S A AT A R
R A E AN TR N B o o T [ LR S NG = e S LA o4
T B (CFG) 4 P A A AR AR T AR B 7 AN B B, AR An ] 2
Fi7R 6

| miissanen kwes |
!

| HRRA T |
!

| 8 it |
v

| oA, |
v

| B |
!

| CFG% i1k |

I
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2 T 5 A B0 BR R B A R 1A

Fig. 2 Function vectorization process based on directive statements

3.1 BMESEBEARENZENLEIRR
o Ve 1 S RE OE UN 5 dAL BOPE B, A RE R AT S 4R
mr Al TAE. 78 C/CH +if 5 il o ] 45 5 0 ) ok 4
Ved B85 E AT m AL Oi Ak . H BT T 48 505 4 19 o8 4 m)
i AL T TR P A B e B R I B AR R B R iR . K
)Lj<H§II VM % B 47 1 clang 8 538 8] . R 55 ZE7E o K08
T R) T LE B A B b i L — R A B 00 4 S D T G A
BV bR B AT AT AT A T BIVRT X 4 B v o K ek Bi00E H 1 g 4
AT R, AN 3 B R, vectorize Cenable) 2 78 3 FH 1] &1k,
vectorize_width(W) 2R 5 B [n] 1 AF 47 #4519 50 B2y W, X L4
A xRl Gt 1A 1 I AT I VR PR AR AT 1) AR AL
#pragram clang loop vectorize(cnable) vectorize_width(W)

for (inti=0:1i<N:i++)

!
T

¢ =foo(a. b):

1
)

&l 3 s hnds Tk R IE 2

Fig. 3 Loop with instruction statements added

T Gt Bl R T G 13 4 T 0 23 1B A PR A R 19 # pragma
clang loop vectorize(enable) ¥ 4 I 44 I 30 Sy it 137 49 1]
Feak RO 20 W 18 T o0 B P A BT AT AR — N A
llvm. loop. vectorize. enable [ JC H 4 45 & 1 — > 4 Hh llvm.
loop. vectorize. width A JCEUHE T &5, HAH K gk BN true
W, KR IZEI B &5 dEAT m) A Ak, I B 48 & m) & 5F
AN W, 5 21 B JE , vectorize_width By H A& BUH
AR AR A R AT R . R UL 00 1] it T AR A T LR
128 fi (4n SSE #4411 #Y xmm 25 77 #%) Al 256 7 (1 AVX
AL ymm FFAFAS) . 1ELE P 0] 1 T AF 4 90 5 0, 7 AR
P H AR A BE 2% 09 SRR B A AR T R AT 4R B K

e g A sl 3 7 BR AR IRLAF (LooplD) 2K 2K UG 34
1) G B0 4G 39 45 llvm. loop. vectorize. enable B {H . VL & 1% 16
W B W EHAT R A . a0 5% 06 37 B AT 1) £ 4k, DR
Hom A i A6 AE 55 50 2= i, DL B2 %0 H R AT ) i Ak AL B
TE 1) B AL A R G i A 25 XA PR A N B A EAT AR 2R
BURR R B ) B AR 4 s DT SE B IEAT AR .

38 o R AR 1 ) HE AT e B Ak 1y Oy 2 SR AR RE S
HRAE TF & 35 1 48 S R AR 285 e 1) U O L 47 A 35 5 R AT 1] 2t
LA, I LB AR B 8 D8 A 46 4 5 DT 32 3 B2 ) i AT 2005
3.2 FiFik

FE ) AL, BT — S A MR e b R
X AR AT A DL R A E B A — D AR — A
5] 321 5 3 B AT DU % A7 72 ME— (1 G 2R header ,MfE— [ 1§ 2R pre-
header (fff #5 A (9 H0) FTME — B9 96 35 latch (— A~ NTE 2R )5 v
IR [ B G R AR B . BRIz S 38 4T I R B0 H B M — 2
X RS BB R R e ST AR BRAE T AT Ak
AbFE PRI, X a3 S R B AT AT B R R A Ak B R AR Oy 3
A F5 4 A L fdf 4 198 2 BE A% S A 2R AT AR RS AR Ak
3.3 mEXSH

R 35 R 38 4 82 B0 1Y JFAT M I SRR e 0 AT B BE
TE ] 15t 22 A 2 A AT 1) A Ak A BT L 8 X A AT
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3.3.1 ®mEHBRASE

TEAR 3 #1548 i 76 SIMID % A7 i L (9 R0 1
g 1 FTF A0SR AN A AR B A S e A A TR A 1 T
AT R ) AR R R 48— 9 (Uniform) . 48— {8 W] LLFE fif
TEbR IR 2P A7 an TP Tl S AR i 4R S HEATHRAE L X T LR I £
CPU 224 e (Y SEIR A% k4 FEF A7 4 LB 7 o 0 2R I A 5 41 3
(7] By R0 = A 52450 84 s B8 & L IR 4 1] A O RO
5 25 {9 (Strided) o W2R B A2 0 1.8 2 € 19 1] ik A ] 4R 3 2
L) (Contiguous) . X F L AL &, AT R H
TEAE A AR i F% 2 7T L AR S 2 fol I AR 4R B 20 /N A
ARNL B ), AR SIMD S2 49 ) 25 5 02 A ARG O B — 1
S AT 1 45 2R SR ) e TR A A A IR 4B Y ] o AR T IR B S X
551 (Alignment) ., SIMD i 43 52 59 A5 2 A9 1) 2= N A7 B 4R
R Ui )X S5 N AL E . X FR A TR AR RIER,
i FLBE oK B (UndeD , Jq 8247 50 B3T3 . X FAEARRBY
ST AN TR 8 HL 33k i 3 AT AT AT R AR A AR e o )
TR 5 N 2L B (Varying) . Varying F 725 B 5t 75 5 A8 B AH
VL ] AR e, BEAT ] A5 Y Is SRR

F1 IR R

Table 1 Vector shape description
Symbol Name Example Description

U Uniform (3,3,3,3) Pt A 55 ) B A A R E (A

Y Varying (3,9,8,2) N R e N i K M o
C Contiguous (3,4,5,6) S B AT SR

S Strided (3,5,7,9) L EAE SN

A Alignment (0,1.2,3) S 1 G5 & % &0 B S A FF
UD Undel Qiii R TR & A X

3.3.2 WRER

AL B e WA A AU AR 3R AU BRI R — i
SRS R ECE ALY 82 1 R SE . LU ] T RO
AU T H b B (BT R % 1 An 2R B 2 Ry R U e D
e R AMERY phi 3585 Alloca 5 4% . )5 RIS A1
BARBCREBR AR AT S5 5 BT B S m BB R, Bl st 7 —
ASTNEEFE 4 5 S BRI PIAS 0 vk 45 A A5 ) 1) AL TR IR A 22 T8
MR B S AR — A R E L (UndeD , W& 7] — A~
SE L (UndeD BFEAR . 485 46 A0 TR R 16 BAT 4 820 K (A 4
ASTCER Z [ € G A% 0D AR op — M RAEHOB IR B A
A MG 2 BTk B AL Y (Varying) TR AR H X 5524
PSR A B0 57 T FCBE 25 ) B RN 208, R P A AR O
ARABEA B 1C, U I k4 4 9 1) T BR R B 40 B (5 I
A RAEHOR ARG 85 25 Z D HX 55 0 BIAS A 0o 55 1
RRNE . KT REOE AR S 0 TR 5 8 5 i 5 R
BAR N A AR BB B WK 5 15 ok i IR [ {8 1 TE
AR g o6 R A 16 4 09 1 BRI OIR
3.4 WA

TEFE I T 2% 10 23 S A 75 7T R 22 5 B il it & i, A
XL 43 S AT R 227 A R R B AT R AR TRl 43 S A% 1 T g
X 5 6 S5 g B TR AL S S 1B PR L BT AT AR 22 3R
1o Dol GBI AVE AR ™ A o e 42 o O L RS (22
P i) ofe o A2 5 45 . — BRI DR S A
WRHERS AT I X TR R KW E A RS & — > phi

BRAR, HL AEDOR A I 3R B Bk AR A AR . B TT — A e 45
7 9L 30 ) HE T ey B AN 0 S T AR T B 9 ok A HE T LR T Y
O . B4 g3 th T8 3 IR S A A i — B 3R
ARITR, FEA A T, HA R B REIH A EAR C
JEEF R B, TEFREA THET mp 2 —A> phi BREC HA
B2k F B2 3k 3 Gnaep) s — AR A PRI Gnpen)
map N A>B IR S mp. s AP BB iR #E,
HERD 4 A 8 K M AT R AP B TR SR By SE B TE R BB N true
Ok TR Y T HETS . phi BRECRIR (R A7 A Y ) DR . SR
WRZIE 3 B—~C BB RS S N m s A I mpoco MR
23 SR A P Y U 0 R R HC A I A B
SCAMFRY A IR, B AY B TS R L T RET A  E AY 53 S
FAFIE L

my < truc

cp — -

MpA—p =~ My

pp—

¢, = phi(cs. ¢)
mp < phi(mp—p. ms—p)
myy; < phi(meg, 0)
r'c < phi(r., undel)
¢; < foo(ab)
condg — i<N
mp_—p < mg /\ condg
mp—c < mg /\ — condp
Meyic < My VMpc
re < sclect(mg-.c ¢ 1'c)
br condg . B. C
—

Me =7 Meyie

e c

4 T AR R e 4 A
Fig. 4 Mask generation and select generation

3.5 EEAEK

FUA RV 2h 52 9 25 SR ok 5 e kL 45 I 2 1k A
JETTRERY . FE T AT A B HR e R A A R T DL SRR 4y SR
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T R AP 5 00 2 A 0 20 38 A0 22 ) O 5 08 SIeIR 2 A (i, 3k s i ]
DATEAG 0 J5 22 A% v i F, sl 2R R Z AN A . Al 4
JiR AR i ¢ BRI 3R 06 BR(E , HZEJE AR L AL B, C Pl
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Fig.5 Process of function call point processing
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Fig. 6 Mask reduction and mask uniform true detection
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