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#ZE  SLP (superword level parallelism) & — 5L 3 SIMD (single instruction multiple data) [ &
W7k, YR ERE EUREFSHELAT KM mEMNTE. AW, L EEAHAT SLP mEW
B, AT F MEMBERNS AL RS TR, SHERA SLP mEhvat A TR HTH#E
FEEA, AXRET —METAEETEEE SLP mEARA & B4, ETHARBELE
BEHAMEARBERNARE, ER—FEANNAAHATAAE— P RERSEN, 2
9 ) E 2 E WM AT A R, T A E R EE T R A B A, ARAET R E]
HHEKRRIRA SLP W 2L ATF TR KBLUE B, AT # R 1EA) I I 2 T ¥ LL#EAT SLP 1 # 1.
¥ 2 7 A Open64-5.0 %24 F LI 5, SLP HE UK REFEABR . X gee-vect WA & + -7
B SLZE R AR, BB BT Open64-5.0 % 3% &R A| SLP BB A £ T GCC4.9, 5 Intel
ICC14.0 M0 &, A A HY [o] 2 ARG RE1E T 2 aT st 8 %

X mEhgEES, BTIAT, KB, A EE, T

1 515§

WA 2 AR R T ) S, AR AR P AR AL BE AR M0 1 2 AR JE, 4 Intel Y MMX,
AMD ) 3DNow! LK IBM ] VMX/Altivec 5. 4R1M, SEHLIX L L AR B 1A R E5 AN AR ],
AL EE SR N AER T SIMD (single instruction multiple data) 848K HETHASE S AL 7 114 #E. SIMD
FERAAL B8 F T4 i F AL PR 38 1 22 S b B PR R, T ELZEWE R LE Fr U 355 5 A BERS (DSP)
PAS KU AT AL B 21 p i A9 380 77 2 RO R1M, BT P R 8 2 AR e SR H AN R,
ToAEA BRI L R SR R PP PR e, BRI 75 A B 3l SIMD  [m) =4k R 5 Bl 7 i e PRI A
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T B KEFE T R 2 AN R o e, BIAS () %) 5 30 X3, AR 8 4050 5 2 %o 5 26 3 X 45 4 Fh A
JF, E ISR VR B A AR AT ) A IX 3 St 1) A

B ML AR T AT (superword level parallelism, SLP) Ak 4. X FhoJ7 ki@ 4 50 ik 47
HAEFT R RS, FHAH SIMD 484 XX L8 AT #e 1, I = 2 AR R RO AR 5 Hp (1 R R 1 ),
XL [F G A o AL B BERAEAR R, JF B SALE BB E RO A R B 2R, SR 5 f X e
[FEFE A AT AT AL G 248 2 — B HAT. SEam s EA b, B I AT I — N s EZ R Ak
e REEAE AR 7 o B AT PR/ N BOE I L T TS RES A 80R F 2 SR e St IR 4T, L St lnl &
W75 1% R TERE P HRAZTE KB R T MR A BEEAT ) L.

JUFHT 1 7 A AL B 2340 Intel ICC, GCC, IBM XL LAK Open64 %5, #8SZHL T SLP [A)
B, SR, TESEBR R HO R S SLP [l sALET, HACRAA R+ 8. S R, X2
F T 1) Ak G 126 2 RO AT [l AR IE A ) e A i R i TR S, S EOLRS SLP M EA IR 1A R,
B, N TIRIHZEE ST, ARSI — P T R B ATIAMER) SLP [ iR B 75k, SLP (A A5 iR
SRR, E BRI G IR AR OC R I AW I R, AR G010 T3 1 1 S MR A0 g X 2 SR A s B 2H A4t
B, 7 SLP [ 2= AR B, P AR 48 BO2E At P ) e v ) e PR, 33t A 8 ) 22 ) PR AR % 2 4
PEIRAE A AT DA R Ak, S 5 v 75 B 8 3 1 A A A st P A R At 1), I L e e 3 g 1 3 R 3R
B ARSI B RE AT s, AR S A, T HLEDR n Regs T RN 7 T B RO & DL S B R
BRI A8 43 T A

RN S RIXANER S, B S B B R IR B A 5 R AE R K AR IR TRl AR
KARE, FEIR 5] SLP [m) AL IEERE H T3 I 1% A s, B R 5568 A R i A5 5| B B s A
BT A Tt e 845 2150 SLP [m) &AL B b 75 AR5 S, AL T A SEILEFE, i AN 2
B BRRYE, ARSCH) 3 B ok R AT,

(1) @Y B A M R T — B A AR OC R I, A % A I TR B0, 35 B A R ) 2
] A G Z A5 2., T84k SLP [ S A0 R 5l it 2

(2) FEH T — BT %A B YT A BRI PRI SLP AR 7 vk, ARAE T A5 B )]
B SE RAEHE AT INA SLP M E=ALAT & AT S 2

(3) 7£ Open64-5.0 J 25 1 SCEL TR A EIR R T774 1) SLP M &AL 5E, RIEHET T Open64-5.0
YR IRA I SLP [ EALIIRE /T,

(4) FIFRAL S5 1 Open64-5.0 4 BF a3 4T SEBR M FHFE P HEAT T IR, 45 RFEARAL S5 Open64-5.0
U400 SLP [ EALMIRE/IE T GCC4.9 Hiikds, 5 Intel14.0 FiasAH 2, X4 N HFE T, FIH
RACIE ) Open64-5.0 Zr k2% S8 SLP [al & Ak, HAE AL T8 Mk g B 25 A0 4 1 e p 0.

AR ZH TR : 55 2 74 Open64-5.0 niEdsH SLP [l &AL R 1 FEEATHEIR, F 1) iR A
FEENHL; 55 3 5 48 e R B 5 4 Ak st P A S T B /6 2 S A A A A5 B I TR s ok R TR 26 4
U BA e R A A S R IR SLP Ak 5 5 TG SEIRAE I, X seIe g5 BT I g,
506 WAEARR AR, 2 7 R AL

2 MRBERS5
2.1 Open64 FH SLP [E=HiR7AHFE

N T WAIE PR R SLP 1a SEALIIEE ST, A gee-vect MIHRER HBENLANIN 7 100 MEEFFEEAT 13
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-

155, 49%
113, 36% 204, 64%
49, 15%
Vectorizable Potential vectorizable Unvectorizable

1 % SLP /532 /a8 Open64-5.0 [EEiR AL
Figure 1 Observation on the SLP vectorization of Open64-5.0

R, KRR RIS 317 MER, WAL R 1 o, B 1 el VR, RA 113 DME RS
B Open64-5.0 F A% IEAA IR T A il fm) S AL ).

X5 HA 204 AR BERSA [ BACRIIEIA AT 0BT S5 R, 24% IR ASTT LA ] B A (E A 4
AT SLP FEIERRA, 76% & IE I EAL K B ATIEIA. I T LAE Y, 2407 SLP S0 ] [ 4k
TEA R AT TR, SBOLRA SLP FEALKIRE A L.

XFF—AMEIR, e g HIEAYOE R REM R By SLP M EAL, T2 2 Wil 7y b FE A
PRI ) BT A5 s OB 8 1. an RN 51 A A5 T R A5 5 SO, BAE A SR AR 8]
BUAFELIIE, A7 A P BN E] novect ref set £, G T IRAF AT
MBI, Y novect ref set & FEZH T 2 IS B AT N BT B BUHAN B e bk 21— BB
I, ZIEAYUR IS5 BE1T SLP A &AL

AT SLP [ EAL R — e . w56, EEE N novect _ref set BE T, KT E 51 L
I, Wt OZ AN R R AR, e b, AR B AR SLP [ &AL, (HE, —A
St IR G 1 2 1% BE 08 7 TR IR R h BEAT & 204k, O i T SRR AT R R BT (. S kgt

NFEMAR ), AH 2 S A S, AR AE 5 T B IS R L ik, RO AR A 5 40, w2
BIMAZE] novect_ref_set LA, 1M [ 5 75 A7 a5 78 [ € I BE, IUA IR R RE A 2% P& MMirE &,
B E BB E. PR, /2R SLP mEAL R, RO B B Mo B & i Sk 145 2, LSk
IR FE AT K B ) MR, SR, AE IR SLP [r) B AN 2 3 s AN 7R 2258 FEHUAH 2 11485 75 1ORE,
1117 HL3 75 B2 R A MR ) 1 ) 22 18] T A AEAR MR « MR AT 17 / ) T AR &8, X 4815 S AR M Ak
AR RS

2.2 AR

HCZH MR P A AR AN 1 SR S oK (R B2 2 ] R g oe 2 1 AR kR [ 5 4 2 T e 75
AFLEMAE, 5 RE AT U 3 REE 1 52 12 OB PR A 105 7 O B AE A TE L. W 2(b) 2K 2(a)
Fion AR A 2R A 1], AR mT DA SR B A P 5 A0 2 TS5 B, I MR AR . S M i R
EH AR S T L 3 T P R s A R A R A . R, AR SLP [al ALY, B Libf(E
b, T B RS AR MR AT R A A AR OB 75 B SR AR T8 AR
FIRE I 1) / J [ AR, 3 A eI L 0 B 8 A AR R R e
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VA S MR A S AL A P 2 HE DR T ) 2 TR AR O AR . T T 2(c) 2 2(a) BT AR
RITE AR, R SLP [ &AL —Fh A ROE R AR M BO i A RO &, 2 J50H 15 B R 2E L,
M B P SR TR A JE TR e oA R, T vk i B A2 i 5 4 Mt P R ) K
B, I H 75 A P 1 A rh R B0 AR O B A ANTE 5] 75 A, AR 5 s, T HL R gm B8R TT K
N G35 B S DU B RS ) R B A 20 7. DRI, A S I iy — A T SEEl A
Zy BB FIAT 17 R RS IR0 1) AL BT 75 O AROBUE 2., JF 2 T R e A

3 —HMESBAEMEFERREIE S RIREIE
3.1 MR RIKBXRE

FER 2(b) W, w RoRE S AL, r RS AL BAR, 1A S1 M 52 Z [AAFAE M, —
ANEHT 1 ) FARK e, 53— DRI 1A HSRAKH eo. #2 MR ATSEUD) SLP M EA LR, &b
wy TR, BTARE K w) RO R eq, HAZUIGOIEIAE T BACHE, DI, SLP 5k
LKRHEN 1 HOVE SURIE A novect ref set S5 2r; H2 FRAKSEAMHT wy 4 24, b T RA77EDA
w2 %ﬁjﬂ/)ﬁﬁ E/JWW@, 1H3 novect_ref_set %ﬁ&ﬁ%%ﬁ Eﬁtaﬁ%ﬁ%ﬁﬁﬁlﬂ@%%lﬁﬁﬁﬁ, ﬁj\*ﬁli
REEH. HIT novect_ref_set BEA T ICRANEIT S BB T BME, G IR TG SLP A s AL

BARZIS TR F BB E, BT ey 5RO E Y 4, BRELRE TN TET 4 1, A
MNAZHs wy Fry MO novect_ref set 9. BEAh, KA e WA B HT, BIAH LS novect ref set 2
B ICERN S P T RSB LB A B BE B, TORAZ A IR T BE4T SLP A& Ak,
A A 1) B AR R AR I, PR IR P AT ) AR AR, T AT k. BRIk, SR RARHAN
SAM SLP [ ALHIRG, (H20 A AR ™ A F . R, & Z i AR & 2(c) Bros. iR
P DA 1) R ) B A e B AR, AT R ROZ R AR wy T, AR S WA TR AR, T
WMEE B 4, novect_ref_set BT HEHT; ey IWHERAVF AN A 0N wy A vy 98 T wy 59
AT SSONTER) ST, ro T RIS SUNTER) S2, FEIE A R AZIEM S2 B S1 M, PRt
AR R Z AFAEMRIIS; 45 T RAR G D S2 HHIEEA T 5, 4K eo TURITR AL rs, WNTIHE S2 ] S1
Z['ﬂjﬂfiﬁiﬁﬁ, %Eﬁﬁj\*ﬁ wa, Izjiﬁz':fj novect_ref_set %ﬁ*ﬁ%ﬁ/&ﬁ%ﬁ%%ﬁ ilﬁtﬂﬁﬁﬁ%ﬁﬁﬁﬁ’]
AR, Al R A R

BRI novect_ref set 2 IUENECN 0, —E/NTRERIBRE, (E/2 B TAAERKEBIR, g
I EIATIAG. TN S2 B ST Ry SARKAS, MR Hh R S s AT a4 A2 BV VR B, BRI
XA REAT AL S5 A5 BIRE A0 B 2(d) P, BRI AROIER O v Bk, AT A= jle LEAff 1) 1) AL A KRG

N T TRIAAZ 5 i S AL AR P R, ) R 1 P rd R R A A, AT TR e 8 R kg
BN 2(e) Frow, LRI Bk, Q@ K, PR B S S 22 s 5, K
FUEL b g J T R — AN A [R5 RO I Tl 3, A ) — 2 A R BT s LT IA L A2 R R
SR R AT ) 23 B AS R R0 I 73, TR DR B SRR R ) — 2R TR R AN B R A A
Ve B AR 20 D - i 0 7 B R PR OR . 5 A R R AR AL W] RE S T R ARG A% I v A e
8y AR D T BATIE S T 0 b I R R IR R 9 R i RO BT 1 R X R
SR 7).
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for(ifO;iiN—.f.;;i++){ @ @ @

ali +4] = B[il; PN
Al=dil+ait8: ') T @)
©

}
(@ (b)

for (i=0;i<N-8;i++){
temp= a[i + 8]; /
afi+4]= blil; i
c[i] = a[i] + temp; i

}

(d)

2 RIS R EA R R X R [E 3 EERMEAZENY RKBXRE
Figure 2 An example with its dependence graphs Figure 3 An extended dependence graph of arbitrary

statements S1 and S2

3.2 WiAMSEENIRS]

ET Y RO AR KK SLP [ b i R an ~. X iR gI AT & ey A rg, Ary B vy 74
ME—TFIIKERAR (r1, wy, 7o), AR ro B ry HIME—BRAEN (ro, rs, wy, r1). WMHIJZ L AR BT
M oer M ey HELFESRAT; HE T IK R B AN E R Z [RIAF RO 1A i Z R T A B A il i H.
OB S 51 A wy, BIEA ST 21 52 NI, A 52 I S1 MR 1M Rif A s 17 5 2 I a] A
AR FJHAT N5 5 AR5 170 2 18] R 2R AR 2EAT P . DR A R MR ok 2% T T RAS I AT e B2 (K
UG R LAk, 54 GEH Setly dih f OS ET FREAT HE DT B L, 1207 R SRR NE A i — A
B AL, RORBD 1 3 13 9 s R K, AT fag AL IR I R

4 BT RAKHXRER SLP @EHIRA

FERE P AR OB IR S AE me] BE R T F ), Bl fele T ARG, g R T 8 5K
0, Ja ¥ e T R TA] AR

4.1 EA)EMKHEIEY SLP [EELIRA

R TAET U, ATELE 3 A, XHE R ANE R Z B B 5] T S TR S (usy ey um, v1, -
). AT AR AR S G T A A X U TR w (1 < i <m) vy (1< 5 < n), uy RHIA
wi, v; WAIE wo, MR IC R E S, PIANTEA) Z B AR 22/ — 2B A) 2 R R T h 5
NEE, TR, 9% I oy S1 RS2 Z AR 0 8 20T wy B we B Z—, B4 w; ATk v; M HAY
Yy, (ki) ATIE g, [FIBRATHT v AIIE w; 2 HAY vy (1) P18 w;. BHIEWTAT, E50 4T SLP A &AL,
RER B B A S — g AT, B wy A oy T DURA E MR R, 1T AS P 3 [ 4 30 49 45

TE 3 M A T HORC 2R B T, 75 B 9 73 i [A) ) MR EAT BT A 0~ SIMD ) B AL 171
&, IFA R 2K T R T AR T, AR TERLE, XA S TR AE SR [6) AR T UE
BH. T AR R B mT DA R ARSI A o, AR A BT R AOR PR] F I R 2 AN ) R 3 4 T R AR
it A5 HOUE 5 105 5, DR, FRAT R & e Ho R T E AL, FEET L 2 I AT R 4K
358 ] R B AR B AT B2 R, AR AR A [ S 43 B P T R T ) R PR S RO R T
HAfE B, Rk, AW e .
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FEL TR A w (1<i<m) Moy (1<5<n), TR w; 713K v; B vy AAIE g, B4 51 H
S2 AlUAHEAL, 12 S1 FIHAT L AIE S2 2 HF.

WERR 26, vy ANATIE wy, IBAANAELEMN S2 B S1 BIHGE, 1 w; PIIE vj, B S2 KT S1, Bhif
BB M.

(1) JRFERFHh S1 JePAT I S2 JE AT, 4 I WO EE 2 N JC MO, 222 N i 1) G 455
AR, [KIE S1 A1 .S2 AT PAjA) &AL

(2) JRFEF R S2 e AT S1 JEHAT, B4 S1 5 S2 Z [ B0 & 2G5 7 s, 75 MIA7AE
MoS2 B ST, 5 v; ARNE w FJE, IRIEAOBR A EH W) e S1 5 S22 8] B0 4754
PRI JERE P (18 S, A4 5 I A B AR A0RE A2 BT R0 A0S, DRIt S1 F0 52 AT BLIm] &4k, ki S1 78
S2 ZHIHAT.

ZE AT, M w; ATIA vy Hovy ARNIE w; B, S1 A1 S2 AJ PR &Efk, (2 S1 ATIE S2 Z AT

EIE2 X TAREN A wy (1<i<m) Fl vy (1<5<n), R w; Aoy AHEATIE, H w; fl oy Z [BALF
TEETE wy BIERAR, A4 S1 A1 S2 LA &AL, 15 S2 ZidHAT 1 s 2L

MEER  w; A1 oy FHETTIA, UWHER) S1 A1 S2 Z [EAAEMCHER, T Bd e AEAE A wo 1Y
FEAE, UAREAAELEIN ST B S2 B R, AFEEM S2 B ST A, B4 S1 A 52 Z A
IRA G M S1 3 S2 BRIy BRI, 1A S2 21 ST Z 18] AR R SRR, =5 8 SO, 1tk
B 75 i 4 i .

(1) 40\ S1 2| S2 B EARFE NG TC AR, S1 e e S2 2 AT, B4 S2 2] S1 Ak
DL ST NS AR, I HLZ SR AKH N S5 1) S RS, 4 S2 AT UL, 55 0 2 S5 1) I AR
R ST HATIEA) S e, BT A AORS5) A2 BT R A0ORSE, PR S1 F0 52 W AT B A

(2) M S1 B S2 B EARBOATEAIE OIS, Wk S1 1E 52 Z AT, H4 BAKH-Z /i A 1),
1M H 52 2 S1 8RS R P IE IS OB, T4, Jext S2 3T 2L, H¥ 0 R Ja i Ak
T S1 #HATEA) RS et v LA AL S1 FT 52

(3) W S1 1E S2 ZJEHAT, 4 52 B S1 B RAKBZ G HOBLN, 22 51 F 52 7761
()2 A e 3, W] DBV ) A 8 i e ARG 2 45 RG] R

(4) 4 52 2| S1 BIRMA ARG TG RMAN, K S2 AT SR, FRR R S5 B SO
5 S1 AT R A AS#, TR A AHORSAZ BT IR e, DR S1 A S2 ] DA &4k,

ZEERATR, Y u Mo ME AR, RS wy FIERAARE, S1 A1 S2 A Lha Ak, (2 52 Ziidk
1T R 2L

T EE RN, fEHE w M v, Z A BIEER R AT we I, Jo e i I A BRI, R M E2H
R AT B TS wo RS AN, TS B R AL 15 20 A R K, J 55 H
TE wo AR NGRS 0, RIFT UL BHAZELIT wy AR

EIE3 A TAEEN A w; (1<i<m) Al vy (1<5<n), WIER w; F vy FHEAE, BFFAE M u; HRE
v FIRE w; B EATT wi B wa, B4 S1 A1 S2 AT LLR EAL.

MWERR S5 2 MH[E, i50) S1 A S2 Z[AMFAEMCIIA, BT M w, R v; FIRIE] u; KRR #S
RRAT w BET we, Bl u; ARREE w, Bk S2 15A), 1 v; REEEIE we FIA S11EA), ULEH S1
A1 S22 8] 35 9 AR, 4T3 75 2% R P A G 4.

(1) WA PEI I, 2 Tei A WeiE B FF, BT [F I A7 LR S ) B PR 45 5 AR, DRkt
B S1 1 S2 Toikm Ak
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for (i=0;i<N—4;i++){
ali+4]= ali];

1

5

(a)

for (1=0;i<N—4;i++){
temp= a[i];
ali + 4] = temp;

v

5

(©)

for (i=0;i<N—4;i++){
alil= ali+4];
}
(b)
for (i=0;i<N—4;i++){
temp = ali +4];
a[i] =temp;
}
(d)

4 ZHBEBEKBHKERG]

Figure 4 Self-dependence cases

(2) QSR RE VG AR, T4 9 2% 1 ) 10 1) BT A MRS 30 2 10 A 485 i 40t L o] DA 46 It
J-, ST B ASE A 4 1 ) AR T2 B 1) ) ARG, PRI S1 A 52 Tk im) &AL

ZE ERTIR, 2w, Moo, MEATA, BT v, WS vy FIRIE] u; KRR w, el
wo W, S1 A1 S2 N[ LAE &AL,

EIE4 A TAEEN S w; (1<i<m) Al vy (1<5<n), IR w; F oy FHE A, BTN v HRE
v; FFIRE] u; BIEIEEES RN wy A wy, A4 S1 1 S2 ATLAH &AL, (2 S2 kAT s L.

MERR TR, 6] S1 M 52 Z EAFAEREIEN, HT M u HRE v FIRIE o K
#HRLAEE w, BAEE wy, B u; REEEE w, B 52 4], 1M v; REEEI wy Bk S115EA), B
S1 A S2 Z )35 09 S A, AT 75 2% E& P A A% 130

(1) BAFAENGIRTCIMAIRT, NWHR B S1 B S2 FIKIHRIGIA T IM, TRA¥ S2 #4775 M3,
HAg 7> R JE B R S S1 3T IR RIS, WA B 1T 48, el 51 A 52 mf BLH]
1.

(2) 4 RAFAENGI T WO, PR 2515 ) # R PE P51 O, HH T I 1B ) 28 e B i), AR
W ST 3| S2 OB RTIRY, K 52 #HAT W SR, IR R GRS ST TR S #E,
DU BT A7 B AR5 D9 i e 486, BRI 51 A 52 AT AT EE AL

L ERTIR, 2w, Moo, MEATE, BFFE M v, HKE vy FIRIE] u; H RS R w,
wy B, ST AT S2 v AR &AL, (2 52 ZdE AT 45 2L

EI5 XN TAERET A v (1<i<m) M oy (1<5<n), WER w; Moy, MEAWIE, A4 S1 A1 52 7]
DA EE AL,

WERR  w; Aoy MHEASHTGR, Wk 2 S1 M S2 Z [HARFELEMCH, A4 LARFR 3047 S1 Fl 52
HONG A FE SR AR, Rl S1 A1 S2 AT LAl &AL

4.2 B SLP [EELiR5]

WA AR SLP [ AL, BATHRIE TR s, BI™ A MR A mU& T A AN R R 1
). BRI, AESEPRN IR o, T BEAAAE OB R AR RS 8 T A — 2 iR AU RO L, BRIk, A5 30 X A
TR OLEEAT AL

HREME 4(a) A1 (b) FistUhs 2 B SR PR E O0, U0 R PR DL SE it 1 i 2, A
PR D0 73 39 e e B 4 ) AT (d) BB DL, H R HORR Pt AL MO S A e B, (AU, iy
Ja AR S A 1Y) X FERURE B SRR o1 B A IR D0, ERIE, A 4k e 2
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FI6 WAL wi (1<i<m) BT wy, WRAFEM wy B u; MIREL, T4 4 51 KL
R L.

SERR WBAPIEM wy B u; BORKEUL, T4 56D S1 FETEE]H SIOTUREL, tE 4(a) B, 25t
WAL SR, R A(c) B, MO 405 AR A RIBR, ELIT A i Jo B, HUdh 23 3,
S SO R P AR AR I R, B S1 R AT R AL,

FIT AR wi (1<i<m) BT wy, WRALAEM wr B u, HfCHL, FATEA) S1 7T LA
L.

SERR IR A PR i

(1) WBRAEEM w; 3wy (ORCHUL, FATER) ST RAELE E Bk, M4 S1 T BAFIRHL.

(2) MRAFLEM wp 5wy HORKHL, T2 4 S1 474651 B iR A, iR A(b) i, £8id ¥
SRR, A A(d) BT R4 A2 IR R, IR ELFA O RIS AT 1 e,
B, 2t A2 R BB E AY T LA R AL, B 51 AT LA R AL,

5 SCRuIFAl

N T IUEA SR 1 77 A R, AT FRAE Open64-5.0 ik ds LBEAT 1528 B %6, XFHLy
HrUAL TS Open64-5.0 %1 #5117 SLP [ EALHIRE N, SR)5 1 ELEULALJS /T Open64-5.0 2% 5
GCC A Intel ICC Z[8]RA SLP [A EALIEIA I GE F1, fieJa I8 I LA SN A 1 1) B Aok U A 3
TR 5 VA AL IR Lt 75 D0 T B A e A 2 198 2 AN B fIE S0

5.1 MLHETE Open64 4RiFERATIRAEGESIFTLL

BAVRE T 15 NIMEF KX AL AT IG Open64 [IRAIAE ). X 15 NMIRFEFE S 7RI /5
AR 35/ RAKIRY | I /TR MK B B /A (R AR DL R AP TE AR . e 20 2 15
T BAL R A S BIE L, BENE SN — N PR AE S B AR HOOC R AE LT IR I AL RE /g, TR
gk 1 por, Hd, BRI O AR A AR H | original-Open64 R AR Af FH A SCHE H
1) Open64 4mPE#s, M optimized-Open64 KRS T A TTEN Open6d Jias. JiFEIN -0O3
-LNO:slp=1, S5 H RN 64 AL 8%, HBR M BT A KRN 256 Air, Bl &1 4.

PR 1A 15 MR, RO Open64 #ITGIER H ARG FFAT IIEFR, WA ST R A )
MR 12 MEF AN EA, X5 3 6 Fritid mE oL — 2 T HAh 13 MR
F, RALJE ) Open64 #R ] LA IE AR 53 5 A2 B E A A ) 4k A QL.

Hodr 8 15 MEF R EIRAE S S R IRE. WEE 4 WA ER UMENRE, A 520K
e B, H9 b, R N 20T, A HOBEE, IF B R B, BT AR A
TR, ARRALHTE) Open64 A REXE AR N IR AL BIRZFE P SR M2 #8  FLAR, (H2 50 o
HRRZ i o PR, T o BB Y j IEFRIEAR, PTEIUZ AR, BRIk, 1288 e AR AR RS
W, RAJE ) Open64 92575 18 1 R J2 X8 m) 24k B 52 0], 7 AXRE SEBILINE X S i gk AT 1 40 #,
BRI AT AR S RANZAR . 32 1 IS R B, AR 7771 Open64 24875 SLP &4k
EEWAESEIDN FI R oA

1) 3 BUARSE i AR, DR St A xe o) A AN S 7 A S

317



RATESE: T A B AT A YR SLP [ B A IR 7 %

x1 FIRSEFH SLP EEHIRFIKILL

Table 1 SLP vectorzation detection of the hand-coded programs

Item Kernel codes Dependence types Original-Open64 GCC4.9 ICC14.0 Optimized-Open64
1 ali +4] = b[i — 4]; Cyclic, true dependences X X X X
bfi] = ali];
2 ali + 4] = c[i]; Acyclic, forward true dependences X 4 v v
bfi] = ali];
3* ali] = bli; Acyclic, backward true dependences X X X v
bli + 1] = c[i];
4 ali — 4] = bli + 4]; Cyclic,anti-dependences X V4 v VA
bfi] = ali];
5 ali] = c[i + 4]; Acyclic, forward anti-dependences X Vv Vv Vv
cfi] = blil;
6* ali] = c[i]; Acyclic, backward anti-dependences X X X v
bli] = ali + 1];
7 afi + 4] = b[i]; Forward true & forward anti x v v v
bli — 4] = alil;
8 ali + 4] = blil; Forward true & backward anti X Vv v Vv
cli] = ali] + ali + 8];
9*  cli] = ali] +ali +2]; Backward true & forward anti X X X v
ali + 1] = bi;
10* ali — 1] = b[3]; Backward true & backward anti X X X V4
bli + 1] = ali];
11 ali + 4] = ali]; True self-dependence X 4 Vv v
12 ali + 1] = afi]; True self-dependence X X X X
13 ali] = ali +4]; Anti-self-dependence X 4 Vv v
14* ali] = afi + 1J; Anti-self-dependence X X X VA
15%  a[i][5] = bli][j — 1]; Multi-dimensional X X X Vv

bli][j] = ali —1][j —1];

5.2 5 Gcc 1 1cc BiRBIgE XL

AT P IUEAR SO VA REE A RGR A SLP M= AL, ATEARLE ) Open6d 4uifds 524
B M EA g RS GCC M Intel ICC A EALIR A EE TRAT LU, AT U A S kS
YT A9 A AR AR UM SLP RE AN [E], AT SIS M PRAN 7 T i2E AT 56 0E

5, BAWHMEAIX 3 NMmEEaat 5.1 /N F T9a 5 W/ N2 AT I SR 190 PR IR A 4y
A GCCA.9PHI ICC14.0%), #ZIX AN G 4% H AT SR IR, NS5 UL 1 frR. GCC4.9 %t
BTN -03, ICC14.0 wiFiETN -0O3 -vec-report3. FHAHH “ Fric KIFEF & X A g ik 2s %
WA SLP A &AL, (BA SRR AN SLP Rl EA AR 7, X T AR 7, JATH I 28 51X 19w

2) GCC 4.9 release series changes, new features, and fixes http://gcc.gnu.or g/gce-4.9/changes.html.
3) Intel ®C & C++ compilers. http://software.intel.com/en-us/c-compilers.
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B IR BIE SO R, R, S ST R IR B o FRidFEFY.

L IR o BRI T EG 5 AR BB A AR S, (RS R B AN IR . i,
FEFF 3 F1 2, S LIXAFEFBR T IEAIT AN 2 4h, RAA R S AR, FATAERE T 3 T UdE
LHAE A E A KA 2 (R, 2 RARATgR 4110 TR 3, 1 GCC M 1CC #ok RN
AFA R, HBRAPEFRRT 2 o BRI B SO/ T 4 BF GCC Al ICC WARIR AR AN AT [ &AL,
TERTEET 4 BB R, 3 0B 1 g B a AL 1) T R A A7 2R KB 3A R 256 67, MR 25 A /T
1) £ (R Iz OB AT B, G0 4.1 /NSRS BT, AR SO R M E AR K B R &, 1]
DL 256 7t m] DI IE H Anik R40 B3 B oA 512 A ATHE 7, IXRE, B 12400 iE 55 /N T 1A &
LR, BATRFER AR AR M Ak, 784 R B ARG, T LS 'S 51 T4 6, 15 1w
(91 51 R 75 4 R ARt R B 3k AT [ 12 23 A7 P A (R A A7 R PT 48 A 0 P AT B TR I AR, AT mT
DAAE B R ) B A AR RS,

FREMBA RG], T 9, SHXRE R 8. AR, T KBE /N T 4, BP9 WH
B GCC A1 1CC 1B A, T 8 WIFEE# 3 MmN T A Ak, FRATHI 4R BE2% 2 7l %t
FEF 8 F1 9 AT T 49 s/ 3 B R)AS e 1015 A7 A7 2% N A R A7 S LA TR G FR R 0 e T Ak, 4B
RV, GCC Al ICC G i as Homnt ) R 252 A AN /N T 1 Ak R TR W BR KA, 1 25
FELANTT Aoy WEAASHAE AL, TERATIIR A 7V e A T X e A, AR 1 A 2R B AR
T, R RE ) T .

TR, RS RIX 3 NIRRT gee-veet WIS F I BAMLIHEL K] 100 A5 (1) 317 ANEFR I
TR, X 100 M7 2.1 /AN ETIEEURB]FAHA]. gee-vect MIREE R GCC SiFds RN Rt
[ AEMIR AR, FThRe 2 T I i) A2 B 2 IR R T ) AL B 0. 2 DR R B 250 S
FEFF, R s T B R BRI ¢ 5 HE S B4 DL R R B0 FH 45 % P S B 82 A BT B i
T, BERE ARG Hb S B — AN ) B A G 12 28 IR S AR 0. FRATTIEH 100 AN B AR AR 7t 45 31, %
X 100 MEFH 317 MERRBILE R UK 5 fror. MEHRAT UG H, ARSCHEREEN 46.37% TG
PN SLP &4k, LT GCC4.9 [ 41.64%, (HAK T ICC14.0 [ 55.52%. {HAFERMZ, SR Z =
REMEIRR, cCC4.9 TR T M EASNZIEIR, T Open64-5.0 F1 ICC14.0 S T8 4 JZ ISR

R, X ICC RERS IR AN M Ak, 1A SO ARG N A s AL R HEAT T 00, RBLA SO
PARERS IR AN SLP [ EALHITERA LA JL3S: (a) while J53F; (b) & SRS 5] I TEE; (o)
VA N R B IEER; (d) M EIER) TS HIHEENIERR. X T8 1 ML, Open6d 7E3 M2+
LR BT A I e 4 AR E Fortran DO FEMHIIE R, A L8 while 41 F5 J0 124 i 4 pSOX P i B, 17
BENS 0t B I % e (V0 78 R U ] LA AE AR A, 58 2 R, 95 K B3R 170 40T 1 il i, AT 2 9
Open64-5.0 4328 H & FI NI AR, A FRAY &, BRIUAFAE S o G5 A R FIFR £ IR R A R 0 %
T35 3 FEOL, TEIA AL S R G H W A R pow IR, X T X e B0 i #2, ATk
HELAN sqrt Ml square PRECHEAT IR, N0 E SRR )G — MG L.

WIHTSCHTIAR, GCC A ICC H ARy 23 T g m &AL SLP [l &AL, M Open64 48 & SLI T &40
) EAk, X TE A A A AR B R E IR, FRATE R B SR SLP [ Ak, (H M X X i A ik
ITHT AR TR EEK, T Open64 A B (F4L Gt [n) f AL T B8 o] LUK LR A ) Ak, JF AR ZHT4T 6,
[AIUEAE SLP BB A AL IR BB B, BUH T XX FHE A1 SLP [ iR A, 1 A 4544 G m &AL ik
X5 GCC M ICC I —3 BATE Open6d HAE S A1 FAL I TF 4T IT 3 O IX 100 MFE

4) ICC14.0 REWXRESF 3 S AR 73 (A1 AL, RUSREXHZAE 7 HEAT IR0 Al AL £ ELHEFF .
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Figure 5 Comparison of SLP vectorization detection by optimized-Open64 without the reduction operation
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Figure 6 Comparison of SLP vectorization detection by optimized-Open64 with the reduction operation

FPHEAT T R, BERT, AR SOV RERS IR AN Bk B 51.10%, AL Rl 6 Bk

AT DL B, B AR S EAE R B R 2B 1CC14.0 IRBIMAEL X FIX 3 NMmiEasEiL
EGIN A A PITE IR, FRATHRHEAT T 007, 5 Rl 7 . 85 1R, BATIGBERZ T while
PEIR S BRI B SE MR BL S H, T GCC AT ICC R4 58 11X S0l /e AL FR MR I RE 7 b, i
TRATF A H AT 2 BRI DU ) B 25474 W BE AL E S A AL, RefS 7 — oG IR R4
FARI I SUAT RES AT M AL, 1 GCC 4 BEAs 7R IX 5 TH SEIAFIE A 582 I AT LAE H, AL
PR INEEAE RS IR 4 FhR PR B0 ey iR o ) A A AN B, BRI IR G2 255 e 0t i
SELFEIE AN SLP I, ©45 1CC14.0 FHH.

5.3 NAEFE=ELERENR
AR A SCEE H 0 5 5 Sz b R R R AT AR 4, 915 1CC14.0 A1 PathScale5.0%) g P 45 2E ik

5) PathScale EKOPath compiler suite. http://www.pathscale.com/ekopath-compiler-suite.
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Figure 7 (Color online) Details of unvectorizable loops

MRS REHEAT LA, BRI Z Ab, JESEIL T Liu 55 71 32 H B m SR 50 773, SEsexf b ik g i ikia
ATHRATREIT, FEIC SR PATIS (8], 28 5 R AR 5 6 R0 BB ) LR g BF 28 AR A0 S0 b AT AR RS 26 A, A
TR R FE P IR TR R IR Tt

KA BISEEIEM R B, R M ENIF LM &4 T, H Intel ICC14.0 1 PathScale5.0 4il¥
FRATREF JFiC I T 8], SRGFTHF R BT OR, 10k m B FE (I AT ), Lok, AR Hhdp 3 48 4
BEO AT RE 7 H DS As AT IS [B), 2R 5 P AR SCHE H B VAT Liu G642 H 1 5208 SR AT 2 PP A8 4 Ay ) o
RER?, A B ) A ARG A 25 Al 2 B 28 S R IR 12 AT, il IR AR FPIg AT I 1a]. 9 il 5 )
I b, FEEAT bR, Seae s A ) S AR R AR — AN FRET #2757, — AN K2 OpenCFD #2)7
M SPEC2006 1 Nas Parallel Benchmarks JUREEFHET 16 NIEAEFR /7, 1X L83 FHAREF 1) BAR(E B
i 2 fin.

GCC4.9 FARMAK) SLP M &S EEX IX LEFR 7 I A TCPEREFE T, R AT AR 45 H X R 5 V1

XIT FET R, B g e de MUELVELE /0 SOl e SR INE, #0HDE AL ORI A JAKH, T
WHREE B/ F 1R B R 7, AR SO VR RE S Z G PR IR B N el s Ak, 1 Fefh 7 vE N et AT R 24k
Rltk, ASCT75%F FET R2P A 46.4% HIVERESET, T HAD 7V ok b AT I 24k,

X TF OpenCFD 27, 34 31 MBI TCIEME HAD 5 [ B AL, X Lo 24 8B A 45 47 (s I BLAK
HEE B /NT 4, T ARSI H I 51, BERE IERR IR A AR S L b 1 12 AMIEFR, B2, AR SCHEH 177
WU AT [ AR AN T A 7, RS R 80.4% [TERESE T, X H AN FHAR P, T FFEM
SRR, FATECIA 1) ) S g B2 A Liu 5548 H PGS 2 T B A PERe. T A SOERE g
R 8 50 ZE A5 R R 3 ) (gt PRl p e R AR P, K L i 6 I (] 1 T SiEAR, 76284 SLP [ &AL R 5
PR NN T ARSCEEZ G, FAE A 0 gn R R0 T 29 23%.

5 1CC14.0 #AtL, A HFEAE hmmer A libquantum XPHNMEF ERE 7.6% 1 12.1% HIPHERE
N BARARSCITVEREE R S A 15 A O EARRE BN T E AR T RE R, (R, T H AT
Open64-5.0 Ji 45 14 [F] AL IR B8 752 BR T i A B i (38000, BPAESR A T ASCH ke e, 1
WU H I ) R AIE AN B0 T 1CC14.0 Fikds, R, X EEFE 7 (1 Ml A RUR IR 1CC14.0 Fi§ih. Liu

6) A FHAS IG5 1345 2 196 I S AT ITAT DEAE T 5, LAV gk by A T AT R PRS2
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F 2 MXAG
Table 2 Test suite details

No. Program Description
1 FFT Fast Fourier transformation
2 OpenCFD Numerical simulation on compressible turbulent boundary flow
3 BT Block tri-diagonal solver for computational and data movement
4 FT 3D partial differential equation solution using fast Fourier transformations
5 LU Lower-upper Gauss-seidel solver for computational and data movement
6 SP Scalar penta-diagonal solver for computational and data movement
7 433.milc Simulations of four dimensional lattice gauge theory
8 434.zeusmp Solver for equations of hydrodynamics and magnetohydrodynamics
9 435.gromacs Simulation of the Newtonian equations of motion
10 436.cactusADM Solver for the Einstein evolution equations
11 450.soplex Solving a linear program using the Simplex algorithm
12 453.povray Calculating an image of a scene
13 454.calculi Solver for linear and nonlinear three- dimensional structural applications
14 456.hmmer Searching for patterns in DNA sequences
15 458.sjeng Playing chess and several chess variants
16 462.libquantum Simulation of a quantum computer
17 464.h264ref A reference implementation of H.264/AVC
18 470.1m Using lattice Boltzmann method to simulate incompressible fluids

SEHE AL BT R poverty Al caleulix 758 T SR M RCR, X2 BRUAAA T BLE S Bh e 4
J5E SHEMS RAS B B AR IO B AT =, T FRA T R U5 18R X T AN, A SCH I 7 4 TG
PERE VRS 2.4% F1 1.4%. MRS H K 8 k.

6 MExXI{E

SLP ) &AL 78 Je B R B AT (1 [ A8 6], SR 5 H X 26 [F) R 1 A R AT T B Y B 1R 2,
BT PATHE 748 A KL AT HAT I H Y. Larsen 1 Amarasinghe [4 78 FE A YR 50 B #)3EA), Rl
BRI — MR RIIT R E. Oy B8 R, BT OMEEIT 82 I8 SLP &ALtk EE M
—ANKEEDN 2R, WA BT AN LT R (T A 2 T SLP M A PERER — P T B, BRI, Liu
IR T —FPEREATE T W4 R s R I 48 AU 52, DAMCR AR i 48 A (W A A, s b
TRAAT MR RE. A TP SLP mEAIRCEE, AL E T —FEdE A R It T B,
DA R FEARSE i SLP [a) EEAGIS N AF VI A7 T8, SASC TAEMEL, AT 5f A% SLP [m Ak iRt
FEA 5 AT SR B 20 AT, T 2 A B A oy S PR i R P AT %

B o B ARG PN A7 U5 A7 F 4 A ) 783, Shin 25 19- 190 T[] Intel SSE PL & Motorola AltiVec 2537 il 745
LIRSS R T —MhEEE AT R LA T B, B I [ A AR AR I — Mg R R 1Y) cache, B[]
A7 f B ORI AR DT AR A, ABATTANZE B T I I 48, 10 B =5 18 T 23 (B JTF4H. thsh, Al 1iE
WEFE T A0l 75 & A E SR A 2 T I SLP At 81, 2 [8 3] SLP A2 [ ) AL ) A0
i, AR T I HE 23 A SR ST if Fi8 2 e RS B OR B EACT) T RT3 R 1) SLP JH47PE. T4
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Figure 8 (Color online) Performance comparison among different methods
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AT S AN S U A7 s BT E AR SR SRR e AR I, (R B R AR AR AN SRR R U A R )
B, E 2 a0 5B A =) & B BB 0% S LES R U A7 208 1) ) Ak, BRI, Nuzman %5 160 SEEL T — i )
PSR VAR ) B 3l SIMD a2 4k 7732, 1@ R AE SR R E AL 7%, Nuzman 55 1) TAERES AL 3D
Ko 2 BIEEECR I, 522 5 AN BT GR BRI F R 2, RE WS40 28K, BiETif7
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Identifying superword level parallelism with directed graph
reachability

Jie ZHAO" & Rongcai ZHAO

State Key Laboratory of Mathematical Engineering and Advanced Computing, PLA Information Engineering
University, Zhengzhou 450001, China
* Corresponding author. E-mail: zjbc2005@163.com

Abstract SLP (superword level parallelism) is an efficient solution to exploit the parallelism between state-
ments in the basic blocks of SIMD (single instruction multiple data). It has been implemented in almost all the
mainstream vectorizing compilers. However, its vectorization ability is limited due to the conservativeness of the
parallelism identification process. To solve this problem, this paper proposes an edg (extended dependence graph)
approach to identify SLP. First, we extend the adg (array dependence graph) and sdg (statement dependence
graph) to construct the edg, which includes both the dependences between each array pair and those between
each statement pair. When a statement is represented as an SCC (strong connected component), all of its array
references are also constructed in this SCC. We then eliminate the redundant dependence edges between the SCCs
from the edg. The dependence information of each statement pair and its SLP vectorization are thus determined
by analyzing the reachability between each node pair from the corresponding SCC. We implement this approach
to optimize the Open64-5.0 compiler, which improves the compiler’s identification ability. The evaluation tests on
the gce-vect benchmarks show that the optimized Open64-5.0 compiler can identify more SLP vectorizable loops
than the GCC4.9, and that the number of vectorizable loops is comparable to that of ICC14.0. The performance
of our generated codes is better than the state-of-the-art for most practical applications.

Keywords vectorizing compiler, superword level parallelism, data dependence, directed dependence graph,
reachability

Jie ZHAO was born in 1987. He Rongcai ZHAO was born in 1957. He

received the Master’s degree in com-
puter software and theory from the
PLA Information Engineering Univer-
sity, Zhengzhou, in 2002. He is
pursuing his Ph.D. degree from the
PLA Information Engineering Univer-
sity. His research interests include
high-performance computing and paral-
lel compilation.

received his Ph.D. degree in computer
architecture from the Institute of Com-
puting Technology, Chinese Academy of
Sciences, Beijing, in 2002. Currently, he
is a professor at the PLA Information
Engineering University. His research in-
terests include high-performance com-
puting, software engineering, and ad-
vanced compilation techniques.

325



