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Abstract: To obtain as much performance improvement as possible for sequential applications, it is important to exploit parallelism
lurking in DOACROSS loops and find good schemes for their parallel execution. Pipelining is such a parallelizing method which can
work well for regular DOACROSS loops. However, it is so hard to maintain high performance pipeline parallel codes automatically that
parallel compilers always treat DOACROSS loops conservatively. Compilers usually serialize DOACROSS loops, which loses the
inherent parallelism of DOACROSS loops and affects the performance of generated parallel programs. To solve this problem, automatic
generation of pipeline parallel code for reqular DOACROSS loops is implemented for multicore platform based on OpenMP. Firstly, a
heuristic is proposed to choose the partition loop and the tiling loop of regular DOACROSS loops. Secondly, a formula based on
pipelining cost model is given to compute the optimal tiling size. Lastly, the synchronization between threads is implemented with counter
semaphores. Measuring against the wavefront loops of finite difference relaxation, the representative loops of finite difference time
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domain, and Poisson, LU and Jacobi procedures, the pipeline parallel loops automatically generated by the proposed method increase
execution efficiency on multicore platform with the average speedup up to 89% of the optimal speedup obtained manually.
Key words: pipeline parallel; automatic parallelization; DOACROSS loops; cost model
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Code segment 1-1: Sequential form of example loops Code segment 1-3: Subroutine sync_lefi(di,dj,a)
1 doj=2, jend 1 integer di, dj
2 do i=2, iend 2 real a(di,dj)
3 a(i, j)=0.25*(a(i-1,7)+a(ij—1)+ 3 integer isync(0:256), mthreadnum, iam
4 a(i+1,)ta(ij+1)) 4 commonlthreadinfol/isync
5 end do 5 commonlthreadinfo2/mthreadnum, iam
6 enddo 6 !Somp threadprivate(/threadinfo2/)
7 integer neighbour
@ 8 if (iam.gt.0.and.iam.le.mthreadnum) then
9 neighbour=iam—1
Code segment 1-2: Pipelined form of example loops 10 do while (isync(neighbour).eq.0)
1 include “omp_lib.h» 11 1$omp flush(isync)
2 real a(iend jend) ]3 ?nd do .
3 integer i, j 13 zsync(flﬂe/ghbour)ZO
4 integer isync(0:256), mthreadnum, iam 14 1Somp ﬂ ush(isync,a)
5 common/threadinfol/isync 15 end if
6 common/threadinfo2/mthreadnum, iam 16 return
7 'Somp threadprivate(/threadinfo2/) 17 end
8  1$omp parallel default(shared) private(i,j) shared(a) ©
9 mthreadnum=1
10 !'$  mthreadnum=omp_get_num_threads()
11 iam=1 Code segment 1-4: Subroutine sync_right(di,dj,a)
12 1$  iam=omp_get thread num()+1 1 integer di, df
13 isync(iam)=0 2 real a(di,d))
14 1Somp barrier 3 integer isync(0:256), mthreadnum, iam
15 do i=2, iend, b o 4 commonlthreadinfollisync
16 call sync_lefi(iend.jend,a) S commonlthreadinfo2/mthreadnum, iam
17 1$omp do S?hed’f]e(Static) 6  'Somp threadprivate(/threadinfo2/)
18 doj=2, jend 7 if (iam.It.mthreadnum) then
19 do ii=i, min((i+b~-1),iend), 1 8 do while (isync(iam).eq.1)
20 a(ij)=0.25*(a(i-1,j)*a(ij—1)+ 9 1Somp flush(isync)
21 a(i+1,)+a(ij+1)) 10 end do
22 end do 11 'Somp flush(isync,a)
23 end do 12 isync(iam)=1
24 !$omp end do nowait 13 1$omp flush(isync)
25 call sync_right(iend,jend,a) 14 end if
26 end do 15 return
27 !$omp end parallel 16 end
(b) (d

Fig.1 Serial and pipelining version of the wavefront loops of FDR

Kl1 FDR 9 Ao SRR ) A AT AR FFAT i AS
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Fig.2 Regular pipelining and irregular pipelining
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Fig.3 Process of pipeline computing
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do i=2, iend, 2 J=2
k=0 =2
post(EV(1))
doacross j=2. jend i=3 i3
kkH -/
wait EV(k)) = | | =
do ji=i, min((i+1).iend) = 17 = ‘
a(ij)=0.25*(a(i-1 j)+a(ij—1)+ 24 =4
a(i+1 j)y+a(ij+1)) -6 =4 Hl =
end do Gl
post(EV(k+1)) =7 =5 |y | =3 _
; =5
end do
end do |6 ] =4 =2
=5 =3
(@ (b)

Fig.4 Pipelining with synchronization
K4 JKIFATIR D

TIK AT O TE A R AR T e R 2 18] [R) 25 1) 1 6 k. OpenMP Hh B (3t (¥ barrier #438 5% S H— 20 26 A5 (1 Bl i
)5 20 Hp 0 T AT R R AE barrier #4348 7 (14 [F) 20 20 56 A5, B A g — AN R Bk X PR I e R 1R 25 7 AR K,
HLIG v il A2 S0 7K ) 25 77 3 SRR K AT I AH A1 2 R 2 T i SR 1) A 7 3 -3 2l 3 00 3R K E ik AR B 13 L
LR M AR N TRV ECHR 1T 2 5 N 1 5 2 gt L A 0 a2 A B s B, DR ke m o P o 5015 5 ok SE B[R 20 U
AN SR BUE B isyncd R isync2, 23 5 T K (63 AR B 2 [R5 RN AT [R) A5 S 2 R) A5 R )0 (R AR A B
W PR

o Ze AR B o A ARTE B
o SRR/ LE R SE T I Fisync 1B 4 1 ¢ SERFAT IR RN LI A QBT I B B
do while( isyncl .eq. 0) do while( isync2 .eq. 1)
1$omp  flush(isyncl) !$omp  flush(isync2)
end do end do
o B A2 FE E 1 isync 1 E O o KA YEAEBI B 5 NI A A
isyncl =0 1$omp flush(isync2, a)
¢ WF AR fisyncl, 5 URAMI L FEarh A ¢ Sk A fisync2
o YEARI T 45 R Ol s isync2 =1
1$omp flush(isyncl, a) ¢ BUPT L AR isync2, R4 ML FEA
¢ PIEA AR C & TEnd
!$omp flush(isync2)

H1 T OpenMP fF A B2 1) 55 — M, 4 TR 5 A8 XU, 75 ZEAE T flush 35 4 R ORAE 1S K RE 08 1 HoAth 2%
B B0 T H LR 22 1R 8 R0 (R A2 N T K IR AT AT I BT 1 &R 1R 9 R) 28 8 SC— AT 3UfE 5 i A,
Ty Ah 8 SCPAN B A8 &, R B

interger isync(0:256), mthreadnum, iam.

A isync BT E VIR 0,5 4H 0 1 B R AT — N FE T & 58 e — M IE AR BT 80, HAH D O B R S
AR ORI T b AN EARER T S A R TR B R UK IN A L AR R AT A RS R E A
LRI F AT A7 [R5 4L A5 B mthreadnum JH 177 omp_get_num_threads 7 e %5 i B 75 1) 224 i 2k R 40 v (1) 26
A iam H T AR AT R R A R A g 5, TR P pR 21 omp_get_thread_num 15 2.

BARAAE LR a5 256 Mooz HARHE L b FS AR Ry 0, A5 B vk SE BNk AT R 8 7
KA AL AL — A TP 702, R0 R v T 0 RP e B2 80 H 5 AT I 1 e R 55 B AH &5, DR 78 52 s A

© PERREERSMROT  httpy/ www. jos. org. cn



X Bk 5@ #HL) DOACROSS /8 2R 84 K FATARES B 35 4 A%, 1161

AR I AR A o] P AT R AR A SO AH I 50 H TG 35 10 )25 502, 6] A 2 T 1R SR AL 8T 1(a) TP BRI 7K
FEAT G 1 22 [F) 2 1 IR R A R A2 1A 43 il an 18] 1(c) A1 1(d) BT s
25 BEiEXM

Kl 5 4 T 5e B MK IRATAE B 30 AR R A LU U] DOACROSS 63 L B [ R IR 1 AN,
X FLHEAT 23 A AN e, 78 HAT BETh IR B0 R 4 AT IS B3R L 1% ) 287 45 )0 30 L AT 2R I FE S o
B 1) M2 B 2ok AT AR S 49 B AT AR a1 1(b)~ & 1(d) s,

1 procedure Automatic_Pipeline(L)

2 II3fiE: SEBLG R OpenMP [ 8 K I FAT

3 MR AN di P AlE R () DOACROSSTIE AL,

4 [l :parallelized; *parallelized 3 TRUE, A 38 AT, LA AR O T
5 R 1) 2o I FALSEIN, F b A7 IFA T, LA RS A TR £

6

7 parallelized=FALSE;

8 SRR PE SR DA FRL i v SR 3 2 L AR R 7 e 23

9 if [;==NULL [|l,==NULL then

10 return parallelized;

11 else begin

12 HEIEIRZ 1T _EARIL, I-48 A\ OpenMP () Loop A4yt 1 75 1% )2 BEAT TH 548113

13 AT LR T SRR R AR e 2 E R
14 AEARFRL RN SEBLERR 0 BT 5 IR S 1R 52 SURIIAR 1L
15 AR VT SR 3 2 45 Mt 5 (8 2 B 2 [R5 AR R A ()25 -

16 parallelized=TRUE;
17 return parallelized;
18 end

19 end Automatic_Pipeline

Fig.5 Algorithm of automatic generation of pipelining code
K5 W/KIFATAE B B AE il Sk

3 XRERS5HN

T S5 A5 FH AR SR A A PR K AT AR 1 R0 ARk v A R R B B S 48 S ot AT R
F- G 4 IBM x3650 2 51 [ IRk 55 %, 2o rF 402 4 4 Intel Xeon X5670 CPU, %4 Intel Xeon X5670 CPU #1445
6 Mk 2.93GHz [ 4bBEES K%, N 77 A 40GB 4f H 17454 % 25 24 Red hat Enterprise 5.5.

AT FDR I AT PR A0SR A% e R ) ) FDTD A SR A B Ay S5 T 491 . A0 340 2 R HG At 25 R 49038 )
VI 1) JBULE A 4 BT 9% 2 Ji A0 08 U 45 A (w1 43 7 F2(partial differential equation, f&j R PDE) () sk fif i 8. £ 42 3K
fi# PDE LN M, BT LL 3 A48 1 A B 2240 (finite differential method, &% FDM)SzHL PDE f8fi K il 78
PDE I 22 B AR i 7 00, 45 B B 1) 22 43 5 e 3 ok it 22 43 75 R 49 21 PDE. B A% FDM )72 i ¥
ARG AR SR 57 ) 2 ST AU FDM . S & Bl A, W B VOB A s 7 1. AR INAT
7 1 B a7 VRS SR AR 22 0 7 RE A, b 4 A KR DOACROSS J:47 1, 3% F T DOACROSS 63K H 31 47 11
DR A 54 (¥ 75 A~ R 451 340 J8 - FDM (R RsR v,

3.1 FITrEsEMiR
3.1.1 %f FDR izt

23 4T IR 5 JG FDR KIS AT bR 10 DOACROSS fRFF, & A S vk A3 AT G A5 8 W 1(b)~ Kl
1(d) T (R AT RS 78 23 MRRAS SO I A RO 5 T 256%256,512x512 Fll 1024x1024 3 3 FloA AR, 73 5l
AR AEIX 3 PR T 1 S /K AT A2 B AR PR AR AL 1) s LG, an P&l 6 J9T 7.

P 6 it 4 R o

1) EZIARE FDR JBETE FR RK HEAT RRAS 5 AN [F) 16 AR RUASE RN AS [ 28 R 45 H e 0 A 8 3045 B 88 1oy

fe In

2)  ERFEEE AR G PR 3% AR A K, SR A 1 T T T Y 3K e TRT A A0 A A R A, R N IR
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) 25 2 1) (1 S50 B R, D B0 I T A0 50 A, [ 25 S B oy T ) R 485 4D L A8 /), BT T 58 20 S
A A [ 48 K, I T L 38 AR 27 TR > UK 380 — i R8BS, AT IR 20 I JF 4 0 S T
JIT 3 (1 LA S5 /0N o 0 A 1R N B S 5% i AR /)

3) TR AR (WA [ R, i T L B 5 S 0 38 o i B A (R S 2 R A K, I T L
HEFAAR G TR Ry K FRAT I R b 7K A 70 R0 6 8 AN B B AL R, BB A SR AT 2 R A 8 K B A
B B A B Kt B A BB, DR Lk, el 30 AT 4R AR I O (9 1k RESR T AN & C L Bl BT i i
T k5

4)  ANFLAEE TR0 g L 3 R B B K M L i 67%

7
6 //‘
5
2, Al —e— 256x256
B, 512x512
=, —a— 1024x1024
1
0

2 LBFR 4 5 FE 8 £hTE 16 £iFE

Fig.6 Speedup of the wavefront loops of FDR
Kl 6 FDR ¥ i o6 R 11 i b

3.1.2 Xt FDTD f ik

FDTD # A5 ER f Ml 45 S i 7 Fios, 2L sp AT ARRS AN AR SC Ak B 3h A2 i i T K FEAT A 2 51 dn 1) 8(a) Al
K 8(b) AT . KA LG A 5 FDR It i 4 FRAH Lb, S0 URGEEAR 58 i 16 T A = 2R3 2, B LLIE BR8N 111G B4 A
128x128 RAFACHIKE 1024x1024, 57 41§ /NG PR A A AR

B 7 Bt g6 s

1) BRI K IEAT AR AL /KT & EIRAF Bk s iR Tt

2) L5 FDR B 065 B B0R 45 FAS[F), FDTD S 2405 R (0 1 B8 In o 4 AT 2 A5 250 H A S5 10 15 0 1 BE 45 11

FRIE AL PR 385 KT 52 B 3
3) ST IR IE AR DA R, D0 LG BB FRAT L R H IR I B R A L A 2%
4)  FERLREECH N RCOT NI L3y Rk B 5 KL M I LA 71%.

8
7 ——
6 jr—
325 ; = —e—128x128
"4 = 256x256
= g | — —+—512x512
/
1
0

24 44T 84 16 &M

Fig.7 Speedup of representative loops of FDTD
K7 FDTD U BYAEEA 1) I Le
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Code segment 8-1: Sequential form of example Code segment 8-2: Pipeline form of example

loops in FDTD loops in FDTD

1 doi=2, iend-1 1 !Somp parallel default(shared) private(i,j,ii,k,invmu,invep

2 do j=2, jend-1 2 Sompé& tmpx,tmpy,tmpy) shared(hx,hy,hz,ex,ey,ez,mu,ep)

3 do k=2. kend-1 3 mthreadnum=1

. - . 4 18 mthreadnum=omp_get_num_threads()

4 invmu=1 .0./mll(l,j,k) 5 iam=1

5 tmpxirx:{nvmu 6 !$ iam=omp_get thread num()+1

6 fmpy=ry v 7 isync(iam)=0

7 tmpz=r=*imvmu 8  !Somp barrier

8 hx(ij k)y=hx(i,j,k)+tmpz*(ey(i,j,k+1)—ey(i,j,k))~ 9 doi=2. iend-1.b

9 tmpy*(ez(ij+1,k)-ez(i,j,k)) 10 dOJ,:Z ]end’*l

10 hy(ij fy=hy (i Ry tmpx* (ez(i+ 1,/ k)=ez(i k)~ 11 call ,sync left(iend,jend, kend,hx,hz)

1 tmpz*(ex(ijk+1)~ex(iyj:k) 12 1$omp do schedule(static)

12 hZ(i,j,k)=hZ(i,j,k)+fmpy*(6X(i,j+1 ,k)*ex(i,j,k))* 13 do ii=i, min((i+b*1),(iend*l))

13 tmpx*(ey(i+1,j,k)-ey(ij,k)) 14 do k=2, kend-1

14 enddo 15 invmu=1.0/mu(i.j.k)

15 do k=2, kend-1 16 tmpx=rx*invmu

16 invep=1.0/ep(ij,k) 17 tmpy=ry*invmu

17 tmpx=rx*invep 18 tmpz=rz*invmu

18 tmpymrytinvep 19 (i k=i Ky Hmp=*(ey(ije+ 1)y k) -

19 tmpz=rz*invep 20 tmpy*(ez(iyj+1.k)-ez(iyj k)

20 ex(iyKymex(iy K)~tmpz* (hy (i k)~hy(ij k= 1))+ 21 i )=y Ry tmp* (e=(i+1 . ky-e=(ij )

21 tmpy* (hz(i,j,K)=hz(iy~1,6)) 2 tmpz*(ex(ijk+1)-ex(i k)

22 ey(ij ky=ey(ij k)~ tmpx*(hz(i.j,k)~hz(i-1.j,k))+ 23 hz(ij )y=hz(i.j, Ky +mpy* (ex(ij+1,k)-ex(ij k)~

23 tmpz*(hx(i k) ~hx(b.k=1)) 24 tmpx(ey(i+1,j,k)-ep(i, k)

24 exlihymex(iy k) tmpy*(hx(ij k) hx(iyj 1R+ 5 end do

25 tmpx* (hy(ij,k)~hy(i—1,,k)) 26 do k=2, kend—1

26 end do 27 invep=1.0/ep(i,j,k)

27 end do 28 tmpx=rx*invep

28 enddo 29 tmpy=ry*invep

(a) 30 tmpz=rz*invep

31 ex(i,j,k)=ex(i,j,k)—tmpz*(hy(i,j,k)=hy(ij,k—1))+
32 tmpy*(hz(i,j,k)—hz(i,j—1,k))
33 ey(ijk)=ey(i,j,k)—tmpx*(hz(ij,k)~-hz(i-1,,k))+
34 tmpz* (hx(i,j,k)-hx(i,j,k—1))
35 ez(i,j,k)=ez(i,j,k)—tmpy* (hx(i j,k)~hx(i,j—1,k))+
36 tmpx* (hy(ij,k)=hy(i—1,,k))
37 end do
38 end do

39 !$omp end do nowait

40 call sync_right(iend jend kend,hx,hz)
41 end do

42 end do

43 !$omp end parallel

(b)
Fig.8 Serial and pipelining version of representative loops of FDTD
K18 FDTD LA 1) B AT RRAS R K IFAT it A

W35t FDTD SRR [ 80 34T LR A 40 M7 & B, E 256x256 F1 512x512 PHAN MBI, H1 56 2.3 T5 i 2 Uit
S H 1 d AR 2 BN N T 1 IR BREAR HOR /N 13RI A AT PERE JE AR B F I B AT PR I 2 B
IRES 2 8 R RIAL

X FDR JEATIEEA AN FDTD. B A6 A 1 01k 3 B, 20 AR SO AR LI K HAT TR R B IS 1 2 4%
R4 FRAT 1 BE.
3.1.3 5 XL Fortran13.1 {5 b ik

LAY TAR BN BEIE (2 Unnikrishnan 25 A fE SCHR[20]77 32 Hi ) DOACROSS 1& 3 H 3h 47 50 Al 148
XL Fortran 13.1 & 93 2% A 52 BL 7 SCHR[20] 7 B &022, 9F HL45 Y T Poisson,LU,SOR Al Jacobi X 4 ANFE Y i ik &5
JH g SOR Fl Jacobi AN 7 A% oA B4 1) 45 K4 AR5 AH AL A 15 2 4% Poisson,LU I Jacobi iX 3 AMFEF X AL

_H

[EEAE/S S
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DOACROSS H 3347541 Open64 4ii2% 11 A ) 3471 g (B2 #5 DOALL+DOACROSS H 3 3:4T) 347 MR,
Kl 9~ 11 435 T 3 MEF LR INA SCHE ) Open6d 4w a% H4T )5 (O PEBE ik, 7 F 45 H4 7 XL Fortran
13.1 w545 1) DOALL J47#1 DOALL+DOACROSS 47 fig 4k Jy % L.

12 12
EZZR0nly doall (XL Fortran 13.1) EEZR0nly doall (XL Fortran 13.1)
10| pzmDoall+Doacross (XL Fortran 13.1) 107 g==1Doall+Doacross (XL Fortran 13.1)
= 8 EEmDoall+Doacross (SW-VEC) =3 3 EEmDoall+Doacross (SW-VEC)
g g
& 6 Fl 3 6
g ., % g
) A iz s 4
| ﬁ 2 |
7z Z
2 7 / 2
0l 0!
Number of threads Number of threads
Fig.9 Speedup of Poisson Fig.10 Speedup of LU
9 Poisson [ L 10 LU Mkt
12
EZ=30nly doall (XL Fortran 13.1)
10- g=mDoall+Doacross (XL Fortigh 13.1)
S g EEmDoall+Doacross (SW—VE
o
g 6 g
g |
o 4 7
= f
7
0 i

Number of threads

Fig.11 Speedup of Jacobi
K 11 Jacobi [Nk L

25 Poisson i B ) 4T 1 RExF L 4n 18] 9 B, 48 Open64 4 % 2% A 5 31471k J5 Poisson fg % 3543 5. 3 i
RER T AE 16 LR REIN 1 fnsE b ol 8.0, T XL Fortran 13.1 4 i 8%, 1 3h 34T kbt 7 —F B K R & H T
TR 40 2 FAE I 43 2 1 308 B, RS o R T0E e O IR B 42 Ji 08 2 R A A 19 AT 1 (B SCHR [20] 0 O ¥ o e it
AT AT AR, PR AR T 1) 2480 Poisson 3X K (1) 25 J2 k1 BRI Jo 1R 3R 15 55 £ 1) 2 e o

T2FE LU 1€ blts F1 buts 1% #2415 P> DOACROSS ¥4, 4 Open64 2 %% 1 31 347 5, BE % 3K 15 it
AP T 70 16 LR B ik bty 5.1, WKl 10 Fras. s 46, 16 10 1P Re T LL R B B2 P LU 4 Open64 i
2% F BT G 1 B AR P BE I L T XL Fortran 13.1 4 i 4%

T2 Jacobi 22 Open64 2w ¥4k H 2 347 5 AR 24 H R D B P 3R A5 XL Fortran 13.1 gw i AR —
 H B A 2R FE 20 H 018K, XL Fortran 13.1 4 88 T 3545 (10 B 3h JRAT M AE SE 00, @ B 11 s B P B 5 2=
A& X2y Jacobi H ) DOACROSS # /Ul FR I I 4& TAE HE /N, T 46T OpenMP b flush #4742 77 X 5 3¢
Hk [20] 74 11 7] 25 5 XA LG P4 55 K, R b 75 00 3o 08 B 4 R 385 I 7K v S50 B2, 465 07 B8 [0 S A 2 A SR 350 43 404
SR B 2 FE A E 380 X P 2 o0 W S R ok, B £R R A E 3N, BT 3R AR 0 1 RE 4R TE AN & XL Fortran 13.1
ETRES A

PLEIAR 5 R R W% DOACROSS H 3 3147 HIL 1) Openb4 4 1F4% fe i 13 R X RE 7P St IF4T, R AT J5
ARG RE 8 IR 15 1 B i M R 3R T 72 K 2 HUE 3 T BB UL T XL Fortran 13.1 4 375
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3.2 HERK/NEFENR

A3 SR G R B st /K FEAT FIAE T 03 B e I 40 B /N I 1R AT in 33 W 79 A in 3k be 147 6 B
XFT FDR B RTIE IR, IEFE 512x512 [k ARFIAL %) T FDTD Mt R AE IR EFE 128x128 [Tk ARHUE. I3t 45 S 4n 1]
12 K 13 FioR.

8 9
7 8
6 = 7
x5 f’ 6 /(r—
® 4 ,/ == Automatically = 5 7 —s—Automatically
= 3 Sl By hand +§ g 7 By hand
1 1
0 0
24 AT sk 16 4 241 AT 84k 16 &R
Fig.12 Speedup obtained automatically and Fig.13 Speedup obtained automatically and
by hand of the wavefront loops of FDR by hand of representative loops of FDTD

12 FDR BT AR 20 PO/ B0 45 2R 13 FDTD M ARARIA A 73 B KN £ Ik 45 2R

FRAE 1 12 T 13 AR, 3, A8 SRR AR IOFAT R 7 5 T T B 03 MR /INI R P AR LG FDR 38 BT 28 11
TR LEAEAN R e FE 50 B T 38 REIE B 1IN Lh 18] 90%, 7 2 ZEFE i 2 98.2%;FDTD it B AE 31 1) I3 Lb 76 AN [F) 2%
FEECH T RERE AL BT TNk Ll 1Y) 89%, 71 4 ZRFe i B A Bedlr, ly 95.0%. b il st &5 T 2 WA, A SCA8 1 43 Bk /1y
PR A SR A RIS B 55038 1 43 ORI, A B AE IR FEAT AR BB 76 RT3k A5 W 2 1K 1 B4R T

4 FHEMR

LS5 T DOACROSS B (KIF5T 3 B4 T IR AT 3 A2 b A8 1T 1 (7D 25 S5 s CytronBIF 58 7 4 4R 408 37 /K
FEAT I 45 3ARZ A (3R 4E X DOACROSS 1 ¥R HEAT A J5, LA 4EFF0 BF P 4745 ) 4. Padua A1 MidKiffe1G: 11
HEHLI%E DOACROSS IF FA rf 06 B4 485 5 40 8 14 [7] 20 WS A AT A9 08 B4 o 1R AN B0 AT T — A~ B AR & (1
BEA % L& 22 YEIR R 1195 1. Wolfel M BIF 57 T 4 Foft S (70 £ ) 25 AL A, A 905 1 A1 3 Hh s — A A7 0 B8 0 10 7 5 kAT
[F25 A IR R 43 0 22 AR AT 1R 08 ) B 46 M Bt ) 254 A AT B o 114 45 [R]85 ORI A AT e 110 G B DX sl (475 4K
UK P8 T BB GER A 0. Su A Yew OV [ /K FEAT $E L T LR ) 25 S, v THT 1) %047 (data-oriented) ) 66
W5 49 78 T4 o AR S T I B P — A BoH A8 — AN [ 20 A8 1 T[] 85 ) (statement-oriented ) AT TH [a) i 72 (process-
oriented) (1% 55 W& I 43 1l 24 45 A1 ) AN JE AT T — AN [R5 48 5 A ATT 2% 18 T IR B IR B0 o (0 B0 2 AT PR AR S
FEATVE AR B AT 2 B S0 45 SR LM T — AN LT 504D B FR AE BRI A 1 [R5 AR RS I 5500 i A v AN B
KB AR 11 B B A B DL RS0 A BRAT 2 RS B Tang 28 AR T — AN 45 S8 Be g 0 40 5 5 20 )
A TR HS AR 11— R R G BR S IR AT . R D SRS Rk B SEBLRI R AL X DOACROSS & ¥ 34T J5 i (1 S5
PEAT TG . bk SCRRBE AR T AR 2 A T AR5 S (EIE A T T [R5 TR A A 1A AT I
ST /D55 BT BEARAT 1 B4R T () 58 1

WA —SEWFFT T AE L3 T 725 10Ut A Krothapal li ™2V 38 91 55k 6 45 % 2 4 00 14 £67 SR 798 0 r 1) T 4% Mt S B
T ILAFIE (f71 B . Rajamony. A1 CoxMMii i £ % i %1173 5] DOACROSS i A H (1 [7] 25 55 /M, [l I 45 76 B 1)
FFATPE.Chen A1 Yew!™ Yt xof RIS Ak il BELEAT T — R B I E. SCRR[AS]H 42 Y 7 Fof i 1300 A S0 s 3 53 )
DOACROSS 1 ¥ 52 Jiti i ) F k17, LUK B AT P dpe KA TN )25 d /MU ) B bR SCHR[L6]Hh £ H T — P 25 1
S W R — A o) I8 (18] [7) 26 5 A P 44 it — 24k, (dependence  uniformization) sz A Af F — 20— Er (uniform) i 4 #i
I &%) DOACROSS fifH Ht ] B A7 7E 1) BTG MO AT 7 5 SCHR[L7IR L 75 2 4% 18 ) Rl 40 S IR AR R Ik
HRAFAE R T AR [R5 AT R R, TR B0 4% [R5 T B 1 B 1.
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THT [ e A5 T2 52 MO O R (1) DOACROSS I PR A7 AE — 263847 JF4T [ F 8. Chen 25 AT [ 4 1 i 0
VR E K IEOC AT 00,32 1 T S2 B DOACROSS J:4T 11938 4T I 443% Jeyaraman 1 Krothapallio4 i 932 47 I}
FEAT 7V B A Kb B 5 ol 21 5 1 Bt A, FLAN B2 SR AT AT AT R ke 1) Bl 1 S KE 7E inspector Bt BEAS BER AT 7] 25, 7
executor [ BeAT I it 22 7] 25 #4510 3 55 . Xu Al Chaudhary ™V % 7l i 1) 8 4230, S 300, 2 1) 32 415 19 1)
DOACROSS {3 Biz 47 i) H:A47.

Sy T U A TR o5 O FR AT IR 18] £ B A, T S K T SR B HEAT DAk Pan 45 A B IS B 4 B R
I IAT ORLRE 2 T I S L o BRI IR A 3, 4508 2 1 5 30 7 R R L, B A U B SR AR A BLAT SEAR K 4
e 1) B 0 = 3 1k, D) e BE A% 3 45 TG 1 6 . Lowenthal 9145 T —ANIE AT I Aff 52 W 2K A7 KL BE 1 7 3 1% 5 vk
A4 FAZ AT I PR SRR A B (R AT B, AT 3 86— AN 508 1) 20 B R .

DL BB al 2 4% DOACROSS G ¥4 HAT (149 3 — /5 THT i) 7858 o FRAPF 5, 1l T 1) 75 A G V2000 8 KM 0% & 1)
DOACROSS IR AT IZAT N AT A SCHE T —Fh s 48 (¥ S it 1f DOACROSS H 2 AT (2, TEff Y A 3
FEAT I A7 10 SR 6 DL SRk b 32 H R 7 VEREAT T4

AR T AR B /2 Unnikrishnan 48 A 71 SCER[20]4%2 L () DOACROSS ¥ A 3 47 5%, SCHR[20]
Fp U R 2 T AT YRR AE RS I A E KOG R 1Y DOACROSS PR (B LU DOACROSS fii#f), 32 T 4 i%
I A3 AT IS AH 45 A A4k O ¥ R R K 38 3T 4 (dependence  folding). i% J5 3 4l FH — > 1% 57 4 i (conservative
dependence) F& 7~ 1 485 7 14 JIT A 40 8, AN 1T 65 A A 202 A58 Y 4D ) 20 72 A 5 B 7 1 5 4k B 08 34 140 J2 UM 555
Ab, SCHR[20138 42 H T — NI RE 43 T 77 VK H8 o 105 P FF R A 4 e, 39 8 S U0 ) K TSR0k B

15 SRR [20] 2 8L, A SCTHT 7 (1 5 /2 201 DOACROSS i ¥ F 1) 8L 52 34T 1 (H 15 2 A L A SCEEVEAT LR LA
s

T2 AP BT T AN A R 2 I P R 1 5 2 I R 0E 1 U BRI S R Ay M R R AR IR
o K PR RE b F 90 415 B R A7 10 4T 1 SCRR [20] R A BE AT %300 T4, IR AR T ) 22 J2 I EAT 08 PRI 23Rk 15 4
TR B N, 1 1 SCHR[20] 1 % Poisson I T 3 1 R 0k &5 SR B 2 B 11,

LR ARSI [R] 245 55 g A A B R A FH 1) [ 25 A St AN BRI A 1,600 T SCHR[20] v 1) B2 56 ] 25 A% 5 45 H 11
TEK;

TR AR SCOF K TSR E 1) 38 8 35 T /K JRAT AR A A5 28, DAL G 8 68 47 4T I it e ) 6 s SR 1 22
75 T PR 28 40N 2% R A S Lt 5 o K T SR RE S R i — DAL A

Bt S, SCHR[20] 7 (0 B0VE T SIS AT I (R SCRE AR SCSEIL T OpenMP FRAT YR AR 7 1) 19 30 2 B, BB 6 1H 1) 52 22 11
T R A B N )
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