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Abstract  Although the multi-core processors have become the mainstream processor architectures
of the time, it is still hard to take advantage of the parallel computing power for many serial
programs and software due to the lack of efficient parallelization. Manually re-engineering and
refactoring of these legacy software is time consuming and costly. Therefore, the automatic
parallelization techniques become the focus of attention in academia and industry. In this article,
a novel semi-automatic parallelization approach is proposed targeting on optimization for regular
for-loops and coarse-grained parallelism for irregular code sections in general programs. This
approach employs a dynamic program analyzer to obtain the control- and data-dependences of
programs. The gathered dependences information is used to form the Computational Unit (CU)

graphs, and then the task graphs are further created, from which coarse-grained task parallelism
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of code sections can be extracted. Meanwhile, for the for-loop codes, a series of optimizations are
adopted for code transformations. A profitable tiling model is proposed to effectively choose
suitable loop codes for further optimization. The model is based on a mass of statistical data on
locality analysis of loop iterations and it can determine whether the loop codes should perform
loop tiling by invoking a loop transformation optimizer. The tile size selection (TSS) has an
important impact on the performance of tiled codes and a uniform-mapping-in-cache-based tile size
selection (UMC-TSS) is proposed to generate optimal tiled codes and achieve better performance
during tiling. The UMC-TSS improves the method of a state-of-the-art TSS to exploit better
cache utilization and loop parallelism. Eventually, a source-to-source transformation frame based
on the LLVM frontend Clang is developed to transform sequential C/C—+ + codes to Intel TBB
parallel codes. The [rame is integrated with dynamic program analysis, coarse-grained parallelism
extraction, loop optimizations (including the proposed profitable tiling model and UMC-TSS) and
code transformations. It performs high-level code restructuring on the program abstract syntax
tree. According to the task graphs, the Intel TBB parallel_for and flow graph templates are used
to package the for-loops and irregular code sections into parallel codes respectively. The code
transformation is semi-automatic that only a little manual effort and intervention is involved. A
series of experiments have been conducted to evaluate the performance of the transformed parallel
codes over 18 representative benchmarks selected from 4 different kinds of benchmark suits. The
experiment results show that the parallel codes generated by the semi-automatic approach can
achieve good parallelism when compared to the parallel codes written by experts, especially the
codes with optimized for-loops. The average speedups of for-loops parallelization and task
parallelization are 10. 95 and 4. 45 respectively on an Intel Xeon multi-core server. The correctness
of the profitable tiling model is validated as well in the evaluation. The experiment results also
show that the UMC-TSS improves the performance of 4% on average in the tiled loop codes in
comparison with a state-of-the-art tile size selection algorithm. The experiment results also show
that the generated Intel TBB parallel codes have good scalability when the thread number varies,
which demonstrates the effectiveness of the parallelization approach and the source-to-source
transformation frame presented in this paper.

Keywords  semi-automatic parallelization; loop tiling; locality analysis; optimal tile size selection;

source-to-source code transformation
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B s E A, A A stencil T BB FEAT
TEER R T 5 0 A A B A 3 0 38 A AN Y [
TEEH. Rk AR BN B E1 T A KR 1 T IR
BAHR AL/ S i DOACROSS 1§ 35 1 3117 16 4%
S AR R B TR R M DA SE IR AR 25 TR U SRR
BUAS R X AT IFATACAL B 1 2 B3 B AT AT

LA B4 B R A0 BR 43 B i i g5 3 S O T
PSR < D B 00 B0 1) U7 A7 508 2 A A7 7 = s D
PEBS B KT cache 8. % T DOALL ¥, 0 R
VAT I B8 AN A7 78 BT L 30 7T 8 B AR 20 B
LRI I3 BT 45 T IR AT HERESE TE. Bl 40 X NPB
AT BT il FT (% DOALL 1§ 5 A0S 43 51 B 4%
AT AN 3 I AT A FE AT 52 50, #R ] 16 AR,
PIE HHEIEAT W ACRS i L 3. 67 A 9. 55, 111 43
BeJe A7 B AR I E By 3. 58 9. 04 X i P 41
P e vp JF AT Ak B 96 B0 A 23 B a] 0L B AT B D5 A
s s = EmHIPE. O3 —J7 T 24 8 AR AR R
B2 B K HE IR, % I8 3 cache Y404 & 4 0K
W& G SR oK E AT ER /T L1 cache 284, 84
A B EHE #E REAE cache H A B 58 4y L AT, XF
DOALL 1§ ¥ Jo 5 43 ¥t . v] DL B #5947 1k 4k 215 Xf
DOACROSS 7 #1111 75 » 16 B 3 AR R B B /N O 31l o
HRANZEER) 5 H Hi SCo3 A AT A R AL T IR AT 4 R
7 A AR PR SR T R AT PRAT

AR SO YT X — R Y for A FRACRS £
— P LT R AR GE AT 0 A 8 2 Bl g LY L BE E 8
Hu BRI B 23 B XS for 496 BRI 47 1 BE A9 52 . &7 5G
P H—H B A DOALL G #1 DOACROSS 7§ % 14
FEIF 48 22 9 cache 25 5 73 ) 1B $56 4 [m) 1) 35 K
UE, DARIIE X 28 for 1§ 24 169 43 B IF A7 P04 T X 14 Ag
P& THE f B B L. SR )5 43 0 % X 28 for 91 BR
(4 J B AR RS AR A 3 AT 30 SR B A KA 24 1) 17 77 1
HE ¥ 5. AR AR U A 0k Y 5 43 S SR EE B R
FURH 7 9 2 TR B B R AR s ) R B AT
GEit Ao BT A SR 2 B B 1T Y U5 A7 bk
HL for 76 3819 U5 A7 Huhk i 70 Do, ELAR . 1) 8 B
BRT L1 cache 2% & B9 Hu bk J7 471 o 1) 3 26 H A7 %0
Fie: 5 A Mtk R B Y 15 26 DA L A B 43 B B 5 4K
PRI AR XA GETT o Y 3 R B Ak 5 R S 2
InASCH R IEAT A AL AR T 5 I8 AT I T Y.

Vife bk P 5 B st AR &t
Bennett-Kruskal 8350, i o 47 1] 8 B 3 25 # b5
WG N A HUHE A B — R D[] 1 H 5 B A Y Hi N
A7 R A b — RV [A) i ke 2 (8] < 17 9 o7 5075 31
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FHER B IZ B I [R] 52 4% B 2 O(Nlog(N)) L T
LTSS U A7 k3 B0 TR R RS AR S
P W IR AT A AN G Ak i RS T AR R Y A 3026
PO BRI for 0 25 A A HAT B K 2% ARk B
ERAT AT IR R] S PRIk S 1) U A7 b ik 0 - 43 D
R X FRIASE (1 1 A7 b bk 77 3 31 55 F O B8R A g
(1% 5 P BF 5 25 A6 B K i i ) RS R IR AT AR A
L ALACHNE . 5 TR IR ARV A7 0 R B R A L Al
FHRAE I 7 3 TG %t — /N 43 1 B2 1 1 A7 ik 7 5]
PEATGETT 3 A » L8 1 B w3 {00 Hin 52 e 4 35 b ik
B 1 JRy 1 WA i 1 100 AR S T U BE WL b A AN 1 A
Ml TP 8 Ge it RAEH N 2.5/ NN i 4216 3R
AR YCEL, X FE AT URAE 2 A 4k 2 N AR AR
(817 47 ik B BEHE AT G2 3

AR SCHR 0 43 Bl g BORASGE TR ARE R
WA for 95 . HAT E A U A7 ik r o5 L )
BT A9 A 2 AR 7 A B A M R A A A
18 151 A R AE A2 e B s i b B 5B AT
AW T AR 2 M e 6. EHE R KT L1
cache 7% 18 IV A7 M hE i o Fo 491 0] S5z e 17 406 B4 3k A%
JE T FAEN cache 255 51 E K cache KRG L.
A& L1 cache H /M. R0 # e 5142 cache
SO fe /N EEFH R S R RT T LA SO xR S
M L1 cache 255 98U AT 403t BT LAAS FE 2% 1%
L2.L3 cache {28515 00 (H157E B A2, M 5 dE &
FHBE B /NF L1 cache ¥ HEHS , A 7] BE A Ol 76 3 H
AT T B 5 19 cache 21 199 A R0 I8 50w L At B 40 o
T 5 DT AR 4 1 2. KT 3K 15 B0 AR XF T cache
75 1t B B0HE T R 04 SR AR A Ab  Ti HLAR SC
i 3 R S BRI PR AR 1 e T o A A5 2 1 B 4
T RA WX RGO, G R A AR AT SN
AR FR AT R AR R ECE R BB AR R, X
PEEFH—4 DOALL & ¥, DiscoPoP AJ L 4 1 1 51
th DOALL #E¥5. Joit DOALL 1§ ¥ & 75 H A7 43 Bk
W s L &5FF A Bl R AT IR ATACRD R A T A B 4
Hulfe #5119 DOACROSS 1§ 3% A 2 H PLuTo i# 47
6 PRAS e, P K AT
3.4 ETF Cache MMM DR K/NEFRE X

G R RN 7 T 5 M A 4 S AT B AR Y e
MR A3 BRI i 2 43 B KN R AR 1Y 43 B AR 7 R
2E 5] i B R TG, A3 Pt KK HE L 7843 K 4 cache
RS ) E R AR B A B IR AT B AT TR R 5 A B
TE/IN IR 3 Hets e i AR I 8 R 43 Je 0T AT AT B Y
AR TF 8K 23 1 VB DR 43 B o (i M e 4R T

AR SCHE B AR R e HE ) —Fh TSS J5 355 i 3k
filt R T —Fh B T cache 5w i e L TSS
k. Metha 58 \U9 A€ ## 57 TSS SRS B m AT
cache ZH JCHK FE A ) £ A6 500 48 R L 38 3 #4040
HOBURAE cache v 1% W SR AT DAy Ok sk 4 80408 75 B2 F AT
BB e 1 0 & AR S T B T AR M 1Y) A B TR O g
SR 2 9% cache B NI AR AT T 32 A0 55 0 19 43
PR /NFN R 47 10 43 AR PEfE. 7% TSS Bk L L1
F1 L2 cache [ 8 R &0E TCM ¥l 5 A1 % RR
H 5 R g LLRE FE 3 15 1 kernel S, 4Nl 2 iR
K 2Ca) MIE ARSI 2(h) &k IR FR 43 B B9 1
PR, Hod T F K 43 551 36 75 AR VA6 35 1Y 43 B R
N AR R B 1 I B B PR R CRP 7 0 BR) o R 19 5K
5] LATE L1 cache H s BLE 1Y 5 X 85 )2 19 B
(B 76 2R CRP KT 40 1), 55 [ 09 £ s 51 1Al DL AE L2
cache FSC LT A, 34448 L1 Al L2 cache Y
TCM I RR, 40X (D) L () fis. Hp CLS R —A4~
cache FT A9 B % H .

b 1 1 1 3
T(/Ml‘lcacl\e - (7+7+R>ch>iis (])
K X
RRLI cache J
KxJ+2x]J+K+1
> (L1 1y N
T(/MI,2 cache = ( i + ] + N)X IS (2)
Ix]

RRI.Z cache —

KX U4+D+2XKXJ+IX]
el BLeIL IR CLi L J#A 24 L1 Fl L2 cache
oL e 2 R BN o R VR SR Y T AL
VR AR T AL AL 1) 43 BRAE cache H ) I A7
64T R, A BN 22 B cache 41 R 6 B 1 B 2k 20 1Y
Gy B R M B8 51 2 A B R 2 TCM B/ RR
PN (SO &) 8 N

for(i=0;i<<N;i+-+)
for(j=0;3<<N;j+-+)
for(k=0;k<<N;k+-+)
ChLI=CLIL] ALk *Bk]L;

(a) JRGRTEIA

for(GT=0;iT<N/LiT++)
for(;T=0;;T<<N/J;jT++)
for(kT=0;k T<N/K;kT+-+)
forG=iT*Li<iT*I+1-1;i++)
for(k:kT*K;k({kT*KJrK*l;kJrJr)} PN TEI
for(j=jT*J;j<<jT*J+]-1;j++)
CLIG=CLIlI+AL ] *Bk][;

(b) 2MYUE IR
B 2 HEREFE Matmul 197 35 7R )

SR 253 B 2 B » 24 40 M KN i A g st Bl
CHA—E & L2 cache H TAEER T T84,

} EERCIETERS
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L
&

R (2), N THRUE L2 cache i TCM /M, RR &k,

TR (o RN 1T TR T g

JEATE B ORI AR 2 (1), )25 ) o 8 4% dse K Y
KA1 J fH. R R &k HEn K 8K % T L2
cache T & A EH CHE W R BAW T EARA
X K AAERCR M $el A& JFn BLeILS ]
b ARSI L AR 6 T30 C o B 3 n] LA Z20 g
(2. Bl A M B 2 5 R4 L2 cache [ %8
[i] . e 55 3] cache ZH v BT 365 F8C AT BE A9 ol 22 48] 4
Xf T ) RERRASE SRy 2000, K4 2R #1 K double #Y f J B
Pk R B (1, J) Ry (168,104) , HSE R fix
Yoo B ¥ (96, 160) fl K. Ak, Ph—> cache 2
U o 6 B i A s R e ol R kX R R
21 43 e B 40 e A L 8 2 S B0 A BE A2 4 Al
cache 25 & W15 DL B o — A4~ 43 B 0 B8 72 A (A
cache 41 (4 WL 434 7T R AS Y 47 LB 3K 43 cache
A AR 2 RN T A RO R B, T TR AR
PR (18 0 1 3 12, 32 B 1 T DR S 1 o 5% e B
XF L1 cache 3 i (K. J) B R (32, 104) , L S5 Br i
P43 B - (32, 160) i /).

AR SCEF X SCHERL 28 15 ik (1 A8 I 4 Y — b ik 1
cache 2427 W S (9 f5e 115 73 B R 8 % U7 & UMC-
TSS ( Uniform-Mapping-in-Cache-based Tile Size
Selection). UMC-TSS #2 4 cache i LRU #5# 38 %
3T AR A L1 Fl L2 cache 258 1Y 73 R K
M g 38 43 B IR 17 41 = (3) F s

KXJ+2XJ+K+1<L1_cache_size 3)

U+ XK+2XKXJ+I1X]J<L2_cache_size
X i 2 2 (3) R e 23 B RIS & 4 ) %k HE AR R R AT
L1 1 L2 cache Hr % Bt 5§ #2481, UMC-TSS Jf A LA
cache 2 M98 & A2 S W5 28 1E S5 1F L T J2& U VF cache
S K A I — A UM 887 Sk i 45 He 50 s
E cache Hfv 457 W55 1A 1 B0 o DT 328 45 0 A0 1Y) 43 B
K. UM LA a0 K (4) PR

nSets overcnt
UM = Z (n, —emul i D? + 2 penalty (4)
i=0 i=1

Horpon, 7R — A cache (1A RO B AT DL fd
JHK) cache F78CH B0 emul i T BBCK nSets
[ty cache 41155 i 4~ cache 41 B Z i FA Y cache 174K
H ;overcnt 278 cache W2 0 IR B 5 penalty FyFE
P B S n” s 3R b 58 R A I AN I
penalty fi. UM B8 ) i 2438 50 o 1557 WS90, B

E R /N8 B IR AE cache Hp Bl IRT 82 575 05 2 &8 43
h R AR I HAE /N R IR cache g8 YR /D
UMC-TSS 5 JeX%t L1 cache 4D 73 He T AR 4 Yk
S AR s e T UM, 2B R
A8/ UM {H 1 i ik 43 e R #8475 L2 cache [ T2
P mie b, I3k 2 5 A S/ UM E 943 e, 78 o B
BRI/, DL 2 i [ e i 9], UMC-TSS 55
Pt A oy PR/ 3 R S E &L 3 .

437 Matmul, N=2000, sizeof (Data Type ) =8 Bytes( XU % £ %)

L1 Cache " T.1F4E:
KX J+2XJ+K+1<L1 CacheZX &

1.1 CachelfJ
UMC-TSSH %

L1 CacheZ %k
76 32 KB
SAHIRSE: 8

CachefT: 64 Bytes

(K, D

(48,64)
(40,80)

L.2 CacheHh T1E£E: (32,96)
(I+1)XK+2 X KX J+I X J<L2 Cache &8 /|(24,104)

& (32,104)
- (32,112)
L;ZE(,ach_e,é& @ - @ (16,144)
R 256 KB L2 Cachef) (16,152)
LB - 8 UMC-TSSE v
CachefT: 64 Bytes
-/

(170,32,96)
B3 UMC-TSS B8 H 0§ 4 Sk /M i B

X L1 cache Heidi , 8021 BL & 1[j 1XF i i) B4 o
TR TAEE M 4 KA 5. TG AE cache H1HY
WS & — N A R AR L O T TR A A B AR L X
ORI T @i ft: % no=n—1,n J& cache 4 FHHX
JEEBCH B By KX A BdE 5 cache H P RYA
ROBEHC B n—1 %5 &R N B — P& cache 770 88 45 T
VELE d i H AL B HE . &1 XF L1 cache i) UMC-TSS ¢
BN 1 PR AR (3) L KL T I E R 12 R B
R—8 O TR/ K T B T3 B ARG 2 P10
AFEFIE] 5T — AP A8 5 cne BRI TAESE T
FR. o8 T $2& L2 cache 53 Bk Y PAT R, 9l A
Limitval F Limitent WD BIE, A LA B 1 89
55 26 A7 RET 2 AR A1 A SR A A ) 24
BUE R fe/y UM (B AR 2D v 28 B 1. 3 4% XA
A LR UE R A 8/ B UM AR I v 58 U8 A 75
o B ¥ A 2 AT N — 2 L2 cache W5, 42
e BRSO A B J5 — A FIWT SRR T iR N 2
PGB 3 e 7 B Bk 0y BUE . A #7840 F A
SIMD 56 9 947 RE S BE AL S N A IE 55 8] ey 36 4 Y
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FRAL B B B X AR BF 2 19 73 B /N i R
HIRIBCH CLS MR vk 1 55 27~31 17.

=1

L1 cache i) UMC-TSS & .

N . L1 cache & 5t ¢Sizel; L1 cache ZH #H X B s

cache 47 K /]y [Size; L1 cache f3 7 A cache 40 %%
H nSets1(=c¢Sizel/(ISize X ny)) ;—4> cache 7
B BYE 8 H CLS (= [Size/sizeof (Data-
Type)) s FEFEHLEE N

iy S He I F P 8] L(K L T

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

217.
28.
29.
30.
31.
32.
33.
34.
35.

n,=m —1; //H L cache 4L
nLine=nSets1 X n, ; /1.1 cache T A % cache 174 H

Jbound=min(nLine/CLS,N/CLS); //J W& K{H

for J=1 to Jbound do
ent=15; / /¥ 25 BUE 15
Kbound=max(min(nLine/i N),15+CLS) ;
repeat
overcnt=03;
temp=0.0;
for i=0 to nSetsl do
emuli]=0;
endfor
for row=0 to (Kbound-cnt) do
for col=0 to J do
emu (rowX N/CLS—+col) Y%nSetsl ]+ +;
/L KX T TAEEEAE cache Hp A Bt
endfor
endfor
for i=0 to nSetsl do
if emuli]<=n, then //315 UM {H
temp+=(n,—emul i]) X (n,—emuli]);
else // % Az w5 JU) 1% Jon 42 7] 9
temp—+=Cemu [i]—n) X (emu[i]—n)+n,.n;
covercnt+ +;
endif
endfor
if temp <<= limitval & &. overcnt <<= limitcnt
& &.(J X CLS)> (Kbound-cnt) then
if (Kbound-cnt)< CLS then
Add (Kbound-cnt, ] XCLS) into L;
else
Add((Kbound-cnt) /CLSX CLS, ] X CLS) into L;
endif
endif
cnt ——
until cnt=0

endfor

X L2 cache it 04l AL ][ k], B[k ][j A0
CLLj 1M BRI MM AL T B TAESE T+ XK+2X
KXJ-+1XJ,cache 4 B9 5 B 5L 55 F cache 4

FHERJE.

M TF8E 1 B EE T B A9 ik o S A

TR LK. DA F 50 Lok & K FT e
PAT g8 B A TARSEAE 1.2 cache A BRI
() B 3 S8 AH B A UM (EL 858 B A 51 L sl nl A
TR R AR 20 B 7 BLRA B/ UM (LK
I BN} 12 cache B UMC-TSS SZ BN B 2 Fiows.

&% 2.

L2 cache i) UMC-TSS & .

WA AEEAE TS LK, J); L2 cache % &

cSize2;1.2 cache 2L ML & n,; L2 cache £ & 1Y
cache ZH¥t H nSets2(=cSize2/(ISize X ny));—
A~ cache fT A B H CLS(=(Size/sizeof
(DataType)) s JiFFEHLBE N

i AL T R/NTLKL DD

=~ w D=

(&2

© 0 N O

11.
12.
13.
14.

15.
16.
17.
18.
19.

20.
21.
22.

24.

26.
217.
28.
29.
30.

pointer=1;
while L is not empty & &. pointer is not at tail of L
K=L.K;
J=L.J;
Ibound=min(N, (¢Size2/sizeo f(DataType) —
K—2XKX])/(K+]»; //1 fEKIE
for I=8 to Ibound do // I {W{HRIZK T —4> CLS
overcnt=0;
temp=0.0;
for i=0 to nSets2 do
emul i]=0;
endfor
for row=0 to (I+1) do
for col=0 to K/CLS do
emul (rowX N/CLS+col) Y%onSets2 ]+ + ;
/R A B LARSRTE cache WAy S
endfor
endfor
for row=0 to I do
for col=0 to J/CLS do
emu[ (rowX N/CLS+col) %nSets2 ]+ -+ ;
[/ C 1 CAEEAE cache I BT
endfor
endfor
for row=0 to 2X K/CLS do
for col=0 to J/CLS do
emu[ (rowX N/CLS+col) % nSets2 ]+ + ;
/BN B (¥ TAESETE cache H iy B G
endfor
endfor
for i=0 to nSets2 do
if emuli]<<=n, then //i % UM
temp+=(ny —emuli]) X (n, —emuli]);
else // Az v 5 DU 15 Jin 485 51 5
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31. temp~+= Cemuli]—n)XCemuli]—ny) +ny ny %1 L1 cache WA ITEE
32. c'O‘?erc7zz++; TR i J k
33.  endif i 1 J+1 2xX K
34. endfor J J+1 J JXK
35. if temp<"tuple.val then //ig 3/ UM i k 2XK J XK K

/3R 4 B R N ’
36. tuple.val=temp; ®2 L2 cache RHMAN TR
87, tuple.—1/CLSX CLS; / /%15 3 S PE A A T f 4 .
i I (I+1DXJ IXK

38. tuple. K=K j (J+D X J J 2X XK
39,  tuple.J=17]; k JXK 2X XK K

40. endif
41. endfor

42. pointer+ -+ ;

43. endwhile

44, Output (tuple.l, tuple.K, tuple.]);

PLuTo A#E At TSS 5k . 45 2 18 25 3R H
32 AR I - o UMC-TSS 53 vk £ il 8 A 3052
A IR SR AT AR A 4 T A 72 A PLuTo Xf
for FE¥ HE4T 73 B pL AL I I Bl B 11530 L 1 de G g B
KNG F tile. sizes jC#FEM PLuTo A JS AR B 19 1
RS, TR B R IR A B R Aok
/J\HﬁﬁfmﬂgﬁAﬁE#F%ﬁi@‘f H 34 H 3 FIs
e 1.2 AGE 60 8 R G 3 0 418 20 45 4 A B 27
% kernel, 4 BLAS 3 J& 9 #) Matmul,Dsyrk.LU
452 K Jacobi AR AN Seidel J5 R 4. X T — ik FE ¥
i for fE ¥ IEA], P AT DIAR PG 3R 1 AR 2 P 8
S50 BHBAEAE L1 A L2 cache Wi AR S R/NXF
X G ZEM TAES 1 UMC-TSS 8k THES/
B S AR AT k. R 5 1 HNAER 1 47 23 0
FORBA AT RG] R AR £ 1 TAEER/DIHE
B PR B SR NG IR g 7075k 32 2 TS AR
RN Z P PEAR R j T NPERIT R ivg k.
706 P8 £ L e A8 B TP LR R Y 8 PRI 2
7R e PR AR R AH I Y 23 RO /N A e AT

WM B R

H2Wir Br: MUK AR SR U or 53 B B0 Al

S N
CUKH > CURIF > Task &

4 FEBIUFTREBHER

AR CAEAE R Z 00 AR S ml AT T IR
P A S A BT R ORI 43 AT KR B AT
1155 $2 ORI B A6 3 0 A R L S 80 T — A4 T 2]
PEIFATAUE AL T H A C 4+ 11 i o 0 55 e 1
16 AST 21 L AT R EEACRS S B 4 ) 7 —F
T[] — MR P R HLRL B2 2 B 3 R AT AR BB, B L
TEMARIEE 4 Fin. 500 3 A BB 56 1 BB f2 )7
Bk A LLVM %% o Clang . i 33 7 12 53 B 28
AST, [A A} DiscoPoP X IR F iy LLVM H [a] {15

HEAT — RIS RS & b A CU B 3E U5
H for JEIR. 56 2 Br B, 4F CU Bk 4T & 35 LRI
T BRURL BE AT AT 55 . JF B FL B O Task & [A]
BF X for JE PRI AT 4 Bl s 43 B 3 3 76 3643 B
Wt BRI for JF P4 R G AL AL HESE PLuTo, AR
i UMC-TSS 53k 3545 09 5 16 23 B B 7 LA ZE e 1k
JG WG 3R 3 B AS . T e IR G A & A AR b T
BFE PR BCY RIS B9 AST. T & A7 38 5o Wi 25 A5
(1) for 75 8 W #E AT — By Be 47 A5 £ 3 (DOALL
A 8 1 E 47 05 5% e (DOACROSS 76 #5).

I B HATARIG A ik

Sequential

Source y
Code forffﬁ%‘r’*’ i

|
|
|
|
|
T
|
—{ DiscoPoP |
|
|
|
|
|

Identifying
Code flow graph

********

Iy
i

Source Code HATHE R
Rewriting

» LILVM Clang AST
\

I

I

I

I

I

I

1

I oo

| ctions e

: AT : Parallel
******* S((‘)uécc

: parallel_for —

I

I

I

I

I

I

I

I

I

I

I

4 MR 1 3 IR AT AR R A A
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%03 OB, R Task B 7 AST, Hy Identifying
Code Sections # 5t 5 {7 for {§ ¥ Al Task K = &4~
Task fr % B A S B 1 A2 . 48 )5 i Source Code
Rewriting 15 3t 38 ] Intel TBB [ parallel _for #
flow graph F-A7 AR 7EAH I 197 4T AR FF 2
Y e A E A RURL B I AT PR Y Intel TBB Jf
Fr A,

4 2 A EERAE A R IR e A IR T At AR
Hh S P T IR R A R 3 7 S R B T
I ] B T ] AR 4 106 B O ) BE AR AR RN
HbAEHEAT flow graph F 47 8 M A4 I, i 2 H] P
AR AR Py 5 SR [) 0 45 48 R 5% b SR T H A 35
J3 8T LA E 3 58 A
4.1 parallel_for 71T 5 4 5§

A IEATHY for AL KE i Intel TBB 2 4 1)
parallel_for BARIEATIFATAUHS S5 4. AR for {5
SN B for Cinitialization; condition; increase) loop _
body WIE. Horh condition 33K X b Mt — 14>
TOUEAER. IR IR AT DU R ] U A L (H
SEAEE I AT S R L AR A A RS LLVM
Clang® $2HE T — R 51 5 1L KR I initialization,
condition Fl increase T FET LI MK loop_body T
K30l T parallel_for w2k A 23 18] & 20 AL A T IX
[6][begin. end) ,[F I B % B H A for THERHY

A DB L & AR A e A T X R 20, I
T of HABURR B Ak B e ST 2 S5 i (4 22 ) A T X T
hom T ER R, X REEA Ery e, Kby
7/BLIE S A CIPI R & W 3 o

P52 e TR 3 A 9 O = B AR Y
Clang AST, 243k Py 21| FARE 5 i AR 5 45 il 95
W TR AT, B e e i B or o 4 2B 5 1
# FH Clang #2861 getCond O J5 25 32 BUIE 3£
i condition §2&ik X, LA & 17 2R 42 ] 72 HE F1 978 5
RS 2 R getInit O J7 L initialization
TR UBEMEER AT A5 3 28 MM getIncO
Ti AR B increase T2k 3, LA E TR 9 20 15 20
4 3, K getBody O J5 B2 B loop_body . ¥ HAE
A R A A VR B PR AR B 4 B Y Source
Code Rewriting # R AL b 50K 9 for 4 B M
B A2 % A7 B4 A parallel_for BA . 3 C++11
FHY lambda FRELEITEIAE loop _body. B AR 5L
PR 275 SCHRL46 .

K5 s T 2 JERFSR 2 Matmul #976 FF LI
¥ parallel _for IEAT0EFA AL 75 ). 18] 5 (a) 2
223 PLuTo 2840 J5 (46 26 7y B AR . &1 5 (b) I
FNPEACHS 5 4 T B A LY Intel TBB JF4740AS . 3
T Z IR IR R AR R 2000, 20 BRIR/N A 170 X
32X 96.

for (int t1=0;t1<<=floord(M—1,170);t1+-+)
for (int t2=0;t2<<=floord(N—1,96 );t2++)
for (int t3=0;t3<<=floord(K—1,32);t3++)
for (int t4=170*t1;t4<<=min(M—1,170*t1+169 );t4++)
for (int t5=32*3;t5<<=min(K—1,32*t3+31);t5+-+)
for (int t6=96*t2;t6<-=min(N—1,96*t2+95 );t6++)
Clta][t6]=C[t4][t6]+A[t4][t5]*B[t5][t6];

(a) PLuTo%r ¥t 5 FIE AR S

[2.] (blocked_range<<int>>g._range ){

{

parallel _for(blocked_range<<int>>(0,floor(((double)(2000—1) ) /((double)(170)))+1),
for(int t1=_range.begin();t1!=_range.end( ); ++t1)

for (int t2=0;t2<<=floor(( (double ) (2000—1) ) /((double) (96 ) ) ); t2++){
for (int t3=0;t3<<=floor(((double)(2000—1) ) /((double)(32) ) ); t3++){
for (int t4=170%*t1;t4<<=((2000—1) < (170*t14169)?(2000—1):(170*t1+169) ); t4++){
for (int t5=32%t3; t5<-=((2000—1)<<(32*t3+31) 2(2000—1):(32*t3+31) ); t5++ ){
for (int t6=96*t2; t6<~=((2000—1)<<(96*t24+95) ?2(2000—1):(96*t2+95 ) ); t6-++ ){
Clt4][t6]=C[t4][t6]+A[t4][t5]*B[t5][t6;

(b) parallel_for 3473 3% J5 (ARG
& 5 parallel_for 347 A1 e 4 7 i

@ Clang: A C language family frontend for LLVM. http.//
clang. llvm. org/2015,11,13
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4.2 flow graph 31780 & &

Intel TBB ) flow graph #4k 703 F /2 2R 35 (%
ARG IE XM IEAT il 18 WE 55 DL AT 55 Z IR AR
ik & Intel TBB Wizf7it Rgt &t 53 62 Az
555 52 % B AT 55 A BE ] . flow graph 3 {5 flow
graph Xf 4 25 UM 3 MR, flow graph Xf 4 &
A flow graph G AT 55 MR & . B A & 5%
I3 s flow graph 45 g A2k $RAT 58 . 31 R 45 U Z [H]
A OC & flow graph 7E 2 #ifh |5 Task EHE
AL BT A T AR A 48 T BLAR AR JBE AT 55 19
Task AT AHNAY flow graph A6 544 1 dh 3¢,

DI 1 i CU B, 2838 A 9 5 6 5 A2
Task G118 6 frzx. Horr, Task, s — 4> i #0UT 55
ANPEFTAEAT 5. BT A5 8 B4 5 Ak L
Task [# 25 55 - 48 IR 295 AR 5% 46 328 B
flow graph JFA7 AR, L RAR SR 2 2% SOk 46 .

Tasls,[]
Virtual task

/

Task,[8,11] Task,[9,12]

8 int a=rand()%100; 9 int b=rand()%100;
11 x=sin(a); 12 y=cos(b);

S~

Task,[13]
13 z=sqrt(a*x)+sqrt(y*y);

Kl 6 Task [& 7R 4

HUBL B2 AT 55 19 flow graph AR 5% 6 /9 3 72 32
2o 3 4.

%51 4 e B Task MRS B X} Task
/& A~ AT 55 Task, (1 #§ Task, ), i i Clang
AST. 2§ AST 25 S iy IR 1T S /7 7E T Task,
i}, Identifying Code Sections & ¥ ¥t HAE B F 45 &
AEAEAEAT: 55 %5 B o X G2 .

%2 Al flow graph 45 & ARG HS. Source
Code Rewriting # HoR AR R 3 A A [ 19 1 00, 23931
A= flow graph 25 & 19 PR A

(D) MRS Task A —FBHEFRAL. 25K
Hh . AR Y IS AR S AR A2 R ] A EaE (RIS
Fla]—"22 &), i 4 Source Code Rewriting #5 Ht ¥
A— Intel TBB % broadcast_node %4 /& , 75 W 4
A— Intel TBB 9 split_node %% 4. split_node %%
FUBEE K AN [R] 28 B 10 B4l 1% 3o 2 X0 N7 Y 5 4 45
nE 6 p iy Task, , 54 A broadcast_node 45 5 #H
IVAiURAR R

(2) HHifES Task A — AL, —FHEEFR
H 1. Source Code Rewriting & 3 B # ] lambda
FA B H e O Intel TBB ) function_node 4%
A5 6 T Task, Fl Task, 52 5% F 0.

(3) HHifES Task AL HZAN, — 5N XE
R DA AL S DS E A Task,.
L B G A — Intel TBB [ join_node 2% &5 #E47
[F] 4, 9% J5 B4 A function_node 25 £ 52 i, Task; ¥
SR 18] 6 1) Task, gt & T X A &L, join_node
GimBAEZNAR BN ADNEREZELD 12
JCL ARy B — B K

Horp,join_node %5 i 1Y i A i 1 SCHF 3 Mg o
M+

D queueing 2% #h 5 M. join_node [ &F A 1 #HB
A —ASEE S A RE AR A AS b DA —
JCER I . join_node %5 8t 57 25 Hu K B B A T R L AR
N ZICHT AR TR Ak E L S R
DA — A RS SR E ) £ 8 4 )5 L join_node
4 A7 BAS %) BB T 3 MR A5 00 2 4R i A BA S
ANAE.

@ reserving & W IR B%. H A 24 join_node 2 15,
R IR B B A DB — D IC R EA SR
— D ZICHAL 4 A 1) 5 Ak A R AR A e IR B
A AR BT SRR ITE, 5P L
AN BE B A BE 6 2 B9 ISR T 8, A Ik
PR B A AT OTR.

@ tag_matching 2% %M. 1 HI P 52 42 4 pR 4K
HEAN AT ITTRITF AN key {H. join_node %5 £
MM ARGWMENADRNILER. RAYNEDNADH
JLER B A MIFER key B 2join_node £ 5 A K A 11T
RN Z I AL 2 45 BT A B 5 Ak 45 5, I I BR
R YA H TR,

SO0 queueing 22 W SR I IS T R 2 By
[7] 5 m) i 3] A 7 2 T 2% 5 R) R8E, PRI join_node
45 1R A 1 BRIA R ] queueing 2 vl SR WG X T
VAR 2 G A ) X S U R ST P RN VA o T
FEBIAN BT AR IS A B0 R H reserving 22 ih 3R
W, 75 20 B R H reserving 28 w3 W% 1 join_node
R BT AT IS SR 45 e A2 T PR P 2R B A 45 5 e 2 il
2% Ph SR W AT IX AN EER. 2 join_node &5 55 A i 3K
45 5T BE 7 AR 2 B B I SR ] tag _matching
2 R . B L T 2 M S o S R M DL A Ak s
22 B¢ U5 43 TC [a) LR o AT DLSR AT IZ D 92 o SR
R AL G8 hh R W 1 TR B SR — 1 IR
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FEF B EAR R A P AL B i L Fah iR E A1
(2% vh 3w . A s IF 17 4k Jr vk B TG Ik D i A
AL R B VRS 5% e T EL 2 1) P R AR AT A i A
join_node &% i, I H 45 1 B 243 Hr 15 51 19 B0 4K
Al AE BT A D A kB A A 1 oh R g
150 2 8 A B0 05 8] 05 5% 4 T 1. 3 R R AN [ 22
MR B Y join_node 25 S AT ANl 7 FUR.

tbb::flow::join_node<tbb::flow::tuple<type_1,type_2,...,type_n>>,
thb::flow::queueing™joinNode ID(g );

(a) X Hqueueing Z% M 51 A join_node A%

tbb::flow::join_node< tbb::flow::tuple<<type_1,type_2,...,type_n>>,
tbb::flow::reserving >joinNode ID(g);

(b) K Hreserving 234 5% it join_nodef Ch%

thb::flow::join_node< tbb::flow::tuple<type_l,type_2,...,type_n>>,
thbz:flow::tag_matching™joinNodeID(g,

[1(const pair<ttype_l,tag_type>gp)—>>size_t

return (size_t)p.first; },

[1(const pair<_type_2,tag_type>>gp)—>>size_t

{
{return (size_t)p.first; },

[J(const pair<_type_3,tag_type>gp)—>>size_t
{return(size_t)p.first; }

(¢) K Hitag_matchingZ& i S 0% fjoin_nodeftHi5
7 RS RSO foin_node L)

6 1y Task; %&£t queueing 2% i 5 W%. Source
Code Rewriting #3 M\ AST Context F1 3R I Task,
R A S AL AR 5 R T queueing 27 il
WY join_node %4 A B Task; IS 1 i J5
—A7. [l B B join_node £ S AE N YA 4T 55 Task,
T EK 45 2 m A B Task B, 28 5 4fi A function_
node %% 5.

XTHZAADMB DL ST L2 Al
BRI RN B R BN 3 22 Y i ) 2 R 3 TR
SEHL. B SE A —A> join_node 45 55, R 5 In A — 4
function_node %5 /&, f%J5 A — split_node %% /5.

55 3 A flow graph 3 M IR ACHS. T f
flow graph 45 g # 72 I ACHS o L5, 2 PR EAR

P5 Task B A miiil (RS, 75 21 &, M broadcast_

node %5 /5 #| function_node %5 S 19 i1 € X 5 M
function_node %5 £ 3| join_node %5 & 49 & X IE R
AE. B 6 s By Task ® A, M Task, 8| Task, .
Task, 1 2 431 5 M Task, . Task, 3] Task, 1) 2 &1
R AN TRl B

24 Task [ A B 45 5500 1 #0728 IR A RS e
S U5 BRI 5 gl e 26 1 Bl 22 AR BT AT TR AR
. B 1Ca) fir s (9 A A f 4 e 33t 1) flow graph [&]
L 40 )5 /9 IF 47 AT 23 5 dn e 8 Al 9 Bras.

Broadcast
Node 0
(Task,)

Function
Node 2
(Task,)

Function
Node 1
(Task,)

queueing
Join node

Function
Node 3
(Task,)

8 I~ Task & XN i flow graph [

zinclude "tbb/flow_graph.h”
#include <<cmath™>

#include <cstdlib>

using namespace std;

int main()

thbz:flow:graph g;
double x,y,z

tbb:z:flow::broadcast_node<_tbb::flow::continue_msg>Node0(g);
thb::flow::function_node< tbb::flow::continue_msg,double >
Nodel (g,tbb::flow::unlimited,[2.](tbb::flow::continue_msg _msg)

int a=rand()%100;
x=sin(a);
return X;
1);
tbb::flow::function_node< tbb::flow::continue_msg,double>
Node2 (g, tbb::flow::unlimited,[¢.](tbb::flow::continue_msg _msg)

{

int b=rand()%100;
y=cos(b);

return y;

1)s

thb::flow::join_node< tbb::flow::tuple<double,double™>,
tbb::flow::queueing ™ joinNodel (g );
thb::flow::function_node< tbb::flow::tuple<-double,double>,double>
Node3 (g,tbb::flow::serial,[2.](thb::flow::tuple<-double,double >
nodeTuple )
{
z=sqrt(tbb::flow::get<0>(nodeTuple ) *
thb::flow::get< nodeTuple) )+
sqrt(tbb::flow::get<<1>(nodeTuple ) *
thb::flow:get<<1>(nodeTuple) );
return z

1);

thb::flow::make_edge(Node0,Nodel );
thb::flow::make_edge(Node0,Node2 );
thb::flow::make_edge(Nodel,get<<0>>(joinNodel.input_ports( ) )
tbb::flow::make_edge(Node2,get<<1>>(joinNodel.input_ports( ) )
tbbz:flow::make_edge(joinNodel,Node3 );

);
);

Node0.try_put(tbb::flow::continue_msg() );
g.wait_for_all();

return 0;

B9 IRBHCIS AR flow graph I 47U
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Hr NodeO & & #I{F % Task0.NodeO.try_put(tbb::
flow: : continue_msg()) 15 A1) 11 57 )3 31 flow graph.

flow graph ™ Jir A T 45 X} Wi 19 9 B £k &2 A 5 )
g.wait_for_allO)4bE &, Bl g. wait_for_all )& R] 2
JG AR, 2 2R AE flow graph iy BT A 35 #8 2 58
G A REAT

5 RBERSHH

5.1 WG

9T BRAEAS SCHE 2 B ST 7 2 i A AR
£, A NAS Parallel Benchmarks 3. 3, PolyBench 3. 2,
PARSEC 3.0 #1 Intel CnC 28 3L M 42 1B B T
18 A~ B A AR % J2E v D a2 e i A7 OF A7 A0 5
e IR AE BB IFAT AR PR REHE AT T SR IR A . HEE
MR 7 B PR 40 5 B Sk 3 iR, BR T PolyBench
DR T 10 AR o JHG At 0 3 4 v ) 7 7 R
Sy B AL T H AT R AR AR RS Ry IE AT AR AR A

PolyBench il i £ H &t 1 B A7 A AR, A< SCH
PLuTo iy HA K OpenMP 347 WA A VR B J7
HATIHRAACHS. B F PLuTo A4 He T e 55
W S AR SCSR L BRIA Y 23 e KN 32 MR8 B 5 IR AT AR
T 1 43 e PR 7

3 MAEFER
WRCEIE WS Ot RRA
BT NPB 3. 3 C/OpenMP data set B
SP NPB 3.3 C/OpenMP data set B
CG NPB 3. 3 C/OpenMP data set B
Matmul  PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Strm PolyBench 3. 2 C/OpenMP (2000,2000,2000)
LU PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Tmm PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Trisolv  PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Dsyr2k  PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Corcol PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Covecol PolyBench 3. 2 C/OpenMP (2000,2000,2000)
Jacobi-2d  PolyBench 3. 2 C/OpenMP (128,2000)
Seidel-2d  PolyBench 3. 2 C/OpenMP (128,2000)
Mandelbrot Intel CnC C+ +/IntelCnC (2000,2000,10000)
Floyd_warshall  Intel CnC C+ + /IntelCnC 2000
FaceDetection Intel CnC C+ —+/IntelCnC 20000 images
Blackscholes PARSEC 3. 0 C/OpenMP 65536 options
Fluidanimate PARSEC 3.0  C++/OpenMP o [rames.

300000 particles

LA — B HA 44 8 .2 GHz £ Intel
Xeon E7-4820 ¥ 48 19 Ik 55 &% b 34T, B DA
32KB [y L1 private cache il 256 KB [ L2 private
cache, ML EPIH 18 MB i L3 shared cache.
Iz 55 % BALECA 128 GB N7 . 1547 64 1 IRk 55 i it

) CentOS 7. 0 #ER G, SLgh i A T Clang 3.3
i GCC 4. 8. 1 &G iF4% . /i & T RIF sh & 535
FFEATRAD A B - 5 & FHF X SR AT A A A7 A0
30 e, Hod R ] GCC iy -03 -std=c++11
G PR T, 2 OT AT AR {8 ] 19 /& Intel TBB 4. 3.
SR B 52 5 4 R 2 AR R AT 5 R iF AL
i T for fEFF A flow graph Jf47 065 A9 4= & &

AETERR P R TR 2 TE b DR AT DL SR A O BOAT
PUHRE. X EWE flow graph 145 mih ] fE 5 &

— £ parallel_for 535, RIME 55 47 H 607
TEIARFIEAT. BOIAE B0 T [R) B #F 47 P9 A JF 47 A1
(9 A J. SR T G A T A A 1 PR R L AR ST il
%f parallel_for il flow graph 34710 #5347 52 36 Fil
I3 Hr.
5.2 parallel_for 747 X5 14 58 M i

AR S B 5 B T AT AR B 4 TR A Y

Intel TBB J#+ 474813 5 B & OpenMP 1 Intel CnC
B-JF TACRS R AT M RE B A, LA SRR Y Y ER AT AR R

A7 B ) A Sy 6 0 S 0 R A5 Y n i b 25 R an &1 10 iy
. B AR Official” i HR 4 2R B 7 #2415t
AT WA B2 P 59 0 3 L 37 Semi-Auto” R 48 3¢ T B
A 8 Intel TBB J-47 Wi A< AC RS 19 i 2 L. A A B
AR 7 24 PR rhos « 5 19 388 AR i A SO B 47
Bl 75 450 T 14T 2 00 L X S AR 2 fif
AT 32 &REMATMER. MAH « 5 LR P FROR
SrPe B W AR L R FHAS SCHR H UMC-TSS Jy 4 5 it
ﬁﬁﬂﬁﬁﬂdzﬁ’]ﬁ T N L. BT Ay PR B AT
P X fe M 26 2 LA 43 Yoy B IR 47 P47 B AR
W H N 25 5 N/TileSize, 1R #i8 UMC-TSS %5 1)
G YRUIME TR X SR T B AR TR R oy BB A HOA
8~16,0 T G FT IR IR 2 FIER B4R 25, X Se 7 1
AT 8 LA A7 ik

10
‘ O Official B Semi-Auto
351
3017
=25 -
N
220}
b
T
S15H
101
I d g adn
0‘ ~ \\ \Q\ \G\%\\\\\bb\:\\\\‘
q >
Q)& %Q R @Q&O\@ S &@ Q\‘.:OQ é"@O&COCJ‘QAQO\é\ﬂTb e},‘b @*0&&% 0 X\O\@
e &
N2 KN s
<<\0 %

10 parallel_for 347 U8 5 B J7 47 AR 9 0 HE
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FAGE - — T o 98 D0 A A0 Al A U QRS B oy LA 2 2 1 3l IR AT A 5 i 2141

ASCA NPB il i 4 ¥ e T 3 A~k #2 )7 BT
SP fl CG, 43 5 345 T 1.98.4.58 il 1. 71 &
FC L 1 7 3L OpenMP & K F 8 3R 47 A 2 )7
(9 0 B 43 51 R 30. 31,21, 33 Fl 19. 63. 3% & [ Ny
B HATRARANLFEAT T for P35, B T HAth
75 2O R 8 26 0 A Be it A7 IR AT Ak b B 451 4
# progma omp parallel sections #1515 1) 47
1155 HOI0AT . A ALK for R ] T Intel TBB
JEAT AT, o X NPB i 4E /Y for 48 26 73 7 . iX
REHERIFAE S 7 Bl

M PolyBench {4 H £ T 10 INKFE Y
Hrfr Corcol il Coveol & % 45 2 48 o 9 A% 0 T2 )7
Jacobi-2d il Seidel-2d & Stencil i+ 5 2 )%, Fl &
6 MR FEAL B T B BT, X IR Y
& T A DOALL #1 DOACROSS fE#, B4 B
L (50 i R S R 23 SR A AR S 1 OF A7 A BE A2
AR cache JRALA S R 4F Y PERE SR TH. 3%
10 AN AR 77 1 JF AT AR - 2 3645 14. 11 /% Jn
Lo o T E 5 RRAS I A7 AR 5 SF 34 i L Sy 9. 06.
PolyBench Uil )% 1) Intel TBB Jf 47445 2% gt
T BT OpenMP FEATACH 1 J5t (I AE FRT# R T
ASCHR R UMC-TSS 83k, g £ 1 1 et ok
AN A A B4 43 B AR L FE 0 R T PR cache
(B T L 1 J5 & R PLuTo BRIAM 43 He KN,
BA 7845 FIH cache BEUR , N REFR 4T L fig R cache
J R 1)

¥ B Intel CnC 7~ 4 #2 JF 19 Mandelbrot Hi
Floyd_warshall 43 %I 3575 6. 41 1 17. 03 I m# kb,
A FE 7 AT A S BLAY Nk B 2. 47 2. 46.
X R B 5 A A 20 T X Mandelbrot Hr—
A YR i B R IR AT TR B S TR
7 $0AT B 3 2 8] 5 Floyd_warshall H H A — 4> =
Ak jix B R IR B O AT S 4 T H X B k4T 1
G AUALFI AT AL B, T4 (4 F K R TR T Y
Je FR P FRLDRL BE 47 P T 5 hRAS 228 m 1 R %k
EMEH WA, 53—k A PARSEC # i 72 F¢
Blackscholes #4509 & LA A 2. 39, B H AR
KF) T 6. 96, X & A AR B PR AT R 4 T R
AR Y A 36 0 — 22 Ak, B O 9 AT A AU
DU K54 £ AR A 2 B B AT R 20, DAL T AR Y 1
AR A ) R T AR B AR Y OB SO B 4 1 AT R 4y
AR SCHIFSEE W

16 AIAFE Y parallel _for Jf47 fUR% & 3 5k
15 73 10. 95 A5 A hn L. X A5 55 T A SCIE Y

KR IR AR P X for R M0 AL 3RAF T 2 3 1
PERE4R Tt parallel_for JFAT A 1 - 35 ik L %2
OB 7 IEAT MUAS 1 - 25 in 1 L 5 T 0. 804, T X
NPB.PARSEC #il Intel CNC rft HAth I 328 2 )5 11 for
PEIRIAT o L RESRAT AIA Sk 511 6 4~ T3 it
JE ALY AT MR (H 2 ik i %% A PolyBench
X HEREAE E— 2506 A AL IR T B

S AT I P T AR GCC Zii4s .
1 3B B 2 P 28 X7 OpenMP il Intel TBB 3217 B 4 Y
22 SRR S 45 5 AR SCHE 10 4> PolyBench i {72
P 1B 7 AR A& SO Intel TBB AR R 2E 17
M. B 7 WA AR A7) 4R SR B3 J2 40 3F 43 e KD
32,8 A IFATIAT. IR IR 1Y OpenMP WRACE J5 147
AR - B L Sy 9. 06, TBB jiiAs B J7 347106
(14 37 B3 00 EL A 6. 25 5 17 AR ST 21 R AR S 5 e T
A B TBB AT AAHS 1 F- 350 3 b o 140 11, 5256
SERIBE T A SO EEAE for 1 R Y 2 B4l AL A 17
AR A .
5.3 UMC-TSS E X HtEsEiT M

X UMC-TSS Bk 1 H 50 S e o B /N i 474
REPEAY . 5 B A e ik i — Fh # S e M ik TSS
HEAT SO0 LA IR 41 A 4 e %t B s B Y
— A A A R BT L R $E 3R 3 PolyBench
(10 AR 7 AT S50 25 R Ak 4 R, Hor,
UMC-TSS 53: 15 21 (9 Fe L 43 e K/ R 5.2 195
5 ”Semi-Auto” I 47 FC RS BIr >R FH Y 43 B R/,
RE T EL 92 50 22 B AR SCHR 1 UMC-TSSH % 2 4t

R 4 UMC-TSS 5 TSS WM RE bE 3

WA 7 Bk 43 PR /N BATIIE] /s i
Matmul TSS 168X 32X 104 6. 37 3.63
UMC-TSS 170X 32X 96 6.27 3.68
Strsm TSS 16832104 7.15 1. 30
UMC-TSS 170X 32X 96 7.15 1. 30
LU TSS 168X 32 X104 2.79 1.53
UMC-TSS 170X 32X 96 2.70 1. 57
TSS 160X 16 X208 1.45 3.43
Tmm e . o0 A=
UMC-TSS 160X 16x224 1.43 3.45
Trisoly TSS 168 32X 104 0.63 1. 46
UMC-TSS 170X 32X 96 0. 60 1. 51
Dsyr2k TSS 120X 8 X 88 6.83 1. 04
UMC-TSS 120X 8 X136 6.27 1.13
. TSS 16016 X208 2.27 6.17

Corcol .

UMC-TSS 128X 16x288 2.09 6.71
Coveol TSS 160X 16 X208 1. 41 3. 60
UMC-TSS 128X 16x288 1.43 3.57
Jacobi-2d TSS 128X 16 X560 1. 87 1.61
UMC-TSS 16 X 11X 176 1. 90 1. 59
Seidel-2d TSS 128 X104 X 16 8. 10 1. 09
UMC-TSS 128X200X 8 6. 65 1.33
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(0 5 e 43 B K/ B TSS B - 244 i 173 4 Y0 iy bk
BE. X2 A T TSS 44 8, UMC-TSS & v 3
SAL R B I 0 B R /N B % B A A AR UL 4 B 7 L2
cache H B 55, 11 L X cache ¥ U5 N 43 B 504 1) )
SIS 4. A 45 SCmR 28 ik, TSS HE M L Z
AL 5807 vk B B 0 RE A 3 X B0 IE T AR
AR E) UMC-TSS 53k B RGP 324 ).

[F] B s A SCif %) UMC-TSS 553k 1 vl 47 Jig 1
1175250, [MFES TSS Bk 47 L. 43 BISRH 2.
4.8 F1 16 LN Matmul., LU Fi Jacobi-2d i 2
Jrit AT Tk, g5 R & 11 B R, UMC-TSS Al
TSS #¥:%F Matmul #1 LU 3845 7 3 {089 b i He.
J P T 12 Matmul HAT MY () 50048 35 8 A, 24 ()
Ry 2000 B, 43 B AL AL R 8% A R B I cache
KRR HM R T LS . F = MM
3 LU BB 01 for I3 AL & 5050 2, B
B 2 G PR 25 48 TR I 43 B TR TG 3k A5 A B
3 1 AR B AR A5 2 1 i 3 B T L AR 46 Jee AN 2 06
I BRI AN EE R B 12 43 HOR ATk
11 PRI LR AR RO o 12 B e R T R P 4, B
BEoH R M P R EERR I PR X — A
TE A A Tacobi-2d RIS T K B B R
it Jacobi-2d HAMZEI MALA 8 A HIfAT . MK
FREECE 1 8 B H 30 o b B R AIG A R #. TSS B
X} Jacobi-2d fe A2 14 B[] 24 2R A 4053 S ik 22
il IR A7 PR RR AR T4 SCHR 1 UMC-TSS H i, 7l
RF B A 0 L Bl e R RS A B W B SRR
5T A S UMC-TSS Bk HA RAF v 3 e k.

40

——Matmul_TSS
35r| -=-LU_TSS

—o— Jacobi-2d_TSS

30}H = Matmul_UMC-TSS
—*-1.U_UMC-TSS

—#— Jacobi-2d_UMC-TSS

< 25}

ﬂZO*

T

-R15,
101

5k

0 2 4 8 16

UMC-TSS 573 (9 7T 47 J8 14 5 4

SR AR B I T
H1 T A6 PR 23 B0 vk 32 B0 TR E B — AR 0 U
P o 38 H i ZEE A N S 3t A SR 1 E e 1 Sl 3 Bk
PLuTo AR 25 2 13 20 M 0 DR O 4008 56 &% G ik
St 53 R O AR A AL B ER AT AT X AT

A 11

5.4

pae QIR AW R 1 (R 2 U S Il 1 i S & S B VA
Ji G A8 P AR 2 5 B A A3 B lA 23 ) DA AR T

AR LR 5. 2 4 e %A 3 4 Bl 2 B g
5 AW 2 T T 1 AT A0 B 43 e 3 IR AT
B DASS IR A SCHE H 1) 43 Bl o B R (0 A A5t S
AR AR R T UMC-TSS 55353 31 R 3k 5 AL 7
T AL 53 B B KN AR E 2 A RS B PR fE. S 0%
ZERFRW] o3 YUE 0 04T AR M B A F R 20 B
HATIRID Y ERE T NRET 3.4%. 40 3.3 5 fTik,
T PR O 3 A1 A RS AN B A 1 B =
YR XA IRAT R T R ) A T A S e 4
B E T A SCHR Hh A T R O 1 A Bl £5 4E R ) E
P R O
5.5 Flow graph 3170 14 88X

N T B AEA S flow graph FFA7 46 75 2 19 A 2K
PE AT LI R R B T H Y 2 M RF
AT flow graph FEAT ARSI 43 50 DU 3 A 43 A
Ty PEfE. 2 A0l 2 )7 )2 Intel CnC 7R ] 2 7
FaceDetection il PARSEC 3. 0 jil] i 2 /v 4 v i i
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forGint di=—1; di===1; +-+di){

1f( 1cfl_cond _satisfied ){

exit(1);
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(¢) flow graph

cell—>o[npViPARTICLES_PER_CELL)=
—cell2—>[ j% PARTICLES_PER CELL )%

(b) Task,

Kl 14 Fluidanimate H RebuildGrid &5 317 1F 5%

K%L ProcessCollisions 1 8 # Il 4 — 4> flow
graph. ‘B i1 6 R B8 A T 53 A A i A
HokL R A #) 3D S 7 A Y 6 AT L AR Y
ST AR 7R IX 6 A iR B R 2 18] A AT AnT £l a1
PRI OC R 0] UOFAT AT, 2 B IR BT Ry —
DIHATAESS B 15 R T 6 AN BG4 AT 55
Fixt N B9 flow graph. #1 RebuildGrid pR 20 — £,
ProcessCollisions pR %% &F ¥ g% ¥4 A B}, flow graph
wh i B R G AR S BB A a4k B R BT IR



2144 it "

Bl

e 2017 4

L
&

il 16 AR I 32 pR B0 I 47 10 ACRD 2R AT Y sk
H oA 1. 81.

x=0; //along the domainMin.x wall
for(y=0; y<<ny; ++y)

{}

(a) Task,

x=nx—1; //along the domainMin.x wall
for(y=0; y<ny; ++y)

()

(b) Task,

y=0; //along the domainMin.y wall
for(x=0; x<<nx; ++x)

()

(¢) Task,

y=ny—1; // along the domainMin.y wall
for(x=0; x<<nx; ++x)

()

(d) Task,

z=0; // along the domainMin.z wall
for(x=0; x<<nx; ++x)

{}

(e) Task,

z=nz—1; // along the domainMin.z wall
for(x=0; x<<nx; ++x)

{w}

Node6
(Task,)

(a) Taskg (b) flow graph
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Background

Multi-core architecture has been popular as a result of
the stagnating single core performance. However, this
strong computing power cannot be fully exploited unless the
programs have been well parallelized. Unfortunately, many
existing software products are mostly written sequentially.
Manually rewriting these legacy programs is time consuming
and is a big economic challenge. Effective methodologies and
tools to parallelize existing software with minimum manual
programming effort and user intervention are in great demand
for both academic community and industry. A plenty of
works corresponding to automatic parallelization has been
widely studied to mainly exploit fine-grained parallelism from
loops, which may not take full advantage of multi-core archi-
tecture. The static program analysis used to identify data
dependences is conservative that misses many potential paral-
lelized opportunities. This paper presents a semi-automatic
parallelization approach to transform coarse-grained tasks for

irregular code sections in general program and optimize the
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regular for-loops. It employs dynamic program profiling tool
to identify data dependences and forms the Computational
Unit graph for finding parallel task. The for-loops are analyzed
according to the statistic of reuse distances and the profitable
loops are further tiled and parallelized for optimization.
Additionally, a new tile size selection algorithm is proposed
to generate tiled loop codes. Eventually, a source-to-source
transformation tool based on the LLVM {rontend Clang is
developed to generate high-level Intel TBB parallel codes for
C/C+ 4+ codes with only little human effort. The transformed
parallel codes, using TBB parallel_for and flow graph parallel
templates, gain good speedups. The work of this paper is
mainly supported by the National Natural Science Foundation
of China under Grant Nos. 91630206 and 91330117, the
National Key Research and Development Plan under Grant
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