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Abstract: Due to its lower power consumption and cost, heterogeneous multi-core makes up a major computing resource in the current
supercomputers. However, heterogeneous multi-core processor features high bandwidth and loose memory consistency, programmers pay
attention to hardware details to get ideal memory and computation performance. This paper introduces CellMLP, a multi-level parallelism
model for Cell BE heterogeneous multi-core processor. Through extending compiler directives based on C, CellMLP supports data
parallelism, task parallelism and pipeline parallelism programming model, and improves the programming productivity. In addition,
runtime optimizations are used to improve the performance. Parallel SPEs data transfer and double-buffer mechanisms are used to
improve memory bandwidth. A novel hybrid task queue is used in task parallelism to support asynchronous work stealing, reduce the
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contention between SPE threads and increase the scalability of task parallelism. For the pipeline parallelism, low-overhead
synchronization operations are firstly implemented utilizing signal channels in Cell BE. Experiments are conducted on Stream, NAS
Benchmark, BOTS and other typical irregular applications. Results show that CelIMLP can support different typical parallel applications
efficiently. Compared with similar programming model SARC and CellSs, CellMLP has obvious advantages in terms of practical data
transfer bandwidth as well as the support of irregular applications.

Key words: heterogeneous multi-core; data parallelism; task parallelism; pipeline parallelism; irregular applications; compiling

optimization
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MG oy ) 53 D PR S RIS 2 R R SR 22 4% AR R 2 A2 AE B A b S AN A B AT A R i 2 B R 2
Ak B 5 JU) 8 s AN [ R P42 A0 55 Pl 0, o I A 0 AT AR 8 B3 s E B RE O R M 2 R I L A
DRGSR P RS ) fs 3 AT R e 0& T ) K 220 A% 9 AT R P R R 31 57 4 22 4% B OF 78 00 ) ) S A g s

Cell BE J&&— K SR S i) 2 i2 A0 BR 25 AR R A R i8] 1 s B & — AN 26T Power S84 ¥ 3 4b B2 2% PPE
(powerpc processor element)Fl 8 4™y [E] 4b #1L 2% SPE(synergistic processor element).PPE J&—A> 64 {v i JH 1) XU &
FEAL 7 3 A5 P 204 4 Cache 4544, 574> SPE HLA 256KB JE— Bt A< s 47 4, 3138 i3 DMA F 55 %% 5 HiAth SPEs
DL M =Tt 2 E47 8 (5 . PPE LL & SPEs i id EIB(element interconnect bus) i £ 5 = 77 4# 2% #1 3% . L 4, Cell BE 42
BET R EAE T SRS T AE AL, PASCIF POE LR ) 28 S Bl il 5 A SCEE XS Cell BE 50 2 M4k &R S f

SPE SPE SPE SPE SPE SPE SPE SPE
EINEIIEINEN N E NN ERES

$ i b $

Local Local Local Local Local Local Local Local
store store store store store store store store
[MFC | || [MFC | || [MFC | || [MFC | || [MEC ] || [MFC ] || [MFC ] || [ MFC ]
I — I 2 - . - [
| | | | | 4+ | 4+ | |

‘ Element interconnection bus (EIB 134.4GB/s) ‘

MIC 10
controller
Main
memory

Fig.1 Cell BE architecture
1 Cell BE thR 45

FERR AT I BE T BAR B 2 i 38 2 SCE.CelIMLP R JH PPE o 4 347 %1 43 )l ik Cell BE 4547
(1 1 47 308 45 L K s B A JEL ) 1 4 SPESRJG L SPE JFAT R AL DMA B AEREAT Bt A% i, LA fse K BRJ3E 1 R
EIB M £k 9 Susbh A F XU pio L) 5 I S 50005 T 2, 12D BRI O AL B I8 5 SARCHMME IR AT 2
M ELAE, CellMLP (147 250800 1% ity 56 - 24 T 42 1 78.1%.

f£45 IF4T A& OpenMP 3.0 KU () 22 Py 28121, F 1S5 A U 137 FH 10 AT 1 9K 1, e 20 4 (0 Rk 5 52 2
PEATAF AR BT 55 FAT 6 A 2 4% 110 SEIAE J 1K .CelIMLP 4 i OpenMP 3.0 #R3E, 15 IK7E 5344 22 4% S B
TRIEAALSS IATIR S IE A SR .CellIMLP SR — i 5 55 DA S A0 6 G 17 9 — 42 R BA AUl BE S 1A 1
REHR A A HIAT: 55 BA S0 — 25l 90 S o A1 BB B ARAAT BB LA SCHs 5 20 AT 55 05 IRBL AT 55 4R AT IR, SPE. 2 A
AAAT IAZ o SRIAT: 55 4T 55 3 HONE AN PE 24 R 1) 22 A7 BA 81 o B3 AT 55 110 O AN T SR AR e RESRAT AL AT AT 55, I 1T
BEAR 7 SPE ZeREIM I 3E 4 1 BEARAE 55 A2 T4, R F AT F BA S 22 1T 55 A2 1l Bl B 8 AR 55 R 52 e A,
XU PO AR 18 FH BUAT: 55 AT o, LA A AT 55 i N 0006 A B 38 . 5 A 55 R AT B 2L (CellSs) P LL 4 CelMLP A
R R P PR AT 55 FAT AT 7T 3R A58 38% (1 PE RESR T

© PERREERSMROT  httpy/ www. jos. org. cn



2784 Journal of Software M54 \Vol.24, No.12, December 2013

K IFAT 75 B )25 4RV SR ARUE VS5 48 SR 1) TE A . — o B 3 1) g v A 0 e A i A e 5 IR [ 2P 4 1 R e 7
W FRIC AR R O L A A 2 AR AR A B AT B bR 0 AR 1 U 1) — S0P R B R A A SR ML AR AR
1UE.SPE b 3 3% W A3 Wl cache, B3 U7 ) 19— B0k 5 4> B 2. 201K DMA 21 SR R AE, IX AN G i 77 7] 25 8 4 51
B A 2% T LT A R 55 K. CellMLP 783 R Cell BE b g8 44 SR HUMIHE 55, 1 WSEBL 7 36 F i A5 53l s
WL R4 A T T DMA 3545 785 SR 1 TR A TR0 48 B SE B ) 5 484 LUYE 5 /) 28 K AT
PERE T $2 T 11.6%.

A 1A 0] BRSO TAE S 2 WA CellMLP BB 35 S HS0 48 3 1~ 5 W40 BN Cell
BE P42 A% A BEAS DA AT . AT S5 AT LLR R AK AT B AT SCRR v S 04050 6 7 R 2 F sk A 4300 5+
CellMLP B M e EAT VRN 35 f5 — W R Z50 & T —H T4E.

1 )@ R X TE

Bl 2 T HAT BB 1Y) 4 AN R SE

e regular array JZ SRR IE A Z [0 B M O Zr HLE S ) ik 2 ) e L R4 T 4k AT SR Sl R AT A A,
RIVAR AR A6 35 A 25 2 2 PR HOHE T 347 O] R ST 24 b 43 B 45 %S SRR AT AT

o XFT recursive function calls, g 3 % FH T J0 VA TR 2 B8 I 3R AHE AR AR OG5 12, TR H3d ik 28 4L T- 4
i AT 10 X 43 TF B UL SN F 34T IR A7 16, IR 0 75 B 08 Bk AT 45 T AT B AR I8 AT IN B A AR O R
1%

o X critical region MEAT U in) 5 22 HL R BARB BIAE [R]— B 20 S REAT — AN ER R U Il I 51X, AT B ARG T e
P AT R

o loop carried dependency Hh -7 FR AR 2 18] B AT 4 A M O OC 3R, T0 v 1 B 18 Hod IR AT BEAT AT
A FRAK FEAT T S0F 1 S DX I) B 4G B A8 S5 EAT AT 44, RITHs B0 EAT Sl Bk, 1R — B 20 4 S 2R R AT A
A5 e, [ 20 B 4 ) Sk e G 202 52 ) B30 7 ) e 58

/******** regular array *********/ /******** Cl‘ltlcal I'eglon ********/
for (i=0; i<N; i++) for (i=0; i<N; i++)

b[i]=c*A[i]; shared_buff[i]+=private_buff[i];
[*** recursive function calls ***/ [**** |oop carried dependency ****/
int fib(int n){ for (k=1; k<M; k++)

if (N<=2) return 1; for (i=1; i<N; i++)

else return fib(n-1)+fib(n-2);} VIK][i]=v[k-1][i-1];

Fig.2 Application instances
K2 IR e

T Ao 3L v A0 AT o RS R g AT N P R I A R, — L v M R AR A P F A A
OpenMPEIX} C K Fortran i 75 #E4T T 9 & LS FFIEERJUAT 45 94T . Bikshandi 45 NPHE T 43 2 23 L34 (HTA)
FREIR v e B e PSR A R B0 1) 9T ATk LA K% 4 s M08 1) R 3 vk S A 22 4% 1 Ferrer 25 AWl i SARC 4 e
BEAUK AR Cell BE ARFRAS 110 0 4T T e DOl 7 e i K v 8 9 8 2r L4y SPE B A B 3%, I Fi o i N/
i B A L DA B U 3 BN B A AR ER 1 DL AN AR TR 3R A5 B AR RO A% 4ty 98 :PPE. S8 I R 6 J5 i B
Y75 IR SPE 75 5 G 3 SPE R FE YLk, AN SRR 1 22 R v F R GEAT o LA B

FHT, O L6 AT 5 8Os 1T N SR 8h A1 45 9547, 40 - Cilk!® TBBI Java’s Fork-join Framework®!,
Microsoft Task Parallel Library® Ll & OpenMP 3.018%% (T4 3547 AL B AE P T- LUK JLJ7 1

(1) AE55 A BB AT 55 R M AT 55 2 P SHE s (LT C)J 6 e HH oK W AR AT 55 A2 BT, - Clk(®). Hiraishi %

TN T b 5 R0 A0 PR AT 55 4 1 R 38 39 0 20 AR AT BT, 24 AT 45 57 B A e 3 [ 3
B e AT 45 75 1 s DR IR AT 45 55 BOREFEE $3e K
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B A 2 TR vas SR Bl AR S A2 g A LR R 4k S AT T R AT 55, 10 K 8 2R AT 2% B 28 It T AR 2k A2
7 B AP R B SR G B O T AT 55 G B 22 1) R OO0 AL 2 R O 1 s
(3)  F45 95 HR. CIlKIE 47 1N, 28 45 SR FH B AL 25 57 HX S4E s, 0 557 B 2 et AL 30 7 Ak 2 AL 2 BB LA 55
DT I N Ay e — Tl 28 4 AN A 1 sk s 2] SLAWIML — ol J5) 50 M 77 6014 25 53 S s, 6o A 4 Ao
i places #E47 2341, 35 0 E AT 45 5 U BB £E places 2 W R A= AH 24 Cell BE 4bPESS L i FIF AT A
AN nr s SPE 4247 RS CelIMLP 4k 4k % F B HLAE 25 97 BUSE I
Perez 2 \FVE 5} Cell BE 42 Hi—F T2 IR 4765174 (CellSs) F -4k Cell BE i . CellSs 4 13 23 Ay i 51 51 4t
PR, BB A R A I B — YR AR R R R PPU YRAR T & SPU R Y 2R 5 T A% S 3 4% (40 gee 5% IBM
XLC)MJ 3 He Y SCAF BEAT & 12085 42 25 BT AT A AR ST H 1K — Gt 1365 50 W6 ke SIS 22 0 AT 15 200 ()08 5 A C
FF. A6 CellSs BiZ 1 PPE {8 F A7 fifa b 4E 47 4% Ja AT 55 BA A, I B3 AT 55 M 0 BG4 254 Bl 45 % R SPEAH &2,
2 JRAT 45 BA B 25 5 1k P RE RS0 Cel IMLP SR FH — P 2 TR & 4T 55 BA B 45 4 DR i AT 45 AT v T JR k.
Gonzalez % N\ M3 o 4 i OpenMP i i 4 548 1) 4 2L AT LLAT 2% %35 i /K J£47 Michailidis 2 A MM T —
FhEET OpenMP 19 LU %7K S2 0. &F 0 v 528 Kessler 25 ANBSIS Il T —Fh Cell BE AbBESE by /K AT 1 284,
PE LAWK AT HA, PG RAS N LG8 ML HEAR RN RER. 5 ik T/EANFKZ,
CellMLP K FFATHE AL B R H 2 F B A5 5 A5 5 AR T4 [R) 25 4548 1 s i /K R 20
14k, Jimenez %5 NP3 1k — R 51| Sz %) Cell BE FIAEAE MEREHEAT T 200, 645 B FR R IT . Ak, U8
1. DMA lists P & #EIR DMA S 45 4% i [7] 25 41 5 SPEs P RE$2 T+ A0 2. R 4k T B th 4 5% 1 21 1BM Cell
BE i % #$Mrp .Chen 25 N\ PSR S5 4 /2 H7 T Cell BE 4b #1281 DMA 504 45 fiy S22 i/ 22 D2 pP 7R 3R 45 1 7 1k g
R X ST 5T TAERT AL CellIMLP £ 2 HAT BRI e vl S M ge AL R A S5 M H.

2 CellMLP Z R HITHEEEFES R

CellMLP X C i & #EAT T4, 38 19 4 B Fi 398 A0 K 5801 73 B 2 A SPEs L, SEIL 2 GO0 AT IR i
B HFE BT, CellMLP SRR 1) 4 1% 45 T8 A 35 5088 J14T 4w B 48 215 AU (#pragma cellmlp forall); {145 47 %
PR f5 518 ) (#pragma cellmlp task, #pragma cellmlp taskwait); 7 /K 3747 4 % 15 5 35 A1) (#pragma cellmlp IterWiait,
#pragma cellmlp Gotolter,#pragma cellmlp ThreadWait,#pragma cellmlp GotoThread). . #pragma cellmlp forall
Jettpragma cellmlp task fi5 ‘31 ) 345 input/output ) FH T4 & fin A\ M th 25t DL K AT 1 18] 3 45 it 7 2k
T CellMLP BERY ) LU WK FFAT R v B 3L 38 2 47 K 35 10 47 23 Sl R WH e R e HA A1 J2 AR PR ARORE K N 2118
MM 2R 4 47 2 5 AT9R5E T 4 SPEs _EIFATHAT I NJZ for TRFA KM A/t 2cdie 26 7 47, 26 1347 KAk 8
A7 5 144770 590 0 PRSI EAT [R5 A A R AR IS HCH 1A S HUT TR 2 BAUOBO R, 28 2
AN SR T AR e — X [P AR LU K IR AT R A 5 6.2 5 PR 40 Atk

CellMLP % 7 55 SR U B+ AT SCHF R R A J7 2 5, 4 A7 2 PR 318 1 10 50— R 7 B 3 1 PPU
URRERP S SPU YEAE Y, 4l A A SIS AT SCRERR 11, Qs AT SCRF R ah A 5 SR A . Bl Rl 70 15 AR 0. S N /i
HER LS. AT SRR AR5 K B 82105 AR )5, A ppu-gee 2% spu-gee i Y5 F2 7 SO
BEAT G R A2 1 ppu A2 spu F AR SCAE, R 3R BE SR BEAR IR RETT « 73 SCHU K 9 3 1) A0 55 2 P DL AL, 3 7 spu F AR ST
PHTG Y spu ds AT SCHF FEEAT BE R 1 BB AR ppu H AR SO B 5 K5 T ppu H AR SO Y ppu da 47 S5 EEAT
P A T AT S
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1 for (k=1; k<=nz-2; k++){
VIIG1K]=... VLT k-1T;

2

3 .

4 #pragma cellmlp forall input(v[i-1][j1[K])
5 output(v[ilGI(K])

6 for (i=ist; i<=iend; i++) {

7  #pragma cellmlp IterWait(i-1,1)

8  #pragma cellmlp IterWait(i+1,2)

10 for (j=jst; j<=jend; j++)

11 VIIGK]=.. vIi-1] 6K

12

13 #pragma cellmlp Gotolter(i+1,1)
14 #pragma cellmlp Gotolter(i-1,2)}}

Fig.3 Code segment of LU pipeline parallelism based on CellIMLP
Kl 3 JET CellMLP BEZ) LU Sk FFATRET B

3 BREHEHIT

& Cell BE b #8351, PPE il VMX ¥ 15 4 S r nl &2 71 55, SPE 1176 55 PPE AN [A) 1) i 2 SR 240 LS R 56
Sl A, SEBLAE A AR 9T 4T (SIMD). S RS (1 17 485 4k 7 035 AL ik ) 55 . B2 D A2 ) 5 45 4% £ 0L,
CellMLP X H ppu-gcc K spu-gcc 3 AL R AT BL (WL AR G5B A MM RA. HIRERA.
U K B2 A A ik 545 SE B [ B 1A A ) B AR A S 4 45 Cell BE B A 1 1% s 8 5 ) {H 2 PPE J% SPEs X If] K]
I o B A B i RS ROR P B RS

TG AR B 5 AT, CelIMLP A Cell BE H545 (¥ M3 45 35 AL S2BL SPES AT 303 4% 4. L AR Ui
K, PPE SR FH A5 K3l 43 7 VR e B AL HEA TR 43 B 35T p AN SPE SR B 4L IEAT n e %4 g=ln/plr=pxg-n,
WHT p—r 4> SPE £EF2 4> Bl AL EE q AN S04 ICE R4 r /> SPE A2 I Ab 3 -1 AN %041 ot 3 . PPE ¥ £ 41 & i
Uk DL R 5 SPE 7 St i B ity b S B A A% 45 A SPE.REAS SPE St EISAR £t 28 Ji5 AT Kk DMA_
get 3 E LASRIL =77 it 2% A AR N 5 X Aol LA R 3 J7 Mg %5 7&:1) SPE &kt DMA_get #:{E Lt PPE JF
BYARI)2) SPE AT Bt 1% 4 T 314545 w5 95 53) PPE £k B B /b 75 55 51 % SPE ZRFEYLHR. 5 7k DMA {4 K/
BRIMEA 16KB, b AT th RS 5 53 F8 o AR 11, AR M A7 fids R0 2 77 il i 1) 0 55008 A i A AR AR vy, R SR8 e B R (W /8 4
JIT 7). S PR BAAT IR P 5 T 5 1) 5 300 135 W) 22 T O 20 b K 2 4% o AR 308 s ) ke I ot B30 0 A i s SR 1281,
K5 45 H T —/> DMA 15 52 PR P A8 20, B4l A% i ik JE FHL2E DMA_get #1522 A8 buffer_0 Al
buffer_1 /% H bk TH W) F 4545 F— ikt DMA_get 34E 18 58 . BRI 78 7] — B 200, o S50 R i A5 4 T
PSSR 28 i b, AT S5 30 UF 850 5 T8 A5 1 T 2B A0 B A5 52 PRS2 o D S50 AF 1) /)N T 5040 A% fi ol I, AT e 28
PRAT I [v) S5 500 A I [ o 5052 B O A 28 155 3 15 52 R U e A5 28 AL, T AS T) Py A, e 28 AT I [R]85 T A
PH AL ).

buffer 0 buffer 0 buffer 0 buffer 1 buffer 0
1 1 [} 1 ]
buffer 0 buffer 0 buffer 0 buffer 1
Time > Time >
l:l Communication l:l Computation l:l (non—(l':)(l)(l):?iﬁgl;:;t;;{ljet) l:l Computation
Fig.4 Single buffer model Fig.5 Communication bounded double buffer model
4 R 5 3£ S MR BT
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4 AYRIESHIT

RS R L FE AT 5 I L (K BEA AL ATAE S5 AR 7n 5« AR 55 AT bR IR BE S AN Vit i te df st ik S oK
N B RAT S5 ARI R R A5 A5 JEL.SPE. S R AL AT AT 55 T 12 Hh 5 K 24 M 2 A i 245 A% By ) A M A7k A 95 AT 45
SRR B 0] A il s O IE 45 TEA SPE SRR A5 I SPE Sk A 07 MAE 25 W 5 TR AT 55 A SR A L% DL BIA
HBAE A LR K AT 55 BRI AT 55 MM B AT 55 T 245 7 1A 4 CeleMLP 32 4T SRR FPAE 55 047 Aot 5 S B
41 REEFSNIRZFTESHN

IFi ¥4 2 A 30 5 R D A AT 55 T B S50, D 4% A SR RE AL T [R) A5 A7 5 RIS 22 A AN TR 1 22, Cell BE AR B
' PPE &5 SPEs 73 il b T+ 2 WA PPE ERRE A O 257 3 S iy B Y4y 4 v 34T 55 BA ), 9 D 7 7l S R AT 55
1M SPE £ i #8 SST AT AR 55 AH I 5 — 2 e mp s 55 BA AR 2 1o 11k RE R, Jt DRI A 44 75 1 <A
S5 R BUR BT AT I, 5 3L SPE 2R YL I 1) S A7k 4815 A A it 2 T P B0 A% B 2 i SRR Rl A
TP, 2 JFAT I 2B BOK  A0RE FEAF: 55 I I A RE RS9 W k. CelIMLP SR T — il & A 95 BA A 45 4y £ 78
3 IR Cell BE AN AR IR [ I, 6 s 1 4 mp 54T 55 BB AT R ok 1A Y RE RS

REEF IS WK 6(a)r7s:PPE LREAE RGN A7 P4 — A2 )R fE 55 BA A, T i SPE ZiREAEA AT
i TP LR A 7 — S o Al A AT 55 BA B AE AR 55 AT 40301, PPE $1 DT 4E A2 JR A1 55 BA A oh LA™ BEA S #0532 ik
— 0 HOR DR AT 55 T R IR X 295 A SPE YA H BAA p b Jm  PPE 2k Rkt 0 3 San A M i 2 A s AR 5%
MRS I S M 0 SPE A by A 71, LASEA T 4145 44 1= a7 SPE 671 55 1A T AS A 51 o FR AT 45 2 4 P 2 IR I, 23 249X 95
WAt SPE e A< 3 BA 7 R4 55 B 6(b) 45 th 17 0 A1 sUAS AT 55 BA A1 AT 5 5 P A AN A - BA 31 £RAIE FIFO
AT R ik head i3 145 ) BA Sk, SPE - 2R RS H 37 A2 18 (AT 55 48 N B BA Sk AT 55 4RAT 45 AR B SR SRIE 55,
XA, SPE L s AT B BT 2 KA 55 A1 R T RE PP RAT B R BB tail| 958 B 45 170 A2, 2% PR SPE £k (T SPE_2)
MNP 24 it £ AR 27 AT 55 BN A 55 2 e 216 26 B TR A 55 A 55 W R i K 3P T DA K e M B3 A 55 53
WRCHT R R IE AR TT 4.4 13— 2Bl b 54 spllit Fi5E1REAE 55 BA S 73 B B AA AT BA S J2 A A7 BA A5 A SPE £k R (U
SPE_2) WA 2 A5 (1 SPE_3) 12> A B 51 v Gy HUAT: 55 Ak 2 At v 4k 8 AT FA A A 55 1T J 75 S5 A, AN T SE 8L 77
S AT 25 57 MR 2 FAAT B b (AT 55 B0 I — 52 PRI I, SPE 28 72 (W1 SPE_O)il i #% 8] split Fig B4 FA A7 4T 45
e DA ST AT AR 55 AT 58 HE I RS 8 73 A A1 A 55 e A BA A AR 55 (W SPE_L).AER2 8 split 454 LA L2 53
WA 55 I, 75 2 H R BUORAIEAE AR RN 2 2 A — AN RV ) L= BA A1

R Work
PPE  } tail stealing
tail tai
System memory tail x|
’ Cast ﬁpli&
ast to ea
( Global task queue > split privateT
Cast to split split
shared head head
Local task queue Local task queue head
Local store [ Local store I
Task Task
< v execution execution
SPE SPE SPE_0 SPE_1 SPE_2 Privat?ePE_3
|:| Shared task - taask
Hybrid task queue Distributed local task queue
(@ (b)

Fig.6 Hybrid task queue
K6 WAL
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TR TN 7 Pros. oA AHAT 55 BA S koD 1 G RE 56 4 AT 55 57 O 2 5Ems 78 70 R T SPE Al
it 1 £ e 3 0 1

Stealer

Victim

v

Execute private
tasks

Execute private & —)
tasks !

Comple(ii kfor the : Complesikfor the R Select victim
v I
Move split Steal tasks from | .
pointer and cast the tail of the |
shared tasks to victim task :
private queue l

Execute private

Transfer stolen % l
tasks

tasks to stealer | .
: Execute the
I stolen tasks

| v

Fig.7 Asynchronous work stealing
K7 SRR

4.2 RS

XA 55 MO A SCRF S L T BHLZE AR ZE PR 2L 1] 8 45 Hh 1A 25 MO ) BHL 28 A5 XS B, L i XA 551
PAT AT 7 AT 55 (K 52 1 BN hAT AT 55 (1) SPE 2R REAE ST 55 SR AT B K A 348 Ve FH PAUAT A 55 5 A 55 454
PAPRAIE 2 AN 25 R, L3I 1 55 4 3 58 R IRAT SCAE 55 (1 308 A A X P o 0 e b 2 S BL 0 B0 0 HLAT B4 19
SRR (E b T BRSO S, 75 5 S B SPE SRR MRS Y. 1K1 9 4 Y T AT 25 MM A Al B ZE AR S B, 24 ST 55 R MK
KR ANBE L EI AT IS, WULRE SQAT: 55 3o 2 F a8 A2 AT 55 TR B A A AT 45 BA B v SPE. 2 i U 4k 48 A AT G Al AT 55 5 55
AT 55 00 43 A 55 PP A0 35 BT MRS 1 A 55 B DA R B N o 1 300 15 S5 55, 24 0 A 55 VAT 5 S I UDKE it 5 81
ARAT S5 KN P 2 401 55 SR AT 56 B WK J0) 4% A8 55 T3 R0 RA AT A 55 BA B v BB AT 1 2. 24 9%, 1A 55 B AT AT g
WeH Al SPE 2R 07 U, IX PG 00 1 I R 2 R AT 58 TR 55 A, 20 K i Hh A8 B SCHE 55 i 4 SPE 2Rt (131 IR 22 of
DA SAR S5 T AE SPE 2R A4 52 I 21 (WM 55 AT B0 55 03 B IR 11 J6 2 v DX, BT 980 4 4 55 IR IR 2 L 3
FCnr g SPE LR U L IAT AR B ZE A 2 2o R 2 (1308 {5 T 41, H2 WA A9 1k SPE 2k R A th .

‘ Parent ‘ | Continuation |

| Child 0 | [ Child 1 | | Child 0 | [ Child_I

Fig.8 Blocking model for task dependency Fig.9 Non-Blocking model for task dependency
K8 F55 i B 22 4 =X K9 AR5k B ZE 52X

43 ESERRIAE

ARG B sk B o A2 A Fd 3 R AT 45 VR S eS8 1 T Db il T WPl O JE S AT E AN DR
UE,CellMLP R AR S B SR Bt S A 45 15 10 75 58 AR B A2 AT INAT: 55 BA AU 20 5 25 DI AT 95 A pl s L A it
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K,CellMLP X HI45 5tBA %1 (bounded queue)ydi X AT 55 Az e J AT 55 8 B b AT A AV AEAT S5 PAT BT, 456 FH sk Bh A 2
TS A AT 55, DA PR 9 TC £ 2845 4% 30 SPE 2878 ; 2 3t SPE T: 25 BAF 1A 21 19l 5 1 5 S B2 i, ) £ 48 21 T AEAR 5
AT 45 25 R WS XL AT LAYERT 11 SPE 28 F2 YL 0% [7) B A3 28008020 A0 BEAT: 45 25 B0 it, DN T R AR AT 25 A2 T 4.

T AIORE BEAT 25 3147 o0 47 FL P v (bounded  tree depth)PY 2 55 ki FH 94T 25 26 AL AL S % B F A T3 35

Tpe RAT 55 A IR B8, 24 31030k 3 R AN 9% 8 AT BAA T A% A 55, DN 3 S K 24 e DAL AT 451k 9k vl A e K
i B AR AT 45 26 T8 AR TR 1 1 52 R 3 A PR 140 58 M 2 K )3 0t i 2 3 0k T 3 1R AR A e 6 38 e 0 A R 3
BRI T 4 F2 2 2% 15 A0 56 AN BT 28 A i A3 iR JE vk B T RO R4 B AT B 5 S B R 7
AN i T AT S A B8 T IS AT I B A U AT 55 AR R e, TT DA RORE S DA S R R ARSI Y o AT 55 BA
FI AT 55 Hok: B IR BE A 36, 5 A4S M B 6, 3L AT 5 5 E LI 30.

5 KEZFHERKFT

K IEAT (0 IS4 2 R 25 R M 1 SEBL.Cell BE AR B SCFF & 800 v 145 S @ A ML &4 SPE R A~ 32
A7 (A5 538 0 75 A7 45 PPE sl At SPE W] LU A% 5 T 40 75 77 4% R B M5 B B — A SPE.A5 538 41 77 77 2% 1 Hb il
A 75 PPE 3345 3 th PPE J %45 T 45 () SPE, 2434~ SPE 15 8 HoAL BTG SPE {5 53 41 %5 A7 A W st ik ) (38 )
P AT 5 SPE RIS 5. SPE W % FH BH ZEA5 3 ik MY A% 5388 000 30308, B0 1 SR AH 38 08 P AN A7 ] AT -5, DI B 25 2%
R ARG T S BAE LRI ISR R S8 A7 S Fr i D s 5 2
51 RERRYERERKBTRAKFIITEITZFED

K 10 g5 T ERFR R AK AT IBAT S RFE: O I SEBLE goto_nxt_thread_sig %, 225 4 curr_id 1)
SPE M54 thrdid ) SPE £ AE(ES b, HWE S % 45 F U bk reg_add[thrdid]. 75
wait_prv_thread_sig s %, ZFE 5 0 curr_id (1) SPE £k DL FH JERE RS2 U £ 1 5 o4 thrdid (1) SPE £k R s 2 (1)
55 AN D RENIES N SPE 45 NI SEIL 17— X SPE £& 4 ) (¥ [F) 2D # 1.

void goto_nxt_thread_sig void wait_prv_thread_sig
(int thrdid){ (int thrdid){
if (thrdid!=curr_id) uint32_t sig = 0;
[****Send signal***/ if (thrdid!=curr_id)
pip_send_signal [***Receive signal***/
(reg_add[thrdid]);} sig=pip_read_signal();}

Fig.10 Thread synchronization for pipeline parallelism
10 ZfE [ WK IHFATIZ AT CRF

B 10 25 T IRARIR S K IFAT I8 AT SCRF R I S B,

void goto_nxt_loopindex_sig void wait_prv_loopindex_sig
(int index){ (int index){
intid=-1, uint32_t sig=0;
if (Ib<index && index<=ub) return; if (Ib<index && index<=ub)
else {id=probe_threadld(index); return;
if (id!=curr_id) else sig=pip_read_signal();}

pip_send_signal(reg_add[id]);}}
Fig.11 Iteration synchronization for pipeline parallelism
K11 SRR K AT B AT S HF

BRI K HATIZAT SR OV 5 AR RE MUK HAT I8 A7 3CRF % 1 2800, 20l 145 5 1R R 36 5 B L 5
TR0 BEAE AN ) (902 [ 5 B A 0 A0 30 B — YOS AR R T BOE TR TR —A~ SPE 2 Lk AR %43 (¥ Ak 401y
R AT S HLIR] AP B4 AE goto_nxt_loopindex_sig &£, 1 56 3R 15 I A 1 1Y) SPE AR S S AT IIFAEE £ R A
(Ib 5 ub), 2R 5 I 75 22 [R) 25 (R 2% AR R A5 A0V [ 22 9 i SR A 3R B R AR AP T Z 8 D SPE AT
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A probe_threadld, iR [Bl R ARFT7E SPE Z6H2 5, JF MiX 4> SPE £k F% K i%(5 5 .7 wait_prv_loopindex_sig
BRI AR 1 e 3R A U T 1) SPE 26 S ST AT (AR 2R bR J AR 5 I W0 5 22 [R5 (36 AR A5 41 130
FEL P, 2 SRS T A BH ZE A5 5 U 5

5.2 MAKFITE A LA

P I 3 DX 5 2 11 B AT BIAT 2 AT RE T 00 R 250, 10 9 7K A7 T LA v I 7 DX P AT 280 L AR i 2 ot
JCERYEREAT 40 B, 330 L LR L [R5 B AR AR AR AN SPE 78 [A)— I 20 U7 1) AS [l (R A = 8t b B 12 45 18 T IR R X
TR BAT AR B 58 4F TL N %I, SPEO #4 Block_1 M 3= 17 fifs 5 MU 3 A Hb 776 4 Hp 28 5 AT VH 5, HoAth SPE I 25 75
SPEO #5525 )5, Block_1 &4y SPELfLiX5g )5 1n SPEL Ki%f5 5, SPEL B BIME 5 )5 JT 4G $h AT+ 5. He I,
SPEOQ M T A1Efif s rh I Block_2 #H4THH4E, 314% Block 1 78 7% .24 SPEO #4475 Block 2 I, %45 SPEL W4T 78
Block_1 T HEAT e AL, UL 451 & Hodt wh 52 Rk, 24 SPEL #1447 58 Block_1 I, 75 22 [ SPEO & %45 5, 3# 41 SPEO
TFif A& Block_2.24 Block_1 MIKEA T SPE 43 B di £ 45 R, H 85 5 — A~ SPE Sl H 5 [n] A7 4k #4806
T A X SR FEAT A S BN T RS2 384T S FE 3 VU IS 2 2% AT TR0 A0 14422,

LU (52802 — AN 28 1 v Jr B 4 G A R AR LU I T 8 s R I A2 0 B3 4 B 4 e 3% [k 7
AT Vi-L][1IK] 1. 55 T OpenMP SEBLIT NAS FEAT IR LU B3 K AT 7] 35 8V i T b A8
S, T35 T CellMLP SEILE) LU JR/K AT (B 3 Fiom)iK 2 RSB 2 3L T15 5 st . B 13 44l T3 F
CellMLP /) LU /K ATHE AL, 24 SPEQ Jz SPE1 £ F2rf k {HAHZSENS, B A SPE L LR AL T [A] — AN e oh Z AR,
A SPEO ZE KK R AR (i LA/ 1 v B T R MRS JE, T —A SPE A & TS (i EE) 1 v
F2A 0 X R g e T VIGIK] S vIi-11G]KD 51 S ph 5.2 SPEO K SPEL Hf K AEAHZE 4 1 1, BRIP4~ SPE
LR FRAR AL T AH AR IR B P IR AR SPEL ZR R 58 1 M B4l e E I T B 77 2248 SPEO il J5 — ML n £ it 2
T 58 /. SPEL 45 41 SPEO B i B I Y& AR i R % K {5 5, SPEO AT & 1% F — /Mg 5, Dl fs Sl il i & AL % &
R P AT HE R

SPEs SPEs
| Tspeo I'spE1T spE2T ~ | T'sPE0 'sPELTSPE2T
T1 T1
T2 T2
® £
T3 T3
T4 T4
v \4 m
I D %ro- S:/fhro- Synchro-  Synchro-
Block_1Block_2 nization 1 nization 2 k=1 k=2 nization_1 nization_2
Fig.12 Critical region thread synchronization Fig.13 LU Iteration synchronization
for pipeline parallelism for pipeline parallelism
12 I A IX R D WK IFAT K13 LU EARFEZHRAIAT
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6 X I

SR R PE RS A2 Cell BE JJ RS54 — AN J) A RS 2 A5 WA Cell BE 225 LK 1GB [ RGN 17
SZISSE- S IR R VE R 484 Fedora9(Linux Kernel 2.6.25-14), 42 2 347 B8 4 13 3448 4 Cell SDK3.1.
6.1 HiEFHIT

FEKE HEATRER )7 18T, ¥ 4% CellMLP 5 SARCUHA THEAY 34T %t EL, 3L SARC /] 4 /4~ PPE £k 72 (Cell

BE JI P MRS 2% 8 % S0 FF 4 A PPE £ F%) 4776 O R 3 F BAE 55, LU K REE 22 SPE 2R A5 Lk ™. 30l st 451
4 STREAMS!® 43 % Copy,Scale, Add /% Triad, %7 %7k DMA {46 5045 i 4Kbytes, 5256 45 H i ] 14 Jrok.

40
=3
- e SARC(4 PPE threads)
& 22 ® CellMLP(single buffer)
e = CellMLP(double buffer)
X = 10

0 T T T ——

Copy Scale Add Triad
Streamsill i F# /7 (16 SPEs)

Fig.14 Practical data transfer bandwidth of data parallelism
K14 Bl JRAT SE R AR v

4 CellMLP 3R FH 522 wHL | B, Copy, Scale, Add LA & Triad =2 fr A& s S5 AR T 1 2 PPE £ #21 SARC
SRR T 21.9%,17.2%,31.4% A 23.7%, 3% W] CellMLP K SPEs 14T & 2 DMA 2 4E 34T B 14 5 52 A F)
T4 1R S R B A s 58 M4, BT Copy 1 Scale 7 — AN A [l 5= S — /Nt 17 A Add AT Triad 45 AN ST
le) e — AN ) B Add BT Triad i A K B SR, RLE AT XS T Copy Al Scale i S8 32 THS 2.

24 CellMLP R HI X ZE i MLk, Copy,Scale, Add LL &% Triad 52 s A& 46 96 76 50 2 ph LI O 60k L3k — 204
AR T 52.8%,55.4%,52.9%L % 56.7%.STREAMS Ik F 5134 & T~ 1815 52 B XU 2z ph A5 7Y, BT S R AT o) (1) el
A W) g, an i 14 FroR,Scale 40X T Copy T 8K, &4 5 £ (1 B (W 4 24 55, 8, Scale AHX) T Copy
i SE P T A 2[R B, Triad A0 Add 5 eI TR 2

ST 5 SPE V7 ) AR Ak 2% BB WG4 47 5% 4 51.2Gbytes/s, i %E T CellMLP $2 43t i % 3474 8 Add 52 B
FE A 55 T LAk 3] 41.3Gbytes/s, A W AR 45 5% ) 80.6%.

6.2 EEHFIT

2% 34T WA FL 7 4 Barcelona OpenMP Task Suite(BOTS)24 I3 FH 1% A\ S50 L3 1.4 7 3 4 3 — Sk
WA 7 IA] (NUMA) TR 25 S5 R 1R 5% Wi (B AL 5% 97 B 2 4 38 15 I 8 10 AN i M), ISR e i 8 e e )
iR 45 2% B —A Cell BE 4bFE 88 11247

Table 1 Input parameters of benchmarks
Fz1 WP AS

Benchmarks Input parameters
Alignment 100 protein sequences
N-Queens 14x14 chessboard
SparseLU Matrix size 5000x5000
Multisort Array of 33, 554, 432 integers

Fib N=40
UTS T3L

56, AE CellMLP A3 FHR L AT Fr BB PR AS R 55 26 AL T vE BEAT PR BE X BL, 45 R i 15 Piors.
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= CelIMLP using bounded tree-depth
® CellIMLP using bounded task queue

11
2 1 -
o=
22 o9
<
£ 8 ]
55 08
SE o7
35 06
()

0.5

N-Queens ‘ Multisort ‘ Fib ‘ uUTsS ‘

BOTS benchmarks (number of SPEs 1,2,4,8)

Fig.15 Performance Comparison between bounded tree-depth and bounded task queue
15 A7 SR VL S AT A A B AL REXS B

o7& Multisort & UTS 4 FLEAZE 88 AR T SR BEvE X2 i T Multisort & UTS AT 2% 4 b R A
FUN AT TR BV T3 R AT 55 SR AT A0, 2 T SO B A0 B 24 4 1 S A 4030 G i AT i Bl A ) 4
AT 45 A SR I, LA RAIE 28 e 8 1T 55 30047 TR %

o {E Fib % SPE NCH 1 B A5 FRBAFINEAL T4 SR BE 2553 02 BRI DR >4 AR AT AT I A5 R BABVE A8 AT
G- B SN T AT SUR SIS H R B SPE AN 2,45 SABAI VARG 45 T FHR BE VL X Fib
AT 55 2 JARS 143 ) HLAT 45 R0 BEAR /N AT S B30 25 26 U 22 1) A0 WL FE AT 45 AT i K U9 0 R4

e 1T Alignment 1 SparseLU Jy for 7 ¥4 &5 ) AN 38 VAT 55 25 TG 4R H A S iR B SR s, IR b 1 e
F7E B gk Ah, BT Alignment & SparseLU A B AT 451 E AR 8¢ K AT 55 25 L A0 R R E AN BE (856
F AR AR 1 5 AT B0 S e AT R R

16 5 CellMLP 55 CellSsPMT 45 FEAT LR AT Tk fEXT EL, 3, CellMLP SR JTIAT - BA F133 00 4 45 24 ple it

174k, CellSs A3 FH i ik T 2 1 L i) R DA R B A 45 A AT AR A

mCellSs mCelIMLP

(IR
0.6 -
0

Alignment N-Queens  SparseLU Multisort Fib UTS
BOTS benchmarks (8 SPEs)

[

—

=
[N

Speedup nonmalized to CellSs

Fig.16 Performance Comparison between CellMLP and CellSs
Kl 16  CellMLP 5 CellSs #EfEXS tL

& Alignment JUAFE 728, CellMLP 94T CellSs, V-3 1t g8 A4 22.1%. 4 ,N-Queen,Multisort & UTS
PERESE T B o W X A4 N-Queen,Multisort f2 UTS AE55 A8 jli b AR AS B ) HLAE 55 it B2 #5255 /1N, CellSs SR
PPE AT 45 I 4 40145 vh S0 AT 25 BA B AN 258 55 9 30 SPE S R L4k, 177 L 76 72 S PRI 47 M 47 434 4855 .CelIMLP %
FH IR A A 45 BB 45 K, PPE ZE AT 5% 447 491 353 it A4 3 34 55 AT 4% 31 SPEs A< #h BA %71 71 SPEs 4,47 A i BA 14T 55 I
K H 5 25 AT 4567 BUOW L skl i 300 A7 23 350 487 A 49 A S5 4687 1) A2 57 280 B R b 43 A1 B LA SPEs B, JFF# K T SPE £ 1%
[ 1) 5% 4 Fib AT 55 25 b AR A EL 2 AT 55 40 AR /N, B 11 1 BE 4 TH 15 38 TV A 1T 45 BA 1. SparseLU 4T 45 0L 5 5%
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RAH S SRR TN 1) i, I e 48 T 45 86 T4 25 97 X HL .0 T Alignment,CellSs B% L T- CellMLP,3X /& & 2
Aligment {145 ki B8 K, CellSs i il PPE Zefe n] & I Mo AT 45 0 B4 SPEs. S 44T 5 ,CelIMLP A% T CellSs
BAE i T etk

17 24 CellMLP A4 Jig 1 ik 45 5. Aligment,N-Queens,SparseLU LA}z Fib #J@ B HY 7 AR 4 1 ol 97 g 1k
Multisort & UTS FIAE 4525 et A JI, h AT 45 57 HU5 1 A 100 38 A T84 K, TRT I mT 9 J P A ) B 222,

8

Speedup

BOTS benchmarks (number of SPEs 1, 2, 4, 8)
Fig.17 Scalability of task parallelism in CellMLP
17  CellMLP L4 IFAT R 9 R 1tk

6.3 FAKFFIT

CellMLP 3 /K IEAT A FERE 7 NAS benchmarks™ i) 1S,LU LA & SPECPHh (¥ MOLDYN. [ 18 4511 T IS
J% MOLDYN 5 5 X 8 5% FH R K FEAT AL S5 B b, Herp SR HERE 2 28 OpenMP JRASH) IS & MOLDYN Hllg
FLIX 0], JEUEFR I (I 9m3e R85y IBM XL CELL By g 32228 71 CellMLP F/K Ak, 2 7 SR B4 %1 4 B
o P B 1D 2 M I S OX IV B4 4 45 S R 43y 4 Bl 8 B 16 Bl K 32 B Sy T I B i 4 AL AR B 5 1S
SRR W 2. A D)% B AR &, MOLDYN it F5) 77 Rk 3 5 1S 6 3 AH 25 5 &

OpenMP critical region
4 blocks
i ™ 8 blocks
® 16 blocks
TT = 32 blocks
w ‘ A B ‘ W ‘ A ’ B

IS critical region (8 SPEs) ‘ MOLDY N critical region (8 SPEs) ‘

Speedup normalized to OpenMP
critical region
o - N w B (28 (=2}

Fig.18 Pipeline parallelism optimization for critical region
Kl 18 it A A K AT AL

S 4 R

(1) Hots 2 o0 M, T K A0 A B S DR A U R 3 e I A A o R DX AR AT B T LA
PN A, 1S I DX TR R 2 B 16 H S S 400 W 438 0 2 B G, SR AR AL I L A 2.2
Bz 4.8;

(2 MBFREHN - HRI PR KT 16 I, g Lo 25 B 5 X ) 43 B8 . 51 4o, A 221S il 4y
FUHON 4 B E] 16 I, inig b A 2.1 B9 E] 2.7 2 U AR B [ 25 R85 4 0,%1 7y BB x,SPE £ 2
Ay y, D0 LG TR R A Xy (x+y—1), I Ll 23 B x R3804 2 R4 B in 21 32 1,
I EE T B3 2.6.3K 2% PR A Rl 43 PR ABORR 22 R) 0 O 4 O, DA A T e LG B
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(3) % T KK oy BLAUA A R I ,MOLDYN HRAL SR AL T 1S.1K1 5 MOLDYN Iifi 5 X [l A%+ 1S
TSNS 2%, [0 B A T4 o8 11 R DX I 5 4AAT F (1) B 481 4 .

19 9 A % LU bric 38 & [/ D 37K 34T K CellMLP {5 5 [f 25 it K FEAT $hAT I 1) % B 24 SPE A4N304y 51k
2,4,8 K 16 f,LU M Re- T34 T 8.6%, 1% Bt WA {5 5 [R5 T4 Wl AR T 5 i A% 5t [ 25 JT4. b 21, SPE AT A2tk
% LU PEREEE T Y SPE AN 2 N $) 16 B 155 [R5 UK FRAT M RESR FH AN 5.5% 38 N #1] 11.6%.3X & R 4
SPE AN 2, B [R5 #0415 5 RS 1RO A% R 5800K, DR 6 A5 5 2B A0 A R A B 6.

Synchronization based on tag variable
® CellMLP synchronization based on signal

500
w400 +——
8
< Z 300
(<5
1= 1|
E< 200
&

100 +— I

0 ‘ : : L
2 SPEs 4 SPEs 8 SPEs 16 SPEs
Number of SPEs

Fig.19 Scalability of task parallelism in CelIMLP
19 CellMLP {E55IFAT nl ™ 1

7 BRET—HIIE

CellMLP £ AT R AL [0 7 D134 T — RYIIE T = 905 5 Y 4148 FiEA), 5L T Cell BE B2
AL BAS b2 GIFAT ISR 385 T AT R P 10 A 77 28 J T RS A 1. Cel IMLP 4 i OpenMP 3.0 B3, 1 ICTE 57 4
2% LSz T ARSI AT IR S5 A B SR .CellMLP SR T —Fhopr 20 IR & 4F 45 BA B 45 4, 7 78 4 A A
Cell BE = MM R RIS, HE T TAL S5 HAT AT ek K AT B IR AR A5 S AR AL, S2BL SPE 2R L)
(A 48 [R] 20 B A AE B0 IRAT M1 SPES J4T &AL DMA ER1E SR ICAHE S W 2% i LA R B SR e 7
SRR AR i L ST 45 R W, T CellMLP 22 9 T AT BT K 47 I FH AT ik U1 41 5 117 80.6%, A ) 5 FH 1)
L4 FFATIAT AN T CellSs BERI ARG 745 22.19% R MEBEIR TH LU JK AT R 15 5 A 2D Atk v g T 3R 7
11.6%.

BV, CelIMLP 7843 FI I Cell BE fA 2 &5 #4) 1R 21, 52 B T 5% 2 G AT 1 i B #. i 1 B i Cell BE 4
BT R L HIFR AT SR AL T8 7 5 I 10 4 1 SR SR 2 R AT R 05 8, S0 A 25 AT AR B o 4T R I BEHLAT:
5501 MRHL B, I BT 2 1 Jm) 3 M ) 330 75 Sk — 4 52 3% . GPU+CPURTLE 5 —Foft it 704 () 53 ) 1 55 48649 . GPU i ik
HLfl 4 2 26 P (SIMT) SE L H & SR B0E AT, 38 i Z AR M 2 A D7) 490 ok G 152 46 it P40 090 % A SR U 2% b/ 22 2%
PEHLEIAT AT R BEAIC GPU A CPU 2 [\ S AL B 43R . 5 Cell BE AN A2 ,GPU N BERID Ab T [F — 2tk
(thread block)H (1 2 2, 1 A8 159 AR MU MIAT: 25 FEAT 1 S5 3052 21 R A6, 491, 75 22 R 22 AN T B0 O (Kernel) BLSE LA
[FAT-45 () ) [7) 25 52 GPU+CPU VB & 4840 2 U IRAT SCRZ AT R — 25 TAE.

Bigt B PEBET Becelona Supercomputing Center (1) CellSs 4g 341 & SARC % FE 45 71 21 $EA3E ity i 3 e e ek
WAL R R 2 R T E B S 00 ZE AT g 1R A A A L
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