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Abstract We presented a parallel programming language CC$. CC$ is developed to reduce the programming com-
plexity on distributed many-core systems. The programming model of CC$ is based on Multi-BSP model, which ab-
stracts distributed many-core systems into three levels. Data on CC$ machines are classified into 5 categories by data
locality and shared regions, that is convenient for data access among different levels, CC$ also presents some virtual di-
rectives to describe data access logically. The programs on CC$ machines are executed with Multi-BSP super-steps.
There are four key features of CC $ : unified programming style for all levels, built-in multi-level common address
spaces, description of data access requests with expressions, compile-time optimization for data transport. The experi-
ments show that CC$ is easy and effective.

Keywords Distributed many-core, Parallel computation, Programming language, Mult-BSP, Parallel programming model

SePRME R BRI 3 A E: DEIABRK: DN TREA. 5

13I8 S A TR AL TELRE s 3) M L7 B 8 L ) A ke
ARG R YA R N BRI R —. 4 IR IE MR TR, TR M A
TR H B RS E RN E &AL, RN SBT3 5. DA% B & it

RO TR AR S50 0 B TR, HE N PR SRR
LHREHEEFH DTN RERETEYABES SR
EEBKRITEEL . SHAAEHITHEIURE BT
B ERERZHAHAFTIHEI. IRNEGFERETE
BRHEARE . EEREH SRR WFEFHERK L
HETMERR, BRESREHER, FTEELHR
E 9=/

ST RAE 2 PR SR ) Hy BUARE 34T 42 B PR 3 R » 33X

FIFMH R 2012-10-19 KB HEH.2012-12-15
BHHEPEE SR E (E R [2010]311 S)¥%E),

L T AR ) SR BE FRAT R T A ALK Rz T P48 1 R L
BEFHAT 2 W7 B b BT AR T AR BRI ]
BRNEMEEEZAN BRI BEE AR MES EE; 3)
BE7E BRI R 2K b BER [ B SR S )
TR AR RRGIEN L G IH1T R AR
RHEREZRAN. FRMHTHERRFRE 3L Da
TRBIES HBE, B MPL®  PYM® | BSPonMPI™! |
BSPLibH \GlobalArrayst'® ;2) BBIT BB S + HRiFH 54

AT HRAE T HEALRTRLST B B\ — TR SR A (40 620100189 B, Al k2 K

Kigid(1980—), B, 181, Yl , TEB R B AR TS WERE (1957 —), B 184, 888, EEBTE T R/ A B
By REUERE Mo ERER BT B BB SAL B, E-mail: xuyuesh@mail. sysu. edu. ecnGEEVEH) ; WK % (1962—), 8,181, 7
T, FEARFERFTHE VRV ESBRERE AR B SBEEREERT H1980—), B, WL, 3, TEME H R A A
AR ERERR T HHAAT (1980—), B 18, FEHF N I v R AT E T HE EWER.

+ 128 »



R, B4 OpenMP- , OpenACCH™ ; 3) FATHBIE S » Bl
X108 | Chapel™ | UPC™! | CoArrayFortran™™ ., CUDAM] |
OpenCLM™ [ Cilk! . BECP-2V 1 PPMP?

X SR YT R F o A0 AR R, DA F 2 b
AT RAEE R BRVC AL £ B2 AE 280 « R TR] 2 ok O B8 {43
AEMHEERHR, FTREERREEEEENFTE
ERANREEGRFTHERTFH IR, 50+
SRR N MPL, OpenMP % R BE LB IR HIFE1TRE T . BT
M FATRIZRAIN CUDA, OpenCL A1 Cilk 8 H 2.0 kB
B NIRRT, X P T ARG B RGN L
AR FEFRE % ZA AR R I REERL, FREEH
RN AT R, XEERWIHITHRERITRIRT S
AR AR FFAT SRR B I

CCEmBIETHEEHWRBRAMGIREITITE
HRGE R EME. O EFFTERMEHR,CCS MUAT L
HATF 5 AZRBUIATIHHERER, N T E SR ALE RS
RARBEHRIRIZTR; TIAZBREBEILERH , THEE
AR B HUE BRI MG —1k; 5 A SRR B Vil B
5 ERFHE . RIE BB B, AT AEEHE L E X
AN, ERFERT BRSPS B A, LR iR RER
PRI AE e i SR A R R B AR AR S B BOIE 3T #; E b
OpenCL ¥ FH ¥l , 72 7% {8 I 55 58 14 A1 56 K9 OpenCL 3K 3
APL BREEEH A OpenCL % F#L.

ASCE 2 Fitie OC S iE S HREHRL S 3 R CCS 1Y
BERMEE 4AWAE CCS HiFUANH W E IS BSP
on MPL#4THERERT L3 58 5 Wil — MEA KB U CCS
L R HEE B B2,

2 SHAKBFTRERR

53 TSR 3 TR MR A AR
HEBER, BEHEAMR MR T wRIES TE A B iR
- & KRR 5510 R R B8 E AR T SRR
HHBEE A BB T R BRI TR BAAE
& LR RPAT SR,

CCS oA 2 Ll Leslie Valiant ) Multi-BSP £
BN HALAY . Multi-BSP AR F 2B £ 288 4220 L&
FATHE B, Multi-BSP AN — A IEAT HH BRE 4 R 2
KR, B—EEGERA 4 Y. FiHERTRE  HER
cache K/ W44 SERR] 25 A4 . Multi-BSP #LR! 1y, BSP 4%
RIC e TRES R W S BEMAIN = T A cache
KRR, XRERERRR N BB, FAE S
BAFaHmRRELEEN . Hou %48 Hi 49 BSGP™ )i BSP HE A
BEF T8 S 8988 GPU ARBZEM E , & Multi-BSP A f) —
A, Savadi 48 H 9 Multi-DaC BE#I? B Multi-BSP & #
HEMRES ERRH. X TFomRAREES, T EES
B 3NTRKATENER Y SRR,

Multi-BSP RS B AR RERE 7l 138 43 A AR B 384 B i
HATIHE BE T B AT EA M N AR TR, A
CC$iEE7E Multi-BSP RyELRE |, B T —FfpiE I F i R
ARBR B TT R, RA R EE R THFERETF KB
IREB AT, T B REITUER 5 R EFE AR X E

.

FEREBERI T T, CC S MR 3 NME K, /3
ROFRBER JRIREMARE X B H A B 28 043 5K
BERIT.RHATLMLEREAT., (DBREEEM RS B
BRESH BT A B BT SRR TR W RS . B
HBITHLS & BB ERE NGS5 I E LS
7. (2) BRERMILENFRE R TH & BT Bk,
BIEBETERRETENTL. RMEATHESFRREER
TRBEFIARFFRBE S/ R FRTIT. DLRBEFRA
S H5HERRWETR R, RS HERRIRETTHES]
HRNFEE SR RHIWBATIAT. XF GPU SRR UL, F1
GPU B #ME— B & R, 8 MTEV AR BEEA
TG

FAAEE R BRI DL 3 R - B Tt aR B R
FREm MR, RS aERERTH, iR
THHFTABIE. BEAEEALTREATH,. R E
ILPRITA R & RITUIR. £RFESH A RBEITY
M. BLGPU S 46, i & Bou R GPU, R & H a8 2
GPU BF. REAMEEX NN EEMTET SN ENRE.
LR R B, KR SR RS AEES . B
W45 4 SE B R & R BUER B[R] .

CC $ fER R % A7 HE 0 B YORIL M 20 0 5 Fhdesl,
IR f/NBRHES, B S R R A=
B RBAAEE BB ERENLREE. . RE
Frhaan RO BAEE — 3 R RAUT R R & BT A 8, K
XE BRI A R SR R 5 — W REEARN K
F BT FE AR X I BRI R AR, KR
R H RS (0 GPU R 40 7T L& BY T )R 377 38 5k
SRR BITR BB AT e, K0k, RIS P B BR
WS, S HIRHIAE RN ML E R, R
AR R R R R E UMM, B AR EAR R
BT ZEHE., BF. SREEFEERLNSRFHEES
. EREMEREX A MR HEXRN, BT
RARESVIRMERHELZIE, S EIERENVIR
REASTS 2 i FLB 1T B N E AL .

7 CC$ 1, RilFE i as i S S BR R AL A It it =5
8], 2R a8 R R E AR R At A Stk 2 ), DU X
PRSI RIME R R, RELEHERIL SR A T
b s 1A 2 A B R A A B SRR 3L AR ik 5 R A b ak
ZEIZE B, BH R ARMFHBAE L. A FHIET
FAZEA R B , TR T 9E S B0 U 160 B 48 5 170 3
RERfH CC S 4R a8 BEASARIE TR 7 (R R ¢ R ANBE
Tt R G b A AR R B R B S i B B ARAUAS

eI EREED |, CC S 12 3 MEME K ERIHFTIHER
M BSP AP AR, (D2REEHRIITEMSREHER
BN 2RPEZHBRHEANHEGHR. O RBES
BB A T AR IR AR A B A SR R AR A ety AT
FHBEAHR. QOBREBLHBRETENREZNFRLH
. BETERRERTANSLEITIHEA.

3 CCSiERHIE

CC$ HATHEIE 5 B X OpenCL,CUDA ERB AT
+ 129 -



FAERIEE HAT Muld-BSP BRI AR RS RWHERIE
L REPUETT & C+ -+ AT AEE AN IR, e
FEM SESEIFITEGENE MPDIE, #H CCS 5EH#
f# F MPI+OpenMP+- OpenCL/CUDA W) {ESG F RA L, 5
—MEBREKE—N BN, CCSAEBEEAMN 3 IMRBR
{5 AR TR XA O SR BAS AL, B R TR BT S TiE E REAR
FEXRNREERE BB, EEMRER T HE. £
MESRNENSEALhitaE, CCS MERA Tk
FEFEREEHRAMBRF R AETREGNELE A
b=, FEABRFPBAREFEREREMEL, FH
LB, Btz BN, BT 5 —BE iR E
REFERF T EHRIL,CCS BIA T BB VIR 18R 19 FB A
B XEE=AMA. CCOHNBEBELRERRZZIRAB AL
WHRE, MARGIELE T BRI BRI EZH LN — R
BEERE, XMRBAMR BRI T RENE R, H
BB M GRIFL IR PR KM 8], BB CC S MBI
R, B84 BSP HiR 2B KR BALBR . CCS msiBL
MR REE AR

EHRBEREFE,CCS FITREES EFEGHERN 3 4
R UK , #8 FA4%  $X (kernel function) R AR
HEAES , HH A BSP R RXEF 17, BB EL, 2
BB BT R T TT EIEBATH— R R
B T8 1 RSB IR R TR R S b F B8 T
TIPS . RIBARSEM AR, & BEHATN
ZERHBES SR BRI AR FES. ZERHESX
AT CUDA F1 OpenCL MR BIEE .

EAFHI S E,CCS RFEL R A FHIER, A
FEEE S ABERR S ERA, LIRS X E R R
FHIETBHA, N REH S AR EBEERE, R
BEERAMNBIER L RL2REE., AEELBERERES
B AT UEREFA  FHEAFEERTERS T
], B, BEHANTERS MR EHERRME T A3
a6, & BBE TR SN AL EREE RS T A%
HihkzsE .,

EER BN ER SR E,CCS ERA BHBA PR
FHESGRERBREERHXR. EEREXELEES
TRWRER, ECCSH,. EATRBETRBAZTH S "HS
WAE,FAEIXRESERIANENPENL. HIWAETH
B FAEHF, local A B JRFRILEHA , global A B2 R ¥4,
$i M8 BRRXNMBEMEXHBNTESER, EIHBUETEE
Ay 512 local A S5 0 4 58 1 M TE R ERMELE,. £S5
Widh R E A local AL $ 7, $ jIBTXIRHY globalA JTTE .

import localAl $7, $j]=global Al (so+2 * $i) * $7,
it * $5)/($i+1D]

EXESTEN, WA EEHEHBERE. flm, T
HHSABGEET $ WBETBEM 33 m(AF 3 m).

import localA[l $i=3:m, $j]=globalA[ $: x $j, $:
+$5]

H,s0 8051 1 BEBDHEE.

AKX CCS MBEARARBMRIAMNERAET — TR
N,

s 130 -

4 CCS$ H¥EEMRIEMULINB

¥£ MPI+ OpenMP + CUDA/OpenCL HfEG FE P, T
WRET MPLLE BSP, 452 1E #1832 m i B4
BREITERFIRSN, BXRNEE THHRE. XEFTREA
R RIS, BRBE 2, T H AR R LR E BT
FERHE, INEEELREGARAE. 2RRENEIEE
WABTEEREMBEREEE, L LB F L BHRTa A
BEFAEIE. FEFRYBRFEAME T HAHY, &
BB THEENEE, FERFEEERER AR
Ak,

# CCS o Bl s BB RIE R Wi, &4
Bt BB R OEEE, TR & X B Em T
FRYEYT M B Bk el CC S SRS mEat
B, XMHEREE T REMERE. BT CCSRFHBAN
FHEUER, KBERBETEFAMAHE., THHMN 2R
BHEAEIEEYE, /8 CC S BgmiERIDLE.

HE,.CCOHEBE S RERAE AR ERBBE .
IR 2R 5 K, ERHFES T UARE IEEME
REEE BB AL HABE. XEMEA, BIERBEEIELE
M —NED, XERIFT DB REEARENRE S
Hi. BTHERALEFOFEHAERNFTHENS R, Fif
BAEEESERBIARFEEHE R T BB A,

B EERBEERI AN FR T, CCS AT AR R
EHHAT FHR AR ITE, EB A R ERNIERES
REAM FHRELFBRAERR L5,

B=,CCE HFRHFTLRBIE R (EH KRB AL
9, il WOAR D5 IR0 TSR M R O 3%, SR I M s AT AR AL . T
REEBREBESGRBL HRA RHBNENL. XTEEH
REATTEIHER., DREFFERARE BIEFRERS
H, BT SR RAELTFERMNELT . BB ENE
BERIPERE 5% SR, BERES ZTx, XA i,
WA LU T 8B R MCME. D RmFHEBHREESE
B PR AILTS, REAFBAN FESTRHARRE
IR, R AEETTE, REMA. DX FEERAH
PR VIR, B~ - MR EER, RiFIFRE A4
BHZ AR R, 1S Y it E KR A B A 3. filn Y
HHREAEHAEAHFRNE A TR, SLERRMET LS
FF#AT, REHEERGIF. XBUFREKERA R EBE
HESE.

F, XHETRERMRBEBERFRIBFTEN
BEEFEER/D. ERBBHET, b THER AT, WEY
FERNBELFERF. Xik CCHBE%E T 154 BSP X &KFEF
JRARBU HBASCHE TG 1o 5 b Y5 R R 325 3 R OO A U 1) ! T A it
BB CCS MBIRERI BT A T KBNS TR, B
EHRBAHENER.

S, XMETFREANMIEREHRFRIBS T
TREZE TR SFEMREIEE KRG, #8 CCS HiFss
AT LU AR e S 3T s R S AR A S MR R R, 4
W, LR — SRR R AT B E B
EWNEZEBAER all wall FR FEEFNFRHEENR,



MR, R, E B —8"£# L. CCS&REBA
MR EEEREEMEZERE,

X TR CC S XA MR MIARR EEmh—
B RT3 T BSP on MPI Bl 4 — R FI(E M SR 2
k.. 7E Infiniband i# FHE R4 I, BSP on MPI A% FH B
f& 45K BSP X RPFEH BB MR HR

RIFIBTERNT =42 FHKAE AB ZRIPRBER
FEE., XPME=4RKERE 512, HEW A%
1B gXq IREFIHEF . A.B KIS 0 R IH B RBEFIME 0
AR50 1 R RIS 1 4P 55R1L 58 2
AR, TP rAT X B A B 5% R B s et 1A
v CC$ #1 BSP 43 5|37 CC $ 5 H1 BSP on MPI v0, 3 72
TP 4.9 #0 16 5 s B 09 B 25 e it JB) . B4 32 B TR) 45
HTEBEREES WA MEXTERN ST LB H A,
Rate 7R L3R . BSP/CC$ . iR 5 a1 i 45 , RO 5
Lap e =

# 1 CC$ 5 BSP on MPI BB A Babsta] e d8 (B4 . )

AR HH AR 9 AN & 16 A% &
CC$ BSP Rate CC$ BSP Rate CC$ BSP Rate
HAHN 0,06 5344 89.10,04382,026 46.3 0.027 1,287 47.7

FKAH%E 021 0.341 7.184 21.1 0.318 3.408 10.7 0.126 2.058 16.3
B E 102 0.547 4.867 8.9 0.299 2,158 7.2 0.143 2.058 14.4
¥ EEE 120 0.835 5.771 6.9 0.514 3.437 6.7 0.301 2,022 6.7
¥ HSE 201 0.805 5.784 7.2 0.783 3.741 4.8 0.414 2.459 5.9
HHH#E 210 0.416 5.797 13.9 0.404 3.826 9.5 0.149 2.368 15.9
FAME 100 0.55 7.249 13.2 0.321 3.18 9.9 0.142 1.738 12.2
AWM 010 0.547 7.452 13.6 0.329 3.13 9.5 0,142 1,766 12.4
A M 001 0,061 6,914 113.3 0.041 3.038 74.1 0,252 1,429 5.7
A 110 0.551 7.25 13.2 0.752 3.128 4.2 0.143 1.633 11.4
HAHE 011 0.562 7.469 13.3 0.337 2,731 8.1 0.146 1,751 12.0
M 101 0.564 7.256 12.9 0,397 3.162 8.0 0.147 1.739 11.8
¥ B 111 0.561 7.179 12.8 0.769 3.093 4.0 0.143 1.682 11.8
A B
#E 100
KA
B¥E 010
% 4 A
#5001
H A AL
#5110
KA
#7011l
A
¥ %E 101
B AL
®F 111

0.274 7.231 26.4 0.285 3.13 11.0 0.116 1,544 13.3
0.262 7.219 27.6 0.263 3.163 12,0 0.111 1.578 14.2
0.06 6,968 116.1 0.04 3,028 75.7 0.025 1,328 53.1
0.3872 7,337 19.7 0.447 2,085 4.7 0.14 0.986 7.0
0.247 7.349 29.8 0.252 3.179 12.6 0.108 1,596 14.8
0.248 7.352 29.6 0.255 3.168 12,4 0.108 1.588 14,7

0.359 7.388 20.6 0.428 2.588 6.0 0.137 1.028 7.5

KPR BARE po pr 0" BIE ARE popr b2 B
BB BRIES 0.1.2 48, SRS b R BBk A — 24
B O SR R AT, K B 512 M. 56« BouER
5511—i S35, RPN PEBE b b 6" B840 K0
S BB, N 1 et 8EE,i=1,2,3. FPBERYIR
bo by b RAE M b Sy O BEER ¢ EREENLIAE] A B T
RISE | ARBIER A MR IE 55,2 b 8 1 BRR
& RS BN i=1,2,3, o, ARIAIFE RRE
PUBERAE,

F1PHEAENK CCSBF BT HEEE BSP on
MPI & 46 54 b5 A ¥ E 1 CCS B F W HE B & BSP on
MPI # 4. 8 {5 L &, B R3A 21 £ B B CC S BT

R BSP on MPL# 5. 7 51U L, B Wik 113 65 S WEvLin
[EH CC$ FRFFEYBBE SR BSP on MPL i 4. 7 f& L1 b, B ik
116 45, ¥ DB BEPLIRS 001 % H a4 dh 4038 19
WE,CCS MgmiFhibse st f T8, FILMRME 2
MLV 30 B A, CC $ RESE FI BB Vi [ SR AE 3 %
HMGETE M ALE AR CHBBEE T EB VIR R A B P R
BIEE,WE TRBNFR B ER S5 ANKEREE S, J
A B SRR

45 BATR, CC S BB ME I g iR AL AL R 75 , " AR 4R
REME B AT AL, T BSP on MPI S > 4738 4R 4L B0 35 45 .
At CC$ 7E 58 %% L b BSP on MPI A 803 B Bt %,
THEZRRAT AR CCS EEAR R, Hh localB Z¥4 B
B RTRIBST 50 v 51 53 BUJE localBES 0.1 EFF IR B A B
HEFS, N B RN RE.

B EE 021 MBURE VT EHER A XD

import localB[ $7, $5, $&]=Also + %4, B, 5.+ $ 5]

BE B%% 011 RBUR T R R Rk A

import localB[ $i, $7, $k]=A[sc + $i, N—1—s5 —
$7 N—1—$k]

BAREDLYI ) 101 BB TEE R R A ARG

import localB $7, $7, $ #]=A[ (local shared)RO_ $:],
51+ $ 7, (local shared)R2[ $ 2]

E1E RO 1 R2 B NMEERAE $ 4, 8 (local shared)
BRAERF AT SRS L B4, 5% BRI B L B AR R
AT A A ROGRI P BRI B K1 localB X A #iEK .

WRTE R CC$ PilaiE R SR AME &, ™ BSP
on MPI IR F MM IREBE 39 7. Bk 4, CCS R4
AN SR E 22 D7) R R X UK R R B S F .

5 ZAXFIN

REE CC$ w5 A, A SGEFE T HANRFEMEN BPX
LT R TS 1 S finsd GMRES()™ /MR 2251
K@, RBBHARERED AR BH L R, &
B/ GMRES #&0H, fH 8 NMEZ KB BRIEER Y
v v il e g

2 AR TSl C+ T R TR S RICCS
EHATBTIRE], PITRFERTHRALHR,CCS LHM
FHATRR A RAE3 T —RARtE . B FiZE A S 2 NEEE
AL S B, HAT XL B RB R BRI T T BRI
7,

B BRSPS IR CC $ e fn CH- 4304
HiFnt, OC $ 2t OC S RBIRMIFASHHCH+ e,
HE CH+ 3. OPENCL BB FBRABENREENH
A CCS e,

LWBTHEE T S EH L. ZEHENMTA LA 2
AR Intel Xeon E5620 CPUCT fEMZ 2. 6GHz) .6 4~
NVIDIA C2050 GPU, L K 72GB . HEMER
40Gbhs #) Infiniband.

TR FEE 1.8 2 fim. HFLHTENEERR
K FEF R 4 AN RORIATIHHE (B P 5 S5 LR
AN L BARIE A/ E D 16 FHEE AR BE R RN
OB HEE SR ) . T AR SR, — RS A

« 131



0 RZAKRMBROHR, F—HRESHEY 16 ZAHRAEN
T,

BATAT AR PRROSLREE)
|
B16% Ak
nEH AR
24 KR
0 05 1 15 2 25 3 35 4 45
HHF A% A B IR W0 R S
& w4 —ﬂli
s ERETER g 16%
¥ ARl
e s i
,
SGMRESAR| — |
]
0 05 1 15 2 25 3 35 4
1
BT B AR RS
wuxenERh] 1'
%3 RRBHRH GI6% Ak,
Ty 1)
RPN R & wAY AR
SGMRESAR, (

0 50 100 150 200 250 300

A AT T R ALK 2 1)
LAk § 38331
EER LES LS, S 16% A ink ik
W8H RimkH,
SRR R T4 ok
HGMRESH Y

0 50 100 150 200 250

B2

W R, % 384T GMRES sRESSxT 16 2R MBH
A 10 Mg s®) 6. SE—9 FIEEE, X 10 2R BB F
R 9 AR 2. 9E—9 BRE BE , I SO B8 93 A BOR
HERSERZOANN ABITHTIHEIX. WEN BN
B, %3F4T GMRES SRS RB BT R F-AT IR L

#RIE FNEHH CCS P BT CUDA H OpenCL, &
S¥BRANFTHREES  EATHMIRETEN. &8
CCHHMERET  DGE—RBE RN . CCP EEmHIRA M =
AN BW A AR R R R, B R TR O NE W
ZEAHHALZ R CC S W R A Hhk 2y ER LW
RABRFFR DB REROR AR . AEAG— 4R
Vi) R B HR , 7 H o B R4k 4) CC $ MR R skt
Ak« BB A B A5 R A B AR ALRCR . BAIMEEN CCS
B & S FuE A BT EHLEI R R

HE:CCE HATHRBIBESWHE —MELRAERILKEH
My —SEHL.

2 % X W

[1] Blumofe R, Joerg C,Kuszmaul B, et al. Cilk: An efficient mul-
tithreaded runtime system[ C] // Proceedings of the fifth ACM
SIGPLAN symposium on Principles and practice of parallel pro-
gramming, 1995:207-216

[2] Bramble], Pasciak J, Xu J. Parallel multilevel preconditioners

+ 132 -

[J7. Mathematics of Computation,1990,55(191) ;1-22

[3] Brightwell R, Heroux M, Wen Z, et al. Parallel phase model: a
programming model for high-end parallel machines with many-
cores [ C] // International Conference on Parallel Processing.
2009:92-99

(4] BSP on MPI home page [OL]. http://bsponmpi. sourceforge.
net/

[5] C-AF W G. Co-Array FORTRAN home page [OL]. www. co-
array. org

[6] ChenZ, Wu]J, XuY. High order finite volume methods for ellip-
tic boundary value problems[J]. Advances in Computational
Mathematics,2012,37(2):191-253

[7] Cray. Chapel — the cascade high-productivity language [OL].
http; //chapel. cs. washington. edu/

[8] Geist A, et al. PVM home page [OL]. www. csm. ornl. gov/
pvm/pvm home, html

[9] Heroux M, Wen Z, Wu J. Initial experiences with the BEC paral-
lel programming environment[ C]// The 7th International Sym-
posium on Parallel and Distributed Computing. 2008 ;205-212

[10] Hill J. The Oxford BSP toolset [OL]. www. bspworldwide. org/
implmnts/oxtool/

[11] IBM. The X10 Programming Language [OL]. http://x10-lang.
org/

[12] Neplocha J, Harrison R J, Littlefield R J. Global arrays: a non
uni-form memory access programming model for high perform-
ance computers[ ] ]. Journal of Supercomputing, 1996, 10(2);
197-220

[13] Khronos OpenCL Working Group. The OpenCL specification
[OL]. 2008

[14] NVIDIA. CUDA programming guide [OL]. 2008

[15] O A R B. OpenMP Fortran application interface version 1.1
[OL]. www. openmp. org '

[167] OpenACC. The OpenACC standard [OL]. http://www. open-
acc-standard. org, 2012

[177 Saad Y, Schultz M. GMRES: a generalized minimal residual algo-
rithm for solving nonsymmetric linear systems[J]. SIAM Jour-
nal on Scientific and Statistical Computing,1986,7(3) :856-869

[18] Snir M, Otto S, Huss-Lederman S, et al. MPI-the complete re-
ference, volume 1,the MPI core{l M. The MIT Press,1998

[19] Consortium U. UPC language specification (v1.2) [OL]. ht
tp://www. gwu. edu/upc/documentation. html

[20] Valiant L. A bridging model for multi-core computing[J]. Jour-
nal of Computer and System Sciences,2011,33(8):154-166

[21] Wen Z, Wu], Xu Y. BEC specification and programming referen-
ce[ R]. SAND2007-7617. Albuquerque, NM USA.: Sandia Na-
tional Laboratories,2007

[22] Valiant L G. A Bridging Model for Parallel Computation[J].
Communications of the ACM,1990,33(8):103-111

[23] Hou Q, Zhou K, Guo B. BSGP: Bulk-Synchronous GPU pro-
gramming{ ] |. ACM Transactions on Graphics,2008,27(3) ;1-13

[24] Savadi A, Moradi M, Deldari H. Multi-DaC programming model;
a variant of multi-BSP model for divide-and-conquer algorithms
{C1//Proceedings of the 7th Workshop on Declarative Aspects
and Applications of Multicore Programming (DAMP’ 12),
ACM, New York,NY,USA,2012:41-46



