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Directives for pipelined processing of data exceeding the accelerator memory
capacity
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Abstract: In this paper, we present a directive specification, named pipelined accelerator (PACC), and its implementa-
tion for acceleration of large-scale computation whose data size exceeds the memory capacity of an accelerator. PACC
is an extension of OpenACC, an existing directive specification for accelerators. Our specification realizes partition-
ing of large-scale data according to inserted directives. Given a program with PACC directives, our PACC translator
rewrite the program as an OpenACC program so that data can be partitioned for execution. Furthermore, the generated
program processes partitioned data in a pipeline so that data transfer time between the CPU and accelerator can be
overlapped with computation time on the accelerator. This overlap can be tuned by using PACC directives that specify
the number of data partitions. Experimental results show that PACC realizes large-scale computation with data size of
up to 27 GB on a PC whose main and accelerator memory capacities are 32 GB and 5 GB, respectively. We also find
that our pipelined execution increases the performance by a maximum factor of 2.6.
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U EDE#] dst [1:n-2] BEL DN src[0:n] IZxIT D0
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E~EEE LU CRAETOINENHD. HlziE, B2I1Tmd Xk
HZT —H % num_tasks [HIZHEST S LT, MEYA
R EBPFEITTES. L, ZOESHZ IIHpragna
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#pragma acc parallel loop \
copyin(dst[1:n-2]) copyout (src[0:n])
for (i = 1; i < n-1; i++) {
dst[i] = src[i-1] + 2xsrc[i] + srcl[i+1];
}
1 TARAAAERYRELIRVGEL T 07T 506
for (j = 1; j < n/num_tasks; j++) {
#pragma acc parallel loop \
copyin(dst [1+task_sizexj:task_size-2]) \
copyout (srcltask_sizexj:task sizel)
for (i = 1; i < task size-2; i++)
dst [i+task_sizexj] = srcli-l+task_sizexj] +
2xsrci+task_sizexj] +
srcli+l+task_sizexjl;
}
}
K2 M1ICTF—2nElElLiz7 a2 Z Lo
BRESED.
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HENERETH CTEHLIICLTND.

OpenMPC LIAND T ¢ V7 7 4 THAED 1 DI, Xcal-
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HDHT—HNEIBILORAS 7T A AL, XcalableMP (2
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AEMEOMEREA S| E T O ORE(L FIEAETT 5. —
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#pragma acc parallel loop \
copyin(src[0:colsxrows]) \
copyout (dst [0:colsxrows])

for (int j = 1; j < rows - 2; j++) {

for (int i = 1; i < cols - 2; i++) {
dst[i + colsxj] = src[(i-1) + colsxj] +
src[(i+1) + cols*jl +
src[i + colsx(j+1)] +

src[i + colsx(j-1)1;
dst[i + cols*j] = dst[i + colsxj] & maskI[j];
}
}

K3 “RICAT VARG T 0 7T A

T VLR T BRE DA ERE AR T ORI, BE
ORAFICH D EHZEZSHRTDH. ZOBAY — 3T T
DHEFZIZKTHFHEICBWCRE—THD. Lizn-T, &
M E— o OiEHED L8, MO RE S ZRETE 5.
Bz, ® 1 TIEEdS dst [1] OFFEIZEB W T srei]
BLOFOELADOESZE 1 2T ORI 5. [HERIZ, B
src ZNEIT AL, EAIC 1 O>FToThS. %
72, X3 TIEkdS) src 25T 5B, AAIC cols N
FEZEEZSZBT L. LzNn->T, #HEEE stc OF v
7 DEAIC cols fHTDED. Zn LT, whEko k&
SEIBET A1, ESOKKRTICE L TAEHIZKD
BENT- T OSRMEET 4 V77 4 7 TIRET AN
H5.

32 A TSAVDHEREFa—= VT ICRERER

A T T A RO PERE A b B EE RS, LLTO
4 5ThH5.

(1) A TF4 L D¥

(2) T2 0HEH LIF, Fv 750

(3) AT FTAL L DAT— U

(4) A7 —TMOAR
DL, FaLv T4 7 EAVWTHRENRET DD
%, (D) BEXY Q) THDH. AT TA 0T, FFRC
WBLFEE T v VB ERT. AT T BENFLE,
L0 ZLDAT =V EFRHIEITRBE L 72 B 720, FIThE
BOEMENIIFFCE L. L, A T T4 U BEWEE,
FATNEEFLD A — "~y RREL bz, 7al I 8T
LY 72 T T A OB EIEET ALERD B,

F, MAT—AOT BT T HNIBNCET Y7 B2
KTHZELTHEAT—VORBFEEL LT oD, ELT
M ZEfTE 5. Fx 2 nE0IEE, Fyo 27 19ob
720 OFLTREE N E N, ROINZEITTHF v 7 Hix
AT T4 D2 BHUMBEA~BIET S F CORMINEHE S
B, Filn, WEOZATPISAL T T4 D 2 B B UREA~E
ELTHLETETTL2ETORBGEL S, Ll
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=V TTERY. AT T A OBEHIE, CPU EDOALEL
7T L—% BB AFHE, CPURLT 78T L—X
DT —BEE%E, TV BT L—Z 5 CPU OF — Z ik
DK A4DTHD. AMSEICELTL, A7—v kI
I ATRE R RGN B D 72D, T A =22 X D FHE
ILTER.

33 T4LIU T4 TDHE
BN HIBIO32H TR T —H GEIB IO 7T
A Fa—=2 T DEODT 4 VIT 4 T hRFTDH., &
FHcdhi= v, AEEZRIRY OpenACC L [RIfEOFERICT 5 =
L ¢, BEfF® OpenACC 7’2 7' Z A5 PACC 712 7T A
~OBMEMEE D 5.

331 A TSAMEDEODTA LY T T

£, ST ARNICBNT, T—XESEMEL LIV
a— NEEEZIRET 2 HLERNS D, £z, O a— RiElk
PIZBWTHEI R REZRESIICBE LT, HlAE 52 502
Db, I, AT TA MELOWERET = —= 71T
BT 28RS, 77— 2 0F0E L2\ o — gt
LCHRETIVNERDD.

F— B HAELE L3 — FE A2 R T 01,
pipeline 7 4 V2V 7 4 T EEHRT H. TOLEELL
TR

#pragma pacc pipeline ¥E/Rfi { HE/RHi }

{structured block}

T a2 nEIT 5o OEHIL, pipeline ICxFT AR
fii L L CHE/~fi targetin, targetout, targetinout
FERTDHETEH XS, 57 targetin @ X
EiX, LU TFTO#EY Thb. 7238, targetout B &
W targetinout (B L CT¢, AR T 5.

rs) [start:len] \

targetin (array.name (ls, un,

{(1ls, un,
22T, un iImEIfREARMRARL, 1ls BE W rs i3F
NENLELAOHBIRORKE I &2 RKT . start BL O len
X, TRENESNORGEB L OESTHD. BlE%
WKILTH DA, rs) [start:len] &K
FLIR TS Z & TS T D, RdS, ORI OpenACC (2
BiFbdata T A LI/ T4 T mb0OESHZ EZHE L
LD THD. pacc pipeline % acc data IZEH L,
rs) & create lZE#T HZ LT,
OpenACC DFtik & 72 5.

332 NATSANBEREF1—=20TF5260
TA4LYT14T
PEREF o —= L 7 D01, A T I ALOHES L

rs) [start:len]})

(ls, un,

targetin(ls, un,
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#pragma pacc pipeline \
targetin(src(cols,cols,cols) [0:cols*rows]) \
targetout (dst (0,cols,0) [cols:colsxrows-2xcols]) \

async

{
/) CPUMNLT 78T L —4~DF — X5k
#pragma pacc update device(src[0:cols+rows])
/) T RET V=4 Lo
#pragma pacc parallel loop pipe (1)
for (j = 1..rows-2){
#pragma pacc loop independent
for (i = 1..cols-2) {
dst [j*cols+i] = src[j*cols+(i-1)] +
src[jxcols+ (i+1)] +
src[(j-1)xcols+i+1] +
src[(j+1) xcols+i+1];
}
}
// CPUNDLT 78T L —4~DF — X iRk
#pragma pacc update host (dst[cols:colsxrows-2xcol])

}

B4 7 —&5EeReR T v 7T KO

BT —Z O EEREIEEREE 35, £F, AT T4
OFERAETRTHREIE LT, async HizEXTD. p7T «
Vo7 4 72 LCasyne fiz 452 LT, H£AT7—
OB E R T T A AT D,

WIS, T—2ORERERET H-DOHETRMEE LT,
num_tasks (num) fiZEFXRTH. Zrhuc kb, —EECHE
1T 2P OESRE A [ len/un/num | X un [Z[EET
5. 7B, len/un 37 —4NEROF v o 7 xRk,

RA T T A ACOF L R TR asyne Hi2E&RT
%. pipeline 7«4 L7 7 4 7% LT async Hiz {0
THZET, FAT—VONHE AT T4 40T 5.
333 M TSAVDRT—VEERTHEHDT1 LY

T47
32HTHRARIZL DI, NATTAVDAT =V 4D
HhH. INBDAT—VEERTLHILODT A VIT 4T
139X T OpenACC DARIAFIET H. & Z T, OpenACC
2B PACC ~DEEZMR K5 123 572912, PACC IZH
WTHRBRDFLRIETCT 4 Lo T4 72 EETD. Bk
LT, M1o7asZ MIPACCT 4 V27T 4 7 &
LEbox, B4lrnd. a—KNOT 4 L7 T 47T
BT, update device, parallel, B KXW update
host I, OpenACC DOF ot L' 7 T 1 7 L [AkED & & £
O, ZOEHIIREBTSHZET, CPUNLT 72T L—
2 ~DT —Hixik (update device), 77T L—4
ETOFA (parallel) BLORT 77 1 —4 15 CPU
~DF —Zifrk (update host) #F—F5EIL, /<A
TIA4 BT E D, FT-, pipeline T A LT 4T D
WHIZ CPU T2 — R&FRd 25 Z & T, CPU EDOFHE
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4 p )| PSRED A
DER y DR y =
once AH [" ’:: BSRZ | WA Pipelined
code PACChS Y AL—% Open/;gg;CUDA

5 PACC FF v AL —% OZHTIE

T RATITA B AT —VICEDHND.
334 HEZEDETHLODTALITAT

AT U VETR O G A T A RS, FHEa— RIiC
BWTCEHRT 2R OFEZEET 2L ER’SH L. Fl2IE,
1 B2 ~OEEHZ TIE, fEik%E nun_tasks {HIC
SEIT D Z L TREMO BRI tasksize HIZR DT
¥, #pragma acc parallel loop OWNIIZH H/L—
TN THLEET 5 T % task size EICEE X
TWS. ZOXDICEHEEZSET 5I12E, V=7 XL a5
IO TE & BEH T A NERSH S, 2T, BT O
OO TRE S LT, pipe(dim) §iZ2EFRT 5. pipe
fi % #pragma pacc parallel loop 74 V27T 47
F72id#tpragma pacc loop 7 « V7 7 4 TR LTS
My2ZLicky, 2074 VI T4 TEFIZHDHLV—T
XDA Ty 7 Ak, FEBO dim RITITHIGDT 5.

34 FSURL—EOHKE

FE41Z 1%, ROSE Compiler Infrastructure[12] 2 v 7.
SIZh 7 AL —RIC KD EWMFIEZ~T. BT
LFIED S 5, G SUR DA L ROSE 3R SHERE T &
L. BYDOT 4 V7T 4 TN L OV — TS S e
OEZH|IIAE L. FEICHY, ZOMTF AL —
X % OpenACC 3%t d % GPU LIS DT 7T L—H(C
BEITHIETE D LD, HHIZIEFEERRY CUDA ©Z
{75V &EDT, OpenACC T 4 L7 T 4 725 &
I L7, BUEDH 7 7 40T CUDA i L TW5
DX, TNAARXAEY OFRBELERRDUBOHLTHD.
ks, BAEOIIETIL CPU DB A A FF A DA
T=UNEDH BN, ZRTEINCH RIS TH D .

Sl

KETIE, PACC FT v AL —ZNER Lo — &
i 5. FHmCHNET 7Y r—a ik, CAPS #hoH
N7 v 7 F A Black Scholes (BS) 33 L O Sobel Filter
(SF) TH 5 [13].

EP, EITHERT -2V A B L OFATHREICE L T
AT, EbiEsk4 % OpenMP Jiltds & O OpenACC it & 3
HZET, FTUAL—FE L TOMRELZTMT . KIZ,
WD S A 7T A AT X BPEREM FIZ W CEHIT 5.

7ok, [131IC TR L TWD 7' 77 Al OpenACC hi
DIHTIH H712%, PACC FI LU OpenMP fifli [13] DF «
LI T4 T eEESETI L TRELE. FECBVLTIR
72 %< OpenACC iRt & [FER D =1 — RHEl 2 W FIME £ 721
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#pragma pacc pipeline \

targetin(original image (cols, cols, cols) \

[0:rowsxcols]) \

targetout (edge_image (cols, cols, cols) \
[0:rowsxcols]) async
{
#pragma pacc update \

device (original image [0:rowsxcols])
#pragma pacc kernels \

present (original_image [0:rowsxcols], \

edge_image [0:rowsxcols])

{
#pragma pacc loop independent pipe (1)

for (unsigned long long iy = 1; iy < rows-1;
iyv++) |

#pragma pacc loop independent

for (unsigned long long ix = 1; ix < cols-1;
ix++) |
int sum x=0, sum _y=0, sum=0;
[k —mm = - X GRADIENT APPROXIMATION------ */
()
N Y GRADIENT APPROXIMATION------ */
C Bmg)

/*---GRADIENT MAGNITUDE APPROXIMATION----*/

sum = abs (sum_x) + abs(sum_y);

/+ make edges black and background white x/
edge_image[ ix + iy * cols] = 255 -
(unsigned char) (sum) ;
}
}
}//end of OpenACC kernels region
#pragma pacc update host (edge image[0:rows*cols])
1
for (unsigned long long iy = 0; iy < rows; iy++) {
edge_image[iy * cols] = 255;
edge image[((iy+1l) * cols) -1] = 255;
}
for (unsigned long long ix = 1; ix < cols-1; ix++)
{
edge_image[ix] = 255;

edge_image[ix + ((rows-1) % cols)] = 255;

}

6 SF 0 PACC Jilt 3%

GPU A7 —RTDECT 4 VI T 4 TERFAL.
72721, SF ® PACC JRFEZIZEHL TO A, B 61T T X
T T AEESL TG, EEAIL, SO
(X6 D33 FBLV3TITH) A4 71— FOMENHH LT
W5 Z L&, BIWWIMEOHAEZNMOHE (K6 D 9FTH)
IV BBABEL VWD ETHD. RIBOEEL, &
WHEAHETIEORAT VUV ER T HDThHD.
BFEDETIX, CPU L TEXMX I-EIIOIEE GPU 75
DT —HEET EEXLRWNWZDTHD.

T RTOFEEZBNT, =781 71 PGl Compiler
13.7[14] % A 7=. PGI Compiler (= & %5 GPU M5 = —
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ROAERIZIE, CUDA 5.0 i L7z, EBRERE L LT

1%, Corei7 3930K, 5 GB OF /NA A X E Y ZFHi Tesla

K20c, BLW32GB A A b AE Y #8#9 5 Windows

7 Professional 64bit @ PC %\ 7=. GPU OF 4 A7 LA
RZ A /N%32049 TH 5.

4.1 EFAERLET—2 94 B L VZOERTHHEOFHE

K EEIZBWTHEITARER R RO T —Z A X% g
L, PACCIZ ko THZ BT —4 N E ORI L7205
HT 5. BSIZBWTE, FAEZ 5x10M HF 280 LT
FEBR L7z, £72, SFICBWTIE, Mg OREREIEZ 5x 1K [
FPOWELLTER L. RTICETHERT -2V A X
BLOEDIATREM 277

BS OfERIZEBWT, OpenACC FRIZEISIE 250M {HLL T
TOBREITITHI LTS, BSIZBWTIE float B ELS
% 5O 570, ZORSIEIL 250M x 5 x 4 ~ 4.9GB
VRS9 5. [FERIZ, PACC 3 LT OpenMP (238 TIHAT
HRE7R T — X YA XX, EE 264 GB B L1283 GB
Thb. L7z-> 7T, OpenACC 1L GPU @ A € U FEROH
FNTOAREITITHEE) LTV D DTkt L, PACCIEZEN LY
HRERT—HTHLIATICHII LTS, L, OpenMP
IOV BWA DT —HBIN/NSNT LD, PACC (X7 A K
AFY BTN TV RN ERbNs. ZOFRK
1%, CPU - GPU MO F — X5k D =iz, it ko y
77 EHABELTWADTHAS. SFIZEHLTYH, [FEROME
7238 - 72. OpenACC I3 (50 x 1K)? x 2 x 1 ~ 4.9GB
THY, PACC i3 L O OpenMP ffiZZZh 25.8 GB B
L1281 GB ThH 5.

FEATRERNCB LTI, BS CTIXEHEEL 150M HLL Lo
A2 OpenMP LV Hig K29 fEmHCTh b, —F, BEHEK
MTNA AAEVICFEY Y HHEFIZIBVTIE, OpenACC
DI BEHRTHSH. SF OJFHFEIERIC, SF OJFI%, R
35 x 10K {HLL 1T OpenMP XV ek 2.9 f5mE T 5.

ELHDOT7VIZBWTYH, T/ AAEVZED YIS
IV TIX, OpenACC 23 TéH 5. PACC 23 Ope-
nACC LY H{IKETHAFINIE, EIlZ22oH5. £7, 7
N AAEY ORERICET ZRERN 2T Hivd . PACC I
T—HENTNAAZEY LY HEREVZEEZHELTND
728, BAED PACC T AL —FZNH T 53— Rz
WNCT N, A AE Y OIRIEREREFHEAICHRE L TN D,
L7eRoT, T—HENRT NAAATYEFELD H/HE
WA, A E VU FERIZ D) B I 7Y OpenACC & EER_TE
<725, WL, FARAEY ETOTF—Fabv—Thb.
OpenACC 1.0 OftfE L, RA R AEY EOLEEOT KLA
MOETF AL ZAEY LOEEDT FLAIZTF—4 Z2at—
TEARVW. L7E2A-T, OpenACC TIEAA M AEY LT
OF—Ha—%BEMLTND. b MEERFKTH
%, 7k, SEAWCERRRICEWTL, T35 A AE
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FoTTHIEICEY, FIERRTEHIETTHD.

42 R MY—LEIZET HIERELLE

AETTIEE A U — 2B 5 RBITHM & i35 =

T, PEREZFTMMET S, B 812, BS 3L SF O SEERE R
R, ELo0T7 ) r—va BN Th, ARY—
LIt R 8, yEIEE 10 BEEOHITAbE TERE L
7o B, TAEBIEIELLLH20GB THD.

ELELE07 VIR TY, AN —AEIF AT T A
YOAT =V ERIC 3 AN E VW2 D, £, SFIR
WCBWTE, ARV —2H3nLanNRgETHD. Z0kK
1, SEIZBITHA MY —2AEED 27— % (CPU - GPU
XS LOVGPU EOFH) IC%E L. A MY —2%4 L
LTI, =T v Tk o TRMESN DRRIN A B U —
LHB3DFALRCTHY, AU —LEOBIIHES %
ITNEEBRD A — 3~y RERT D7, Rl D, —
5, AN U—DEH 3 REDBE, HomsE & il T
RN ENFRRERY, KHETHD.

BS HRICEBWTIE, A Y =282 N b & 225 47—
AN D, BSICBITH AT UL SF LRERIC3 THD
D, I — R VELTRERNE T — Z HRERER o 10 5300 1 FEEE
Thod. Leho7T, FATREM O RHE 1% CPU - CPU [H
DF —HRENEO L7280, A FU =552 TH 147l
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43 BRAIHEDF1—=2 & B ERETE
ARETIE T D & OFEITRER A el U, PR & 3T 3
5. ®9iZ, BS B ILUSF OFERGREZ/RT.
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