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GPGPU(General Purpose computation on Graphics Processing Units)
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Abstract

GPGPU(General Purpose computing on Graphics Processing Units)
gets attention from various fields because of high computational perfor-
mance. However, major developing environment, such as CUDA requires
hand tuning to exploit individual GPUs performance. Thus, the users
must devote coding effort to optimize GPGPU programs using CUDA.

We are developing MESI-CUDA that enables to programming GPGPU
programs on a simple memory model and optimizes automatically with-
out additional burden. MESI-CUDA framework introduces dynamic task
scheduling scheme consists of compiler and runtime, and implements dy-
namic load balancing and distributed data caching. The compiler gener-
ates subroutine codes that execute split data transfer and threads invoca-
tion on an independent device to realize this scheme. However, the con-
ventional implementation causes inefficient execution because the com-
piler generates not optimized codes in some cases.

In this research, we extend the code generation scheme in the compiler
to improve the dynamic scheduling scheme. The conventional subroutine
performs data transfer just as needed for split execution. Thus, the run-
time can’t execute operations such as partial memory data distribution
using the subroutine. Therefore, even when there is a dependency rela-
tion between distributed memory data, cache management by optimum
memory partitioning is impossible. To solve this problem, the compiler
generates a new subroutine that the runtime can acquire the memory
region associated with the granularity of split execution as a parameter.
The runtime can detect dependency between distributed memory data
and manage optimally partitioned memory data using this subroutine.
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1 EL®HIC

L4, GPU(Graphics Processing Unit) & CPU IZHARO I FE U \WHE
MEREDE B2 RETW5S. D7, GPU 2 AKD R TH 2 HR AL
DA DN Z2FFIZ WS GPGPU(General Purpose computation on
GPUs)[1] 13 % DFIEMREIC X O k4 P SHEHZEOTWS. Bk
FIFH XT3 GPGPU BA¥EREE & L T CUDA|2] ® OpenCL[3] 23F4E
35, LU, 0o OFIFEEE X GPU OMRE2 5 EH T ETEL )L
DA—=F 4 VT 2ERTZ72D, A—VFOEENKEVHENH L. £z,
CPU(FZ N - GPU(FNA ) B ENFNEEDANT 7L A TE S5k
ANAEY - FTNAAAEY 2HEHKT . 2—FIET N1 A%2HES5 ETK
ARMAEY - TRAZAERYVROT —Rgik% 7075 LHIZEER T 5
WBEDRHY N— Rz THREZER L7030 rwkdonsd,
F 7D GPU 2 —HB D~ Y VIZH#T 5 v )L F GPU EREL T, f#l %
DTFNA ADAFMIRMREIEE T — X2 BB UEZATVa—1) VI DRBE
W 5%, A—HPIEHERLEHEZRVNOND.

41X CUDA &0 ffiIz 705 I v aRER GPGPU 7L —L7 —
2 MESI-CUDA[10] 2B L T\ 5. MESI-CUDA I3RS EHA €
VETNZEE T I I VI RARBRIZLTED, FA N - T1 2D
T REEDFRIIAE L 7B, £7-, ¥V F GPURBEIZBEWTH I~
DT NA A% A—HIZRBI L 72 FEHEOT A A2 HEFIHT 5. £
D7, T—HVIZHR—DEWRERT NS AL T I7I VIR TES
— /T, ¥IVF GPUILL2E#E LD EEZ HEIZHES Z LN TE 5.

MESI-CUDA MLH R X FE 22 5 v )L F GPU I M CHIF 2 D T
B, BB DR ET N ANDIEET — X DF vy ¥ afbiz & b5
TR ZEHDOTVS. LOBLUKRADN - KT NA AED X EVEHOEEAL
MARFTDTHL7-0, 77V r—>a il k- TEFEIEE L 72 CUDA
3— NIZHARMEEME R T 258035 5. AWFEIE< IV F GPU XIS [
T RIZEA LR A2 Ay a—Y v I % BaehiiE 4 %
ZE2TINF GPUMNILED AT EHFIEE2IRET 5.

AT, 28Tl s L TCUDA & <ILF GPUIZDWTEEL, 33T
MESI-CUDA D70 25 I V7TV EEREIZ O WTHIT 5. 43Tl
AR TIRET 2 ATV ERFELEAGIZ R U, 55T MESI-CUDA O
VA ZITENT B I — NERKEOEL 2T 5. 6 ETIHREFIEC
& % BB L & TEEGEL T CUDA 78 25 A DFEFTRM 2 ik U 7=
FEREZRL, THECEENEEZHN TS, BRI, 8HETELDEITD.
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2.1 CUDA

CUDA (ZnVIDIA #2489 5 a1 554 75V 2E&D7- GPGPU
MAERAERETH D, 2—VIXC/C++ 2R L 7Z30GEE T4 7TV B
ZHWTCUDA 70275 L% ¥d 5. CUDATRTIIVIET IV %R
2.112/R 3. CUDAIZEWT, CPUMNEARA N, GPUfilIET /N1 2 &
IERR. /81 A& PCI-Express 2@ U TCH A MIL O HIHS L, FA N2
552 5 N5 ERWEE A2 TED CUDA 27 CAHFETTS. AA S -
TNAADE CPU 27 - CUDA 27 IXK 2.1 12/R 7 & 512, HEH Ekt
TERARMAEY - TS ARAEVIZOAZTNETNT 78 AT 5. KA b
AEY - TNAAAERYHOT —RiEE I -V EHEHN CUDA 74 75
VA E HWCEIR T 2 BENDH 5.

ATw TV Iab—varviEFETT5 CUDA 2 —FEX 2.2 ITRT.
A=W FNA 2 L CTEHIES BMERL (H—3% V) e L TR 5 (K
2.2:7-1917, 20-24 17). A7 —)ViE#E)IE CUDA JH DEEIC K D, ALy
RDEFHDTHEIALY N7ay 708 - 14 X2BBELUTAL Y Nt
BT B (2.2:411F, 4247). 1 —FIVEEIZER I NEZE AL Y R
DEEIZ I b1 V2 HWTRRT 5 (¥2.2:8-917, 21-2247). KA
FRAEY - FNAZRAEYDERIEFEFTHRA D - TN ZBIZ AT 2
9% (X2.2:517, 31-3317). RIZ, A M AE V@b T— &
DT NA ARAE Y ANDHEIE (download Hxik) % 77— 2 IVEEIFTIZ TS (K
2.2:34-3717). BfRIZ, TNAAAEY EOFERAT—RERA M AE
IZHERE U (readback #53X), 77— 3 VETHERZ H A M o AA T (X
2.2:44-45 17).

CUDA core
GPUO GPU 1
| Device Memoryl | Device Memoryl
T [ ]

PCI-Express

2.1: CUDA 7u2z' s3I v 275
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1 #define N 8192

2 #define STEP_ITERATION 1000

3 #define BS 256

4 #define S (sizeof (double) *N*N)

5 double h_power[N][N], h_temp[N][N], h_result[N][N];

6 double *d_power, *d_temp, *d_result;

7 __global__ void stencil(double result[][N], double temp[][N], double power[][N],
double Cap, double Rx, double Ry, double Rz){

8 int x = blockDim.x * blockIdx.x + threadIdx.x;

9 int y = blockDim.y * blockIdx.y + threadldx.y;

10 intn=(y>0) ?y-1:y;

11 int s = (y < N - 1) ? y+1 : y;

12 int w = (x > 0) ? x-1 : x;

13 int e = (x < N - 1) ? x+1 : x;

14  double tx (temp[y] [w] + templ[yl[e]l - 2.0 * templ[y][x]) * Rx;
15  double ty = (temp[n][x] + temp[s][x] - 2.0 * templyl[x]) * Ry;
16  double tz = (AMB_TEMP - templ[y] [x]) * Rz;

17  double delta = Cap * (power[yl[x] + tx + ty + tz);

18  resultl[y] [x] temp[y] [x] + delta;

19 }

20 __global__ void copy(double temp[][N], double result[][N]){

21 int x = blockDim.x * blockIdx.x + threadldx.x;

22 int y = blockDim.y * blockIdx.y + threadIdx.y;

23 templyl [x] = resultly][x];

24 }

25 void read_input(double datal[l[N]){...}

26 void write_output(double data[][N]1){...}

27 void set_scala(double *Cap, double *Rx, double *Ry, double *Rz){...}
28 int main(int argc, char **argv){

29 int i;

30 double cap, rx, ry, rz;

31  cudaMalloc(&d_power, S);

32 cudaMalloc(&d_temp, S);

33 cudaMalloc(&d_result, S);

34 read_input(h_power);

35 read_input (h_temp) ;

36 cudaMemcpy(d_power, (double *)h_power, S, cudaMemcpyHostToDevice);
37  cudaMemcpy(d_temp, (double *)h_temp, S, cudaMemcpyHostToDevice);
38 set_scala(&cap, &rx, &ry, &rz);

39 for (i = 0; i < STEP_ITERATION; i++){

40 dim3 grid(N/BS, N);

41 stencil<<<grid, BS>>>((double(*)[N])d_result, (double(*)[N])d_temp, (double(*)[N])d_power,
cap, rx, ry, rz);

42 copy<<<grid, BS>>>((double(*) [N])d_temp, (double(*)[N])d_result);

43

44 cudaMemcpy ((double *)h_result, d_result, S, cudaMemcpyDeviceToHost);
45 write_output(h_result);

46 cudaFree (d_power) ;

a7 cudaFree(d_temp) ;

48 cudaFree(d_result);

49 }

292 AFw Ty Ial—>yarvarFEiTTSCUDAI—R
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2.2 ~ILFGPU

ERT NA ZADMFIEED A HET D B ¥ )V F GPUBRIZ B\ T, %
DT NA A% BMYNZHAT 2 Z & THAR S EMEREEDPRIAD . CUDA
TlE, 7= RHREPH —XNVEHONRT N A% 32— N ETYOEZ S
Z e TYIVF GPUMIGHHRETH 5. UL, EMERED BT 1T LK
7 A RVIFR TR AR T — Rk 2 88 d 5 2 — R 250k 2 B ED D
D, Fa—= 7l hrPrb2—FOEHAPKEVHELH L. £/, TD
Fa—Z VI NI A= RFEFTEREDE TN AMERICE KIES 5 72
O, - FBMEEOEK I AMETH 5.

3 MESI-CUDA

3.1 MESI-CUDA %=

MESI-CUDA 1% CUDA & 0 f§i#iz GPGPU 7n 2 I L%z ik cE 57
0753377V —L7—2Th%. MESI-CUDA Y02/ o3IV 7€F
V%K 3.312R”9. MESI-CUDA IMRIEILAE ATV ETILVEEALTED,
I—PEIK33ITRT AR - TS A GH 5 T 27 & A REAAE LG
AERVEFHATES. /2, Hl2DT N AZREKLUIZB KA - B—
FNRA ZADEFTETIVEIREEL, FRA N - TS ZAADUHEE Y T —
IV DFLHR I CUDA & [AfkIZEER 9 5. MESI-CUDA L RIZZ D 71
TIIVIETNVEME LU FETBREICLS U CHEIRELEZITS.

2.2 M CUDA a— K & %{ffi7c MESI-CUDA 2 — K% 3.4 IZ/R7.
__global__Effi 7% CES T 2 EINEE % RAAILA L &SR (X
3.4:317). (RABFAELBUIF A N - TANA ARSI 6 DS BZT A — 3 )V
B A DB BUE UDSHRET, T840 A X E Y DML - BIER F — X ER%ED
FliIFAREL L 72 5 ([ 3.4:28-29 17, 32-33 17, 3517). MESI-CUDA ALEER
BB EZBDRAEY 7 72 AR U, Z OMNEREZ CIZHE
BT —RUE%EEITS CUDA 2— RZ2HEIERT 5. F 720 RIKGmEE A
Ly Ry U7z d D, £ALy ROFEERADE D 24T % HEINIZ

S =

175 (X 3.4:5-6 17, 18-1917).
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CUDA core

GPU

CPU (17 ---

| Virtual Shared Global Memory |

¥ 3.3: MESI-CUDA 7u2 53 275

3.2 EMYRIRTIa1—) v E

B R 22 22— v 7 EkIZ <~ )V F GPU WMt T MESI-
CUDA MLHRIZEA LM TH 5 [11]. AHHE X CUDA 71— )LD A
Ly R70v ZIZB 5 AE) 727 20MWEE2FHLTH—F LD E|
FEITFEFEBHT L. M35 ICQEALYy RKTay 7D AEY T 7 A% R
T N — R IVDERA LY FEIIZBWT, Al—A—3 VDALY
K7\ ZRNCIET — ARFBERVBEEL RV, WA, 1[EDO A —3)b
Ll 2Ly K78y 7B TEEENC T TEFHLTE Tu s 740
EWRIZZ LR, 2T, B35 ICRTEIBDE ALY KTay o7k
ZTHNIZNET 2R AT T — R E2EEDTNA AZEH OB TEHI LT
WL T NA A ETHE T — R IVDOETHRAHEL 5.

AEEREIE T — 3 VRBEO ALYy KT7a vy 7 FOAEY) F—X 28
WZaEIL, ZNS Z2EET NI ADFTEERICAT Y a—-) v 7952
ETCETNEEM EIEE. INSHIETFOEELZTVRALIV—F
2OV IHRER a2 —Y I NAFiATAZ & TEETS.
MESI-CUDA LELZANIZHB W, 2—F Wk $ 25 7 — 3 IViEH %2 D =
T, VadERELEEDERATERER. RAZIEYa T EEEDA
Ly K70y 78TCHREILZETHRATH Y, B—F /N4 A L THNIZE
FCEAREDNDD. T TAVNA TIXEITIERZ TIZ, R AZIZED
BToNALVY R 7ay 7iFRE 518 E UTHBEZR download /readback
fRik & 3 E7 — X OVIEE) 2175 B (R A7 B8 2> a THICAERKT 5.
TURA LI DRATEARERITT 5T N A% AR R T —
RIZIG U CHEYITEIRT B Z 2T, YL F GPUBBIZBII 2R A AT
Va— VI huRELinb.
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#define N 8192

#define STEP_ITERATION 1000

__global__ double g_power[N][N], g_temp[N][N], g_result[N][N];

__global__ void stencil(double result[][N], double temp[][N], double power[]I[N],
double Cap, double Rx, double Ry, double Rz){

lthreadIdx.x;

lthreadIdx.y;

=(y>0) ?y-1:y;

int (y <N -1) 72 y+1l : y;

int (x>0) 7 x-1 : x;

int e = (x < N - 1) ? x+1 : x;

double tx = (temply][w] + templ[y]l[e]l - 2.0 * temply] [x]) * Rx;

double ty = (temp[n][x] + temp[s][x] - 2.0 * templ[y][x]) * Ry;

double tz = (AMB_TEMP - templ[y][x]) * Rz;

double delta = Cap * (power[y][x] + tx + ty + tz);

result[y] [x] = temply]l [x] + delta;

int
int
int

= 0 B< X
|

}
__global__ void copy(double temp[][N], double result[][N]){
int x = lthreadIdx.x;
int y = lthreadldx.y;
temp[y] [x] = resultl[y][x];
}
void read_input(double datal[l[NI){...}
void write_output(double datal][N]){...}
void set_scala(double *Cap, double *Rx, double *Ry, double *Rz){...}
int main(int argc, char **argv){
int i;
double cap, rx, ry, rz;
read_input (g_power) ;
read_input (g_temp) ;
set_scala(&cap, &rx, &ry, &rz);
for (i = 0; i < STEP_ITERATION; i++){
stencil<[<N, N>]>(g_result, g_temp, g_power, cap, rx, ry, rz);
copy<[<N, N>]>(g_temp, g_result);
}
write_output(g_result);

}

3.4: X 2.2 D CUDA 2 — K & %ffiZs MESI-CUDA 22— K
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Thread Block

= ke ™

g_power[N][N] g_temp[N][N] g_result[N][N]

Thread Thread Blocks
Access Range Access Range

X 3.5 DE| ALY R7aw2ZDAEY) 7 7 AH]

3.3 WFXDOUIERDREIER

PERD R A I BT LR T NA AWM EAT 2T 5 72012, down-
load /readback ¥Eik & & A 7 FEITHITITD . TNIT K D X A7 FETRITE
T —REEENRET S0, 7TV r—ya il ko TREHTE W
WEA =N~y RBFEAET 5. F4lE MESI-CUDA UWH R DHNE % D,
BT NA ANDEET — R % F ¥y P afbUTHMAL, T 5I2Z20F vy
VaAaNHREEEDBEIAT Y a—) v RREET LI L TT — Xk ED
HIZ 1T o572 [12]. LU, FEimE L L 72 CUDA 7125 A L FREO M
REZ KBS 2101d, BRI RDOWRIZL Y 7 — Rigk &% 5/IMET 5
RBENRDH 5.

B 3.6 1ZRT ATV VIVEED X A2 EfTE BARG & U T, WUELR DM
ITREMERZBAT S, A7V IVEREIZR 2.2 RO 3.4 D a— K
WHRONDZHBENRR =0T, ATy 7Y Ialb—yaviZE<<HIN
TW5., AT VYIIVHAEIZBWTIE, £AL Y NEITAEY GiAAAH
P HHNZ 72 S T WHEE R FIET 5. TOD AT U VIVEIREEZITD
H—=FNDY a TwETNA ATRAZFEITT H85E, X 3.6 D EHRE
FIC/R 3 HiPH D download #5316 % & T /N1 ATIT O RBERHBD. XA s,
t D% download ¥k D X € V) #i[H X EHEHIRBTFIET 5720, ¥ 3.6 DR
MR CRENZHB L WEHDORAZIZE D EBEATNS ATV I (HhE
) METNAZALETHELS. ZO, ERXRATHYPHEESAALLZAEY
#i[H % readback ¥5ik 3 5 D TR <, X 3.6 DIFERRKEN TR THIFIZ DA

7
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¥z R AT ADRRETHS. U UREEDEIKZ A7 A5y a—
) v ZHERE UL, MlPEIR S B X S IZ R R I A ') T — X 2R TN
A AN XFREEEE HEWIZITS 2 BN TE 0.

Total Thread Blocks of Job

L1 E

Exchange Memory Data
for Executing s, t in Next Steps

Task s Task t ’,-—}__D:‘EV_'?EL\?ETIO_"X:Q_,__]

Host Memory ’ | N

Device Memory 1

VLl L R VNNl L N /2]

X 3.6: AT v VIVEED R A7 ETH

4 IBEFE
4.1 BE

BNR AT AV a—0) v TERBEOBREIERIZE D, A=Y T 7R AT
Jo U7 AR X B ) O SENCHE DO A B VERFEZRET 5. T
RTCOEBIEEEHLTY a TIZHURXATZBO AT T 27 & AHFHD
MR U, 2 OFERAS S 1A < O F G HFH O R TRARIL
AV ZDETE. LT, TOREAE VBB THEA N - £T N
A A DOHEARMZEH T 5 Z LT, RAZFIFITHERAE ) FHKAIZ
BB AT) T —Z2DF vy ¥ afbhrafgEe b,

PERDAEVEHFIEIER AT FITITHBERAE Y HBHEMNTT — X
TRETONDEE B, HERDOBEERET — X1 X TULH X E Y EHD
TERW. ZAUK U, BETHERZAE ) FHER» S X A7 EZITRHRD
TNAALIZBERRAEY) T —RE2ENTEHEATT — XX E24TS /-
O, MR IAD & 5 RIKERP RN DT — RiRE 2 EHTE 5.
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4.2 X TE)EEFEK

AR A Y OFGEADENIFE DK AT ) EHEFIEOMEL X 4.7 125
. HEWBHLAELHEZZIRT HIED 2 RATBENENFTITHE
G AT ) MEIRE u, v 2T D, u, v IEKATIZTRT O, RfRIEE A
BT R A N EHROLIHEREANAD KA VR ENA MIDIINT A —
RHTRET S, 7z, (KA EBUZHT 2 AT Y HERAA/FEAAA
DA ZRTIEME (Read/Write J@ME) 2 X A7 (Y a 7) 134T 5. 2
DR, u, v DFEIHERANDRA VX ENA MEZ ZNE N Ustart_ptry Usize,
Vstart_ptry Usize &9 2 &, u, v BVEET 2 H8 A € Y I uno IZBLF O

BHETRODZ N TES.

[usmrt,ptra Ustart _ptr + usize] N [Ustart,ptra Ustart _ptr + Usize]

ZLUTC, uNuvDAEVHEBE v o PSMY LT =28 A e L
THATS. ZNZED, FARAEY - BTN ZAREYHDT—Z 5
BURMZ BT 1 I HE U A ) HBEATERTES. XA
FEITRIZ 1 D EDT =X AV M ZEBEDTNA AAEY EIZEN
UCHE 7 — 3V %2 EET 5. DK, Read/Write JEMIZIG L THKT —
R T AV NOF vy ¥ amghib/ bz #menc s>,

2QIRTEAT ¥ VIVEIRICARFIEZFH U 7256, ik & fh a2 ks
WCHRAZ PR A7 ~ELUHT ARV HEEOTNEFN1TD %2 T — X
AV NEUTHHET S, MERRHBFICHEX A BZUHTAEY
DT =R T AV INDPEHRAIZDEFT NS ATEMTHS Z LI
HEHTH5. L2 L, MDD T — X7 AV M3z 2712k D EHH &
NB772H, HRXAI DFEFFTNA A LIAFET BT — X 2T AV MMIES)
f£3%. 207, HRXR A Z[@—FE{TT N1 ATHELTTHIIH7ZD,
FITIIBERT =R T AV N2 T RTAHNMLT B2HELRELS. 2D
R, M7 T — X2 7 AV b2 ARMET 2 EE D IR O BIfE & —2
5.

4.3 AN S

AVNRALTET VR LDMAGHLETEE LTV R AT AT
Va—1) v IBEREIZB W T, source-to-source I VN1 TIXLA N DIEE%E
HYT 5.
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! SR H Device Memory 0
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F N U U U O 1 -
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Overlap Region

{
1
j— 7/
/
== | /
- I
/ unv
D !

O _ >~ Memory Region v

B 4.7 RAESHE A ) OREDENFED S F vy ¥V 2 FHOME

o 71— )V R O AR LA 25 50 D Bt fid i
o X AU BHEUERK
o AV a—JEINY a THEREDT VA A LIV—F VA

AR OBSEEILIR IZB W, 2 V81 FIXEFRFIZIEINDE XA D
REIZIS U TCHA NEBOLHEZRADKRA VRENL NRDNT A —
A E TV RA LEREET B2 REDH S, L, /EROBSA VT o
ARMTIZE BB ALYy K70y 24720 D7 2 & A# BN FIEOIS
FCERBIAETH 5 [13]. UL UEEHEEKZ KD 57212 1 Rt D HEE L
T2 AE VIS EBRE L T ML, TR oNZT 7 AHFHA A E Y
ARG THBHGEEEDOT 7 & AHHE %2 NE T 5 HEGE A T Y HESIZIEK
LTI A= ZREHRT 2. ZOME, NELRT — RIEEPREDOHE
fid ek T —XE 7 A N UTEBRTLZLIZRD. 71— )LD R
EVT IR AL > TIREEEA— N~y RN 2 af et 23 2 .

— /T, 1IRTDESGEA T VBT RS )y RRIZH/ET 2 Z 8T
RO L WAEVEHNTEAGE6%2ETE5. LU, M8 EMHE®
JEBH 27 dfE D A% SRS B —fMRI72 2IRIG - SIRTT AT v VIVER DY
&, 70w MRIZAEY 20H5 2 L HIBEIEAENT 5720 VS 27 A
NF—=TNDHER - EEPNEMEIC RS, FATUVIIHEOAERY T
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Y 2R AT Ly v T 2R ATH S 720, GPU DRt E ik
AEVFHETH L DN EHEBRAEY T 7w AZRMHFTE S (6] > T, K
MRIE AT > Y IVEHE O LR R D M E 3 2 A REME D E W 1 IR T A
T Y SEHEEZ TS HAEERT 5.

FIMRDRT Y a—1) v TRREIT R A 7 BABGEATREIZ readback #51%
BT b D, BEFIED ATV EM A Tid readback BEik Z 17D 70,
ZDD, RANTOREBILEERDOSIRERTIZ T > X 1 L readback
R ZRBERT BTV RALIN—F U 2HTITHATILELDS. I
&, (AL EABIZ T AR A NDT 7 AHiFHZ 21— 3 — K9 S iRk
TEHIELTEINAETDHS.

FEARFIEOERIIHZ0, £V a THSHTHEBEELEIIT LT
Read/Write B Z Hi 72 1M 52 B EXDH S, i, I —3 VBRI
B REILAEZROES SR E2ME T 5 Z & THITTRETH D, Va7
DTV BA LIV—F VITENEHREFAT S I & TEET 5.

5 IO— NEREEDRER
5.1 CUDA O— R&K{K

34D A= RFRPOARFRIZEDAEKINS CUDA 23— F%2H 581
AT 7 main BIEBHBRIICA T Y2 —F 2 EH U (X 5.8:16 1), 1—
Ya—F RICHBRT 2 RERELEBRTY 3 7% T v 2 A LAERT D
(1% 5.8:20-38 7). KAILAZH DO BRI IIWIGT DR A MEHE A E
VYA XD, T XA LTOREITBERBHIERE U THAAA
&M (READONLY), & &AAHEM (WRITEONLY), @i & & Wi f55EE
(READWRITE) DWW Nz EET 5 (5.8:20-2217). ¥ 3 7ld job_t
T — REEIZ R A BEBOBBE A V&, 2T HREILAER, BA
Ly K7y ZBEKRMNL T Y RA LIV—F > TEET 5 (X5.8:23-38
7). OB, RAEILEZEBUZN T 5 Read/Write J&1E % 77— X VEIEA
DRAIZEWT, AT BT 5855613 READ, 202 BT 25613
WRITE, iz W9 55541 READWRITE 2 $8E 3 % (X 5.8:26-28
17, 33-3417).

RIZZ =R U7z — 2 IViEE 2 Y 3 7HEK I — NICEE#Z S
(X 5.8:43-50 17). ¥ a 7HBTH — 2 I)VEENZBEIR AT FfE% job_t
T — ARG L (X 5.8:43-461T), 7V A A LIV—F VTITURA L
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2V a TRITEEA & @A B (X 5.8:47 17, 494T). T DR, EATHF ] %@
HMU7zYaZiE o v A& a—Fa—RNEFHORANALY R
ECHEMETIND 2D, ¥ a THOKIFRERIBHEL RN K 512 v
RALEHEAE & D MBEND B (X 5.8:48 17, 50 17).

BRIZ, FA N TOMRBILELHDOSERIZ T > X A I readback
HEEZRTRT BT VR LIV—F U EFAT S (X5.85217). Z DK, K
A N DPBEIR ATV FHIRO A% KA NEBOLHER RN VR TRy
FTHRETLHI LT, 72X LITHE/NROD readback ¥k 2 FEI73 5.

5.2 H—XIVEHKRU Y X VEH

B34S ERI NG I —FNVEBKRO R A7 BEEEK5.9I1TRS. 32—
N2 X DB — 2 OVIEE 2 B 572012, a— R U0 —*%
JVEEEK (X 5.9:1-13 17, 14-1847) L R A VBT H B h— 2 VB D T v
IN— B (execute BAK) & 7 — X IVEEUIZ AT S (X 5.9:19-25 17,
40-4417). E7REFEOZODILRE UT, X AT DREIZHE L THA
NEBDEHERADRA VR ENAS MEDNT X=X 2AET 5 X
A 7 B (access_range BA%EY) 2 Fr7- 1T T 5 (X 5.9:26-39 17, 45-53
1), Vv RALEY a TBRET ALY Rony 7 8EpEIT5Z
CTRAZEERTD. [>T, RAZIZE DY TH5NEAL Y KTay
J HFILBIBR AL Yy K70y 78 (start_block) L AL w K7 By 7 D
(blocknum) T—RIZEES. Lo THXAZEEIL, BIGAL Yy R7 B Y
IEA LYy KT 0y 7 OEFIBICEE 22323 EERTN
IERW.

access_range BIBUI X A I EBIF B AT 7 7 & AHiH O EEMRH
DF=DIZT Y RA LDWFHATE. ZOXRAZEBREERT 270121321
TAEBEEZBUITEHMAL Yy RT7ay 7470 D7 7 & AHiHH %
fRITCRD D BENH B, ML ALY KTaw 74720 D7 7 & AHFHIL
2—YDGLR T B 77— RV DES A VT 7 AENTTRD B Z LT
5. LUK LT, BAo1 Ty 7 ARIZE N R 1 VBB K
CERADY — TEBTRINDE —IRATRITNIER S0, EEOEIEE
LT, 518D vs_arg_id THILT SR ILA Z LA OWBIZ 3 U, @t
TRONZBEAN ALY N7y 747007 7 AP L start_block,
block num Z T start_ptr & size D% KD 5.
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execute BIEIX £ 3 _scheduler.get ptr BIEIZ L D, TV XA LHVS
BTAY T =TIV E D EET DRITICBERTNA ARXEY 2
95 (B15.9:20-22 17, 41-4217). £ L T, start_block, block num % f\»
THEH— 2N %LET 5 (X5.9:24 17, 4317). 77— 2 IVEIEDEE 1 515
IZ start_block ZEETH LD I—FREHML TVWEDIE, ##E ALY R
Ty I DEENIHR/NEBE R ATV EIETH— 2N 2 EET 5720 T
D5, —3IVEBUINER/NNEDO ATV TELRITEHFET D LD,
WIELA Ly Ry BV IR Ty 7 ADEMEREREAL Y R T
Oy 2000 U TS 2 (19 5.9:2-7 17, 15-16 17).

6 EEEFTm
REFHEOATVEHHARN L2 AER#ELOENNEEZR Y F v —2
T s T LAEHWTEHES 5. EERIZEH L 72X F < —2 1% Rodinia X
VFR—7 A D SERUAZK6LISRT 2DODAT VY ULEEEITS T
TVr—=vavThbd. £, EBRIZAWZYILVF GPU BB 2K 6.2 12
A9, hotspot KU srad v2 IZEHHERATY TV Ialb—YarThHD,
V=T HNTATF VY YLVHED =3V %2 EET S, ZDX S kh—F i
Bz~ )VF GPURKTHEIETS 2456, 7T —XEEEVPR/NE DD
3V — T DR T Z % 1 download /readback ¥rik % 1 [A]72 147\, )b—
THIIHREIR D AZ LT AEHTH 5. TIZIFFAMEED TN ZAD32
DDA, MEB OB B/NTEE A — N~y KA/ 42 5 Bl 2 434
DR H ZY R NERETH 5. 5RO TLHET SR & 7% 5 FEjmoEl L
72&RYF < —2 O CUDA 712 Z L (opt-CUDA) IZRTR D ¥ )V F GPU
R ERT. TN UIREFIEICEIDERINEIERVYF =2 O
CUDA 712 J 4 (MESI-CUDA) &Y a 73415 % 2 THRE L, S Elk
JE1% opt-CUDA LA UEMIZT 5. £6.21TR T 2HD~YILVF GPU Bibi
ZHAWT, % GPU A KUY ILF GPU TER Y F ¥ —2 D opt-CUDA
& MESI-CUDA D47 % iR U 7=

AEMEREE 012 B 1 2 FEATHEE % K 6.3, FEAMERSE 11281 2 Ei7HeHE %
F6.412mRT. £6.3, £6.41ZRT X512, FEiFmu#E b L7z CUDA 2 — R
CHREFIEICE VAR U CUDA I — R CIRFEARRNICIZIZEZE N2\
Ehbhs. Ik, FEiFmEL L7z CUDA I — NIZH 1) 5 flifEER e
EDHEOREEH A2 IRETEICL Y BEER L 72 CUDA O — RQVE
HWLTWwWaszHtEZH6N5.
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#define N 8192
#define STEP_ITERATION 1000
#define _B 256
double *_h_power, *_h_temp, *_h_result;
vs_arg_t _s_power, _s_temp, _s_result;
job_t *_j_stencil, *_j_copy;
scheduler_t _scheduler;
__global__ void stencil(int _b, double result[][N], double temp[][N], double power[][N],
double Cap, double Rx, double Ry, double Rz){...}
__global__ void copy(int _b, double temp[][N], double result[][N]){...}
void read_input(double data[][N]){...}
void write_output(double datal[][N]1){...}
void set_scala(double *Cap, double *Rx, double *Ry, double *Rz){...}
int main(int argc, char **argv){
int i;
double cap, rx, ry, rz;
_scheduler.init();
cudaMallocHost (&_h_power, S);
cudaMallocHost (&_h_temp, S);
cudaMallocHost (&_h_result, S);
_scheduler.regist_vs_arg(&_s_power, _h_power, N*N, sizeof(double), READONLY) ;
_scheduler.regist_vs_arg(&_s_temp, _h_temp, N*N, sizeof(double), READWRITE);
_scheduler.regist_vs_arg(&_s_result, _h_result, NxN, sizeof(double), READWRITE);
_j_stencil = _scheduler.create_job();
_j_stencil->exe_func = _exe_stencil_O0;
_j_stencil->access_range_func = _ar_stencil_O;
_j_stencil->vs_args.push_back(std: :make_pair(&_s_result, WRITE));
_j_stencil->vs_args.push_back(std: :make_pair(&_s_temp, READ));
_j_stencil->vs_args.push_back(std: :make_pair(&_s_power, READ));
_j_stencil->block_num = N*N / _B;
_j_copy = _scheduler.create_job();
_j_copy->exe_func = _exe_copy_0;
_j_copy—>access_range_func = _ar_copy_O;
_j_copy->vs_args.push_back(std: :make_pair(&_s_temp, WRITE));
_j_copy->vs_args.push_back(std: :make_pair(&_s_result, READ));
_j_copy->blockNum = N*N / _B;
_scheduler.submit_job(_j_stencil);
_scheduler.submit_job(_j_copy) ;
_scheduler.fin_submit_job();
read_input ((double(*) [N])_h_power) ;
read_input ((double (*) [N])_h_temp) ;
set_scala(&cap, &rx, &ry, &rz);
for (i = 0; i < STEP_ITERATION; i++){
_j_stencil->args[0].d = Cap;
_j_stencil->args[1].d = Rx;
_j_stencil->args[2].d = Ry;
_j_stencil->args[3].d = Rz;
_scheduler.ignite_job(_j_stencil);
_scheduler.synchronize();
_scheduler.ignite_job(_j_copy);
_scheduler.synchronize();
¥
_scheduler.read_vs_arg(s_result, h_result, N*Nxsizeof (double));
write_output ((double(x) [N])_h_result);
cudaFreeHost (_h_power) ;
cudaFreeHost (_h_temp) ;
cudaFreeHost (_h_result);
_scheduler.terminate();

}

5.8: M 34 oAk EN 5 CUDA a—F
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52
53

__global__ void stencil(int _b, double result[][N], double temp[][N], double power[][N],
double Cap, double Rx, double Ry, double Rz){
int x = blockIdx.x % (N / _B) * _B + threadldx.x;
int y = blockIdx.x / (N / _B);
intn=(y+ _b/ N/ _B)>0)7y-1:y;
int s=(y+_b/ (N/ _B)<N-1)7y+l : y;
int w = (x> 0) ? x-1 : x;

int e = (x < N - 1) ? x+1 : x;
double tx = (templ[y][w] + templ[yl[e]l - 2.0 * templ[y][x]) * Rx;
double ty = (temp[n][x] + temp[s][x] - 2.0 * temply] [x]) * Ry;
double tz (AMB_TEMP - temply][x]) * Rz;
double delta = Cap * (powerl[yl[x] + tx + ty + tz);
result[y] [x] = temp[y][x] + delta;
}
__global__ void copy(int _b, double temp[][N], double result[][N]){
int x = blockIdx.x % (N / _B) * _B + threadIdx.x;
int y = blockIdx.x / (N / _B);
temp [yl [x] = resultl[y][x];
}
void _exe_stencil_O(task_t *task, int dev){
double *d_result = (double *)_scheduler.get_ptr(task, _s_result, dev);
double *d_temp = (double *)_scheduler.get_ptr(task, _s_temp, dev);
double *d_power = (double *)_scheduler.get_ptr(task, _s_power, dev);
d_temp = (task->start_block == 0) 7 d_temp : d_temp + N;
stencil<<<task->block_num, _B, 0, 0>>>
(task->start_block, (double(*)[N])d_result, (double(*)[N])d_temp, (double(*)[N])d_power,
task->parent_job->args[0].d, task->parent_job->args[1].d, task->parent_job->args[2].d, task->parent_job->args[3].d);

}
void _ar_stencil_O(int vs_arg_id, int start_block, int block_num, void **start_ptr, size_t *size){
if (vs_arg_id == _s_power.id){
*size = block_num * _B * sizeof(double);
*start_ptr = &_h_power[start_block * _B];
Yelse if (vs_arg_id == _s_result.id){
*size = block_num * _B * sizeof(double);
*start_ptr = &_h_result[start_block * _B];
}else if (vs_arg_id == _s_temp.id){
*size = block_num * _B * sizeof (double);
*size = start_block == 0 ? *size : *size + sizeof(double) * N;
*size = (start_block + block_num) == N*N / _B ? *size : *size + sizeof(double) * N;
*start_ptr = start_block == 0 7 &_h_temp[start_block * _B] : &_h_templ[start_block * _B - NJ;
}
}
void _exe_copy_O(task_t *task, int dev){
double *d_temp = (double *)_scheduler.get_ptr(task, _s_temp, dev);
double *d_result = (double *)_scheduler.get_ptr(task, _s_result, dev);
copy<<<task->block_num, _B, 0, 0>>>(task->start_block, (double(*)[N])d_temp, (double(*)[N])d_result);
}
void _ar_copy_O(int vs_arg_id, int start_block, int block_num, void **start_ptr, size_t *size){
if (vs_arg_id == _s_temp.id){
*size = block_num * _B * sizeof (double);
xstart_ptr = &_h_temp[start_block * _B];
}else if (vs_arg_id == _s_result.id){
*size = block_num * _B * sizeof (double);
*start_ptr = &_h_result([start_block * _B];
}
}

5.9: M 340SERI NS I — IV KRR X 7B
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Z DFER %513 T, MESI-CUDA JULPE R 1% H B o b D 72 & 1 il I
WaE WD R A7 DEOBREMENE U . 6k MESI-CUDA &1 % @
GPUMEEN A~V F GPUBREEZ T L, 7 ¥ XA LW & fy
DHENELLATI 2D R A% HHIREMWRT 5 X AT 5#3 %17
5. LU, ATV YVILEHED IS IZRAZBTT — Rk 2 B 5
BE, RYE—< )V F GPUBRBIZBWTH R A B2 A BE L
5. o T, KFGEIZIA T —FIVDAEY) 7 2R ANR— U REHEA
fif z fgdrig e & U T~V GPU BRBIZIL U C HEIRE L 28k %2 5 1%
RETIHBEND B,

% 6.1: FfiN>F~v—2
77V r—vay |
hotspot 2 IRTLIPEE I 2 L — 3 3 » (1000steps)
srad_v2 2RI I —HBRD J A XFRrZE (1000steps)

% 6.2: PHMEREE

AHliEREE 0 | AR 1

GPU O | Geforce GTX 960(2GB MEM) | Tesla K80(24GB MEM)!

GPU 1 Geforce GTX 950(2GB MEM)
CPU Xeon E5-2620 2.1GHz Xeon E5-2630 2.4GHz x 2

host memory 16 GB 32 GB

7 BEEME

TLVF GPUBRBIZODWT, [l DTN ZARTNA AAEY % Rk 9
% Z & TEHEBT N1 AP A T Y 7 — X OEHE 2 BEINIZIT S i
AT ONT WS, OpenACC[5] 1HZF IR I — RIS U 72\ Wl
Bz U B R 2 AT 57210 T GPGPU Y0 s o I v 7 % affk

ITesla K80 1% GK210 % 2 ##E# 35 GPUR—RTHB. TD=d, TOTFNA A
KTV ILF GPU BEDOREENTRETH 5.
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% 6.3:

AHHEREE 0 (2 3B 1F 2 FEATHREH] (D)

GTX960 GTX950 GTX960+GTX950
size | opt-CUDA | MESI-CUDA | opt-CUDA | MESI-CUDA | opt-CUDA | MESI-CUDA
hotspot
40962 7.876 8.903 8.694 9.754 4.625 5.004
81922 31.458 32.917 34.408 35.810 17.696 18.582
srad_v2
20482 9.091 10.633 11.332 12.928 6.319 6.840
40962 35.675 37.023 44.448 45.861 23.898 24.220

£ 6.4: FHEEREE 11281 2 KT ()

K80(1GPU #If) K80(2GPU #f)

size | opt-CUDA \ MESI-CUDA | opt-CUDA \ MESI-CUDA
hotspot

40962 4.277 5.019 2.478 2.915

81922 16.667 17.130 8.844 9.331
srad_v2

20482 3.251 4.382 2.182 3.165

40962 11.914 13.088 6.985 7.485

WZLTED, TIN5 FEIZERD GPU 2 HEIFH T 2552 7 b T W
% [8]. OpenACCIZ & D 2—H1Z CUDA ® GPU 7 —F 77 F ¥ DXl#%
BEITHILRLINFGPU ZRAB—HT, @MEREEZFEET 57201
FER X EEMFE L 72D F 2 —=V 72T HENDH 5. MESI-CUDA
XFLR DA X TlE OpenACC 124 5 0%, WiF b 24T 5 1 — 3 IV DELIR I
CUDA L FEFRIZ =TT 5 720, @72 I — RZ2EK LT VR D
H5.

AMGE[7] 1Z MESI-CUDA k ARz I V81 S 25V XA WailAaDb
BT V—=LT—=2THY, FEITRHZEHIR H — 3V % A8 E LERD
GPU TH— 3 VilEE %2475 . AMGE ® X %€ 43#(1Z BLOCK, BLOCK-
CYCLIC &\ 7288 D &S & — > D & FEATRH ot 70 40 # 5 2
BEIRT B HATH L. Tuzxt U, MESI-CUDA I3 f#fr cE 55 71—
FIVDAEY T 72 ZHFIZ)G U TRz XA €Y 5 # %2 FITRHIZT D 72
DEZDY A RIZHENAHETH 0, #ItE R C IS TE 5.

FATVVINVEEIZOWT, YIVF GPU BB I TR ML 0l
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Wi F BB TR B S S 2 O e ThhTn5b 9. 4% IN5D
R %2 MESI-CUDA IZEH T 5 Z & CH S MR L2 FEBTE 5
AJREMEN D B .

8 #bVYIC

AHFZETlE MESI-CUDA WA DI RX X7 Ay 2 — 1) v 7D
BEBENEIRIZ X D, B —F VD ATV T 7R AL U AR E A E D O
B ENZHE DO ARV ERFEZERE L. VA JEAE ) ER
FIERFEBETH72DIZ, 7V XA LDWEKRT BENIEREF7- w3 — NE
FEEREIZ & o TIREE U 72 MEBEFEMORE R, KATE2Z WS Z & TRERT
ETIIMRME TR E L AT Y YIVENE 2 Y ILF GPU BE TR X <
FITT2I— N2 HEERT 2R ZFEH L. SBOPEL LT, £
DESDT TV —Y a3 y CUHRDOETNERLZFMMiT L HIT, 5
RBEITMROM EE2FEHTLE2FEEEZERLTLI2LENDH 5.
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B

AW T 5140, WS, HBIETHE £ U2 KEPFIEZGEA, W
Z < DEIEZTHE X U INHARITHEMICE BHEBLU X, £z, ek
R CTHEMERTAR D £ U EDOERIZE O X 0 REHHL X5
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