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A Study of GPU Programming Framework
to Provide Embedded MPI
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For leveraging multiple GPUs in a cluster system, it is necessary to assign application tasks
to multiple GPUs and execute those tasks with appropriately using communication primitives
to handle data transfer among GPUs. In current GPU programming models, communication
primitives such as MPI functions cannot be used within GPU. Instead, such functions should
be used in the CPU code. Therefore, programmer must handle both GPU and CPU codes
for data communications. This makes GPU programming and its optimization very difficult.

In this paper, we propose a programming framework which enables programmers to use
MPI functions within GPU kernels. Our framework automatically transforms MPI functions
written in a GPU kernel into runtime routines executed on the CPU. With this framework,
programmability and readability of programs will much improve. We evaluate the performance
and overhead of the framework. The result shows that the proposed framework achieves com-
parable execution performance with a MPI code written by hand in traditional way.

MWTED, KBRS 27 2 BBEDFE, — Nicy

L BU®IK WL, Xoic, ZRFROE — FlcBuLT, 5

GPU(Graphics Processing Unit) (&, BIZEIRO
B LD DI b X HIchoTETNRS,
2010 4F 11 HICHREINAZA—Ra v E2a—FDF v
¥ v 7 TH % TOP500Y Tld i 5t H 5 3 fhas
GPU Zfifi 2 2 BEDFIHE , — Fick % GPU 7 7
2 YEEMETH B, GPU 7 7 2y HEETIZ, A
7% BZFE ) — FIco#E L Ciidlic g7 EE, 61
&/ —=FT7rur 7 L0 RS %E GPU ZiEH L
TERICETFEIRZZ LT, moEEkiE2E82 2 &

T EROEEREREBE B A 7 b2 FRFTER
Graduate School of Information Systems, The Univer-
sity of Electro-Communications

298

L7y 27 D% GPU TEMICHEHITTEZ LT
Jacobsen 513 CFD %, Komatitsch 5 IZ3HEK D5
FEOMHTIEA L, EostBEEEIMEons 2 L 2R
LTw3P3  £7 Babich 513, QUDA 54 75V
% GPU 7 5 2 % 315 ciFl L Tw 29, GPU
B2y P =2 ICEET 7R ATERVED, B
D GPU ZH\WTATYE DM %2 4T3 2 856121%, [
U/ —FoDCPU Eo7u 2o 4%4 LT GPUE®D
F=yIEEEBL 2 UEn 52, miido GPU
77 AV EEE oz, Wity 2 — FEE
{812 MPI(Message Passing Interface) 12 & % ilifg 23
HwoshnTns,

(© 2011 Information Processing Society of Japan



SACSIS 2011
Symposium on Advanced Computing Systems and Infrastructures

SACSIS2011
2011/5/27

LaL, 20 GPU 7 9 A¥ 5 Lot 3 7
s3Iy TlE, a2 9<ld GPU a— K%, MPI
I % 7S 2 CPU 2 — F#*, GPU & CPU o
F=IWZOA-—FD IMPEDa - FEB I NFT—%
WE2ZEML 200 Rs R\, Ziui7u s =i
toThaHTH S, 22T, HAlE, GPU a—Fhic
GPU LD 7= EZE2idbTELLIHICTELD
IZ, MPI 2E#RdbCcE 3% k9127 % MPI Zi28%
AHTRERR GPU AV SV 7Lb—L7—0 %
HBET3, co7L—20v—7%2HT 3854, GPU
o7 —#BE%#1TH 729012 CPU o MPI 7u /'
I LZHBRTERHENRL 2D, 2, MPIBEHD
FLTIHES CPU-GPU M) 57 —% a & —#IHRINIC
SORT AMEL v, o T, GPU a—FOARIZE
HLT7u 77 4%2ld22tnTE, REBLMX
ko 7ur oIy 7aR 2RI LI L
MWTE 5,

RET 27V =07 =0 TlE, FREEEEZES
KW r 7L —¥ThHs GPUD LT, MPLEE%
bk TEs kHIcT s, U, GPUIKEESY, #
Bo7rx 7L —2ICB %5 L COFFNIcFETT 5
1DDTRT T IV ITNRITAL D=2 2D,

o7arSI 7L -7 — 0 2FERT R0
121, GPU a— FWIZER & 4172 MPI BIB D EEED
NPE% CPU a— F ECTONBICE &2 5 A0
PETHS, 22T, GPU a—F2500EDY 7
IR EROES FITEFNERENT 2, BiT2E
fTE7viE, GPU a— Fduzidad & 17 MPI B3
DFEfT% CPU a— FTfR&Ed%. £/, CPU a2—
F2S MPI LB A FEfT L CTw 3, GPU 2— Fidil
ME—HEELELLTEE, CPU a—FTEfTE3NL
MPI B%ie 7%, WHEEZHET2, EfTE710E
BIZpE) 57— oFBLHIHZ 70 77 < b S BT
B0, Gaoni7ra s ahs, #iNka—FE
Bz koT IS —HOUMEIT ) - DITHhFE R a—
FZ2AERT 3.

AREORRIZRDOEY TH 5, 28iTGPU 7 IR
i Fo T a S5 LR RIS R, &’iD
HET 2, GPU TR SIS v 7L —L0 97— %1k
B3, 3ffiT, TOZ7L—LT—V% CEBETHH
TH5ODEFTETFLE LN a— FERTEEZRT,
41T, BETZ27L—27—272HHAL B I N
77a T LDE =N~y FENET 3.

2. MPIZE®H:AHAEELR GPU 7AJ 5=
»II7Lb—L7—7

B 1%, GPU % b8 DFE 7 — FIc ko TR
ENDBITAYEEEERIR L LD TH D, — MM
% GPU 7 7 2 ¥ 3tHEETIE, / — FA® GPU-CPU
fofEE XU NIC 24 L7/ — Fiilo CPU-CPU
DBERITI T EWTE B0, GPU »5HEE: NIC %

* %7 —FHNO GPU THETS N8 7us 74
T %) — PO CPU THEASh3 M5 7as 74

299

Net wor k

:

1 #¥D GPU 28>/ —Fick 3 GPU 7 7 A ¥ il 5ikk
Fig.1 A GPU Cluster Computer that has multiple GPUs
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Fig.2 Programming model to use GPUs in multiple node

1: for(i = 0; i < NN; i++){

2 CcCli] = C[il;

3 if(i t=0 ){ cC[il += C[i-1]; }
4: if (i !'= NN-1){ CC[i] += C[i+1]; }
5 CC[il = cc[i] / 3;

6: )

3 TV OKREEIBET 2 ER L OV ERDZ TR ST A
Fig.3 Program to average three neighboring elements in
a data array
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__global__ void
kernel(float *C,float *CC,int N,int k) {
for(int i = 0; i < k; i++){
int idx = threadIdx.x + i * K + 1;
CClidx] = (C[idx] + C[idx+1] + C[idx-11)/3;

DG AW N
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Fig.4 GPU code for implementation of the program
shown in Figure 3

1: cudaMemcpy(&CdO[1], Ch, sizeof(float) * N,
cudaMemcpyHostToDevice) ;

: if (rank != nCPU-1)

:  MPI_Send(&Ch[N],1,MPI_FLOAT,rank+1,0,MPI_COMM_WORLD) ;

: if (rank != 0)

MPI_Recv(&v,1,MPI_FLOAT,rank-1,0,MPI_COMM_WORLD,&status);

: cudaMemcpy (&Cd0 [0] ,&v,sizeof (float),
cudaMemcpyHostToDevice) ;

oo WwN

if (rank != 0)

: MPI_Send(&Ch[1],1,MPI_FLOAT,rank-1,0,MPI_COMM_WORLD) ;

: if(rank != nCPU-1)

: MPI_Recv(&w,1,MPI_FLOAT,rank+1,0,MPI_COMM_WORLD,&status);

: cudaMemcpy (&CdO [N+1], &w, sizeof(float),
cudaMemcpyHostToDevice) ;

: kernel<<<1, K>>>(CdO, Cdi, N, N/K);

13: cudaMemcpy(Ch, &Cd1[1], sizeof(float) * N,

cudaMemcpyDeviceToHost) ;
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B5 X4® GPU a— FTRELEFEZUMT 52 CPU 2 —F
Fig.5 CPU code to perform data transfer operations
required for the GPU code shown in Figure 4
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Fig.6 Programming model with the proposed program-
ming framework to provide embedded MPI into

GPU
1: __global__ void
2: kernel(float *C,float *CC,int rank,int nCPU,int N,int k){
3: if (rank != nCPU-1)
4: cuda_mpi_send (&C[N], sizeof (float)*1, rank+1);
5: if(rank !'= 0)
6: cuda_mpi_send (&C[1], sizeof (float)*1, rank-1);
7: if(rank != 0)
8: cuda_mpi_recv(&C[0], sizeof(float)*1, rank-1);
9: if (rank != nCPU-1)
10: cuda_mpi_recv(&C[N+1], sizeof(float)*1, rank+1);
11: for(int i = 0; i < k; i++){
12: int idx = threadIdx.x + i * K + 1;
13: CClidx] = (Clidx] + Cl[idx+1] + C[idx-11)/3;
14: }}

B7 #E727L—27—7%2Hv235460 GPU a—F (MPI
a— F & DHIAARAEE)
Fig.7 An example of the GPU code with the proposed
framework, using embedded MPI code

1: cudaMemcpy (&CdO[1], Ch, sizeof (float) * N,
cudaMemcpyHostToDevice) ;
kernel<<<1, K>>>(Cd0, Cdi, rank, nCPU, N, N/K);
3: cudaMemcpy (Ch, &Cd1[1], sizeof(float) * N,
cudaMemcpyDeviceToHost) ;

N
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Fig.8 An example of the CPU code with the proposed
framework
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Fig.9 An execution model for the GPU code with
embedded MPI
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: __global__ void
: kernel(float *C,float *CC,int rank,int nCPU,int N,int k){
restore();
switch(*_status) {
case 0:
if (rank != nCPU-1){
cuda_mpi_send (&C[N], sizeof (float)*1, rank+1);
*_status = 1; store(); goto GPU_CODE_END; }
case 1:

10: if (rank !'= 0){

11: cuda_mpi_send (&C[1], sizeof (float)*1, rank-1);
+12: *_status = 2; store(); goto GPU_CODE_END; }
*13: case 2:

14:  if(rank !'= 0){

15: cuda_mpi_recv(&C[0], sizeof (float)*1, rank-1);
+16: *_status = 3; store(); goto GPU_CODE_END; }
*17: case 3:

18:  if(rank != nCPU-1){

19: cuda_mpi_recv(&C[N+1], sizeof(float)*1, rank+1);
+20: *_status = 4; sotre(); goto GPU_CODE_END; ¥
*21: case 4:

22: for(int i = 0; i < k; i++){

23: int idx = threadIdx.x + i * K + 1;

24: CClidx] = (C[idx] + C[idx+1] + C[idx-1])/3;

25:  }}

26: cuda_mpi_finalize();
+27: GPU_CODE_END:

28: }

10 switch—case XTAT— %Wl 7 GPU a—F
Fig.10 An example of the GPU code divided into
multiple states by switch—case statement
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case 0:
i=0;
case 1:
case 2:
while(i < M){
switch(*_status){
case 1:
cuda_mpi_barrier (MPI_COMM_WORLD) ;
*_status = 2; goto GPU_CODE_END;
case 2:
i++; *_status = 1;
¥
}

case 3:

11 71y 7 NICBEMICHER X% switch—case XDH]
Fig.11 An example of a hierarchical switch—case
statement for block structure
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ARXDBHZGEICIIELLERT LI ENTER D,
Bl Z1F for L—7TlF, K11 DO L HIc7Tay »
W% switch—case XTHEIL X9 & LThH, WD
PRARDEEFE TSN TEKL @D I2a— FHE
IT&ERV, 20 L) RE—DXDHFITEHEDRAA
EROXIE, a— FEBIFCHTb > Tof@T2 28T
NG %,

3.3.2 CPU JI—K@QI—KZif

CPU a— FfiIcl, (1)GPU &o% hEH IZfifu
%Y 7 T A MMEEROFEBOMER & WL E X %
e, (2)3.1 M TRNETETNRZREET 270D

(© 2011 Information Processing Society of Japan



SACSIS 2011

Symposium on Advanced Computing Systems and Infrastructures

1: do{
2: kernel_stub<<<i, N>>>

(Cd, rank, nCPU, info->info_dev, info->status_dev);
3: cudaMemcpy ((void*)info->info_host,

(voidx)info->info_dev,
sizeof (gpu_info),
cudaMemcpyDeviceToHost) ;
4 switch(info->info_host->request){
5: case MPI_SEND:
6: cuda_mpi_send ((gpu_info*)info->info_host); break;
7: case MPI_RECV:
8: cuda_mpi_recv((gpu_infox)info->info_host); break;
9: case MPI_BARRIER:
MPI_Barrier (MPI_COMM_WORLD); break;

}while(info->info_host->request != DONE);

B 12 CPU a—FiIfikdis MPL V7 X MLEL—7
Fig.12 An example of the inserted loop to operate MPI
request

®2 PCUIAYZMKT 5%/ — FORET
Table 2 Specification of each node in PC cluster

CPU Intel(R) Xeon(R) CPU W3520 2.7GHz
AEY 6GiB
(O] CentOS Release 5.3
(Linux x86-64 2.6.18-128)
%y F7—7 1F | Intel(R) PRO/1000 NIC
GPU NVIDIA Tesla C1060

V7T A ML —7IHYS TS a— FOERKEF
A, ZETT 5. GPU LDORYEDICHW2 79I
12 CPU-GPU TF—% %2 a2t —TZ 552 M L
L 5%\, CUDA Tld GPU Lo xE V) 4H
BOMERIZ CPU a— FTirbhiiudnidze, 2
DIEREB X GBI A TE 3,
3.1fficdR7% k92 CPU a—Fix, GPU a—F
BETLEE, MPIY 722 b %2FE%T 21— 71
%, B1212, COEFEFLVEZERT 20D a—
FZRYT. ZOL—7HNTIZ, GPU a— FihTiEE
SNZMPIY 7 ZRAL - T—% D request 7 4 — )b
FOfEIZ X > TS 2 MPI W O FEITICTET 5,
MPI ML THIZH O GPU a— F2977 3%,

4. ¥ fifi

RET 2 MPI#®IAATHEZR GPU a— F2Hw»
127075 LDFETA =N~y FEFMT 5. AT
1, FTEBICHOIHIEREEICOWTEHIAT 5, X
2, ETZ27L—20 97— 207840 MPI AL
FICHhh B F =N~y P, 70275 LADFETHRED
BaILRE N

4.1 FF B &

FATRERI D EINIC 1Z, Gigabit Ethernet T X
N7z NIVIDIA @ GPU Tesla C1060 23 % 16 &
DHE ) — FTHREINE PC 79327205, %
J—FDEILIIR2 DEH TH 5,

a—FEHIZY —2a—Fh6Y —2Aa3—FADE
T Hh, Hii CUDA Da—FThs, Lk
?a—Flx CUDA 2.3 SDK & & Of OpenMPI-1.3.3-
gnu64-4.12 2 k->7T, ¥—7v FTH2% CPU 22—
FEXOGPU a—Ficavy 4L &N5.
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a with‘ the Proposed F‘ramework —
b: with MPI on CPU code
c: MPI Data transfer(base)

200

150

Elapsed Time (us)

50

0

1000
Size of Data (Bytes)

13 MPIABZ{TY) 717 F b DFELTHR
Fig. 13 Execution time for perform MPI operation

0 500 1500 2000

4.2 MPIEBEEHDBA—/NY R

GPU a2 — FicloiAEns MPI WY 7 = X b
DTV ITATELTDE =N~y FRUET 2,
EMO 7077 5T, 16 BD/ —FT, ZhZh
77 (rank+1) & 0xF D/ — FIZIEEL ¥4 XD
T—=8%XMEL, 77 (rank-1) & 0xF D/ — Fi»
LT =8 %ZETSH. UV 7 5% CPUa—FHT
GPU-CPU WD 7—% at— & MPIEEZ Glidd %
%6 (“a: with MPI on CPU code”) &2ET 2 7
L—27—2%FHLTGPU 2— FHiz MPI HEkH
DALY (“b: with the Proposed Framework”) O
KW ZNET 5. £/, MPI TOT— @521}
21779 7’0 7'J & (“c: MPI Data transfer(base)”)
DETRMG ME L 72, FERZE 13 1R, il
WEONRETET—FDIA X (N4 M) TH 5.

X 13 DfERIL, (a) & (b) KZENEFNT—FH A X
IR L R WRABRED L — N~y P23 EEE I N T
52 EERT. 22TGPU a— FaSiZd X3 B
ICEHT 2, GPU 2 — F2SZ#) X 5 [E%i3 MPI @
BRrIEITHY 70 I 4 (c) Tk oll, CPU2—F
iz MPI AWBEZ 5089 2854 (a) Tl 18], 2L C
RETZ27L—27—7%2HA0GGdT 2854 (b) T
E3ETHB, (a) D (c) KT BT E, (b) D (c)
RS B EE, 1BIE 13 THB. Thbb, GPU
a— FOMEENC D% 4 — N~y F 23, [EHEFITIN
DMK E N, Z DA — N~y Fizf 20p BT
b5,

GPU a2 — FTHTT 3 MBI BEAITIE, 2
@D GPU a— Filg@io 4 —/ S~y FFEfTIE o8
WCHEEDO DS, ZDF— "~y FZRHEHT 3 Tk e
LT, O MPIIEY) 72 A2 £E032 ¢k
T GPU a— F i@ % i3 2 st »% 2 5
ns.

4.3 7075 LAR{THEOEE

X 3 2R LR OBEEZDOEE 2 S 7T v 7 F A
%, CPU a— FT MPI BB L % 5dib 3 2 56
(“with MPT on CPU code”) &, #RET 270/ 7
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0.25

T T
with MP1 on CPU code (NN=227) —+—
with MPI on CPU code (NN=2. 7) X
with the Proposed Framework (NN:226) —8—
with the Proposed Framework (NN=2

0.2+ ) —o— 4

0.15

01

Elapsed Time (s)

1 2 4 8
#. of Nodes
B 14 MPI 2—F#%7u7/7<» CPU a—FL& L CitiiL 724
BERET 7L — 07— 256 O FETRH
Fig. 14 Execution time of the code in which MPI opera-
tions are written as CPU code and the code written
with the proposed framework

16

SV 7 V=277 EHOCGGERT 2854 (“with
the Proposed Framework”) DFfTHf % iR 5.
WNRETBF—F¥ 4 RIF NN %2 226, 227 L L, GPU
T 512 ALy FTHEITT % (K=512). B 14 IE
R ERT.

X 14 OFERIZIRET 27— 7 =7 2HWTE
WL 7z a— FOETHEESHIGHT 20 / — RO
MM AT —=N$ 232 L%RLT05, £, NN=22 D
F—ZIIRNL 16 GO/ — FTUHET 284, BET
57V =07 —=0%HTEb L7271 77 50 MPI
a—F% CPU a— FicEERLDT 2 7 a7 7 Lkt
T 3 EITRIE OBMIZ 1.6%TH 5. T2bb, K14
DFERIZ, RETEH T/ 733077V =07 —0%
AouTitdang 7a 75 o 0EFHERE, MPI AL
Ha— F2PRMICCPU a— IR L7 v 75
LOFEFTIERE & i L Cffaie\ 2 EBRT

5. BAEMHRE

GPU 7 7 A ¥ §HEBZIGH T 572912, CUDA &
MPIDEAICTE IR T 73077 —07— 7 %5
T 27012, Leung 5%, R-Stream 7> 5% GPU
TI7EIL—FANDY —Aa—FNr5Y —ZAa—F
DEMBEZIREL T2, Zoav 45Tk, B
@7 CPU [, 8% GPU, GPU NTOIFNHL &%
AR L T3, £72, Lowlor I3 cudaMPI %12
ZLTw3%, cudaMPI Tk GPU 2— FO7 I
CPU a— Frhicidilb X & MPI g a2 — F % i
WCEORT 22 ENTES, ZOTODWETIE, HY
¥ T CPU 2— FHic GPU 2 — FD 72 & D MPI 4l
HEELQRERH Y, GPUI—FZDLDICHRL
Ko F— ¥ HE %2 EET %700 MPI O 8I1Z
EEHTE W,

GPU 7 7 A ¥ {5 53, GPU a—F & CPU
aA—FZ2FHICH BV IZERE 70 7T <h 5 RRi
T5ODMASFEE, av A IEBEOMEIES »,
HPCPE”) T, CPU & GPU R—ZDNA 7Y v
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FRBFEETn 7S 3 v VBREZREL TV 3,
HPCPE Tli& 260770277 L %2IRET % Two
Level Model TH 25154 2 7 LHiliHly 2 712534 L,
ZNZFN CPU & GPU ICHEI$ 2. HFEONH 7o
7577V =407 —27Tdh% OpenMP $ MPI
DA T GPU Z2IEH T 570D 7L =07 =7 &
LT, OpenMP %5 GPU 22— FIcZ8#ud 2 F3:8)9)
 “fEH 7" OpenMP & “E/E 77 MPI O 5 % >
THEH GPU 2AIHT 39, XU GPU ® FPGA
I8 27 LAVTHENY H 5, Eoi, BEDS
D7 L= =7 %FHL TMHDEEL2HEHT 3
DSL %, 77% 7L —%HD 7077 sitdiciEGH
T2MELH 2D, Zhsid, 7rrsIvict-
THIRAFEST OS5I v 7L v 7 —7 2 4 2%
T3, ZNHDOXRTIER T 71 7L —% DiEHIC
DWVTIRERINTLRVA, BET 2 MPIHOA
AFEZHVEIET, INHICRHLTTF— 2D
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GPU 7 7 R% ET7/ur 7 LEFTT 581, N
DA 2—=Y Ik DEEE GPUEERZ A —N
v 7ERED I ETEOEHEMRENE 5 11916
RET 27— =7 Z2ZHOEEAICH GPU a—
FORONH LIEZ %8BT 5 2 & T, WEE GPU i
FDOA =Ty TRERTEIENTE L, Ml
GPU a— F &FENHD R 7P 2 —Y v I3 L Wb,
EL, L4371 —247—27 T3 GPU [B0iEE
B CGPU a— FINICHDIAE NS -0, I RE
LD REMEIZE E 5.
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