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Abstract: Because a heterogeneous cluster relies on a heterogeneous storage system, the data needs to be divided in a multi-
dimensionally manner when doing computation on it. Current cluster-level programming languages have no unified representation
mechanisms of transmission and transposition of multi-dimensional arrays. This article describes the programming method based on
multi-dimensional array types and the Parray language, which can be used to represent the complex multi-dimensional data transposition
on heterogeneous clusters in a clear way. A large-scale three-dimensional FFT implementation on Tianhe 1A based on the array type
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programming method and Parray is also introduced. The final code is very simple but gets a good performance and scalability at the same
time.
Key words: heterogeneou clusters; cluster programming language; discrete Fourier transform (FFT)
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Table 1 Comparison of current cluster programming languages
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Fig.2 3D FFT on traditional clusters
K2 g Eiin 3 48 FFT

P GEAETRE 3 Y FET (05— b 40 A MU 140 7 T A 452 . 2 A2 FE % B HEAT 40 A e 8x8x8 [ 3 4 37 7 1A%
J HE IR X SRR y 4 BT R 20, 20 B Axd 107 S S0 {ix—}[iy—}i AT 3 4 FFT #2105

(4112 | 14112 |81
R
L 2 R IR HS A I A 16 AN AT B 20k 4EE)x2(y0 HERE)A 2 HERE T T 1
Y FFT;
T 5 2 s sttt iy | S ]| e [z I 0
2 TSI TE A 2 R RO %El’]éj\%é,waﬁ{[4][2]}{[4][2]}{[4][2]}.Tﬁﬁ'ﬁxlé’@fﬁﬁn,..ﬁﬂ%
k4 20 BELE Ay, DAY AL B N A 2% G E )% 2(yo ) A 4L ANITOAIN A Kt yy 45 0
Y e R 19 5) ﬁi}iﬁii;
“ : {[4] 2141121141 2]
3.y G T HSE 45 A A 16 AN AT HH T 200 4EE)x2(20 HEREVAS y HERE T I 1

Y% FFT;
4, R 7y YERECK SBER A 4 LA A(xy HERE)ANTIT AL BN 2(xo HERE)x2(yo 4EFE)IK

ANTOAIN A 5 xy 4EJE R yy 2 8 43 51 &iihii;
OAIL I X, HEEER yy I A 80 ot
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$parray {paged float[8][8]} A

$create A(x)

$for iz A(X) {(*x)=i;}

printf(“array access:%d\n” x[$A[5][2]]);
$destroy A(x)

aRrLNE

Fig.3 Natural array in Parray
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ARI N T YR B 10 A BRI GE B 1 51 N T A R G B 4 Bros.

$parray {paged float[8][8]} A

$parray {[#A_1][#A_0]} B

$create A(x)

X[$A[3][2]]= 123;

printf(“array access:%d\n” x[$B[2][31]);
$destroy A(x)

o~ wWNE

Fig.4 Artificial array in Parray
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W R A 7 B — A Pthread CPU 2R PR HU4H 81 MYTA JL4EE D 2x2:

1. $parray {pthd[2][2]} MYTA

W ACHS B A CUDA ZFR 220 2K A MYCUDATA, L4t 5 0 8x8x16x16:

1.  $parray {cuda(float2*worki,float2*worko)[[128/16][128/16]][[16][16]]1} MYCUDATA

W AR A B — A MP1 R B2 S8 B MYMPITA, H 4 FE O 2:

1. $parray {mpi[2]} MYMPITA

Parray M, 2 Fe £ 20 1) 4 2 wT LRSS0 B8 20 1) 4 B8 45 7 — S M e — AR R I N 028 RO TR 5 3R
A BT LU SRR s A A 1 s [ 5 AR B 3AT DA I T — /MR A AR TE M T_0_0 4825k B MPI
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B 1(c) T 717):8x8 A HE KUK 1) 1ET7 Tl 23 Al £ 4 A MPIZERE AN R Ym0 (K 20 TOA7 A 2 L
A TR A B2 T LUTE B 3R 7 23 A1 R Bt Jo 18 Bl S 0 A 4E 24> MPLEERE |, 53 2 70 A1 /£ 2 > Pthread
gL
1. $parray {mpi[4]} MYTA

2. $parray {paged int[[4][2]][8]} DT
3. sparray {[[{MYTA][#DT_0_1]][#DT 1]} T

Fig.5 Parray Mixed array in Parray
K 5 Parray & &84 7R B

B 5 ACRE R LS K DT S8R DT_1 4540 800 4x2 I 4EE453):
1. S$parray {mpi[4]} MYTA
2. $parray {paged int[[4][2]]1[[4]1[2]1} DT
3. $parray {[[#MYTA][#DT_O_1]][[#DT_1 OJ[#DT_1 1]} T
Vg 10 93 AT Ak PR RO R AT B 1) AR, bl T () BT s IR 23 A AR 45k 11 () T 7o £ 43 A, DR 17 18 030 25
BIRTR N (B#MYTA FI#DT_1_04#DT_0_1 F#DT_1_1 4ERE AT T % #e):
1. $parray {[[#DT_1_O][#DT_1_1]JI[[#MYTAI[#DT 0 1]} T
[F) BE, 7T LAAS B4R RE 3 4k FRT (R0 4 2 70 A S AR 4 1) Parray 7R AL 19 A TR & B4l 287 ] LA
FHARHEAT 73 A1 B4 10 4% A
3.4 YETHIEIEEE
Parray ", il LA 1 11 copy R P 56 AR AR 15 b 20 A5 0 5090 A R A L TR R
$copy S(s) to T(t),
Forh 28 s RS Ak S 4 BB b R B 2 28, 2 8 A0 T O A% A I B 0 e Bk R A R T R A6 KA S
FHFREAL T 75 B AT AR [F] ) 2k 2B 4544 .copy T 56 B IO B0 A SR AR B2 4 R 78 S B AR 2B T 57 HA 0
00 R K AU th AR M bk s 5202 H bRl t.
Kl 6 AR 58 AN 73 BN 47 31 GPU e 4% P A7 1) I S 300 A5 Hi.
1. $parray {pinned float[8][8]} A
2. $parray {dmem float[8][8]} B
3. $create A(a), B(b)
4. $copy A(a) to B(b)
5. $destroy A(a), B(b)
Fig.6 Continuous data copy in Parray

Kl 6 Parray % :% 3 = 4

B 6 faE 1 AT A AN AN T AR I AR BT A 2 AT R ] AR A FLAT RDRE 2 i 2 H 11
GPU 2 # 147 1 1) SR S 0 B35 3 47 AU 7 11 A F e O 0 107 K 2 2K 00 5 I 1) 47 8 25 5 4 A4
T copy T-RERE K T A4 T 47 P IRk a 5 1 (0026700 A BB A 506 T B % 0 17 T 4G 4 b 35
W G287 B A2 5 Br I Parray 4 3 7 JA BT HA 12 25040 A% i 3% 21 10, 265 1% copy B3k 1 4> cudaMemcpy
VA AT 64 AN US4 S e 52

] 7 AT 58 AR 20 TT A 5 51 GPU B 4 P 77 10 e 5 350 A By 2 éé Sy %é T 1(a)
1(b) iR,
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$parray {pinned float[8][8]} A
$parray {dmem float[#A_1][#A_0]} B
$create A(a), B(b)

$copy A(a) to B(b)

$destroy A(a), B(b)

aprwNE

Fig.7 Transposed data copy in Parray
K 7 Parray % B335 =2 %
FEAE I 2 GPU f TS 22 2 T B — T Bt AR At s 181 8 -1 /N1 i b 222he A7 2 4> GPU, 73 ) %
2 /> Pthread 2k R4 i, 78 T A7 TP AT 4096x4096 4> 7T 3 HIHUH I I, 75 B 1Z0E 5 TR 20 11— F (7 2 048 1T 11
)it PCl R Z L4 T 0 5 GPU K% IE 7 TR EH M 5 — (5 2 048 4T M) L4 2] 1 5 GPUIXFE 12
FP B B IR AR A 5 R A Lh i R 2% 1, (BT Parray TR 5 SO BN 0 H8 AL S Lk, T LR 28 5 Mo

B HIXFE AR
PCI T :
4096 /J —
| GPU 0

| GPU 1
cudaMemcpyHostToDeivce

2048 2048

Fig.8 Distributed data copy to GPUs
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o ZE 9 474U, main LR MYTA ZF2 5041 4675 2 /> Pthread Z6F2 73 I #14R 4L H C 1) GPU Rl #%
FAA 2

o G5 12 AT, MYTA 2R FEEAAE ] copy FRET5E i 8 Fit s 7= I B4 A% .

SEPR b XA copy AR e & s AL 2 A Pthread 46 7% 7111 cudaMemcpyHostToDeivee() 2 %% H.

$parray {pthd[2]} MYTA

$parray {dmem int[2048][4096]} DT

$parray {[[#MYTA]I[#DT1} T

$parray {paged int[[2]][#DT]} S
int*host;

$main{
$create S(host)
$for tid::MYTA{
10. INIT_GPU(tid);
11. $create DT(dev)
12. $copy S(host) to T(dev)
}

CEEFFN O B~ W

14. }

Fig.9 Distributed GPU data copy code in Parray
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Fig.10 Distributed data copy of MPI
B 10 MPI A B8 % i

B 11 AR SE R 10 P B A5 A5 4, 5 1 9 HR AR S L e, o R AT 1 32 BHE e DM AR AR
5 LAT 8 MYTA 28041 25 20t Pthread 2 FRBU4E B0 MPI ERR 041,38 2 4745 DT 28 2 th GPU % & 47
il B8 50k 23 TUAF A 2 2870 n] LU 61 P 8 T 10 JiT 26 7o 1 i dls A% 52 20, 2L Parray ACRS () 15 55 2 43 2%
BLIA) T SE B b, 31X 4 copy FREF e S Wi Ak o MP1 EFE - ¥ MPI_Scatter () iR 20 .

1. $parray {mpi[2]} MYTA

2 $parray {paged int[2048][4096]} DT
3. $parray {[[#MYTA][#DT1} T

4. S$parray {paged int[[2]][#DT]} S
5.

6.  $main{

7 $create S(host)

8 $for MYTA{

9. $create DT(dev)

10. $copy S(host) to T(dev)
1.}

12. }

Fig.11 Distributed data copy code of MPI in Parray
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1] 5 K 7 i PO (A0 AF L RE A T DL 22w b L 40 HH] CURRT U 1 BRI AT, JHG 05 A5 1] 2 Se B A S A4k /K9 GPU
FFT L7,
FEEAT x YEPEIN) FRT V82000, 7 AT H B 4 y 4 B2 (K Ml it — 28 (1 7 49 20
X X Vi Yoz
[4096] [2] [4096] [2] [8192]
FESEIE EE AL copy 1R P EAT AR K Hdi 3 A AR ey

i Yo { X X } z
[4096] [2]| [4096][2] |[8192]
Hp:

A Yo X z
[4096] [2] [8192] [8192]

TRy 2 JBE A x HE BEAT 2 A, Kdla 4% I8y P52 0 AT AE SR s b x 4R BE T 17) B B AT R AE 2 AT 2 AL
VRIS, AN KR BLIY 2(yo 4 FE) KR 8192x8192 (K4 % UL 21 GPU & w4 47 fiff e L I EAT 1IE 75 T B Ho e %
B AL x L B e A AR 15 2

Vi Yo 2 x_

[4096] [2] [8192] [8192]
TEAf ] CURFT AT x 4ESE 1 L 4E FRT THEEL 2 S5, I 5 1) B 53 3B 7 3 1 2 00 i 53 BT 1) 7 .
DL ESEN Parray AU SN 8] 14 frzs: 36 1 AT 75 B B AREUAH 28 1Y HSTS, AR BR (e A28 R 4E
RUGr 58 2 47 A W) A AR BN S AL HST, 51 F B HSTS_1 4 i AR B — A1 s e R 458 5 47~ 7 17,
FEH] MPI BERE B ZH 252 MYTA BAROIR S B S S RN T, 25, AN T oh ) S 4k B 0EAT T VR 28, 2 J5 A0 FH 3
PEAT ST AR 1) 3 LR A 3 N FFT3D_FORWARD [#UATARHD, 25 8 47~ 12 4T, %A i Loy 2 Yokt y 4
1z e T 8192x8192 AL 4w F GPU LbAT V15,28 13 4T, copy T-F2)7F H Tl 75 W 1 W & B4 287 S
AT AT B AR 2 I AR 5 14 47~30 17 47, A1 U AR b x 48 B2 M BUE i 21 GPU E3dF4T 1 4

FRT WV e e, = 7 1) 0 52 3N B0 48 2l i 1 5008 Wk 52 B0 468 (11 .

1. $parray {pinned float2[4096][[2][[4096][2][8192]]]} HSTS

2. $parray {pinned float2[#HSTS_1]} HST

3.

4. $subprog FFT3D_FORWARD(N,P,HST,DEV) {

5. $parray {mpi[4096]} MYTA

6. $parray {[[#MYTA][#HST_O][#HST_1_OJ[#HST_1_1]][#HST_1_2]} S
7. $parray {[[#HST_1_O][#HST_1_1][#MYTA][#HST_O]1[#HST_1_21} T
8. for (int slicei=0; slicei<2; slicei++) {

9. $copy HST_1(host+$HST_O[slicei]) to DEV(dev)

10. GPU_SAFE(cufftExecC2C(planb,dev,dev, CUFFT_FORWARD),“FFT X-Y”)
11. $copy DEV(dev) to HST_1(buf+$HST_O[slicei])

12.

13. $copy S(buf) to T(host)

14. for (int slicei=0; slicei<2; slicei++) {

15. $copy HST_1(host+$HST_O[slicei]) to DEVT(dev)

16. $TRANSPOSE_OUTP(dev,dev2,$DEV)

17. GPU_SAFE(cufftExecC2C(planc,dev2,dev2, CUFFT_FORWARD),“FFT Z”)
18. $TRANSPOSE_OUTP(dev2,dev,$DEV)

19. $copy DEV(dev) to HST_1(buf+$HST_O[slicei])

20. }

21. $copy S(buf) to T(host)

22. }

23.  $end

Fig.14 3D FFT cluster code in Parray
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Fig.15 Performance comparison result
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Fig.16 Speed-up ratio of Parray 3D FFT
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