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Optimization of HPL on Complex Heterogeneous Computing System
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Abstract: Nowadays, the mainstream supercomputers in the world adopt heterogeneous systems with accelerators more and more. The
increase of float point computation performance of the accelerators requires other components to match its speed, including CPU, memory,
bus, and network. High performance Linpack (HPL) is the traditional benchmark for high performance computers. Complex
heterogeneous systems have brought both opportunities and challenges to the benchmarking with HPL. Therefore, for heterogeneous
supercomputers, a new task partitioning scheme between the CPU and the accelerators is proposed, using the balance point theory to guide
the optimization of HPL. For optimizing HPL, a look-ahead algorithm is proposed to coordinate the collaboration of CPU and the
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accelerators, as well as a contiguous row-swap algorithm, enabling the parallelism among CPU, accelerators, and network. Besides, new
panel factorization and row-swap implementations have been designed for the system with accelerators, improving the effectiveness and
efficiency of the usage of accelerators. With the configuration of 4 GPUs on each computing node, HPL efficiency of 79.51% on a single
node.

Key words: complex heterogeneous system; balance point theory; panel factorization acceleration; contiguous row-swap algorithm
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I3k K 5 5 GPU i panel 73+ DGEMM ) [ 4 H,subpanel 1) £4i ) #% 5 panel i@ DGEMM it 7%
) CPU 5 GPU 2 [a) ¥ 1& % . GPU $44T DGEMM 53547, 78 2 A R 401 CPU. GPU. PCle 1 &% 33
%5 J5.

HPL {311 6 Bl S SR aT LUAE ) F& it K A k.

%5 5.1.2 Wik () GPU ik panel 23/t DGEMM il panel | #% i e 5 % H 45,46 3 44 ) T 04K R 5 OV ARAD
k.
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Table 3 Pseudocode of accelerated panel DGEMM and broadcast pipeline
%3 Panel DGEMM i A1) 3% i /K O AL

Panel 43 fift 3l O 101G Panel 43/ DGEMM Ji# il 4 it K O 101
HPL_pdrpanlIN() DHPL_pdrpanlIN()
{
if (subpanel %1%/ T-%T NBMIN) if (subpanel %1%/ T-%T- NBMIN)
{HAT AR A TSR [} {PAT IR A5 R [0}
do do
{
CPU #4T DTRSM #4%; if (subpanel %K T GPU g 51 %1)
CPU #U4T DGEMM if4; {
3998 HPL_pdrpanlIN(); CPU &4 4% £ GPU;
Jwhile (subpanel 15T %4 5 8%); GPU 5 #4147 DTRSM #1 DGEMM i 4;
} if (R R FVBOC T B K B
CPU )" #k 43 fi# AU HT— > subpanel;
}
CPU A& GPU;
GPU 1 iy $4fi £ CPU;
}else {

CPU #47 DTRSM |- 5%;
CPU #47 DGEMM il 4;

3# )97 | DHPL_pdrpanlIN();
if(4: % panel T 5758 1) {
CPU J" 555 () subpanel F14% 1k () 390

}
} while (subpanel T 5% 5% );
)

5.2 {TX#klongE %k

G 90 S ST AT AS A R LR 1T I bianary-exchange 7351 long 5735, £8 05 43 BT R E I E £ long 57 3E00 45
4.2 3 MATAZH 5 GPU AT VIS 10 £ FE ST R AT A e i AR T Ak AR5 AR A B AR 14T AS e S vk

Long A ELFE AN 20 B8 spread A1 roll JERIARAY o, 1 58 & spread it 2, M i AT dE R 75 e th 94T 3 R 4
HoAth B A 3R AR5 3R 24 w47 HERR 032 0 B3 5 AR Tl 75 40 ) (O B A e 2 2 roll SRR, RO kAT
P-1 (Méim ’i/MﬂmFﬁﬁE’h&h%‘lﬁﬁé%‘a,ﬁ"l&fl‘i/ﬂ\ 5 E EEI’J BES&%& % 15, ?U}EE E%Tﬂ%ﬁﬁ’l—*%\ 5

/l\iﬂfzﬁﬁﬁﬁT 4 uIS EI’J Um)ﬁﬁﬁﬁiﬂ%t%%ﬁﬂﬁﬁﬁE’Jéﬁcéﬁlﬁﬁﬁﬂk ﬁﬁ(ﬁ%ﬂ%ﬁl@ A FH B 47

SRS spread A1 roll A [ — B Hm 28 i X, O T 38k G B0 v 5 spread A roll & A ER AT L W
22 % YL, spread [ B 5 roll 1 A2 36 508 1 3% A i & spread Al roll &3k L& nT 4T T UL B 5
I3 BT ¥ spread IZ I G2 b 15 roll (1) K16 G2 i 43 125 X R A M ATk FR AT 75 55 A 422 Wi spread 4 i, it v BA3RAT rolll
B F 2B A0 B A i 3] a2 % ol X 3K B 43 ST ) gt T DA R

EATF IR 28 vk X oy B 57k 2 J  spread AT roll L&A KOG R, BRI BB HE T — BT (M AT 28 6 U7 2%, B
A4 spread F roll (RIHRAT IR, Gt € 5(b) 735 A 24 AT HERR R U8, 75 roll 4841 2 17, L5 K A 1 75 8 46t 10 e 4
P U 2% 22 v X R AT gl 2 k2D T AT A8 e 14 B B A R)LAE roll A AT X 4% A 1 [ A, 2 i AT R R T LUK
spread JiTt 75 (B0 B 2%, 1 T 20 AL 4 B R % 28 pR X roll $hT 58 S, R BAT spread. [N 3T roll Sk R 820 1%L
Wi A S B GPU, I $AT B PE A5 e £E spread 82 45 RS, 3E 24 AU AT BERE PR e N (B3R AL 4 B GPU, 3F 25 #

BIAH A, Y HAT B RN 5 EEREAT N B A e B AT GPU b (1) AR M AT e 3R AR E T DA S I ) 8¢ LA A%

i GPU Bl B 22 M A2 e it 5 UL & CPU 5 GPU Sl A% A B 88, 98> A7 2 $ B0 AT IF ).
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AT BEREFEGPU AT N AT
A A B U A A7

Spread: I\ ™ i AT IEFEFG 0 1)
O 5 MR R B A AR
AT A

AR 54 3 R B 2 e X o 3
A N i il BRSO
BIRGE X

Roll: i £ MEFEHAT (P — il
i T 5 AT A0 R 3
3 Ur e 2 10 488

LErollIF 35 120 &5 st i
A7 B R
s AGPU

AT GPU L US|
FE B0 T

(a)
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5 W7 FEAEGPU [lEATAT
A HPU 5 T 77
KA

MR FEGPU LUETT A
AT A3, UK Urp AN T
Pl AT 5 A TAF

0 AT A R 4T |

oll: i 7 EFE U AT(P — 1N il
{5, B o A AR R A e —

5 U7 W R HALA
Spread: M Y T HE RS } S i
B HAR S BIRIL A | (Mol B KRS AGPU

L A

BT AT R GPU UM
o (1) B T

(b)

Fig.5 Original row swap algorithm (a), and modified row swap procedure (b)

5 JRUGATAZ S (a) BB AT A % (b)

6 SRS SHT

6.1 B SRS

T ST AT X BN RS20, ST VA A5 AU Ak T 2 I R AR A A RS DAL B AR R GPU AT fig b T
A TAERAS, PATH B0 5L B GPU R B T SR P AT 46 FE B 18 6 X L T AR 4k S5 5125 A5 SR 1K I ) A
GPU JE B HOFT IS )18 6 45 T LAY A5 A 0 S 3ERR RO 18] i 487 A R M RTAT- 4 /0 51, B R R AE 4 RTAT-3F
L 41 7] LU 1 N=88320 155 L T, LU 43 i 56 [ B 56.09% 2 ij 235 1 B I 6] 422 30T GPU 2 I 5 397 I [7] .56.09%
25 AT BERE AT panel 23, B0 A5 PR IN 8] 475 SR 230 GPU 4 FF ¥ 3 IR 18], GPU 23 I Ta) 4 - AR AR S, i 0
HAl A T 208 BN 28R 3 T4 M 0T panel 23 gk 72, B9 0 T 254 panel | #8545 1) I8 (1] 7P 85, GPU A — Bt

I 1) 4k T RS

3.50E-01

LU LSRR S5 GPU i FLIY (W]

— A-LU{EH: = B-LUfH —A-{f5E T8 — B-f§5R 13

3.00E-01
2.50E-01

= 2.00E-01

E

= 1.50E-01

1.00E-01
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0,00E+00
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Fig.6 GPU time vs. total time of each loop
Bl 6 GPU IN i) 5 b i3 5 I [h)
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AL 18] 6 DRAL A B~ 485 50 56.09%, 18] 4 RABALIRAS A I 37.82%. A\ LU Z3 i (i o 53 B R AT
56.09% ' & 19 LU 73 fif v SR K 91.53%, K70 I 18] 78 70 4% 17 GPU [ vHSLRE ) ALAL 5 15 i HPL 244k
F|T 79.51%.

ARAL A RHI S H E 22 GPU Jinigk DGEMM I panel | &3 /K )2 WX BT AT M AR 4RI 4158 1
BOOVHGRAF A 18,85 KK 12 2.Panel /S8R 1 — 2.

6.2 AR

Z 5 ;U HPL BB T 2, H i B K RURE 4 096 /N5 /L HPL 8K FIU AT R I S HOR R WAk 4,3

RS TETX RH Y R AT R S P R e R
Table 4 Parameters and efficiency of multi-nodes HPL
£ 4 Z0HPL S HRAE

1 A N NB P Q SWAP BCAST HPL Z%(%)
1 88 320 384 2 2 4% long K Lring 79.51
4 176 640 384 4 4 4k, long ik 2ringM 80.01
16 353 280 384 8 8 4t long Wi7K 2ringM 77.69
64 706 560 384 16 16 4% long K 2ringM 74.89
256 1376 256 384 32 32 4k long ik 2ringM 73.72
1024 2752512 384 64 64 4k long ik 2ringM 72.00
1936 3784704 384 88 88 4k long ik 2ringM 70.87
4096 5505 024 256 64 64 Ak, long ik 2ringM 67.50

ZHUN BRI 20 HPL PRI b LU ZE 1) S 400 A1 s A R A 4 — 2 NB 4, 2715
19 N IE G T AP 5 RN R K, T B A58 3 A 1) 24 o BT o7 LK, — MR U3 HPL % 10 N Z IR T
GPU [ N A7 25 55, [ ) 3R B2 2% 18 R AL 138 NB ] 384 1l 256.P I Q #ffi s 4 EFE P A% I 4 U7 3, &l 36
1E,P=Q I H ¥5 R Gk ik d5 A0 Panel |7 #&F AR MEAT A 45 43 ML FH LA 1) long S5 00 ) #k it K B005.

M HPL 2R K E 4 5 R T By SRR SR AR T 4 3 500 B R K T B3 A 28 R e A 4 B
BRI BT AHRIE 4 715 s T o0 268 41 i s 220 18 Il >R 1) 1k G5 2 B A R 1R 7 K, ) 49 A1 i o P e 114 53 i)
14K HPL 3R 50 B A% B B AR (i 34 LL 1 22

7 HRSREMIE

Bl B 24 S R GE, W HPL SR RS o5 38 CPU 5 GPU A1 T4 5 ¥ 31 H 1 i B8 48 5 45 7 A
.S CPU 5 GPU th[RIVHA 1 look-ahead. 748 3% Ly /K £k L BRI panel 43 fif FIAT A2 # 15 18], 0L 4k
panel 4 i FIATAZ 5000, SE K GPU 15T o A0 1) i) 1), d5e 2842 T 384N R B0 1 HPL 2503 S0 2R 79.51%.

YRR R LT 1R T 4242, H bR R GER A 071 A T CPU 2 2% e 2 I 4 v 8 (9749 250 P4
SRR A BT W D018 — B R R SR LA R B AL G A I I 2§ DGEMM 14k, CPU 5
I IEE 28 Vb [R] T SRR A RS S A DA . [ BT, 1AL AC 2088 G v ST RCRRASEk SR 19 0,74 m BEA nT e ik 3 4
5B A T 2 T A ) () O A B N 2 T B — A F T HPL KU AT 66 g, PPRINAT A e B R0 B AL 1
P B8, FEIEAT AH N AR AL
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