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CPU-side High Performance BLAS Library Optimization in Heterogeneous HPL Algorithm
CAI Yu, SUN Cheng-Guo, DU Zhao-Hui, LIU Zi-Xing, KANG Meng-Bo, LI Shuang-Shuang

(Information Technology Co., Ltd., Suzhou 215000, China)

Abstract: Improving the efficiency of heterogeneous HPL needs to fully utilize the computing power of acceleration components and
CPU, the acceleration components integrate more computing cores and are responsible for the main calculation. The general CPU is
responsible for task scheduling and also participates in calculation. Under the premise of reasonable division of tasks and load balancing,
optimizing CPU-side computing performance is particularly important to improve overall efficiency. Optimizing the basic linear algebra
subprogram (BLAS) functions for specific platform architecture characteristics can often make full use of general-purpose CPU computing
capabilities to improve the overall system efficiency. The BLIS (BLAS-like library instantiation software) algorithm library is an open
source BLAS function framework, which has the advantages of easy development, portability, and modularity. Based on the heterogeneous
system platform architecture and HPL algorithm characteristics, this study uses three-level cache, vectorized instructions, and
multi-threaded parallel technology to optimize the BLAS functions called by the CPU, applies auto-tuning technology to optimize the
matrix block parameters, and eventually forms the optimized BLIS algorithm library in heterogeneous environment. Compared with MKL,
the overall performance of the HPL using the optimized HBLIS has been improved by 11.8%.

Key words: BLAS; genetic algorithm auto-tuning; vectorization instruction; data prefetching; multi-threading parallelization
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Fig.1 Heterogeneous computing node architecture
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B
bog = bye [ o o by | bosa
bl_ll Y h,_: | bu. T bl_ll R hLul
column-major bea v bss | bs o by by
Do v bs | Bs o b | L
By
h-._u e hll_‘ | b:_eu e bl_‘ e ”’t_u T h‘_' [ oeee e | & w -t b, 1.4
Bog o0 By big o0 by e by e By o by T I by LI
bowe " b s o B L s B | e | Birms =77 Bicim
row=major —p=

Fig.5 Packing matrix B in little GEMM kernel
K5 GEMM /) kernel HHiFF B (141 L AF

Packing Z4 T G EAE AL S 3 A

(1) BUIEZESE M AN A V7 R 7 =X

BLAS #z 114E N K BEAF it 5 22 AN 19, 7] BE 42 row-major, 8 AT B8 /& column-major, H. 4 B 1947 5441 7]
1085 8 o AR K I N T2 IR kernel 2A T3 AN [ 10 38005 A g 2 DA R AS 322 48 1) B4R 43 A1, 75 22 1 packing i
Gi—m). LN AT R AL

(2) HHinS 5.

X T K240 CPU (A S 5, % 55 31 27 47 2% 98 J& ,cache 120 SR T3 5 1A B4 17 il £ £ L AR 55 18 4k
Pt i 1) 7 A R

(3) #271 load ¥ 2 cache.

T packing #:4F, i M )2 kernel 7] DUTE)R W] g #0 CPU 27 A2 45 1 cache b3 I ) 75 AT 18 S AR 4L,
LG A A R B R AR 22
2.4 BARFER

X86 CPU 4t TAEAF XLy BEMIFT & X86 ISA HYBAT FHIAR 2 e rp B A FUPONS JT- A 5 42 3% WY F), B A T
K< PREFETCHn $i 7 4b P85 Jm 875 S5 il (10 5000 $72 i 3 N B9 0E IO SR A7 b, 2 R J e A T X 28 5504l 1
A] DA #5247 PREFETCHn #5744 2L L% 1.
Table 1 X86 software prefetch instructions
R 1 X86 WAL

4 Uifig ik
PREFETCHT0 mem8 B N AE 1 Hohl mem8 F5 52 B AFAT, A T 1) caches H
PREFETCHT1 memS8 4 mem8 $5 € M EATAT, L FIBR L1 Z AT caches 1
PREFETCHT2 mem8 ¥ mem8 45 7E (KB AEAT, R B L1, L2 ZAMUFTA caches H

PREFETCHNTA mem8 K mem8 $5 5 AR AFAT, LLGEAT 5 B b /MK 5 SUTIER 2 caches

AT A AN B SR B AT X 55, 40 R EBR AT O A7 AE T L35 2 1 n BARM 2 cache 11, I8 A 35 40
B4 4E NOP A48 4 hh 2.




2

R %54 HPL Bk F CPU 3% & 48 BLAS AEM#AL 2297

T 5 N 2 A% 0 4 A8 15 o PREFETCHn 354 B4 JH 32 B2 2% FR Y 5

(1) fa74b4%E A PREFETCHn $54-.

(2) O M il 5 34

X86 CPU [f] cache line K/ 64B,—MNRAFAT 1] LAAE I 8 A XURS JEIF s A0dl W 6 FTn (il g A RS 26 1
AT (R R A TR AR R 7R AL T3 9 A XU B2 5008 T 48 18— DR AEAT TR B L1 22 A7 Hh b A 18 TROBUER A5 02 b 56
22 471 load 54 ME HU5. 28 5 4T 10 load ¥ 7E L1 2247 & L cache miss,{H /& K X} 4 HE4T T packing #21%,
S _FAEUELE L2 cache iy [RIBEEE 9 AT 55 14 fTFISH 18 AT AL load #AE 2 7E L1 iy, 26 11 47 U1
1 A 0058 17 ASBE TS N A7

2 vmovapd 0 * 8(%%rbx),%%xmm1

3 vmovapd 2 * 8(%%rbx),%%xmm?2

4 vmovapd 4 * 8(%%rbx),%%xmm3

5 vmovddup 0 * 8(%%rax),%%xmm0

6  vfmadd231pd %%xmml,%%xmmO0,%%xmmé4

7  vfmadd231pd %%xmm2,%%xmm0,%%xmmS5

8  vfmadd231pd %%xmm3,%%xmmO0,%%xmm6

9  vmovddup 1 * 8(%%rax),%%xmm0

10 vfmadd231pd %%xmm]l,%%xmmO0,%%xmm7

11 prefetcht0 128(%%rax)

12 vfmadd231pd %%xmm2,%*%xmm0,%%xmm§
13 vfmadd231pd %%xmm3,%%xmm0,%%xmm9
14 vmovddup 2 * 8(%%rax),%%xmm0

15 vfmadd231pd  %%xmml,%%xmm0,%%xmm10
16 vfmadd231pd  %%xmm2,%%xmm0,%%xmm]11
17 vfmadd231pd  %%xmm3,%%xmm0,%%xmm]12
18  vmovddup 3 * 8(%%rax),%%xmm0

19 vfmadd231pd  %%xmm1l,%%xmm0,%%xmm13
20 vfmadd23lpd  %%xmm2,%%xmm0,%%xmm14
21 vfmadd231pd  %%xmm3,%%xmm0,%%xmm15

22 vmovddup 8 * 8(%%rax),%%xmm0

Fig.6 Code segment of inner-most DGEMM kernel
Kl 6 DGEMM #%.Loil g AR 1 B

RAFTEHE A IR A B TR A% B R M L S B HE 4w dE 4. X86 CPU 1) L2 load-to-use 1
latency 2 /b7 12 4 core cycles, I BRI 44 & 1 AT A AT — 4% FMA $84,#F CPU it /K 2R BB 1 48 retire FMA
Fe 4 AR S T, TR 4 15 2 load 154 2 M /D HEA 12 4 FMA 54
3 LKL

4k BLAS kernel (9523077 72 B AT 0 0 0 AN 7)1 L Ad 3502 P RS0 20 A A 3 3 1 2 S I AR Ak, BLIS L AE B
P2 1 kernel 800 ART A0S TV G AR AE B8 P 1) JCABARHE A A C SEILIX 45 T RS il 1k i 2R T AR ORI 5 R 71
TEHCAS [ 2246 1) CPU B JT 2 38 ml LA 5 ZERS s A h 7 B 9 2 kermel (V4w AR D B0 A0AE L.

3.1 X8bEEIRS

ARG CPU k2 &4t w20 i) SIMD(single instruction multiple data)$i4-,X86 CPU 3} AVX2 54
£, LI 128 711 XMM 47851 256 A711) YMM %5 47 8, A5 tH 75 £US S 10 500 B 45 58 FE 2 128 17,
AFA I 4ol ) 30 8 22 W DA TR H A B 2 AN UG B 77 05 B30, PR A% B 8 UG P77 i M 6 /2 (128/64)x2=4 DP-FLOPs/cycle,
SRR £ R L WA XMM S AE8S RCR B T YMM 54585 . AVX2 15445 LA P de 4 St 1L
RIS MBHRBEVEKFE 4 L h,VMOVDDUP. VMOVAPD. VMOVUPD. VMULPD Al VEMADD231PD /&7
X86 42%y CPU ¥4 L% BLAS kernels 5281 H 48 IR AR5 = B0 L4354
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HPL 5k %1645 BLAS B3 2 3026 6] 58 B 1 O, 1T DU I 5@ 4 (045 28 Sk ks 177 48 2, 2861 F

(1) %FF Level-3 % % DGEMM

ZH0 Alpha [ 5E —1.0,Beta [ 5E 4 1.0.06I ) DGEMM # AR Ci=a-AB+f-C AT C:=C-AB 7] LA
7. packing B(WL55 2.3 )M i 72 oAl H xorpd #8584 AT 455 AL B4 R 16 T 0 R 4L Alpha IFF-VEHRAE HFE C A
AR KETR] T %t R 2L Beta [0 L5 AE K i 48 2 )5, R T5 2 4 /> core cycle [MFVEHRIER 5 4 core cycle (M Nfe
A TG 3/ core cycle I IHTEFR 4 BRI 5¢ B AE R MR AR EE K, 35 PN JZ kernel #7638 2 WK IR 1 D0 T, 354 I8 4 ) 30
PRIk 2D T AR £ B A4

(2) *FT Level-2 2 & % DGEMV

B 4] TransA [8 3 A NoTrans, 1] LA IE T REBE A4 HEAT 5 B 3V I0ARRD, 32 51 CPU 3t /K 26 43 S TR0 1y 14k
Bl & TRE 4 43 S PR 2 W B A8 5 Alpha [ € R —1.0,Beta [l &2 4 1.0, 7] LLAE A 2 kernel HAE FH — 4
VFNMADD231PD #§4 H4% VMULPD #! VFMADD231PD P 4354

(3) XF Level-1 2¢p% DSCAL

IncX [ 52 by 1,0] LLAE 256 B4 m 17 1) B 458 KT BT 8 10 8 2 TR A 4 11 48 2 (L 26 2.4 7).

et HPL f&i 4% BLAS 4 1 B S 80875 T [ 8 (515 0 A7 7, 3% L6 [¥] 78 {1 ¥ A2 78 1T LS BI0RS 5 48 2 11
YEF, 5 BLAS FEFRHE T P04k 2% ).
32 BMRFA

PEIRJE I 2 g PR A 1 I AR Ak 7 2K 2 — T LAk 2> 43 SCTROIN 2 WO K 00 148, B8 v 48 2 K R AT 2 AH iR 21
B I8 G R A PR TS B Gm AR AE BLAS X U7 17 35 4R B I R P4 AE T 4R 4 P e R I 22 1A Ik BLAS
(A% O P AR A B R F 50 g ¥y AT R T

F5 BLAS I RAE, AN TR E % FRIR 2 CPU 2844 2 T 1) 4804 25 A7 45 I B &2 Oy =i HLR 2%
JEIR)Z CPU WITHE A RE i, LU T S A 1) 5 52 At J2 G P /N T2 40 ) FF) AR 3R 45 X 6 CPU RF P 3 ] v s
T F 5 GG T (R R S 30 2 <9 PR R T B 7 AR SC88 2.1 W AR BN S A H nes ks mes n, 1 m, o
WIZ S n, B m, 510006 B8 8 FF BB AH G T HE B 43 BB 80 n ke FH m, WIS CPU 174 )2 GUReVE ELREAR K.
EESE AT 6 0 R 5 R AT LLERS T 5 IX 5 AN S 5500 K SR P O R 52 B AR A5 I8 b ok B, B 38 300 4 43 96 R
JE AL, X86 CPU A 16 > 128 {7 [ [ F 25 17 2% XMM~XMM, 5, N 4% Z 5 n,.,m,. TR 0 27582 SHE S 2 e K AL A
PSR 25 A7 28, D M 255 2 1 o, T my 43 SV ERAE A 6 11 4. ) U646 B2 B 50 (e, m )W 285 2.2 W PP 1 SR R AR
FAESRAT T LB B AT I S B

WK 6 o, 8 %747 8% RAX JH TR 5] A, (8 micro-panel T (KI5 HE, AN W7 S5 — AN XOKS [ 30908 4R )5 52 0 A
PIVME 7 B XMMO #;RBX I F 51 B, i) micro-panel H I, — UK A4 6 SRS H04 2] XMM 1~
XMM3 H1.XMM4~XMM15 T A4t A W 2000 A v ) 45 570 e o 2 v 1 2 35 A7 4 XMIMO S Bt A7 figid 4 A
A B XMMI1~XMM3 L7t 6 4> B Bidis.
4 BEBEFIT

T ) 2 2 B2 JR4T F Befi OpenMPE I POSIX Threads(pthread)** . BLIS [F] I 32 45 9 #3147 5 2, H. 247
1E Level-3 323 T JF4T.55 OpenMP #f Lt Pthreads i ARZESE Fr g Fe ih 75 % FE I AL X . 2R F2 [F) 20 JrUE 25 4E R
2 BB IR AT17E GEMM LA TRSM 571 kernel 1 Level-1 5 Level-2 #9474k S2 B o, % 648 ] 58 Jin 4 )
] OpenMP 47 347 1L.
4.1 Control-treeffi it

B} Level-3 2% BLAS 3147 52817 X, BLIS 42 H T 87 8 1 “control-tree” 45 My 1% 45 #y LL 45— 1) J7 2 52 IR

T 3 B GEMM K kernel 535 (1) 3147 L % HERK. TRMM Fil TRSM 32 §1[) 3£1T .Control-tree 4f 1 ¢ 58
H AT 552 T LLAEAT 72 loop WA 437l 4 Fl 3K 35545 & BLIS JC NT. BLIS IC NT. BLIS JR_NT 1 BLIS IR NT



2

R %54 HPL Bk F CPU 3% & 48 BLAS AEM#AL 2299

AT 2 LR P IFAT B4 T, B8 22 2 22 98 2 ) B AT 0K 8 — &85 40 FA 0 R RO AR gl 2 6 T A BB 2B AT I
Hu 7 BEE A B B (barrier), DUEAE 41T loop FRF 2 I A 5 A 4 Ff 32 0] J5 4 B 4 452 [0 99 S AR SRR [ 7] 1)
R 45 53R B control-tree 4514 i T4 72 AF ¥ /N 1) (B AE 53 /) HPL 3835 71 control-tree [ JF 4522 5 )0 b 58 i .BLIS
JR2E control-tree 14544 KB & 7 Frow.

main thread

N 43 bt N b N4 N4k .. loop!
globallJ
barrier
K_ar K il K 4k K. frih loop2
p
barrier
B B4l B.1] B
WL El M 4R MGt M iR loop3
I,
harrier
{ 1.4] 6l 14]
N 4B N4 N L i

loopd

M. 41 B W4k M. a1 Bl M, 51 2R loop$

Fig.7 Original BLIS GEMM control-tree
7 BLIS Ji4 GEMM control-tree

ST 544 HPL W) GEMM 12 5, B AT13% % JL7E loop3 Ab (M, 4k ) SEBLIFAT, 4 5L FE Y A, packing #142
BN 5 SR EeE 58 5, 75 B AE loop3 11 1, barrier &bHEAT S5 1 IR IAIZD Bt J5 1 P, barrier FIl global barrier &b
AT IR 25, 4 AT DUARAIE ft % GEMM 12 51 1E B PE. 7] LLE 21, P, barrier Al global barrier 1 [/ 25 JT- 45 FL 5 0 v] DL
WAL, TG loop3 BBk B B AT 5, 4R 5 8 T OpenMP [ 5 1) [A] 25 4 A S B AN SR FR 4 [A) 25 B v] 2 ot
201, % GEMM 125 1] control-tree 25 M) T W1 8 Fros i 3.

W 44 HPL 1 SEFr s, R 44k control-tree If DGEMM 1 DTRSM iz & 1) [7) 25 barrier 45155 ) I [R) J1-44
N 229,491 CPU i vI- 5 s IS ) 1) 20%. 44K control-tree 4544 J5 ,GEMM iR 4 (7] 20 barrier (1955 £5 I [l /b
1.49s, TRSM iz 57 3% H FAL T ik L, IR 20 barrier [F955 4 i 8] 9 /b 2 38 ACTT DL Z0E AN T
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main thread

M M43 M 4rih A P loop]

global/f

barrier

N 43 b N 41 i Vg b N loop?
K AHk K7k Kot ER KA loop3
B4 B4 B AT BATHL

Fig.8 Optimized HBLIS GEMM control-tree
K 8 {4t /5 1 HBLIS GEMM control-tree
4.2 Level-1#ALevel -2 BLASH 1T 1k

Ji BLIS FEW A 93 Level-1 Z0A1 Level-2 2% BLAS b6 iz 5L AT A0 A SCARE T R AHAUL IR SREm I 1
DGEMV. DTRSV. DSCAL. DAXPY LK IDAMAX iz 5 I# #1714

(1) LB AT A B ) A BE AR B “OMP_NUM_THREADS” 3K HU 41 MPT 3R i (1 2 P 4.

(2) e e B 1] ko 0 A A A U R SRR AT D )

(3) #J5 1M OpenMP (¥ Pragma(4i P:467R) 5 51 20 Ze B, 76 AN [ 1) 2 B2 25 () vh &2 H 7] — BR VL4 kernel SR AL
PEAN R 0 # 4. #F Pragma €0 2% 1 H 4T 48 (parallel region)HH s 24 27T AE A Hb oA 45 AN 26 FE R 44T 45 25 1) ] LU
I omp_get_thread_num() iR R 15 2 T Ze R 1K e FE 4 5 (TID) R 43 A1 55 38 S o S 8.

ZEFEIMTX T BLAS 1281k AEHR THE kW W25 10 M RE Bl ) & v Sk B @ MU S PR e AR AR B A 4k
T2 51 1 0 7 4 T AR A T AN 2 56 A R ), 30 S v S R (13 B BT 0 e M R R R L o
KM Level-3 ¢ BLAS iz $1iHid 2 LR IF47 2 KRS THERE. Wl 9 Pios 4 N=43776 I Level-1 i85
IDMAX Bt 75 £ P2 50110 58 I 22 0 HE 1 R 1R 48 T

IDAMAX

35
30
25
20
15
10

5

0

Rl (us)

Fig.9 Performance improvement by multi-threading of IDAMAX
9 ZZFX] IDAMAX [HPERESR T



M &5 HPL F%F CPU 3% & 48 BLAS &ML 2301

s

43 FiTiLiEIRR

ZERRIATA I A DS T A R B, T 3 — PR S E e, R 245G LU o) .

ORREZ7

B A5 3 2 2 FR W T RS TETH AR /DS DL T 78 13 58 th, AT 5 BORE P 1 i 1 B o DA AR TR i — A
B2 NS S 0 B R B AT AR R Ul e, B B — A B 2 R H D) B R R R WA 2 A B
i LR FE R B vk, 75 BRI BLAS R 045 G e B N s 47 K = 14K U5 44 (profiling). 72 DGEMM [
ZFEMAL T IRAT B T RS A H A DGEMM 75 Z 5 —A mxk YAEFE 4 F kxn (MRS B BISRF,
H BB H R mhn BOE T2 BB A UL me k3B B (RHUBE fon S5 RO 5 2808 55015 BB R i),
BAME H e/ ik G AR v B M e A R BOR R LR B M B AR R X 2) T 5.

T = aymkn + a,mk + aymn + a,nk + a;m + agh + a;k + ag 2)
TRX TAHRNZECN mys ks A1 0 JEAT WA g (KR RE 0] B A5 Bt b i — 47 X 3) s,
(mk.n, mk,,mn, nk;,m,n, k1) 3)

JITAT I L0 15 H i AL Al N<8 [ AR P N S RO B, T A 1) SR IR 1) ) JOts 12 14 91 ) B o, 52 g e
ENCOTINE e gy
P'Px=P'b 4
T REAG K 8 B AR B x (8 73 B2 ay,ay,...as MR/ ZSRAUATE R S0 006 AR RE | 4 2R, 8 ZiFE AN
32 ZEFR MR 23U A IS AT PR AU & 4 R 2 A D) e 2 R 2l 75 2 A B 10 Pros i PR e & AL

w14 RikE . PEAELE T LA
-7 :
=40 {140 =
z ‘51 =~ 130 %
T 2
21 {10z
=i I 3
o 0
NB=130- NBM 384, NBMIN 56, \”3"“\' 44, NBMIN N=64

Fig.10 Performance speedup of DGEMM in 32 threads
10 DGEMM fE 32 /NEFE A (¥ 8 Ik Lh

SEER It R I AN kernel S35 2 DA R A0 4 45 A 45 R % A, £ 5% 1) 3] 0 (i PR B L dn 7 72 4% HPL 1)
DGEMV & B A AL R v MR 4 AS R (1 “OMP_NUM_THREADS”. A[[f] CPU LM SEFE 4 153 N
75 WOGEAT) BB AN IR 2 A B

(2) 11 4% & (remainder) &b B

A8 T 22 R AR SR A ) R T) 4y B2 B S A AR S B BN BRI A B UL IT I AN BE 38 4, R T A 1 S B
AN BEIY S 1oy e B R A SRR b & GNP MR B B I TR 2 IS B AR R S — AN R b R S
— AN BB B A TR RIS 43 B T AT 6 FE P Remainder 40P 1) UCE R TR BV I (Eb I 6 NERFDA ST A
R AN LR A 2 I (Ll 32 ANZR ) 2 7R 15 52 L B Ay M HRT FRD A AR 4550 B B i D 408, 8 3 L 4D [ 20 4 o I e
T R AR = A LR ARYE A SC HPL SE A 247 5 R B T % remainder 43 Bt 45 15 A 2 PR AL 3L 15 21011
TERE 4 R AR,

(3) MR IFS 2 L FE (W 3 1l

B B R I I 22 55 R £ 2 (1 450 o 75 2 B 4 2% S8 A A T B 2 4 18 s S (0 R v A A s 2 P sk g
HiEF e A —ANEE B LU N5 5 HPL 1) DGEMM 2 5L7E M B/ et M=28, Bbhd o] LA A 4
ANEFREB AL 6 D M Y RAT ARG AR 1 AN ELR T/ 4 A MAT;ERE ] 5 DERER AL ET 5 A M 4
FEMAT ARG 3 A2 RE A B AL B — > MAT, X ()BT .
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M=28=4T (thread) x 6 + 1T x4 = 5T x 5+ 3T x1 (5)
AT SRR J7 150 S R — AN BRI AN ] kernel BRI 5 DL M Bl 2 26 7% threshold (1936 M3 st 552 i ik
RIL:DGEMM 18 875 M 8/ 52 G I SR IT LU 3E 22 i 2o Rk Re 247, wn I 11 Jroms.

0.00030 - -
0.00025 L —— more threading more unrolling

= 0.00020+
E 0.00015
= 0.00010
0.00005

{0

ERBEZIEEH :
P BOV=K HN=K) I LB
Fig.11 In the case that B matrix is square matrix (dimension N=K), more unrolling is better performance
than more threading in small DGEMM
Bl 11 BB T FE(ER N=K) s DL /N LB ) DGEMM H,
B2 (R PR RETT LU S 2 I E R A e S 0

5 MEEMXSSH

S8 HPL SUVETP LA T UL B SR 382 HN R 2 R AT SR B AR X Sy 1
) 7 4~ BLAS B B3AT T 45t 4k, 35 OpenBLAS 0.3.6 il MKL(Intel Math Kernel Library 2018.0.128)i3t4T
68 LR S50 P A 65 2 v VE R T S AR R G I AN VA R O w1 1 TR ¥ 32 1% X86 CPU
4 AP A FEAL B S R v ST AR A & B4 AT T % DGEMM I Z %0 )47 DGEMM Wi, 5 J
T 4 HPL F277.
5.1 Cachel% &9

L R GENERE T TR B CPU mP & F v B2l (0 B feL, T A2 Bt IR e ) 8- R A X 86 Ak BEA% S #5
W2 RO VE RE MR 4 U B AR R VAR F5 455 CPU &R B Y % 3k 2 TR Auto-tuning AL 5 AR
W4 B2 $0 500 46 4y Bk 2 80317 DGEMM . 5L 1) cache miss X Lb A% B0, 43 41 75 Hi 23 B 2 5 [ koo )N
[1080,120,840011/4L 41[792,822,8628],k, Al n, HIH4 K FEH AT W R L1 GAFNL L L1 FEDNTALE L LK
cache miss.{H&,L2 F1 L3 E4F A B H L1 K152 o b A i3 i il DL o L1 fPERESUR IFe v 4 4 DGEMM
FITERE.

Table 2 Cache miss rate of HPL counted by performance monitor unit

F2 PR A RICS T HPL IOZEA7 KRR

cache Hh > S K A e S5
L1 miss rate (%) 6.90 17.20
L2 miss rate (%) 8.76 4.41
L3 miss rate (%) 8.05 2.43

5.2 DGEMMZ% &

Gl 12 FOEE 13 s oy o AR AT 32 K% A0 F AN R B0 E Y DGEMM 1 A8 LG K4 Intel MKL RAE7E
Intel P& LA GERIFERAEBR A X86 M F& EREAN LTINS, Netlib A RELAEM AL
Fortran ¥ 7 SZHL 30 FIARVE S 72 v] LS ), HBLIS ) DGEMM SZL TGI8 2 78 BAZ Do il 2 7F 32 %0, Hi ok
Redsi el 7 HoAth BLAS 22, /4% DGEMM i R AR IE B T 98%,32 I i AU R IE F T 96.9%. 5 R ARAL 1T i) BLIS
1 MKL AHEE, Bk Ve BE 2> IR TT T 19.2%R01 33.3%,32 &% AE > IR TH T 42.1%F0 33.6%.



R %74 HPL Bk F CPU 3% & 48 BLAS AEMAL

—&—Netlib  —#—MKL —&—OpenBLAS

2303

BLIS —s#—HBLIS

100.00 94.25% 96.00% 97.33% 97.67% 98.00% 97.92%
go.00k  73.00% 74.33%
P S & . .
v S 41.58% 41.92%
= 4000F 3433% : 32.42% 32.25% 32.33% 32.17%
20,00
100 200 400 R00 1600 3200 6400 12800
T R
Fig.12 DGEMM efficiency comparison of single-core
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Fig.13 DGEMM efficiency comparison of 32 cores
Kl 13 32 1% DGEMM %} L

5.3 FHHPLMIK
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LA B TP, A SO T Y AT A HPL I3, %6 L AD 35 panel 43 pfact B[] LA & HPL vk b8 A Y
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ST ZETE, W B HBLIS (1) pfact 518 F MKL (AH b, oS5 524 T 53%. @i & 14 4500 T 72~ i DGEMM 5% 44
TR R G i1, 7T LU B, HBLIS ) DGEMM 1 fiE Lk MKL ] DGEMM ¥k G642 F+ T 4 25%.
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Fig.14 Performance comparison of pfact and DGEMM calling different math libraries in heterogeneous HPL
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