20234 1 A
Baats LM

Journal of Zhengzhou University ( Engineering Science )

X EHE.1671-6833(2023)01-0031-07

HE T EH 7= PuDianNao i F H [0 2 & #UE ML AL

B, TR, T

(1. 2 T R S AR BFFE R T FE E5 I 450001 ;2. o R 23 B B R BF ST A H B ALK 2 45 4 [ 58 8 4 52
e Jb AT 10019033, FF E R E R K 2F R, 280 A0 230026)

i E.BWESAIEHELEE PuDianNao LK LW S EH R 2K REREMBF AN F T DR R EN, Z 75 %
MAE L84k, A T PuDianNao X H B T 3 AL T ik, F ik —A4E1E 5 ik ;5 ik =4 SIMD s #y o5 ik 5 ik =
2 F PuDianNao # B4 7] 25 #) 4% JA VLIW 354 3AE 5] P A M LR HE B SIMT 8 BB TRE
S EEEIs L AT HRET H, SSA L3N FTHRBTHE RN K SRR SEREN Tk A RN
B K E Al R F ik = £ ILA T B £ PuDianNao % B 89 &) & 24 % % 4 & PuDianNao-VecMath, & 7 % % &
K X EMERGBTHAER, Z DB FHERRBRIT DB E BFEH, R GE DT EIEIRERH LA
FH LR B HFRMFTRABKFE RN, EHEL B RBTIRE A BB MAN B LR P
FT&RHA CPUITETHERBITAIIL, EREAV,EHERARK ULPLA 2, ¥ HEMRARKX ULP LA 1, #
BEERAFERRMCAR RIS, L ERAAS TAFE BRI ik )b F394E 4 18.26, % K mik )b % 35.90;

M K 2 (T %) Jan. 2023
Vol. 44 No. 1

F AT AR T3 mik Yo T3 MA A 15,65,k Kmik b 30. 11,

X g & 4L B4 ; PuDianNao-VecMath; B F AL e %, £

hES %S, TP31I XEkARER: A

B T R EOR TSR HL AR G b dR o Al R R
AR BRROZE A T A Rl e BOHE AT Ak B
3 SRR o T B FE Rl B R EO% . TETR WA
5 A 22 AU R R A SO T R B B A R R
(4n sin() tanh () 55) RLME Z+ M5, KEA
TR BRI B EEST NEIH W TR R
Tlt 50 2 pR RS A AL 1 o B A B T S s
Br I R RO SRR B 00 1S O A R T B eR R
TR B P B B R B ORI 22 1Y ) R % R AL
R T)Z N, A YERE K MKL (math kernel
library ) FEHV ) VM 2 T 3F % 5 5 19 209 ) 14k
PR K o Intel Short Vector Math Library[z] R A
A 2B REE AL TS A TR T
VA AR pREY, 3% 46 T 72 5 0l DU g Intel b PR %5
A A Z A e i JER M R AT Y LB X
Intel ZbFRER AT T AL, AMD #2438 T — A1) & 1k

I 5 B #7.2022-02-24 ;18T H #7 : 2022-06-27

Fp I Ao Ik FA

doi: 10. 13705/j. issn. 1671-6833. 2023. 01. 013

) libm , X AMD #0802 . Anand %6 53
T 32 AN HUORE B BB M % Cell BE SPU 315 5] %
)0 T 4 4 Coconut Y PR, % ¥ Bg 3 #5852 iy
R BT S TE = R BRI = A s B T
Lauter” &4 T — A~ H 4l ¢ S2H B IF IR Vectorlibm
PE. VDT B R & 4 e 4 19 B 3h & L ) g
G5B R S B B ) B AL R BUE K2R
PIAR 7 . O g 4 FIE S 48 4 DF 35 2l % B 46—
SER R ) A A QS R F R Y ]
G PEER SR ALY H B AR ST AR FRE T
fEaF

(1) fot FH 4 i D7 5 2 0 1) o 027 oK B, ] o
MRS O R KA 1 ORI SR 1 ik iz 5/
AR AL H R RS A R (H iy T g3 B B A
HES:O v R =

(2){#i A SIMD ( single instruction multiple data)

HEEWMB . FXARBFIEE T H (61925208) ; H XK A ARFI 223 & B A I 4 Z B H (U19B2019) 5 H [F B 2% B &8 i
oS Bl % & I ( XDB32050200 ) ; Jb 5OE B ON LB REWF 5T B UL & db o BB A i X WA

(Z191100001119093)

BAEEE AT R (1989—) 55 W g FA, b [ Bk B 1 5 BOR BT B AT 58 5, 1, 238 NS0T B HL AR R 465 49 9

%% , E-mail ; duzidong@ ict. ac. cn,

S| HAZ HIEE, 74, SCOHIE. 3L F @ 7 PuDianNao 05 F 1 ) & R R AL [T]. B K222 ( T2 0R) , 2023 ,44
(1):31-37.(YANG Z Z, DU Z D, WEN Y B. Optimization of vector function library based on domestic PuDianNao
chip[ J]. Journal of Zhengzhou university ( engineering science) ,2023,44(1) :31-37.)



32 PSP PN i 3 - S QRIS )

2023 4F

TS 1 2 e D77 32 6T 6] B eR RCHEAT A AL i R T
PR 22 73 S A AR T0 vk 1) Al R [R) R {H R T
T3 15 R 3 B 2R 0 R K TR A e N e
e A 225 [ e P 22 i) 75 1] A o 50 v 722 A s B ]
) 2 T R, 2 o P R 028 5
RS,

(3) 3T PuDianNao s F £} 25 H SIMT % 2 4
R T R 8 SN LR 43 32 V- A ) G B DT
(TTIE =) R T80y s 2 o SCES R XE LA 1) 22 1k
{1 [a] {8, 35 43 & ¥ B 7 PuDianNao its J P 8 A1 %5
Xt LS He SR W] 1% 07 1 B B P REFORS B TR Ik
AR SCR FH I 1% 592 B0 1) o B R B

(4) BT Ik =928 1 [ )7 IR BE o oJ 4b PR g%
PuDianNao tx F 1) = % 2% & PuDianNao-VecMath
% PR UG PR RE R DI RERRE B AT IR .

1 ARE=

¥
o

1.1 [E7* PuDianNao &b 1% 2§

PuDianNao & — Ff ML ( machine learning) in 3
i A 7 MAURMER) ML 80R 4346 k-means k-f it
RIS 1 VT2 5 = o2 % o 1 = I S8 R
JEMZ M4, PuDianNao il i3 I A A ML H AR 115
JELE A Ry E S Mk HEAT A4, AT LLAE 3,51 mm?
(B - HRA TR AA 1 056 GOP/s iz B (nfin ik Fisfe
W), LT FERE i 596 mW, 5 NVIDIA K20M GPU
(28 nm . Z) M, PuDianNao (65 nm .72 A9 3 &
MG BERY 1. 20 A BEFE N LAEFERY 1/128. 41,

WK 1 fF 7~ , PuDianNao 1 T3 6E 800
(FUs) .3 N8¥E 2% w0 X ( HotBuf , ColdBuf #1 Output-
Buf) |1 />4 4 28w X (InstBuf) | 1 A~ il A5 e Al 1
4~ DMA 41, ZHAEHIC(FU) & PuDianNao fJEAR
PATHIT, B FU d P EE o A 1 D HLAS 4 > 2
fEHIT MLU ( maching learning unit) M1PEREE
B0 ALU ( arithmetic logic unit) , #H kb 22 57 £ X /)
0 B AR 7 2 BOR BT AL &% 2% > I A% |, PuDian-
Nao 780 ¢ E 22 A 5800 3 5t % A 78 A0 I 5 Jon 4
Ao OB P R T — RIS R
1.2 PuDianNao 472 #£ £
1.2.1 VLIW #&4 %R #

PuDianNao % 2 1% B rf i) — Fj 48 & 4 fif H
VLIW (very long instruction word) , VLIW F (1) 4F 2%
182 SE L E A ML BRAE B 224 A B RO Y 45
A B R — FOH K A8 A 5 I H AT A Y BCE 1
ALU 58 J848 2 1 — RGN HRAE | 9 % s R 722 1 48
A 1R B2 I H A e dis 4 Z 18] AR A

l InstBuf HotBuf

v 12 v

l v
—— Ly e v
ontrol Module see
OutputBuf

m :
B 1 PuDianNao k025524
Figure 1 Accelerator architecture of PuDianNao'®*’

VLIW 76— 5548 & 8 3 2 A IR 47 48 4 ok it
il VLIW 48 2 $EAEFESI 250 i Ab BB 0T . 484
B KB H B WY RISC ( reduced instruction set com-
pute) Fll CISC ( complex instruction set computer) $§ 4>
TR, DA ot {0 I 8 4 4, M B A B VLIW
S22 Intel TA-64, /2 Itanium Z 31| 64 {7 i 4b
BIARHE AR R 450 S ATI GPU R VLIW 424y 4
ASTP B2—1 5-way M VLIW Processor " B H
Uk DSP SR VLIW 4 0 H IS T s,
1.2.2 SIMT % f2 4 A

SIMT 45 i /2 48 & £ 4 e, A ) T SISD (45
A HE ) (SIMD (FiE 4 Z 84 ) L SIMT #9 1 %45
S LI 2 KRR M KB, K 2 BN T
SISD ,SIMD 1 SIMT #1X 5" ' .t F* PuDianNao i
F 1) PRI AS B ] LA i B A /S T AT AE 55,
TE I FE Al b S EE T A7 R SRS BH AR 45 PuDian-
Nao [ {F 05T HE i T SIMT 454, Jf 4% fm SIMT
T84 R ERD A% T VLIW 45 SR B3 ) SIMT 25 245
B 0T SIMT & i 455 280 o P i, KA A 3k 1 A4
LARRAT R, A LA L BTUE /Y J7 0147 AT R A
AIFE 4, XA OTCREHE AL B, B S 1 7
ERCa U L A D e o W 2 O R e i 183 e )
PIR i

M [nstructions
O Data
O Results

2 SISD.SIMD SIMT #[X 5"
Figure 2 Difference among SISD, SIMD, and SiMT!!
Kl 3 >4 PuDianNao ¥ %& H i SIMT 4 F2 4% o
R A5 e — Rl BB 454 45 M AT N S ik
b2 LTV = OB L T AR EVE T RPN N LD L R R 6
Hor, Kb iz S ool DL i s 5 R IE 5



513

a5 3 F B ™ PuDianNao it F 1) [l &= bR 450 %t 4k 33

S AT AT T T AR B AR ) A 5
[ @weEx |— wwEc |
—

E 3 PuDianNao H1H) SIMT % 2 & &
Figure 3 SIMT programming model in PuDianNao

B FRTC AT DUIAT 1 DR, AbBRoTrh
(1) A70 BT 1) 22 1598 10 25 77 2 L Ao SR R
fHRE A5 Ab B 5 Ab BEAS ] 64 4 A B0 BT AT
(4953 32 T BEAN ], b 3 B ST I AT B AT BEAS ], LAt
KM Z LA, FEFI G ORAE T 47 ME, 2 454
KINHK MXN, BRI MXN D ICE 83 MxN 4
Bl . A4 B T B Y I R A A A T A SR
FE A it T HLTH Y At A AE A A B D ) 0B R 4
R AR & P AR Tie B, I VLIW
B A g i A A A 3B TT I A5 A L g A
B s 5L G
1.2.3 SIMD 4%

PuDianNao b H % 37 5 SIMD #5444, SIMD J&
BARS 28R, 1 DR s R 2 A A BT,
i TE) = %) A7 2 e X 58 P i A ST R AT A
[F] 9 11530 5 58 LY . FE R AT SIMD 45 4 i), Ji 1 1
ARGV LLE B X Z A e R AT, than 1 A
128 bit 1Y [m] & A5 £ far , B U G % 14 I i ) DLXT 4 4>
float ZE Y (Y BCHE A7 115

PuDianNao A SIMD #8544 X A% £ & AV 45
A TR B 46 A A0 B PR 2 BE A8 58 MU 2 S AR D RE .
CHMAES AR E RS B ARIERIE S LIRS
& BRI A AR A P RR B ) B
BARS BURB AR5,

\mwfn\ ‘&iﬂifn‘

‘&bﬂifn‘ \&tfwfn\

‘ﬁtﬂiiﬁ:‘ ‘ﬂlﬂﬁﬁ:‘

2 SEWMAHE

2.1 HEEHE

% PREL (AN tanh relu  sigmoid %5 ) ff FH 0 Bt &
MU ZOR A . 45 R BT I AN B, B B A
ZA il /N Z TR UG B Bl A LA
2, GOy 0 R — B 2 B8 /NI I i, 1R 25 W] LR
ZIN o A R AR A i A ST 2R v, o3 B X 1A A i
TR 8 2T B PR BRI 5 R oy e e A
F 11077 2O E A X ] XoF T A 43 Be fet A A

A RPITHERE G IRk FEE b, AT 1 Rk
FUIN A2 50T LAAS 21 pR B5is 345 21 | 2 SR B0 b 4L
AR REL,

2.2 SIMD ini&#3 75 &

fdi F SIMD 45 4 T H2 %5 5 o B0 AT 1) o Ak 1T
I AT P E PR

(1) 253 3R, AEbR 2 FE )7 b 24 56403
AT LU if else 5535 4] 5t R, SR 10 7E ) 42 oK £R
o AN ST R ITE R A A BEAN TR, R BE A SIMD (1)
I 2k A TR AT R — AN R

(2) Wi B A% 6 A o B v I AR i AT DA
SETEFFAE A o B AE 1) & AR ¥ o, i i AR AR
(i Bof ) 4, o5 89 25 ] 48K, O ELAS BEAF it 72 27 47
o WA R R R TR AR A (R b TR A4 I B S ()
BB, b S TR I

BEXT 25 A 43 3 HI W ) RR ] SIMD i 48 5% 14 J5
Pef e Al PF S % 0.0 A1 1.0 E RS, fd
SIMD 48 4 ¥s Bt A 1) 4 32 4 3bis g — 3kt , A~ 79 32 BT A
S5 2R e L) HE R4 TC RBOBE VE 7 R R A o SR R
45 SR Pt )

XTI s % s ) A, 5 4 7 P R 0 I ) = ]
DL R it ) o 8 25 6], TG 20 I I B s ) 5 R K
BB 5 A R AT T 5 i ) B 2 () G R Y
I B 25 1]

2.3 SIMT HmiIEEE 7%

T PuDianNao Jfh A LB 2% A SIMT 2 F2 4%
AU B 2R 5 43 S AN 43 3 ST A6 R A D B oA
B oy SCEEAME DL ) i AR A XE R, T R T AR
BRI TP 25 AN B 2tk 2 ) SRS L AR A AR A
RAFAESAF 4y 32, SIMT Gt B 455 78 vpy (1) 45 4 23 0 BT
A 4y S AR P — ik, O ) 7 A A 4 0 45 A Y
TR A AT, A5 5 SCHAT 1R 1% 53 3 A8 TR
ML G 45 4, e 4 ALU SR oo o £ 138
FAb

S0 2 AR A R S R b AR B AR N 2 AR T
WA AL B R 4L A . E AL B 2R R AL
(host) , JH T4 Z W45 R B2, 32 25 04T 55 46 X
FARE B B S8R BT IRBIEE AT S5 IR
A% I 3l At AR OSSR E T Y b B R AR
W& T ROBUBE AY IF47 118 R 2 T 88 9 11 B AT
%, A AR E 58 Wi EAE 55, T device i
(B REAL B &%) A BEAR host S (38 FH AL 3 %% ) IR REAE
FEE 053 3 FaR B85 3 B 43 S0 45 R R 25 I
FEA e A7 A7 HL e 2R Ml aF A v AL

B R B R B2 B 257 30 X



34 MK 2E R (T %% M)

2023 4F

ERREIE . SIMT & PR RUA SCRF B e 45 4, 7 22
T RR B BT A 23 SO ) — 3, X, SIMT 4 B2 A2 15
PRI LA 2 B R B X i [a) R4 1 T 2 R
3 ST R A 23 S AR 5 i o R B 3 S B
H1 T b A oK KR O B R B Y i else 3T TR TR 1R
SE LIRS B3 73 3204 H AR [ 70 B 28, TT LA A
K A7 SO BLR 1 BRI BRAE S T R 1 1Ok
3 32 - A 0 BAR T 3 R 8 AT Bk A7 e A AL
AR e A 2R 0 S e R R SR s O 1
WAL AR SO BOE TR A AP E A

By Zis |
if (x>0) pl: x>0
{
if (x>23) p2: x>23
{
if (y>0) {} p3: x>23 && y>0
else{} p4: x>23 && y<=0
}
else {} pS: 0<x<=23

else if (x==-5){} p6: x=-5

else if (x>-10){} p7: -10<x<=0&& Xx!=-5

else {} p8: Xx<=-10

PRI a5 (SRS ) a5 R i
A AF o 30, OF ELAE AR B 25 15 23 30T 4 5L 4 4
A PAT b i o B R R R A

Pl 4 b ik pR B TR ) 22 00 SCEE A P 2 85 00 5C
90 LA 23 S P AR B J7 2k e Ak D SIMT 5 R A2 282
X I 1) A AT A A S AR e 8 W G
(922 53 SR A 5 v B Ol B2 R 0 SCVE FL R 25 01 p 3R
TSN p ZIR A SRR LT R A
W10 5 3 A AR R 2R R B SO R 4 48
EE VNP

933 i AL

s

setp.gt.gp.s32 %P1, %R1l, 0; pl
setp.gt.gp.s32 %P2, %R1l, 23; (p2

setp.gt.gp.s32 %P3, %R2, 0’
and.gp %P3, %P3, %P2; p3

setp.le.gp.s32 %P4, %R2, O’
and.gp %P4, %P4, %P2; p4
not.gp %PS, %P2;
and.gp %P5, %PS $P1; PS
setp.eqg.gp.s32 %P6, R1, -5; P6
setp.lt.gp.s32 %P7, %R1, -10:
not.gp %P9, %Pl;

and.gp %P7, %P9, %P7:;

not.gp %P9, %P6’
and.gp %P7, %P7, %P9: P7

setp.le.gp.s32 %P8, %R1l, -10;:P8

E4 RESILEMSIREUTE

Figure 4 Expose branch scope and branch flattening process

e e KR Y 22 03 S5 R fi P R R 23 S LA
o3 S AL B 7 I AL S SIMT 4 72 5 B v o 7 345
1) 27 A7 % 9 A5 T SIMT 5 R A 28 v [ 51 45
ey R 1 b T BT R 1 LA Bl | AR A0 Ak B R T
(1) 224>V 1) 25 77 4% DR 5 B A 0 S AR AT, [R5
Fr 4k B0 2 A g A K Hs B ASAR B G AR X5 Fas AT —
AR LB RO T,

3 MEoHskE

3.1 WA

AL g 6 R F 5 3 T E ” PuDianNao 40 3
#r \CPU i7 A1 GPU Tesla T4, [a] & pR %0 g AL A5 R
JH PuDianNao .t~ i H 48 2 LTS . ik TR
HE S AH A PuDianNao s A BC B3 AF 4R .

(D AEBEGE vk, il A B S8 B B e &
7N W T A N ek O SO 32 AR AE R A
fix X ULP (unit in last place) SRR Y Bk
J2 WA () 54 L G 5K B8 77 B0 JH 32 1 38
Fom , ARG KR — A B 27 AN EE SR
1) B8 58 %, B R ULP LA HER .

(2)R ULP, i/ ULP fij i sREUF R 2, Phik
#0843 B BUAE PuDianNao S5 L IE 1T, 18 21 (1938 17 45
B glibe 2 BRBAE CPU 17 i 47 45 B R 47 %
o, A ULP HR AR TR ULP 3R SR
ZI) A BB, B R AR 3R R 22 K X TR R
NAN, INF (402 07 XA glibe J5 pRECAE RS — 2,

(3) MERBII PR EE SO A B XIS AN ]
PR A B 003 3 5 58 T A e A B BT Y
B T4 Sy 4 B 500 (8 3 L sk i s/
P BB A ] ) SHe A7 dt 14 BB 3315 0
3.2 WEFESH

e s fros, PEE 6 A5 4% pR AL, 43 i IR FE
SIMT %% #2421  CUDA MATH API'' A5 & 15 ¥F
SIMD finH#ERS 5 3% A8 7 5 W K ULP fH, 251
O HEME ik K ULP fH o 7, e/ ULP {24 3,
fofi F A (K Y ULP i d5c K RS B e 22

F 1 RO 7 A R BT SIMT 4 R 455 70 A
XiF T4 {E 77 75 R SIMD 53 9 S 2 0 3 Lb A e R
B, MRS S 2 BT, SIMT 4 5 5 760 AH X T4 (8 )7
TS E I LS A R 4013, Fe R LA 6. 38,



513

MR, % 3T [EH = PuDianNao it F 19 ] 12 oA 50U (1 35

E‘E E'a

sin_f32 acos 32 tanh f32

B CUDA MATH API
B EIEFF

7 mMSIMT

W v

B 5 &MIFiEE ULP EXTLL

Figure 5 Comparison of ULP values of various methods

&1 SIMT HEREEX T SIMD
T4 R 75 ik AR E A B mE B
Table 1 Speedup of SIMT programming model relative
to SIMD masking method and interpolation method

_— SIMT X} F SIMD SIMT A% T4 {5 15 7%
SR IN B S RN T b SR B B i
sin_f32 1.25 2.11 4.25 5.68
asin_f32 2.47 3.32 5.11 5.81
tanh_{32 1.72 2.14 5.21 6.24
atan_{32 1. 65 1.85 1.89 2.65
acos_{32 1.30 1.86 3.21 3.64
round_f32 1. 60 2.14 4.02 4.68
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- - i &/ NI | - SN
B o L

hE L i e
sin_{32 18.62  20.10 sin_{16 15.42 18.22
asin_f32 33.50  35.90 asin_f16 28.50 30.11
tanh_f16 9.60 10.80

tanh_{32 11.33 12. 30
atan_{32 17.43 18. 30 atan_f16 15.65 16.54
acos_f16 5.36 7.11

acos_{32 7.16 7. 80
round_f32  20.13 20.70 || round_f16  18.25 19. 82
max_f16 16.80 17.31

max_{32 19.67  20.20
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Optimization of Vector Function Library Based on Domestic PuDianNao Chip

YANG Zhizheng', DU Zidong®, WEN Yuanbo®

(1. Henan Institute of Advanced Technology, Zhengzhou University, Zhengzhou 450001 ; 2. State Key Laboratory of Computer Archi-
tecture, Institute of Computing Technology, Chinese Academy of Sciences, Beijing 100190; 3. School of Computer, University of Sci-
ence and Technology of China, Hefei 230026)

Abstract. At present, the vector math functions on the PuDianNao chip of the domestic artificial intelligence pro-
cessor can only be implemented by calling scalar functions cyclically, and the performance of this method is rela-
tively low. Based on the PuDianNao chip, three optimization methods were proposed. The first two were interpola-
tion method and SIMD masking method. Thirdly, based on a hardware array structure on PuDianNao, VLIW in-
structions were used to operate each processing unit in the array, and the SIMT programming model was encapsula-
ted programmatically. The accuracy and performance of the above three methods were tested, and the experimental
results showed that the third method had the best accuracy and performance. The third method was used to imple-
ment the vector mathematical function library PuDianNao-VecMath based on the domestic PuDianNao chip, which
solved the problem that the multi-branch structure of mathematical functions was difficult to vectorize. The function
library had good precision performance, stable functions and correct operation. The provided interfaces included
rounding functions, transcendental functions, comparison functions, activation functions and other common basic
math library functions. In terms of precision, the entire data of the function definition domain interval was used as
input, and the operation result was compared with the result of the scalar function running on the CPU i7. The re-
sults showed that the maximum ULP value was 2, and the maximum ULP value of the half-precision version was 1.
Compared with the use of scalar loop, the performance was greatly improved. Compared with the scalar loop, the
single-precision version had an average speed-up ratio of 18. 26 and a maximum speed-up ratio of 35. 90. The half-
precision version had an average speed-up ratio of 15. 65 and a maximum speed-up ratio of 30. 11.

Keywords: vectorized function; PuDianNao-VecMath; domestic artificial intelligence processor; expose branch

scope and branch flattening



