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Abstract

Abstract

Spiking Neural Network(SNN) is hailed as the third generation neural network
by academia, known for its excellent ability in space and time information processing
and simulation ability of biological neural network. However, SNN and its hardware
application have always had difficulties in training, low accuracy, and poor scalability.
These problems limit the expansion of SNN’s application range. Solving such problems
will promote the development of SNN algorithms. At the same time, SNN with low
overhead will also inspire the design of low-overhead neural network accelerators. To

“this end, academia began to study the conversion algorithm of convolutional neural
network into SNN to solve the above problems, and began to show initial progress on
small-scale networks. This paper will study the conversion algorithm of large-scale
SNN based on frequency coding, and on this basis, study the conversion algorithm
based on time coding to greatly reduce the computational cost of neural network. The
goal of this paper is to build a high-precision, low;ove1‘head conversion algorithm for
SNN, and to explore neural network processor designs with lower hardware overhead.

The main contributions of this article are as follows:

1. Study the feasibility of high-precision algorithm of large-scale spike neural
network. Most of the previous research in this paper focused on the design of small-
scale spike neural network algorifhms, and its application range is generally distributed
on small—scalé intelligent tasks. In addition, existing algorithms have many factors that
affect accuracy, such as accuracy fluctuations caused by unstable thresholds, instability
of accuracy caused by random effects in encoding methods, and the lack of stable and
effective threshold strategies. These factofs that affect the accuracy of the algorithm all
bring instability to the evaluation of the algorithm accuracy, and also bring uncertainty
to the high-precision implementation of large-scale spike neural networks. In this
paper, based on the conversion algorithm proposed by the predecessors, a conversion
algorithm DSNN for improving the accuracy of the large-scale spike neural network

algorithm is proposed, and the effectiveness of the algorithm in large-scale networks

i
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is experimentally verified. Aiming at the unstable characteristic of the previous spike
neural network algorithm, an improved spike neural network computing system DSNN-
fold is proposed. Under this mechanism, the computational stability of the neural
network’s forward propagation process is no longer affected by the uncertainty of the
threshold, and the accuracy loss is controlled within 1%. At the same time, the new

algorithm also has higher scalability in hardware.

2. Optimization of operation cost of large-scale impulse neural network based
on temporal coding. After theoretical evaluation of the DSNN algorithms, it is found
that the computational cost of the spike neural network is much greater than that of
convolutional neural networks of the same size. Therefore, the hardware deployment
and accelerator design will not achieve obvious benefits. This paper analyzes that a
key reason that affects the operation cost is the encoding method of the spike neural
network. By using temporal coding instead of frequency coding and introducing a
leaky integrate-and-fire model, this paper establishes a spike neural network forward
propagation mechanism and coding scheme based on temporal coding, and builds
a conversion algorithm TDSNN on this basis. Experiments prove that the TDSNN
algorithm can obtain the same level of accuracy as the convolutional neural network

before conversion, and achieve an average reduction of 40% of the amount of calculation.

3. Design of neural network accelerator based on TDSNN algorithm. In view
of the fact that the TDSNN algorithm is superior to the existing convolutional neural
network in terms of accuracy, hardware overhead and other key elements, this paper
studies whether the algorithm can bring new design ideas to neural network acceler-
ators. Through the analysis of the deployment plan of the algorithm, the core point
of the design of the accelerator is the design of the computing unit. In this paper,
the architecture of Cambricon equipped with a complete instruction set is selected as
a reference benchmark, and six implementations of the arithmetic unit adapted to the
TDSNN algorithm are studied. Through the experimehtal comparative analysis of the
schemes before and after the application of the TDSNN algorithm, this paper selects
the scheme with the most obvious energy consumption benefit as the final scheme. The

accelerator design scheme in this paper can achieve at least 32.26% energy consump-

v



Abstract

tion reduction on large-scale networks while maintaining the same level of acceleration
ratio as the original Cambricon design, and even achieve 44.8% energy consumption

reduction under extreme parameters. . -

After the research in this paper, large-scale spike neural network algorithms based
on frequency and temporal coding have become possible. At the same time, spike
neural network algorithms with efficient temporal coding will also promote the design

of lower-cost neural network accelerators.

Keywords: spike neural network, conversion methods, rate coding, temporal cod-

ing, neural network accelerator
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Figure 1.1 Development of the accuracy on the ImageNet classification challenge
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Table 1.1 Accuracy of SNN on MINIST dataset based on various training methods'!

R MGrJiE HEFI L (T)
Lee(2016)1'1 Backpropagation 98.88
Diehl (2015)12 STDP (2-layer) 95.00

_ Tavanaei(2017)1¥ [ STDP-based backpropagation (3-layer) |  97.22

Zhao(2015)14 Tempotron 91.29
Zeng(2018)13 Equilibrium learning+STDP 98.52
Esser(2015)161 Conversion 99.42
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Table 1.2 Representative neural network hardware

hE M THmm) ERonm?Y) HEMW)
DianNao!™ neural networks 65 3.02 0.485
PuDianNao!'# machine learning 65 3.51 0.596
ShiDianNao!!*! CNN 65 4.86 0.32
Cambricon-S ! | sparsc neural networks 65 6.82 0.821
TrueNorth 2! SNN 28 430 0.3
Loihi!*% SNN 14 60 NA
Tianjic!¥ SNN+ANN 28 14.44 0.95
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RIDEW A AN ARG, BNNHEARERAR KB EMH R, SHE
B, 2 SCUABRBEAE R B0 77 SR AL Bk i 4 2 R 4R BT T i S0 2. B st
B AT BAFIER 04T, ARSCEIL T - TDSNNMH1 8 [7) 1+ 8 75 ¥ DSNN-fold .
G R BB 2 R B B — IR T, BRI T 4%
DSNN-foldiE B 85 PR BUE S S HUNTEE I, HE— B9 T omih 2% 10k
BERaE

5 AN TE R AEDSNNFIDSNN-fold ik (U3 AE b, 383 o kv o 422 1 45 £
EETTHEITERAN, SUEPRERINERESERE TR L. AN
TR R, BT DT R BB AL R U A E 1L B EETDSNN.
TDSNN %45 A0 Bkib 12 P4 B G USRS TR 2 & M FRORIEE, 3
RE IS RS PR A A0% I AR . I I — 2 IR A R R B 1R R T 1D,
ACSEI T MABIE N KGR, ML T 2RI EANRE TR Y, #



ETT RS T Iz —.

= TAEABETDSNNEE M TIE, #T THEBGEHENMARA. £33
¥ 7 TDSNNE S SCHIE B PR A S, MHFXBEHEENFEFTIE
AT TR, BHEEBHARITHXESETEERTRIT. AXUEH AR
RITAERACZEETHRIT TR, BATEMEANEEZEGHREFR. &
RN A BN RS LN S ERERITAARK PR In®EL, BESMT
E/D3226THIBEFEFRR, IR SE T H E T LA 44 80T I BEFEFE (K. A3CHY
TAEZRBR, BkPHRE ME BRI A RS T KT 8519 42 I 48 o 2%
RIRRE. |

1.5 AXHIE R

AXFAELE, BAARITT

AT B A R AT TR R R, B L B R A
N TARE BT, 3 b B SRR B ST ILH AT T V4 A 48,
JeHE T 240 i 2 T 4 B B WS AT MO . BAh, K
BT WS LA IR L. B, ASAAT AL EEFA
P HIRIE..

EENRT P BERANERT BAKSRRR. B3
L SRS T B T LTI A TR %, 5 R 31 T %10/ fhk
WAL, EH A TR TR S BT T AR AT, FR
hip MBI MR TAG. BRI 2 B 05 2 I P s I 28 61
B, BRI R BT BT T EA AR,

5= R T TR SR SR B 2 s 5 L T 0 )
5 S KRR 25 U4 O 6 A B L BEDSNN,  ZE AR | FF IR T 84
VETER R B M R . VR SENS . SRED SRS L A0 HBFIT. SAJS AT
NI S8 A 3t 245 MEIT K T #8981 R 7+ 5 07 EDSNN-fold, Jf 5CNN.
DSNNUL K& 87 N8 TAEREAT TR RS b .

USSR T E TR R K SR B Z e TR AT, R
I8 S IR SR 2 B2 B P4 2 BTF B MO 6 . BB R S R
O BB () 4 T0 7 R RO S0 2 MG, JERTRE IR T B RS, B
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IRHAE kv 42 P 28 B B AL SR AN RE 1R SRR AL

WAV TR R L B IVETDSNN, A IS h g 8, iEELE )
HUSNNsZ SRR RITEHAY. /

RENBTETHEHEMERLERSEMEIERRIT. RIOY
S 4347 T TDSNNEE R B /i AE BT IE R0 R 5. RERITREEE
HUEMNTRAERE AR ITTINESNZOEERT, SHRITAERSEETES
. BEERNRAESHERERENER T LHREHROE—SMRIL.
BJEEE SO A MWLM INE S S % EfECambriconi#H /T X HE %, BHEMRIF
CHRIIESR R TR,

EX AR TAERAT T B4, il TRkE—DHMamm.



H2E PPN ER

F2E HEMGES

g EAMEE R LR, ATE8 (Artificial Intelligence) 4R — 4
FIHLEEE S (Machine Learning) 3 T 2 MR~ EEGIENHRE. K
f, RMARIEERRNR AR R T AR AN R RIET BB
A. BorsgREETFHamaRantEy— AfhnELIFR, ZRE
TTASSMA RN A HE, TULRIMAHEZM% (Spike Neural Network,
YE5SNN) M A THHZ ML (Artificial Neural Network, 45 S5ANN) & H H5F
UK BN, HRSREER RN BEIFAN L. EREN+R
FB, ANNMRIAFTELIT BI— AN FHLLNFEEET (Deep Learning,
GEDL), EAEMET EMEE LNEAMAET BIFLOREATS,
AR MR SRR ENE LIS EROIEA IS BeE, NTHREE
B IR E 2 SRR 4 2688 7092, RUISNN, 76199745 B M E B B — A 3¢
ARASEAEERAEENNESRBEMES, Bk, SNNHE
REESTAEBELRFANE, RIS 2 DANNAI KB Tl 2 5 A i
BB, XRETAEFASNNEBIRAAAEZWHERAT, KSHHHA
ZAANNFICNNHI S AR IR AL 8, S RSNNATS B B G AR R 1.
SHEN, A\THEREMERSRNRRBORRE, REEERFTH0INES
BHERARFHEE AL —. B MSSmR RIS SR B
P4 I 25 BB R 7 3 AR A T AR 2 0 A T2 46 Ok e e 28 ) 5
HRRBRM AN . ASHERINTASESEABAM, JELOT
TS BB & TIE. ' ~ |

A2 IR R F

21T O P AT N\ TSR A 2 5 LR TR
R R R 5= T IR

22HN BT NI ARG EIEN R RS, BT I AT T b2
B 0 o PR A RO B R RO A S T A

2R T N T 5 T (0 5 R L Bk o o 2 P 4 T A4 ¢ R

.



R FTAE ik e 75 22 P 2% Y e A0 B AR 4 ST 5T

Al
ML

Brain-lnspired

& 2.1 SNNFIANNZEAIF S 4 py & 1

Figure 2.1 Position of SNN and ANN in the field of Al research'!!

2.1 REZ IR

AT ET NTHE MBI ENEET, HphRESNS
T RMERCEENLERME.

2.1.1 NIl

AT % B AN B R 945 T R R — AR B E H
LRI RO AR, DA — RIS NG, BEREREF X
PRk AR A IR BT, BB R 4 B B 0%, ANNBS RS 7E SR 350 B SR
BEFHRR SRS BT T, SCILRAE & 45 5 B0 w5k G U
UG, AT MANNA] & 748 1Y £ 2 B A HL(Multi-layer perceptron) A= {H4% 24 #Y
ERA 4,

ANNEI 2 T B R 2 fi 6 2 70 00 TAENLE] S RTTHEE R, B2 257R.
S TE R TE R UM (Soma) HEAHIE (Denrites) 3833 RAGE BB A2
B, RIEBHTE T (Axon), MIERGE—SHIBY FEEET S 0MRTE
MRS B X —RRFEA DA M % R LA M A2 TTX B,
BB BW, EIW,,, ISR IS 5 R AT JE 4 MR R B R &
s R, ST R EERE MBS TS — MRS, AT
E4b SR RE, BEREIANTREROBES. RETRHI\NIRENSE
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E2E (PR MBE

Axon Terminal

Activation
Function

22 EMMETS ATHET

Figure 2.2 Biological neurons and artificial neurons

WG . BRIy, B2 RERS N1

Yj=f(Zw,~jXX,~+bj) (21)

E¢ﬁﬁ&ﬁﬁi@#&ﬁ%ﬁ%mm#%ﬁ%ﬁ%m;&%Eﬁ%%%
FHEARENR. ANNPEEZEATUAEMARNEE T, LnEs
%2 (Fully-connected Layer, 4§ EFC Layer) ¥, B MAMETBEF
B METZ MFEENEERE, BoXdTRAMETSHBMETHE 55
A R EHER, S HEZREE oy xnye BAXMMANESRERNE
M2, FEEEI7 UMM S @R RN . SR E R e TIES
M IER LML (Recurrent Neural Network) 45, XEEE HFHE MK
TS B RE T A, TR E IR & 633,

2.1.2 BRef P e R

e MARBEANMSRER, A TNHETER. BAEBRD.
PR EEHY . PUEEAMN — S e BHGI S0, AT RBIF KT HRE
PILEAR Y RO R TARMOIE AN 48
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R HURE Rk o 42 I 28 B B AL SR AR (2 TR

2.1.2.1 fRZLAER

kR PG A 2 TR B FE A B —, B A B AR R 5 AWk
BIEREE QAR T LR, T4 YEHER (Biologically-plausible) . 42
WIS S RASE (Biologically-inspired) . 2415 N TIRGHER . AL
R McCulloch-Pitts SB35 4 & B AN E S T A &3
RO, BT o BRI R 1 10 40 W 48 X LS A T IS A 8 AR AL BEATE 55
T3 R B VR B HIMcCulloch-Pitts R, £&F R KFF LYW A TTHIRE,
DARE A Rk A 22 28 1 H 35, HABRRMEATHE TR . ATHH M
i B T B BRI BACEAER (integrate-and-fire, 45 SIF) {ENHF AT
%, REZERFZCUERRENTRNET T EYE TREARE.

[F# 2 TTHILIF# 22 7o (leaky integrate-and-fire, 45 SLIF)ERE T WEMWE
T 604 3 o 7 6 B — SR L A 43 B T B 44 502,060 4
23K TR, FAERNRPR I REEL, ERANRBRIONREERT,
FEELALV (1) BE B A IR AT AE B . BRI XA 7E TLIPE R hn 7
BRI 2R, B M T AL IR R N B VR T, & B B AL R
RIS . TP R A TR (R S R R S E R A B — @ A A T
R, IRRHSFEMEADEWHE DR METERG H B,

1m=cﬁgﬂ L2
zm—%?=c@$? ... (2.3)

BT BB REMA T ERME TTE BRI E2 3R, Rarse
Z TR MANERANIMZIT P EE, WMk FHl. Bkt rald
(15 A E TR T R AR . Mo E TR B — Moy, SR
B RAEHE T S WBIBUEE R DB ERAL, B R S BAER
1., M AP AN BN, SRRk E A R AT, BiER
MR RAA R — ANk 2 FB SR RESMIRE—NEMELE, 78
WEE. EPRRMMAFEITKMER 70,1/ ZERR, g fked
WRFEFMER. IR T E SR AT A krr AR, —(EH



$om MAMGER

R Rk i B A% 3% 77 AL S8 R AR ER B i B R 1 ST 1T 5 LA 31K

2.3 BRRIRE B HE TIREY

Figure 2.3 Neuron model of spike neural networks

STk 2 PG R  BEEFT S IB R T HE KR EYE /7. Maass287E
H TP IER T 3E 2 R, Bkok i 2 M 45 3005 18 P AN A T4
LERATTRESI . I E 2 S TE R R A R I, e
B 1] A 5% B B8 4 25 v T A SR T L o O B ()43 R 00, R b B o 42 ) 45 i
R — TR S B L, (ER RN ML

2122 EEHRmIG

fkiF R a MK E TR RE TEEEMEFHABENERTR, MYILH
Rk B P A R AR R A R AME IR B SRIE . EARATFRISHE RREBIF AR
AT BRI BR = AR, KIS R RR AN AL ESDS. SAT
L P4 R LR SR UL R 2R, Bl S N R AT IR — AL BO R R, Bk
PR 28 I N R 21315 BRI A B R 5. SR e B4RmBHLEIRY
MAFEMBE R, EERE, K EMNERERRET IR 2B/
MAFEz =8 XEPRT LNRE TR RIETRERNRE TN (ate
coding) FIZET A [EI4RAG T (temporal codingBtime coding) .

AR G b T 2 22 S R U@ 43 S S B ] ik 452 (Spike count rate)
BkiE % E (Rate as spike density) FlZEE K 22 (Rate as population activ-
ity) = BT R s 3% A E T IRk S EF AR T w5
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R FURE ik b 1 222 I 2% Y S A B3 AR (o SE IR

BEATEYRNESISEEERY, TEEXAERE. AXMAREE
2P i B S Bk S 2 g D Y 77 sCBD B R B PRI T B E R ERUR, 5
THE SR T . ARYE T I kirh 53 7= A Bk vk 3 51 S8 43 J9iE R gl
AL NP SR gRID TR, XPIE G ARG B 5D A IR 73 A6
BBk B R 35 50 43 A BBk R T B BT T B AR R A 0 T I B R A
MINGREEREARDG . N T ERIER RN R R BRI, B K F AT
| ARGRE-ERNNREON, BT R HETEE.

i R DS SN 15 B D Bk 0 B ki 2, EAEE THIAE Ok T
BE BN REEMMRIZHR. S.Thorpe NI T EE, ABiFZ—W%K
FR B RZEEEREMNEE. AP APNEE, HeyEARENE LR
TR TR B R RIS A 7 R, BTk, FENHRES
e T 4 ZMe A RIETT R, a0 Rk E E4%53 (time-to-first-spike, 4§
BSTTFS) FHEF4wES (Rank Order Coding) . ZETTFSERIGHLEI T, #EZTHIBK
METESERBERR, M5 RBERSNMHETEERBEKT. THF %R
RS UK S N R RS R B R IR T, IRFFIRFE T A TTANEB ALY FEMEA T
Fgsme . X F R B gRED 75 R E AW T Bkt W4 Bk 4,

thgh, A7 R R AR gR D RO B (R SR AR A M R R AB U7 R, MLELRIAER
7= kv a] BR B [E) 2% fY  (inter-spike interval coding, 48 S1SI), HiEid— EMIKHY
Fik v 2 ] DB (E) RO SRS R R BT A P SRR AG A B 141400 B FUAWAIEIA T2 K
A0 B AR AE R = R Ag oy ST, DRtk a0 A R 4 g A U R SE B RE K
A M EAT R RERH AN T AL —. FHINETELE R0 R4 R T ik
S W E LR B giE T, BlniEAI%ES (Phase coding) . H 4w
FREEESIER, WA RIS R T RO R ERE— SR,

4 T 156 B ) B AR T 5 TR A T s i 2 P45 O BB 4R . A T B
115 BE4RAD 5 R %18 7 RS T 5 SR 48 AR B RN SE T R A PR R, %
RFSEEI IR T X R 2 AR A SRR, SEFIRAR BT GRS
A RMET. flnE 2 pBEGRIRGEIEEMNISTH A E — A THETHE 1
RRASN-MNIST!, ZHIREAN B RN EEHTZENREROFE, WRELE
REFEMEEEEA N R BT BEN Kt E 4. Sk E4
Fl40ELRF BB BRIR, H39ZIR2 S RAmEBX T R B R hE, 315124H4R
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FoE AR

RYJTHBME R hE, 23R R M AT R RO AR S, BRI EI23 N HLRR R
RE AR, B RERNEIEE, AT K HENggEIRET YR
%ﬁ%%ﬂ%%ﬁ%ﬂ%ﬁﬁcﬁ%%%%ﬁﬁﬁ&%ﬁ%iﬁ%&%iwm
%%Eﬁ&%,ﬁﬁ@%@%%%ﬁﬁﬁk%ﬁ%@%ﬁﬁﬁ%ﬁo$im?
R RN & BB BB, R RERER SRR IEESE,
(BB ARA] BN P IR AR E Bk 1 2 P 45 78 R B i UL S5 A B RO T .
2.1.2.3 ML

W@#%M%%%%%M%W%M%ﬁ%&ﬁ%i%-%,Kﬁ%&%%
%\E%%XEEH@KEW%W&HO%ﬁﬁﬁﬁ@%%@ﬁ%@%&ﬁ%
AN, Rt R T R UEAT P,

c METAERBMERE, KEEXNREEEAENNTETITR

Vi

'-M%%%%mméﬁﬁ,—%@#%ﬁﬁ@%%#ﬁ%m%@#%&%
BIHE R

o APYNABL R AT H M, MEEMERBAEING IEGME EHERERM -
MRS S EL

- AR, REEM—REENAITEENAR, SRIELFELEE
EZTE (N A ‘

HRNRCERE LRIV, X ER BT T & &5 B Bk b1 42 1
LN, TRk s 2 4% (spiking feed-forward networks) 1. fE¥R ki
W% (spiking recurrent networks) 1%, VRBEIKMMIZ L (spiking deep neu-
ral networks) U, YRS RKIHRLILE (spiking deep belief networks) P74
. Bk, BF 2R KRR R LA AR (iquid state ma-
chine, ZEELSM). HTEZA TR LERENER, HEHEHOLLIHES
M ERLEN, TR —FMETZEENERENEY, EEMLTER Bzt
ﬁﬁAﬁ%ﬁ%@ﬁ%ﬁlﬂ%@&ﬂﬁ%@ﬁﬁ&ﬁ%ﬁﬁ%ﬁoﬂﬂﬁﬁ
HWMEZREZES. MARXSEMART—ROMNEEL, HmEUERERER
B LEH . JUE DL I RSB A BT W R, EEERTEFPGAR
Wit Bl WAF e BRSO = R R B BRI AT AT KRR
BALEF K E P MR HEFE LR WEE TR, A XEEHRAM
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IR FIASL I e 1o £ P 2% 9 8 A B Vo AR 1 SEFLATT 52

FERCHENREMRMEME LS, BEMhmEAREEs, BT MR
THIEE. HREHMEMN TMNENRATAGERRRIA R TN RERZ

2.1.2.4 RUEMET

B T RUT ATHEM S P RBUERILSN, kiR a Mg Pl e g LR
HAEDRAE N BARIOAER SR . Hd i hE AN R m BN (spike tim-
ing dependent plasticity, 4gESTDP) P81, ZHLHIFEIAR TR MNHPETTINESI T,
A5 S Al Al R 2 B R RCR T RS IR, £ 5L KA RIS 2158 (ong term
potentiation, #ESLTP), &2 M£i%S I fim Ay AT A2 H (long term depression,
GRELTD). BT iZHLE < S EUE S B A L s AL, BT R Ay
AR RSB IRR LUK R & N E IR B 223 . SEFR B v B pL s T
PAEAE LU BRI A S R, I AP SRAR A7 E Xy BB AL A B8 4T 2 3t S 30 19
Wl S E RN FPERE, — i BIE KW R Bkof e 22 I 28 18
PR S HF T XX e i g AR 0000 o BT AER T BR YT, BRATE A RO
I B FAL SRS B A0 P S BB ANE AL 2SR A O BLE LB — R A B AEAL
B AT RE A B A E AL T LIS AR R Rk, R UEENT R E
OIETHREMG TR FEERE, T ABUERE IR

2.1.2.5 HETENLH

PR32 A7 7E K B A HLH BE 9% JB X SNNAICNN BT 5L A R SRR
SRIMATHLE, FRBSIHEEEREHIENERE. FIIE na-
geNet 532842557, @@L KMRR BRI EIRMPEme, HAHGHERE
TRl %2 BRGS0 IR ) BE BIBUH B S R 105640 ZE K P 42 R 45 rh T 44
TR X 32 8 R B AT BN, WTA (Winner-take-all) TSVl 3 2 P 19
RF. WTAPLER -GG, EREE—EHETiiker & L, i)
B3R AN F AL AR 2 ST A — E I R O R R AR R T MO R R T R e v
ARG TR EH R, s d I R LA R A —
AT E NS, WTA FLEI 2% AR ME L ORERE AR E, UAaTR
Py LB 2 00 IE B 1) % L S0 R 186871 RATIFE A S iy s PR U7 SRS B3 WTA L
AR, (HRAIRANTSEIR R I R AR K A 22 0 45 P SEEI WTA Bl 2 ok
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B8 HAMEER

U AR SR R, ETIERANEE R SR T %4

b, ERIHEHAMEE, 5ERNSEEEE NS BERTTHE,
EEEE A AT NE B 5T R LA, 3 BB E R, R%
AR Y B SIS B EREA R T,

2.2 MR

FHHEBENBATLHENEEEZNARRENAETRRAEEXNIE,
VAL A 2 R AR Bl 1 42 P 48 LR RO KRG B AIAH R AR

)

221 ANIMEMBEIE

NLHERBEELEREZINNANT, CERLETEFREHFBRATIN
FARIB B . MR T E, BRTALHEMERIRBER A LT L
AT '

BREEY. FREBFIEATIFCHEIE B ZHR KRB THIIZE,
UL R P EMNE DERAIERSE. EFRAISEETES. XH
P RE R EN B IREMEZ (Deep Neural Networks, ZEEDNN) 1681, )%
Hb T2 (7] 42 B R AR FE 2 4% (Convolutional Neural Networks, 4EECNN), B /4b
HIEEFIIHEA LML (Recurrent Neural Networks, ZEERNN) LA HiH
BT RLSTMER R4S, 5 FR N DNN FF b & RR T ZRRTHE TR
GEY. FIRREMIL. EMAOFNEHETHTR, XBEMAHEST 20
) Z M EER TSGR AR R, WMAMFRR T REMEI ISR

TEEFY. CREZEIFEEAMAEAN TR ICHREEIE, irE F%
JREEE PR ANERRERESME A, BRERRREREEE, BERE. 4
BB RS, AT M%ET LB I HAR 0 R RNk TAMKEE, fli
E3h4mi% 2% (Auto Encoders) U1, HIRBI/REEH (Restricted Boltzmann Ma-

chines) A, DL HiT JLAE KRBT A XS 1M 4% (Generative Adversarial Net-

works) \PEe, AT LI R 2 S BEVETE N TR R4t B AEE K TR 3«
e s) . AT MBS S 2 AR R MU 2 5] 2 (I AR 7 — e R 45

FRIC I EIE SE R4 N R L, Bl AN 53 GAN (Generative Adversarial Net-

works) FIDRL ( Deep Reinforcement Learning ) T F B Z I RIE AR,
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R Bk 4B £2 R 48 BB AL SR BE A ST 7T

23 o B % R G M V1A A A
G, R A 2R T U S 0 T e T Z A0 BB . B AR YR R
R e SP ¥ N TS W I 5 e 2 A=) (Transfer Learning™, SNN#%{LE %
S TR TR LR, R AT AT E R .

2.2.1.1 BFMEZMLE

ERMAE ML FE Fukushima FIBF A F R ERIEH Y, {ER LeCun AT R
E%ﬁﬂ@ﬁﬁ*ﬁ#ﬁ@di%rﬁﬂﬁﬂmo Bit, GHRME MK EESIETHEE T %
B B BT E S5 MIMTZE & PR AME S HES & R /KPR E SR .
CNN HI RN FIE B AT T H S B 450, EHERERS S EERENE
i, #INTERE. U ESEMEERMENSEEE KEE TR, BIET
BRERMZEITN, BETEENENSERE. LRSI T SREMbLENT
HI7 s 7

ERENZEMURAAR24ERR, PSS,y )RETERBISTEE S
(feature map) FlHz EALIR A (x, y) I, BMABEHECIMSERE, %2
HHECONMFMRG. WERALFEINEE, BT RIFMSE B RN A BUE AL
WG, )5, BEEBIRARR TRANFIERGHFEAAR, HIELIR R RS
RGN TELR:, SHENEZELFHERE. BNEHS 8T H s flsy s
AMARNET DERAFTEERGNESNEKSH. b KRS ANRBETE
BHmRED. BMEEIENBEREZE, i%DjEEMEPFiTﬁFﬂ—/I\ FEREE
RGNS, EFTEE S BN E DA NKXRIKY . BANEEk T A E
%, BHEEAMANSFTEREANECI. MEERRROIIZE, S35 5R
HIBREN R B ERNMHATHEN AT REN—FmEn, BR—HNTEHL
BB RE. HFRANNCI x HI x WI. HiHHCO x WO x HOMERIEH,
AT ERRT/NTRAKRDIEORNSHEKWHKH, SRESEHRE RCI x
COXKWxKH, TiReLEZENSHEBANCIXCOXWIXHIXWOXHO,
Al WAUEZ 8 B KIB4E R -

S, y,2) = ZZZw(i,j,k,z) XX(xxsx+i,yxsy+j,k)+b, 24
k J T

A EREE TR AR2SkAR. MERARE, BUENE— Ml
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F2E  RAEMEER

E FEMR A0 Xt I B A E R R85, TR LA T 2 AAHE 2
MEEER . HhSubSample RET LM BAME. BME. FHIEALIEN
WA AE . SRS T HILT A— B W HIBLIE S FI R R KN
IR T, MR 60— TR AR AT AESR I\ (5 B i T 1
EERITRN, B R . |

S(x,y, z) = Subsample; ;(X(x * sx +i,y* sy +J,2)) ... (2.5)

BRHAENEBRTRFEASHE. WLENEEEESEARAMRAS
 PABA SRS, (BRI 7 B — T R B i
epalinkran gy IIR %*Eﬂ%aé}—_ﬁnﬁéﬁ%&ﬂjT%ﬂlééﬁﬂﬁ@%%ﬂ?ﬁ?éém%éﬁ@, B
MR M Z AR Bl R H R A BRI B LeNet', AlexNet!¥,
VGG Net”, NiNBFIFIAI Conv Net®!, B2 4R T VGG MERILEIE. HHBI
T — RFI B AL LK, FiiDenseNet™, FractalNet™, GoogleNet!f,
Residual Networks™™. NERMAMEHT, BEHRE. SEEEMMILERNEL
CERAT SRR B AR B4, T ELAR 25 V5B 25 ) 45 A SR 7E 4 T Alexnet
FEVGGM e B AU RS, R FRURBRIY B, mMAEHEE
BB RN RN T e E AL G A SRR ERANSEME, T
RIEZE W L8 2 B il BB B S M F MM . KRS IR 4 ™ 4%
WERAEEAR LR E M B B3R, XBERMAINEFEML 2 1Tt &3
AR ENEETE RBNERBE MBS T, EEHERRT R
CNN I F & RETH, FILERINF R CNN YIZRT7 58 T LLE N 5 4k 5T
BRI RE .

2.4 VGGEEMAE.

Figure 2.4 VGG structure diagram.

% FB B 1 R 00 6 55 TR TR BRI BT, A R R ONN B3
SR R . A IR IS oK B P O B LB S0 gmoid A Tanh %,
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JHRAR Bk #4228 1 B b BELVE N BE 1 L INBA R

5 AR2.6M2.7, EATE NG 2, (R X i M7 KRS IR
B 345 A 428 0 25 0 PR A 0 I JER R 2 bk 26 R I % o 2 5
SRS R, 9T MR B R SR 45 AT 0T 2K ReLU (Rectified
Linear Unit) SRALEH, %5 B0 — UL T Alexnett 3 B8 5 0 1 16 B2 2
B, RAR28. Hit, FAARMEBTEFAIF R TRLUK S TS, i
UIPReLU. leaky ReLUFIELU!®Y, -

1

Sigmoid(x) = T exp() ... (2.6)
_exp(x) — exp(—x) ;

Tanh(x) = exp() T exp(=x) . @27

ReLU(x) = max(0,x) ... (2.8)

ARSCH SRR T ReLUBGE BT 1E, TR TR B R R T
o BASCRA B EE R NBE R BERANEUEEN R, REAZ,
—RBER ML EZBEERUEENREIFAZ . DuEAPIWTECEH
R T % BN, P A48 L B B0E R FU N Sigmoid, YL R
ERFEREMREERRASE, —RAXWELEHARE, BUEENRITK
T IE R R e, FSE B BRI BOE B B DADUBC AR T O B4 By . Rk
HE, WUE R ERCNN S SNNTE UL IR, W H A0 AT E B T E
ERR T,
2.2.2 Bkrhipa gg Bk

KA SNN $E—BEESTRT, AW EER. —HH, SNN &
BABESE R EOR N, KR4 AR R BN R 6 B S G B DL R I 4
Fl. %—75TE, SNN fSHHHt ANN KIEH I, EFaELRES%. HE. 5t
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3.2.2 CNNZMTEZEE 514k

BAVEBERNE -0 ABERSCNNG M TRZMSG. EX M IEPFEE
EZECNNF LEHANEN, BFEERMFEGEMEINSGRERE. Nk, A&
TR D RN 3.1 BT s
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3.1 DSNNEEFAICNNE AR 5114 518

Figure 3.1 Structure adjustment and training steps of CNN in DSNN algorithm

B2, HRBEETSEFSDORENET (Bias). (EAIFME T
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BRI R MBI T, A 50 % /B 2E B A RO TR i 2 LS L A = T B 2
7

s, BB SR E ML LR (Pool Layer) HEs N TH{E
. (Average Pool) . i 7E Bk L I 2% T LA KB ik (Max Pool) 75 2248
FZEMALEH, MR T BIGERE R, AT RIS L 0 B
B

B, BB ARGt IOIE RECIRLU. %8BI AR 5 B
GRS EME R TRLUR (OB RS, FLE A — 5 it T s B 300
R, 0 A 25 U2 4% o (5 FIReLUE 2 BT 0% B
1.

EME, BERMEREEGREME. SR R R TR T
(AL, TR TR 2 A 2 ot 1 TF SR . TR I R 2 5 (%
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KRR R 2 P28 B AL BV AR 1 SEIUR

HEMMERESGZEARTEGENER, XHAEMENEERZER
I TReLUBVE R # . XEEZHEEBFEHEME (Convolution Layer). £EHEE
(Full-connected Layer) . ‘ |

CETH, NEEREMEMETRE. AMAHTINGEE FHaE, Mk
MNGET LA PEIER PR, FIIGERES FRINEEELR.

FNh, ERIIKREBHEZ. RETKEEZEERILEFZ (Dropout Layer
). it I5—1k/Z (Batch Normalization Layer) 4. XU RIZEEREBESR
R PR YIZRIPTHR, RBINEME ML IIGI. RS RUEEH
M. EREZASHMEMNZEKINNLEEY TR, XETTREEETLHE
b, U KEFRMLMENAPEHNERE. SHEN, KriEaemegsy T
XL ERELEE RS L mEEITH, AMAAEZENXETREEE
e 1 .

FLE, BRNGESHEMEMEZWNH. I—FHNENZENE, ME
EELPINEGHMENKZPEREEM L, $XERNFEETHEREE
M ERIRBIXIIZG, BEEWS. EREERILEEES HIBERKNIN
%, BRNGEKEMZIIREE. |

PLERAM AR EACNNE IR GLE. STEd RSB BR
Weg, HAERAESNAT T —TRE A0S, S TERMEEL.

3.2.3 CNNZISNNA L1k,

£ E—FIIEBEMICONNEA (R b, BRb g W fin e i
ERMATRER. BT, FRARLENIENERSRNE32MR.

B, WINEMBE . STFRGECNNFHERE. £%ER. WiE,
IX b 25 K 7E B S JE AOSNIN R B, 77 ZE A X B[ 2SR SE 8L, ARH 40 5% Hodn £
J9SNN-CONV. SNN-FC. SNN-POOL. i 4h PALeNetX 45 £ 4 9 51 1} BE G i i
FRANERI BT . 3 3FUR, MRN8 X 28 x TIREEE, CNN RS
AER . TEREALJE ISNNA I THASMEE (Input Encoding) , F ARG 7T (1)
RS =S REEEFMUE . ONNFFHEREH28 x 28 x 11 N
H24x24x2019%0 . I FReLUE s . XS M S — IFHE AL BISNN A
B FE (SNN-CONV), HNiiH Bt m B RFAZ. X FCNNH

36



FI3E ETHEREHAMBERAHERERAEER R

3
RHNMERBRET TREMHEFIRFT
RERELTH HESE EEEENER
BERLAR -
*

3.2 DSNNE; fEPCNN@JSNNE'ﬁ?Hﬁ UK

Figure 3.2 Conversion process from CNN to SNN in DSNN algoriythm

WALE, ZEHA LLE ST BISNNF B9#{LE (SNN-POOL). X F&&E#E
B, B AE5EREEL, BIGERACNNFTLEEREMBERHE LR
WEISNNFLZEZEE (SNN-FO). &ERTHARIIBENHBE, CNNEIR
MRS HIE %ﬁ%mmmﬁﬁ%mﬂﬁﬁﬁ T 5 4% J5 B SNINK {82 FR 4 Ik 1
fiReadOut/z, BAEMHRTREEENS R HMGET. Eik, KFHENEL
HINE DB SR

[ 3.3 LeNet#&5#) T M CNNZISNNR L R EE

Figure 3.3 Schematic diagram of the conversion from CNN to SNN under the LeNet structure

L BB, BT EINEROHLIE, JRIACNNAZ B E fA
EZHAEMEfE KK MM MR ER, B mEMREEAEALE.
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DT ik o 1o 42 P 2% B B A RVE RO (E SE IR

WMFRAERESHNE, FIESEmbhE, KR RERRRS T HERUEN
SEfIERE . BN TIEEIE O K/ Jkernel_w - kernel_hBIFIEAE, gt
J& [¥ISNN-POOLE f I RUA T AR 2 491/ (kernel_w - kernel_h), % 1 PI4EAMR
{HIR/NAESE . ILET SNN-POOL 2 18 5485 St HLF 9B M AL I Th B .

B, BRERHAENSHREE TR, ERTHERER, AETE
23 TR B4R D 20 SR N BUE T U R e Bk T . ARBF Tk #E DL o
MREGENMNAREREE, THTEERMEERNORETR: —BHRE
(Uniform Coding!"*”) FIVAFAZRHES (Poisson Coding''8)) ., E—FHMHIBH AT,
BNRE TCR KT RISRER I TSR RIEUE, B2 THlkRERAaLE.
FERAmGTT T, BofizBRmiad B Rk, ERERSHEA
B . RO RAERT X P RIS 7 R R T s . B4, BT
MEMES N T RABIEN S ORA—FE, &A@ RBEAGERA. X7
THRERAN, RHAGELE N FORRN R EERAENEMERS
IER N Bk B RRAE R, BV EREZEZEMSMERAS S EREMAELD, 7
EEENENEEM S SEERMIE M.

B 5% 1 DSNN-threshold
1: for layer in layers do

2 max_pos_input =0

3: for neuron in layer.neurons do

4: input_sum =0

5 for input_wt in neuron.input_wts do

6: input_sum+ = max(0, input_wt)

7: end for

8: max_pos_input = max(max_pos_input, input_sum)
9: end for

10: layer.threshold = o * max_pos_input.

11: end for

12: search on o inthe set {1, 0.1, 0.01, ...} untial a satisfactory result is obtained.

B, mhEknh AR T . Bkeb e 2 AR A S A 0T KB EH LU L
Pl BRI, BRORBKIP BB R BRI . e KBk i 77 4k
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B3E ETHERFERIERAHENERLEERR

WO R B T, RE A TETHRRMNMG . Fibd ot Emahs
RITIHAT TR, FEEIT 2R VT I b S R FE 1 B

R, WEHZTHRMN G, REREYHENMEOBE, &
N RS S SRR KIEEE L. 3 BB TFSNNFE—2E KB HHE
T, BARETERTNRESY, FRRENERSAEEER. LRI
%3+ T DSNN-threshold ik 1R #T RS 2 M %, BRARIEERSMERELR
& R E SNNHT B A RE R .

KR ZH, SRR DA T RIEHE N ST TR, i
BR BRI A B THE A — L7 ( Model-Based Normalization) FI%-F
B4R )3 — 677 (Data-Based Normalization) . % TR [ )5 — (77 HE K BB
KPR EE D, XERERFmOZEAY. ET4ENE— e g
NP A Y G ERB T, RTINS EER. RS
R E I BIEANRESER, BET SRR EMBNYT R, X
B J7 A S B0 BE, EATHOE Rk REE NS EE R T E. BRI
$E 4 b TR S P 5 F IR AL M BUR B R BT RS B i s B
HNe BT SR Ly B Y R B R M I E % L. AR s
AERT R TERNRES, BB T R{EHE 5 7EDSNN-threshold, 7EI5/E
FIEE A B T AU

FERY S R RN A T B EBER T T R, EE R A
W THREREAFRE S RENEREE, XEAREANTEENHE TS
BT RE MG, EAENL, HENERENERMEREEESLE
WK, AEENHERENT. MFE—RORE, TS ATENR
BB Gnputyum) . AE % BB RU—MEEE Ho L HRE
. WFoMIE, FEEEAT -AETREENRESOLE, £5461,
0.1,001, .. hiBHEE, ERNESNHELR FNoERINER. BEEREE
(O BB (HOR 7B B 40 2R IR R I I B K T BRI

Fk, 5T T RHALR M 45 B F (L BEDSNNE A B T 52 5, Hk
HIVE Al 45 S A 7E 5 SE SR T AT B
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RIRR BR P 30 22 ) 48 B B A0 BRI RN (R SRR 7T

3.3 HHETEML

BT E—NHREMNELEEDSNN, £H5% BT S EAHR3I.
Al E AR B N T MU RE R AT BT T B R A R4S, b3
ZAFEROY T R MENE N ERE, B RELERP BRS8N
HEXEE, RPN R .

3.3.1 MWERKEMGREEE

MEMBBEAFRITFEREMEREMNBEZ 4. ST IAEHALIHEZ
PSR Bk R 2 N4, BTG LR A S BRI, RIESENE RS
NEHHEZTHE, TESIABNMMENR KBNS HITERE. Z858%
SHEREEFRIUTPHTHERAE. SFEBYEREMHSE (Satc Random-
Access Memory, 48 5SRAM) i QR LIRZEHEHS . XM BAEXN T/l
MR ATH, BREAFRIRRITHEMAETZZNTEEN. flmysss
MAFEUCT'™HE T 2 BRI AN, EHE N0 x 10 x 10, B KATRERIFE R
290 x 10RIEE IR . LI &1 XS 1Z A &R B 80N T\ B 77 22 AN 10N E 1h 5
HEFFFE, HEXSRAMBHEE R D8 B . 1258 % 70 A AC B 90 x 10/ Ty 58
A0SR, FHEHER LW TN MATEN BN, LT I ARELE
INEEE RAE9.02mm? 10, (BRIF TR LR, 2 M4 P IE 78 R0
Mo TR ARREENE, 392 AR it 58 4 25 1B TR RO FH & W £ g
BRI

ETHITWMHEE, NTHEMZIERZHRE D> TENTHEZIHEAT
A E2 BT BRI, BRI, BT RERRS, B
BRI S, BUOEE AR N R S _EBR 9 E NN, .
PN ERRLERENEE, FESRNRHIZEN AN, #7745 . §—
JERRMAN R T RO EE B — R, PAE SR RS RE A,
Z%DuE NP TIER A, TS BT RS MEEM:, BT
%4@@&%%2@%%é%m,@%EEWE%WHHE%%?@%@%%
Ko R OBEME & F R R MmN A .

ez, Bkrf a2 R B & AT & BT ? B 2 M 1%
TFAERS IR SRR, BN E JCTESS [ RO R 8] 7 11 P 42 B BUE s 49 20 R ik
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835 ETHRBIGH ALK A EER R

MR B AT E R, HatEanii s EFBRFEr TN
FA—E. BOANUERMAMEITE 5 A8 N BERSMERA, TEAE
HEMAMSTMEMEE. Eib, HaitEabobme s Lr 8 m s
Hifd, BIAMERRE, FESHELREIMEET.

3.3.2 Bk Mg BBk

AFRE T A RBRKAEMNZ L, Har & YDSNN-fold, RiEf#iRS
2.

% 2 DSNN-fold
1: For each layer in SNN :

O]

: Phase 1: Compute Negative Spikes

3: for each postsynaptic neuron M; do

4: for each presynaptic neuron N; do

5: if N; emits negative spikes then

6: accumulate potential of synapse weight -jw ;| in M;
7: end if

8: end for

9: end for

10: Phase 2: Compute Positive Spikes

11: for each postsynaptic neuron M; do

12: for each presynaptic neuron N; do

13: if N; emits positive spikes then

14: accumulate potential of synapse weight |w ;;| in M;

15: add to the count of spikes of neuron M; if the accumulated potential

exceeds the given threshold.

16: end if
17: end for
18: end for

DSNN-fold E ZH#iR T —MEHr BRI 12, MRIEBA LT R KPR
KRR AFHANNEROUTE, MEB4FTUR. EBE—ME, EHRE KSR
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L TCH AR E A TT A AL R BT Uk R R 2w w4 o i £
REAL, ERANH B REME T KBk, 5 B, =6 R ERK
MRCR I FRE T AR M T AR AL RAR W . P2 e IR IR R AR A A
HIRCF R R AL Bk, S 4 T AR ARk P 2 5 IS T — B
%70, REE BRI EEEAR NIRRT

Phasel Phase2
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3.4 DSNN-fold " A EXBITE

Figure 3.4 Two computing phases in DSNN-fold

BEig EXAWM R ESRERALMIY, BEEN BREE A EA
o, TERmMBELRKBBRE. MRETEEENEEANNE S, H
MRIMEZSHR. BAEBMMERITER LERBElayentin, BS5EZIE
HEAEEANIKTE O AR R .. REEAREET] DR ERE S
R R0 AN B (phase) M2 . BE#— 51, 8MMBEANEZET
BHE2 T E#THE—PIFS, 2HEZ B (fragment) Uiz E, AR
RO R ERFEFAE NTARANTE, B s A AEROEGRES
re

Wi
1}

JIT S B B B3 S5 RT LU SR SR KR AR 2 R 2% B 3T B 1) R Y SBT ROR I
FHAAGNETIRBEOIKAHENEIEEAREN - M EEEER, £2H
T ICIEHERA 5 iz 1E SRk A SER ROR . A5 R TR] P — R 1 Rk R B S TR (1 B
YERAL, AR AT 885 BUSR Al J5 40 242 ST HY FE A B T B A TBURK IR o T SERR A 8 £
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RS BRI RN TR O, T B R . BRSNS
TSRS EEER, (BRI EE R BOR, EEEEE, e
SEMEMEAEEEX, FARSSIEEIRE. |

-~ Fragment]
-+ Phasel |}
;
LayerQ i
: - 0 s FragmentN
sy | Phase2

SNN

- DNURRPIIRUIRIRRY 3
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3.5 DSNN-fold X BN T Bik ot iz

Figure 3.5 The splitting process of DSNN-fold on entire network
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3.6 SRR TTRY B A B LR ITEL

Figure 3.6 Comparison of potential changes of post-synaptic neurons

AR 7R H BIDSNN-fold E R % & 71X — s, 7ESERT 3 % B IE = E 7
Bk iR ma. £/ TDSNN-foldB¥E fa, Bk &E M iaimitEdiZRE
THEEASE LR, FEHEET, Beb S M o 57 508 5958 fil b IF 2%
RN EREE, EMiTERENEEORE, IMEEEET —1M4E
MEMNHAESHEEEY. wE TR B A REE P T R
1 FIDSNNTS Z1 59 ik 7 1 22 I 28 RO ik 2R 0, 7EB (8] 3 OV P9 A Tl 53 70 A5
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RAVERR 042 ) 28 1O e Ak BRI R S IR 7%

WA, XS —RAB I T 5 T30 45 10 AOIFM 2 70 i B8 A 28 4 9. 17 {3
TDSNN-foldZ &, BARUHEHESRTHINE. E—MEEMARERE
RE R TRk RI RS R 58 BB RS HELE MRk i,  BAR s AL 3F 5 ik
ML FEADSNN AR B 2448l

WEFEEAMURR T T EMZ MY B, TRETHEEFERE.
EFEFET, WEKTHENZZENBRENEFEDSNNFEERTE. W
KRRESEREERENESITENBERK, ATMBANNEIHEEKFEEE
THRA.

3.4 KWE RS

ARRNAFAFT LR, TESRUTAANTEH: 34IHNET S
BEEEER: 342WHEATRASHARA. SRHEWRHITRE L,
343X RIIDSNNE LR E IR B SH. KRFITIHE, BIEEEER. Ak
RES. H{EZ 5,

3.4.1 ZEEHERE

AR FRIEFE NN B EREZEOCNNME NS HERAE, 7E Caffe R3S T
3 10T 52 i 4= ERCNINI £ 1Y 25 4 TR BE RN SRt R . 3K Y A 356 v 49 48 190 4% 43 )
s&LeNet!!", Caffe_cifar10_quick"*. Alexnetl. VGG-16/7, iX P/~ CNN Z#
PIERA T EANEMEIRE T, MENEE AR RIS E TS,

LeNetf B 742 TZEMNISTHIEE Y EHMH BN R, Z¥EEHE TS
HIF5HF (0-9) B8960,000128 x 287K B 15 A1 F T il £9 100001 $r 5= 4
B RIREFIMANERIIEEZ —. ZHIEE EMERMS K2 RN,
I BRIBT R E IR B — e 2 L UR IO IR Bk A0 A

Cifar 0¥ #E & Y LI 600005k BB EIG, XEEBR2X2M PR, 4
A0, 2660007k . 1ZHRIE 4R 19 43 S A B o TMINIST, 7 ) 76 1% 3
& EHIMSEE SERENE IR ZE WKL RS R MR, RN,
F & SR R R AR R SR 2 I 40284 5 AT 0N T 7E R 4 S
R MICaffe_cifar]O_quick M &5 SRAE NS5 Hale, ZMBHERE— N ERMEZ
P 2%
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338 ETHEHDN KRR HENERLEER R

AlexnetFIVGG-16# 42 B A 78 B 24 1 #4E S lmageNet W _ERIIR Z A P 2K
ImageNet ILSVRC-2012 &FF 1000 M AR Em o R (224x224) EHR, Hokh=
A gk (3MERD, BIE (SOKEE) FliR (100KEE) . HFImageNetH
Ht, FRESNE RN R URENSIBAL B ERR, Fik
3R 5 — X RS 5 PR top 1 4 B FltopS SRR — MRS HORE L 2R . topSHEEE
Fltop 1#& P I X HITE T F) ety B 10 B K Fo VR4 iR S B AN R B 754

x31 SELEHEMEBNRELTE

Table 3.1 Depth distribution table of benchmark neural networks

% 2 %5 | LeNet Caffe_cifarl0_quick Alexnet VGG-16

CNNYEE | 11 14 20 38
SNNIFE | 9 11 14 24

EFRINFRIVETR T M EEECNNESNNE LRI E L. TN, b
ECNNRZIRFE I IN, B0 J5 FISNNIR FE W AB R 0. (B R SNNH IR B BE 1%
TFRBLHIICNN, £EISNNELEH RS MK RCNNIEE RSB43,
BCAFHSNNTHEER. B4, BRINEIERMEREMENIEERET
MIBPBSITERE, BEABRT¥ANMENEHX T, EMERERERIFELS
BE L. ETROFTERINERXEREHASEERE, MEE. ek
fa VR4 K U Bk 4 22 AR B AT AT 4 |
342 FEEXTH

A FTE I LIRS EEEE FNSIOREEERENAER3 2R, 1
Rt A B —— HEATHE B R AT A |

CNN vs CNN-adjust. A {#FHCNN-adjust R R RITCNNM T S 5
HUI R WS4, ENDSNNE AL BT R4, TICNN B SEFRkg B AT B
HEGEENETRAUR. X RN SR 5 —F) 5 %7 &1, CNN-
adjust# EL FCNNARS 2 RN, B/NAR0.01%, BOKTAT LLARI2.42%. H
rh B KOS R R R AT MR B S I VGG-16M4 L, X B BExT T ESEBIE HICNN,
CERIMR BN SRR ER AT G R ST, (ERSE R IREIDMTEE A .
S5t R 4 O T 7 T B A AR RO RTIR T, ONNB T L& 3534 T AR
TE AR E AL T — 1, HEEF KR RBBUTE TR T4
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%% 3.2 CNNFIDSNNZRZFELBELERE

Table 3.2 Accuracy results table of CNN and DSNN series

g P& 4 FR CNN CNN-adjust SNN-pre DSNN DSNN-fold
MNIST LeNet 99.05  99.04 99.04  98.94 99.02
Cifarl0 | cafle-cifarlO-quick | 75.00  74.04 740 7340 73.56
ImageNet | Alexnet(topl) | 57.26 5597 518 54.94 55.55
Alexnet(top3) | 80.2 79.09 76.2  77.25 78.76
VGG-16(topl) | 71.50  69.13 49.61 6571 68.10
VGG-16(10p5) | 90.10 . 89.23 81.63  87.14 88.39

DSNN vs CNN. H TCNNEISNNAYEAEEMEEF AR HRN, B
DSNN #2415 21| 14 Bk i 14 42 R 45 #% B 7ECNN-adjustZ: Al _E X & H IS B R 1K .
FEEREIRERINR, BEBRERNO.6TFHY KE3.42%, HIRRET s
MEREEEETR L. BTHRAMENEE— B2 KREKFERER, T
B ik S RIR R AT BEA BE A M. BRI ER T, XMEBER
NESSTHBETIRER BN SEIHETHENTER. IHRALSHES
BEEMEMAE. 55, BTHENHEEELSESERNEMmE L,

VR B Rk R 2 T 2% (R B T R BB KB NHR B 1

DSNN-fold vs DSNN. FIDSNNAfE:, DSNN-fold {5 75 SNN Y # h4 fF 15 |
T4RFF. SCNN-adjusthd L AT 41, SNN-fold4% B2 45 2k 45/ 5 7 0.02%~1.03%.
5DSNNAEE, DSNN-fold#&E#EF+ 7 0.18%~2.39%. A ., f#H 7 DSNN-foldZ.
JG, BKrb AR R RS EEAS B B E R . X2 R N IBDSNNTT Rt 5 Bk %
8, 2 HBLXE DUTIU A IE GBS B B L, T R A 5 A v SO SE R A 4
F7 a0 R B IYE ZIAE e, X &R ZBRINEE S RO EN, thatm
BEESHEIMBEE T EMERE . TEDSNN-folddr, XEA7 8 1T A FH M el
BrERE S, MSLATHEE RS A S HIUE AR EENLAS B BT 9. S
JE 45 RAE W] T DSNN-fold B8 A B R FIAS Bk i 8 4%, 3% LUTE b 1 4tb 58 AR
AT

DSNN-fold vs DSNN-direct-fold. It 4k 13 F DSNN-direct-fold 7 X fik v 4o
ZMEERBITHEBTENITE, BN BIRS WEBEER S REN
BRtE. 372U T A ARENTEREESERNSTENEE. aET
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W, BEMNENEREEERILT HEMBEIK, EIENSEEMENE IR
ERERIEE] T 2.52%~14.41%. XS5AF AR TRELZ —BH. SHKAHLMEE
HEEMINERFS, 2R RMEMETIIKKBIEFHEER T, BR
W R R T AL S SR AR A T AR S TR e
TEBHTRAAHI, FAIEH BT Bk 2 W48 12 A 35 IR 18] & 158
NRAEE, REHIBMANEZLFEEMR. 57345, DSNN-direct-fold 344
FEREFERMER S, BESHE SRR CHEERERETE. Fi,
DSNN-fold# bt T H #4128 it E T = A B ER S .

~e~DSNN-direct-fold -~+~DSNN-fold

[y

FREE(%)
st 12 L o LN EN - JOOND

DODODEDDEDOOD

W 2%

3.7 DSNN-fold FIDSNN-direct-fold4& & 3t EL

- Figure 3.7 Accuracy comparison between DSNN-fold and DSNN-direct-fold

DSNNs vs SNN-pre/CNN. 5 /5 A8 7 2 4 5 T DSNNFIDSNN-fold#H Ht
TET AN LIEAISNNACNNARE R, thibf#F SNN-pre SRERZERAZ BTH
SNN T8, ZRmAE3.8FT/R. TS CNN. iTEMF A SNN. LA EZDSNNZ 7|
MFEE NS NEIRR LIREZEA R, NTES. BRIUENEEE
FEEE RS LFFHEEM. SNN-prefJ BB E N REE, REETFTZH SNN
MRAERREENNE L, ERMENE LHFRFEARZ, BIEOTTRE
55 FCNN. ZAC# HAIDSNNATDSNN-fold#E X T 2 B I SNNTEFE B & [ 4% B 48
F, CERERIEETCNNFIKF. FlanfEImageNettE 4 £, 8 AR 72 HSNNF
UFHE 45 R 2 51.8%(top1)FI81.63%(top3) 1001431, KA AR FSHEE R K2
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F76.76%. #LLTFCNN, DSNN-foldJ& % B R KITHIE T2%LLN, FILUAKRE
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Figure 3.8 Comparison of DSNN and DSNN-fold with previous work on accuracy

343 KBEBSHS RN

AN I EALE A RS HNE . FIR IS HEAT T IR, [RIAS 3 )
EX— KBS AR BT PP .

3.4.3.1 YRS RIS IEY

BISCTRE], BMARIDAR H%‘*U#J@lEﬁﬁlﬂ%ﬂﬁ%%”ﬂDSNNﬂﬁ*ﬁg, ¥/ Ngs)
157 S2 0 HUE U B 0 I 3 SRR

WEALFE R T Y953 73 A S AR FR 73 A 9 55 B A 4 5D 07 SUIEAT T S . FIRTA
TS, A4 BB B S 11 9500ms, 8 Rk 5 39 100HZ, [
XA RFIFT & BRI A T D FZ WA X R A miS 7 AR BN S %
REEEFMBEER, WE3IFR. A {EFHDSNN-uniform3R 7~ 5] 45 4 4
MrgE R, f# FHDSNN-poissonFR/RTHA D A A R WA RI, PiFITR
FEDSNN_ LR IEIR, HMAMEZRABIE1%. BT EE0R 00 05 K
MM E EFE, FUEX FFHE ™ ERB 7 T I AERRE S
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AGGED, 505 B N SR AT LS R ST A A B (R A SR A
B T L R 2 T SRR, TR L 0 3 R S 7 (A
BBV IR S A S B BT . A 936 F X DSNN-fold i /7 b 4 77
R LHTTS, B 9DSNN-fold W45 AL, SEERR A 25, A B
A P B I B S B TR TR P B

& DSNN-uniform & DSNN-poisson

B (%)

2

3.9 BB AR R MRIXTEL

Figure 3.9 Comparison of the impact of encoding methods on accuracy

3.4.3.2 AR PE
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Figure 3.10 Comparison of the impact of readout methods on accuracy
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Figure 3.11 Comparison of accuracy affected by the magnitude of threshold changes
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3% 4.1 CNNEDSNNIZE Fis&

Table 4.1 Operation cost table of CNN and DSNN

Dataset CNNpute CNNaga DSNNuyi DSNNga  “ppreisd
LeNet [MNIST] 2239K 2235K 0K 2M 4.9%
AlexNet [ImageNet] 357T™M 357TM OM 3998M 5.6x
VGG-16 [ImageNet} | 14765M  14757TM OM 150603M 5.Ix

% 4.2 CNNSDSNNFiZE sk

Table 4.2 Operation cost table of CNN and DSNNF

Dataset CNNuuai CNNuga  DSNNFuue DSNNFaqq  2Eigeie
LeNet [MNIST] | 2239K  2235K 0K 19M 4.2%
AlexNet [ImageNet] | 357M  357M oM 3641M 5.1
VGG-16 [ImageNet] | 14765M  14757M OM 129852M 4.4x
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L
st To (a4 RO 250, AR TR E ML TE S KR — Rk

E I 5 % AR R O & TT kP A (AL D9r;, RI1RHE & RS A K R Bk 2

FERMEERIZIT,, B804 e & o s ar DU A 2 T4 4k 3tA -

V() =V(ty) - exp(-

). L (4.3)

Ty —1;
P(Ty) = ) wi- exp(~——

). (44

AR Z A RAF LRI, SEbR0 0 2 TERT S Ak 90 28 7 10 ¥ 67 k5 9
T2 TR MR EAR . X5 %R B2 AU AOM A E M6 R — 5. 78
KEFR 2B, SARTARE T 2550 A BRI TS A 28 Bkosh i 20 1 400 77 7k«
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EF ERAH, AFAIRE 52 AR 0 AN (Reverse Cod-
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Figure 4.1 Forward propagation mechanism with a ticking neuron
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Figure 4.2 Potential curve of TDSNN neurons
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Figure 4.3 Complete interaction diagram with ticking neurons
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6+p.ﬁﬂ_%)za .. (4.5)

To -
Whick - exp(— i3
=0

Ho LR 5 Mt iemE o - IRE £, WA NEIT AR AT IS8T A
e

(=P) - (1 —exp(=1/L)) + wyax
wiex — 0+ (1 —exp(-1/L))

HET U, S EAE gD 9 ik R 1] 1 8 BUAT (x) . & FE B XTCNNL AL 1 15

71(1 = |.L ' ll](

). ... (4.6)
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M TURK B T AT (A) . I R ES RS ZUAT, BB AL, FE40 /5 FISNN#Z T
FEMHN B RRE R BALT LARR

— P = exp(
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1), @47

BT LA ICNNF R VAT L ESNA, HAEEBITRA46TTIER
fi# HCNNRY B AISNN R AR LA PZ (BB B o BL AL AT 5055 i Bhisid B 41

SRAR LA 7]
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G(x) = exp( 2

) ... (4.8)
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HHMABIL AT G(A). XEEAECNNR H HH AISNN BRIz [ @S T F
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A4 RN A H4.67]15.
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BT, AHREHER T RSN ARG RECH.

)1 ... (4.10)
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Tif - N ;
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L7l In(x +1 0,
GS(x) = ep(r - [L- I+ D) x> ... (4.16)
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TS(x) = ReluN(Ty, [L - In(x + 1)7) ... (4:18)
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Wrick
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.. (4.23)

[ wi _ expTa/L) - (exp((Ty — 1)/L) = 1)

L < 1/In(N)&N 2 3 L (424)
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Figure 4.5 Network calculation process in TDSNN algorithm
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Table 4.3 TDSNN algorithm accuracy comparison table

Network [Dataset] | CNNerr. (%) Previous SNN err. (%) DSNNserr. (%) TDSNN err. (%)

LeNet [MNIST] 0.84 0.41 048 0.98 0.92
AlexNet [ImageNet] | 42.84/19.67 48.20/23.80114+) 44.45/21.24 43.30/20.17
VGG-16 [ImageNet] | 30.82/10.72 50.39/18.374100 31.90/11.61 29.13/9.89
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Table 4.4 Operation cost table of CNN and TDSNN

Network {Dataset] | CNNopusy  CNNaga TDSNNyu TDSNNaaa  FHsaitis  rosaii roemie
LeNet [MNIST] | 2239K  2235K 1920K 3194K 1.17x 0.70x 0.88x
AlexNet [ImageNet] | 357M  357M 39M 377M 9.15% 0.95% 1.72x
VGG-16 [ImageNet] | 14765M  14757M  1496M 15505M 9.87x 0.95x 1.74x
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Figure 4.6 Relationship between network accuracy and leakage constant

TRFFT AL, ARSI IS S WL MEREE M, & RnE4.65
o AR, BEESHLNEEMNOSHEKIS, LeNetieib/FHIMBHERE R KL
THESARL, 7£98.47%H199.08% L 1A B« 6 B /N X 48 Xt 2 1 URR BE 475 2K
RIR, ZEABUNERASIIREE A R . (HRE R ML AlexNetHIVGG-
169, MEEWAHEEN. EL < INEECEHIHERNBEINE, HEEiH
REHE1%. BERKCDEH T ATEZNEE, WHLART LIERHE N,
LEU 352 (A BB A B DAARIESCIe RS R S .

BEAEBE INSEI6 A FLLE 252 (B XA X (B 9 BUE R B 1, BEEFHMNE
W, ERmME4TFTR. HTCNNITFHRIEEANZR, HAFERH SNN fiEH
E5 CNN ZEHENHANRZRAREIX -2, FRATBSNN Opsi%/TSNNEﬁ
BHE, CNN OpsRARCNNHEZEHE, 77 Algitnik. REMEHELE=
BN, TRENAlenetASEERE, RITKMBEELIER, SETHELN

71



RIRRE b 0 42 RO 2% 1 F5 A0 SR AR 4 SE SRR 920

~e=Add ==~Mult ~-Total

SNN Ops/CN

4.7 AlexNet CEHE SR EH X RE

Figure 4.7 Relationship between compute cost and leakage constant in AlexNet

HBIBTEZ S IE K. AR BIVE 1222 8], i m EL I 75 7£0.035]0.18 2
B, WEME—RLEEEEL04E062 8. BANBZEEBEBEIERK
[f]48.4%F41.7%2 18] HAT4.187] &1, BEELAIIEIN, H ARt 8] A05E Bl
YR, WPBEZERE K. ERMBRNEET, AL, BaBANMLRIE
EEWRASREZLT .

SRR, THVEEALLRSFENEE AT, REENIRELSEEEN 4
ELRF AR 0 R FR 21 - 1) 4ELERRY KPS R BRI A B EZE MM S5 1,
T K Z BCNNIE 2 P 166 @ S IPR & e8HE, 78R U5 77 T 4 PR
T75%. ET MR T, NTRFRS KT, LIEIXE13]52 A
{HEITT,

Zrl, TDSNNEEPSHXIHEENITHIEIEE T 200w, [Fs
HOROHE o] AR B T AR

44 NG

A EAEDSNNR S B IR R EE R b, WFF R L T IR R IL I SNNFF7E B B



F4E ETHEREHEEFHINL

FEZETF BB, BT, AR T3 T 0 455D 0 Bk i 2 4K 544k
ik, SRR MK L, 15 R R AICNNES B AR RKE 1 s m
T, T LLSEIE D A40% HE E B AR TS %M 2 T AT . %R
KA TDSNNE AR W IR 85 191 42 P 48 I 23 A9 78 77

73



R AR Rk v 420 22 [ 48 B S5 AL B0 RE 1 SEUB R

74



H5E (LTI ISR

E5E R HMENEINERF LT

TDSNNH AL EIE I SLEL T B R A M E B Pk 2 Mg L, 47T
WEZEEARSERRNER, SEBLT KRNI FANEE T HEEE. Kb,
T RIS E T IR AR IR R L T T . MEsEIT
BRI RS BE TR R Tt BB RIS BT 41 AU AR 2 M 28 I 2% 2 A SR A5 AR R Y 17 L
A ERORTFTAS FE 0 A I TDSNNEVE RIS, BT BRI M &3S .

AREMHRATRIWF:  5.175%F TDSNN HyE#HT T 404, $REUE LA o
RefE, FEAIT T AR RO SRS T AU B RS 5279 L Cambricon 32
MIREH BT BN IESR BN SR, it T 2 MEERTHRIT TR
SEEREZETR. S3IWWRTRRSER T RILEER, 20677 £4868
MEARSHEGREE; S4KWWE T SRR RROEAR . ThRE. BERE. INELLSE
WHSH, NMHEREMINESRIT TR, SSTEEAEMAMNLG.

A ST X TDSNNEEHEIT 2047, SREZ VAT R B KiE Bl i R s
P, AR E X AR AT INE AR B BB R i

5.1.1 EBESW

A& RFECNNIERSNNA, P4 0T HA M B KR SRR R 403k
BZ. RIE TDSNN ByEkMiR T 5, WFERE. 2ERENXHEETEE
FEEE LR AF AT E B, — N RIMEIB R, B— R MM E TEiE
WER. IRAEEIETA, MG BT E ARSI TT I B EP 2 A
RS IBOHIR, T TR S 2 LB B, 25 AN 2 TT IR i [8] 9
THEIH 2 A RS 200K .«

Ta N :
: ) t-T; .

Pj=zzw,-j-exp( - LY. Spike(i,?) (5.0
=0 i=0

t-=T
L

T
;= mTi“{P.i + Z Wrict * €XP( ) = 6} ... (5.2)

=0

75



RIEVERR 38 8 2R B AL B AN (SR AL

HrpiSpike (i, 1) FRAEMS Z BN E TOH A R, R EE N 1FRRTE
FERKT, ROFRTCH . BIMRRELTTAIRIE, 7RSSR TI0. "Ll
K, MRS EHENTRET, Ko e R A 16F e, FHLARR
MEERHE L.

TDSNNEUEHEEE 5 LW ERIE T3 A T BT T BRESKL.

TERRBNETHERY A b, SEALS BT T SNN A ONN BB 0 - i B % By Ty
ZFo XTHAN SNN B4, £2% TRUE NORTHEM Ll a LRI, KHiE
F P 22 1) 2% 1) B0 2B PR R K Bk TH SRR B, R 0 2 ) e 42 T 38 0 Pk e
BB EE . W RGP PR RLE, A5 1 SNN 4 75 3 hn Ao s B
KB IVNERD, X EWEIAG N T MR AT B S ., BT
TEPF BT 2 W SO M RAMT B I T, ST F BN R E, #
LSR5 38 8977 B SRR B T 2 R, A BT 7 kv B 18] 25 B2+ T
A B TSR TIEE LUK, B ZAMERSE 56 S5 a0 % e
2 UL 5 HARTE R B R, AL AU M B 4 R AT LU S B 932 B R
TRz s. HIk EEESNNEE A 5 EF TDSNNS % BIR T 4T, B R3EF
EARER LY e

MABORRTE ARSI MERETRIE  DEREE

l EENEHN2EER l
LUT EE LUT&CMP

5.1 TDSNNEZ 2Dt ERREE

Figure 5.1 The deployment of the core computing layer of the TDSNN algorithm

XS FONNEERE, WIS 1R, WML, SOERE N T e

76



F5E RITHIHERME RS Bt

fkmra Mg —RIzEN TR, RMEZEIETUENTEFNES,
HABMANBEBEAFRZIEERI6ILF 2 TTEIE, 24 b4 I kv i[5 B0E .
ik e B 1) B4 vk S R H R MR L TTAUE G R, R 7R B 5 5 Bk v B ) B
2 TTHENEN, HE—FESITET X —FH 0] LLET A X535 LH .
B2%h FIEEEERDERREFBNIBEY R ERR BRI, ZEIK
MR A4 A, RURAG () L EIHE TSR RF IR . Bl
JEAER 16 T 16 AP K/ANHIRIUFE S R, IR A{exp(t/L) - 1,1 €
[0,15]}. 7EMEFIR HiEE T BRI REFENH 2T ML THE, ©F
FMAE TN ERENBEA TR USSR EFNERERZEERENITE
To RNTEUEANMERFEARHETHIREEAE —NEN, BHMETH
WHEEZELREYT () B AR EEE, Z2EAR54. X—PRIELE R
iz EH AT LIRIF M E . RFEEEHBEANERD, BB EESERERIM
P 4F B BT SR A0 L AR AP IS (Bl AR BB B BIG ()R FTOFE T R
BCNN M £ 1 1 B0E R B IE R, M KPR EERE B SERA T — BB
ABKp e [ 53E, X EESENEE R ZRERE DT R 5E .
exp(1 - ReluN(Ty, [L-In(x + 1)T)) x>0,

G(x) = ... (5.3)
1 x<0.

T(x) = ReluN(Ty, [L-In(x + 1)]) ... (5.4

ST 4 AR R i AL 2, TDSNNEE: 52 o B 2 o 45
BRI HAL R T T VRO T BT . %7 T B 5 75 Mo o0 22 P 44 42 T o
FRIEMAERE, BT RAEIE SNN T F10ME . (8T R 2w
U BB (R, SRR — AL B T BB I I B 1 . MBS R T
EfE, #FRTLAER ONN BB AL, BAME AL I AL RS H. T
TDSNN H ik b Z ] LEAEILA 19 CNN B e, anEs.20 7R,
EMCE S AL OB M AL BB AERS , AT AL Ve R IO, S Bkt
R B 5 00, o 2 T2 SR B LI 38 B0 I A0 R B KA B B (B — M
{6 007 2R LB B B SR M R R T M E ., T
i1 51 A FE B 18] B B 7E 0 4 SR B, (LR SO A
SR B R A7 A B R

77



TR Rk 102 R 2% RO AL SLE AN RS (R SE TR A

EEHPOOL
EE

5.2 TDSNN;t L ZHYERE

Figure 5.2 The deployment of the pool layer of the TDSNN algorithm

5.1.2 NIRRT

ET FREESMER ST, TDSNNEZE AT UEEHE R SNN
CNN 1+ £. E#EERE AT LUF FRARAL 52 949 22 TO BT [R147 6 77 s PR (R PR U5 72 A0
FRETTHH, ERCEMNEMFEHEATARE X FRESEMIITHHRET, Bt
TEARGF R ZEEERBIREETT . HRAZHOMREE TS &5,
ERREMESRIEFATIRT. A ARE R REESESENmESizE
85, BABEMTOHEMEHETR, U E R IFRM0E % mEs.

EIBEAM ARG ORESETBE R, HANER T Cambricon! 4142
HIMES S H MR, MES3FR, FEFLUTER. B4 Cambricon
SR H % T 23 CNN TR E& 8%, B EAPITESHE&T
%, TTDSNNEER Y AT E IS, RAHALTE WHELSERTES
Bit. HAIRK TDSNN BiE B B R MR ARFBRI E4E s E b F B, B anfs i b A
“EAE, HMASEREER TXEERNINESIENSLEREE, B, &K
W B & T 2 it 7 R4 0DianNao, DaDianNao, Cambricon % & ff £ F-
F iz 5L Cambricon-X4, HAZOLIEH R ITSEI) LT R —80. FESit
HREFREPER &SR —, BT &84 CambriconZ2#4 £ PA5E AL
B H B ITAY BT RCR B PHE FI SR RO #E .

78



F5E 1&%%8‘]1‘%‘1 2 2% piR A% it

- Scalar Func
. Umt o

Veetor Func.
Unit

10 Interface

Matrix Func.
Unit

 SEre

5.3 &R CambriconfE 4 E

Figure 5.3 Overall Structure of Cambricon benchmark

Ak, R MRS MENEINELEE, METMAEER CLM T 16k
e SEEN, FHIERERAEREERL, MEICHESEER 454
X5 TR E SEHTCE R BB TREEREMNEFTFHEINE. FHEATR
WXTAE M T 16t SR TSN EASTE, HHLBERRHEERKDR
FEHITE T 190X M RIE RIS R . BREAS E S S EUTNEA T RTE
BN, AFAREAMOBREE SERRAT, 1604 SRR E LU R,
BEBEITEITEE.

52 BEBIITTKIT
AWNET ZHF H TDSNN BEERHE R T P NE R EEEE ST, L
KMHMNAZVEEEHHETZR.
521 BHEETSEEE

AW A RABEETTRITHSEEHE. — /1 ZCambriconZ2# TR
BHEHE BT, ZRIMRE TREEILE SMmASHE, TERTIHEMNEL
I RT B RGPS BT B . RIS T A 22 o AU E B8 &0 2 16060 8 5 8L
B, RS RN BT ik A 2 T EER R B . Z R
T EWmES 4FTR, M H 442 Scambricon-pe-v1l. Hi N\ I =% 4H A%,

79



JIRAE B e 42 10 £ B FE A0 BLVEADRE (R LI 7T

Bl 4% 45 £ Control Inst. K 3 [ 277 % HIVM Datafl 5k 5 48 1512 & 81 50 MM
Data=# /- i, H i Bl vt &4 R . 5418 015 F M A MM DatafivMm
Data$4i 52 O 07 B9 1) B RIERAE, RS RIELE RIENINEM BN TR E
M. BIFIEERpMEFERPIHRAIEEE R S Mk & RMmk, HEER
HREEMTFR. MRFEEREZTTER, WYHREFR T —HREEs -
izHE, BERZBII—AWMOMEEE. WRGEESEED, WM 170
SPESIE, VHHRME TR TRIEHESE. HikFEHTE 15 % MIER K
W fa, EEMOSMEFEEFHEESE, B RS ERETER6tisE
AERE . RAEEHEIRIRFELFWRASIENEA, TUSSEE
WARTA, DHFEARNSH S mER, BENEEERTETRE
e Y RE L

E Control Inst

MM Data |
(NI*16bit) |

.
N :
I\X = I ?w —

" || Adder \ Part Sum Reg I

| /
RN e e Convert ss=Qutput
[ S Tree [N (RT * 44bit) |/
i VM Data N
| (NI*16bi0) | '\)_( e

5.4 cambricon-pe-v1ZE{RLE[E]

Figure 5.4 Overall structure of cambricon-pe-v1

A ASEEA RN T H B TDSNNE LTS BB B IR A, W E5.5F7
o 2T SEAE RN S A0 A T AN R B A0 EE LA S 9 3R 4k K S EFTDSNNES
e BREHREINT F I Leaky Constant Table 8 T 17 165 7] B¢ By 1 £ 7T fik
PR TR X R AR 2 T B, RN T R STLUTR S RS R BE 1B 3&
PR o RE R E . BERM AT Z AT RIF— 8. 7E 32 0 N RUE 3R
Z Ja 1% B cambricon-pe-v I [F 1 7 Rt ATia 5, HE PO MEE R AW s5ate,
FEAES AT HH I, AN 75 S8 0 O M SN 38 43 R 485 B BE AL N 1647 8 A5 3
i 181d 243545 Leaky Constant Table FUEE 5 A4 BT HLEL, RIBEE
25 B R R 2 T B R AE N T BT TR X ], BT 5 A Bk b i T o

¥ RPN T REAFAEILR LT RAUEE AT E, AR i
77 £t 4 HReuse-vl. MALLUEFRB R &ERERISENF, REEamyiog

80



F5E RITRFRE ML nE RS Rt

Control Inst
MM Data
| (NI*16bit) | > Na——
X
VM Data . L] Adder Part Sum Reg
(NI*4bit) o Tree (RT * 44bit)
LUT [\XJ"

f
| Leaky Constant Table
( 16*16bit)

> CMP pmsQutpuimsy-

5.5 cambricon-pe-v2E{FEHE .,

Figure 5.5 Overall structare of cambricon-pe-v2.

FHREREEE. SRS ERTREGEEEZE, RRREELMEN KT
RHP KRBT EANEE, FHAARRTFEPNER TR BRI
s

BORSEEE, RGN S TE TR E B b T L A AL
RAED, EERAEGHEMETHERAMEITHE, REERZEHESE
MR R EMAMETHIENEM . WES.6FUR, WA PEHE RT MM
HAHZ 0, PE W RT ME A SFFSHEAMEN R AR E LT as o me 2.
Fr EAE IS H-tree 58904 VS Memory I T HE T & 2|SAPE, £ PE
R B0 BT MS Memory FIBUE. PE W #1185 2% cambricon-pe-
V2T RFHIER. M TRMAMETHEERT N G, ZENEETH L
SRAM HEHRBI BN . 217 LA R DT R SR A M 4 e,
X DMA BN SMEHENBIER A b S H oo s FAUE SR F
H.

WEEERERENTE. EHREMNRESRE—MFEER (feature map) M
A SRR — 0 BUE, ERA R EEGN S HRERIEHE. Bl —%
STEREEEAS T REFEBRAN PE HEFRRERGENEER, A—/
PE ANEAFFRAER—MHERGNARKE S, WES 757K, VM Data
IR A A R R B 9 — B2 TE 3048, MM Data 95 R B 19—
FIBESIE, EZETRN RT AMEZEFEAX—FIRE, KHETE feature

81



DA Bk b 22 P2 B B A SRR RN 1 SR TR AT

el SN g —

5.6 cambricon-pe TR IEEZEEZEBHERE

Figure 5.6 Reused calculation of fully-connected layer under cambricon-pe

map WIEZN, METHIEVIHATHAE ORI T —MIEMARE DAY
TMIE. VR RT RIS ETRERZR T RTIR. JRUEER RTIRZEFF
WEHEUE, BILYIHIREBONKX x KY x CI/NIIR, EACIA% A feature maph
R HPUEVIH S RE, RT M S8 & 52 R

<48 X feature map 73 81—

_Loopl: /3R TR feature mapH)
BN

Loop0: B AR [} [eature
map ZRINIMEA

-«

RT
5.7 cambricon-pe NWEREERITEREE

Figure 5.7 Reused calculation of convolution layer under cambricon-pe



ESE RTINS IR R

2R LRIV IR A TT X FFAEME—, BIUZ TN PE A EHRAT LASER—
EHMETREM, % batch MEEZRTHEN BT LUERERR, FHitinfy)
AR R T SZPRRI RS R . (ERIZR TG SRR AR 7 R
o 25 R R R R EIR I
522 FEEEUKATT %

MZAETT IR AW 738 T A I TDSNNE L PR RZ F T 8 SR iz &
BIt. AT KINTDSNNEE T UAERE 1 LT DURIB# Bl RERI 88, +
BEDTREZE R KEERMNEETHREZ. FHZEE, EFAEE
R IZBIEFRPHEMENHITER . ZER THEEESRNHIIES, BN
B R B SR 5E T A TS S BRI, BT — AN S 2 e A B e B
BIUTEE - INZIMHL TEE. HEX T RMERMSEKY, BT hkedat
A7 E T SRAM W, KRG Ebriz & 8 oiRE Pl B e A4 al 3k s et 4 m
I Bh b T RIB 202 B 5w ATl B BIILES, MTRAER S R ERTHEE.
ERIX B, AR TE -MEERTHICRT RaL AT &
(discrete-spike-pe), HE{ELEMUNES.8F7R.

H

Control Inst

!
§
e |
g "E %
MM Data Adder Part Sum Reg R -
(NI*16bit) Tree (RT * 44bit) > j’ > CMP =Outpuip-
A

i,—k
VM Data Global Clock ! Leaky Constant Table
(NI*4bit) > CMP (4bit) § (16*16bit)
L3 3
: i i

5.8 discrete-spike-pe¥E{R 45 [E]

Figure 5.8 Overall structure of discrete-spike-pe

TEANE B8 T OBV SRR R A TR AT . 5 S MR N kb
FIAHEVM Data 14374 BET4D (Global Clock) RS IS~ 2315 b5 i fir 2
BB AGHERS (Mask), HERSEU(E SH0M R £ 30 6 BN AR R . (52
BB 09t U SRSHENA 0 A EE B0 e ot i AL B RO AL AR A R0, i SR
SEHER BT A (Part Sum Reg) #E M. BTEABNAE%EE, Part Sum

83



TARE R p e 42 P 48 B B A SRR AN (4 SR T

Reg WAF7E RT Wl (EGNEAHRLERAE %, FHETEEERES, 17 7EPart
Sum Reg P Iy R UTRIR IR H 4. HTENEEIES M AT S
—“Part Sum Regl 5, K7L 45 SRR At e vk R 28 1A SRk 28 B A
FERIRKHZE . RAEAGlobal ClockBIH /8] MOB15HEBESE, BH TSR
FEREEREH . RN, $UE 5L E Hleaky Constant Tablefi Eb i #1E
e rsE T Zl. ZAFET, SRNSEEENFERNEENERT
HT AKX FReuse-vI TR, JUAKIEM AR THETINETEERER
WAI6IK, FEHE HREFEEEHIGE. T RESE TR LS 2/ 1K
MR 2 NSRRI AR, (R R T EAEMNAE, £BBRKAREGE
HRFAITTERN T REAEREX . SAETEERGNRER L, %
VT MR SRS A —E MRS, EREEIGRNUTE X & ETRE
WE SRS T AL .
523 EEJKMPTE

FE RN 77 SR FEXS 1, T LA A 45— AN B [A) 25 o ) WAL 20 B T A5
TE B 5 0 H I 4 — oM B2 B0 b3 . X AR R T TDSNN AR 36k R R A 7E

A E A B, N FEERR R EEEAREEEEI6R, AW
Ui R NEERK AR, WES59FTR.

Leaky Constant Table

=~ Control Inst (16*16bit)
VM Data
(NI*4bit)
A4
m (RT*16) to NI X
D "N 2 Yy
MM Data | | . Part Sum Reg ' Adder
(NI*16bit) : (RT*16*28bit) ) P Tree L SMP *-O”‘pm’
® Ly
3 +
!

[& 5.9 continous-spike-peX2 {RZE 3 [E

Figure 5.9 Overall structure of continous-spike-pe

BN ZE S ITH R KOS BT MR IR . SR 2B p £ o A

84



B5E  RIFHEAPE M IR R R T

g, EFEH,MFEETEITNE R LFEE, B MRT* 161 #75Fgs
RAEFENINEEE. EFEIEINIMASEE, A3 E7RININBUE Bk 72
BhvE, BN REEE NSNS ST, BTN TREE
FHE16M BT Z B E A F e, HAUEC LY K3 T BEEk T 165 KN
ERREHESHCNEBER S ENERE, B RRTAN% H 53R
%m%ﬁ%méﬁ%%ﬂﬁﬁo%%%é%ﬁﬁ%ﬁ%@%ﬁﬁé%m%ﬁ%
HIEE, SERNSLeaky Constant tablerREIE M BRVEEZH, HEFELERBL
AR RINBR B R A RIS MR . AWM RSB B ELE Tk 7
ZWFHN, BIEEREX SERKAR ZIKEE . BEERE, ZTERES%EE
T ER R X AR IFEMINER BT FES T BN MR AT ERET.

Looph: EERT/NLR——

—Loop0:ER feature mapAINIA 55+ ERRE—E

”{% Loop2:
& FEART/NIRIBE T
B YR E EHE
ol

g

(=3

d

[/

5.10 continous-spike-pe RHIEINENEE B

Figure 5.10 Synapse reuse of convolution layers in continous-spike-pe

207 RGBT RBE R AE T AT S R AT RAGTTE . IS 212 M Reuse-v1 Y
WETE, WMAKNPEEIEMM Datahi 24 & T [F — My th s i, 2 R450n
EWE RN, MARE ENEEMEETHEHE. $XEUEABNIMUEE
P&, TERIEIKA N H AR ATE, 2R A R A 45 R A EF 17 28
. X —Z R EX T 1M RS M A RE 160 T getE, EARINE &
e EATE N T R E 16N 1AM IEN R TR H . T R 5IR

85



IR BRI 42 I 28 RO T BVE RN BE (F ST A

FEE, AMER T 16N ImEs B 16N 165 AR IniEst, 4N iy 28 A sk it
NN, ZMRI AT RENIM A SR T BN R S BEREE
FA ZH M E FARECART, 3 2RT%NI = ORf A& IR R IR 2%,
BN NP AFE R o BARETHES RATTEIRE R R A . BT, ARt
THHE M E T EReuse-v2, AL LLEFRE R 4351 Z 960 4 535 98 G 4A] i
WA TTEARBER AT,

Reuse-vIAEEEZ TE B

Reuse-vIf{EFHNIRF—

Reuse-v2AUEHNIRF
Loop0: L ANLRAUE

Reuse-v2 A EB#IEE T SRR IR 5 A EE

LoopO: R ikIF A T—

Loopl: EERT/NDR——

_Loopl:ﬂ]?ﬁ&ﬂ?"’l‘*ﬂﬁiﬁ, ___>
EETHERT/NDR

5.11 continous-spike-pe F £ EFIZENHETEH

Figure 5.11 Neuron reuse of fully-connected layers in continous-spike-pe
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Figure 5.18 Overall structure of cambricon-pe-v2
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Table 5.1 Hardware characteristics of benchmark designs

AT E | cambricon-pe-vl cambricon-pe-v2 Jut-pe-v2-cal-table

HR(um®) 2438.2625 2995.2634 1795.418

TiFE(mW) 1.6572 1.9357 1.6783
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Table 5.2 Hardware characteristics of designs for TDSNN

WiITHE discrete-spike-pe  continous-spike-pe  lut-pe-vl  lut-pe-v2  lut-pe-v3

THEE(mW) 0.9012 1.2880 1.4475 0.8337 0.6763
F%t+T-cambircon-pe-v1 -45.62% -22.28% -12.65% -49.69% -59.19%
#I%T F cambircon-pe-v2 -53.44% -33.46% -25.22% -56.93% -65.06%

i (um?) 842.0457 7234.0661 2905.8646 2559.0185 1886.3181
#3%7 F cambircon-pe-vi -63.47% +196.69% +19.18%  +4.95%  +22.64%
#8%F F cambircon-pe-v2 -71.89% +141.52% -2.98% -14.56% -37.02%

StFEERKF IR AR, EHRERT BN EE R ERT
BT RR . SRR ZE R AN, AAXTTF cambricon-pe-vl, %A EAITHFEFEIK T 22.38%
, (EREREIEMT 196.69%. H i KRR ETHIMIEEEEMTIER I
TSR BEEFEHFNEREELN. ERIEESZEUEAZNINIR T ES
REEGRIFENBELTIRAEN, UM TEHRERRKRNGR, £LRER
PR A EZHRIR T AR A—MEENTDSNNE LR E 7T K.

2 % 75 Flut-pe-v 1 AT cambricon-pe-v27E SHFEFI T AL _E 23 BIBRIK T 25.22%
A1 2.98%, B WL1ZT RIEX T 5% W R TDSNNE LB 77 RAFE Y B 1 Th#E
M, EREmMMRAHE LEE. BIATEBAIFERE(RES LK T continous-spike-
ped7 %, (HRHMNFUEAAER LR,

B = BB M ER T Klut-pe-v2Flut-pe-v3, FH5FFcambricon-pe-
VIRFIR T R BRI NFERREE, 2382 T49.69%F159.19%, FET)FEME
REEE T RIMNEEFAS L EET PRI E A THERAIIFEXT XA
BIULHMBWHATTBE. XEAEHTRPURBRREEZEKOARTR. £
AR Elut-pe-v2 BT ARAB XS RIEH0 74.95%, A LLAERIEFEIL. HEut-
pe-v3RI ARG INEE &, H3T22.64%. BAXHEMNHTRHERK, B
RERIFNFTREMRETERNTE LITEREERR, 2 ASEEE
fi4/NIFO1/4, R FHETERCZESRESZ NG REVLLEMMELL. 33
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Table 5.3 Hardware characteristics of designs after 2-base optimization

Wit A E power(mW) area(um?) INFEARXS FHRALET EIERAN TR
cambricon-pe-b2 1.3419 1289.7641 -19.03% -47.10%
discrete-spike-pe-b2 0.8065 804.7260 -10.51% -4.43%
continous-spike-pe-b2 0.99 4838.9580 -23.14% -33.11%
lut-pe-v1-b2 1.2733 1167.2050 -12.03% -59.83%

ERISC TR R0, 7EFRE T TDSNN Bk o iR & B EE E, T Llst
RTEFPHREDRECEERBMEERNE, EEERT ERMIZEMT
TRIESFWERMINFETERAEN. RESITRERTHEERECNERS
WERNBEFRITHZSH. TURI, AN ROBEGERMINERSE T
Pt TR THFEE AR MAL H B B R A R discrete-spike-pe T %, BEFEERE %
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XS FRIRINA S T E A Mlut-pe-v2Fllut-pe-v3. FIHLTE % F8 BT B Bk b
AREMABFERELENFT R, BEORHRATEFRRN TR R T
BT £ .
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Figure 5.22 The overall acceleration ratio of each design

5t F R Klut-pe-v2Hllut-pe-v3, BEYRWELMITHIFRL, XE2HT
HYPEFIPEAAE THEROFR. EVEERANT HERERFEE BUE
RIN, BIERERBEMETERTEENE. HFEEENEELSRWETHIE
AREEEF ST HEFAE R TURTRER, BiieS A nidR 2 AR
TSN RIE, E—ERE L SBUEE AR MR ERMAHN L. HER
LRI FEE PSRRI R, MR E BB IR . 7E R /N 48 LeNetH 1 Bt
K T 46.88%, B P4 HIE M\ LeNetF| AlexNet B BIVGG-16 1R HE K, gE
PR IBH AR, 45 221.54%M13.08%, HASHEREE =. —RHTHEM
ZMBHIE R, RHREREMZH, EREXMESHMGEKNEREZRE
HHHEIN, AT E 2R E B AR R R MRS K. ZRENIE
FIPI4E Bl inLeNet™, —Meature mapfE4E AN 7045 AN RIPEAI AN [FIPE A 35 58 2 1
SRR, EREEEERE. FL TR, BRE S S R
BT, XFMITREPERRREK.

101



RIS P FR R P 25 B AL B B 1 SRR AL

5.4.5 BEFEVEME

R AR B BT B T REEA MBS B R T SR IR,
SRAPARSR A R O G R TF0E R, AT E TR HEURIES, A0
7% B ifEcambricon-pe-vIFIREFE B H R Z AN T RNLE MG EREHFBERE
BUERS.239, Bl UK IEEUEBOR R T7 SR e IR,

BEWLE, BRI #MAREDRM AT RERE LNRIIEESH
RARRK, &6 E—/NEXHEBRKTFE, AR N RZTT REEREREERE L
MAFANRELE, RILZT7 R B AT E S ETDSNNEE.

® LeNet ® AlexNet uVGG-16

/ABEELL

5.23 £ MR RRIBEFELL

Figure 5.23 Energy consumption ratio of each design
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Figure 6.2 Hardware throughput comparison
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