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11 ER:58X

AT EEE (Artificial Inteligence , X485 Al), ZAR  FFR BT GEHFIT RAKERERIIELS.
% FARRMARFHI—IRIZERAR, ATEEIRREREXNALBLIZAMEN . N 1956 FIEHRSE
“ATER BMSER, EF N SHENRRERREF, AMI—BEEX—MgH T RERRIFRRIMR AR,
HE T BERERIER . MEMUBELTREIRPIIRER—F, ATERERHRKEFIF—MNIR, &
BREZHEEE, THEBRA. TLF, KEERE. BT ENEHN. HHEENIEA RMNEIRIE
ROERE, SRR T HENSHLHATEES W N Rk EGEEHE, A TSR RR
ANEFHILEMER .

=81, ATSBRERRRREAFT—RERRA, IMREEFHLLBZTWNSERE , CEET . /. 2.
B Xl PRFSPWLLIFNWES, SR RN A, TEEFRE. ~m. FRE
FHFRS W AIEREN . SHINEREARE. ATEEEATHR R G TR ORNG, KIERD
ZFHRRERNSIE,

PR E, ATEeEFWSUIRERRE, TIERE XIS, SEHIERIREIFEIL 2T EENRIE
DEBEA T ErE—AIRRM— TR AL, “BRT A, e RLEAEsEEEN. 75
HIABERGH, ERAATEREREARFEEARNERREE.
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s5Ehm HEER

EaeEt
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EHEEEA
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MARISR, ERKRFEHEASHER
BIFET R ORIEZ AR R T RAVRH
e, BUSERIN Al S A SUHAITRR
MROHE, HEFR(AIEESH
BB ) R%EITIE.

AR

HitR: Al H
o
5 S

Bansne/
BREFEX

@%%

Ex 1-1 Al Pl EEAFNRARE

1.2 AE581

AXFEGFENSEAE : F 1 EAKE Al SRFUASEEXURBRBERRSHR. 5 2 B4&
RT AlSRRRAESR, NEMEERETHEFRHRFNT Al SRFIEHFEaRXRIFE. £3 &
NRIEJLEFR Al SRAEZRMN . BEHRIHRESFEZDSTRILRNL, &7 2SR ETERR
AARRER, LIRAMFLASREIMITIMESIZE Al A, 5 4 B CMOS T Z2AHER T EHEERRAY
KERT, &8 Al CRHEIRRIZREH:, 9 Al BRAIRAES . 3 5 S TEYEZR CMOS %
REM ERIRIHIILI Al SRZEEIHT. 5 6 EEBNEN Al BREXEZFHERAR, SEERFHE
BARBUHINET AR LM (NVM) RIF#ERBRER. £ 7 BEERITICHELZ. =4, BENE
=2 o EAIRLEAAR TIE, MLAUARMMNTFRITE. EMHREMEEHMRIANES . % 8 ENEHRERS
HERAMSRAIEER . RELINKERARHE, FomeREIRITIETINM. % 9 EXZTe At
FASEENHA AR B LERIAXER .. 5 10 ERE Al SRAIRE.

FEATERAHER, A—HEHESEREARMNIURSZ Al GRAUERICIFHRR ; 5—HES
LEIXS Al SRR RAGRANEER, BEEXATEINSMI T8 Al S RETEAIF i &
FYBSTHRIDK, @I Al S IPA R S ARBLAIRIE, BHEXSARRMXBEATRFH . BRIATE
BERARBINR R TAEMER, RREEREZAT B EERIPEL . BNEXFEIRREIREF—S
# “BERmLE” EX, ARmE0. MEFENREE, RFSHNEN, ) Al SR aSERE.
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Al & R RIKERISE

2.1 FEARBE
Bal, XF ABRNENFFRE—IRAINNGNE. EREZNEER, BEATERNABIIE

RESRILIARS Al B o BT, —SETERT RIS R ISMIEEINRSE=BEE, 2 AN
RS TEUS T EARY .. (ERTHERNSHEN  RESEMUSE AN ER B RIFER TS LB .
FEitE, FRMWFBRAESTEHYATEENBIFHIRIG X, BE 7 NESERL. S, B
BEFRERHETNER

AHFWH A TREESBRE=%X, —BEIREHMATIASHS S Al LARIBAT R, fla
GPU ; —EMIEMENR[FES (LHERWEWE ., REFS ) BECH, XBEER AlSRHRZSH9
i ; ZEREFEYME LIRSS ESR .

Al BARRZEER, REFETNA. EENE. ©H. TR, =M. ITZMRSERRER. E1ME
TIAREAZRE Al BIRRTE, NEIR 2-1 Fim. AlSR RS TR EEASE, B LEANBMEER
MEREHT, BTIRERE . TZMMEHRERER. —HE, NANEENRERRE, THEREFS.
BIRHEMEENS ALSRIZE T 2-3 MERAIMBEMMATER, 5IKTIESER Al RTINS, —75H,

KR R RASERIF PO 3



‘/g 2. Al i B B RIS

PBREIRSE: ARSI, BAFEN. ERER. PADT. YRERZ. BIRE . LEIEE. AR
Rz EaaaX: EmR ?:J Lc.s.:.ﬁ‘z EEIERE. AOURR). REIER. EEEEAE. SRS

WA ADHT. BEE. AVIE. IER. MRS

1% B, TANL. MEEA. T Bshk---

HEMEEERLEN: %EE‘Z%DM(MLP) BIURZMLE (CNN ). BEFRHEMNZE (RNN ). KIEAHEIZ (LSTM)
WIEE . BRIFAREERIZE (SNN ) -

REHEMERGLEN: AlexNet. ResNet. VGGNet. GoogleNet: . . X
MEEMBEEL: RAEEEL. IBES. BUFES . One-shot learning. WHFES . HEZERHL. BkhESEK
#iAT¥E (STDP) -+

HBEFIFEE: FEEN (SVM), KIS, M. RER . B/RejkiE. Adaboost. WordEmbedding------

EARASH: AL, IO, R, REEOM, WREEIMEE, ARSI
WSRO (SR, EIEE, IR
TR SR EE, TR, SARalE, BRKIEES, MDSP, GPU. FPGA -

oy CRRGREN: SH. W, SIMD. EHMSILH. FIREEN. B EREEE, SHERED. PEED.
e
FRTESE RIS (Tensorflow, caffe ) ik, HiEE. (FHEB. il (B, 25 ). BRI (WE)

BWEAIMEESE: HBM. DRAM. &% GDDR. LPDDR. STT-MRAM:
SR SerDes, YtEESEES

s s (AR m AT #4255 ): 12FE82
FERGTEEEME: EILTE, AFETE (in-memory computing )

R E7Fi#eE ( SShnpES) ) 27 SRAM. ReRAM. PCRAM £
- CMOS I%: T4 (16,7,5nm)
Iz CMOS ZE#r;: 2.5D IC/SIP. 3D-stack #A&. monolithic 3D &
FHETZ: 3D NAND, Flash Tunneling FETs. FEeFET. FinFET

> RIFARERIEED > EiCIRIRED Bz 2-1 Al SR EXRAREES

AR TE2MMRoiEARE, §190 3D HERT, TZEEFthH Al BHRET B e
RIDFERIRIATIE, X MENDRRTEMUARAISK . SAMS, XPEMHDEERET Al SHEARIEF
SRAYPRIEA R o

2.2 HBRitEEN
Al TTEEEARBESHE, RGOSR, 8iF:

1. BRI BEERIEMEIE, PR, BGREES, XEMEREBIRERTSIESE
WEAIER. Ft, FEEIEARG. UESRIEREFH, FRAXREHER)IGRE, BRAIIGT
AR BN REIE .

2. MIENIEEEFERANITEE, EXTEEEREERHEE, HERJINKELNE, mi=H
ENESEE . WTXEEE, AR TIHERARERERGMERENES

3. WEREIESHEXR, FEEANF ﬁ%&’?%, S, (RERYINTFEE], LINITESTAlfFE=RS
HEaFE AREEER . EAHIRSR, SEEREERMINGFITE
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2.3 VIR | 2.4 REURRMEREN

2.3 I SxFNHERR

Al RGu@EE S RIIE Training FOHERR Inference J372. fBBRER, I IERIEESBHESTES,
IRERLEEHINDTE ; MIERNIRZN2ISXTHEEE, FRXEEENTRFEES (ks 1R8I ),
SHEMEMS, IGIRERSEIS RN ERMESE, G (BTN ) RER/IMERIERE ; R
EUSEESHIER N SENEFFTHERNERTETRE ., 2R)IGIENERSXUNERZE, #
FEZEEFRENFTHE, SRFTERMEREE, ERMEmITENFRERESFANERKFEEFEEE
ENER.

gk - B, Tk, HEREIREEE, RACEEZINBERERE . S5)IIERRTR 4
AFFEERRKFRAINZERENESRE . 2R, |G ESENEEERNREOTEERE, FEZREN,
HESEEFRFES. XRFESTISENCHRMEER RANRTHITERED, ERESRIFIT R,
B Z TR RGREERAITERN . BIR, 4R, S5EB%)I%, LIEXENHE (&
K10 10" =15), BEit, EXNAFHE. BANENGESINGEERL ZNEREIEES. M, H
FillaFEEH (EN) MEA (X)) MERETRNSH (X&) EMTEESEXNHERSER. &F,
ERSHAVPIES N EREFHERGESHFERENBEAN (KRN TEL)I% ), XNT—LEFHEs Ak
I ERAAIPEEL o

HEBT - PRI, IEZEMEENFERETTE T4 ERTHTNNBGSSHSE, SEEMN
ZENRAISINR S, EIRHO . BSEE BEXREN oT &%, ERRINUREMBSHEUANTR
MTFZHNAFRGR, BE. 888, TEIEHNIFEREZNERER, MEEAEREMEIEREL
A LUMREAR BRSSP

BARBFIREBDVIEEF S 7 iREB A LALLMt o R R FNHERAYIE RS, (BB —Leils, thantg
38%3 (Reinforcement Learning ) FIEZ%> (On-line Learning ) M T2 SN SRR
ferh, JEih, FEARKRYAIRBHF, i (F3)) MEMTEESHE TR E—REN.

2.4 XR¥iEaEEED

AIEENEESERIEEHE. HESMENSZINMIBLEEKRE Al CHREE RIS
ZRR. M LECBNIILRE, ZERTERFENMREEIEHEE K, RFFRANTHBALIE
BENIESRIMERS, BFRBENEN ‘AFE . ALSRLIFRES2HIEREDR, FEASNFHENS
BXEFEREREIERE, S5 AR EEMRE . AT RMTERITNEHESZENEE, FAR
MTWREFERN A EHTIRE (1) ERFENLGIESTT. BINF EFESNSEHEREESIITE ST,
FEEHIRITERTHNGFEZBREIRRIMA ( BHEFINE ) KOS . (2) BEETTEEHRIEFEEE.
BEEEFERAES (ER ) TWitE . XMEEBERAERITE (Process—-in-Memory PIM) ki
HEITE (Near Data Computing NDC ),

EREERT R RASERIF PO 5



‘/g 2. Al B RO EIS T

2.5 HiERE

REEIRITE Al HRI— NS, XIS R PEMBRE .. XM—ENARR, FEREERLT
MINE T HRZIEERVER (tBAJEERYI1% ), EETREEFEMERSITERHE. [EHEEIER,
MNFEIGENMEWERFELES, FERRIURRARBE (FI THFIEE ) SELUARFUHANR, B
HET LR ERERFHIRERESEIEFE. BEUNHE L N XEEBENS I EENS NIRESRME, X
HFSHBTEERIREMEE, B2 Al TRIRITHUCAISERE .

2.6 EIgEED

AT ERESWENE LN BTG ESRAEFREIERIMNER, SREISHAAARAIE,
SHFEMNF . EXsSn=MNERRITREEN TN . $HMFER (BEEEEUFTROSMR ) M
AESHFEM AR, B2 ATHRITHI—MESEREN, BEEUERENN ASRITLIEEZSNAH
RESTF, HERTLIBIEHEE, ENHRI A BE. Z20F0ES .

2.7%4IR

FRIEFRN CPU F2HmET AN, AR EEERGTEENSR, Fei8ARNNSEEIE
SHBEMEIEIE NI LT Al TR ESRITHESRE, 1 NVIDA GPU @i CUDA TER1SKII.
HALGE, WEHORESHERSENRAESRIEETESESSEENER., ST EPSHENSEL
HEEBMETE Al G LR, BERSMARBINS, tilsEmEes. NEEEIDNSENSE. B
B, Al BEiRFFAIESRUN TensorFlow. Caffe #1 PyTorch &, £ Al KA AFERRR T EXEENE
o X3 AT R, ME—NERCRIRIE, B ABEFEI)IG, BERXEGEXIRBMRAL,
BiIESENFSINRE SRS S TE—IS, BRMIIESEBNFHEER,
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IRELBRELIN A NARIHIS R RS . B, $HERNAR “YIE” B2 k7, B

LUE AISRBIBER DR 4 MRIR, WER 3-1 Fim. B, Fibsg / RNREFLUENAERZE,

HRBRETZRBI . BLSUERIIBSIRERABSHTIIE, EMNEHERSRR, EIBEEUT=
IR . REMASMMARETEEFTEZEE—ENF IR, LSHFAELFINEE . HM/LPRIRER

BEBSMAIFRIAIR, BRItEEBH IR TIEE RS,

il

= | HPC/ &ty

[]d:3
SHEE
RREE
AI{R4E
I RREN
HEFERIER

oW

GPU/ASIC/FPGA

=l
{FRRATEE
AT {4
B R

KR R RASERIF PO

B 3-1 Al SR B R

o ZSHARKTRINLR
( M\ ADAS ZaJ iR )
o {ERTEE
o BN
o {RAEAK

ASIC/FPGA



S - :
W) o onsnn

3.1 =i Al HE

Er=im, @A GPU, 312 NVIDA &% GPU T &, #/ ZNBTREHZRME)IGMNEE, 5
CPU#ELL, BEHT MTEWZA GPU FJLASLI 10100 EHERE. HEHH Tesla V100 &7
GPU #&2Z4h, BEIHITREZIIRITTiKER ( Tensor Cores ), gei£iR(t 120 TFLOPS (&# 120
FIORZ SIS ) HOMEEED . R, NVIDA GPU BB ZENETF &IAE, ERF, NVIDA GPU
BERTENREFEINE, 2R ANIESISRERRZHFSE

HE = Al NA, RERQBDHASHRITEATHIUXEESHINE, HhHERR01F=E Google
TPU, oI RES. BiFENA, e AphaGo WEERE. BTFFERTTRA%M, TPU X
TEEEETEA CPU #1 GPU SRR (#NEIZ 3-2 Fiix ). 38— TPU (NEER T 1T, EXIBERIH
NVIDA GPU BER#HHIOREZ I MH, Google BBENXAMTE R TPU (TPU2), BRTH#
BTLAGh, IRRERIGIFIEGITHRIINE. Google RIMIABIS=ARSSIE TPU FFEA, 4IERESIEE] 180
TFLOP, 12t 64GB NE®ENF (HBM ), 2400GB/s A9/Fi#EH 2.

Perf/Watt Original & Revised TPU

B GPU/CPU ETPU/CPU M TPU/GPU M TPU/CPU I TPU/GPU

200
~200X incremental perf/W of Haswell CPU
150 ~70X incremental perf/W of K80 GPU
100
86
50
16 a1
2.1 E& 2.9
0
Total Performance/Watt Incremental Performance/Watt
(including host CPU) (no host CPU)

EZ 3-2 Google TPU & ( Hot Chips 2017 )

8 ERERERT R RASERIFH PO



32 BWEAIHE

Y =imAYIGFHERTT 1, WERELFISIATHEEEM .. Z/RS/MHEL Nervana™ #2227
ZHMEEE (NNP), ZERIIZEER LA 32GB HBM2. 1TB/s freasd 8Th/s ihIaiRERIHEZRMEEITE ,
#EIAF), 0 Graphcore. Cerebras. Wave Computing. ERLCK HIFAFEEHIIN T =F191751 .

ItE4h, FPGA fFERIGAMEMTEEMEN AP GE—FEZi. —75E, FPGA BJLATHFAMMEFHTRIEE
figit, #0 GPU LRI LABREEHERTAYZERIAIINFE . :3KAY Brainwave INEFAE XPU #2735, ELE
#ENIBERT, FPCGA ERELERYERIERE. 5—5H, FPGA ILURIFIISIISFABNEMERE, IS
EETBEHERTRISCIL . t—2 i, FPGA KR RIZRE Dt EE I LB B BRI SIS EF N A . BRD,
FPGA RIEZS &40 Xilinx. Intel &L TEIIERT Al RFEHI FPGA 84 ( ZRFESRIFETE ) IR
HIR ; FENERS /&, LD, HRREERFHEL T EINRIE FPGA SEAIESZEF Al KA.
—LHIBIRE), HINRERIRFBEFAT I FPGAR Al FATR,

3.2%AlHE

MEATSRENBESHER, MRH2 A NBAFRERRE EFRMBE. MTELNA, B
FEMERE (WFER, HEEFRFARR ), DRERST = EHATHERT. LN, BrhSiiRErTERirae
RERImTEM, SNAIREMNEIER, WaAERESEFR. Boal, ABEHIE NS ERG,
HAIRBIINRERZARImTTHN, SinrEivEiEERILEEMNEEER.

WERELR LBET —MRAIGEE, ENAmsEhAE/\]. eSS EaEMHEE—
RIBAOITEIR S, AR, NWEETRINFEFIMALIR LU —EERE . EARKRIES—ED
ATEENBHRF, BEREIBHTHEIITE, XMEBRAFLNRIHRESSEEEBAIERITE
ge. MBERINEMIERE T HAITERENFH AR EERMSTINRE M MESHERTAIER . B, WRFE
LI NRITAIAIG R, TR E EBRISE D E NI HRMZHIA TEENATS IR T I B IERERIER 25,
A RS T R TR Al SR B REXRIEELAIR .

BREFNEENNARAZANAEITERE, SFEFR. £H. 58, BARN=2ERNFIET
R B9 O ELHEE EERAT BN Al NBRERm. 35, BERSHEIATMINXDAEL, F9i8
SUHBRBRERMEANERS R, FELNEA. BRE, RERML. TRENE. ERNIPT &,
&f& ARM. Synopsys FRABHEAREFIL. BaeREk. TAN. TIWFMRSHIZEA . EaEEMAEUKL
B E TN EREFLEA IP @,

BB EARRKINE AlTENREENAZ—, MobileEye SOC #1 NVIDA Drive PX FRZUi2{H
ZMERHEREN T LIS BV SR B8, L ERESBIMLESL. Tk, BOtEALUR
BEERSENEAN, FPEXLHIEERSURERERCERIE, AMSERENNE, FAR2T
B B RIEREFRE.

EREERT R RASERIF PO 9



/Q e JE
- & Y 3 AmEERER

3.3 =MikAIECS
SRR, = AlQMEFERIFEE. LIEFEEH. AFRENTER, FEINERRENFRINGE ; 0%
IREHAY Al RMENEZSSEINFE . MNESE). KIR. AR EF DM,

BRIIBSREEST Al RAPEERES . EEENARNRAERWISGHENS, ARER
iy ( NBIRERELIE ) FDSIRFHITHER . BELSRFHINTMILER, MRESHITETE
RERBERERE LT, EETRSA)IGSEZINNEELZRE LT 5—T7H, =RIARE
BHRREIERDRSER, RERIUEEERANLRRSNImREEERTIEZSRNGRE, BISEA
SHESHESMMNEIRE (LN 56 iR ) &, IHEIERELUAMANE ., NXMREES, RRMBEK
IREASERZ A IRIMES AT RESHIBL — T EARY Al &ML, SIZERIMMEIGFET th2— M B1FR
ENCNYSICI
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\‘\"”7/ ./
Al & BB R YR

SEANFE—PDIRIRAEEN, BAFTEFEEERMNKE. RERIRAROIFEEFTRIKNFK
AIFENFENER FER. AlSRIEERRNSHRAAEIS . BERERTR, —HEAENAE
Al RIFRITER, BAIME Al 453 RREF IMEKRFTELSR (X—_ELXEANE ). FRAIEK
sNEREEFENMSHUAME AlIZERVEH, TEERIRIRARIER TSR —LRMTR, KEI25 -5
RS CMOS TZM=EHRM . EFANEEF AL HFRIRARIFAIRFKAIRFEEEZH, Kk
BRMEITIE— FXF N,

KR R RASERIF PO 11



‘/g 4. Al SRR A

418 - ERSHRI

(a) Al /T*icr;‘zss'”g o
Memory & STT-MRAM
Processor 9 N

_110%s & On-chip ReRAM/
; S oram 2 WM & STT-MRAM/

_1107s N PCRAM

Q /| Storage Class T~
_C Bus J 1075 (S [Py | & rcrsmameran
T Lo
(’)@’" NAND \e 3D-ReRAM
3D-NAND
Von Neumann “Bottleneck” o

(b) L CAPACITY 2

EE 4-1 (AISRFHE - EREE RN (b) AEERENE

SIRIEMIR 325 Al R IERERIBEAIR R —E TS MAVEEN A . AIER 41 PR, FE(ERIS - 1
FSRREE T, FUEMLIRRTIMIFIERIEE, AIBT 2 EESRIFHERE . T ADGHRSTHH, EF5-1E
FEAREN, RHZEENENEMRERESTH, BRTEEMHIFESIMEFEEREER, Siz8
BENRR—ERE, BT HEERRELER DEEHEFEIIENERE, BIENEERHEIES
HFEoFAE, BIEAMBRYE - EBFEE M7, & “AFEET B, RRIBENTTEIURREDA0MER.
BRIENNE ZRFASRERF (Cache ) ERAUFERAREEREENFEIREER

Vrassin AlexNet V‘IGGG Goog\,EIeNet Re;yet
Top-5 $&iZ% l 16.4 7.4 6.7 53
BREHE 5 13 57 53
NEEHE 2.3M 14.7M 6.0M 23.5M
MAC %2 666M 15.3G 1.43G 3.86G
SEEEHE 3 3 1 1
NEEHE 58.6M 124M 1™ 2M
MAC %2 58.6M 124M ™ 2M
PNEEHE 61M 138M 7M 25.5M
5 MAC #2 724M 15.5G 1.43G 3.9G

B3 4-2 ENHENBHERSE (source: [Vivienne17])

12 EERES A EAREHEREIFHHO



4.2 CMOS T Z Nz {Hhsn

M, AR EEFEINMIENESIES TR AT ZRIE NAINA . B 4-2 78T —LERRE
HEWENEESEH, Hb VCG16 MEFE 138M MUESH, —IXIEMTIEFE 15.5C XFERMizE.
XEMESS - BFRE I TR Al NAFRATE. AILIASKIER, KRBT Al 45al2niEes
ZWELIRMR B AV R E 2 AR NI S . BHERR, ERUERFRRX—EEAIER
BEET 1) BDDRFHEROSNE, tRMHRENEHIFETR (SHHE, MEBE, PEER ).
HEEFNLIZEREMHS ; 2) BMEHaEESR0R0, RENEFMRESIIEESTH ‘BE7, B2
BEAEFHEREPHITER.

4.2 CMOS I ZHs4ithzn

MSHTHENATLUARIER T B2 (10° FLOPS) FAMBIEE . IXLRFHEHRHEAIMTR £9F,
SRS, BERES, RERAZ, MRS ) hHEEEERE. AIFSHHE, HEREHRHEIR
HEMER. A\TEEE, HENBFINKEETEEMEEHN, BESHEIZX (10°) Z88801
HERER,

=R, WEXERFEMZE CMOS RIS, M CMOS TSRS RAILEEEET
ERRTRIGEN . T2 30 F, BE/RERRFHINN TXMIHEHLE . 2018 F, 10 PRI ZRIGHEEK
AUIEETF=, 7 9KFHIAEF", b KD RARARENEZSTH . A, BTFEMYERIERSIFZFER,
RSN E ERRGHREMEME [Theis16]. BRI, CMOS sSHRIEEIR IR, REERE
NNEFE, X=SHEZNERIRE, REIZRIGENIORR. Wi, XLEHKERAENESIHE
IFES, RESMEELR.

i i + Landauer 1988
1E-03 ™ « - -
: : rers KT(300)

1E-05 5 i A IBM
= 1E- o x  Intel
S 1807 & s : : o ITRS
20 1E-09 of ™ : :
5} 3, . .
S 1E-11 %%, | Rapid vreduction:
o0 .'g{ Slower v reduction
E 1E-13 N xlCIockfreq.’ plateaus
£ 1e15 > g ba
P 1E17 R %%

1E-19 1988 extrapolation —9

1E_21 ------------------------------------ A -

1940 1960 1980 2000 2020 2040
Year

BEIE 4-4 iZIEBMHS/NEIEEEEFE#ES ( Source: [Theis16])
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‘/g 4. Al iSRRI AR Bk

55b, EK (10T ). HREARNLEREFTET AENHIE, FiE. TRIGEXLHIRHTE

SRS . BRI DRAM BAREEEIARIR, DRAM MaEiIFiEeE B SIS T EBIT HER ARSI,
ENEEZ ) DRAM TR B EEL (TSV ) BHEERFMEREFR0 R L. BINEETEN 28T
EEEAIEIRE SRR . IEBAFERARNESIRZ NAND (877, T55i#HA9 3D NAND BEEZiX 64 E]
256 Gb WEE, FutF 2018 FFHATH. HF DRAM 1 NAND (RFE2IRz Fit&EizOn, fitE
OB TEIRSIRAOA ( BIERTEMABERE ) IFEX, MBI ERORBE R LR —
FZERE SRAM, HBEERIK. BIERAZR/NE SRAM BitiEFR 1 FHEXRGHERN—F, BREY
128 Sk LR E. B, HIBERENEHFLRREXEFH=EA LEFMEREAR, FREFA
R ETERR R ASRAYERE T 294 [Aly15].

I EZMGHNRGREE, BNOFEFHNEE. ANTUEF— I TLULLERE (BEREH)
=5, BEEBEEREE. HRKERDHNSHENINTERE, METMAMRIAIGEEHFELL R
CMOS SRR EER . b, RENAT LASMERIORBIFHFERENAYSRE , XX ERIHIKIZ AR RN,
EEARFRECISCL, BIEER T BT EEEENRRM MR E SRR . 5k,
A LA RIEERIEZ s R RIVE, EraLIEIEEEFHMAEEERE, ALIRRERITE
RREERI—LERIRS, BESCISEINEARINAE .

14 ERERERT R RASERIFH PO



5.1 RimilllSRFNHERT: KTF6E. StEsE. "I{hgE

ZRIEAID T mim) AT EART R, 22 ISFEMERIRERE . RMREFMTAMEER E
B—EMER, BeilEstiEseh (FiF ), aIREaY REDURINFENER EEAXEMRTER. B,
IR URAYIGFERTT AR RO FD R FOSOREURT, ERERESXILITER.

NVIDA B9 V100 GPU #1 Google 8#EPUES FAY Cloud TPU [Google], 2BEaI=mEAE Al T
ROFRAT . EREZITERINNIEEENAE, V100 XE 120TFLOPS, Cloud TPU MXZE] 180TFLOPS.,
BES—ENE, XMIEsE NIRRT JHNREZITRMRITHNEERTEM ., EEFENAFEED L,
V100 & 16 GB HBM2 7xfi#28, 23F 900 GB/s 9% ; ™ Cloud TPU BEEt: 55 16GB HBM 771i#gs,
X 600GB/s . B4, BlIIEEMSFRRIFS TSR ERED, V100 235 NVIDA A9 NvLink
HiEAR, LT ER 8 SHRIERS ; M Cloud TPU 3SR A e EiEEOMRKEEZED, IF
BiESERIHMEIETOEE . E% 5-1 2 Cloud TPU HIHAE, BFE 64 4 TPU2, #Ei8aH2eZ3IA9)I
ZBAESSIRM 11.5 PFLOPS HIZLIRARENTN 4 TB B9 HBM 7EfiEe . BT, XEaEERE A LR &S E R
48, BEBBIFARINAERK,

KR R RASERIF PO 15



‘/g 5. Al S E iRt

M NVIDA #1 Goolge RORITSEEFHATT AR L =i Al /S EZREEE, RARRRLMSRFIEE:

1. FERERR (FEMNTRE ) Mklis. —HHE, ATLHERSHIENER, FEEATENF
fEsR. »—HHE, REZEENDESNEZRRZNIFMR0RE, FLt, RKRk=in Al SR SBHKH
Zr R E7#iE=g (bbin Graphcore AR S H _ESLIAY 300MB A SRAM ) RIS HEAIFIH
Figeg (HBM2 FIH e ).

2. WMBEEEEEW T H1ZR (PetaFLOPS ), HXisRIBHENEE .. W=in Al SRR, B
FRISMIERE ST AT RESIA R PetaFLOPS HI7KF, SLMIX—BRM T 2ikE CMOS TZRIMHE, thEESE
ZRaR98IHT . ELRNTE Google 55— TPU &, {7 Ikani%%) ( Systolic Array ) 2243, mfE NVIDA B
V100GPU 1, & IEBINTkEZRAIBIEFZE . AT GPU T BAEANES, NVIDAZIIFET
A9 NVSwitch 5 F, AILAAZA GPU iRt HRaE. EHE&HmR DGX-2 Z4H, 16 1 V100
GPU EfEE—ie, 2 2PFPLOS RISMERES], mILASCIIANMEFREZ MERIFFIT)II4R. BRIEZGN, Tl
BEE—LLER “Rin” BOZEIEIT. tLINREREMIEAR, BIBEENRBESIR— ‘B ; Bl
FizE R TP ERLN BTN ESHREMEJEININGE, i, TE—RIEFRRBEZTH. 2R+
BRI E RN B IFERE D, MARRMERE T AR . RRMIZAT AR R,
IREZ (B =IRS ) MIFRCHE, RMEARETNERERNGIERE .. XMa B iR IEER
FIEY AR ESHEE £, tHIERREE SIS R TIERES, WEMNAFRRK, mig EUiEsE
ZHIRBRDBLA) IS .

3. LI IEXIHERTT KA FPGA FI ASIC. BEE Al RFBROER., IHEMITENE RaHkHE, —
VEFNEESAMER . HEIF)IZELL RS, FaiAEMER sEFNAE, RKREIREREA
BESBEIIHRIHERAY ASIC & H ( Google 95— TPU tEERTFAIEIF ), IRHFIFHIBEEERFH L
IIEERYEERT . 5598, FPGA TEX N A AT, NHEIRERY BrainWave Ztasial LAE Himls

16 ERERERT R RASERIFH PO



5.2 105 {EXEIERIRE

5.2 ih5igEE: HOMEMERRE

AL , NGRERINAFRIMDROIREESNMRS , T EANERIERES IRSDRIT .
WHAFTRNESME, BRIBSREEEZRNT “El". EXPTERF, AIDRREZNHEES “HEiT”
ME. Brl, HE ATH TR — N EREIREFENE—TOPs/W, XtIARSHACH =S
AR, FEISSCC2018 2 L, FHIN T BECKFRERUAE] 772 TOPs/W BIRAZHE [Bankman18].

ERSHEMNRMENERRAIPEENNSTET, FEERNENIHEERREMRITZIE.
ERATLUAXEREZEETRE, XA FEEEFRNFERNZE. B2, BRIFEEDRE
REHERTEMERIMEE, XE-LNAPRLEARZN. fAlt, ERzERTiitESEx 5T
KBE, teal [Lee18] A BItMAC BBESHFM 1 EEAFE] 16 LSRN ERE .

BRTFHMRBELIN, RAEREERET (MAC) NEERETUSS — LIRS IZES,
tranEd tRiEE RN (FFT ) Zigskm/ M EFEEHIIRE (2% [Viviennel7]) ; BRI LB ERAY
FoiEK B MAC RISEIS

MFEERBIELMRETT (ReLU ) EAMERHIIHENL, BMEEATHBERRES ; MEXTHEHERN
EHTHEIRIRIES, NEELLERENT ., EFXHIOBRMESE, —AEULUEREIAEELE,
tban [Parashar7] sp12HAI SCNN IMiEzE, 185 MAC FOERNER, S—HmEal ARIINEEGEERIE
BITESE (2% [Viviennel7] )o

B—NEENHSRREONEFHERNNE, XBRERD - EFES R0 PRENERSE. FIAX
HAORRIESE, BEMERLDEEMFERIES, B “EHETE" (IS, ttmEMNEEEmE
RS EFMERET . XTRIE, ELERETPAEICHEREERSRIMEUERD, Iimetets / itk
(ADC) UREIRRZAIRM . B— M EBRIEXMERRIEIRHITERME, LIS FEFEIIZEIA0EUE .
tean, SERIRESmENE, ETEGERSFEINIIENSEMBERE, BIEREEBEmRIETD
#hE, FHEWNLERNMENERITIARNIR. FE, BFRITE, RNSEEENFEFMERADIF
MITie.

IteAh, ERBRERN ALSRF, WALINAESMMEINFERIT S ERE— SR EEAINRE. tal, iR
EREPEREROEAZTHOME, 3 MAC BT3P ( Clock-gating ). i [Bert17] f2HAINZSHEE
BEMFFE, NWREEERTHRNSIFERERATEN TN TEITEENEE. BE, Bai—ZizES8
TRASRZRIT (RELHIRT) KRN, XBE—MEERRNEE.

ok, BRMZIONSREBFERSE—EN “FI7 88H, REBRIBKERIRFTEURER )%,
MACFIEFIRE , XBEXTDGREUAREND Al TURGHRE —LEHHIEK.

&E, ERSIREFH AIGHEER SoC a9 m, Al#DREIIMINGEN— 1T, MKREE
BT S BAYEG A INRERAIE RN ER . XFMERT, FENENRENAEZERAAMNL. FELL, &
ImRE Al SREEEMA—IREERS, TR0 Al IR CPU, GPU, ISP, DSP £HEXHNE
TARLAUARIER(ERTER o

EREERT R RASERIF PO 17



-/g 5. Al B HigiRiH

5.3 RHENTH

FEAHER, SR2AHITEINENEMEME, KGR Al 890 . XERIRHERIZN T LA
BEAY ALESS, FRRERI Al &L, WTERR AlES, EEFTERSMAREEN Al BFEGHE—IE.
EMERR—EEM A%, i EARMESHITERE (LM EFHRARE, BERRHES L B,
Al B SE— N BRI  BEISSERI SIS INEE , MBI MR ANTESR R, B “BREEER .

BRALIERRI CPU. GPU, BRZ#3 Al EEZNERIE. FHEEBETRIT, BT, iR, &
&R (ASIC) Ihees—, MLUSRRIEZSHM AIES ; MipHEIES (FPGA) RETLIBIE SR
EEWAHTEBRERES, EREMNHEFEIA, MEISHNARBESHENEIS. ULERTH
ERMELASEEL Al R BB ‘RS R T X4t

AIEMITTER AR RSN INeE T EE L, BEIERNREMINE BEMBENSME
BEFNMRINGE, B “REENTR” B0, BN T —EMBIREAR, BEXEME
FER&ITHHI Al S E (£S5 Thinker [Shouyi17, Shouyi18] ), AR =X+ EL0H , eSS ST ML |
DEERRZMEINLBI TR MEEZT Al Ei% ., Thinker S EI=1"EEAITEMEITERA, LW “&
HENTE”, RepeaFRILE]T 5.09TOPS/W :

1. HEEHIEN : Thinker BRI EMIIBRZS N FHTIHERTTEIETMNR . B MTERTAILIRES
ETHRENERNEFARMEITINEEM. Wi, EERAESH, i Al EZRNHERRERERTE,
It Thinker iS5 EFIRRF R IR 5 LIRS R IRF ARMEENR.

2. FESEEN : Thinker SRR EFETEEEMBRIRE Al EIXRIAREMETER . FHEREES
SREETENNEMARE, LIRSHIEEREITEHTE, B8 7T HESMEENR.

3. MIR(UEEN 1 16 LSRR EIABBERSHNBIMEETR, MT-LBEEERTEmR,
EE SRR CE RS . AT HE Al EIESHIEET R, Thinker AT ERITFSIR 16/8
EEAs ) ISR EEN . SR TIHERERA, KRR TIERcatSREMmiES .

AERHERAREALE “REENER” NEEKRAK, FEBESNAT AlTRIRITEH. RATE
MHERAZE, BHEXNEANMUNBRTINEX—EEH. SX0HEREE. EEMERFERI LN
NRHEMNATEN; . BRI ERAREHNESLNNSEENER, SRR, B AIGEGEER
TIRSHIRIEEMEREE.

Technology TSMC 65nm LP
Supply 0.67V~1.2V
Area 4.4mm*4.4mm
SRAM 348KB

Frequency 10~200MHz

Peak performance 409.6GOPS
Power 4AmW~447mW
Energy efficiency 1.6TOSP/W~5.09TOPS/W

B 5-2 iBHKE Thinker it/

18 EERES A EAREHEREIFHHO



6 | AlERPRIFEREA

Al EEBRFEZARAMS ERESHRREEMBAIRED, ER (10T ) REFAEIEL
BRXRERFEZRZ—. WRIFTA, 128 Al SHBIMEREMEERRIX B —ETHIELE . MEERRY
B - BRSEREEF, FENFESFTERASAZIEANE, SBERSKAGEEFIEEFHE. M
SRR RERNEEOFFTIUHER T Al SR ER8ET] . 1T, ERHFHEMKEIINE:SE (GPU.
FPGA I ASIC) BYIFRZE Al RiFEIFIERS ; FHI, EFERITERNSENETLIMED - mKSHh
MEBRMERRIBRLE ; &5, ETICHEK[ISETEZSIHTETLURIIAZRIIKRRK, 2 Al S HITHRR
R ERNREZ—.
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‘/g 6. Al i BRI RA

6.1 Al RiFBI1=1i%ES
Storage Capacity [Mb]
10000 Femme - 10000000
E 1SSCCVLSICir Emerging NVRAM NAND FlLash 1Tb
E ASSCC (2001-2017) FeRAM_ B sTT-MRAM 1000000 768Gb
% (1IS5CC'09) Secon By
eMRAM VNAND-SLC
g 1000 E RAM (1SsccC g) (ISS.CC1:) . 100000 {/SLSSCI 'IyeLcshl Circuits, ASSCC, IEDM,
= F  (ASSCC'06) ReRAM \
e iR sscety m e\‘e 10000
2 100 L I NAND-SLC (oeRaM
© F (ISSCL08) VNAND-TLC
c F NAND-MLC B i5sec6,17/18) 1000
S 17,
= EIS$CCT4) _ UNAND-TLC
M (155CC'15) 100
L 10l Bres B VNAND-QLC
c E (55CC0710) [ e
= F (] PRAM SGMONOS
= (ISSCC11) <NOR (ISSCC'15) 10
] - Flash g Wi tcoson  @lssccon W
100 1000 10000 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
(a) Read Bandwidth[MB/s] (b)

B 6-1 #¥AFH (a) #5280 (b) FHESE [ISSCC Trend]

EREFHTHIABEIENTR, ATERNAMELMEZSESHRE. KFHESENAEF. EX 61
BT T HRERFERATTENTENRERRK . FRIERMRIERABRT, &% NVM PrElf
ROREMEM SR, #ra9 NVM B TFEENBANHRAIEREKNEE, ATLTE AlSRIIFERAR PR

}Eiiigﬂ?ﬁ’ﬁﬁﬁ o
6.2 RiM=fiEzs
DRAM I NAND RFHTFESEZENBETEME R, BERBFESENRATENRIMF EE.

3D &£ ELBIER B NE I FERIE RS ERNERERE, BEoLliEd ERMEEREITRERRIFEE L
(TSV) &R, #HESNECHERRHIERITTIERTH . DRAM BIRERIEREIE HBM [Leeld] IS
Fi#EZEIAR (HMC) [Jeddeloh12]. E% 6-2 £/~ 7 NVIDA B9 GPU M5 HBM &I Al Rz
7 [NVIDA], ¥3F NAND iA%F, 3D NAND IEEFERANAR . &, =2B&F &S 96 E 3D NAND.

20 EEFRES R EATHERAFHHO



6.3 Ak (BRAR) =h#zs

(a) (b)

Stacked % Stacked
DRAM . . § DRAM

Monolilthic g

= GPU m
Stacked |= =| | [stacked
DRAM £ =||| DRAM

Package

Bz 6-2 (a) EEARHT (b) BFHEPONBNESSHEFMER (HBM) 89 NVIDA GPU #EE [NVIDA]

6.3 FEt (#RAEB!) 7=fi28

T REBIESIEFFERRELN, FES2ERMTERE, SRAM BARAJSiRAIA EiFfEss, Hit
RERNZ EAMT R m T CMOS FIR I 481 A, AR KIEHES TR Eet rMIIEZ K EF SR IR o
22881 NOR A ZABER £ NVM, (BRTEFEIEEEESAGEERA, RETREAIEE.

EEHIEIR | SRAM 'DRAM NAND NOR PCM STT-MRAM  ReRAM
BReE | & i3 5 ) iz s s
EHERT ~1ns ~5ns >100ps 10us~1ms 100~150ns  2~200ns 10~100ns
BEFERT ~1ns 20~80ns 5~200us ~50ns ~50ns 1.3~25ns 3~200ns
fmizE0 i i i i EIEs ZAN AZs
BREIRE TohR ! ToBR ! 10*-10° 10*-10° 108-10° ~10" 10°-10"
BRRY ~100F? ~TF? ~4F? ~10F? ~4F? ~12F? ~4-6F?

ElZ 6-3 HATEEHHFERIRIER
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K omssewmwt

6.4 FiRITFhERS

<A NVM BRAT LI B E 0 E R TR AN AR Al RIFEIFMERE . XMTrEliziEes, #xad
NVM BEJRERAE, sTLABEFHERAT (SCM) Kb LIENFIFEZEAEEZER] .
AULIBEEER, HEFMHER (PCM) fMAEFMEE (ReRAM ) 2 SCM BIEZRIEE . LLsh, BiE
HiEfEHFE=E (STT-MRAM ) BTFESMAMHSERERIAZ DRAM &R m. SIFERAUA,
EFHX NVM B R EFiEssth ol LURMELIE S NVM BEiFAIFEUREFEINGE, oJEIFEARAINET
TfF, XXTHEMIASZIRE LRI AlTSHSRIBEERS 1.
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l »/
f SN
S . /
\\ B\ Y / //‘
- s

-
" 4 7

7 | FFTEEAR

T ERARCERIREFRIAR, LUNESBRSIT ERATRE - B RSEREWR R,
FEFTERARBEERFHE. FRHE, URETHEEMESNATHERENERENE, 2
PABLZAAT CMOS 24 ERAT LR LA EEE, BB EEERRAE—SEZRSREAMN
REFTRRFREIE 2RIt .

1iERAFITHE

IR TEIZIERIRTNERTT (PU ) MEBTEFHESEMIE, B e(BEEafiE /M REIEER
SERIEIRFINRRELURIGIIS =S HIAS, EFESITE I LB S ERSEE T8RRI —
TLMSHEFFTITE. FONVM EERTFXMAGE, RATTLIEE CMOS EETR (back-
end-of-line BEOL ) 5iZ48234-5ER o

:5 . cpU |
. CPU PU ] - W o ‘

P . y T >
D vy : Memory , :
Memory | ! U Y | mE 71 (a) SH0D  EEERIH (b) i

FhERRITE [Chi16]
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‘g& 7. EREA

7.2 FRitE (In-memory Computing )

Less (or no) Intermediate Data 4 — - _
[intermediate Data  DNNProcessor pem =¥ -
P PN T -
m o nv- | [ nv- | | nv- 2 PE =
8| ot am | [am | [am g ES
2| Igll]al R \Z i O > [Pl (A [PA] 5 s
SEMEE 1S s g ,
=[][= % == | v | v | [ v g e
5 I am | [am | [am £
i b T
i SRR ™ (_Smare N/
Weight LA ==
- - - von  nvM
(a) (b) P+A: Pooling + activation (€) Neumann

Bx 7-2 AlSHEET (a) von Neumann (b) R7EHHEF (¢) Ihiktkis [Chen18]

= P\]ﬁ% ‘ﬁ%éfﬁﬁ’]}f_’y BRERRENBEESRTE, ZARREWEEREFERARITHENAS
HEEE . XPMTERRITERBZIER T FRITEERGZEIEEMHEMELIERIEES [Chen17 &
18] EXR7-2HETTETS - HREMNEAITEREN ASHFIOESE .. FBFERHTERRE, 11
FEFIREIRAJ LA EPE(R

7.3 BT BRI THE LS

BEF IR LM EFESBEIATHEMZITE RIS R 7 AIBMRARE [Yang13]. XL 4
IEEEFESR (FeRAM ), B ELEFERE (MRAM ), 1B 77M%22 (PCM ) FIEZ 77422 (RRAM)
Z, e BRFEEENINERENGFESES .. EEENRE, SIIEUEMRAEINEFERITE (Analog
In—memory Computing ) FIERIAR, SCHEIRFEIIACRIRITS SEIRANIE . IXLEEEH—RRERLAZIX
B5%1 (crossbar) AL, HEAN / HHESFEIMMITINT R. BE 7-3#2—1" RRAM X
XEFIRIGIF, EREFNERERABS . KXEYIIFE AN T aEFERFREL, XN FEHE
FANNBEEEENEY . FREFER 1024 BThIfETIdHTHITER)I%, BEAZRERIETAE
FEEREEREINEIM T KEAKR S 2., 5 Intel Z3R401EEE (FRAFIMZME) 8E, BREES M
WAYRESEHFE(R 1,000 5, MULXERERES CPU HELERBIE [Yaol7]. B4, E[Li18]F, EF
128 x 64 B9 ReRAM XX 45!, HHEEH 5-8 tAFHIBEHEIUE S EMEGRIEHER T LIETR
&SR CMOS BESIELL, BFRITETLRIFERNINFEIIESHNHITLIE, Mﬁ'ﬁ?‘mfﬁ@mﬁﬂéﬁl
IBEME (L8], BTFEHETHIVRSRTLAET AZEM, XXX FFXMEYISCRR L 7 — M2
H1E M4 [Prezioso15] [Hu18] K TESLHI,
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7.4 PR A

a b
W v, V, V; - V,

VI 7\ \G‘\ ' |BL, BL, BLs BL,
|1 WL1 Ir:”" H{* IE‘]‘”‘ SL1 BB R R R R R R ER R RRE R R R L
V v s |,
I, WL——e——h—— 5Ly |
V3 >
v -
Pre layer Post layer it iy fg f [Stm I
BE% 7-3 — ReRAM XX EZIBTF ARIRBIAEIF (a) 7£ 1T1R 57 LM —EHEWE, 'T KRR
K, 'R £%& ReRAM (b) i CMOS AL ZHER 1024-cell-1T1R BN ERIBR . [Yao17]
7.4 £ ML

ERATHREMERE EREFFEIITERT. 3—HEEEMBEAMRITSERRBIPHENES,
BRI R IRAYE SN . IBM TrueNorth MISRIES HMAIEAFR Loihi B 7 CMOS g4
RSP rREE R SCE . BIEBIE 106 MRZTTH] 2.56 X 108 SRAM 28 [ merollal4 ], &8
A 1.3x105 MRETTH] 1.3 %108 =2k [ intel17 ]o BKPHENEETTEZFEE SEDEEZTTRIZN DRI
AIATSRMAMETT, A, BT CMOS HFERS MRS REN— P sahairErT, HIIFTEH
NEAEYRMMBETRERMENZZEIEEND, BTERNEMIENZTH. EiFtE, IR
INEEEXRBENA T RMEL W B PRIMLiRIZMEZESTIL [ wangl7 | &, HHERDItRMANINEE
A TRZ TR E—YIZPERSEMSL [ wang18 ]. SB— 1P ETFIZMERAIA TR TTAIsSAtEE R A
MEERENEZR 7-4, BPRER 7 RBIZEHZMEZHTEREF IR [ wang18 |. SERIERE
PRHERSH BIARERARRAENRENER, BRERERT AlTHRI—MRERISANKEISE .

a "
TR EEEEEEEE
CEEE TR
7 8 88 A 8w .
W EEEEEEE
. Ep AREADDDD
o' 7 7 B B

i oty = , B 7-4 BF RSB ImEt s L —
{ps{ i S - N EHHETFIZHBHHENE, a, &
! =~ B T IZIR S A A REHE S R MR, ®

8 x 812173 8 MZIAA T2 TT4AH »

b, /N A TSSbA0RINAE 7 SAEBR . C, 38

RRBREEGR. d, BMATBETNE

HERFEHER . o, BMATHENSH R

EHEBRTERHER. [wang18].

FR T RZiIRSEIN, FNZinRAE R LARRGEMENLE, G101, BBBASENIRARE
BOMIRERMO A FeFET, $kFBEAEMRHIZESBENESIEX ., FeFET afLURHRRNRZRE,
RIFEFNF BN TRENLRIE . FB LA ESEW, FeFET tBaJLAEAKESCHaE - 1EMEsRE (I
B 7-5)o XX FFHKIETIF FeFET AUBHUIASREIE RN ERRE ML P SHAINE [Jerry17]. LE4h,
PR AER RIS D FAE AT ASEHL K R ER4E ( SNN ) BIRSEZ N, anfkidad Fmimehy el 214
( spiking—timing—dependent plasticity, STDP ) [Boyn17].

KR R RASERIF PO 25



‘/.ga 7. A

(a)+VJ_|_|_|_|_|_VTprogramming (b) OVGS,read QVGS,read FeFET

0

Ferroelectric l wa — _IT ________ F ell
10nm HfysZros —l_[?{?‘/ _1_[2?\ 3
ogm Y b
p-Si(100) Vo T — === Z AN
Partial polarization switching WL _%’ 3 y, ,
00,00 cllllo c.c0ollloc co0
& o
oy Y 5 Un
1=V,G,, I=3V.G,

B3 7-5 (a) FeFET /RrEINITERED (b) B FeFET {3z X MESEIEMERITE [Jerry17]

SRR ERILUMER=A0AY CMOS 234K, EF<RIRFRARNBARSHEREITERAM Al 52K
ERENERZE, Al RIFEFERTRIALBIIEERTRAERD - 15Kke “Rm” R, ERFTE.
FRITEMETIZERIHEI ST EEEWD EREH B L EHESEN, RS T Al SARRIFERRERE .

7.5 MHEBIFIRITRIRIR

BIMFRIHTEBRARE DT FREN B TEREENESHIBEN . AT, BIUBRKRERIFH
LLHNEIFRESADIR TR T HTAIHkAL o

SHFHERR, BTFEMERTRNREERNIETSHERAZ L, BRIERETHE
MEERINEZ RS FRETHRITESRERE, B, W TELEIRAEMESEMKR, RIRETIETRER
HEXIHENAT. B, LMSBEERSRIETEFTES T A 8ETH, W TR EMEEH RN
M=, XORAFREHENEREMRE. MFXLNA, REBENEENNKEXEE.

B—HH, EFEREHEIES, BR (BE) E5—E8ER. £RAERIBEBRIFINEAR
T, URIENARNHTSE. METZFSNEMEE, RAM BxEXirfiEdErEERsiRT
Fett, ATIRINAE RAM BRTHEMEARLEAENR, EmS IRt EREEFTERIMITEIES KEAN
=EERE, HEBEELTIEFREMESHRITERITIME LI, A TEBCRBERNHFERIZN
SSHBEREOHYFRE, FATERENSEMNAVESHERBI (21 DACHIADC ). MTFETK
IBERMEREXRERINABENTTE, BABEXRBREEESHEX, MALERNEBRES. R
NS EERBHUSERE, BE— T FEBRATTHE.
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wmEREET R (Neuromorphic chip ) RABFRAENEEFIEE THENAISERN,
MNAEEUTFEYNB TSR, B “(FEBRK. ESHERSIEESNEM., B#ERSIE
( Neuromorphic Engineering ) 7£ 1980 SCEHEAA MNMNIE T Z UK K98 - K& (Carver Mead)
2, BFBEBENBLE (analog circuits) AU AR (Very—large—scale integration,
VLSI) SRIBIIERIHE RFEN . ITLFMATSITEBRARIERBEIL. #8F. HBES VLSILL
RRERFALMBERFEER . SENEARROKRREER, HHENHEESTHREGRINE. |
FER . SRR, ISR EEEE,
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8.1 HERE T HIEZIEE

Y ERiE, BEESTENEXZER T UKD AATHEZM L (Artificial Neural Network,
ANN) . Bxiper£2 R4 (Spiking Neural Network, SNN), LAR EL3E(R A B AR SR IR TN RERIIREY
Hrh ANN 2EFISFIFFIRREZIERNEBEE, 2EANEECTDITICHNEERS., B, AT
FEINIC SNN &k, XEEEEEG/LMHE : 55—, EMEcint2E B ERIBIETF ; 5
—, BIEBMRMTREEE, BBEBRMAERTHE LKRENKTEEE, BAMESSEEBRUNER, B
RIFiCiZistE . Eit, S MRETaILASCHIRY - B ZHZERIFRIKEE

WETITANENEEREZ , —REAMDHEERR, BRIFAIGERESD, BRI FEATI.
Fity, EFEtEx, TEHREFTHRIRD AMIEER (Leaky Integrate and Fire, LIF ) B95E ZXKE,
HEBZEEZE AMZTirE bk T, RIBSiaERI TR, SRMETHRSBA, B
52 8I0RBAENFFER, SRFNESBN, MREBBIZESENAREY, SUALK. NE
x 8-1Fr. AL, LIF 8 ZEEKHaTaEEREaRANNTR.

FI93 -+t TR
N T~ e

X1 1 1 1 |
<+— NS
X2 L1 | §: N
o o () i
X4 | | 11 /

B 8-1 9 - KEETIFREE

SNN R E MHZEIEME X 2KRE LTt FmEN T 214 (| Spike-timing—dependent
plasticity STDP ), STDP RELEEMMPBEIRIE. BABMRIIGE L. EA—FBEIR)IER. IE
HENIERMEEEEL, ERRIE—EREE)IGEERASIMNE . 550, BF SNN REIIZRER,
FLELPRN AT, haXAROERSZHTIIZ. SNN INEBE—RFS, MESNKERIREN
BE, [CBENETREEREEN ANN RELLEREE T#EEE] SNN 1. —MRHEBHIIXItEE, XI7F
MLP 3k CNN ZEa1IREIMEIRFNES, EF LIF B2 SNN MESRBTEMEHETTH RelLU BiER
A9 ANN RE8R1, 52, TEBERFICIZERT, SNN 5 ANN EE5—ERZENZEMNE. SNN 5
ANN BIXSEEEIZE 8-2 Fimo
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8.2 MR R AV E

%51 ANN (ATHEMLE, REFIEE) SNN (B2 MEEEE )
R TTRIEE Rsat AN S E (EREiFRE) fomer (EEREN—E)
MFEASE | RNN Z R4 -RAIEIRED v T EE7N
AT E BRI BRI LTS, NREEE AFERIHET, —RSRRETE (%

EREBESIIRE EHTHEF)
BRI EY Z{ERIFMERIE R IR RIERE
iz B, . SERASREEE (MLP) & MEEFRS KRR (LIF) &
LlE%3 R EUEBERIRAT STDP, Hebb &, REAERE
B—75i% HIF—E FiAEz (Winner takes all)
AR R TRER R TTRIEE IR TT
R B, E5=X DVS #8#l
ISR IS ME%
LRI RHiIRE, MLP s

ElZ 8-2 PP MBS A THEMERHIXILE

8.2 HERET RS
8.2.1 AIgEM. BHITHIMEMEETEX

EEEYMAIBERES , 2SO R A AT E S Ta i BB . BTSRRI D EENE T,
e — MR TE I LUBE B EBAIEERIRB— P EZ MAETT, IR KAVARK E EEXRE D B E S
W% | REZF I BRE LA HEIRY .

AT TMERGEL, MERSSBIIEMZIER (crossbar ). FrEMEE (NoC ). TRIMISE
EXHEIRMZ ER SR, RERNSEEEMPZENR, NEZE 81 ix, EEELEZRGEEZERN
FRORMEE, EEERERSENEERT. EEMRZR, AT AME, FTLERASE. L=/
IBGERREER, PIANE R MERRY 2D Mesh REFISRSE A (9MB ) BRI SerDes 0 / Ye4F#EO . X
LEEDRESHETONEZN, MAREDMME, (EHitiREIIRs, FmMHEEERNEIEET
BERMUHES, FTAEIREMEX N EZAER LEH . METRfEREaItRESNE, Rt
HETRMIEERER, ASNEEERBHRETHANG, —RANHN, BEEGRBEE -
¥RPI, W 2D-mesh MEMSHEABLRE . XHFAERMNELBEEMNIMVE, BothiRBAENT
RFRREVE, FIALUERERARRIME, MRBERITTUBhHZER. B5IENE, &8
IHENRBREHTEER T LUARIEHAINR, BRFEHITER, MEXMH EMERTLZERE
EFRBIRFITER
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D bo D LD
—D —D —D
—D - B " B P
H . : : ! -
[ Att Llulm---zl;_ ’—DAAtlt A | A
I f
— s i -
— — == ~ , X3
1
~EXE-D \

— EEE-D :
Cmm-od I+ .

- EER-DH———4+

EX 83 HARSTHRAREN , THAASNHERMIZAR, SMHBEEENIIET
( Synaptic crossbar) (3&H TrueNorth )

8.2.2 RixLEa

RTEMRPEETROEN, FREKRE, FaR/D, RISt R hRBOEENRAITHY,
BIFEARBE—EHErT, BXRA AN EISHANES ( BERETambime ) 5B, %
RABIEN 2D Mesh iIXAFAY T EMES . FERiAE 7S R AYTHRERAE T, BRI (Core ), XNMEITH
AR . ZBRTEREETRNELIEHE. SRERRX S (Lir ER2FH#EI ). MOEEHIE
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8.2 RS R AV

BIEEEHDE . HPBANRHEIETLUAARSINARERFMEXE, RiFEEERMAERY, BIRET
R IXREFRAEY ERFERY, IREENKR, BT EFREEPONHABERIRERINERR . NBIEEEX,
SRARFHEARELIE T —FEEEZINTF, BREBROBESNER, RHESETEERE, ELLXD
SHEBIIITEFHNERIFEITERSE . HIZCRTEMRAITE - FiE—L, a2 LARR
B33 - IWRSUTENPR “FEE B,

8.2.3 SH{4IKzh

HETENEHIRME RSN AN £ RETERikT, BERBEAENSE . ZEmAKT,
LS BRBAINEENINE ((BLBBRAMME ). RIBREES TFERATREEE (F4) k.
FEHEMSERFEEEIESXH, GOEREEFEAREIERTT (arithmetic and logic unit, ALU), &IBRE
OREISZ BR AR TIZE, REERFEN ., MBHIRN2aIRIHY, —MEREBRSEAN, HEA
HKEIEE (WkhEIRE ) Y, BRFMEMITE. EEAREEEREIE, METERETEE, Bk
FREBER . XERKEZEE LR T AIES FHIEISINEE .

R
-0 —

pES—» QTS

—m—

Bz 8-4 RAEMIRaAIRIRNES

8.2.4 HiEmItE

HIRMZOMRRE, AXFESENNSR2BEENEEA—NEEE (Graph) £x, X1MEE
B4 TafFRzE, BRAFREHXR . HEREHRE— T EESMOX, &HERTFNTRKE, 115
BEIXMNRAEEEE. B— " TPToE0zE, ATHISTD SNzE8ERERCEMN, FHT S
HMANEZEERERNESHNEE. NRHE, WHTEE. eREF 0. thiSRZITENRRS,
EBERZITENRIFE . SIERITENARRIEHIZIEEE, FTRSFRRENEITZ LGN, AT
ZWBRIXNEBEERMEEREIE. BIt, 7 Tensorflow S MKEIESRSD, BARBEIERIAE
IR PLEHNEIE KR
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8.3 tlig5Htik

BRIMERST RN IEEES DETES CMOS RARRBER ST E R RIME T IR
ARSI ST BB . £45 CMOS SR RAAXILLRAZR, WTESS 7 EhREIAY IBM TrueNorth iS5 &
BEFE -ELRE (LB ) MFBAIRERNE, BERFNRNARIC LI T EELHFBIRA
MEAGFH ; B AREERBETFERA ROLLS T HIIBEE A BrainScaleS NI 2EHI SR EBEE
AIRNERIEm. METHEPEKEIHAREISITERIE B RIRZXIE75 2R B2 R B AT
ZRECR (FERET7TE).

MEFSCRAESEET . BiSHOSSIHEELE. AKRREIRRIFMSEE HSNA. 2 1BM
TrueNorth TR ALIBTRNEGFRITA. ERSWE, BINFERME (65mW ). BtEaRBTIES.
EGEIEERASES, ERERET CNN IIESESH . L, AEEIENBERMERECRIN—AS
Ro ARAREIER, SHEAMHEA) SNN MEELL, AR MNIST HFRMRBIER £, 457K Loihi it
FREIEERS T 100 H1E [Davies18].

A% CMOS T2F, MRS R AMWIREMRIIRE, EXTILUMIEANUEHREMEMS (10
RFAA% MENRFAMS ), MEERSHE, 815 (1) RIS SHRTHANETEHEIBRK,
FEFHEIRDITERETNEERE, SHEMNRBINMETHELEREREF, EESFT. (2)
T EEIRZAMNFE, R L. BER. BiR. SNERETHERMELZEmRE. (3) ATRAZE,
KZ ASIC B ARLIIHERZSEEI TR—aE{, RERIEMMIRESTEYHEITHIRE

METFIZERZXEIHREESERTS, ERRK—RINEAR, #FEHNEFNNBRERFES
BERI BT, MR PEFIRIMR . SARANER TS AR IMAME SIS AR T .

BRT _ERMIREEMERR, MERS ORGSR EE L, BFEIRE XA JLER, REFS.
CNN SARRGEIBRA R, ANN tREIREIRIERE, BHEETREIEEREZANRESTRHEWER]
REMEE, XNEREE TRATEERERE . MERT, SNNBXEEZREETHARME . EBRFEETA
MNYEMRANEENIREZRER D, RRABIR. BEMREINRE, BV EREERAKRIE, SFiF
MY =R E TR SIEEERE TR AL . IS TRIRALEERN, N RERIR R
SERFEES TIERMEE . REXEMNR RIS AR DA ST SRS RI .
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Al & R EERTIA iR ZeE

Hail, FARMNITIREERSHANARIIFLIRT Al KBRS E, BNTREEEMIGHEZH Al
FHI. ExXf AlSEIFEZRET, BPEENTERSATDN | EMEEFLLEARS A (BIE
MR, Benchmark ), LARATEERIFEN Al T RHIA R (BIERZE], Roadmap ).

HEHENE EERERE—DEZRHEFRAR Al LBSH . MBEETATEN, BREZHN
T EFSAIAIRARL IS M RIS B ZEIMNE ., —J75m, M CMOS ITZ. BIREIZHIAY
BPEEERTLAEESE R S S AILERE PR, LI TR SRS ERIAL (B0, RIEAERFHEE ),
HAEH SIS n LA RS EHIEA CPU. A, MXERMENMS, KERFNALLEDAINE/L
THER. B—HHE, HEWERNEZLIIP BN TR TR T ORI, fIn, =
ITHERAESRE - BEIKF - FER. 1BLFMHE. ETMLTASETBIRNWEBIRTX. Biefk
HxeE, LINKBRREES TSR T B, SRR, sSHFRREN, BREENX —HEEERNE
WEH, MTHITEENLIHESHRSR, SFEE2R.

BRARRHLEENEBEENRENR/NES TR, B2 REREBRRENTFINIRR S, — M ETK
AR\ IR RO MRS L E MY AT LUR MG E RN R BRSNS, BT HERRZEEFMXEI L .
£ CMOS HARRIEENRFRREES, FARER (tLiNpSN&AE ) EmtE (LLIRAEFIERT)
RRRR—HIBHENXRT. SRR, Al SMSHFEONAE. Bk, RREW. B IRESENLR
LERIHRIEMIRE TE AR .
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EFBRATCHZITTUSMER, FIMEBAANFKAIHREIEEN “&E” 804, 2eEx. fli, &3 -8
IRELEHT, CMOS S TFARMER F 884 [Nikonov15, Nikonov13], Ti—Eeshsesd (HIanBhes Faet )
BIRETE R/ REMhEISELT, ANATMIEHEEMLE [Pan16]. B—MESIRIT Al S FHIEENIREE B IERR
HR2, BT HEZEEITEASIEXNGESE. UHaeilEREZI, B IEREMIR(E, thal, HF&EmEmA. Bt
MFMEREMSHAIEREFIREEHE . XWTFIED - BREBERGAERE, FARENAFII AR E
EERFHAYE - BIKREFHFS (CPU. GPU) FIMBEXMEE. sk, BETZHEMEIFSINRKWSH, Lk
EENtEREEETN. &5, FA S, FMeREBCHRERMAER, SEAMSINNEL, WMHEMLE
RSN SRR, IEEUDIIRARIRTVIRE ERIFEIXLREZE.

B, BINRBEINEOURF. 2EAT ASRHEENT T, WRSTF ASRHMYEESRE T
BRAMERELREPERRSIEREERET, tLINBBERL Deepbench[Baidu]. EEEARFESE
(NSF ). ZEEmSEARITLE (DARPA) MIHSKHAFEER (SRC) HEIRI L MARITRIBINREIXIRT(FAY
B2, EXCEL PORIARAR ( BEE NSF 1 SRC &) ) IEERIRARIED - ek SEAREENLSES,
EEanETXs MNIST #iEse [EXCEL] BIESS

AT RXIEE Al MFEIREGEENIXAEXHEL, FIIFEWE—RLIRINEERT, MEEEFEERLE
( Figures of Merits, FoM ) FF&NE FoM FI%—Ti%

S ERMHIIRGRERS 1 1) 270, REBRBEIENHLREZRATE ; 2) KEeFE, LR
RAIREREM—FPIRSIIRRI S —HATS ; 3) IEZEN | TRERFATLURPIRSHREN ; 4) BETH : SEEEY
IR LARIZI R LR ; 5) B,

Hlr—IE T EMISESHLE . BEEXTIRREEMIMIS TR, ERAREE FEUATEE IR
FBIEL /1BE, AT USMSHsEHTEENS, B EEMEIRN A GERNE AR BEIZITEER.
REREEBHMEE, 7oL B ARRFIEZTE, X EATBEMEEER . NRI BTt ( Nanoelectronics
Research Initiative ) #1THY8i: CMOS s8HRIEENLEATFERRIEEE. NAND [ JFIILERS ENMRER/RIBIEE
BBk PS4 [Nikonov15, Nikonov13]. Al GHEIEENINEEEEN BB 2XSHIBAIELET.
FEZHEMEFERNEGIR. MAREREEINE, TeRaENINEERTT, BERNE AT ITEERNTI, B
MK th R RES S I AR INThEE ST, E2RMREI L, B1E/# / B4E (operations/second/watt ) F1&MtER]
LARR MRS EAMINE . I EMEERSITEIEE, MR HENLS, huuiTHs, BATBi1E
ErrASEMrEHRENERRINTERR .

Bal, B LRSI SRMES SR LTI, BEFEEHE (WEFVKT ) FEEE (a0FFRER ) &EIEE.
FRITRERZRMEE . ST IHREMEERERTEIFEXE . —LEERTHRZENRM S TR ST
BHREE, QFERY. BE. BFEE/BR. DXR/EE. IRE. MAMHIRERS, XRESHZERINGETE
FHTE . BRERERATSENAIN— M XBEEEE, BAZEETE FoM F.

B A HEFERSG—EENLSE, FTLRIA NRI 285 TIEFASHIANRIIEAR . RAXINTIFFEEH
ER/RZERET (NAND [JH ALU), (BENESRAVMRE FEE T EM . 130, 1E [Perriconel7] &, (&Y
E7 [Nikonov15] THE, $#XIMITHITTIERHENSZAIEES, TEMERX/UtFiEes st EEM. IR
HHIDHEZRRE T BN R RIS ZA IR MEEAIRSE, R MESSRAMEIES - B RKERREN, BEEH
B9 EFIEHINRE R ThHIMREANREEEEL . Al S H AU E RN B B S ANFB 3% ( BIANASE , SRANERINEETT )
HER, LEtSMERRINAEERBNTIRSITERRE (ki ), IIRNBRESHIEEE / 1488 FoM (fl
MEUGDHT ) XIMTAEZEEEARAR. 2240, BRI ARG ERERE N ERFHETM .
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AR MER, ATERESRITAECH “22)LER”, RkFeiw 7 AREM . HIIE—LIEENE,
ERENATRRERARKRENEN, WERENBIESERIRARENREBNHEZ —. AR
MNME, AECCE, WEHRELFWIEIAT, RATEXRR, EEERG. B, =M. TZ2MMHSE
BENEEHRERFRR . XESHREFUVEEFSERRIEAZFNSE, BRERARNBEARE. BT Al
BRARISST, BIIEMZEREMIAIRFRAIGAIPFH IR .

B%, ATEERARNBERLEELGEDEME, BNIATEEGHTIAREDNEZEIRRAR
HWEM. Bal, JARATERENUREGSHNEERAREETREMEMERNRTS, BEKBRAIZREFE
B, BACELAE—WSEES LIS 7T AKIME, (EEARIER LR TFHRERMNER, BIANERAI.
BELSBENMBBAATEREEEAER, BHERHERDIHERENEFRMEILNAEEZE VRS
NANEER. BN, HNEETEENNERRARER, EE2BREAATERIERER. ‘K
REERA—MENELRTMBAATER? 7 XNTRERBAREEEENEER. TARATERS
ROMPIEETE, ESEEEEEK. IREBR—HNLIREEZHN, BIATKIWRITRESBR— MR HFHI,
BAERKBI—RITE, FRNNBPAFTERRNEE (BEEEREEX), FEEIIESTRTFE
5o, MBI EEMH . BERECHRARNHEE, A\ TERER ARG EIFASIFHIERIARE .
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‘g& 10. BEFE

—LEERRORRAFIM RO IL, BT ESHAEIEAEE (LLINEHE ) TEEMAFAMS, Bit
HNEESMNSHNBEERRBAATER. MEX—IEY, ATERASHRETENRBTHLN
SRR, EREENCHEERANRIEBEAESE. LR, BRIATEERANTHRENDE, L5/
BARCFHRH T — M EXRISES, EREWSIZET, HIITLEMGFEX e LERIRTRERIEERE.

HR, BEEANTEREMMEMASERERE, Bk aINBFRRAN B SERENER. FRIK
R Al SR AR CFTBEE IS WIEEMRZE S, HIFREE. H=HEAFWESHE .
CMOS EARSHFEREBIARRIRZNEE, FHRREEIFREGRSRIE, FnERIEER— 1 RIETR
BRI EIEIFIBE.

BMsZ, ARREIFEEMIERT, Al THIIRRIEEERHNREBESANKEN, FTENK
RHEEDE— PN ENHBESNIKBERS ., ERSEEARBIRET, HEEK. B2, Hin. &
FRFEATER— P RIERERF WIS, N2 Al SRIARERISERHED, WAL EAR
PRI R AR KA S APLIF] o
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