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TR REM AT, EA AR /K IRHE T . R R R I B a2
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FETCVE M B S AR EAT , T TPk, BEAFREEAANMAR AT 9 [RIAE 2 DA R 2220
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H1 3% [0 B2 5K Bernard Baars 7F bt 28 80 4E AR A —Fh 2 IR 1 $2 H A
oKy, JERK BN« A P4 ot TAE=SA]” (Global Neuronal Workspace, GNW) .
GNW 2 =] —> 73 A 2t F 4% 5 [7) &8 ANl DX Ak 22 #ih 28 TOAFAE S HG, AT AT BATBOR
PERPE R, JFIRMEL &AM BIBIEAT,  ANIT SE304 JR) B (5 B S RIAL 2

FEFRAE/ SRR, FATA R AE T b oA Jn b [ 1 R AE DL A 2 T X
AN HEE B T o AT 0 e A R L AR i X PP A AR AR 7 AR AE R A 2
ffl (Place cell) FIMAEZHAL (Grid cell) , ITAER MBI FRIBRIX — RG] REA NS
Fe (a5 S0, 1 AT RES S T B A A A DAAME{E SRR, HinlE
)L Mo A], LA R A ) ERAE, S v o vl R ] — 38 ) B LA e AL B —
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YU 2 M) A 50 3 2 R B AR OU s R B AR AR 2 o 28 O o R AR AR AR T v R B
WA ) TR R E ) B X — RS U8 S A A B E S T i 2
2P N/ CICIESS FE ZEP S HPALE LN TIPS )8
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ILHIHTER, REAZ ML D BOR . BB R . R 2 5 Bt A PR 7 v A5
17 T RRERAIA 2 o AL I T S S (5 SRR AT, RN AN T S
[ ERERE R WE L. X —HRRRE, AR T AEHE. N5 AR
F7 A RARAAR L, ISR, &0, E . B BIT SRS I
VAR W AR R e BRI A F T, RBL T DR AN B i e 4
TEENANTT, AT T AR RN 2% rh &R o AR ELAE AL, AT e R AN TE — 20 3 At
PREE 2R 4 )BT R I
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BLIE IMIRFEWATSRYET

PR, N LR RAUSE S = ORMR R G4 7RI R &, V2R e
)L N LR RESE DA RIR B 1 AR, JRAE TV AE = Ak 2 0%
AR T N o R, FIAI AR, H RTER A ) AR
JRAK SR S AR SRS I Gu vt 2], BE 2 AN SN A= s GO A T e T SR A7 AE
AN B ZER o W R AMX R ZE S, AT HESD N LR e N5 N LR R 3 A L
REMMIFEAR, C&RUNTF 2 MO 46 B 2% IF36 T v ity S 0

WHIRFS (Cognitive Science) &—[IWFFTINAIUNT CAERIRZ X%, H
YEAE 2 BIE 5 N LA & HA T IR R  NFRHE A B BORHES) T A
TRREMIR R, TN LR RAE A NBBA R D Re it 24k, HA St IEER
WEIRRA AR I — P SEEFIIOAE . FEAE b, FATH T 2 AR 2 i 2 5 3
SRR A S AT REXS SEPLE N TR e B — B4R 3 8 U4 R TIE e, I
XFEATS N LR BRI OC R — LU B




1.1 BEFE3GAHRZERSGE

111 FSEXNSREENANRZE

TERZ et g b, IR SR RA R R EZ )1 THAEAR: 7753 X
AR (Symbolism) AIEELEE AR (Connectionism) [1]. 553 Y@t
B B RRE & UMAFS R SEDL “BRe” X — RS N BT S R4,
A7 Alan Turing 7£ 1936 FE3EH A EIRNUMS (KB 1.1 70, @id ks
SAELCH PR M S CEALAMTESL) SREIUEMTHE T RE . B RS
[ IHiELL Allen Newell Al Herbert A. Simon NE IR EA MG, BiLXFAF
SHATERN, AR5 RAT AR RTRNEE, RASLIERE. 53 SURM
Hesh T PRI AR, A 20 Hamii g Tk, HERATM AT F bk
FHZAEH, TS R A TR RIS TR R T HAEE S 2
JE B+ - R U 2P A E VO IR S BN R e IR AT, (HAF S
F AETBEEATE E 0] f (ill-posed problems) [HIBEZM, 1HB AR,

Bl 2 f95E URE—E R
Fi: THFE William James £E 1890 FEH2 HY ) e AR 4 12 SRR [1]

MITFFAEE AR E], & B RN B SRS 3 ST AE 7= 5 N
REAHZE . EESCOVERE, ROZ AL RIS VENLH M ARG 2 o hL I 523, e
I, ZWMAERFEI R RS, BAE 3 SUAREIR, BARN A& W45 14 518
1890 FE AP F 5K William James $2H (B 1.1 4). M TYHEAS REGH
PR E AT S5 5, NTHEM% SRR ESE R, HUR
T SR 5 5 2 ML GET O R, LUK B I RB B 1. /£4
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DI T LR RTETE 25, ann, BB 3 SUBAEATAE IR & 4% (Deep
Neural Network, DNN) CLHRA3 1 EKED, JCHAENKRT L BI5 BB <5 40,
TR PEE A 0 288 AT A 7= AR TR AR AL T Y 2

EAFERME, f75 1 5B T SCERIE A A F R 5 B, (AR Rk
FEPEIKKARZ T BEEE U4 I 48 B AR BEOS IR AT A T B 0 26 IR
A EE R T SCRAREAT S, AR 5 10 SR AN T AR ) R — B A
A1, TAF5 3 A& IR A L, FEAL P AT 45 o) /L FE N v A
Mo B, TFEWA P AE ARG, DISEEX A R

Prs b, NG LR E RAMEA #8575 5 32 URIBeAS 32 SO R K
REVIFR (B 1.2), BARIET IS 3 AR PR BE A48 I 45 B i L Ab7E Kk F
(i, (HZRFREAR/N, AR BRFER. 18 SRR RS RAN, 2400
(IR B2 22 W0 28 BB B < Re” 5 AATTA i) A FrA) A8 Ao i FH 284 et AH 72 L3z o
2 FATUFTA BESCIUIX AR IR RE? S A M AR R EZ R, AN
N, LA Lawrence Shapiro AARFRIIZEEHE H I & £ SR AE AT KR 2
k.

1.2 5 3 SCH G, E USSR B R I 18] 10324k, 22 (2]

1.1.2 BEIAMISEEEFES

WHAA IR A ) = VAT (sandwich theory) AN, B GEIXENIIA

RIS AT DL E— AR, B85, MIBME (sense-think-act) i% 3 AMHLHY
~ 8 ~



JCER TR B E (1] (T 1.3), G889 A EZOER R H A Think, 21 &
To = K AN 5940 . 1 H &A% (Embodied cognition) AN, AFJAA
AR TCVE M B SR T AT, HET IR, BENPREEAN AT AT g R R A2 A o0 i o 22
ARG, ME (agent) ILBHISMBIAEE, PR BB TG, AU
WEE S, DSy, XS TE A, X .

K13 b AR ) = AR R 1]

WER EIZIET T UL (Bvolution) TMRBLHE T 8 E WA G
e, XA ENIREMEIE R R AAE . 2, FEHAMAME . AR FRIER
ST AC H . FEAT B, BN T R A A 2 S A (R BN B O R
TR . Gl — BN R 2] 2 5, XT3 (reinforce), AR
SJBM I E T ok, XM ) 0 5% 2] (Reinforcement Learning). 7E
SRAG ST, R REAR R T S R EAT A B AR B R4 (Feedback), i id il
(trial-and-error) )77\ 45MRLEAT B Al Ao iy R HIU RS (Reward),
A T~ S0 PR SR B o SRR AT THE I () RBE RO, EAMAR i S 2 4h, B
SREA A B i 2 PR ik — R A S0k, BE [ ARSI A e, Il L R 5
AR SR G BN SR AR AE A

BT RGN, 2RI T — AN RIS W 1T AR, FROIR
JEBEb R4 3] (Deep Evolutionary Reinforcement Learning, DERL) [3].
FEZMERLTN, Rk T LUE 2 A R IR IREE P AT AR F AT 55 o LRI IGURF 78 1 1)
(¥ 5 B B B AR T AE T . 2 AT S5 AN [R PR 58 A R AT 1840 L A0 B L PR R
WEME . @Y, HEAR T AEIREE Z BN FEIAES (B 14D DERL it SR SE

B KM S B BEAR I BT T 1 — B 1], 3 B 3RA547 R ST AL a4
~ 0 ~



PME CATEIR S S 4 1, TR e DA S da i 1 mT 2 S M 2[RI 37 B A o0 R IR L
fifto Wbk, DERL IB98/> T 5mAb 2 2 FIFE AR SR S5 . 2 ReAR B AR A
T e A ) Es s /D e B, i HLAB m] Lz Ak i v HoAth 2 AR T 45

1.4 BB HREIRRERS LA B AT 2 LS5 [3].

T4, DeepMind BIAWBEST TAHBURIBTFE (4], Wi B2 ERKE A
FIFREE AR H AR, B B AT A2 M & RRAE S5 IR (B 1.5), 1R R
JFI8 (Open—Ended) BT, BREAHL RS2 72— =, M3 TG REMHE
R 2%k LA I 22 REAR 22 3] (Zero-Shot Learning). Bk =) flgk byt H &
e R IE FH  Be Y B R T L — B

1.5 Open—Ended Learning "PJF/i3AE XLand[4]

FL O BRI — > 25 R AE R LA A 7 (0 Jebt & B SR DOA B 045 2.2t
T8RS, HPATZMAFNAES . B0, si0Ie] UEE LS. Urad. A5 A

~ 10 ~



IR E R EE S, IRk &, ki, iPEsE5E . MR AN TR EERZ
REEPATIRH 80— 1 B D BUESS, RIMERZ DeepMind EAKMI AT LAAAT JLE J3 b
ANTFAESS IR REVR, 3SR BLARAE S5 ARV K Ry ISR « 55 2 TR R XS EL IR 2
LR RE AT MRS PR E 2R 2, IF HIEHE W& 2 A F KT 6

IR, BATGE @ AR AR S5VE A B0 TN SR BER)— Le R Ak £
FHRFE . XA SO A W R TR E SR H A IR, SR L — Lk — A
SERF H AT N T REI 5 V08 — € RIMERE, SEA FH Ul 11 RE A (R I 5¢ ol 22 A
55 . HEFEA2, ARENEYEREITEITBOrG 8, JADTR T 30 27
AFRIAENFAT I, L3 BRI R g2, S B,
B EIAANSE, BERES AR S KE NSO AT v EdE . JAT 0, Xk
155 AT GG ) EL B8 R REARAETFIBCA ST 2 2T HY 5 ] DUV DA AT 55 A )11 2k
Ja R RERINFIRE ST, IF 5 NSRBI RE#HAT X L . BAIA BBkt B e sy N L
HREREZAESTRe e it — a3 bl

1.1.3 Z8aezES5LAEN N

RSN, 5 HAANMA RS BAR R e i 5 P A8 L B SR )
ARV e A 2 B REAFAE B AF . SRR EMRA . H2INR (social
cognition) W FERIELMMEZIE, SHFMESRAZ RIS EAT . B
an, WA EREASASATR] ] R AT A S SRR A SRR (Game Theory) [
MEZR N HEAT WG XS T 2 R B R ARG B E L, EARER
REAA R 3l PR B, B BEAAR 22 8] JEAT ELHON Ul (7 sUAEAE FF AN BEIE B4 12K
R, HEAELLTERNK.

£ SRS T, REGDMERERAFE AR, (HRZ AL
HIBE I —E R R CREE ). BN, FRFRERE L5 AT HE, Bt &2,
e O BT DA WU B YA A A 2 B R B A S A o B A IAE A
WL LR B TR ER, IR REINE R BRI m sk, mEER
RBER R, TR AR T E . AMIMEEXFIREE 71
RESFLE AR TR S 5%, JF HAX ML RAETC AN L9 DA 55 2 B R AR s tg

~ 11 ~
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NS LVNIUPRES

FEEMZ M, SERESPEAMA ARSI YT, AR E L N
ARSI B ERE 2@ i 3R s AL S HeAl N HEAT T 45 12 B, T3k
FE G IRRIIAR, ARAT A T LR RN A B AT R] DLid i E B2 BE 2 (0 -7, AT m) g
X FA N3 B R B ISEME o RHRIEAL DX L TR X DL K T X BB S5 AR 1) <6 i
X SEFEAABL 7N 2R IGR B, AR ABULRRK, 2on T/
Wl e, IXFME AT RE2 SN &

FEROULIZ T R PR e th R LUR VR T BEAR R B — I K AP 22 e im B L (A
A RE. RS REAIEAERL, B A A IRIL Mo Z AR ERAGR, f5 81
AL JRy FR I 22 T A RES A% 3l R R EAT THSROIN o sk b, B 1Rt L
R, fhenERKE . RMEEL R E A 7 —AIR TS . g ud
N9 CULZSUITIINE AN T 7 e G N g i 7 e P o7 VA E S AN T R DR R e 2.7/
JUE H ORI, AT SAEE R HAB 2o T e . RE LA E
TH67%5 FEAE N A2 M 28 P n A IR T3 LA .

1.2 2RI{E=HEie

1.2.1 AZRRIIAFISHS

FEBEE B8 3 SUB AR, DR 2 R AAS B3R RIAT BT, 248 1%
PR IR AT . B FAT— BRI AR08 (Mind) BLIRAE,
i i AR A 77 SR A B AN ZE A . DLSEI N TR BE . INAIRFEFI s 2
AR LR T DR, RO AL, A R X8 B R R A [F T e
B N AR Bl FLIX. (fusiform face area, FFA) figmmFLIiR%l, )8
X (Wernicke’ s area) £ 3115 & 8 X AR, FMHHRS)X (frontal eye fields,
FEF) Stz shE % . Mo, XX H TS, 5 “TEm A AR
HH B BIEAON, W B 35 T AT R B, T B R FH I R AS L 2 1 7 5 i e At
PRARFTHARE I AL LR 7 IR (0 H AT e 2 X aiis & B 7 BA TN i 4
R TAE%S 1A B8 (Global Workspace Theory, GWI) [6,7].

~ 12 ~



K 1.6 GWT IARIZEF I DI RERE SR 5 1] [5 ]

42 JR) TAE 2% (B B0 A 36 O BE 2% 5K Bernard Baars £ 40 80 AEARHEH
I — AR 28K, BRI E N — R ER B R s Y, R IUACA IR — A
T BRIy, KINAT LAy Bl L8 B 4 g DO RE AR, =2 Jg kol i A\ B
FESS T ROR 1 LRI N 2 Jim, TR LEmi N oA L5 4, Gl e B L
i, REEESEANERITIEEE, JFHEAFEBRZ [T # (broadcast),
DAL 5E A [FIR B 2 1) )5 B A0 FEEESE R IR . =5 B 2R
AR B0 R B H AR, Rtk A= (& 1. 6)0 GWT B30 mT U “Jal
ke ” (theater metaphor) SKELME (8] (B 1. 7). 7E “EiNKIg” h, EPEt
HEREGIOCT R TS B XN AR T EIRKAE: R
ATREAT R . P BE A LA S R S R IiaE AR N SOAE S
BRI, A2 IR S BRI SR, EENAS AT, G HIEE
) A AR IR 4 R AL R T AR CRIT R ) HAR 8 )

~ 13 ~



Bl 1.7 GWT R Rang (8]

Dehaene I Changeux % N#&H T — 2R TAES B4 ML ohiiAe, /i
FTE “4aRmmMZ e T/E=5” (Global Neuronal Workspace, GNW) [9,10]. 7E
AT AL o, — G530 F R R I R 2 X3 A T — AN SR T B
), MR RERE & 2R AR, R AT RAIRAT 4 A QA HRAE
ERME R, WEEE . 183, 012 BN RSAE H—L T2 A 1%
T TE (FRA GNW #h£e70) FI A KFDER AR A i, Aevimid 4748
34 8 1 P 2 S ) s MR N 15 B o FEARATT RO R, X R A S
TORHE R B R EEUE B IR B BT R S BAR A AT — A I EE A R
J3, I EREA 3845 . (B 1. 8) o XA AT S # 70 VP AR A M s
FMENE B, BN A BT RS0 e @ ik, a0 e PR sh AN [ 45 B AL BB
AT Se 4 A1, NI 5825 55 4R B Ak v 1o R 542

~ 14 ~



K] 1.8 Global Neuronal Workspace [11, 12]

GNW [ is AR 2k, AT “48k” (all-or—none) MR, BI—HE
B RN, (oMl K 4R TAESEMT 87, XAE “518” (ignition), X
FPELR O e NFIZH I SE30 R A5 3] TUESE (B 1.9). 51 AT g B oM BT
i, Bl RS B — AT A RIS B S IEAE AT IR S5 AR OGN X
fuke, BIANAE 2 K “RIBRIR” (feeling of knowing), i Mgl A Tk
BECIZ N2 s HE 2= AT REAEAR BT B A BENL™ A2 o GNW 3E Bl 5 44 (exclusive),
SEREAN TS BR IS A B LR B T, W RS BSOS T &R RS
AN, HABBHRP(E B TOVEE N4 R AR, DRl 4e ) A 2 ) R R A
ITRIER, HFHAR T RAE AT S XFHLHIFFE = IR — BRrE,
BlaRAS B —, ARG IR KR A, B AU R ki = B (Inattentional
Blindness). JEEBFM (Attentional Blink) ZEAKIILE .

GNW 41 [F] — AN or A Bk B 2%, [R)8/M i X R TC O 22 T AR AE SRR, AT AT A
UK RS R, FRPRALEA & AME BAC IR YR Frfid B 2 PR EE A o« K Fr i 40
M % J2 (prefrontal cortex, PFC). ¥ #MilFf %M )2 (dorsolateral
prefrontal cortex, DLPFC). TTiM fZJZ (inferior parietal cortex). R
57 JZ (anterior temporal cortex). RiJg#li7[Hl¢)/Z (anterior/posterior
cingulate cortex, ACC/PCC). HLRIM (precuneus) ZEMNIX, % H7G HIHFH
ThREFERARE L, (HAH B2 [RIAATE ] 2 RS, AT — AN X IR A5 228 7T A
TR s AR X o X EfiX X 2 18] % D) 3 AR N 51 R (ignition) A& T
A, NI RERS fid K TR SRR PR RIVE B LE A i) 4% -
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1.9 BREA NG 51 K [13]

2017 4F, Christof Koch HIBATE/NREIFFREZ (claustrum) KT =AE
Kehzest (Giant Neuron) [14], IXUeiZe oEsBR A AN BR, JHGRTEREA
R JE B, 5 R 67 S i A5 B SUSTAT ARSIV 2 X I 3, AT
R4 R TAEZS [ AFAE, AN TT 2 BRI 26

GWT AL — MY, Dehaene, Changeux 25 A2 IR TT5) i
A (Dehaene—Changeux Model, DCM) B[I2A GNW f)—Fh it BN [15] . @it 4>
TR BN AZE T S22 A T 4 R K R e 1) e D 8 AL R P R 4 (S
1100, DCM ASEHEL 7 A5 470 o o W 2] Fe i — B 2 7235, LA R4 B R BORIO K
5188 (ignition) ZHL%,
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1. 10 Dehaene—Changeux f&7I[15]

Franklin % ANTEA R TAEZS [AIF 10 (S A g 1 — AN 58 e i A A e 28
o, BRI EE T /CHE (Learning Intelligent Distribution Agent,
LIDA), J&—MAa e K M esE . AT ATH S SR ME A [16] . LIDA LY
DL LIDA A EIEIR (cognitive cycle) NJEAE (B 1. 11). LIDA HINAIFEIAE1E
AR T, K s 7 ES R R B R, g, o
R\ AR BANEIER 5 A=A B BRI B VER B DA K ik
TSI, &AW B i s A B AR e, sl 1. 11 Bos. fE
FANEE BT, LIDA 2 R84 & 238 5ok T 3 2 PR B8 AR Py SR AE R
ST BELF TR A L FT (RPIR G Ccurrent situational model). @it —Fh 5 4rit
TR R S R T AR, R X A R, A RO M AT R 2
TR R R L PR IE U AT B AT . TEIR M2, LIDA A& i %
AN A5 K 6 Th R ER B0 I, e ATT 5 2 1 — P R 4R B0 B R Lk
IThRERL . BRI I b B R R oR, (B EATE IR EE I H, ]
REAR MBI 73 IF . 534h, 7E LIDA #8drh, BR 1 SilRAT ik #5507 LASH,
HAEFEAR AT LA L . HATIIAL R

LIDA BEAISLEIIEFESE T &R TAEZRHE®, Jf Hias 7 AR K —
oy, RAVFZ AN AR AL TS BRSSO TR N B AR O AT s R
T H . [FEF, LIDA AEZEHE I T Rextid@ AN TR RE (AGD) MsEPlE A H M

WEHI17, 18] Btz Ah, Blum ZEANIERT GWT #J# 7 B IR RHL (Conscious



Turing Machine, CTM, K 1.12), A AR UHFHEEAE RPN LEE RS

B 1. 11 LIDA AR R A RN G 34 [19]

K112 ZiIRERPL (CTMD [20]

1.2.2 FRAISTES

PARTHE R Z B NS <R (Alan Turing) FIZJE «i5 <K 2 (John
von Neumann) A2y, ML RS BEEIREAN KRR TARES T, 24
AT FRIR PS8 2 >3 AN 88 B T gk e ) o 5 i A 2 2 55 A e 9 78 IR R oin AR
XL BT L IE AN TG (AGD M fEh el i — AN s, &t
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SHHLABE S I =R A, Dehaene 55 NF2UCK AR IR IRM ST S B =4
K210,

RN L C(unconscious processing, C0) 3% T K#B/> NHKIIERE, #
AN AR VE L TE PRI PR 25, R AR RN BT R VRS B AT 58 1
K 1,13 (B R T m T E IR TR AN (subliminal view-
invariant), WRE % 2IE AN AR FLHEAT BN RE, BE R 58 A FR A
(RIHE At BE AR T FLAS SN L, I FAIR FRA DX 0 R, X P I SR i
BIWABN (subliminal priming). B 1.13 CF) FXUHRINHI SR, B Hl¥#
R BE G5 AT AT U TR R 2R, AT 5] IF fff 258 A0 S S 18] o WAk, 7 342 2] Hr,
EfizezR . RRhEEE S IK T R IR R BIME, ASERae 2 it R gk s k47 .

K113 BRI L s~ [21]

F b, BT SRR YRR P, SR K B A i BRHE W
PR EAE R Z AT, T X TG 2 R AT LATE K (AN R X3 725 L FR4T
KA. HETH N TR R QAR 58 BORHR 2> CO G it St i, it LA %
RGBS MRS, BEEEE LB T AR,

fE Dehaene 5 A& K, RN T A FZEAL MG BN L. 55— Lm
®1IH (consciousness in the first sense, Cl) FRAEAEF T (global

availability), EEXINEIRFMEERE X, WEERPMERTEHE—DHLH
~ 19 ~



I, AN R D) B B mT DLREL . a0, X “ R IR BRI s AT ik

K7 X, CRRIFRRT SRR X AME BT LA 2 IR, AT DAL,
A UL T RURIEE TR ATEI555 . C1 T LLEAE & — P s B = @ (5

EACERAN), R ERR (CO) BfE EMES . fiE, HARIRMA)R TE
M), AT R PLEEAN RIS H 2 A 3E AT 43 2

Rtz A, AN AIEAEE S — Al LI IR (consciousness in  the
second sense, C2), RIFTEHMTE (self-monitoring). ML C1 ZiH ML
THEGVRANEEREES, B4 C2 RIRNGE LR G SRR SRR
HARSRUL, 1IX /2 —FhAe il itz B CIME B LI AR, IFRA HARESAE B he

XA GBI (introspection) AHXRE, BIIAANFHZ AL A0 HE
eef ) “ LMD (metacognition),

JCINED, B “SFARIAIINAT” (cognition about cognition, knowing about
knowing), BHIH3EEHE LEER Flavell 11, FEHRZN AN H EINENES)
MR ClEED 5 dedD I/, W c2 BiIRFERP L s k.
N R G AEAG AT Ao e IR, B2 R PPAS USRI WT S R, TR A
LS L B2 RE—EMBE. BIEFE (confidence) f&ITiAHIFH KA
TR R PTE S AT % (type 2 tasks) FFHEMIRESILIRA—AMT
NARRR, BRI AT SO — /N8 SO R S IR R . AR TE
F2) L WAL EEAR S AR, B WX BT AR B E AR AR E (judgement  of
learning, JOL). iCfZ 27 A% (feelings of knowing, FOK) %5%%. X 2:4)
JLSERR MBS, A H R GWIE (post decision wagering, PDW)
2577 2 &

IR RLE I FEINN, TEK T (meta-level ) 5 & A& K F-(object-level )
s Lt B2 AE D3 2 BT 00, ol FEE S AT AT ik X Ok R %), I H
HA — 52 Mas A, S [F)YE s (19 2 AR KPR 8T PSR 6N R e i 32,
I BN R GERE R G — 107 REELE ORGSR R REAE AT X 4), i
TR E B TN AN ]

Dehaene 58 N\ N, C1 Fl C2 iX P Fh B IR EAR W RRAFAEAC AR, AR KAREE b
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FEIERE - HAMBPEAN A To RN LI A 25 (COD [FIFE FT LAFLE H 3R % (C2),

FINE IR Z (CD) WAl ek St Iy fmirl, FRERER TEEMT
RS R, BRI TR e, BRI B T AE Cover
confident). Baars 5 NiAA, £ GWT HEZL R, JCINAITT LS A BRI TN
AT RRTTNENFIA,  ERELBFN “IRi” (absorbed experiences), fEIX
FRRZS T, A RIRIITCINA (C2) BE AR BR/IME, TTE R IR TR AT e 4k 2L 1
T, FHANSAERLNE I T BT RERER, 51084 )R TAEZ . LIDA HE44E T
WEIHAE Ny — N EAR, AR 4 R H A Dl il o a3, )5 3)
TENENE R AH WA 22 Ny, 4 R AR 28 8] B R AE 2 5 s A A CEB R DD

FEA [22] .

TOAHIN B Re AR A EE R . R I B, ERe A RA T A C
AR BRI s, RS 22 HE o] 58 £ PR 2% S B 25 TEDRSR R, JeiINAnRE
5 5 R REARAE (S O A I BN TH SRR IR 2R B, DL A 1R I D 338 B R 40
%Ki TESHARMASZRES, JCINATATLLOIEEELS (Theory of Mind) AHECA,
XF EH A PR R VRS P B CRAT v (R4 1K 2 HLE 5 2 R 4
ez B, AN TR, R AR 4 U SR B B A5 T

(conference), {HER T DU/ %% (Bayesian networks) LASk, HHZ2M45 1) E
BES NETI s i BERR IR E, T HAARAS EVF, H ATRIRPE R
KA R A BEGR . B, W fE N TR RER 5 ATeiAEl, & —MEREHER
Ji 1A

Britz 4h, J6%>] (meta-learning) tHit N TR BEH— N E M,
I HIEJVFE AR T2 o (23] . fENEE RN T, Jo5 2] 2ol —
NI, SRAREE W ST MRE T, 1N o) R A ) ARG, DL
AT 0 EIA A R R R R S8 e T A 55« 3X Fh e 2 2D e o0 T I N
RE 58 40 50 L 3 I A R R 3 1 DA A g TR T AT 55 A 8 B2 . £ X Dehaene R EGIR
s TUFEIMRET C2 AR, BB AT MR C2 ALy, KA, Baek
ARelstE B ORI, FER R AT s T R
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123 FEZIS2RRZEES

AT FRATIERIEL, a4 AOTR B 2 5] CE REMS IR KREFE B AR vk CO 28 5l A
NI AR, EXF CL AL C2 A%, B SR PR TR — e I & . 3K
A1 SRS A 22 9 2 P T b 3 — 6 B 1) ) /1, (R [ E— > R G Hh e il %
ANAFER TARR I RS EAT, 58— MR . DeepMind B H—Fh#K
N PathNet FIMZ% 28K, FRILH T 58 K I RIS PR REFIES AT 55 B 132 fb e
Jeff Dean B ZEH N — AR N LR REHELE Pathways, i3 A JH % 2 75 206 s g
PALDE Wbl 5SS F IR R St ok, MR R, LU R
AFEES T — RN LR B

FE GWT HEZER, XA IR U ok DA BAF A R A REA W] )2, VanRullen %5
NN R FEE 2 21 i JB AR S B GWT AR L D2 A, 48 H 7 SEBLIRE 24 ST 1
4 JEFa =S A] (Global Latent Workspace, GLW) [IBZEE (& 1.14). &%, GWT
B T AL T AR, X SRR VR P 5 S AN E S, 1 &% AR %
H I E a2 A (high-level latent space). FEVREEZ:SIr, Bas (A48 0024
YNGR, P02 W0 2% A T 1 ) FH T G i N\ 2 B SCBBRRAE ) J2 o 2 X % J e ik
AT RIS RAE, Bl IRRAE . 730 BhERF B4 5% , X seisibn] L& 4
TR 2%, T 3T IR A EARE S, KIS, ], sahis
I SEAE, BIERRE JJToE T AN AR AR (R RS 1 Re 2 A RERE BT AT S5V L

B 114 REZ SR GLW[12]
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HK, I FE AR HIFEZ A (GLW). GLW A5 bR — AR L JioT
L PIRRASIA], S TTEAS AT B (1 B8 25 18] 2 8] AT A8 40 o 33X A28 1] ) 48 5
ZSHE AR R A ELERE (intrinsic dimension) AHFRIECE &, {H
AR T TR 25 (R4 P52 (R o 3 A2 SRRT DL (R AE BB 200 R A G (45 8 mT LA
G, AT IEAEIX AN R Grilid vE R WU EAR B 38 S A N R T . a2
[ P A8 46 ] i 75 B 2 — Le AR MR I 200, MR HARTE (manifold) )
REMER (55 2 BN,

FERRH, FERVOE T WREAE B R B, TRl 2 s 7E B4R 1Y) GWT
HEZE AR, SRR ARG RN AR TR M £ B 5. R R R 2
IR K BT R FE AR AL, B AE B SR TE S AL BERPL AR AL O R 2 8
transformer LR TV ERHIG], BRZ “HR” SMHERFERIERIFAH
[Fl. GLW A A% transformer MyERALE], JEITHHEWILA L (key-
query matching process) EFEMELE(EEAES GLW HIHIA .

RS A R B S IR B AR A (), R 2 [a) o ) 1) (5 A A )
2 GLW Ao XARIAE R GLW SR 2 [ A E B 3 1. 25, GLW Hr i
R R i, BRI B AR R R ], TR (E B R T,
SE B ENE B REHON WAF a2 X 25

GLW ZEATF &4 m TAE S MBI, i RERATHE & A BEHE 1E AN [ & REAA
Ml GLW BAEFRES, XA A& 3R R 3P E o GLW BBk Thpg it K T &4
BRI TR 2 AN, AHE S S 4 R B a], ek e 1 BB R P EL A
B R45H) . VanRul len 55 NN, GLW H4 RE 65 235 52 = N L& BRI HERE AN B FR 1,
I H AT A 5 AT % 2

1.3 S&5EE

FEARTS, BATESANH TIARIBHAR RS £ SRR, i 2T B 5 A S
H, ETFBOA T AT AL S 2T BB REARAE AR S5 i ok tp B AR i 1. 4%
PREAMRAN A T AR TAR A R B AN 1 — LA SEEL DL R AR TR 4 2] AR
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o BRTEIEMEZIACE, LLENAMESE IR, s 35 B2 R0 A
HWAEWEFERBMENS, SA B AES R . FRATAEE, Fof1HE e
(FiXEe N A BRI 40 9 R K W, HLEX B SRS A TR K

BATEE R, N LRSI IEES ) — IR . H—, &M
5T AU T I EE IR R YRR I IRER . V2 B EIA PR REIR T DA A I,
I PN ZR AR AL 0 GPT-3 S5 AR AR R v o 4 32 Az, AT 17 T35 i1 2R
AT R (Fine—tuning) LUEM ZFARMES: H =, AMIJFHERES
I SGUE Qb N TR RE M@ A, Re% 58 BE 2 AN R IS5, 3 B TE 2 AR IR
Bls 5ok, BEE R G E G, AIFFEAFERIR T RmAS, mrass g
00 R ek SRR ZE B, DeepMind, OpenAl 55t E Sk #BE: T ol %
SJHUAS T HIT T AR A R R

B KRR RE D RSREOR, BESEPAT TS5 SRR 2, A DRFEFINA,
WA AN T RE (Artificial General Intelligence, AGI) B&MZ AL, FFik
SRS G e A A T 3 PN TR R — N T R PR SRR 1, T SR A 2 o0 WU A e
N TR RERIERS .

WA 2 2021 S0 VF 2 AFRCN“ J0F 1 7047, B4E Meta(J5 Facebook)
TR SETE NI & KRS BSR4 303, el T Re e N — MR #, H)
15 A K Z AL AT

BFEAN AR R, B ae M AR REL RN G T8 N B3, LEuTHN
2o RReAR T LU A% A0 ML R T AR, AR TCRR PR RS AN
% N v R )X NN S N N i N o S TR i i i E S TN
B ICIZEAR R DR, B (Al 4 R AR 23 (B A A A
P Thee, MIMARER RS FIAFMES . 5 ARZR. &1F, UETAKLE

SR AR TR AR A DU R AL S oh— AT HE 1 BB,
BB IR E NI T FE A B N B CRENG, [RIN 32 3 AR GE AR
RIEDIC T, A S m 58 B8 %5 RIS, R — L FE/MA T & B o v
SRR R ] e -

BT E T, EXRIGE A T HER, thER EIEEE, RIFRe A
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A, IR TIES NIRRT RIS fEuTH T, BaeEahl
AL IR Lo BT B P EAT SEIN O IE L 55 R AT 2 AT N AL . AIXAS A
FERPEMR, To7 i 1R S ARSI BRI i AN ELE), Dy FN T RE i
AR SRR AN R TP HON BRI SRR RS, Dl A SR RE7KT 1) AT
BEIANAE A E] . BV, XA KRS BRI S T T i AR A SR A

i
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B2E HERFHE

AR N ER AR P 22 TG RO T RE R, b Rl 3 AR SR A I H Ao
—HE LR, BRFET R IR T ASFILERE : Bhn, M0 Al LK N R )
Oy ARG AEAZ s HEFR . WRSREE T 1A, MRIE T 94k B AT A 61 T sl )
AT ETREHEBEEA MRMX . Fit, ZRTHR7E. Tl LR
FORNRINEE R 2R, IR FUAE AT B ARST R 7 AT A % B A 70 8038 m) w4k

SR, ISR 22 AR 27 A0 D R IO ) B i HE T A0 8 I R i s AR - SRV )
BAEYE, FlIINECAZHE 7 KRB S FALE], IS T X6 e A
OB AR o X — R I IEAE (R A A A I F 72 A28 G I 31— {5 DR AE siE F A5
ERAEILVE . LA NAMAZ TORAE [ B 4 T RAE I U

A EE T A DA TR AT ) R A A AR B 22 e i o 8 A 4R A7 B 41
(Place cell) MMM (Grid cell) MISEEGRIL, DL AAIRE LKL H] 27
AL AR, A B R S T SR A R i JE o TEBRIERE b, ARTE N BRAZ T
Y i o B TO R IR G B, 35 A ARSI T AX A M AT AR IRAT B AR TR A
Y i HAR 7




2.1 EPHREZTTHRES SHISRARIL

1948 4F, Tolman @i — M7 NSATSLRHE H 7k B U (1] . AdiA
Ny BATHTAE RIS G A — ok B, T3k e [ DA A SR A7 1E T 3R
TR . 1985 T, FRATAT LU T 2 25 1) 40 H AR 7 6, RIS PR _E AR
A DU 3 S A E . 30 S4BT, BEESIY B 0B 1A B AT A
B, FURBRVBEAER T, E T TR R MG 0 i 40 2 AL
NN

2.1.1 MCIEMEE, MHEMREIIETH R0 R

23 [EA ST 72 () B AT LUB T Tolman 7€ 1948 4E 110125 (4T A L6
(1. fEARRISER T, KESNAERS PRa (B2.1, ), URKRART
MAE AT A B2 R0 G MEEAR)S, Tolman ¥ TRRE, B E R TIRE KA 5L
MALEABLS, BE T 2N DAL AERE (B 2.1, d) o SEIEE R
Bor, RMEL AT, K BRIER K B b R 2 PR B 28 pUR B I 242 ( “6”
SRS AL (E 2.1, A o TR AUZ AL E RIS LT, R
i T DA FH 3 5 S5 ) 2 HE — AN A R P K B I 18 B AT 0T

B2.1 Ze: AT SHUES IR E 8L, REBINZM A K2 6 maRIa R, &. 42
WERIE B, (HE A g EA RN ) AT RERER, BIEH AR E AR
W, AR ZHORRESE 1 IEER A B R 2],
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H | 1971 4,07 Keefe fl Dostrovsky &I T I\ Hih B 77 7E HEHE (1 2. 2),
HIAELE T KM AR A A B (Place cell) [2]. 48—/MrE 41 gwhd 5
ISR E AL E, E 2, KRESHLES, 22 m b &R,
FRA A R IR B 2 T R AR %A B . Bostock 5N [313E— B T [ — R
KRR UAE P AN B E A [EE TR AR [ AR R 58 AT ST 55, R AL B 40 A mT LA
S AN IR 85 (AR [ 7 B R IR FM R (remapping) , X ANEIE— U HE AL
B AR R R AR (R A B R AE SRS R BT H GBS RSN, RN
WIS 5 SIAE 1984 4FF1 2008 AE7E PR J2 R B T iy 1 5 75 1 9 5 [ 48
(direction cell) FIgwAG 85Il FAL B KL A UMM (border cell) %&— 7
AR He TR EL I, A AR TR B RO P B S G A AR AT T R P X
SRR T 15 S 1 A PR T SIS o ST, A BE T 1 e g ) A A 1 4 R 2 2R LA (45
n, BB, J5E. BED . IR (Grid cell) & B S E B4 4 B %0 1
MR R TEE . MEEAIRT 2005 45 Mosor RIEE K UK A (1) Py 5L 2
BORDL[4], AL BARARRE, MRAMEIHA 28 Es (firing field)
(E 2.2) , XS 3 A i 2 1) L 2 B R RROIR 20 A . A Feda H, dx ik
WS RIS FEAN 2 K BRI I8 Bl B AN 7 Rl 5, A FR RS AR B YUE o X RIR
% 200 10 TN s 55 ) 5 AR 5 v 4D B2 R g ) A D, T T O A A KT 2 [ P R i LA
HEIEH

(ELI SRR G5 440 A2 R T B i) s DA BB AR AL AR RN Th R LA T4 2
AT T8 W o 200 AR TBE A2 19X A% 200 L PR U T LT 25 P 8 R I T 4 2R
1M SO T B AN, a0 SR A& 4E TR 3 PR 2 iR 3 T B, IR %% 381 1 2 (] v
7 B TG BN RAE L Z AL AL, AR B — TR RIS . T 5 IR LAR,
23 [HI G (1R 2 ML A BFF 7233k PR 2%, B3 Constantinescu %5 AfE 2016 4, 445
N T UK 2RI P & R R (5], AR AR RN, SR TR E S R T
MNP R e T AL EHE 2 58 .
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Bl 2.2 DLZS RIS A 1 1) IR #2420 A5 B gmiD iy s Ji#E [4] . E Tolman T 1948

SR ST B DASR, 25 50 AR AL AR K 0 A ANER- R T G A EE AN R

SREMMEI, WS EYIIE (Place cell) SNMREZMMAZLIIE (Grid cell) &
SR RN KRR A B 5 RS A0 B LE 5 2 18] R IR R B

2.1.2 MYIEZRIE SR S AR R

IE 2 NAT A oF A A 4 6 P 2 BSATL 1) < 12 R IR R AN AR ERJBF g, 97 ) S B0 AE 4 S
71N> AE DT 22 18] 5 S G i PR PR AR AR DX, A B 17 R A A £ R RS
2010 4, Doeller S5 A Bl MRT J5 925 i DO AE Ak J5E N SRR RO PRz i 21 1 ol 4
MEREEN(E 5 (6] AL FROBHZ, RIRA IS BD A B 1 PSS Y
IR B R, 1 HAg A £ i o A+ 2, X R NMETE . Jadn Bl s, #
AT« AMIEETIH B JZ S X, BIR g8 BT 2 e\ R 2 b 5 BT B0 R i ER A 1Y
#% (default mode network) o BRIAIAZEZE —A> AN D) BE M 28 HLAR AT 78 KB ARIE,
Hs & W2 2RASOARThRERT Ui s ga v, B KIEcZ. R, 5
HEE . PHEVPG SRS . BRI A A/ T BROA R 48, HERIAMZE LS 5 5%
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T (AR TIAE , TS 4 754 0 A SO M 2 5 2 ) LA S £ .2
XA IR, 2016 4 Constant inescu 5 A\ 256 VAT T 1004 AT 75 5o 5 )
BB, SR, S TR A KB R O TR K i
ML, Constantinescu % ANIEEH] 2 \KH R 7E 113 1 e TR A K FE
PR — A s e <23 I, I P BT LA SR A 2 B, 0k
BRI S5 T 3% — 55 2 L5 TSR B KT A o [RIRHIEW T RORS 40 A S
M B B . SRR g B R S G i
Constantinescu HISZHLIT MM RE = ZTRAT, FefTM K I IEFARMZ TCHI T
fEpL.

K 2.3 Mg gnpgmtd ARy EEasia) (PLoe s a) (7] Anndng a3 8] [81) MIHTiESE .
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[ Constantinescu 25 A\ 2016 4E R B G, #UERH AT, AATIEE R0
FRII 3 G5 BGmASHLEEAT ) BEXAS 2T E Rt — PR R, BESR R IE s
T FE AR AL BRIt R 45 A6 T LA R A% 0 M 5 3l I8 2 AT AT {5 B R DR 2
BT S BATT T EAR V) 23 () #RRLAZ 5 R AR 235 3h . B, Bao 25 AM
TR TWRGR CgEsiE (B 2.3, EITREEEAYEE (CRRED Ik
FERIIE R T A% AIIES) (8] . Rl FE SR, M LET ARl
RIS A P, I — IR AU 48 T A 4 2 S5 50 AE 5 ehS I IESE , Nau
NI TR (7], RIS EN e LR8BIl 2, BB BE
Fe bR e B BRI A A B R E R 2G4 SRR A IR R R
BRIZBIE AT IS (B 2.3) o AH bl T 75 2 B 0 A X G % 11 5 Ak 5 L
W75 ], Nau 558 NSERH, AR T IRERIZ 3 UM AS T5 B gmALAME B,
ATV, AU BRI 2 5 ) AR BR 32 3h A8 AT DL R AR 4TI 35 3,
HHESERZ 5 T A TH IREE WS M B A R . DL IR e seae 25 SR By
SR A 1045 B ALE] B AT UL A B 2GR, HOA MIX SRR SR,
O B FRATTII AL W5t 1256 2 4 B N A R oA i I, Il T
LA P — 24 P (1 e FH e 1k

P 4 A 2 5 gt 2 FOA SN RE JT LR, AWk i f Sk bE, T &
“Neuronal Recycling” ¥ [9], RIS 4HMZE AL VI et C 447
FE T, I A SRR T RE, BEE ALV BN AT BB, A Wi 2 5
AT DI RE it . —J7 T, SCEEIXAME B IR 2 A% 40 i 224 2 A
PRt R R I, B RBR i E DA S—J5TH, I
N TRt Feda H, 7E N TR A eh R 2 rh, S 30 7 IR S A E VR IR 5% o
Banino 2 A5 KATHIHCAZ ML (LSTM) I 2578 Be A 58 B 18] ST 5%, 4% 1
Besl)=F, A 25. 2% N TAHE TR 7RS4 I BOoRE A [10]. X
SeP 3 — P ENE T AR 4B TN S Re sk v, B RS MR

g5 BRTIR, A/NTRER T BT 2005 GERILEASK,  AfTTHEE T
BT iR i R B AR, BIFRAT R sk 28 e AL A UR IR T — 482, R
TSR A S B W R B OB P RRE PR RE R, S, AR 4
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MR IS 5 gk A ER 2 (8] o R R A5 2 SCHF 1 RN B IR 2 & 44
2 (A P A AR TE) O AR OB o 57—, BV HERR A B 2 (R ANl R 2 8] 2545 U2 1R T
Ja, WS A Y B IR BRI S s, IE S 5 1 ORI AL 15 B R AL
=, EHRER TR TAEMIRX —B JE, UAR ARI AT LR TR LA 22 X 2% Y =
PO, WAL IO BRI ASAE H AR TR AEAEARUUE, RV T AR 4o
AN FHLAS AP TC 2 [AFAE R T BRI I o DRIk, SRATTIAT AR I 7T 4%
BRI TT I & TER AN LR AT IR R, eR A Al NN BEIAS 5T, DL xS il
PR RE RSB RAT B B 3

2.2 HEZETEHEREY: TR

MR A ZOR DL 2 R BT g 5 1045 5 B 2 TR I N R 2% . L,
Nieh 2 NKBifE S AP EMPAES S E MM FENIESS 73 RAUEE R
G [11]; Elsayed S8 NRIUAAIR RIS sl 4 ot i sl a5 B BoRIZ shidh AT B B
A RTB12] o X LLHT R BIME DL Bk 22 e g b PR R, ORI P4 T
HEVRG S I BB B 7 o AT 155 — Al S DR, A AT 28 5 2 R
TP TORE ARG 5 o

IR, BEAE RN 21 S5 KRR 22 TO 10 SR BOR B R R, JATTRT DA A I D 3
BT TS, WA TR AL (14 A7 PR B A 22 O A )3 B A L B AT )
[13]o PN Rt RALAT K B BT _EJ3 h 2 ool sh 3L R awk, i AFRAT
i B Y B Ry 5 SR IR R IR A5 5o AEASTT, FATA A — DA AER R
TR TCREA IS I LA . AZUE (neural manifold) » AT AR A
M2 2R, ARSI R, TR R 2oy, AR AT fERT 7
o FR A R -

2.2.1 HHAaZ2Eiin

T —A U HESAE 19 THAD 40 SEARHRR B 48 NSt [14] . BUAHE AT
XHRAT AT FC 1 B T AE PN 70 3 AN ER LT AESR N2, JEOE
SR A JR A W PR 2 1) 10 12 T EL 54 1 T i 1 o 2 B A 4t T %
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Feo TERUGY JUAT AR, S0 [R]AHEAL IR0 1A 58 SCHE I T ~F 3 Ja8 1 AN 22 SR T
e AP E R RN R 2R TE . BARITEAE N — ANk vl e 5 2% 1
AR, AR 2 F A A — A s BT #8 T AT AL B — AN A ) 48 2 P s ), T
LRI R (A — e LA R AR R . TS 2, W AT AR AR Gt T
AN JI B IRR 2 2 (8] 78 o £ AH 1R 4E 5E 114 42 R 2 1) b

KRG MR &SI N B eh B2 1SR B R T LLEIR B 1947 4R [15]. IX BLA
TEAE R — A4 AR FH R F8 AR GBI K B2 J2 - R Ge ¥ imt AR iy TRk
SRR L S, Amari. 7£ 1990—2000 Amari $2H 715 8 JUAT, I A
wRAPh M RIZRI16] . E S UTHRISECE R — S Edesn), L1
FAREER — AU, RACAPE W& IR ATEIX A S HCS B A o 1 kiR
TR 22 M4 FH R AR i b 22 e O BEAATE B) [17], BRI FRATT AT AFRZ Ay el
2.

AT R BRAT A RAPETIY, T T E LT R — B 2 TR 3
KA. Seung Hl Lee f£ 2000 =4 i AT MERHZE yo FURFATE SRS I8 i — 4
M, ZAER SN rERE - IMETESI 18], AT R —AmE
Yerrbr R, HA—ANREARR A XA @RS = P g AN ARAER A
AT RTES . IR NDNMETTS 520N gt , 00 L) A bR RARER
T /N4 E G )25 0] (neural response space) o JTAER, AR}
T AN R AR G DRI S0 B B Dy o 4 4 22 1 20 2 ) P PR AR
.

M TORHR SR AL 32 B 7 TH 200 —J7 Tk JAMNER RIS 5 —J7 kR H
M TOIEFEEE M o X T 45 TE HIAMBRIL, & oA gl O 4E B S TP s 3
) (R FE o B MR RN T3 —IRES, I BN ) Bl 4 22 75 B T8 S Bl ik
FRRERE, IR BRSO S T2 — AN gufid ) &, RIZ IS 3T
] YR — A e RO — PR ZS A B 55— PR OIS i, #2235 Z) 2
(1) P PR st AR — AN B AR B 5 — M7 B o [R]— AT 45 R IECIR A 1R Azt LY e 4
23 A HR ) AR B AR 2 BB 2 23, LhanrE MR RINTE %, i m— E1E
b e, RS PR R — Mk, 50 RIK R e 4 40
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A H N IR BT 5% 1 4R 2R AL (18] o SR 2235 50 42 18] 7 1) i
ok 1 dEfhZ. LABLSEHE, QR RSN AP R RRES s,
AGRAN I RS2 —A> 2 gEdimn, ank 2. 4 Foil, RSN E 2 MR
AR, tetmAh, B2ZRIEA S E — D mdE “#iim T , SCEAER A m
U o BN FAE S5 R AL B omaz b T RI A 22 T BN, IR A TR — 28
G SRR 2 G 5 2 R AE v e 2235 3 25 TR ) — MR BRI

2D linear subspace 1D manifold ring 2D manifold

n;

B 2.4 =4 a i 1 4ER 2 4E TR 1 [19]

AL TOAE VR G B 1) 25 L [R]I th 52 PR K A B KRR A5 o BT, i
Tamidiz s [20 A1 R AR LI, BARIXEERAEA ELEE U MR, (H A
LoV BT 2 S 28 T A ELIE RSB, TR A RO 51 52 S 22 A 4%
T IhRE 5 AR R IR 1 [21] o JXRE A 20 R ] e 3 B0 4 TT i AT s A PR A 72
—/MR4ERE L

2.2.2 BRMEHRAAISLILLIR

BE SR A1 B RPN A 20 TT e 2 M A R AR AP 22 TO O B AN 206 A, R4 08
AL A BT R PR A Be e 2 e 22 ) 30 TRGBEAT F ORI %, R TR A7 s A 1 kAl
BE— BRI IY . I 2B RIS T IR AL

R HMBRIF AR, DLBATEL b — 255/ 43 (R A% 2 5]
FRATT 38 X M 40 T AR AL =% TR) PR35, L A% 48 AR X 7 0 7 M 2t A
2007 FELgR H [22], Wil 2. 5a—c Pron, —AEETAEL 2 A (R AP 22 1 AR G i

KPR B S AT A G , R R T RALX A ] 5L ) —4ERE TR SR 1R
~ 36 ~



{E2, BSEPREEAAT L S i =2 26 1 M A ROFR B SE A%, AR AT AL R B 14
FHITEWE L, A dE i I L R AR AR, RS A R 2 2 BT AR
JEZMAWE ? Derdikman 5 A$@H T 25 (]2 LA T B 28 L i % :Uk i 42 Je 4w T
(B i (23], BRI — N2 18] (LG B8 50 ) A Sy — A PRI S AN gl A S PR RE T BT R ALE
AT BAEEXAME YL, Derdikman Sl KRB — NI, #h&mpk
WIS LSRRI (& 2.5d) , BEJGIEPREE 3B NRRAGY), (65 5 i R A5 43
BN TS, S5 R B o RS BA 4eRe50R (18 2. 5e) , T2
BEIA AR R T 4 X IR gm0 (B 2. 5F) o iZ%SEI0 45 SRR M Derdikman
(BB IERA Y, BRI o0 B A A8 (R AN 2 (R gEAT s 25 (] 2. Bg)
I AR R B RAE . [FIR, R BA AN, R ETR A AR, A R
Z BRI AR .

KT IHIE TCEB A RS, ARYE U ARG R e S, — Mg
TEAT LASE B FRAT T — A BAR AN RE S it (B nd% B AR BRI E 8RS 8 X 380
B2 G IR B A 22 005 5 AT N IR, AT RN RE Ty 22 K AEAT 478
e ? WX, Sadtler S NART 2014 FRTAETRE, £ HMILEE D
HiAR, BRI ) of e b o [ B A ) 8 ANMEE i E (B 2.5) [24]. Y
ifith 8 N[ Ty )18 B IR 28 T LSO R AR 2R AR 4R B /5 Sadtler FI[A
I PG T AT T, MiE TN (vithin manifold) MREAS Coutside
manifold) TP A S8 5% 1 LIRS U4 22 505 Y 1) L AT 467 B 06 R iz 82 2]
RE AT . 25 REIR,  “UEA” MR, Bk AT DUPROE i 22 2 I 56 AT 55
1M “URTEAN” A NRRIE A TGV 58 AT 55 - Sadtler S5 NMIBF AL SRR, il
25 JC TR AR T AR 2 IR TR FRAT T SN e 70 LA W s ), i St
B 7 ARAERIBR ] B VEF o XA N FRATTBRA VA IS s B B A A 22 S IR AR T —
ANARERIRRE, BIA0E AL KT & RO AR S TR, nlaEat 2 2R %
EREEm . Bk, aniim e R s SERL AT A AT Bkt e 3, IS AR AR AN
X HdE B RPN T, B O AR — M BB A A A e ) 7L
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2.5 a—c, MAGAHMLIR T RAE AR AL [22] ; d—g, P4 29 B4 R0 D01 30 P T2 25 o 2 ]
FEAZACTAA 23] h-k, AL RN AFERIMERAIESE [24]

2.2.3 RS E

TICAE I — A TR A — L ] R LT ARFAE  BE N JEE L $h A4 m) s RN
[ 5 S5 45 o T P A P AR i I 1) i B R i LA AR S AR 22 A TN B3 R %R
Sereno Ml Lehky WF7T 1 #HE43 [B] KT S5 th UM B 4L [25] . R 9 2R
A2 3 4, AR B AR LT B0 23 18] X R R 2 AR N AZAE 3 4R . O T 5
UEIXAMEBE, AR BRR L S B B ARG E ORI, R T 80 /NI T3
M7 2 (ALT) #8073 AN P TR (LIP) J2 JZ A28 70, #8180 4 ATT %% [H] Al
73 4 LIP la). B BRI N T2 iE s S RN — A Rl SR EARATIE A
2 AEbR I (MDS) 7 V205 vt 248 2 ) P 24 o = 2 25 1) o AT A IR AR I i TR T A
= 2 () N AR 7 B DAL K S SR S A 2 2 ) A AR B DAL, Atk
ATAAEALSE B2 SRS B A (A R AE A 75 22 3 NERZ . O 1t P IR IEAE Bl 3R
2 AARIAE 55 A 22 TR AR 2 i B AR 4 2 387, Lehky AR F AL BRI A
806 Wi A 2K IR F ek 1 ALT JWIX 674 DML TRy 5 AT )
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G (PCA) X} 674 HER)PH G B3 (M HEAT BEAE, I BRI 405 5 7
(L% 7 1 AT DA e 4 21124 63 2 (¥ F] Hh [26]

FEVL I AR, BEFEN RAE R T 2R MR (0 7532, DRIt B4 5 1) 23 145 A
BRI 6] o SR, 2 PR A0 14 7523 G Vo W A B A4 I (1 44 2 5 o 22 s D o = 211
TEHZ MR R. ATETHTRG T, Jazayeri Ml Ostojic AT —&
SR ER R RZRIR[21] . AT T BT A AT REIRAS I 22 75 3 23 [l R 4E 12
WA TR TN, O T 4E RS (ambient dimension) o d#Id 3R>
I HT LR R Tk, R TCIE I AT DA R 4 B SE A RR G 8] o 1A BR IR A
V1) 6 245 P PR O IR N 4E S (embedding dimension) o SZRrfffErr, HRNZSIEA Y
TG BB T EERE AR B0%IIIEETE B . ST, HRNAEFE AR R gw i i 75 22
1050 VA 6 =% V= I = 1L B7 O VAR RPN =11 I TN i o s DTN IR i 2
2K S5 HI AR TR ZEHRAE— A 3 ERRIRE AN . X IR K H 2 1 AR
3o YRt i 5 LIV B D ST AR B E SO T B AR B I 4ERE, AR
TEZERE (intrinsic dimension) o

MR RE M, AELE RTINS EEERMNIE. %,
Chaudhuri 17 = & I /0N BRxos Sk 30508 1) A 1) o 5D gl A LT 44 ) o 22 375 ) 2 )
R —ZEFR [27] o AT 3 TAE /)N 65375 TR Al A Py % 30 3% 7 i 75 000 2 i % (ADin)
FHZ2(5 5 . Chaudhuri F1[FF R IR 2 2R MERELE (K VA I EA RE4R B2 I I 1Y
HAELMAIYERE . 9, Chaudhuri FIFE SR T — AN B ARMBE4E 7%, H
e EE B — 5 PR 2[RI (persistent homology) f 75 W8 SE R T IR NG54 o
BT RIS D2 R mT U 2 (8] 9 AR S 4 (R A B sS4k b3 7 i A Heok X 43
W 2. 6a, & HELH —ADELRBEA . B KMt 1 — A SRR,
PRIHAT 33— 2R M R IR — Sk LR 2 AR D[RR 1 s SR, — AN — AN s A — AN,
PR AT — 2k IR N AN FIRY . R [FH 77700 2. 6b s, DA% 5) %7 6]
IR — o R0 DU AL AR R 0 — AN ERIR . BEE ARG K, BRI S M %
TR — B SEik, MIBORIahait, il 2. 6b A, Hf, A,
A O IR LA T . 58 B R RREE R I ) e, IR AN A R R Rr 28,
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DSl 2 9 A A R s NI PR AN S o I AR, BATTRT A YA
RYEFLFETTIERAG TR GRS

K 2.6 a) AN ZAFE I FH A b)Y FHRFEE R 5 120 52 #h 4 454 [27]

T N AEYE S S 1 I S ) 3 R AR R i DL AR A, M X AR & (1Y
15 BB H AL I HRN 25 8] AR AL AL 8 (21 o 50 T KI5 S AL B A — A 22 g
BB, ARMX I8, LKA e R gt 6], GH il 2 vk A 2t AT
oo/ R NG LI SRV W N - S R e e L RS G

2.2.4 FRS%ERERIXR

RN (B BT A G806 20 2 1] ) 25 8] T2 (D s B gt 7 — e ek 77 =X
KL IR TH . Elsayed FlIE AT TEEW FURBRME BN AR AT 55 o R I 24 B AN 23 A1 A
LA LRI, [F]— B A T B AT AN [R] T BT A 8 B 121 o ARATT LSk
WEMLEE B AR B —A B AR s, (R L AHEN BT a2 JE R A /8 2 Al
FZ E bR R BUXAMESS 0 A B: TF R i & BT AE & B BORIT a2 )5
M2 B MATESR THIZossh K E (MDD MEMETHEs)EE (PMd) F1) 127
MG TGS o DN HES B Bl 4835 ) RE B B B i wh 2806 sl 2 A G, BT
DAALATI GO 1 [0 R g - Y 25 B BRI P 222058 B A 2 S 20 i R A1 B LRI W
AT 5 A3 23 AR HE 4% B B AN BB B AR a5 5 0 AN 127 4% 18] F
NPRASXT R 10 4E- 23 [6] o AR X A1 Rl AR FHr 28 (B 2.7) o Fir
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LL, 3@ 2 MR (1 5 s PAT A FITHEL N 72 AR RS, [R— B2 o n]
PAEANT-PUHRAL 2 R 5, Wi Al — s ool PRI 225 A R RAE

a b
1 % -
i —
- o~ €
£ | b ; ’ S
+ -
. Move. dim. 2
Move. dim. 1
Move. dim. 2
K 2.7 a) MEREE AN 3 4R & TSRS NREM, B3R

/KPR b) 1% 3 4EBSE R IRRLIE [12]

HeT ORI LA RS B ARG, B TE N R BE gt — 2D 7 Hrpf 22 k45 2
fTLEHR N (B A AL BEAE S o BRARE MR BT 55, AT 5 R — S0t
TANZ G B2 8] A — N, TR TR 53 Bh BE AT AR o 38 X AN 7] 1
FERR N BN B Bk (B 2.8) o AT RAE AN SR FEANRIE ER L Ad IR T B
fE—ilg, WA gRHAMRA I X 7 o ASFRRIZ X I3 1) e 1R
JUMIAR BB R A T BUAFIRIEHX 20 B ST, Cohen A HE Tttt /1
FRY T KA E (classification capacity) X —&ELFEbR, AR 7 ANTIR
FERRZE M 2% rh r O EERM 2 UE IVLERL . AR AT B2 8] ) SR (28]
XN A 2% T T 5T s s s BEER M s s s il Horp,
JZ BB 5070 I B1 98 FE A AN RN 25 8] o N 225 T P FRDRE 2 AS [ S )
AR I 2. 8 Fros iy o AL FH A . K] 2.8a M b o, X704
[ R = O T AN A o[RS Rl R B o A B e 1 IR A2
Cohen FH[R] 5 A BIULAE 78 I ZR AR 22 R 25 i, iblepsesfr i H B0 2 o b 22 U T 4 2
IR Sy A PN EM WAL SR EPS i A P TE as v TP S e e U2 v A A

AFAERE 10 KA B . FERLEJUAIRFIE T, JOR4E R 70 KA B sk e K
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ST R AR, AbATTHHEIN KA o A5 S AL BRAR T B R e I B ST ) LA R A
FREAE T2tk H

2.8 LMk FACMPILAN AR (a) FAEMAN L (b) (M T AR A (R5) [28]

AT B LA IS AN n] AP RSB 28 ThRE, e tBAR R e A2 KM Tl
Thae M ST 2. NANSHVIIAR 2247 MR T IR A e =4 iy %) 400 5 R 5 J2 3
TZIBE R o RN AL E R AR AR AL R AR R [29] 0 A 2. 9a, LT
Sy BN 8] 60 e T T AS A B 2R A5 18] N — 2R B o SR 2R B vl A J— 4 T 2%
EH 1 4R . Henaff M[FEIFAJVL L@ B AL EE, 4 Rt 1A ET
R 1 e B #2245 NI B, A TR — A rURIAL Bl 2 215 5

a7 o T IRXAEREGR, Henaf £ A0[RI SFATTLE BRI A [F ARSI A B, IFidsx
FIZATE K= (VD) JLH ML Tc 15 5 [30] AT AR BAEAR TG B A Al N A 1 48
TR A TFAR 2 25 AR/ (B 2.9b) o AENXTHE, AW g T — 2 fE
15 2 ) i AR IME AN B AR AU B IX 28R B R A BORH R (R e 22 3 1
FARK (B2.9¢) o FETIXFERISER, AbA TR Ao AL o338 % A R e
7 202 [ PRSI T30 5 M i AT e P T

pu
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K2.9 a) BRI FIRIT29]; b) BEAUHLAIT MR R 45 (8] A 2235 3 25 18] AT 1
eI s o) A B ARMIIIE AR 3 2 (R R 22 i 3 23 18] I 1 378 2 B 7 #r
[30]

MRLETE N 2 (] A L — DA . XA BUE g SR Big
2. IR IR B 13X A ARy 3h J 22 @ e . 8 B SCIR B A T
Chaudhuri A1 [F] St IURAL N SRR EFE S 1 1 BRI 2 A8 RE SR 5] 1

R ST RS NTIASTERE L1230, (HR2 RN A s 2 i B 3
(2710 FILA, FIHIFEIRNS A 22 i 20 2 6] 3 1) s RT3 A R

225 ik LEIzhHE

N T BRI U AR R R B8 B i ryissh, RATE e/ EZNH T
RN RS ERE R A . RREIEERESR A RAE B A S — AL B,
ER T AL BB S HEE RN AR RER, RN v=f(v), XH,
A BRI, MEvIUR AN E .. B8O ML EE — DX R
. FTEL, A A Z W A R — I BN, BRI E %A B R T
[FEIEZEh 2T —MLE, HHE T M EREEZEEh R T T MLE, K,
XA RIS S L A E T oK. B f ()3t T R a1 i e B AL RIA
FATAT LA UL R f () WDk sl g 22 A i R A2 — . BREf ()
NAERIN AR ADLERE T DNEERE, Bl NEEREY, WA 2. 10a
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EEPR. ZAREE R E LU T FORAELR, HtmEs L
IR AN f (YR ARIE R FE 1 SRR s s 23 18] N (0 R RS s 20 R A
e b, B CABRATT AT LR B iR R ) ok S A i IR s i 3 0 (1
2.10a FED o [HAERIZEE RS A ihzeE, DIEE A A
TR Z W, TRAERIEAR RN B SR XL D) [a R R A AR B At
MR A B A, BT S RN S R EMH R RYERL . S8, L) R [F
AT DA TA A B ey 4 J5E (R 2037 50 2 ) PAY 5 LA TR N 22 ) )8 P s R AT T S Ak 2
AN E Y R RS JE AT BAT AT T3 R ) 3 Y 70 A AR A5 i

a b

—_tangent vector \

I tangent vector

" tangent vvﬂov/%‘_\ !
r 3

2.10 a) 2 4EFEM 2 LEFUE &
b HHF 1A W] A AN R R A TT 2B A R [ 837 [31]

Claudi A1 Branco A I B4k FMes 4T DL FH O fg Aok 3k 17 047 14 73
[31] o ABATTRHAIE [F R AR 73 P 2P . 1) A Ta] B[ 4 (] N —— L ARk
R B ——fiR A &Y, 2) Rz 2 @ AL R UE T 2R A 2SR
FRIFEA (B 2. 10a) BREZLRIE AR XA I AAE T [F] A il #L ]
] DB A F R BT A AR B R RS (8 2. 10b) , DA 22
XA AEAN R LA AR R S E SR o RO RN 23 (] 2 F A e 3 4
IR E TR, BB AR LR R R WX RR, AT
P SE SCRAIR G 7] B3 7T AZRAE AR A 22 3 25 [R) N ) e E ) 07 . 3R, AT
A DA ] AR 1) 87y, 385 R N AR AN 2 PR A 445 21 SR 2% (A 22 3 3 22 ) N
Mt sy, (v, v)} =12 ..
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FERNE A5 ) 75 8] A S R B A BRI T QO AR R B2 5, ARG
VIR FE R B A I R T A b 22 X 2 IS B, DT PRAE T 3h 2 i R ) A= P v S B
M. R Z RO R EHE HAEIR 2 RZ% (RNND AT UAVE N BGIE AP 4E 5h 77 27 f) 25 230
WRr&E07, 12, 21].

2.2.6 HRAEHHTEAPERLE

FH N P A0 222 0 2% DL R i 5 i [X 47 22 O 5% (1 2E2 AR 195 100 2 1 0 D 2% T %
ANTH SR B850 22 TB) PR SZE AL B 50 K I o 228 19 4% P 5 A 8 e 2 T ) SR A AL B 3
ANV R T I T A T DL I 2 O S B R A AN 513 2, AT
[ e IR W 48 TR [32, 33, &L, Pollock Al Jazayeri $H 17—
ANTTIE U 1) 5 4 B e AT A I 245 1N ) FEH AL EE (34] « A IR 3R I 2 5 3L
T ) S35 306 A 5] (130 0 2R o ARATTHE J5 R E IR AT 55 R BT SRR 73X AN T
e WA 2. 11a fos, W5 BUEAT 55 % U WE SE— B, SRS 1E— B Ia]
ZJE B EAE B . RO AMTRIE B B E — AN A R EE IR, B
IS B FZATE 45 IR E TR R — A 14638 ([ 2. 11b) o 3F B — s
(K375 ) SEAEY), FORAMB S — AR B IR T 28 5 « IRFR PR P48 BT
B 1B 15 TR AT XA B Y (B 2. 11e) o JRIRE Mg it
ST Eh AR FE AT DAL R A K = Wo(x), KB AEMCEITGHE ST

At E, ACRIA TR R AAESE, o) H R TA S DRIARL
VERRE, WARARFIRIMEIA RIS FBERIEFE . BATRIE S TP 223 3l 22 18] 7]
B B4 E MR ES{ (v, v)} BATAT LG RN HY, = Wo(vy),

i =1,2, ... FATATLUE B W IR 5E P42 X 28 [ EE A o X MR &
Jal i AR Bt LA R iR B R AT AR
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K211 a) fRBEIRRAES: b) MRRIE LR A& 7 [ 53T, K/
W ERIBIE R B E s o) RIFHE R RIS TH AR 48 AL [34]

2.2.7 BEETIREEE

AT PRGBS B AL, DA A DU T 0 B 200 B R Py R = ) o 4 i
N, AT EAMA TR EEERAE. B A 1971 4 07 Keefe F[F 5
Dostrovsky AILFLAHEZ TONREE 25 AN B FE B BOR ISR LIk, BEE IS 2 50
FANZTCIE S AR, P& oD HLf I TR R, A4 14
BHAWEFUIEAE AR 22 0 5 5% 5 5 0 I A Ao 22 o e A 2 3= 5 RO IR AR, £
XA P75 SCHRRIRIS 1, S T R ARG T A R 2 T BB ER AR TPk,
VISR T — B, P ZRAERIBIE T 5T NFE T LA 23 i B 2 A
FrL R ATV NP R EZEAMERZ Jazayeri M Ostojic HI=/Z4EEHESE
[21],

FIHIXA =2 4EEHESE, AT LAYE Marr FITHE-FE-SCB = A2 IR -
[35] RGuHb o T #hZE S A SE AR ToiE R A . B 56, ESRILZ, FRATTFRE
BEAT AR, SRAESHE TOAE 5, 3K LAl SR ) 40 22 T PR3 B AA BR T R 83 )
AR . HEE, FRATT TR B AN 2 IE B A% B B 4 U N S ) o ARAE R RN
[ fRiAL 1 FAVETH S E XN T sh 1245 5 B 70 iy, AERATR] Dodd T A B
MR RS T AR AT IR . B 5, EHEVEE, AT LIS I 7E PR 22 ) 45
X PRI A0S X R AT AL 40 o TR RS UL TT AR A A RN 25 ) B R 8 3G 3 23 ) o A
IRANZEIAI N, FRATT AT LS LR 28 D00 2% (R AU 75 TEAff S |50 )2 0 30 0 2
FERRE TGN 2 (B A, FRATAT DO LA T BB T A5 5 2 75 BROW I B (¥ 40 22 T 15
T3
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T, AR FEBAR 028 W 25 9 ARSR LB A o A 20 AE GRS A 55 P LA
TERBI, (ARSRZIE T NIV RGE . IR R0 0 2% 32 B30 Dl A A1)
T RIS R G BB IR, A TR R AL R S8, BRI E )
BIMG R, RATFHEEZ NS, RBIALH .

ML 50 1) E A R AUL A DAL 50 R G R A AT B S B, R R e A v v
SR SR, SCRERIG R RE I R o ROETRAT TR N B RE D) By sk 52 3 A\ 261
ML T REGL I L 1 M AT LA ALSE, (HEH ATk, BATLEEA KR H m
KA EEA, BEERBAE— N RFHBH (killer application) H1RILIMEME
#EfE (40 AlphaGo 7EFEIMEELFE. AlphaFold 7628 ARG MITRINAE) , M4 A1E
i bt i I AS R (PR o S ) 8 EH AE AR L 2 7 PRt 5, X R AR AL
5 YR HL A TE T BAT S S 5 Rk LIEEMRARRIAE . Hotm, IR 31
ZEAEM MG BT, AR FR 2 1 R (5 B AR R G AE SE I RN T RERT
QB I A8 B S B o T 2 Mk e 22 I 28 AT I8 7000 % R X B AR AR
PERANTR], BRI R A AL 11 2 A0 o BRI, A T BLIE A S A K
IR R e, FRATA L ER R ATFI R a2, 5 B R3E & A ot i) A
FIUERAT S, IR BT R A B T BAR AR

A A Sl T 0 SR A B Y R R T, S8/ 4R A — LU P R S
AR, FFE BRI E S HRAERE A A IR 280 s A 2RI A A 2 ) 5
= AN RIS, Rz s H Arbod ks ill, dz3h H s iliesEs, LAGEsh B
PRI, EATR R T RIS ) FE A D R AR A R B SRR AR SR A




3.1 MM REESHIE

5L AL B A B A B L, AL i — AR I LI 23 50
SEE (E 3.0 o MNIMETIFG, EVis RGNS, X
EESGIRAT T AEAL R N A O I P A 5, 8 I SR 0N AR A 2 K
RUDE B JZ 5 R % i e X I A5 20 1 UK X sk 2z 18] (45 B AR B 2 il i w27
BRI R Rk P SR SE e BITER, AR HE AR GUIN AR5 J2 AR & AP 22 ik
M AREE AN E e SE R # RS R AT “4)5” o Bk,
N T T AEYIALGE , BATTA b BAEAS 5 U AR AR MR o I 2 B A5 5\ B 5o

3. 1 AW HE 2 G T3 - ikt 7 21 R A 25 3l 35

ARk, SRR AN A BOR PR K, © 2] LLSEIGT AR 52 7 3¢ e N (]
IIPREE) L FRERHRR, RROGE S AR O A AT RAE . X EA AP
TSI A B, — Rl shAS AL ES (Dynamical vision sensor, fij#x DVS),
MR Bkt RS Sk (spiking camera) , i vidar kiR k. EBIZERT
A= K AL A S 2R 5

K 3.2 DVS o= it B DA R B4 J2 A 2 i o s ) Bk [ 1]
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DVS & — AU IR R IR B 2 o AR SRR BB SR 4% [ € I T % (L
40 30fs) BRI — it B AR5 B, B miEGREEEE T MR SIS S,
11 2SR RFEEARAME R . DVS ARSI T sURFI SR B & B — &
RSN, JF KR SRR, WlE 3.2 Frifi. DVS & PL— it
FHARRAE N7 W X (5 T . B K E S EE U E R, KA E
X, TEMEy, KBS ZlE DORIEEAEREp, Bl<xytp>. BI=%4
RAL T WkE SN S E, JaHRIL TR . £ DVS i, —/M&
R B WA A 2 RER, 420 kfE S, % DVS
Ak E S AR ) R M, I TA] R B . AR M AEM R R,
LK, DVS S TR — D =Z MR R G, LA AL g4
- XURK 4 P-4 22 7 A il 5 [2] . DVS AL FAR SR S5 2k, L R = sl v,
T g R, KRR FELL K R R s SR [3]. DVS Hadst 1A e
SRARAL, B2 MRS ML HE IS B A5 BREAT 1 IR, 1 2 A B 3 S (1 SR T 55

K 3.3 Fkibgds sk (4]

Bk i B A% 3 32 05 R T R AR S [T 3 R Bi[4].  Rkab g Sk T —1MME
FREREY], B—MERME, S/ MBS (analog-to-digital
converter, fFK ADC) FIZRIN#S . FHdstidin] LUK R — MG R AL E 1 b im i i
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N, BRI REEN BN, W& 3.3 Fras. RIS AGiREE T 2,
EF PAIDE DAV cibu ey =1 1=K (=R I 17 i) Ve SPCTI N ) 1 0 3 R s
ASKAEIS Z, R Ak RO, R 1, B0 0. B Sl
JCHA, RIS NG R 2T, BN R AT LALRG RS2 4 - X0
PR -2 T A0 A TR AR ADL . AN[A) T DVS B FOGBR AR 284k, ik dg sk
A DAL RO BmEAT RAL . — MEEALELROC IR, X B 10 % e s 1Y) A H
K, Bnas 2 EARMIE R RAE, Mkt S AR Sk ohons B PR 227 B Ik A TBOB AT
Fo B RING a AELE ORI A o T Rk BB Sk B a8
A DA FE A HE 37 55 (R SCERARFALE o keS8 45 kot B0 PO R 4R AT DA iy ik 22 A0 4 I 1) 73 9
R, B b, IRAOTAT OB EEE T, SRR 23 S N RiE 2 .

3.2 HRIEMEIEFITEIRE

BT 2RI A AR B M kP A, AT AT DAt — DA AR ML e R S
RIS, RSN TR, METhREN A IRZ, (HREAR R A
= Hbskl. Birigsi. MBERRN. NTamgaudca ik 1 KE
IR, (HIX RS B R I T i R BN T, ASREAL BRI I 2 3 a5 .
AR AT AR X 2% ik e AL AN RE 58 R AF I THEAE 55« JAT 76 ZA 242
2 28 G0 1R 405 R R s R R 1 BRI SR I BiE TH SRR, e HGR B 5| N AR 22
LB S SRR, ORI I 28 R B it B R RE AR A i 2
N EUSYIEE

PR, JRATT A I T AR W 4 DR 0% SR T Sk B I AR i - B 8 T LA )
AR, WIEEE) H PR 1230 BARTIEER . LA IEEh B AR TR

321 EREHFHIEEI K AEEY

W RIS S0 R BRI S NS B 0 A A AR R L, IR AR R R
SR PN RGE R B, AR B A I A P AR e, R B LR AE B
PR A0 FH 5 1
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N TAEE RIS AEAE, A amAREA o TR AL i SR i s i 2 1
Blhn, NRalr] LAAE 150 ms W SE R s AL SEAE B AR EE, Rl e K J=
ZTCHIME S AERS A L2 [FR, SEi PRIE AL BRAE S AR e AR AR Bl
ARENFTR ST REE SIS, RARSGIEE S AERRAR, &Kk
HE A R A T Bk IR . Vidar AL — M9 [4], 'E R A Rk 40,000
WU/ B R L, b S AR ALY 60 Mot/Ab, PRI AT DA 2 B e iz 2 (1 4
Lk BRI . O 1 R RGE KL A T AT SE PRI, AT B L i Al
PASZIN PO AL BX RS 5 B

B3, 4 DeAg—FMb] P47 X 28 0 i N ARG OB IR N . (A) FARREE O “ T i NHHE
B RBGIFE, P TCHIRES I 8] A2 e IR FE AL TB) H Bk g . (B) MR JuRER B HL AL
Oy AR AT ASHR A TR AT DR P W N AR I, 20 €0 ) A R R R R BURIE FI R 4 T, T
DA b B MRS . (C, D) e~ -7 i) fh 28 WX 28 5 AN TR 1, Tl A T] AR A 1)
T Dopsm N, FA i e dh 2 Bk G Sk N, A0 B ph 2R AR A o R
(6]

— PR BRI 5 PO 8% i SRV AT R AT, T A A 1 SRS 2 A T N SR . EE
u, R TCEEE AN EIE BT B BB A], X AN TR) e -4 28 G ) S A7 s
B B IS ARG R G 4 7 LI T SR g m v 2 24 FRAS
WFotte s, Ma5-HH AT 4% (excitation-inhibition balanced neural network, T
T fRTFR A P17 PR 25D 0] DL Bl 9 8% S 30006 A7 58 A8 A )3 A4y TRk g )97 [5] - %
FORI S A M P 28 IR AR, O KRB SZIG BT SE . 7E 2%,
BEANFPE TUHR IR 1) D4 A 1 5 F0 ) 14 A N R BCE AR HEIE » AT A 15 10 22 5T LUK

BRI FFALAFEEA TR AR 7T RS BORRE M, A S A1 U A K
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BB, AR TF- 20 AR o P47 4 45 1 LR B AR Ak s i8. xot
TEAMZIT, KBS MBS S5 M E, XA R T2 T R
LIS (] 3 45, A 34A Fim . — M oL R —ME S,
SRR 2R G5 P B R A R e S ) e 8 G R ERLA AL TR [ KT, SRR S R —
AL AT, FR A S P TG R R UL 2 B AR (B el , M AT LA
HbE o R AT A B AR AR S N AR A R o ER, XN AR oy — N
A, S 7 A (R AN B AN 0 AR A I TR BT RR ), ] 3.4B s . IXRALA
IS 3 A 15 LA 28 0 1 [ 20 T L DA B 4 o o 20 G e v I L7 AR RS E 20 A » T S
BT NA R E-l “FHTG IRIE 2 — . Tian S5 BAZAE R HE RIS 55
Fr, EBKI SRR S B R ST 2 A - P4 0 24 T DL SE IR a3 B BRI
PugERine] (K 3.4C-D) .

3.2.2 =E)BirTRNERERAYSE AR

R AT JRAE TR A 30 IR A7 76 AN o] T8 G ) S IR , LU 45 5 AR IR S )
WIS R 7 75 K20 50~80ms, FL/NH28 70 I i b ZE 3R CHESA 10~20ms. G iRix
L6 IR ANREE B3 M, FRATTRE B B AR 1R SRR R 2 J5 D AR AE A M B S =
SAE, XN RNEEZEIER, WHREERESES T RERWAE. Mi 5
NHEFE T A0 ph 22 0 24 ST PN PR ER () TSR, 2 R i T sl 5| 1 4%, I
SN BT AT LLSE IR 28 %k #3838 shis A5 5 TG BE [7]. "R5] 5481
AN 1 RGAEAEEZ A T NG LR 5 E 5 3 R 4E R AR R B
FaE e, H 2N RME RGRIAE BRI [8]. L4 Hopfield F%Y
A 7 [P AR TG (RN EERE AR PR G ), DAL G B R 5 | 2 7 8] b @ A ELAAL
(1), 201 3.5A P THELEIR 5| W 2% 25 JE AR 22 T0 2 [A] 4 B 78 (B~ R AR
PRI IRGE R, XIS X 28 BAT — 2R 1) . AN ILIR 5]+ X LR 5] 178
SR B, MR AR PPIRES TR A, ] 3.5B-C PR . LW
517 W 244 T b T 32 3 5 T i . RLSE R R s s SkE R A A TR
B DA, R B SR8 B R S HAFLE T A K R 8], sl 3.5D s,
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Y CANN 7R o — RELE I 5] T AERE B S A A i — A — BRI s la], R R AR

GibtiE T . ARG BT AR TSRS (O HELEAmE A —4E CANN /R
B (D) SR A Sk i b e s (1 0 A B (9]

FEZES G| TR PR T, TR E R BRI, RGNS TRE
BT X EIRAE RSB ARIIRE) T, RG] DRI BCRIRES, B R4R
AR TIF ERER SR IZ BN, (H SBI ) R R 3 IS T8 3l H AR I S A7 B
P19 1P 8 H A 8 70 ) S LA 5 A 3B S 7 I ) o 3R — RO AS 17 Skl [ ERER 1)
SIS R, RIPhE RGBSR PR AT, HAe —MEE RN aME, L
PR E RSB EE . Y T SEI IR EE, Mi AT, WRAEME
TEEN T GIANRE R GY) I AR SRS B CH AT DU BN e o R RO
[FJE &R (spike frequency adaptation) , #11&] 3.6A Fzr) [7]. #4802 8] 5 il
(1) 45 ] 2 2 ik (short-term depression) . B A 7] J2 [A] i S i 5D, 84 2220
1P 8 5 T DASIEILN [R]_F AR e 405 1S sh TGN ERER . 4 3.6B Fis . Mi 558
Se R IAE S| NG, SR 511 W 2% BE4ERf—MT B (travelling wave),
HAT WA JEE R 2% B0 AP T B2 D) | A7 S it P R ) o AE 3 RIS B A B L T
[P 2% v 3B 6088 Bl AR E 2 A\ B3 B B2, (H HL 78 Ry B R I 2 8 S T
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BHLHR AL B, MM AU AR R € SUERISRIRR WAEE R T B brdk
s D, fEARAK—BOE VG, s Eia o E7].

AW B 5] 1 IR 4 X R i R T BR R BE ) D A 1R B T — R 2Rk i is
A A AR TN ERER B . IZBEM IS TE: D BUNRERRI FEEE R, JLTP
AT Bbrizshd ;. 2) BAKSHOE ] DURIEESS, Big L HeBOE i,
ATEREAE NG 3) LW 5|1 W25 th AT AR SEL[10] .
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S22 30 i v A A B 3 o R SR A R {0003 et o R R A AR E L,
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19, JUH IS AR AS & 1R I (R 2] 0T AT B A DK o P SRR A2 173 FL 2 HAS
AIRLEE o IR QN BEIR(PE R 20 S Jeff Lichtman 83878 id: “BAT1Z FrbAxd
BRI ALK, R E ORI E R IR 4 RS 2 A5 B A —i&
#7[10].

AR, BEE BB AR EAR S N TR GERIRRE, R, PRk iU EE 41
kRS, REDHRITRE SBIERR, AR RRR R 725
MEHRI.2020 4F 1 7, SR B ERAE SR EE 20t FU BT W #E AT 75 el [X (Janelia
Research Campus, Howard Hughes Medical Institute) I8 7% I BA K& AR 1 i 5] 5 fi
) f SR — 2 i (¥ 42 40 “Hemibrain”[11] . fEIX O HdE o, SRR T
HMERES AT UM S BT A 22 70 B PR o IR T T AR R Dy 7 SR 2 ]
A RS B IR A AT S B 2L R 20210 4 5 H, Wl K 2 R4 B (41 A
RATT B NERHEER[12], AT S T R SR sk T 15
T 2R N R R I . AIX 1.4PB (8, WA arEl. EAY
T 57216 MM BULA AR 1.337 A= MliER: . IR E SR+, b
VR T 18 b 2R 36 i - AH BB R #R 22 7, LA AT P ANl SR 1 b 48 70 S A H
A BN A LA )T B 400 B o 2 2 SR 200 ) P B SCRERIF T R T DA
TCIEME B HH LR, H AN TEZR 7R B0 5% B2 DA KO o D BE AR 2R AR A HY
B o (HTEIR LEF R INES J5 NATHAFAE — L858 FE——n of 170 . FEAYE H 5 — 1)
MSTAMA, XA NFFE RIFE R R, MR NEZ D, SRR B R = B
S, ARMEAIBE XA R R SRS L8 T1X — AR LR,
WS R UARER T T I3 7T AR E B IR o RGBS IR 13 22 R A I 4
A EH B K,

~ 89 ~



Kl 5. 6 NFEAHhgnin. M. sEsmsmmii2)

H A IR REWE HEAT KMBE LRI VRl A 20 i, LA R B2 K
BIERZ)—A H W BETE B R 75 I R T2 de i 1B s 2, A1) X — A CA 0T
JERIRI FABUE B [ R RS RE R AH 1Y) ) 8. 2021 2 9 H , R H W& K %21 Aravinthan
D.T. Samuel BIFA A RAE Cell 24 & LA TAR A BATE R 1 40 a0 H) A R 2 K T
AT N[13]. WFFCN BRI D SR 1 2% AR A el e R 4T D 5 5 i v Bl A 1
MRS (BRAR) Bl IR 2 28 IR B . @I HIR &1
AR LR 22 8 R D RE IS B T B FERR AL o n] FRAGLL dU i i 2 B, IR MR o dr
iy 5 28 AR AT IO A N A5 B A 2L BTN SUREL, A2 Tola) B AR
RUEA R EAZR, MeSLERA TR IRESHR, IHFHBEET NI,
R E THREFH A TN 12 A 2 S 0. I bR 8 Sk e sh 1811, A
TR IEA TR Th BEARFIE 2 an bt i W B B — 350, L 2] DL SRIGI 26 1 2% 4 AT
No HELE, HHIAEREHIBES T DS RN LTT)E, 2280 il
FEAR) BSR & THBIRE ). -

A4, KRB ZAE 2 VAR LB BN il K52 BURE FC 8 RRAE 2021 4E 8
Nature R TAFELEE T 8 25 BATAH R R K 75 AN B AT 28 A R 4H[14], 1X ek
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o A AT 4 R R A A FI B B AT TN DR BB X e 2k i B R R (Y A%
S, AHEATRRI U5 218 40% it o iEBGE AR, Jf HiXERA 4
TR 5 (IR 5 AR LSRR NMAR TR AR AE R A DGR L, e IERR I E R gy,
AR L8 BE 5k (R 4% (A1 100 A~ BICE 2 B SRAlE 20 AEAMAR IR 280 1 A3 E i — 2L
PEo AHXIX—HLA, Lichtman AVl BE L& PIASRA, IR nl A0,
FIEORATIE T  WIR TG REVSAIE I A0 i X L8 R <5 JE R SR A AT FIT i 75 1Y
Mg, AR AR AT I R] SO PP ALK — > B R b

5.7 LRI AN BAGR Bonth s R Dhreke et  HARZE o e (A 2235 sh AR S PR AS 2
SEANAL, M HRARAT T A2 [13] .

A, ZERAE B R —E/KPI, — 5 ThEEIE B 5% i 35 AL 1 5
A RE 2 BB AGHEEE R B K . A IS 2 IR AE Oy — B R, AT 19 B4
R Ay T RAEE PR S A B 0 AN BFE — R, A
TR KR A ERABIRICRA R, SaT o8+ E MRS, e stiling
A E RN H AR B BE IR SR

0
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el 5.8 K P AN i 5 B 2 T 2 (R LTS O R 5 [13)
5.2 BReCEIELIEFER

At DR AN KA, HAEBORIARHESD T, L2 Ut K
Ak SIS PR v o B A TEAE AN AR 2R o B A RN DA 2 AR I AR R
ST AL o XA — AN BB R, B T ADECE ERRIE R
B, HEAs 5 A A UERR IR LS IR Gt A BE DRIESS R RO T Stk . BEE (S
SRR, Ny A5 00 M 7510 B S A ot o T BLRFE AP R 25 94K
R AIHIL &7 2] QU LA WA I LB (s A R o M vk . R SR R i &
— I B RN

5.2.1 EEREHIEIREURLIE

T RRLE A R 2 8] S5 R 0 BRI TR e A F TR 2 O . AR Bk
BRI 5 Wik, (EfREeq AR &S EE 2 — TUE R TR k.
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HII 1) ANAFFEAR FE 0] 1 Ee Bt SR HEAT IS 0 B MR 1) T R, e B 2 ) 497 7 2 Bk
Z e v AR 1 1 3 P R A 23 ) S E—— AL AR A ) e B R AR,
N T NENE PR B4R A5 B, 2 BUE R AR 5 IR 70 Bo R ME R TR 40,
XA AR T BT Cangm i 28 2R B AN L ZLAR IR A ) (R, R Lk AN 1

BERE 5 i BA toe M2

2021 4E 11 A, S I bA g g in M EE T B AR S5 AEY) TRE & 11 David

Van Vale 5 HiH4E K20 B2 211 Michael Angelo 38 i KRS ) S a1 B AN IR
JE 2 SR T GG B 20 230 10 R [A5] o A e TR RS B e i
AT I#5 5 T TissueNet BIE RS, X2 ME 7RE LA E RN AT
B 100 J3XF B AR 10 I AR Az 2 2 EIHR . ZE T TissueNet E A%,

AT T e B N LA L SR ZR R (PR 6.9) , IFIFR T —F i A

TRIE 5 I 1 50 F0 5095 Mesmer, SEIL T 2H 2 RRAG B Hh AT A% 20 1 A0 A= 20 i 4 1)

Mesmer bt CLRT 7 v LA 8 4 (003 5 RV f 1, SO EE R /2 Mesmer REIE M
TissueNet =T H HLRBFI G & 1) 2 PR EEHGE, JRE 24 s H107
T 2 AR 1 BE . [RIET Mesmer SEPL T S AH FAFAE 1) B Zh 32 H, il ik
FUSUE 5 B 20 M€ 67 o 47T, BT B ARRS AR B HE LV v A A X B R R AT

5.9 BMINZRIr R="ABrB. 5 1B, NLEEERRINZGAIREA. 5 2 K, M
FIRAEROO B e, B e e N AR IE o AR R rh R AL o SXFEAEJD T iR
HRI SR 7 REE RS . 5 3 BB EHR AN LRAE R A AT R AL [15]
IR L FIRESRTT T ARt BB ALBRE ) o fEAPEE R EIE e, A5 K
52— i DL BI04 M IR 22 0] B s K 53R o ORI, A5 LB AR 7% 5 3%

~ 03 ~



B kar I P RS, TE IR B IROR 670 B UG N TR . 2021 4F 8 T, IEHEK
PG EEEERT TR E 3k R IR RALAE Nature Methods A& I 7818 3¢
BT HATTIF R ) DeepCAD 9% [16]. LRSS 2 AbAE T 2 —Fh 5 W B¢
IR FE 5 1 B0E o IZ IR T EATAT = 5 M G (SNR) SR, AN A FH B AR A5 gk
LU A5 B AZ AT 21 B AT sl 48 )11 2% (ILE 5. 10) o DeepCAD R LAl A6l
WEFE, R EMELLER A DAL, SR T AR T IR EURI sh K HEWT 1 v 1, (R
HBE T A R ThEE . FIFR R i, W 03 T DLAJE Ik PR AR P A R ) 2
SRIRFIAD T I G = 3R B2E R

K 5.10 a) DeepCAD HIEE MoK, HMAIGS P AT ESERILES . HFEE

JEL 46 PR A5 Mg B B Pl A5 P B HS ] e ) 8 0 P P RG2S P L ) B 0 a4 P 794

ANFAR. o3 A A RN E A H PR BRI ZR— 3D U-Net &M%, 1455 1% M 25 /)
HAEMEINRE. b) VIR DeepCAD SEFRIEAT R [16] .

522 BEHREMHENXEEST

fiti 5 DAL =2 AUEE 73 R S5 N ARR IR A gt 25, AL st = v 7 AL i 4
PR AE WHRIER 8o QO e R I ) R R R s v o Ot — /Al [l (1 1]
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R o AR BATRE A1 2R AN L AR 20 F) B 1 i 2L 0 ) il S R 22 ) 2 AT ) 4 i DG
P i A Qs A ) S TR P R REAL R VDB AL B OR
M E A AL

MGG R, FAZAH AL e 0 2 55 K R S AL, IR By
NIRRT AR R 69, &M PR EDANE
Pz RUE . B EER . A R T R IX L 5 2 B IV 4R LS54, 2 B4 AE I Ah 77
R——HE AR RAR T E F -8 A ORI i R BRI R AR,
T 7% B 1 AR 2 R R R A B AR R R LAY« 3 1 i AR B B 1 A
il iR A /D EA WA AC 4 = P T 4 = VDI S VTP PRI BB ud 4= PU  pUR N
HH R EM ZEH . BT, WAEES /RSN, M4 T KEHE. H
H AT T LA AN R (0 Bt o AN 5, B DAIE R I B SR A T AN BE &S &
AT RN MR TT . QIR BEVSREIX PN AN [F] S Bt 25 G ke kgt AT 48— )
B RS R FETE NS 20 M Py #8435 F A0 B 1 i 1 o A AR

B 5. 11 IR 2% 760 T 1 5T R GRS IR A i A 2 1 ot 4 f PR A s o
o MR A 73 mT DA R 0 B 3 A2 ROBE TR R 25 (171

2021 5 11 H, SEEINMIK 2 2/ 20 B2 Trey Ideker BT 7T 2H 5 Hi gt 52 5K 2
T 2B UL SR K% Emma Lundberg W74 &1, $2H T Ab& PSR —
PRI SEIIE[LT]. FIFIRZME ML 52, TS T AKE AR K (Human
Protein Atlas) [18]f %% 5 ¢ 1% 15 BioPlex & I AH HAE FH4H - %3k % (BioPlex
InterRactiome) [19]+ ISR AI4lAL i it (AP-MS) 45 5. 1 & 4 WA 48 4 Sl
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T B0 o) A S R 5 B A 52 7 ), 3 2 ) AN R AR AR R
& RIS AR S, ST 2 REERAREE MuSICL.0
(Multi-scale integrated cell) . MuSIC Refigiias 7 MIAEH /N (/T 50 nm) FI|HE
HRREE CRT 1pm) KIEE.

FIH MuSIC, SCEAEHETH 69 NI RG (JF HIL R rT R — &8
KILHD o MuSIC #2511 BB 12, [N 8L B AR FLAE AR AL T —Fh s (i) mp
AR R , D9 1E B 5T 4 Y0 P9 35 AN R) SR 28 1) 0 I v s 4 L L e~ 1
8
ey AN R

FEMARP AR, TR T — R e R 2T, /17 a4
BT Z 44 FOLWT R 6 BB S 7 S AT KR = R g, B
A8 PR B LR A AR S A 0 BB o 3K 6 22 A 4 ik A I B v i Pl i B T 3%
AEPP 22 70 RRIAL) i pf 22 [ B P 28 QB 2. SR H TR 35, B ALAS EMRC K
SRIEAT PR

“HriE LT, R R THIETA BB 12 H
trs VIR LE 75 3 AR EC I I L PEFI T s I
LY FSAE MR AN T Z A TR, B 0f
TR A E e —

2021 F 11 H, AREGRZWFFESEReRARB Fi b CLUN AR AR KR B )
5556 [H AG R R B 5 B s BN #0ER 5 2 BOK f 75 B AR 22 B dl e K 4
HAZEME, PR T BB HER AL mBrainAligner[20]. 1% /7135 T A F-Fric s mk
% C(coherent landmark mapping, CLM) MG ECHEAE SR LA T IR 22 ST BAR PAsK
IR SR EE A RN ICHE . 545 Gk -V S-SR S AN [R], CLM A A
- RIS SR SR 5% 29 b AR B AL S TRC VHE I I R, AU AT 30 A5 FH V2R 8 o 422 IR 4 A T 1
HER IS FE T — DR T T CLM. 5K, S50 7 kML,
mBrainAligner 7] LU R 56 RAOEF T W Z g (FMOST) il 2] Allen #5
70 g e i [21] A P 7 X — AE 2 AT A PR i #E . H mBrainAligner B &
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FRIAERRE , 33X 3 o AR B 22 020 M AR B AL 1 JEmt o At AT T3 15 oA 5 R (&
& LSFM. VISoR FIRiILHRMAE) J8AE T mBrainAligner 72 (L EE J1 I AE

K] 5. 12 mBrainAligner BLAEIRAEMEIAR . a) Zo: ASEIALES T I 546 Ik BRI fe KR FE R 52,
HRAA AR T Fr o b) G5 AL 34 5 A4 R C AR (1) R » o) 21 CLM 1) )R B e Ak v = 1
d) ATE R B AL AR . o) AFIBES ISR 2 Bidt f5, B & PR RSt CCFv3 Hr,
£) 40 58 L Tty 5 R0 20 P A B S 20 B 98 A bR 2 1A) DLSEAT P RRAL . LR ECRI e . ) A A
mBrainAligner 4 # /N BRORHNGH £MOST B3 [20] .

mBrainAligner ## A4~/ NRKINENR S Allen 2 3EARBRAESLEE  (Common
Coordinate Framework atlas, CCFv3) [21]%f 5. M sEE T 31 N0 #8% fMOST
I AR AN 1741 AN B4 i ph 42 o TR A B HUE B Allen 2t AA R AE 22 1] %
(Common Coordinate Framework atlas, CCFv3) fIBLES, XLk [ A /N BRI 4
WIAE S — HIALFRHEZE T RESS AR E B 2R AT I DX Xl 23 FEHEAT 20 A, D58 1 Bl A
XS EE, AL ZHSHIRN G — S

53 RBHRERE

XA AR, KRS AR KRR R T EORM A R AR . K
TEH R PR B2 RERESETHRRAENRGEE, JEANTIRR A
YIRS TAEN, —ERMAR 2y BB B A T2 —. FR, &
Joit i B AR AR N SRt 1 A i o A Ak P IR AN ST AR L, DU
PAN TN A BEF BOHORZ 77, 11 B FHLAR 5% 1 5 N 8 B SUs 138 5 VA g
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g As o AL BRI R B, R AR O BE S B g T ST AT PO A
Y, R H T HHE RS Bl AL B PN T R , AR KRR E4fEsl 14
MR B A R AT LD

FE 4T, HLAREE 2] 5 N R BE AU ) Jl R AE A i ot A P 2 TS PR AN T
N, NMHVEEBRRAE (Z4E) BB, KL o0t & DA (H
FHRE 2, 2021 FF L 1 — LRSS, RENS AL 7 i 22 R SR B (F i SR AT
WL, #t PR G T AR S ARSI R SR B, SE IR B
filp S B g RANKAE , (2 TR ARSI R A . T T, B AL B T R
3 FH Pt 2 T A A S R e S T W (14 1) R o SRR AEAE R PR T 2 R S 1 0L
REEMEAE T, PhG 7R DT N W3R T RA RS E I S A,
RERFERHLAR 2] 5 N TR RO BkiR . =B &R, iz IR SRR, 2
I I A S R AR T DL RS o i SRR IR SR T A R, U R R
B GANRIBFART R T E S RE L, IR A DR A SRR AT 30 5 PR

MR INEBFEAMER N IOAFI B &R, BETeE N N TR RS
JRFVEARYE BT 55 o BRI, ML 21 5 N TR BER B AR L3 QU ) R 3 40K« S
U, P AR AR B R R A S N A RGO PR R AT B

~ 98 ~



S8 3k

[1] Zhao, W., et al., Sparse deconvolution improves the resolution of live-cell super-
resolution fluorescence microscopy. Nat Biotechnol, 2021.

[2] Huang, X., etal., Fast, long-term, super-resolution imaging with Hessian structured
illumination microscopy. Nat Biotechnol, 2018. 36(5): p. 451-4509.

[3] Luo, C., et al., Single-cell methylomes identify neuronal subtypes and regulatory
elements in mammalian cortex. Science, 2017. 357(6351): p. 600-604.

[4] Lichtman, JW. and W. Denk, The big and the small: challenges of imaging the
brain's circuits. Science, 2011. 334(6056): p. 618-23.

[5] Tsurui, H., et al., Seven-color fluorescence imaging of tissue samples based on
Fourier spectroscopy and singular value decomposition. J Histochem Cytochem,
2000. 48(5): p. 653-62.

[6] Cutrale, F., et al., Hyperspectral phasor analysis enables multiplexed 5D in vivo
imaging. Nat Methods, 2017. 14(2): p. 149-152.

[7] Shi, L., et al., Highly-multiplexed volumetric mapping with Raman dye imaging
and tissue clearing. Nat Biotechnol, 2021.

[8] White, J.G., et al., The structure of the nervous system of the nematode
Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci, 1986. 314(1165): p.
1-340.

[9] Morgan, J.L. and J.W. Lichtman, Why not connectomics? Nature Methods, 2013.
10(6): p. 494-500.

[10]Brouillette, M. New Brain Maps Can Predict Behaviors. 2021; Available from:
https://www.quantamagazine.org/new-brain-maps-can-predict-behaviors-
20211206/.

[11] Scheffer, L.K., et al., A connectome and analysis of the adult Drosophila central
brain. Elife, 2020. 9.

[12] Shapson-Coe, A., et al., A connectomic study of a petascale fragment of human
cerebral cortex. bioRxiv, 2021.

[13]Susoy, V., et al., Natural sensory context drives diverse brain-wide activity during
C. elegans mating. Cell, 2021. 184(20): p. 5122-5137 e17.

[14]Witvliet, D., et al., Connectomes across development reveal principles of brain
maturation. Nature, 2021. 596(7871): p. 257-261.

[15]Greenwald, N.F., et al., Whole-cell segmentation of tissue images with human-
level performance using large-scale data annotation and deep learning. Nature
Biotechnology, 2021.

[16]Li, X.Y., et al., Reinforcing neuron extraction and spike inference in calcium
imaging using deep self-supervised denoising. Nature Methods, 2021. 18(11): p.
1395-+.

[17]Qin, Y., et al., A multi-scale map of cell structure fusing protein images and
interactions. Nature, 2021. 600(7889): p. 536-542.

[18]Thul, P.J., et al., A subcellular map of the human proteome. Science, 2017.

~99~



356(6340).

[19]Huttlin, E.L., et al., Architecture of the human interactome defines protein
communities and disease networks. Nature, 2017. 545(7655): p. 505-509.

[20]Qu, L., et al., Cross-modal coherent registration of whole mouse brains. Nature
Methods, 2021.

[21]Keller, P.J. and M.B. Ahrens, Visualizing Whole-Brain Activity and Development
at the Single-Cell Level Using Light-Sheet Microscopy. Neuron, 2015. 85(3): p.
462-483.

~ 100 ~



BAE BN HEN, Z R, PR, FRERZ AR AR E
KRS A BOT ST “ WAL BRI R BE 7, IR E IR TN RE
(Al, Artificial Intelligence) ” MRS . X—MESMHEH, WnEE N L EZE
e

FERE S LR, N R AR AR AR 1L 4 — R 1) LSk
R, HAsa s TIIORMER “FEA” o NLER RIS — I KAELE
1974 2] 1980 45, HT A 7 — LA PISLhri H bR, B2k ZSMT
SN LR ERIHEE . AT, 32 40T ALY AR S B e sk R SRR A 200
[RrsEme, S ) R 52 2 1 LR 2 SERNIBUR B 10 N T BB A AT 3577 AR T 5 »
BB FOR R AR LB R B H N TR BRI AR CE ek, e, &
ARG BRI RN TR ] T — B R, (BRI IBM 2
ARG ENE R TR ST R ARG R E BTN, AN T e
HFOP MER . 90 ARSI 21 AW, B R AR KR, AT
BRERIFEFALH-F & Bl T oRAuE, L IBM ) “WRIE” HEIL RS LR
J& 25 2  NARER BB 1) S L B FH ANz AT R . O TR RE K e
fa] 52, AP IEEMIE 72« BELR T i JRAT a2 va fili — TR iy >R )
JHRLES, AU E K

A, RN EERELE N TR T E MR, N TR GeE
BRI« PRI A AN 4 50 55 8 1 R LU B8 b i AR LRI FLE L B 2 . P&
FHEESLMIRES Y, NTHEIAERE . . 85T 555 R TS 7
A N0E H R EIXE, AT, B 7R TTEk, 4% sl
. Ao E BRI TTEE SR B TR 2 AT I OR & BEHEAR .

B4, NIRRT DUR LB BE 0 R HE A S0 4 BT N TR Re 5. B R
PN RS BB R I ZG8Bk B SRR Re e ik U ThRe, Rk JF4R
RAEVERRAFI M AR AE R IR M 7T 2 A R R e . thAh, Fr—M
N L Re i sof it e R 205 T B Y () BE O SR 50 i R R . FE 2R |
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B DRI B R FIRAE N RN B A VR (A I 7T, REME 2 A LA sk
o N T RE SR Al FEVE

HOG IR R N N DR RESA SR 1 AT A s e &= . R
S AT N DR BE SRR S A YUE IS 1K LR, AR A0 A A RERE PRl [R5 D0 B
S IR) S50 5 B R e S B S P v N TR E SRk i Wi ) B KB AT 55 0 5
BEAEM AR B, ARORAR 2 ST BT AT DR AR R i e 7B, O A
itz O AT RS, DRI TR E .

SEONE B, AP R B FERRT 78 AT LR BN T8 B T B AR A
R IR Ot W RIBORIE . Mar N TR RE L, s R ap %k,
Transformer WZ%45, 12%0oAH: ] LUIE I BRI 2 AR 2L T RO /2 40m T
EES TARCIZEM . B A B R By . ibLee 0 k& a3y
PR B EBORMHE P R, FATaT DR AFI e e A4 7 N TR Re Rk 2T
AHTL T,

AEHCEIEN R BERT TTRE “ N DR BRI KN 2 S Al F AW T 07 171 7 B AR
MZERL NI R 23T A SR A, i N T BEA AR 22 0 L
ENFIRNE R e, HaR AP B R GRS TAENLEE, MR em . ERe
R 8 BE R 48, DARLE 58 Th RE AN S AR SCEh AT 2 IR AR 2 2 RE ATk T
&, NALERAKRKBIRRITER. EHERT, K 2021 M E K E
B 7 ZERMEGE, WE T REER NAR AR TR SR IR
1 DL A 28 - 22 AR QU ) F B SRR, AN A LA R 1 ik B B ) 8
BoR, PAR 3B 28 SO B BB i, FREE AT R N AL R R B BORT IR R
E il = YO KT W DY S SS P

AHERE CNTR GERN RNl 3 B 45D i AcA, LRI AE YR RETHIAR
TCr 6 IER EL, HORBRATDE— PRI ERIE N, SEIN TR G50
AR LR AR A i s B AT IR e 22 5 55 g e s e
REEVERIZ, X TAPRGRS AL 24, HOs S A irE L.
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e 241
IEREIRA T EREHARR

L RERA TSR (Beijing Academy of Artificial Intelligence, BAAI)
T 2018 F 11 B, RERMERMILRHMEHMBMIMESMFEF T, BitR
R EMESE X BTSN AF B R A,

BRARENEER, RERBEFIZRORAK, EZBRRESBEIRSRES
BRI, XERIFREBATLSRERHRENG "TAK", BE&EtRYE
MR REATER, HENATERES, Fi5. TH. RRfNARISERMY.
HIE MR, EEERRENFATBACIFES, HaldtmRAEIkATERE
FARBE, B, e AA . B EIERFARBERRIESL, R AERRT
FRALERECIFFO. ENA LS WARITIRENA, IEEARM LT,
{BHFEAR. INEAERENAFERRE.

8 [ ATHarARBEE Y | EXHRER

BERARET [ ATEREABARSZERY (Brain and Machine Intelligence) | &
KIAR A B EEBERERZ, INIRFMEERFEHTRNES, TRATERE
FRRIFRN M EIFMEIER R, ISR EERFRISHEEFI TIENE, 14
SETNRERMN. 4REHEMAVERER S, LM EFINRErHENEI HYIME NS R
BROKFEUHFES, MATERERERRIREIITER,
BFEMEFRAMTES

ERRFRE [ £V EBEFHEREFFES (Bio-Intelligence Opensource Platform,
BIOSP)| RHEIR [ ALERERNARIHEZENM] EXARSRAREREAELR
AEEAHNEARNE SR EHREMIRE. (Z SRR ¥ MASKARIT
JBEEUERE (CogNet). REYIINHELIENSIRSEWER (BrainDB), Fl2
IREEEL. EIEFFRRXE I ERTERIASENS, SEBTFREYE.
BE BE BWFTESRSRRSERNAIN, AARE, SERFEMTE
REFERAER R EHRIAR AR FEFMERN N EBEZE MRS ERERIFEAR
HNESBREMIRNE, HimENFSTZEE NS RAEASE AR L,
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