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Hl4Td Al (Artificial Intelligence) iZiZ, K& 220D X A 7 0n3db b, EANICE
S XDy 7T —FZAAT(LL R BD-AT EFES) EBHH O AT 249 & S D 137203727
FHALE TIZE > TR W IR (= = — 1 ) 8 AT (Neuromorphic AI:PAf% NM-AI &
MES) Thd, * 2L T, MADO=a—8v UEBOREIZIZRE2E (BR) B"H0, 7—
X7 7 F ¥ — (KB BRAMICE > TWnD, s, KigTix, Al L) SHEDE
FORELEZRET DI, HRENICE A R AL SRR/ F#E T H Slowman (1995)12E -
T, RFEICTREO “HOZBET DB RG> 27 27 LR LW,

ATIIAB EBHOA LTV P AR E LTWDHDT, AL &) DOIFE
STLERTE, B, T ek nza By 25 WERE R H s 27 A
(sophisticated self-modifying information—driven control systems) (ZB9 %
R L EE LTV B, 2 DICIE R ATH, EROLO L AEEOH5 b
D (HEELTERIZ ﬁwﬁw%@kmgﬂk%@)k%aﬁﬁ(ﬁﬁﬁ)

72720, BD-AL, NM-AI OWFENET L Z A, HITHMEREOARE TR ICHESL
AI/ML (Machine Learning (J#E)) DEMLTH D Z LITEDL Y 72, FEB, BD-AL, NM-

VORI, BOIRR SRS E R A R S e LT, EALQOIB)IC KIBZR NS « ATIEEEZ A2 D Th D,
2 2O XS R, i Intel Labs AT (28T L 7= Rich Uhlig {2 % W, 541 %5 (IEEE Spectrum 35 EIZ 81T %
Ackerman (2018) & O xf#k)



AT 3£{Z, McClulloch-Pitts =2 —m L IFEN D AT = 2 — 81 o T @ WA R A B3
Warren S. McCulloch (1889-1969) & Computational Neuroscience DSEEEFE Walter Pitts
(1923-1969) *, #hfE[EIEE D E QI (~ > 7 HI) TH @ WAL OB Donald 0. Hebb (1904~
1985) . Computational Neuroscience M ZE3}F David C. Marr (1945-1980) 72 X & thtH & LT
W5, X512, Hassabis ffh (2017) %2 Marblestone fit. (2106) . Schuman ff. (2017) OAFLHY
MEEIZL D L, BHUAEE L TV D BD-AL T, FAEiio® cidk, W-AT LRI UL, KK
BrRE - VS - R 7 EORABERBICE s bONEN TRV, 2F D RIS E
DOINHER T 5 A 5415,

¥, RO E (ML) &%, BD-AI 0B OMEHERY RN E (Goodfel low {1 (2016))
WEHUE, TAT VAT A0, AT =4 0L R — V2T 25 28T, B0 E SOz %
By o8N LERSN TS, 07, REICIT, EEBEHR “AIDML” KR L TIED 503,
LD AL AT AOEZRABIIREN TR, 72720, [T, B s, Eie s
HROBEEE T CEMET 2 ALl AT ALZMERICT M 07 7 e —FLELEZX TS
EWVWDH T EROT, AL LML &1, FEEMIIZXK SN TV RNWEF R D,

LIRS T AR TH AT U P2 AL N SEOEEMEOMEL TE L7210
H720IZ, Al &ML EZIZIFERIFEICHE S, Flo, SORIZERLORLEZ ST L7012, F
SHITZDIESMHITHRT 208 HFETEET2A 0TIV R ATV V2 R7
Sy aEERIC LT IEREROEE BEITHIE LWL fobls, BfioiE o & B
b2 BLOT 7 vay (T8 LZ2EHALARNL, ka RIGEO “EIROREE
(Credit Assignment)” & F ] (Prediction) 47T 5 GE/J 72 & NZ £ D H CLZ8{LKEE ] &\ Slowman
TEOAME « NTHORGITHEA R EREZERA Lz, 2B, ERBOHIZT 7 ¥ a v
EENLIDIL, =T 47 « T 7a—F (Enactivism) ‘OFZIZEN, A>TV x
AL NI B, TNHKE LTHFERRZLOLOTIHARL EMETOHRATH THIL,
EHRAOPTTHLOITENC L > TAEESRL OO FETHLZLEEMMATI-0THD
(Noa (2009) ., Hohwy (2013). Engel 1t (2016))

EH2, EEOKIE & I1X. Minsky (2006 D% 8 = 5 i) I/ b - T, HFEDOHKFICEK
WTIERIENW et x 72T 7 v a vy (&) OF»D RIF - RRBREKERICER 727 7 v =
VEBERR (2T XA RN) RFICE R FELLCREL T, S8R
HAORIG % D1E¥E) EHET 5, 20X ) REROREMFEEIL, BhoiREDORE &

S RGN TWA L DT, ZLTHEL Z LIz, VonNeumann VR T2 o B2 —Z ORI CdH 5 EDVAC %
BRLUIZBEOIAT A 5 7 1%, McClulloch and Pitts (1943)IZ F:-3W\ T2 (CKH(2017)),

P RROEENSIX, TREEED L 1X, EHRETNVEELOTIIRL, Ax DR - HEIA X LITHDIA
FRTWBLIRT 7 a rZEY - (ETEHL0TH D, ] (Engel fiL(2016), EHR) LT5E2 iz &
LT3, 28, BHRALRMEZETIE, BAaRH=EIREeTNEEY LIFR5EHERRL, T2V a
VEFEDOL D BRMANICHERE SN EMRETFTVICESWTELEEND DL LTE - (Engel fi
(2016)), & Z AN, FO LI RMANET VIZ, EMROB X IZZBNICKHET A2 TiERd, BLOT
I a ko THEBMICEBIE T 5 Z LIk o THEBEICKET - R SR TV b0 Ebn 3,



BN BN B HLOT 7 v ay (T8) LiICko TLMETTE RN, ZL T, ERD
FrEDMBECIR IR ENZ L THNIES DT L, Blb L BailcEm LZBlc, #EH L2
& AR LRI~ H 9~ 5 85878 (Transfer Learning) # % E 7 DR#IZ TE 5 L 9127
%, 0 BROFFERENND, FOFHEFLS (A2FE) BhoERThHLZLickd, bHA
oy FOXDRERBENIT., KV B FFA) RREBROREICHLHL 2D
(Pear1(2018)), ©

ZOEIIC, MEZATDALIE, BT HIEMRBEEGIE S X7 L7 OFEM SN
IEARBMTIEHEE > TRY, Lib, WICHOREASZbRAONS, 2720, E28T
FEL <A 203, AU O E G T E TRIBICER 72 > T\ b, Bl x X, BD-AT TiddkE
F&:k (Non-Spiking) HUEEVE= 2 —nm V72T SO FRERIFHRIED = 2 —nr U [H{E
RS (/IEEREE) 2 WD, s, W-AT TidE=a—r 2 L D v g kA (Spiking)
DEEMEKLCIMFNED DD XA T D=2 —m R = o2 — 1 VITE & T THFRE AT
DM = 2 —m NS IR R IR AR A NS, T Z LT, EHICHEETE
B I, BAETHDENT, BIEDOLHINERLE (parallel serial processing) #F
P D | FFZEREEORILO LT SOERIBE S MOAE (G727 7 720 ICARER
B - TL 5,

ZOXDREEHEOENE, FAT REN LI OICEX L, LTAD REITHL
SHIAT 2 L 91T, IHEMIARERIE D FTRE GER KAL) TH 20 E 9 o, BENE= = —
0N Z THIHIE « = 2 —a UBAA TN TV AN E I AL, BiESRD
‘U T VP2 X7 DFERSICHIFFICRERENVELTZLT, ZL T, ENHDEN
BESMD Z LT, HAERERPALHRIZLE > TH, FhZFbba—~vr AT IV
A (Human Intelligenc:HI) &{Xfaf7>, HI [ZFAT D BD-AT ° NM-AT ([ZHHAA EINLTWD “H
2 LT A IEMEENREIHE S 2T L7 L EDOEIICHLU L TWEDMELTWEZT50D
R EOBRMNRIREE B Z D20 OO EREE 52 T D,

AKiwmo HENZ, EFROBRMIZE ST, 4% & &< BD-AL & EMIAICIT AL OAR
ELTRYTLEHfFSNTWVD NM-AT OB G2 MY B, £ 6% 6 BD-AT <° NM-AL @ “o
YTV R KL ED ISR D TH LD, HL E WX A 7D AL & OFf7ENE -
REBPEICE S 29 TRAORNTL2Z2ETH D,

5 Z ORIZEY B RO Minsky (2006)D 5| i, D TRIBHTH S ¢ TEEE, BREROBEOER ST, Ak
WA TV AEIESED TA=Y = AONE O L 22 ML RO B R MM & 7220 5 5,
RIRE~ORERR %2 GRS T D720 72 S MNP RIEE R 2 &I LB s o ana, s LE
DX IfRFREFZADEDOL L TR LIEPERETENE, L > T, (BROREDEF L
FRBHEDT) HalTb o EIEWEROIRDICHLTE S X 512725, ) Minsky (2007), EER, O WX
B

0 7203 AUML OBLREZ D L\ 5 BIE THIRIRWEIETH 208, e OEHENEFLE (Goodfellow it (2016))
TIHEROKEITBRINTH D, WHIZE 2T, EFHR ALML T, RIEZDO L ALITE S TR,

T ZOF#EA 5. NM-AIL IZ, Spiking Neural Network % AT (SNN-AI) & & FEIENL 5, BD-AI D3R KA = =
—a Xy hU—271%, SNNIZxfh 3 5454, Artificial Neural Network 2 Al (ANN-AI) & FEEZIL B,



E0HEMIZIE, A=Y — AR ED L) rflaMS Ao T LE - TN D
ATV A BN ) L IETEIEE /Neuroscience FIZR RS S FIEHE - fio{bd
HTEERARDL, LT, ZDO LD RHAKLITE ST, H OFEE T “Blbé ZE~D
KPS 17 Uit (2001)) RF OB SE(LRBICE M L7223 & BD-AL/NM-AL D “A 7 )
T AT LHL ENED LD RAEEBROIFUERRICH D DNICONWTERT L, BE
B L THRAICHEE T 2013, TRl R 1Rl 0 B 2 25E & L COfEHE) (Ornstein (1986) .
Franklin (1995). Minsky (2006)). R&EFHZR W N Z AT a2 =F 4 JBAERE & LT
0)‘%@1 (Minsky (2006), Damasio (2018)), Zfk & BFITKIET 272D DEROFE/ TR

BELToOEM (Llinas (2001), Friston (2010). Hohwy (2013). Feinberg ftti (2016) .
Tani(zom)jéfz LWV TRETH D,

2. BD-AI & NM-AI OEBEWVWERETT 5 : et L v %afﬁnw‘o

AR L7z N L= o — v O IERIBGARER AR FTRE Th 5 & 9 0B M -
HiltE = 2 — 1 UAHAIA T DA T & OFERAEIT %ﬂIkWﬂI®“4V?UV1VX”%
BET D (IR TE TN TERNDONE N D BERTO) BEREFFEICIEFICREEVE S
b LTS, ZORAZ LD EEAICEES 5 72012iE, BD-AL ° NM-AL THEINLTWD
ANTL=a—arR, Eoa—n L b PREERRSTWANEIET S 2 ENREFE LR
bbb, £, TOZLIZE>T, BD-AI OB LFNAL R “4 0T VP27 DR
RAbR 2T %,

2-1 BD-AI & NWHAI RBEETE=2—n 0BV  REMESOH %K

TROHFEIZIE, B FOBEIC=a—a 2D 75%% 525 &5 b BEE MR
—z—n ) (excitatory pyramidal cells) OH/&ERNBNRIN TS, ZTOFE=—z—a LD
FERR R MO == S DR A N MEHRE VT TR AN R
TZUTEA ETICHEEN Y ORRZEE (dendrite) 285, B, b NOHik=o—a |z
I, OO =a—m i) 5 T-2 GEOBIREERH S, £o, T T AT, B R
T4 hfEl/ =a—nr KT2HH/ =a2—ny vUAT8 T/ =a2—nr IVARF
TH 1T ==2—ar "o T2D (LLEE, Rolls (2017) BM),

BB FE D2 —w T BEM#EAR = 2 —m o OMIC, v 7 U THM (chandelier
cell) &2 > M (basket cell) 7p & & FEIEN A M4 (inhibitory) = = — 1@ U

8 Z ORI, Minsky (2006) 12> T 5,

P ma—nriza—nrEOEREIO I L, EXNREE - MIGHERD O 7 AR O R £ T<

HE, FIIPBR—NIv Er b= X IR GABA 72 EORROILEGEM - NI &,

ENOR VT T RAGBEHEOREMN E L EE D, ZOXIICLTHE - iRz —r o hb=a—
YrAbh D, ZOEDIT, =a—a YREMEERICER > TITK F A& T T A E L RS,

0 BHRRZEEITIE, BEFD T T ALSMT b T P R B 25 % A A 2 LIRS IR OB 722 48k

VL AFTET Do

' https://galton.uchicago.edu/~nbrunel/teaching/fall2016/11-intro.pdf £ &,



D, X512, loa—a 2B SELHONE=2—1 > (Interneuron) M == —1 D
WHE (7r A Fa—=r7) OHICHEET 20 EOMEN.= 2 —n  (nodulator
neuron) NIEE L T35 (Rolls (2017). Luo(2016)),
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Numenta (2017) & ¥

INHDYFT TR/ ANRA R THREEIZED DD =2 — 1 2 b ORI -
AR MEHE, PREC S DA (Soma) IZED B, MR, BRI RTE - A
XU MEBROMP O L2EMEABEZ 2 &, TOFHITHO L8R ITIETEN (Action
Potential) OAREHHYZ2fkE « 36k (Discharge/Spiking) ZifE =7,

PIZAVHIZAY OBGRTH LR7Z2VWS, FE=a—m Oy NT—27 V27 LTI,
CDOEIRVTFT TR/ ANRAL DA a=r—2a IMZ T, =a—r U@ TR
YT P =ma—uar-TAMaZ UTHEHOXy v 744 (Gap Junction) VBEMEEND A
N ULAF DR ERTER LCBEBEESICL 2T T A ala=r—rvarb
FEMRA 7228 &2 Je72 LT 5 (Fileds (2009), T (2011), Deutch fll (2014)), F7=, #
RSN & 2 SR T 72 8B - B 2 Lo IR BLG: (Crosstalk) IZHES < EEHEG 2 08

2 ma—na LI RELSER DN FBENOS Y THIIEO—2, i FEENO 7 U 7RI, K& <,
TAIaZ VT /YA, 420707 AVIFTRas7 07 /%4 bn3bb, & hOgEAE, K- FHE
WIZIE, ==2—rr0f 6 (07 ) THIKMATFET S, Lo, 4070 FHE, RIS TR
SHERERTVHERAZE Z TV, F, I U UL RIS =a— a2 EA B2 RET 54 o
FrraZ Y7z, M FEHEATEREO Y 2T UMllanh s, Sns0 7 ) 7L, KEIcRniE
BBHIFE, Mma—mrEVWHIERTH, TOEEMEPRESABEINTE TS, LI, EIZ Fields
(2009). THEQOINE SR,

BHIzIE. TAMaZ )T oA RS Yy NU = BIN T AL UEE BT E L TAERS
T3, b, ZOLEH5%R7 IV THEBRY NT—21F, =a2—a Ry NT—7 EHEBICHBL
B2 T2 (Fields (2009), Kandel fil (2013: %5 6 i) .



L7z Ephaptic Transmission (REEMERE) EMENIMERM I 2= — a r DOFF
TERH SN TWS (Kandel fili (2013: #5 6 i) . Deutch @ (2014)), '

BT, BERO T ORI E A 2 TER L TV 2 UNE (Microtubule) Z#8H L CTHIBR
WO DI E e K FEOMIAN/NEE A% - W3 2 Hh580 % (axonal transmission)
tWwolala=r—yva ryFELFET S (Deutch ftth (2014), Luo(2016)), L2vd ., %K
ANET, BIER DB BT REMRZGEANTICH IR KH TV T, @ﬁﬁ@am@:JHmy
BESVT TR/ ANA OB RRE BT A TWD, £, TIE ESNE LI
ﬁﬁ@%g'ﬁﬂﬁ%%%(mm)@Hnﬁw~7ﬂiof\ﬁ¢é§¢ﬂ77yyzf%
VERIUEIRZE Y hORAEY « AL v F U TR ERZED 2L RSN TV (Sahu
i (2013)), 2E VD, =a2—wm VHOBNEBIRNR, 2" 7BHTTE7SSD (Solid State
Drive) DX O REEN ZLRITILENTELLVIDTH D,

IDEHT, FEma—um DRy NI =T VAT AOMERERCIREEEIEEX 2D
A, EBRIZIE, ==2—1 FERO BD-AT R° NM-AL Ot A% & &0 A8 2 72k sh T
B LD TH D, Lizni- T, BERBERICH D \WM-AL §, 51 D Neuroscience D X
LRDHIEIZE > T, ZORGHEBBEPKE S ZE(LL T AR EVY,

A% BD-AL <° NM-AL 1R (/158) BIMICRT &, jEAO=a—n v OIREREK L
F MO I FED=a—m b I0=a— OBNMRZEREZRE LCE - A~k
BEHOME (FBIAME) 2 X, jFAL i BFAO=a2—0 OMOLF FAFEROBREE W,
T2 &, HEEITIETRO L 9 B F CRIIGICERBLS LTS (Rolls (2017) &
IEY

Yi= FOW o X, +Wipe Xob o o o Wy e X o o o +W, - Xy)

Y iX jBHDO=2—a U OIFEI/KE, nFER>THDH=a—o Dk

% LT, BD-AI Tl&, LD F 23, BEUIZHRNRLT W IER KB Oy AIREFR TH 5. il
T, Fma—m 0 NM—AT T, P23, IFEEMAHLBEEZB L XI22TY;,>0L
DR OIEER A L o T D, P

X510, FEoa—m U idiE, B R ClE=a—a 20 20% % 5D 5 EEbhb kD
=2 —w 8 H Y | BE,R= o —e D E (FIZIXTANAUIEIRZRE) 20 &0
LEREHEIEICEE L TWD, DFEV, Eoa—o AT AT, TS OB - BN =
2— R OEAOHAEH, ZROoCICHMEOMHAELF LB = —a Tl TI R
T LDLEEE BERIZED TN D,

ZL T, ZORERBHEDICTITORCEE THLN, ZTLALZDON-ALIZIE, E=a—
m LA U<, BUEYE & f e & NCHBMEO = 2 —a U AR EN TV D, B2,

M =a—a R0 f U THIMS 2 BNER— R L L THEET 2HIAMRIT. neuropil (m=—a L) & LI
iFh % (Freeman (2001)),

Sk, RO —a  ERATLSHA, P EH & ET, FULSIERKECTHLETRO 7Y
TR OBERED —EB LA EE L < 7B K 572,



IBM @ TrueNorth, Intel @ Loihi, /A T /V-~UL 7 KZFD BrainScaleS, ¥ F = A X —K
0 SpiNNaker, A% 7 4 — RN KF® NeuroGrid, X F ¥ —1% BrainChip Holdings @
BrainChip & o 7o fRERHe N-AT B ZAUISH T2 D

L2 AN, BD-AL IZIFBERED = =2 —a 720 Lﬁ)%ﬂﬁ FH TR, ZD72D | BD-
AT TiE, WAL AT =2 — v OB AFERIC Dz > THRD TEICER SN H TH
Ho " Z ok ) REBEEIX, Dense Distributed Representation : “FBB7p iR/ FE

Z:DDR'” LRI D, B o —myﬁﬁbﬂfﬁbﬁwk\*o@:l—myﬁ%é
B - A X MR LTS LSS, O a2—a r OGEDS EREE, fRE L

THOWHBRISEEZRZIZED A > THIER > TW BRMOR YT 77 4— KXy 7 B
HHENDINETHDH,Z LT, 2O LN BD-Al OFEBHEEEDO ~HEHLR>TND,

723, BD-AL TiX, HEHI R WL T S 2RO, =a—r ORI 7 r—7
fbashTey, e 7 LV—7HORBTIER TH LN, K7 V—THNTO= 2 —nr »HELHT
EFFESnewn, Lvb, Z0=a—a Xy U —Z T EENICH & B 7220 (JEm 27T 7)
DT, FERIMEREZRITE RV, ZO X RfilRE2FFH > ==2—w 2y FU—27 %, HlR
fERLY <~ rHDEWELE N—FE 7 ko (Perceptron) & FEXIL5 (Goodfellow
fh (2016) ) .

s, N ==—1 Ry T —27 FONM-AL T, 20X 5 RBBRESCRY T 1 7
74— KRRy I BRENTEDLRTEIOLRNVE )R> TWD, KK, Bid=a—n
VOPTRROMNEZHDL=2—u UHZITICFEE - RERSBEA O, Zh S0 ==
—a I EICHEE = 2 - Nl s TRA LWL I b5, DF D ZEOEN
Za—urHO D HLNE EOFOLTNREO =2 —u TR A L THRHEE
TMEICEBRT 2 X5 IC T RENTWS (Luo(2016) . Rolls(2017), Anderson (2017)), & ®
R, MG T 5= —m VHOBERIT, & THEH 2o T 5,

ZOX D REHREE I, e “FER /oy HERBLDDR” ITxtE LT Sparse Distributed
Representation : “BR7Z2 /7 HiFHL:SDR” &L BE XL, NM-AI OIRWEEE L KESHBRL

16 BDD-AI IZ%, TEXAFTBERMBREZBT LS EORAL DR, Flx X, BARD LeepMind
(https://leapmind.io/)<°#'[E/¢> Cambricon (http://www.cambricon.com) 7% & DX F v —{BEORALTIX, HE
BHEN MNLIM T oD E LTS, FIZ, BHITAELTHY ., Huawel DAY — F 74 ICH
HEhTns

17 ’\%ﬁafﬂ/i‘%%k . BEORBREED—2SF O a—a B ESNEDOTERL . HliE - <> k
DEFIZL - TRIISEE L. HEo=a—v VEHIC L > TRESh 2K T2 S LTS, KH (2017)
X, ZONBERESE BEO=2—a  BAT—2OOBEERLTIEEVIEZ S, TRW LKA
=RK5] EUMRICKRIIL TV DS, 2L, BIZHBRIVERSEEZ DOFRBICBEERWEHS L, kDX D
R TV 2, TELGRARR AT, T T ABERIT - ETH D LW O MENS, ML AkERSR L
HIRLTEE, LPLARRL, ERMIC=a—o 0L F 7 ZRBIERB 23 L TA5 &, MO - Ml
JUFEIZ Lo TEETH B Z ERbh2>THRD, TOHAE, 5)6H#ZIJL::}%U%S%E‘k/\“é?—‘/%FHL\T*%c:
FNERBEHOMMNTZZLIIAELETHD L 2D, £22 T, ZBHMNRIEKARY — 2 TiERL ., FEET
RAT—NVIRERETH D Z & Zpitt s LB KOBEFHRBRIZOWTOBENRNLIETH 5, | MBERED RIES
2, HEZLL O TH D,



TWb, ® ZOSRIZEALTIE, #THigViEL Tihb,

2k, NM-AT X, ZE =% 7 b RO BD-AL IZHART, =a2—o UEOBEKRO H A
FERMRD TREV, Flz X, Intel BNM-AT TH DD Loihi TiE, BD-AI & IRy, =
= —n UHOERRIE, R FEENTHLH-ER CTLIETHY . SHICHCHRE OB R E b
FAIATe Z L3 TE % (Davies (2018)), BB T 2 0B ORE S FRETH H. LN,
ZDO=ma—arRXy NT—=ZZIFZRERHDH (FRZ T 7) OT, RHEMEROFRIN G &
W, 2O XD e HBEEO B WEREE N FEEIZ 72 5 & BD-AT TIIBIEET TR WEEAR
BAHRFTREIZ 22 5, FIC. B OEWMER OGRS . EDLRIEIFOBE NI L > THRR -7
AR /2 80 E T 2 O TOAREMEDPIRIZ S 72 0 155 (HF] (2008) | (2016) , Kandel il (2013) |
Rolls(2016)), '

AN ARE R >~ R U — 7 L O N\M-AT C SDR % A[BEIZ T % LG Winner-Take-All (5 4
VD) MO It 1T, BHAEFE (competitive learning) M7 #N] (lateral
inhibition) &PFHINTWD, 228, EMmIKOMOIRIEE B MEDOEMRICIT, EEFRIZH
SDR BMZATH - 72, T D RUCEIT % Anderson (2007)DK D = A 2 X, BD-Al ORISR % %0
% BT H IR,

FAEPRERE TO) BRI, HFTERS Lo X — b ) LIEREICERT 52 b
HLWOT, EMFRCTETHLRERMZR LD TH D, TFEL TV DL RELRIT E T
LEfliZeb oz L, ZNHOEE AR —FFF L Lizary hr— O FTiTh
NRTUT e B 720, 2O OREIL, KRBT T IZ L > Tk LW 23R T,
L7235 T, BD-AIREETH LI )2 THRETUTE RS> TWVDHEE ) DOIME-S
TWb, BEICH, ZH ko T0RnnE7E, 1 (EHER, O NITEHBMN

MR LIZ b0, EXO Figure la /R ENTWAH X HIZ, BD-AI TEA S H AT
Z—a—ua 2 E, R"A v s ==2—12 2 (Point Neuron, B4 “McClulloch-Pitts fl==2—n
V)M IR A CTHMAAEES LEEEA = —rTHY, =a—r L TIEZ

1 ZoRIZBE L, %0 Intel Labs FT&E® Uhlig 1%, 703U XARREAEN DI, A= a—a T,
BIZIET Y s vay FNEE Uo7 ) SEERES XX TWAREMEHIR o 7oA <> b (H¥kH)
WMBAEIT) =2 —FNFy NI —J QEFEERT 7o —F Thbd, EELOREATRD &, BAKIARIZLY .,
TR R Z B L 5T, T T AT Y A Lo TR F—8hHE oKX R E S 7267
WA NR—2ZMESDR M) EITHTEX 5 X 51275, 2D OEMEIL, MEBLCEBEESR, 2Ry Fo
22y TN R (22— =P RCHEA SN A ICRE 2z b253, ZhboisHEg
TliE, VT AEA LATORERL (F—F7ED) BUABMERZ L1255, (Ackerman (2018), ZEHFN,
O NIZEEBIN) LB~ TWTHBREN,

19 = AT 2L FOHFN016)OfHEIL, & THHEBRIEN, [MIFEREOLOEEZX DD TIER,
INEENTEOOMHTEE L b OB ETETREEREMEV LT, Zob e EIcEMEx 5 L,
Bniighnz tbilfdx s, BWEWE-STHD, ZORDY, MIFIHTH D, ME-7mb o HPBEK
ReY ELTLEZNHED, 2HEOAG—vEERGDETCLE I DL, BEMEEE LTV TED
FLBHEN S ZICH I Tbnbken, LrL, WIDOX ATy 7 A TEHL S LERENERTE 2
LW b,



O 1RHE T LolAA TR TR, KA Vb s == —wid, BRI, iz A
N 2 M TR - RZEOBMRZER & ROHEIRN LR > Tnd, Bffié v BERIZ, £h
ﬂm®:1~my#%®%ﬁ'4NVF%%%EK&E&T%5#%T%6 S /A N
R D & 912 BRI NV IERE KBNS T 2 7212 FIERRTE DR BB 13T B
ZTEHENHZErY v MK YO X D 2255 T%@%ﬁ#%%éﬂé

TOLOMMBEMARA N ma—a  EXHEIE LI, BARD Figure 1c 12

= Numenta(ZOl?)@ HTM (Hierarchical Temporal Memory) &MEIEILD NM-ALI V7 b7 =

ICHHAIAEN TV DAL= 2 — v Y HRIR RSN TS, ZTOANL=2—1 Tk, 3
Za— 1 NCE o THIRR D@ B Rk 24 (Apical Dendrite) . JEIZ ALK ZE
it (Basal Dendrite) NFHAAEFN TS, F7o, E=o—nm Tk, BRIRZERE OHIIRAKL S
DOERBEIZ L > THEEN R/ > T HDT, 6T, IHE (Proximal) 22KHH7H> (Distal) 7
DEJNRIREND, HEIN R D RERBHIZ, T 7 A EET 2 HHME= 2 — v U OFH
Moa—mOE - BEBRERS>THAENLTH S (Luo (2016)), 7272 L. Numenta(2017) T
V. MRS O 72 DI A EHIR 22 CIR AT AR AE 2 O KBINE A2\ W3 | R 22812 1 X B
D5,

HAKMIIZIL, Figure le @ HIM TiE, #RRZEE O F O REEEHRZEEICIIMO = 2 — 1 >
DD DR « A X2 MERDBATIT D0, T OREFRZEE, FFICZORMH DI, E=
21 NTHE o TR KR %f@%m'ﬁ%ﬁﬁébfﬁﬁﬁﬁﬂyT#zF%ﬁ
WJED O % 7 BUE - ] - A= 2 — e VN DED D X DI TV D, ZORESE.
HIM O N THIfEEIL, FE==2—m 2R U< (XH T Feedforward B SN TWD) i
BEORLJEFIR R 72 KO Rl 2 IS T T Rk FKERT. FEKRTHER, FERKE NI 4
00)«5( EAX L DB EMNTED (Numenta(2017) ., Deutch il (2014) ), 2% B & 3 FHBH DIREE

 BEfFEE - SBIC RS ERAIC LD RKE - HIOEFEBZOND,

DL REFHDI-DDOEEFEFERKEDa TR MaBLIZ, FOV—2A0nED
WA EETH 20 L TNAENIOR ST (EEHRS— 2 0) MW X 2 [E L &
AT ZENTES, ZLT,. Z20LHIRarT XA NORIBLIEE N OEZEITER TE
NIETEDIEE, LV ZERBEERIS ZFHFHOEROFRFENREICTELLIICRD, 20T
EMD . BIREEOBEEN, ATV VxR OEEERELIHETLHLENI) 2N
3%, FHE, Richard i (2018) (Z AT, mE R OREREEDFEILICER L T, RIEHED

20 Boden (2016)i%., BD-AI D=2 —11 % “too neat, too simple, too few, and too dry” & #5#f) 1) T
W5, ZOR1O neat 1T NRT S OB, simple IFH—= 2 —1  TECOEMER 53 HUAL
PRAEH, few (Tt FOME LR TOHKODL S, dey ITIRFRIBEEE - HLEpEOBNR 2SR - iz EwE - o
%fX%ﬁ'4ﬁy@ﬁh®$%%ﬁ%ﬁ&%ﬁbfwé:&%%%Té

2 ZEm Yy FBERICBEE LTI, http://www.ier.hit-u.ac. jp/~kitamura/lecture/Hit/08Statsys8.pdf 72 12437 0 <2
TV N® 5,

2 NM-Al TiE, BUTOa v Ea—% ETRHMRR T 7T I 72 #E LT NM-AL V7 b U =7 O
Fef s 7 v — 7°J: BT 7 A RARC R D BT N — R D = 7 OFFSEBRFE 7 )V — 7 & 3 AL TIREE L
TWob, YIRUx=TIN—TNR, )4~/ Fa— 0 I7HAOREICRBELZY 7 by =T &EZH
WaTHiEEEpbhs,
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N

IALET DB NRER B EN E R T 2R TE D LD,

IOEIIC, Ema—a rOEFEAOREIIL, BE - I - A= 2 — e VRN D
DIEFMAE LI HEHRZEE B ROE - B0 8E SN KE o> T d (Numenta (2007) .
Deutch f. (2014) . Luo (2016). Rolls (2017). Richard 1 (2018)), XG5z, Z DO L H &
BIOAET, RICHERT 2 LI1C, “CrT U VxR FRHEICIRENRENE LT 5T
RFZe MR DA I b K& b -TL %,

I AR NU-AT OAFFRIEIEE Tl RERe I 7RI A Dk LW I BT, I
e RE =P o —a CRIELROBRES - RSk E LTHER TV, £ ZAD, BD—AL O
La . FHICDNWN (FE=a2—F 03y U —7) R W (BRiAH =2 —TF Xy NT—7)
EPREN D RE\EWNRET NV OLE | BHMNBRIEN Y 232 —AbT 5 2 LIZTE 50, FiH
DI (RERF)) 2R Z— b T H N TERY, £HE L B-AlD=a—r Xy bU

710, BT S EELE LZmE N e (a7 7 7) EPMRAILTWALE 15 ThH
Do SHIT, BHIRD X 512, £ OHMARBHRIGERMEIZ L0 | JeFiAaE e EXAIAEN
TWRNZ EHRESEELTND,

AT URHBR D K 512 BD-AL IZIEMEIELCREEE DO = 2 —r U b HAIAEN TE ST,
Lond, DT WS AR R R EEMA B E SN TND DT, E=a—a X AT I
Do TCU5 STDP (spike timing—dependent plasticity) EFEEIN A F 7 RAZEAE LT~
VF T AR ma—a b VS A o —a r  ORERKIER TGRS 2 f B & SR 0A
e EMNTEARV, BVIRLICA DAY, STDP BEAREIX. Al L7- R 72 N\M-AT 12135144 72
SHARENTND, BRAZIT, STDP &iF RO XD IZERINLFE=a—u DA
Th b,

LTP (RWIFCEE®) & LTD (RMGCIEMHED O BRI EFFHLAFIEN RO X5
RIETBEENTWS, YT 7R (D=a—a D) AN T T AHD (=2 —
2r®D) EHAEX D BEI VLA LD E XTI LTP X, T 7 AFIRAN T
TABIEHALOBE I VBRZRICGEZZ2 X LTD B Z 5, ZOBRIT, BRI IV
TIRGFHIZHR M, STDP & FEIEiL 5, ) (Rolls (2017), ZEHFR. O WITEFEM),)

STDP AHLAAEN TV D & JHETHIRIERICIAF T 27210 T= 2 — 1 U O ZE /S
WCINR CHRERIMEE DRE R I B — 2 ] H Z LN TED, Linh, 2D K D 2%
—UDRHEANTFE - FREIN T, FRICE 9 Z2ea 7 F A b R ICHE - 72FFIC, A/
m@%mﬁ%ﬁ%ibﬁﬁﬁ%@’?é*kﬂﬁéémdb(%N)hmmﬁ@Qmw%

KB b FNRAEOBHERFE 2% L 5> THATYH, BRIIGER ORI IC L D it
H(FGLEBOIER L) BN, MEOaI 2= —va Y#EE B 57 DI EHOFH A
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& 725 T 5 (Minsky (2006) ), # SEat 7072 A BEGR 2 /B I HE 2 o Th i,
FEREFENZE I L TWVD LT, FEMIZhEs ThR ELTED VT FEO
P TNUDBHERTEIL, ZOL O RBEREEWVIHERTRIETE L5201 TH L.

PLED L 51T, NM-AT T, BPREEDH L BEOBRE SITMA T, BAA=a—a D
STDP #fE72 &N EHBLT 2 RS Mg 2 A Te 2 LN TE 20T, RERFIEIE D AGA F
TRV BD-AT &b & RFEMICENDREIKORBERE, LR T AT
T AT OESICREREBEVREEND,

H7RAIZ, BD-ATIC S, WD THAHER AN FREEDEARLATIIH 503, HARSE
HARZOET L E L CHEME S ZE D A7 RNN(Recursive Neural Network). RNN PNIZ
HH - REIECIERRE 2 2 9A A 72 LSTM (Long and Short Term Memory) 7 RNN, LSTM {2 %
C RNN AMc b B iR EH 72 EHAR X £ U (Content—Addressable Memory:CAM) % £f-> Neural
Turing Machine R EMNBREEINTWDH, » L, LLFTHRNT S L oic, KiRFLEH
DATVREBNVIEE Y hHDIWVEEA AT E Y FEMODTROLNTWVDIZHED LT,
ZOWEBENTLVKE{oTLE I,

2-2 BD-AI OFEAH vs. NI-AT DOIEHEE M4

U bEoX iz, KHBEENESCHAAEIN TV D = a—n VEBEDHEBMEL VWO B
BRI, R OB EICKEOEN - BRI b2 2 BRI EOMAIAR S S 2 H 8D T, M-
AT (ZEMNCRERREDR D D, &AM, ERLICEASZ L ZHOWVWTNLDTMmE 72
< BD-AL TH V., BHHOD AL 495 & S D NM-AL B A TIEEMAE HIFE EEVERIC
b, AN

FORERBHO 1 2%, By /77 —F&2MW272 L TERICHZ 2 AL/ML HRex 5
BT 57 DI MERMRREBAOWET RE T 2 =250, BEMOFEMIICLE20b5b
T HEVICHEARARZ LICkD, T LT, W-AT TiE, BERETIE., &REmMOa B a—%
ZRALTH, 20Xy 75— % BD-AL ® X H ICEFARY BRI TRBEL T E 220,

HETRERTA—FHOBRSEZRTHEOLE LT, fIziX, Al ERLeELLED
N5 2012 AT H « brr b REOD Hinton Eif 7 )V — 7N Z D il U 7= 2 4 5 4
L72 AlexNet EFEEALS BD-AL BT LV OHE, mEEMOHEET REZ/NT 2 —2HIT5EIC
6200 HEEZDLDTH-Tz, £z, SegNet EMENDHE - 77V v VKFED

BERSIERZ R A D Z 1, FEFROF THBICER 2R RHFROAE OIS, SblcERE L
75, BlZE, B hOBRRICIE, BETHHN, 1 BHED 1 Xy hOBBGFRN5 -G 0 M LICBIRE
9% (Olhausen f(2017)), ZHIEEDERAREREIZR > T B L, KA - A TRFTLEMERE
MSEZR B D & B L TAFE L TW T, BTl O = R L F—HiA 2 B2 4 #EB:SDR” 2 H o T L Th,
HLEHLD D BITAHENREICHR>TLES, LER-T, BIETAWKAHEMERNOY T
TUMH)T BT — Z AWM S5 TRBUEE 25, T LT, WAEOA 2L THESm Th i RAICE
S TE %, FFZEMT — X OHFITiR VIR L THLN B2/ AT - REREGREFHT 2 Z &3 T
T RUX —HifIE & 72 D (Jayaraman t1(2009), Lotto(2009)2: ),

B I B OFEZHEMNIE. Goodfellow ft1(2016)i2 8 5,
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FEA4 7 BD-AL £F7 ATlE, BHEEROAR L TERLHEr Ry bR EICbICH I >2®H
278, BD—AL ARKD DDR(FE R KRB R D325 1834 0 0 DT A —ZHE
MLETIZE NS, P 722l ZOX I RERBEONT A= ZHEIZEMHTRVIZD,
Bex e TRICE o TERBRREAEZ < eI Tns, TNTh, 147 0 HED/RT A —
ZHEEDLETS LN,

THUEEETICEKRARED NG A—=ZHEIIT, RABICHEBTE DL, HEEDOHH
EEWRET D00 v 7T — 2 EHEENBE O 72O OB EE 2 > o —Z ORI ORI
WHEERD, Lnb., #EEOBIZIE., —a—a B COBEEEM S TR TRV, BA
% T 7% (Steepest Descent Method) CPAZEWRIEIE (Back—Propagation Algorithm) 2073 &
OPAEMEHE T VTV ZLABFATERNDOT, THLZUBEEI L Ea—F THHEM
B 72 R EE COFTRA TE R,

WIZEZIXBD-AT WS A /) R—=Ta d, QAR TEH LN, By Tr—4& -
BT B o — & - (ZOFAE 1960 AERUICBIRRE D) HEE T L2 U XA =40
i > 72BRICR > CTHID TREAH SN DO TH S, 7272 L, Tavanaei f1(2019), Wu
fi (2018) . Severa (2018) (T JAuiE, NM-AT T bR ATHRE TRV & W 9 55 5l & TEAk
THIEDDA ) RX—2 a3 VREBRICEAN S >2H D,

¥, BD-AL OB TIX, TOXIRARTA—FWEELITO Z & E2FH /I
(training) LMES. 2 LT, FH ML, SdEkarBa—2TH—@EEL LA ET 5
T LIEATIE ARV, 07, BDAAL IS OIS TH 2578 /B~ & TIniE, Ko —
Y= PC RA~— F 74 VHIK(Edge: = v ¥ LIEEIN D) Th ., HEEFHBEEOEH
(Inference #ZH E TN D) N TEX D L9 D, FDOFEE. BD-AI (L. iPhone *° Galaxy
REDA— R T 2 H LD K OIS, FH /AR AL L HEmT AL L2t S BT
PSS « HREINDLZ ENRELR>TETWS, LFLD Tavanaei i (2019), Wu fih (2018) |
Severa(2018) &, ¥ /Fll#R % BD-AT TITW, #Eim 721 2 N-AL AR 2 DR PET
bd, T

T, By 77— Z ORI TIE NM-AL OBGRIDB B R RoTeDh N & £ 5T
IE7evy, FEER, BD-AL ICHEATHR R CRE RLBHE DN T o F v v 7 & FD NU-AL
THHN, L OMERBEENE=2—a D LY BELBMICH-> TWE Z L2+

BRETNONRTA=ZHICELTL, TiLa 2,
https://jeremykarnowski.wordpress.com/2015/07/15/alexnet-visualization/, http://mi.eng.cam.ac.uk/projects/segnet/ &
OHBEEART 427 A 20184 12 AF5D KOBAHAUIA Ry MIT 4 —FF—= 78l B85 17
DQEE T AT — 3 CHE LIEEESR) 2R,

% 4Ty NT 2N, ZEROERERHETERIEINDEBMESR Y b7 —727 (Deep Neural Network) %
MRTARENDGT Y N Ty N F—F LMRARVFE—ICRDIIICERINZT VAV XL, TAT T A
RIT. AOROBFFEH T L - T 1960 FRATEICHIE S iz L Fbi b, 7L <%, Goodfellow fl(2016)% 2
REnrzu,

T HBAHA V=T VEIR - F BT Y R iPnone O Siri O K 5 AR KA B IS 0B BAK S RE
WEH 7 7 757 506, HEaBFE T HIRE LTA v ¥ —2 v MEINT Google X Apple D4 — 27 7
BATOVER DD, WTHNICEL, ZOXIRRUTHLTD, FHxr BV ATORKETHD Y 7L
ZA L (BIRE) CTOSEEFIRE - HiFwiE, BATO BD-ALICEHLTH, EOEERDOTH D,
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DREEARDH D, FD Ol BUTO /A~ /Fa—) U IREMETINSa L Ea—FD
FLFThHD BD-AL [>TV TIE, PRYBICHIERBI COE AN L THENDOM
RAHZENIFFMETHDL ZLIZL D, ZORRTIL, BD-AI ELIZR KOE#RE L T&E -
JA=/Fa— )T MarEa— RN ELTLERREEENCERTHELVE
FEICHfRTX D,

Bz X, HHROFHET v B 2R 21272 X E L THIER L 7= Google ™ AlphaGo % X
ATWHALE2—F « VAT L&EMPkOTH L S, AlphaGo DA ZFHEMITIZZ TV D
NmMe:t@ﬂwrm@m@)fi FITHEbRTWE A~/ Fa—UrrRlary

WBELTTRRO LI bR esitTnbd,

[AlphaGo MM TIL. 40 DR AL » K& 48 D CPU T 8 fHl @ GPU % (>
<) ot Fm L FoxE 40 OB AL v K E 1202 fHO CPU KON 176 {# > GPU
TR O~ v i L CEMET % AlphaGo O & 33 L7, | (%
HE))

ZL T, BFHL IO “1202 CPUs and 176 GPUs” L\ 9H 22y 7 ([ZHSW-Ebh b
2017427 A 27 H oo HRRETHEIGE I, TAMOMOBEE =X VX —(TEBRT21 Ty b, —
FOTNT 7 BOWEEINLI2 TV v M SN TE72, K152 FAmE, ) L8EFAL TV
Do EBE 1CPU YTV DR KMEE % 145 7 v b B, 1G6PU X47- 0 O K E ) % 300
Ty N(/ERDPETHE, INFETT2 AV Yy MMed, LERST, VAT LAAEY 0
HDD/SSD 72 K D JE e 2 E bR T 5L 25 FU v MINES Bl & Rae s,

Flo, BKDOANKT A A& Jeopardy THW O DEEA 72 7 A4 XA D EERIZ $RR
TR B R 23 o 7= 1BM Watson |%, [A] U BD-AI THPHE: & W 9 HRICHHL L 7= AlphaGo &
IERE L B TEMMRMMAEZEE> TWD (Hurwitz (2015), Anderson (2017) 7
L), BT Watson Zx=— 272 LTWADA, IBM M HBIR O H R S 55 LFREAT 25 A4
F417- DeepQA : “a massively parallel hypothesis generation and evaluation task”
GBI FMREIEAL - FHEE) Y7 b =T Th D, ¥

28 Intel Xeon ES-2600 V4 O, https:/ark.intel.com, /ja/products/91755/Intel-Xeon-Processor-E5-2697-v4-45M-

Cache-2_30-GHz &,

29 Nvidia Tesla P100 ™1, http://images.nvidia.com/content/tesla/pdf/nvidia-tesla-p100-datasheet.pdf £ Hf

0 TFARL—va v AT L (08) MEMT LAY Ea—d - AT ANOREEK. 08 OFRHS Th

DI =HNRTNA ZERER, EHT DU 4 RUREDA LV F—T7 == AFWRR ENEEZRAEND,

(https://kotobank.jp/word/system%20memory-1689353)

3UNM-AL O RG22 815838 & L T4 @\ Anderson (2017)i%, Watson % AlphaGo & i3k & < %722 Brain-

like 72 % DTZL LTCRO LD ZBURIRN = A bEL TS, [V Y0y T b G = T2, B <OV

WY 7 v =T BERARYIMT =4ty b, BISIGEE, VF%H‘K?E’J&E@#—#&E EAREE | EHEHEE -

FRBIHERE . £ L ChH3EE 2D (Know-How HY72) MR IRk & QEARCHEE 78 &N ZH D BERR S 7 H PRy

) OWHERRE OFACL LS ED, BMEDILTWD, MO Al 258507 2 GBS, FADE)

REBEEIUDRN, » « MO LR Ea— 2 nGIT@ENICENS DR, FIEZESH HIZmnNTInN5, |
(EFH. O NIFEFEM)
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7272 L. Watson DVHFEE N, ZALEZT T, FEEE, IBM Research D& BHIZ L,
Jeopardy TR S 4172 2011 44D Watson O HFAZIE, 90 522572 % IBM Power 750 H—
NEETHY . 16 7734 @ DRAM (Dynamic Random Access Memory)., 4 7 I /34 FDT 4
27, 2880 8D Power 7 =17 (Power-CPU 360 fHFH), 80 77 7= v 72 (1 FRIZ 80 Jk
FIOEFEARE) %53 Ea— 2 ThoLLINTNLENLTHD, FELHZ Watson O
MREOfEHE I EIZROT Hveh o723, Forbes DFEFTIL 20 HV v b &EEINTNDHD
T, EFEO AlphaGo IZIERILTH D,

fth 5 gk L 7= IBM @ TrueNorth, Intel @ Loihi, /~A 7 /L)L 7 KD BrainScaleS,
< F = AX—RKFD SpinNNaker, AH 7 3 — KKFD NeuroGrid, X F ¥ —1¥
BrainChip Holdings BrainChip &\ o 72fR3REY7Z: NM-AL OEJJHE &%, BIRERICH D
LoD, WIFhb /A~ /Fa—Y 7RO LD 1/10001F 822> T D, ZOfH
X NFAL OEFEEEZ Ema—m A bERY, TIeEEEZHLZVT5L, &S
BIZ 12 M P23 - T 2 R (2017) 72 &), BIZIE, EFEO BrainScaleS < NeuroGrid T
. TR ZEBAEHIN TN D, BT, 207 Fu Z7b~OiRZ3, IBUO X 572
KA 2, Mythic (https://www. mythic—ai. com/). Syntiant (http://www. syntiant. com) 78
EONF ¥ —REITI->THROMITITbRLTETVS

Lz, AFORIE, 20 Uy MR TEINTWD EFbN DR, IR AEMRD
CIE, BT Ea—2 80 b 10 RBEOEHEENMELFH S &9 (Rhine (2018)),
CORICELTIE, 77U BEENORT Kwabena Boahen@Stanford KN EW2 D
NeuroGrid A JEBH%E 7 /L — 7" (Benjiamin il (2014)) DFEHET 5 TR O FEN & T H BKIEN

(NR=YFarta—2F, ~UAHEOKRMET LV (=250 FEO=a2—1 )
ZYIab— T OB, 4% 400V > bxt10 S UV y b)) bOREREN %M
TWLTHI2000bbT EBO~TZAOME D H 9 TFEV, (BN ) Human Brain
TuY e bOIT— L ThHDHANHBEOKKET L (2200 BEDO=a—m ) &2
Lalb— MO, =72 — (1 BHIC 100 7 (=1 HJK) Bl
7)) DA—=N—arbta—2L (ZRZENTTDHD) 40 THEZICILEST 58
HEE (5 BV Y ) ERRBEIRDIETHRINTVWD, 20D, KR = 2
—B ETIVOBENL, FEAEFIHTE TR, | (EER) )

T, 22 BD-AT TIXTEE B /DRSS N -AT IR TSI EN DA 9 082 T
BD-Al 32 CWH /A~ /Fa—l 7o a—2I23, E<ﬂ%ﬂt“7¢//
A= R MRy 27 (WB)” BRELLSLLIITED>TNENLTH D, £7-, LFLD Boahen
ORHZ TN TS K H I, VNB AAABEZR BD-AT Ti, Al L2 IR AT O il = =
— 1 K S D B2,

32 https://www.techspot.com/news/77687-ibm-announces-8-bit-analog-chip-projected-phase.html
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BITOa L Ea—2TI3,. V7 =7 7us 7 A2k -> T4 (Instruction) « 5 —
ﬁﬁf%Uﬂ%fﬂﬁy%’W@ﬁéhﬂ%zﬁmMﬁ%%ﬁﬂ%ﬁéh Z DORERDHE
AEFVICREND LWV NZ =R R EREIND (43000 L7 Stokes (2010) &
ﬁ@oL#%\%ﬁéhéﬁ%@@&o~om@bf$ﬂ@%®ﬁ®?\7mty#®ﬁ§
X707 T AOEMEESETITETIEE, Taky Y- AU BOS B S EE N
%, T LT, @i mOEFE LW ety S OEEREIZHST, BUTOREA £ Y OBEE
BTN R BR NS 2/ EF bhewn, ZORR, mER ety ThLEH D
IEEUNB ANRANCZ2 0 HEBHOKREN 7oty AT U MOLY B ICHE ST
L £ 9 (LLEiX. Hennessy fli (2016) /),

fiid7, W-AT # X % 5 FE=a— a1 N KV WK OB ZER 2 RO A ==
—DVﬁ\7Dﬁyﬁ£%%9@@é°ﬁ%ﬂ?—#Tﬁ?k%mﬁ&LTV%@T\%%
ZH VNBRFAEL RV, OB Z | IAARM (2003) (X, RO X IZHH L TWD,

[Ty « JA~HFOH )L« avBa—ZTEAEIDO L FBHONENS T 1
TALMAEEETTD o T, 22 TOAEVORENE T—% (Fns T 687
— 2 LRMIND ) O KK THY, Tty b EREICT 5 AOMBNEERETH
Do I L MIZAE Y R—R T —F%F 7 Fx (AU EFRAFX) THD .

fdid, MRS L7277 L Y XL 2 iR E R O ER 2 OIGE 7 EoE M E LTHF
Bl Lo CTHEELEETADOT, MOTAITY ANT OV I T v F—7
IV (RERALER % L5 0O 2 FRALEE Tt X 4 2 TR RIL 2 X 5 7o O ITHE b 7o sAREL S )
WCHPZ BN AEY L LTHEET D, EBXDILENTED o MA~DATERIT,
ZONY I T T T=T AN EOEZEFEETIrOBRBEHRE L THOWLN
Do MNEZZFIEEET (AT 2) &, BIELELEZEDOTVTY X 5E, HIHESE
PEFEIZ LT, BEMICEEZ LD S, ) (A (2003), 230 H, O AITEEIEM)

B, ma—w 37 etty e AT OG- FEAERBLIND LY ICEMER X

L LN GHREMICIE TR EE LEMIDN TV SEEE TH S (Rolls (2017)).,
L0 BRI, B FORATIE, HFrD=a—nr/=a—a LIRS 5] -]
DEELICEIETAELWHE - A X R, —a—arOED D ERERELTL1 Fx
ENCH 2 DRI bV (P SDR) DI TR 2 LK ARAE N TV (DEFEHR ST
<)o LML, ZOEKTE SR TlE, JE? Winner-Take-All B A 72 K2 L » T, sy
DIFENEDENROIZ2>TVND, DFEY | ORI RBSHEES (FKkIC SDR) & 72>
TW5,

DT, BB Liz@mkot SR & L TRBIESN D FERDTIEEINDICE LN E

3 https://it-words.jp/w/E383ABE38383E382AFE382A2E38383E38397E38386E383BCE38396E383 AB.html
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IMIE, BRICMARDZE I N I T o7 T —T N LCEE "R EICEZ LN TNHEEL D
EIRIE SDR & D7 MANFEF AR ZFETT 2B CHBr SIS, £ LT, miHEONEENIE L
AEOTHIVRITIEFR —, ZRBKE2EEZ EEHF S sns, Lonb, Z0kH 7%
JERLE - Brar ey, fix r= 2 —a UBENTHANCEI TSNS, LT, FakbDT
HIEHDIEE BB REONY 7T v T =T NMIHTICRRIBEIND WO NEL 72D,
PR MVAEE L, BT TR LY MAVOR Uk R EZ T A bE TAEHT
LEECTHD,

Fo, HEEREZAT 2B & TH0 &2 KR T2 TR 2 H L Tk
FEHITIEN O = 2 — 1 UERICBIE LRI EAUE EE THEIRIE SDR LS TW D D70, ik
W=z —n UREERTIZED L 5 Z2@ikot SDR 28 EFORSE TR0 By S THSREN b
Fe FTHELTUTS O, FLIZHOWTIE, MIMEDTZO . BLEFE T+ iZfi~in T
V) (Olshausen (2004) 72 X&), i, 2y U —27 DR v b U —7 (networks of
networks), FOFEEZRYy hT—7 « « « LWS R THEEORFIEL « 4 X2 bBHES (b
THT TR T NIEDE) ST < R AE, OIS (binding problems) &
B X 4L, neuroscience MJIZ L RATH AR TCLEHA N EAL TR E WD
(Anderson (2017), Rolls(2017)), 72d. %< @ NM-AT (21X, SedEBINE - a5k ik tg

WMz T, MEOETHDIN, LELO LI REGTOHMEALHEAIAENRTWVD
(Eliasmith (2013). Rinkus i (2016) 72 EIZHI7R),

PLETIEfib e pso 7228, BATO NM-AL I K> CTEINEENKREICKTTSE 9
SODORE 2L, TrueNorth Z&Te NM-AI DA, L « A N2 FRNEFE LIZBEA T
F v TIEENT 5 (Event-Driven/A N2 RERENR) ThHDH Z L. £ D7 I EKANEE
MIERBEEE L oo CTD &, @ 2 DThD, b MEEFOAMBIIFERH CEHNTND

34 EfEICIE, BEANOH CHIREER CRBMIZER > TV1D CA3 LW ) lkicExbhTnd, Fiz,
HAEE, KVIR<IK, BEEZBEATLNTMEETLE I AT AICREIND L2, KNEFHTKE (F0H
IR 6 B O 2 BEFOE 2B EFE 3E) OFFTE LER - TV D, BLEIE, Kandel
fl (2013) . Rolls(2016) 22 M,

3 P ko X9 Zemk It SDR O Lm%iﬁ% KR - A X MK L7z SDR Rl+E% & LHbEh
W, TNHOREOB®ROHLZFIESDTERTE S, Bl X, L - <> MEH A, B, C xTV‘T%S

SDR A. SDR B. SDR C # /& LZ@%J’@:TT% 72 SDR H %, =& &z E A b miEIcxtiid % SDR I
%, HH (2008)QR01ICLED &, MDYy 7T v 7« T—=T L TiE, FEHREHKNOZDIZ, ZDk) tﬁ

PEDLYE (EM) B “SEOWEEE ZUNMRT - IEHSRA, %L/C Bz 72 - A R BB
LCTRHE=a2—a rBOBAEXT MUBNERSND &, ZOHFHR AT —2 L LR oFRIER Iz iiismE
B — 2 & ORERINE - FrartEp A T s, FABICIE, ERO LD RERTEMHESITORATLE ) &
FEIT SN DRI « FratEncRELA R Z Z 9 TH DA, TO X5 RRIELEZ BT D7 = 3L X —Hi
TR 7o R A PN I/ o - TV B (HF] (2008)%°(2016)), BARRIIZIZ, Sod kot SDR X7 ML DR
AT ITENIEE, BEREGDENF =V AR L TWEE L DNRY = REWIZIFER LTS 52
LIz L% (Kanerva (1988)), ffErZ, T X 5 REZRMENRHAVE., FHloO SRt SDR &5 RIFHM S 7-BE
fF ORI SDR kODI*J*E%HW/L&i\ ERAEDLEINTZEL DORE = OFDORE - To /85— LSO/ —
Ve R MVEDRORNBENRE R LD, TOMFBR, HREMI NN = LI LT HFERT
W53 h B O KR - Frarte i 2 @l 947 ¢ & B (HF (2008)%°(2016)), HELIZ, A LWV ZRLF
—FHIBLI OB E ERH LT=DE A 9 Dy,

36 DL i, Rolls (2007),
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N, BEFRD ) A~y /Fa—)rrBara—2 2ERTHRRBEK, 2F0,

BARIZFE—D 7 vy 7 Z{TEEOE LB THEIR T 0 v 7 O R 2 D KO E K %
ANWTnd, 20X Lt RIMIEIKOWMEE L, @i OBERE T, FEFBIE
AT~ THREBIZRE W, 7

AT, BT N-AT BHRIC S, SO R REEE ML E ENT 2720 DO LTRPEASH
2205, Bz, TrueNorth ZEWO-RHIBR DL O NM-Al D=2 —va i, EERZNH
TEN L RERMENILIC KX 72 SRAM (Static Random Access Memory) 2MEILTUNV5D
SRAM (FELR NG S NN E AT Y NHEZTLE S EFEMEAEY (volatile memory) Th
D3, AHFEVET SRAM IZILE 2 & 255 W BB D £ U /NS 72 ReRAM (HEHLA(LA T
VHELT I EAAEY) R MR (REXHEHIAEY) REMNEHTELLIChd e, HE
Bz SbIZFFs2enTEn, @

2-3 NM-AI ER{LEHTrS 5> —2DFR MRy 7 : KEECAM AEY &) #E

NM-AT @ BD-AL (T4 % sk id, Aii CE L L7z L D12, HnEWVOIRHEE M2
R E SRV, EROREICLEDOER - RENZ D 2R RIEEDMAIAR G S Zhu b
ZIEMALIZE R - LUVIGEDSE A TITITD1EED “£A o7V vz R” BB HEDN -
TW<, £ LT, %0 Tavanaei i (2019) 72 EIZRE S 30T 5 3 kAL 0 IER AR R ER I
HOSWEE Yy 7T —XNBELE W) A ) _R—=a RERBETE B b2 D ATV
VxR ZEDH AT ERCORFRBEITICL-> T 5 L9 2 HFfF 2T LE S,

FEER, A TH, BD-AL ITHANTHE - B8 E RBRRZEE 2 FFo% B D NM-AT ThH
E, WG AEE R LI L 5 TBD-AL 21X 202 ERD “A T U V= R ZfAA
@éﬂ%@mowféﬁbto$¥\t%ﬁ®ﬂ®®ﬁﬁ%ﬁﬁ%%%ﬁvNWT%%T%
UL, = —a i, HBIZEE T 2R - A X2 MEROBE = = — 1 o~ DR
%iﬁf@@<\@%-%%%@#@Ef%%-k%%@ﬁ%&% W7 o A E IR A

KA (2017) Ik NiE, Z oA G2 %, Von Neumann(1945)23, McClulloch and Pitts (1943)iZ & >
N %43 T EDVAC IZfAAA T EER A D= AL LS, ZORY 3D THEERO T, brolEL
7o TH LRV, KE (2017) 22bDRO & RFIAERFL TR EEY, [—DOD=a—n ki)
LB A ONRES) 13, S O=a2—n o BAPILTRERATLLICE-Th b ERDMHI L2
FTAANICE > Tt 5, wBEELZ K222 —n 3, FOMho = —o > LRI KL T
WOEE~EF LI F T AANREEND, ZORBNFEKOEBOMNIT, TXTHO=2—1 2D
ANZBNTY T T ARBIERH R —ETH D LWV I FREIERF L TS, ZOREICER LT, Bfto=
VB a— X OIGRIIEEEAEY, vy Y - By YV OEREMIEDIEONR Ty - A Th D,
Trvo I AR BEERf = a—n il FAHMO TMEASVAE G OREE VT T ARE L B
Lic, *ABy 2 « By VIi>T, »VAESOEBERRIZ~ A 7 a4 —F—T—EIZhlif s h i,
CNCE->THERT A oy MaSHREHE L., i mBrRE SN, ZOMPBRRZOILT, AE
UDNBHAAENTLMBICL s TAARTEZ DIEIEDLZ ENARBRERLAE S AT AT Rbbarta
—FNFEHINT,
38 http://nice.sandia.gov/documents/2015/Marinella_150225%20Nice%202015%20HAANA%20Final.pdf <> https://
www.tohoku.ac.jp/japanese/2016/12/press20161214-03.html 72 & % ZH4, © 7242, Samsung i, 2019 4Fi 2
FHE Y MNATHEOFEEFF> MRAM Ok & Bi4a L Ty %, https://www.mram-info.com/samsung-starts-
shipping-28nm-embedded-mram-memory?utm_source=feedburner&utm medium=
email&utm_campaign=Feed%3 A+mram-info+%28MRAM-Info%3 A+MRAM-+tech+news+and+resources%29
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LR D D (A X 58) BEEAZMAATL 2 E N TEX D EENFmE S, bHAA, £
DEIZIE, e DORAARM (2003) ICEM SN TWDHIBEREIZH LNy 7T v 7 T =T VR
HAThD,

S BT, \M-AT IZ EFEDOZE it iBEeE & A X BB A HAAD D X o 1ceiuX, Y
TNEALNTEATDERENV Y I T v« T—TVEIEH - HER LN L, AL
(2003) D “HIEFEE” NETTEDEIWCRD, TLT, ZOLHIRIENTEDL LD
W NMFAL 128 > T, U7 AE A LTOEERER - 9 v NEE CRRBRES]~0
2852 # . Zero—shot Learning) U Y « > a v F¥PE UhH2 7% . One-shot
Learning/Few-shot Learning) MNEEDOHD L7 5,

AN, B b LU S E A T NM-AT EAMRIZIX, Z 2 IXENSEIE 720
{9 DDR MRy 7 PREIRE LCHRET 5, ERMEAHDRE AR brxry 7 Lid, 7
CHANEMOENFTHHIUTOERT AN AT Y HEIFTH D, L0 H0i%, Bl - [
FT O H 70 & TR M - KIBH) e st BB E 2 ML 7Z0A AU T2 kot SDR TSI B2 B K7
NPT T T—=TNEED EFDZ LD, BBFEOFERAEY TIETHLEELWNALT
HbH, TLT, ZOR MRy ZBBHEHINBRORY v MIWET S EioBe - v a vy
NEEDT Y - vay MEEOEMEZRE, MALICE > THEOET-EROTH D,

B ZOLIBRWHEREICOLIERRNVy T v T e T =T NVOMIAZ L > TR |-
VAYUICIE DS EBATIT WAL 2FEBLL LD L9757 7 u—F i3, #fEAEY Ry MV
— 7 (Associative Memory Network) & 2 @Ekitit#ids (hyperdimensional computing).
Ry MVFEE R E R (Vector Symbolic Architecture) 72 & EFEXILTE Y . NM-AL &
FERLDZWANBINTND T —ZAE %W, il 21X, Boden(2016) TlE, ZDO—IRiEZ. Bb %
ALFFFEE & ST VDT, BN ALFFFEZ L — 772 LR ST 5, 772 L, HAE
AEY Ry hU—27 O BD-AL (ZHle L7 el IC B LT, £ O ibkae Lo BEEMEN S | K
TR R 243 B O RS YERY HRL £ T d 5 Kandel 1 (2013) TE THREL LB SA TV 5,

F7-. Intel Lab ® FF URL Tix. 2 X 9 72 Kanerva H72 ik T SDR % g RAEH A~ 7
rv e UTH 5 FiEdR (Hyperdimentional Computing) % . NM-AT & X3l L T Probabilistic
Computing (a2 B a—T 4 7) LMEATNA LI ThD, 72721, NM-AT OAE I,
WEGMN T CHENAMETIERBR I ZFT T I n/HEIChHL LT, TOTEEWE
T, AT NAOERTO NM-AT LRI Ea—T 4 7 EREE L TN DRELE
bihvd, BMATE I, AiEPFYE - I, REPHERICHEYT 206 Th D,

[

https://www. intel. com/content/www/us/en/research/neuromorphic—computing. html

https://www. intel. co. jp/content/www/jp/ja/research/neuromorphic—computing. html

PERT XNV AEYHMGEOKRE 2R MRy 7 OFEZERET 120X, BT/
A=/ Fa—) oo BPa—RIZRBITEAT) O FE2HEST L L NEES L
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Bbonhs, ZOEOa v Ea—2%, BEERETRHREINDSGT RLA (FH#) 207 R
VAICRBEESN TV a7 o (NE) IS L 727 —F 7 7 F v ICE SV TR
DL ZFT CETnLThD, ZOREYLHARLTHEI.

MO8y b /A~y /Fa—) v rHMara—2O%A, KT2D8FE Y
F=256 £y MDY AT AAEYHEBARZ D3, 2D 256 €y MIT#EMNOTOOT R
VARED BN TWD, Bz, 777Xy OB a T H#EEDO+127 L0 ) HIED
HDYTHNTWT, aryBa—2R0TEZDadcontent (L7ZN-T, +127) B aJ
TLFETEMBEIIRoTZELEY, ZOYH. AV Ea—FORA 7 TN HEEEIC a
DT RLA (FFEDOFH) NERand &, 12T 2 T5 () FE5HY 8 vy hEIL
OIIIIID) B EN D, T LT, BYTOa s Ea—F Tk, E0 XL REMERKEHE
Tho>Th, RAEMITIE I RIEO ZEERBL SN BIER LOEREICRET 5,

ZORIIZT FLAGEH) LarT oy (BNE) Bofisiu TV a kL, BToa
Ea—4XTlX, Ko7+ )4~ R MLrxy 27 (WNB) Otk oz, 7rk
P EAEY ENRFHESNTND Z LIRS B> TS, LT, 7r 7 T AIZEM
W T2 EFTTHEICE, 1RO 2 EEEREZFEITT LR, 7T RLAZEELT
AFVESNOME T —HLWnWHarFryid 7oty FICHEOHT RO T AEEEC
Ka A R THERL RV, BALICE > Tar o —& OEFE#HEN BT KT 2 R0 T
. IS OERENEE D,

i, 7oty AEV@ME - FEHORAEYRXR—2 - 7T —F7 7 F ¥ LKL T
% NM-AT Tl EORANH 2 T NI EBOMMIR S AT ALIFERC XI55 FE 9,
BARACIE, B3 LRE - g #IE. &Rot SIRIEROBRFHR= T =7 FL X
ELTHEE - RBERON Yy 7T v T - T =T IVICHRR &, BREDIHE IS B - B
PRI E a5, £ LT, EEERm T udiEg g8, Fatksn it a -
Vay MEESLT L - v ay MEEMMER LAY 5,

ETAD R - FA R OBRICT KL R a vy T oY ERSEES TS RO
N DT T e T =T NEfESTWTIR, 1RO 2 EIEHFEET AT v THNERIZR D
DT, BALLKBEMMR o TLE S, FlxiE, Licfiiz <> F v —1% BrainChip
Holdings @ BrainChip IX, EHF O L&V | BIEME—DOEHLSN TS NM-AT TH D
N, ZDOF v FILBAT PC I - T D PCl-Express A v v MIHILCHAH SRS, Lz
235 C, BrainChip Il C/THOILTWAH DL, FE==a—1 L IZUT\V STDP HEHE % fif X 7= 7 K
DANT=a—ariliol%E - I ThsH, T LT, ZD &) 7FE - JIEEERIT
PCI-Express /XA %3 UC PC PN HDD <2 SSD S5 ic & 2 H 4L, Bix eHiim R IcimH s s
(Vab Der Made 1 (2017)), F7=, Intel ® NM-AI THBSED Loihi &, EFLDZFE - FIfEHE
Ly720 T BIEIF » 7PN D Neuromorphic Processor TiThiv., HEfmIIFE —F v 7WNICHAIAE
- FIfD PC H X86 ' mt v ¥h— « a7 4 TiThitd (Davies il (2018)),

LMo T, WNM-AL L2, vy 77 o7 - =TV, 7T KL AL ar T



20

VENGHEESNTVWDIIHKRD 7 4 ) A~/ FTa— ) IROarEa—2IKFLT
W5, FOTd. 128 L7 Kwabena Boahen@Stanford KFZ L —FD [/X—YF =z
Va—HiE, ~UAHBEOKMET L 250 F5HO=a—m>) 23 I2b— 5
W2, 4554000y b1 03IV Ty B bOREREBEHEZLELTHITH0DLT,
EBEO~TAOME D H 9 TEE, | Lo TLE D &V IRRT, +olcikshTwn
LT TR,

NM-AT DFEHEEZ S EICEBLT D27 OICM B RD DN, 7 RV RE a7 Y iE-—
DM A E Y (CAM: Content Addressable Memory) *TCTdh b, CAMMDEE, a T I NRT
RLAZDHDIZIR > TNDOT, &R - fIIAE R & L TOERIG SDR (2B L 72 Br 58
WSS LW a T oYLy 77 v T =T A b EmRICHEANE S, L, AR
AN WVEER £ 2SI b ATRE R IRV BT 2R CTRE L TRBITIE, AU T 7R
MEIBICEIRIZAR D, 2O K9 RBEBGEOIEEZ 2, FESBH MM - /) U D
HHANTHZEEL WD e, ZHoTHEMDEWVWI LOIRFEANEHSLEED
WAHEB 2 HBE LB TYHH D (Brogliato(2014)),

MMz T, BRI HEEMERZIEH TE 2 CAMIE, BT /A~ /Fa—) 78l
T 2 —HF TIEEMRTE RWMEEM: (graceful degradation) &5 WD CTA 72 R
EHUHERDILENTED, HIziE, BITOA— b 740 RPC R EDary Ea—Z DT
WX, 77 7y hO/INLFEH] ¢ X, ¢:01100011 ERFEEINTNWD, ZDEX, BAND
3HT B OEAE M & 2O JR (B 21X T V7 7 #i7e EOFHR) TOD 1T, TEDL- T
LEo/bLEd, 25T 5L, 01100111 £7220, Fo7z Bipo72F (g) 12725 T
LEH, ZLC AT 20F T EHITLIOL I RBYBMEECLEY &, 5tHAA
BIZE T2 EERNES 2> TLE D, ZHICK LT, D CAMYEHABLD NU-AT TlE, A

AT CORRY THhIUL, Fx 2 mKTT SDR DWTEH ERIIE ER 51T 8 T ESE LEN
ITONTNDZT TROT, LEER~ORBENEHTE L L1225,

ZOEIICRWVEITEL T D CAM Th 208, BURONEERT 2 2L A £ Y HilF T CAM %
FHRLE>) T2 WELETHEMITARY HEEN LRV RELL>TLE I, CAM
Ry I T o7 T—=T B ENTND AT Y LB LR - EE R & oo -

TR TOREGFE AT Y L OWFIFRIRFELE S LB 72 5 O T, BRGNS & THAEM
WZRDEMDHLTHDH, LIZR > T AEVHRELZ T ITHE 220 (BLERIE, Sharma (2003)
S, TO7, BURTIE, CAMIE, R7EEE CPUDF ¥ v va AEY YL@l Ry

BRI o Tk, A AEY (AM: Associative Memory) & CAM & ZXAIL TW5, #lz (X, Rusch =D
fin (2018) TlL. AIZE TIET RLREa T YOG - HNWEFE THLN, BETEMENER KL
HOEEHELTWS, 7277 L., K Tld, Kanerva (1988) X2 (2014) IZfEVy, CAM & AM &IIFEI—72& Re
T, NM-AT HZ & D7 CAM OBLIRIZBE 3 2 8 G097 — 1 (X, Karam fth (2015) &R L 7=, 7235, Karam
I VIR, Z O CEEERF R O CAM O KB EIT 100 A HEw b=12.5 AH A FEHESRLTEY .,
7T v a AT YL DRAM TS &I 220,

0 TCPU L AL AV —DT—ZORYV MY @b T 572012, CPU NEIZHRE SN AT
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RO —27 « =R =72 P DT IR ETULPEAZATN TR,

WHE2 6T, B b B vV RO AT VTR DS N-AL ER{ED T
DIZIE, D b 1 TR ZBZ 28720 8EBL (SDR) TRINDLT L AZEM A ER
JC CAM TEHT S Z L 2R RADLZMENH D (Kanerva (2014)), ZHOZ X, B hOET I
v Fl=a—nrORE, oa—n Y20 5 T-2 HEOBNIRER L 4 HEO T 7 A
DARFEL TWAD ZENLBHFHETE D, BRAIL, 20K/ =a—m B 0T 7 2H0L,
WTIH2 I, ~UATEHS TE, IVYAFTI HEET,

ZOEIMEIRIL SDR & CAM T D Led L, LN ZDOHE VITEWEIN EOREZ
VHTKATLEY, FE 1EY FDO 1L HRITEELTH, 2y &) RIFH R
7 RUAZEMATEIRIG SDR OR7 MVAFELE S 2 Flii L2 T idZe 67200, £20 X9
T EE, LTHEBITEE I BV, FHFE, BI{ED iPhone-iPad 72 & DFHT 64 £ |k 0S
(i0S) TTHH, 2B v h (16 =731 h=1600 T 7T T7/34 b)) ETOL AT AAE
ULz 72w, Lh, BITOEMAHRAY— R 74+ TOVATLAAE) OREIT, &
WHEWNW4A~8FH AL, R ThHD,

L7223 > T NM-AT (3, A7e< &b BUTORERT O Z L AE Y A2 miie &+ 5 R
D, B NIFBREZANIYARFWHRD ATV Tz R” Ez, 100 FHRE > THEBLTE
O, P b e, 20Uy FREIETEMELTWVWD E FOMANTED L 5 2 fE#AT
CAM JELD AR A EHL TV D D2 2 BLBREWRIW T H 228, BURITIT & A SRS 32
RURILD £ 9 Toh % (Natarajan (2018)), LT 5 &, WoloRIK, &KL SR L H L
TWaE b EGTAEMKOMRTIE, BRI - Hra e 82 ET 35 28I, ok 5 2ft
A TEIRIE SDR ZBRfE L 72 5B OIFOM L« EF X AL DN LRI/ TR DIV TV A DT
A2

ZITHRET S oOFNRBUTT VA NVENIERRL O T A 5 7 75, Kanerva (1988) D

(https://kotobank.jp/word/¥ ¥ v ¥ = A€ U -2703)
B ZDEH M CAM OFEL SIZBI LT, ARML(2003)<° Anderson (2017)1%, KO X HICF KL TW5, T
Barva—2ORNDREICENTE, FEFRLHEARER A THEME OGS 1 SOBRELRERTH
Do BlZIE, BRSNS — 2 O L~ TORERIH TIE, 1000 TRREOFR A BETH Y | KIH
BHTORFE AT — B TIE, H10ED 100 BREOHAEPLETHA ) Llbhd, fto> T, W
A a2—ZOTFERIL, LFEEROA A—IL, TOEEHTOLFETTAAADOHRRLT, U=
REREIR ORI AL ZENUBETH D, BETIE, RO T vty I LET O HEREIT &
2, W= B a—F DRI AE Y ERREERERORBROERSLEL SND, | (FRAMM2003)),

[(NM-AI EBUZ & > O b EITHICEE LOWRIEIZ AT Y THD, BT 71 FOAE U BSHBEIZR DT
TRL, 2OEDOAEY %2 (CPREE) 751 ZTHAT 2 OITHSENEV, ] (Anderson (2017), ZEFH N,
1y a IS BN
L HEBEAH, TIu T ARV ZMES LI BIELH D, 722, ZOBRITIE, = 7 —FAROHPLT
T —RTIEMRBE7 ERMIBIC/IR 5 DT, ZDTHDO AT U FHFEM ORI, ATV EEOHE - KX - HE
FETR ERREIZ 2 %, 72720, ZOBETH, ST 5 NM-ALIL, TV 7 Fu ZREOFREERT
v el B, EREORARICE LTI, Demler (2018)%° FFE? IBM X° Mythic ® URL #Z M I 7=\,
https://www.techspot.com/news/77687-ibm-announces-8-bit-analog-chip-projected-phase.html, https://www.mythic-
ai.com/technology/
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Sparse Distributed Memory (SDM) W IH/NMxH b v M aGzao 7 ZADOIFR IR T
b, bbAA, IVAFOLUE Yy NEFEIICKTT. 2y FOCAMMTH, ZDOFEFE
TIEHY 7 by =TT HERBENE L., & 2AN, HlXIEER, 100 FMERICET &
3164107 =2 Th b, NMED “EERIGE 72" HkELZ 2 TRIET 2BITiE, 2%
By MEETHLZEE 5, £ LT, Kanerva (1988) NEHT LD, ZOHTHD, 2F 0,
NM-AT TO CAM AE U RF T, 2"y F2 2! vy OB KA E Y 22 & Fall 8 E
TAHALERHDELTH, FRICEESGFT (Storage) & L TELND DX, A4 100 4
HTH, FATOME AT ) ERNOER TEXHIEEDTNRERICEHE 20, L) FHET
H5b,

E DI, ERIE SDR &2 = ONMNL R IER DA%+ 5 X 5 iR A5 E LToH
ZENTEIE, FHRMNCERTZINTZ SR T —Z DIFEA LR, EHEOH 0 IZHFET D
FPThs, P OEHSA TIEIEOMMA 3o CEEERZE) NIZ 99. 7% DA A->TLE
IMBTH D,

LT 5L, Kanerva OEFFEICHEZIE, 1 FE Y FOERICSDR THEIHINDHH « 4~
v ME#®ZE 1000 HE, H2DVE 100 BE 2 FERWICRETLO2HIPLETHL L LTS,
#2177 x1000 J5 € h=125 {f 5000 534 h=12.5 ¥ H /34 + (=2"), 15 x100 5L >
F=1.25 7754 k (=2") REOHFER oL 7sd, &UIO Windows 10-PC TILEA
LAV TH 27 734 RO SSD BT TAFARETH L0, ZOL~ULZE | &IkJT SDR
D100 EEFTHEPIPINMTELDTH D,

IO X ST, @RI CAM EBOTZDIZE/NIIRCFEN 2 ATV EBEBLEZ L LT
b, FRNITZOENR AT ERZMERT 57210 THTe, EE. Kanerva(1988) (2 kil
X, 2" O FEIE SOR 2 5 T OICE R AT Y ERIDFRNICHEZ o7& LTH, FHiL
BN, BATO G EREANN T HE O AEEZ: 29 0 20 D A F U B S X FRNCHER T
TWILUTEV, LT, Kanerva(1988) %, =D Z & ZHUFHINCEEN 325 L 3kic, 2D FEH
L FEBRBEL TN D,

X 512, Numenta (2017)=° Brogliato(2014) (%, BATO a2 — & EIZ I WV RFAF A
? 1000 KT 2000 YK IT DR IE CAM % Kanerva 3 SDM & LCY 7 b7 = TR HEH L T
W5, TiX, BREMED \M-AT ~— Ro = 7IZBLTIE, E9725 90261 21F, Merolla
fih (2014) (2 L #UIE, IBM & NM-AI F v 7 : TrueNorth OE, 2D F v FWNIZIX. 4096 {#
@ Neurosynaptic Core EFEIEND L DONEFEN TS, BEHIZIZ, R/DNBEMNTHDHZ D
Core |2 256 fHD == —nr >, 256 HO#ZE L 256 HOBHIRERL, Z L TENLLDOFKFLITY
F 7 AN 256 fEATHE L CH Y . Core &K TIE 256x256 {E (6 /5 5536 i) D F 7 2 H3F]H

4 Kanerva (1988)I%, # CTHEMRIGEIZE ST, ZO LI RS/ E 5 2 & A HEMIZFEHA LT
%, 723, Maren fi(1990)i2 LAiE. T L 5 REARMICET 2HARIGEIIL. @E2BAATD 1960 R D%
o BRSO HFIE I =TI L o TRRICR LET b Tz, 722 L, ZO8FH
R S Z MR CEX RO OEMENZ Linofc b SNTW5D, EE, MMEIZE, YimsIBNITeA L
TAaR—TERMhoT,
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AREL 725 TnD, LT, BIZIE, 2 D7 D 256 fHD =2 —r L FEH SDR Z AR L C
WD ERET D & EERD Core HIZVIZFIAFEEZR YT T AMAE V1L 65.536 F 1 £
M @Ey ) THdH, CAM & L THGR EXLE 2T N RAZERIT 220 Th 5725, Kanerva )
72 SDM DATAEA DN EA S TWAUE, FEAHIET CEHICH LRV A S5 Kanerva DFHHE
B (21000 %f 2% 21 B HEHMET D L. b L TrueNorth |2 CAM & b fAATe &+ 5 &, 20
L BRBFETHDONE LY, ¥
B, RREFEEL TS BD-AL T, o B Tk, CM OIEHZ0HETH5ET
IINEEL TETWA, Bz, Graves fh (2014) X° Graves ft (2016) @ “Neural Turing
Machine” & MEITAL5 BD-AI TlX, AEF YV REMITIXIZADED P Th DM, HHENO CA3
TR & R4 D R 708 AR A £ Y (CAM) AR /25 (8 (2l - 7o 450 A ) B S A £ 4
T2, 2D L5 7% CAMBERDIBAE Y MMl -> T\ D & Frartho @ Sic s L7z
BETH, £ ZICWEDRREDR A IS ULT:%ODZ’))&M‘L?L NPT T e T—=T )Ll
fxﬂﬁﬂ‘éﬁ/fﬁ%@:ﬁt Y— FREEZEIZE T L, F e F e B0 FE & ORI
é*ﬁﬂj‘i%ﬁﬁ“&:&#‘f‘%éi N7 D, DF Y AREEE MO T 1T O T HE
LW, BEROKFEDEE RIS ZILTONLHDOT, Ea - ray MEERPV L - a v M
ERAREIC 2%, b HHA, ZOL I RFEDIE LRSI, CMAERRFETH D, FE,
Graves fth (2016) (2%, B> RO TSRy V=7 ZHEfL LizBr « va v FEED
e vay MEEORTFPHRINTND, 2O X512, BD-AT Okt mkoc CAM D%
Afblc ke EL s D,

2-4 RHIMITIT, BD-AL IZH X T NU-AL B4 v 7 B OHER
BD-AT {ZA12 T NM-AT 2838 < EENDRAN 2B 1T, FHYEE Th S Chaisson
(2013) O TFHAFFHITH %, Chaisson (X, FET —ZIZHESWTFHB TOREEIH O K
ﬂ;ﬁﬂ"jfcﬁ Energy rate density (amount of energy per unit time per unit mass : HNE
HALR S 720 O XV F—REHEE) 23R L TWD, 2L T, ZOMIZE, it
(2% @ Energy rate density 2%, £ LT, BHEHIIB(10° 225 100 TERTE TH LB TO
A RINTND,
B ZAuid, Fox otbid, BB REE SRR 2 Bk 100 FBIZH 7> THE 0&
PRREE DT 3V F— 3 G0 AR B> THE(L L TE T b, HAHA, BD-AT b, =

4 F 7=, Davies fl(2018)IZ L IE, A > T /LD NM-Al F v 7T 5 Loihi TiZ, —2>DF v 7 128 fHD
Core CHEERENTEBY, K& D Core IZ 1024 O =2 —a U RNEFEFN TS, TLT, F=a—a r TlE
1000 fHD > FFABRFAFHETH D, Lizhd> T, 1024 fHO==—1 ) SDR ZHk L T\ 25 L{ET
5L, CAM & U CHGR EMERT L AZERIL 2124 TH 228, EEED Core &7 W IZFIHFTREZR v 7" A
FAAEVIL, 16 AH A F=128FHE v | (%) L7poT5,

B LI BREA ATy MERERED CAM 72D T, 2 @ 20 |NG 25, OFE Y 20 KT D 25 IRTTIREE,
% Ke fi (2018) 1%, RNN TORREDFE ZIT 9 oIl IENIIEIETHLWEHET AT v 7Ol %
25 Z & > Tx % BPTT(back-propagation through tlme)r‘: XTI Y X A@Eﬁ(ﬁéﬁﬁ (SAB: Sparse
Attentive Backtracking) Z#2"& L T\ 5, 7272 L, TOA T =X LE, FEXFITIIRE ol figncE v
20N,
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DTNV F—WRER LTS TWD, h, \NM-AL RNFEATEE, 20X ) 2R EmE
MOEDANFER E2EIBO T HE~D Y7 NAA[RRIZZ D, NM-AL OIERIZL Y, bl &b 4
~ S5 MrE VT RV =R O ER N AR D6 Th D,

FEIITZEL

5 10815 - ATl v ?
¥ K FAS ot
Energy rate density D x % X =747 aireratt
(amount of energy per 35 107 | & A
unit time per unit & x
mass : H{UME - B > techologsts O >
MY -YoxTR E 108 ,f"’x_tndlv‘s;uin‘
H¥—iH ﬁﬁ) -g industrialists Q_ .~ v ’%t‘;cn\"i o A
[ Humans = "> human  brain << "y 2
T 10°]  agriculturists O-° ﬁ_"x % FEIIZIHEL
5 Q,Mit;r:ﬁth!r!n 3 X — ENIAC calculator ICLHEn?
-] ?’ “ early engine
g 104 | © australopithecines R
108 10¢ 102 100
Time (years ago)

Chaisson (2013) &V #Hr, RHI » B ARGEZEIAITER

728, Chaisson |&, LEFEOiZE 100 AEBOMENICHINL TWAHHE % Technological
Singularity(TS) L FEA TV 5, AiiIT Y @ Kurzweil (2000) DT =27 VT 4 ()
WIS RIGEILS Z LW, TS IZIE 0 iR h 5 Z L 2T 5720 Th 5, 7

FEEE DX D RBIEEZFNCL T, AAEERFZOHFEEDNZL < &, DARPA - SyNAPSE 7
By POFTRIZRINTVD I, BATO /A~y - Fa—Y) I/ RMa s a—4T
X, ZTOZFAX— (HEE) HEORESNHL, ERKEEOEKa L Ea—T 7
LI IFRESZ DLW ETHIL TWA (2015 42D ITRS Emerging Research Device
(ERD) Meeting T Srinivasa(2015), Roy(2015). Burr(2015) 72 EHHR), Sz U,
FD XD AROHT 2T BUTHERO = XL X =R OERM ETIE, & THEB
TXZH>HR20DOTH D,

o7, L0 — T OB A B O Kurzweil HEENZEI L CiX, Zarkadakis (2015723350 T 2,
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/ won Neumarnn
¥ f L
{ lfog] . Machinas \
Atrade Datesen
) ¥ %= unnwrsalty and
Machine 5 eciency MELF M one
Complexity . "". . Machine:
e.g. Fafes i ] _,..*"
Mernony :
[y _:‘. - }: ‘\“\.
PGLTONS, sor® sty rran sl oo
Syrapses ¥ [awn of 2 new agr
Power, b
Sae ! Dawn of & new

i paradigm

“romphex” UOQJ

‘smple’ |

\ Environmental Complexity
&0 ingud Combinafonics

(K-FE DARPA » SyNAPSE 711 &0 = 77 M52 )

ZOEIITFERMIFFDOREWVWN-AI THLHA, BEHTERZZL DI, BFIHD AL Z#45
EINDWIBEDIENERMEE TIZE > TV, ZOAICB LTk, IBM @ Almaden #FZEHT
T NM-AT EBRZHRT 5 70— 7@ T 5 Burr (2015) DI AIRMTH 5, ik, TR
KB DOEKRp L Ea—T 4 VI RBEICEOREOHERT (“What”), EO X570
ET (“How” ) ML REDE NI BV 2 LT D, #1C LAuX, RISk LTiE, i
RKAKRDOFHEAFTEIL, IBM-Watson #FTe /A~ /Fa2—Y o 7HBAN— Ry =7 OILR#RE LT
FETHEHATERNI L, L IAD, HEMETIELDROERFENPRIER L TN e
T, 7. BEICEL T, “WEREDS oI STy BLRTIEH 225, o
FIOBMBED T RIN X - REFEDL L Ea—F Lo TLOITREITIRL-TIRVDT
Fenhe 35, Lzdi-> T, What, How Dl FORENEEZTH, 20OTEEHEL LT A
IR O 2 o Ea—FThAHH LW BETH L, £DOREREHRIL, AT HEEICH
B L2 X9, N CORERDS | Al U 7= REZE IS HEAS D FERH « A o NERENR & vy 5
BUTIMZ T, 7 X LA I ARDIHE - ORI 2 BB 572 DICEEICHEE Y = — Lk
Shle=a—u /7 U THEERKH - LIRSy N — 70 - RIET AT LD
WG, T O 15 R - RIE T AT LORERBIRL, MBI ST LB - TRIE S R T A
BEARDIH 3 BB, & o T ARTHE S I L 72 I R e F5 > 2 L IT K 5.

B, EIT T, BEBBRERTIIL AL DD, Intel O Configurable Spatial
Accelerator (CSA) X2 Graphcore @ Intelligence Processing Unit (IPU) 72 FlizfEI NI 5
BD-AT & NM-AT D B\ & ZHY 2o 7oA 70w Rig L7 WBIALERARY AT & %545 L T &
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TWb, ZOFXTIE, GPUELEERTRIUHEEEB T2 — 3HOHER) &= LX—%)
EOMERRBIADD LN, B Fpds, N WHLER LT, T ak v - AT A AE
U ZESEE 1 o077 a7 &23L7 (Bulk) LR, 1000 fHZE 2 5 P ot vd42E
T4 %2 O3V 7 TRIBWHIZLEE (Compute Phase & FEIEILD) Z4TVy, 3L 7 B CRIEID &
FL7R BRI I [RIBR F LR 2 9~ X T Uk U TNV 7 [ TORF IR HLALEE (Exchange Phase) 72
T EREIITHY FROZ L THD, Liei> 7T, What X7 hbk How X7 kLB TT % #i
HBEDETND L0 EWRT, ERRO Burr Jifidfl o > v o — 2 ~OHEL IR %31l 2 3R
DD WS RN FRETH 5,

3. BDAAL RUNM-AL D “£A TV V= R” &IX°?

AT BBEOSCERICIE, A>T VP = ADEREZITHERN LB NLEZ LY 15
b OBEE N, BT AL BT = AR/ AR TABOTF v o B V@A ENTES 2 L
INTED, MBEEOARRLT RER T HEEENTE S, @R A b -BEOEN,
RTEEROBSGCTr 72y a b AR OEMICHEIZISZ D2 ENRTES, L)
B, FEEE KRBO AP LOLERRBEZ LD AL4T AL (2 Ea—%) It MEdH DN
e ML EDZ ERTEENENEM S 2 & 2T,

ZFLT,ZDOE) BBV OEYLYHEZ TRT A0, NEDEALTERRFI DO -ANTHDH
B e a v a—ZBFE Alan Turing DMER LTI TROA ST —2 a3 U7 — LR “F
2=V 7« TARN ERIEAVICHT I ENEELLL TV,

<Fa—UrF -FRF> H1LE, ar—F—NAMOEMEEZK L THS S AM
ZEEVIATFED Z ERTER, 20X, EEND, 2 Ea—X THERN T2
<TixZe b0 (BIHIZ Sloman (1995) 7265, ZEE3ER))

L TAN, MR ER 72 AT WHEE /5 H TH S Sloman (1994) 2SHIMEIZFEHTT 2
£91C, 2O LS NFITE RN RERICESW WA T 5 A2 1%, EamiE - ATY
Wb oT, ATV VX7 LIFERZELEDLSICLTEAHEINAHDTH D
PICEET A2 AREN R ARIZLA B Th 5, FHEEE DR} Joseph Weizenbaum H 5
28 1960 FRFFICAI->72F v~ bR v b “Eliza” OSYNTITER L TR o72 A2 D
DOREBRBICEZLTCLESTZLDIC, HOHIZ TAME L BVIAEE 5 ) FEIFHZ L
FET D LMo TVWHDIZ, ThdH,

WCE o Th, ANFITEIERMN A V7T VP2V ADERITH > TWTIE, AL & HI
& DRITE ARV &V ) BIER 2GR A5 U A BRI I < leo T LE D, 2O A

4 PL_EiE. Morgan (2018). Anadiotis (2018)) % ZH&,
4 Weizenbaum O {#1L, Weizenbaum (J%5R 2015, FEEA Y 71 2006)? [Eliza Today] D FEIZFEL <
ENTW5, F£-, AEIZEM SN S Minsky O AT LRI T 57 v F 5 —BI3BEIEICHT 5,

p={113
ru
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fRT A7z, LFE® Sloman (1995) OBIME/RERAZ LI TIZBIH L THE I,

(2 DA DL OREEZHIWT T 2O TR N0 L7225 DTN WITEIZ2 6|
MNZE o TR, LORERLE) X ITT 5 FNBHIZ O AT ARIKROITENRE /) CfiH 1)
WL > CEHRARESS B 25, AU, (Dennett D) EXAYREEE 1L, DOWN
WOBX ZEHE L TWD, bLA VT I P2 ABTEOEENHIKFET D LT
5705, ZHIXHIEWIZEWNR D, (Fa—U AT EVICENSTZOTHD
TANEI VT TEDLA LTIV AENEMIOOREL LTHRRTE o Tz,
iz, Bicgh (Fa—U 7 - TAN) & ERR V2T v 7 T—=7 (%
W72 BRI R T/ RN E T —TN) DRV TRERILTE 2872 L HNE X -5
F7e PRERERRE & U TR LIS E 7220 ) (EER. O N—EB 2 8 n)

Sloman O T D & 512, BD-AL THILNM-AL THhil, lEHEDA TV Vx> A% A
T ERNRERNOERT L2 L, BIKENZBOVRODL LI REDTHLE, MR
TR THD EFRBLTExDH, IHIT, Sloman N EFETHRRTWA L HIz, AMfTrEhE%
B e BARICSEIT 2R, A VIR0V Y T, i COE, ) TR0F R U—R EDE
RESCHBE, ITEHIVYATFRLEORBHICLE NIHET O EER A T V= X7
Do TWNWDHZ EER A7\, T, Ao AIEEIZHEIG L T TR T2EI R
XEERITEN Y =V ERT IN OO HIZERET 5 AT U P R OFREL
WTEZFEATERY, ODEBBHERCITHNZ - B PERESER-TNWDH I L
FEETHLIN, HONe heBTLIHER ATV VR ZHRALTNWDHZ LT
FHELBHRBOTND,

7 2 1L, McFadden ffi (2014) (1%, EV Hoa—m vy Na~v FU R, (RfHa "X
(inclination compass) EFEIZNAHBIZIR -T2 ELTO THRAEX ] 2RET 2EF
TR IR N AGA E N k7 a v R A B> CRENIT A Z E BB STV 5,
Lovh, Zoa—uay_aw KUK, BGOKERSEE-> o iz HET 207 A4
— oYl ER o TW AR 2 N2 (polarity compass) EFEIEN D 2R & BEOD
KA RRAERPICE > TV HEZTWDEH LN, AMFLEROERES ZEEIE
LNHEETH D,

L7eR 5T NAL O HL ~DA 37 FAB R DL WAL REB L EH>E LTS
AT IV ALFEOLI R LD THLNCEL T, ARITE) =R RS D T
2. FHEH M-AI REWHFRTEHZOIMPFESLCHFHZELZLEDOLIITHA LI L LTWVDHDON
EVONMOERENLRFT 2 2 EBMETH S (Hawkins (2006)), ZOFM X, [ (R
Ze) BURE L C D S IEAMUI WL 2 24T8) TIEBIIE T 220 (Hawkins (2006)) 7225 T

D, [FExDOLREDEIIITLTEINWTEY, EDOLHIC EFELEHNRL D0, HWEI

30 http://www.natureasia.com/ja-jp/reviews/highlight/10618,
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g < RO HOWNTHSICEMRT 21201, REHEB (T —F%7 7 F ) X— 2O ENR
HETH D] (Sloman (1994), O WITEFBEM) 15 THD,

TIENM-AI DA T VYV A%, BRI ED L O I U TOMBIZBNATENCHE S
THRHOA =X LE L TEERETIUEIRODEAS S 9?2 J50 Hawkins (2006) <° Hawkins
LI FFFEE Th D George (2008) 1%, ZD L H eikdn | KIH R E O M@ & D E % -
HWRICEBLRDRL, WO LD ICHBECT/INRKREWERZ R L TWTHERICET S, ™

ZOE T, N-AL O F BRI KR E OFBREICE 5 2 & Th D1 H, N-AL O
ATV A RIMBENEA T EBEZONDA TV VoV AZRELTXE
IMEVIRETH D, IRET HRERBHEIT, KCHRE 2 FF OIS T E0n b &
LTV, 20O, #H1E, ETRIMFRENELOME L L THEMELZ L TWVWDIE
#EBWRICERT D, BHEICETLEEDNEZOT, bro bR THLRARWA, 5D
FIREZBIH L TR, BRI LD DRI EICRET 26 5 — > OB ML, ik k-
Hik T ONEE) (RR) 72 E O Z R L CHEEE - ERET 22 L3O ELELEZ T
WHMNHLTHH D,

FR BT BB BT 2 E T A Mo > TV A DT, b7pizid, iz T
Bz, ZORTEHZEY FPRICOVWTTPRILIZD T2 LR TE D, HARTIE, A&
FNRBHICLTEFBREPESEEDOZ L 2> TWVDOTIEARW, KBGH R IZIX
BWERT NI =R/ oo TnHDT, EOX)2BEHKETHA D L ARIC
RWEEL LIBRTE 5, (RMHTREOHID) MERRVE | Tx lJRELIRE, &
BDWIEKIBELIRIEIC S 2 fa> T L £ 9.1 (Hawkins (2004) | ZEFFR, () NIT%EHE
VDN

%3289 % No-Free-Lunch (NFL) EEIC LiiE, £ ToOEERMEICE L Tz E
BT 24NN LOFRMEEELFET NI XAFIFELEY, bLHDLT IV
Y XLANRFFEOMBEICENL TV D ET DL, ZHiE, 20T LT Y AN Y% ME
Wil L7 E E B NE > TWBEITDZ L TH D, i), Neuroscience DRLHEIC
T, KM GO BB, SR - B - MR O K D B o T EAICEE L TR U
TNV ZALEERLTWD LD ThHhD, £lo, KM (B REPHEHEEZ LT
HZEHRCHDBNTND, 20X RBIEHRICEAT L LS b LWL, Bio
TR D DF — Z R, F1 6 ORE EOEWIT )b b, HEAKICE L
AR M A S LN TED EVWH 2L Th D, TOHEME, HRICET T —
B A T = R L3 W EERS B AL OVERINC L7223 o TR P i ik
ZLTWHEENLTHD, bLENNERYIZLT DL BEMEIZESWTZFEHO

1 Hawkins 1 NM-AL @Y 7 N U = THRERTHRAEZ Y — FL TV BB E 2 % A HED Numenta £l
% # . Hawkins @ 3L[EHFIEH CTH B o 72 George 1% Google/Facebook/Amazon %5 D4 7272 5 BEEFH D B E K 7
B E @2 A L TV L PAEM B R RTEHED Vicarious HIFE TH H 5,
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NRMEDOIEZICETmEL, MROEEZZSZ LIl THRERANTZ LN TE
HZrich b, ) (George (2016) ., FEHR, () WIXEEZEEBMN))

L7235 C, Hawkins (2006) <° George (2008) Z JLAMERR T ALIE, KIMGHT R A3 RE T
WiEZ L TWDOUE, 8 it MOMoEM) A4 Ty T EH R NJFEOMIR - (kAN S
BSNTEBHBEL L TVWAZEDORMTH D, HFH T, TDO LD REMFOPFTRAT S
WESLFERICL  BRMICHEIE L7220 HAZ R 2oldi, ME R oEmikic & - T, Fit
ROBERED TG LIE LTOMABBET V42, BHfMOT 7 v a 2k - THE
BIES DR - BRBRIZE DWW THAKRRBEL TWMLERH LML THDL, LT, H
=12, Engel f11(2016) % &/ L THLRMR 3T, 2D OMAREEET L O T HIME & o xt
HEWHIBRTEERFIZVWLERISK DN THIGL, SHIC, ZTOL I BRRADEOHIGDO R
UMW SOV TRNET VO TR 2720005 £ 95 2MEBET L OR BUEE1T H ©
BERHLNLTHD,

FOEWT, N\M-AI REET BTV V2 REE, BIRITIE, KOXHITE
FCEDL, ATV V=2 8iE, ARO LS RITENC Lo TTIEARL, (ORI (8 RE
WD) FEE ATV REED TRIEEIC L > THIE SN S ) (Hawkins) EFHF), A7V ¥ =
VAL BELOBEPMEIC K o TRk EZ RIS 2 MOBIEREE)) Th D, ) (Hawkins
(2006) . EHRN),

DFED, MALICEEINDIA TV V2 RAENT, TOREKRIZICEB W TIL, Hawkins—
George IZfk~>C, BEHATI/RLIEARGRHD A7V VvV R” = [EROEL L BEIC
MG LTV 72oic, Ao EDORE L BB BN B 60T 7 ay (TH) &%
EHLERDG, e Ri5Eho “ERORE (Credit Assignment)” /TFRIZAT 2 RET172 5 NC
ZTOHACEHE] EERTELDOTHS, TLTC, ZOA TV V2 ADERHRIL, B T
bAHI LN AIE, TLT, EMETHAI LA H LML R lIHTE LD T,
Slowman (1995) it Al= “H & LT 2 EREREVRGIEH o 2 7 L7 ZREAHT 51007V Y
TV RELTOER BRERFOILENTELHLEE2LNLD,

BB HOETVENEZOA T Ve 27 OERICAR AT 2 01, x
D=a—nr/=a—n EFNIMNIRY KO SN RES & R oRC g &S 2 — 23 FEiEl
PE - Brar I M T O D 72N T 7T AR A OEAE BBNICELT 506 Th b, £ L
T, ZDZ LI Lo T Fle i /s /BREE T VIZESWA B O THIBE N 2 EA I &
TN, DFEV ., BEERE LI, BDRAK(2006) B2 TN D L 21T, TREx %
BlE77F (WhT5) &, BIZFLEZEOT7 LT Y ZAE, BRGNS EIZE > T, BE)
MICEEEDD ] EVHIAFTAIY XL (T XLOT NN L) OREZO L O
PEE XD,

DX D AR HE IR T b D B OB b T D IEHREREN S S 2T A7 D
H O Z(LREIZ D\ T, Creps (2017) 1%, 20 HHACHIEEICIEHE L 7= B O g iz B2 & b R
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EXDIEEDRMEIHED 7 TV ADERREEHRT ) NS Y ORBERI LARS
By RO & S REBREENEE LR LT D,

72006, ZolfE FFROBERE) DRV IRINDZNENORRIL, FLEL &
2ELTVDEDOR - ADANHTHLEE, —EAADELIZIETHLBMATHY . £D
AN T OFRIBICIFEL, ZOXH52b0L LTHEETE S, #lziT “p” LW\WH X
FTOoMRILRDOZ L&, ZATHEEIZR, Fx, XF pP ODEZAETE
T, TNZEHRTHE, A THBREIZZS>TLESTWND “p” THOohzxl, Z0
A2 OB 2 BT, ZOFRIZO & KR S uiuX, FE S LUV E T
BENDZERNTEZLNLE LNV R, 207 v R o= NMIZBE DB,
NI XLEABRHEFCERT 2D TERVWEIET, BlELTWDH D, |
(Creps(2017), 203-204 H)

(PN TY ZLNEONRE— OB E AR ESE TN & X2, FETICON
TRigk LT\ 720 ra 77 7 A Vid, WHITEFGEICHFELTHNT, U T H A A
T 7 BATHIENTE, avba—H - AL —VIBITDE “4” OFIZh—
VELTEEEND, Ll 7ATY XLFADORICH D bD LI D%E
METLZELNTERY, ZATAMICEIT 2 B & L~ NTIE50CH 5
LD THDH, | (Creps(2017), 204 H)

iz, L tbe oA, BTHE L TCORBREFHEZOL O Tlda <, FH
hZZ -7 2 ORITEHRBAELREE E L TR SN A, Creps(2017) 05 9 X H 12, AIEIX
T a—H ETCEIEMNSR LD Storage & L TCORRIEZN., BH TR ELAMEn
TEART S 720 O T & L COREE (Memory) THH Y | BINOFEDOEDOHG F1728-> A
\ZH72%, £ LT, BD-AI Tl Storage & L TOFEE LR A2V, B hROEKIEE LT
O NM-AT Tt CAM & 2+ TENIE, 2 v T2 MERICE ST ERZor 77 >
ANEDRE DB RRER DT, W¥ A 7 ORERFENAIREL 722 (Plate (2003)),

72 8. Hawkins (2006) =2 George (2008) 2SIAMITZE &9 BRICIX., WEE LK &
EOTND,? & AN N TH® Neuroscience HFFE 23 A;Tb\%)kéﬂé(ﬁ%féx
NM-AT SR M2 OBERERRII 23+ 0 12 AT 720y (Kohara fth (2014) | FIAR)IE 7 —

ST ORMHT BN T ORENE - FaTtpI s T oL DREIS, BFOFTMERW ARSI ND &, BEHITEIC
HMPIESNDNE TH D, TOFWET, WRIT, FHEWE - Brarviibr & v 5 Bme Lix, REGEZE O b
ALIZAZE T 5 (Hawkins(2006)), S BT, 6 fEME 4 T KIMHTECE Tid, KIKHTBEN O R/ o 75 o
EREZE - ISEDIZE AV ERFIKREZRB L TiThh b, 207, TURE L TIE, KBETCE O R EigE
DAY v I\%E#T ENTER, b, A0y —fFR bR LN DOE ’C?biffﬁfh%w’iﬂﬂ L
TRMFEDEIZE 4 BIEZAbND L, KRINEEEN DR —~OT U N7y MERIZZE < 75%%
R %R L/'CEE*MWXi'CFéV) TWw<, L70N-T, Hawkins (2006) R George(2008) 3 5Hi 35 L 51
KIMHT R E OBEREZE NM-AL & U CTEBT 51, BE EHARNELICHLEH RO TH D, L, Rolls(2017)
& Hawkins (2006)% &M LT\ 5,
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(2017), Hawkins fi1 (2018) 7¢ & M), = 51T, Sherman fill (2013) 12 K AVIE, FUK OHEGEAR
X, MR OB O TR E R EIZH_TH, REFEALEEATHRY, ET5E 1
S« RHIR « KM B 0 BB 705 OMH T B8 (binding problems) IZB84 > T\ b MfFAD
KR CAM AN ATRE &+ 2 BARGEIED NM-AL ~DEE T, 4%, B EICREEZ D 5 0
nH LIvieuy,

4. ba—<r ATV V=R (HI) & BD-AL - WM-AL L DEWVWERD

R ClL, ARABHETIRLE ‘A>T IV V22" OFEH (FrolciiE) o4t
23, Sloman it ® “H CZ(LT 2 MEREVREIH < X7 27 L L THIRFED AL AL T2
BATH, SN 2R L, LER-T, 20T, KROERICKESNT, 5
2 HiONHERAZSE 225 HI, BD-AT, NM-AT O¥HLLACHIE S 2 I L TAE,,

(KimDER) ATV V2 A7 = TEMROBL L RFITHIEL T 72D1Z,
B EOFRE LB BANI ALDT 7 v ay (1T8) EE2EHLRNG,
x5O “EROFFE (Credit Assignment)” & FRIZAT IR L OEIZZLDOH
S =

=# (HI, BD-AT, NM-AT) {2, /23 TE TR TE 2N DM &0 5 BRTOMERERED
BEZEIICE, @A RREAZEATLIZLICEoTERR “£C 7V Ve R” OffgE
LoV Lm0 ERSD, ZOHTIE, 2O L5 RRken s LT, [TUHIC, TR
END K D7 Pearl (2018) D “A T U V= R” O =43EIE (“LADDER OF CAUSATION”)
WZEWZW, £ LT, £ORIC, TOMRGEL S HITE O HT-DIC, %R 5 Minsky (2007)
DOANRGTENEZEH Lz, BRI Pearl 1. A VT % v kU —7 (Bayesian network)
PROEOF R E LT EREHER (EEER) T2 bHBTHARADZ LN TE HH
HAYE B HEZ (Statistical Causal Inference) D/ XA =T « R} Th 5,

B IR T %y hU—2 (Bayesian Network) &%, [RIK] & TR OB@BRE2EERAGHLED Z
Lizko, THRIA) TR PRBAWVIZHEEZRIFLANORAETIHGE Xy NU—T R EfHEEE NI E
THHRLLEZbo T, WRIZRELE RN & TR oscERZROICA L, T2 TR
WERD TRRII S TEs TRRERY »o54ET2 R &, EE2 Lo CTrRT2#mFELE b0 E
T, ZOBZHFIADNSEFIERKECMADOELIBENETRTLLEE0OELFiTHoTcbo v
T, TH, IT, FFlCA v Z—3y BB LY ABPIZHENOT K R TETWAE RIS, AT Fy b
U— 7 ZMHLEHR = D OITHBEAICRR > TE 2R H Y £9 .1 (http://www.hitachi-
hri.com/keyword/k052.html) 7233, Pearl(2018)23 4V K LIEFI L TWAH L H I, "4 VT Ry hT—U T
1, FERSAICEIT b SNTEARZ T 7205600 TJRIN) & THER] BREWICEE L RIET#EIC
o TWVATD, IKNEBRENEMICIRET HZ LITTE2R0,




32

Judla Pearl (2018)IC L B“A » T ULz ¥ A"HER

®rearlDER : [A»F VY 2A0FHEIE, RR
ICEDVWTERBREEE/EAORETED
&

1. Association (E#) LARATH, ERLT—4
D EE (seeing) ICE D EEMABEHE/TILTY X
L#x, HEBREERELGEWI Iy IRy IR
REED £ £ THTE

2. Intervention (ftA) LA TlE, “BE"SIFT
RECHERRICNALTEbaE 5 (RET
% [Doing) FETHTE

3. QMEMGWECERﬁE)U¢WTﬁ\ﬁ?
T—RAEZNIAT A4 HRERBRERERNIC
A=V, BERICRDLHETIZEY U)EL‘.%EQ
REEN/FE

Pearl X, “A > TV V=R O L%z, [FXO END FIZHED D E T Association
(GEAE) L)L Intervention (/M A) L L. Counterfactuals (KIFERIE) L~ L=
DT TV D, 1. D Association (EAH) L~Liif, B/ F—X 22 HAIC “BR”
THHAT, [~FEofkb~T5] L) “If-then L—/L" TREINHEH/T LY XA
MEh L ENOLDOERITH HRFBERITITMALLNVEETHET 5LV Th S, EEE, Pearl
(2018) 3RV LEEHELTWD L DIZ, BEFE vy /7 =2 2883 57217 T “If-then )b
— V7 OBRIZHHKREBEREZENTHZ L IBOTEH LY, By 7T —2ThHhoThH,
REBOFEICLBERTXTOT =203 > T DRAEZZLZ LIFTE 20N LTHD
L7z oT, 20X BRKRET— 2 OMEE ik L CRRBEAKRAEL T 5 72DI121, 2.
@ Intervention (ST A) BMHERD, £ 9 THUX, BIEHARE LV IESEHRT H7200
FEARI 72 BLH B A CHERRIC L o T, B /T — 2220 EEZ 0 HMITIERT L2 &
DIRFAZ R TE 5, BIFHA HIEERE WS B OO T 7 v a a2 TERIC
. BBEDLINDIENORIEN R > TWDHN, De L b BIET — 2 BN ER P SN DRk~ 72
KR BIRIZEI T 2 B @i 2 AlE - RFFL CWD Z N L 2 5 (RO IRV AE R HL
MR AEAEFEBR OV IR LTI, XSRS ORI 2737273 0 B T 720G
Thb, ® HARHIT, Pearl(2018) %, “H LT DIFHRBERGIE S 27 L7 L LTD
AT/MLIZIRN R BB ENTE ANENEM ST A %, 6@ Turing Test DfE G IR &
LT “Mini Turing Test” EBEA T3,

o

#REEOMEE MRS FIRE, Bl RECBREOMAG DY & L THEICER Lz H O, BD-AL TiE, 3

KZEDU-then /L —NA2IZFESNWT B TEEV ORI ZE I L — &k —2OfliHT 2 Z Lizxhis LT 5,

B ELEHLIDE D RN E LD L HIC LT BT B EMEREIRIGIE o A 7 AITHLAGA

DBHON, EWVIERITES, o MBI LT, Clark (2016)1, ShHENRLEEEHF LWL HEHR
(Bootstrapping) HJ7R LA OEENMEZFER L TV 5D
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=->H® Counterfactuals (KERIE) L~ TiI, AI/ML 2SN, 1. & 2. WHEOBET
— 2BV TR & R BRI A B D AEEAER L. %ﬁ®§%ﬁ%ﬁ¥ﬁﬁ%ﬂTﬁ
HRETT DI ENTED, MA T, MERNICED Y TUTEVORWRRBFRIZIZEDEL Z
EHTED, b, KERME T, #ﬁwﬁA%ﬁﬁLtﬁ$%éAL@$W&wo_
ETHNIE, THLINOLDBRE SAERTNAFA ZHEH LA 2B AICE I Ro=0
2] ENTHLINODOBRESAERTNARBZHEH LIEGAICE Y eofzDh) Lo
FREEZTDHZ LAY TS, THS A SABR~Z2LARTHE. 25251 oT-0iZ]
LV o BEPHE MEHHEZTELZ L . 2O 3R> THIO TAREE 72 5,

F9, BD-AL 24 B2 B CTA L 5, HMZRBRIRZGEEE L vFE 37, REZERBUCH
59 BD-AT Tl BEICHIEI CHERR L2 L 512, 2L 2 L REOER TCOERDFFEN TE /2
W, DFED IRFEOHRFIZEWTRIIN-ax 72T 7 ay (58) OFND R - R
RRREERICEN T 7 7 a v EHERR (AT F A R) RFZICESFEGIEL
HICFB LT, S6R258{be BE~OIGIE 2 D1EE] BTV, T, By 7
T =2 NICIE R R BERZNAENICFET 2 Z E B3 TE e,

FEBE, BD-AL TR OKEICHIM TE % DiE, 5EEE O D TRATHI 2855 R 5 3
L2372y (Richard ff1(2018)), £ LT, ¥i%=a—nmrr Xy T —27 ~DAJIE & HIIME
DM OE FEZE L WEEND) OFYE) ZRBZENF/NCT D L9 o tRi a2 £ CX 215
EEBOMT IEEBX /37 A—2 B3 fEES D, ZTOME, FIARRRE y /T — 44
RKOPTET THEHERS D L) 7 FEOMBBERORENMTONDITEE R, & 2 AN,
ZHIERORKEIIL, B - B A72 5T R - KN RGEEEE L 28 7V r R H
RZMIR L 723D D8 (X X58) BENKLETH D,

L7zo T, FREORBEICET L2 BD-AL ICE 2 T 52 ik, mAARKD “If-
then L—/" ZE v 7T —2nbHH L. Wi%*HMéMt%@ﬂ“’%Gwr%f
FVDORVIL—VE - OPRTEmICHE T 5 Z L IZi X ey (Darwich (2018)), Z D EK
T, BD-AL TiE, 73U X5, &5 WEEEOEUR T X TROTH S, 72 LT, BD-AI
1%, Pearl (2018) iICRBLTIUX, FIHRIREZR E » 77 — X 252 1 Sl %%LTV%@T\
LA TITIBIEL TW D, & 2 AN, MR R TR R AZ SBICE S . 2 OMGLOR
UL (BLEE) O ’%ﬁﬁﬁ%@%ﬁ@%##f%%@r~&%ﬁ%E&mﬁév&
SV 2 IIEEIFE L TV,

HHAA, BD-AL N L~UL 1 TiER A EEZ: Performance (BE/)) X, AlphaGO <° Watson

WHREND LD, BEALWEEICEHETERNRLOTHD, Lnt, FRHLO If-
then L—/VOEPIERIZRAUTR DT E, RAIRHESTFORITE 25 K91
%5, LT, _ﬂifﬁﬁﬁkﬁﬂﬁbfﬁﬁt&mw ATVt FOMRE - B
bAIEE, Fix, REBBRETACHEGR R LIS, HIZEE (T2 XL) OBERTT v

o REaE & 1E. BD-AL DSNAEMICAER T O S 2 8# T 2BICHEH T2 EEM R FH, 20 L9 2k
WEIZIE, B NCORBIZHMTEDZLONLFE ST BETER VLD ETESATFET D,
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LESETICHEBTELZ LZHLMNIC LT,

L L7Zen 6, “If-then /—/ L7 I HiE, 72 & 22 ORPE N E R 725K

&b, BRORE /REEBOEHRTERVOT, Ea-vay VEFESLT V- vay
FNFEBEAEFEITTEDL LT R BRN, TDED, RT74p—< AL ATV R
ZIRR LT BD-AT (ZHH V> T L9 &, BD-AL & HI & DfREE - MiseBRICRE % Rt
LA &< R D, SV R, ERORE /KEEROEHNTE S HL L2

PEF72 BD-AL & ORfRIL, NEMICHTEH R D THLEFE XD,

fﬁﬂ%md:E@VN»@“%V?Unyz”méﬁé:&ﬁﬁﬁé®ﬁ65ﬁ?
BUTO NM-AL 1%, FE KRB D HilHY VELELE Y ST BN TE R ND
T, LUV TIZHEL TRV, Tk, 20O B v 75— Z BRI N 20 S, mA RO CAM
DA ENTZBRIEE LTONAL X, EOXIRLVETITITHDEA I N2

LL 1 OZERKIE, BD-AL 282 2 =R VX =2 THEETH D, 727ZL, L

WET 2 Z Lk, BBRU EICR#EEA D ZE 572, bbAA, TO LV TIEFEmEY R T 7

avEETHZEBMELRDOT, AL E W) AT THA D &, D7 E LM AEAT
IBRDE Y —ROBENR (T Fax—F—R) ZiHAToaRy MO XD R & L
LT 5, sV L, BERORE RRBERORER FTRER \M-ALIX, Y7 MU =T HI7R
AR A 72T TIXEH TE 220,

L7=M-> T, LR T, 2B L LToO WAL (21, HK Body) 2Mii -~ T & LT
e O TVET, 72720, BB TE 2 HKROREIL, A TlE. Hawkins (2006) 25 F
FECIRETORMHTRE CEBUTEIIREO LD THL EEXDH, TOHMBIL, RIFEAD
ElCEW L - BT OBEICE L TRRDERIZEE L < fillivizuy,

FEF . AMOTIRMFT L 72T THER S EWIHOBEE > 27 A &M AR

LoThAIDN TS, AEIZZ257-0I121X, RBEGHTEE T TlEel, £0L2To
EFRIEE R LI L 12 D, ARDO XS IR TOREICOWTEVE D (FTa—Y
Y7 T ANMIAEKT D) moIiliE, EBEOARORBREEBHOIZEAEROARS
L AEZDZENMBEIIRD, ATV V2 A0H A8 (A &%, KINH R
ERB ORI BEHYE N MBI DA 9D, FOMITMEET, AL B AMO X
IRHERTREZINE T o THEEDIOERDLDITHEAWELEA I D, 2D &I

xRN ATIZABO XD @ A7 L0 ANH O X9 RRBRAMAIAERWIRY | 13
ADDTMNZHE A DO XS RLEFOZ LITRWEAY, FARI E (RA) 1Tk
WCHELWZ 2L, RATIE, Fo72< A NICE XD, ) (Hawkins (2006) ZEEHFR) .

(TN A, TR RMEIEOT LT XL AN RE 722 &),
SOF VAU, B BRE R EENREBEISNTWD, £ T U V= R 2T IT
ZOXIRBIEEF o TRV, AANRBEEEZWES ZENRW, BED. H:/i\lfl"]
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A S . IR D EER N, BRIE-72 0 | B AHICOT 20 B EL
otz T 52 &b, R A A TIUE, ARORBIEEZ ER7CRIGHA TE 7
W EERWEAY  IEBR AT VU AT A D - & b EMIciE A
ENDEIE, AEE O NN AEE R LIS WHEER, T72bb, ke —n
VEEE SNAIHERC, IREICEE 65 K5 RIGENE, —AIC, 2 b OIEENICIE
EEDOANDIALRHBIZEAERN, AT VY Ae A IR — &
HIBR 72 o X T L6, DD T TBARMBZHMES AT LE T, ZIIHE5 2
L7724 9,] (Hawkins (2006), FFEESCHER)

7o LT, NM-AT I, 2 CTRERBHIRZEEE > STDP 1T K DR ZEMICIE N D =2 —m
Xy b= Z WA DHDOT, @mAEED CAMPFIHFRTHIUZ, VT V¥ A LA TOHIKLT
FEICMZT, B MEAHOER - gy FVEERU Y - Vg y NMEHREFEITTED, TOF
REERSIBNLOEROBEERNZ bRIETEDH, B, PNEEOCAMTH, ZhHD
FERAZANVPEELATRER Z LITEE LTI LYY,

7L, BBFOE y I T — 2 WERTZEND A=A L~O+ 43 7 BRI LIZIX, M-
ALIZE ST . FHEHLEDL DR LU 2 DRI ANEE LRG0 H R0, o,
EOFENRLEELWNAFTIETH L0 TIE, NAREEZITIBEOE VY —FRLMA
ITENZAT O BB R D IEMISREHE, MADBEO T TF X MRX A I 71213 TlEe <,
IEANER D EBLHY 72 FITIZ HIRFT D,

EHIC, ERARTRBEINDEMRA~D L U RUEBIEIC L AN AFIEL, SR/ 7
n 27 (A) MOBEHCR /T (D) ~DOEMMTHLING, BRICHFIET D, Lnb, 20
K H7 AD - DA BHAH S TWLORMAEEZLHEKRTHL LWV “HiRfbEnzo
(Embodied Mind)” M7 IR "3 472+ 5 &, UL 2 OIS I EFHT 2 (Craig
(2014), Tani (2016). Jasanoff (2018). Damasio(2018)), H7axlZ, '§EHDFRENFFFHEEL
ERELTCWDLTF 7T 47 - 77 a—F i, ATV V= X7 O - BEIZITHIK
MWIETZE L TW5A (Nos (2009). Hohwy (2013). Engel 1 (2016)),

7238, Pearl (2018) X, T —ZIZHESWTHRE TIZR WA v b T — 7 K S534H
L, ZORERERT D IEANRY — 2 2 AW THBANCH RO B ENRE A2 7T hE L
27NV RLERELTND, ZORERE, vRy NOREEREZRED “BH 2T 5 EHEE
ERHIE S AT L7 23 TOX DL~V 2 OEAEO BEMEIC X - T, mARkIC S Lr
SICETEFETZLLWME LTS, bbAA, ZOEOOHANEMELTEZHIZEDES

57 Tani (2016)X° Creps (2017)IZ L #uiX, A /v 7 =7 > 7  (Maurice Merleau-Ponty)ix, Z® &L 572 AD DA £
IR LTONLE L LEFKSME L LTHFT AL (Chiasme) &V ) EBERAHLTWD, £/, EL<
Z X2, Bergson(1903)i2i%, AD - DA gl LTCONLEEWHMIRAIIIREN TS, & 5Hic, &K
LENTDDOBEMIZONTIE, =a—n b LORAEZFESH MR PR3 TH4 728 MIT @ Jasanoff
(2018), FHCZ DRMEENEETH D,

38 B 21X, https://understandingsociety.blogspot.com/2016/02/causal-diagrams-and-causal-mechanisms.html,
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DI XN X = RIZE I 5 0IHIMETH 5,

LIADB, ZORHITIX, Al= “BOEZT 2 HRIEIRHIE o A7 L7 12178 TARE
% (Sense of Agency). BHIEik (self-awareness). BN (Self-reflection). FEREK
77 (empathy). BHEE (free will), =ik (consciousness) RENNET D LR L
TWS, FFE, ANED T /A SABR~ELRTHE, 250081 -720I1] Lol
ety HEPZIX, 2D OBERKEIZ R HITT T,

722l O OEEEOVLABEEIMT, WERVFIFEINTEY, Lirb, H£4DIHA
DEWRRHE M TITRV, ZORE, BERPL, NM-AI O “A 7 ) ¥ x A7 Ktk
EARGRPEL LV THEAIT 2R TERY, ZOHAZmik L TaHHAMEEZIRE L TS
N2DONR, Minsky (2000) D “A 7V V=27 T2 6 BEOMETHD,

Minsky (X, A 7 V= ZA0HEHE, D L TRICREILD 6 220 THER
HZEEMRET D, HIRMIZIE, 1) AEEfTHE) (Instinctive Reactions), 2) FE{TH)

(Learned Reactions). 3) #JE/E#% (Deliberative Thinking)., 4) PN E# (Reflective
Thinking), 5) HC.NAEE (Self-Reflective Thinking), 6) HCE# LOEE), NE
(Self-Conscious Emotions/Reflection) @ 6 D THAH, F LT ATV 2ADE X%
AKETEH->FETH-RENEZ ->NAEZE A CNEBREZE B ER LoEE & v 5 Al
FEHRHLTHWS T 5,

Values, Censors, and Ideals w

SNy Y

Self-Conscious Emotions HE# EORE) ()
Self-Reflective Thinking BENERE
Reflective Thinking NERE
[ Deliberative Thinking BIEEE
i ( Learned Reactions 2PITH
[ Instinctive Reactions | Age1TE)

22 AT W R

L Instinctive Behavioral Systems

i

Minsky (2006) DA > U ¥ = v AT 5 6 [)E

% 723, Minsky (1985)TliX, FEIOZEIZEA L CQdfiknnoob, TNAEHRL - B ToLoTH LN Y
IMORBIH ANy FY LT, EZAR, REEA T Vo b= N (ADBIEE 222 L3 T
ELNTEHRLS YV IBHRLICA T I V=2 MRV EE 0 TH D, ) (EER)) Lik_TNW 5,
Z LT, 1EZ 10 4% @ Minsky (2008)IZ72 % &, “Machines cannot be intelligent without any emotions” (Z &
SCFE Minsky(2008) 1ZIZIEWVEF O LE) L) HEEICE o TV CREIZHEBRGE N,
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B DOAREATE & 13, DNA S IZHANCHIAEN TN DITENNZ = TH Y | EHSITH
figc& s, — D LOFERTELIL, Bt x 2k 5%4E U CHES L “If—>then rule”
ZIT, MOV DOREEEZ LT, W ONOE|DNEARE - FEITH A B VEN £
NHDOHRIZONWTHEEZERT HENTZLEHEINTND, ZOHEZ CFM Y TR

FUX, FED Pearl DL~V 3 L REDRNVLEIICEZ D, LZ2ADB, E95H, ZOLLT
W, B ECIER<SE#RTTFEETS ‘Uo7 )V 0= R7 ZHEL TS L IICEZD,

Minsky (ZIZH LERZR WA, ZORERE L~ VBT 28 OBOR I, 2772 W IRELL T
Wo, BlziE, HHEITCIE, TW 2D DLERET I varEzBE L, £2DOHEE L
WCEWELR ZORICEND OBPFIRZ T 5] L, [FxDOT 7 arPmbicbd
THAIERF T D HILBEOFENMLETHD ] (WTNHEZR) LHo0T, Hik
HIZRITEN DRI E STV DH L DI X 5, FEE HIEBEEDZODI I 2L —T 3 Ui,
B LThETcE 2 WETHD (Hohwy (2016)),

L Z AN, Minsky (X, BIOET T, WEERZEL~NLIZEST, IZUDHTLL 3DH
JEEE OREREZBEFRIICEWELRLND LR TnD, 2 LT, NEEBZREN S DI
TRIB YT D72 o7h  FEEICHEBELZY, VEREFRICT 7 BATERho7z Lizk
TELBRLTWD, &) Z e, WEEBSRLER LV LT, Bl BE OIS0
TERL oo &L WVWH T LD, LEEN-T, LRI, BEEEZ L~ Ui, Eil T
TO ATV V2R FERR LIV, &5, mmmi mzf*ﬁ i A N =
EEO TR, L7eRoT, T TOFEMEIE. EEFNRAZORRENIBREDOL O

ELETE D,

NEEBEOU L Z 07 EOLAURECHRNARBTHLN, 2O ZSOX]E | LFiE
DAZIZZR D2 EE LV, 7272 L B ORERIEWVT, BOBESE T L) 2 &ITma T,
HCAEREDR, TRIEOBBIZOWTEET 272 TER<, 20 L5 EEL L-ERK
WOWTHEEBET D) (FEHR) L&, BEOKRIC, BLEZHE AN RELANLET L
fELT (B OoHICEEGFET ) Ao AN E P ZEMRMNICACMITE 52 &,
L TWS, 2O, Minsky ODHCHAE BB L)L TIX, BHOORST-ATEIN A S
OEBLETBED (HH) ITHET A0ENCONWTEEZT S ERARETHS, LR~ T,
ZOHCHNEREZEL N> TIEZ U DT, D Pearl D174 MK (Sense of Agency)
LHBEEW (self-awareness). H WA (Self-reflection) ZME LT A D L~ 3T
L RDEBZTRWEIE, EWVH ZEE, ZOLLZET D L, 1L UDT Pearl O
B CORREAGRE ., KEMRRLE BEWELPRRRLEHTE 5L 0W) 2 21T 5,

Minsky TiX, ZOHCHEEBSL LD 2, SHICEE#R EOFEBH L~ LEH 5T
%o WD ZDOREREMRIT, B & BEICER L2, HEoERT 280091
BEAAETH2HECET L YHOEBESLEHBBCOET VSO A =2 —BMEITZ 5 L-UL

0 Nx2DIN—=YF VT 413, BRERE 2 OFET— FOMESETNLOR/NMNILE T, FEROL O (E
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MMLELZE NS ZLIlhDH, HLETNVOERRLEBIMATE 201%, B Ok 72478 X
#éﬁb@ﬂﬁ\774F\%%u\ﬁ@ﬁm#b@@%%@@@m%%@:&miof
MIEEL/ B E R ZHERE - TR - BT 22N TEDNLTHDH, TOMER, Bk Lotk
) (5 13, HHECHOZR TEERBET Y B EEL L THIFEEIT 5,

S5 EE) &) E— RIS U B BT VEBERA - BINTEX 5 L0952 &I,
FIER CEE CMEET VEEEGRE - BIITEALWH) 2 &b, LT, DI LIC
YXoT, a2 2=FT A ARICHEDOLOHG (Theory of Mind : fiF DL OIRKE, BRY., B
B, ik, &, B, B, HERIZ SE2HERT 2 .00MEE) 25BN AAD D KDk
%o 2F Y | Minsky MiOFKIKCHEIERFE RV B2 HEE L L TORFENL, Pearl 2EIHED
LUl 3 OB — OkbfﬂﬁbfthmilwmﬂM)%ﬁﬂ;\ﬂwﬁgﬁﬁ [
Rk - LFE L2 O L o> CRFEAR B I A EHHTIZOICUED A I 2 =7 4 &4
HHT DI H e TERDLRNBDIZH 725,

LULEDEBZENG | Pearl ® L~ 3121, 24 OILEMRSMLE273 5 Minsky D L
A, 5, BNEHARKERSTHTEENTVWDLLEFCE D, LIBR-T, “A7 U
Pz R OMEEEREFICT D E WO RKGROTEEHMITE o T, Pearl @ 3 B UEIZ N
ZC, Minsky @ 6 BEBEEMEL WD Z L I3+ RBEEREND D,

& 512, Pearl JEUE X Minsky JEYEDILAPEIZ SOV TEEIL, Pear]l o = BrEILYE & 5 5H
TS 7T 47 - T T a—FITRNEREH D Z L IO ZEIC k> TRV
BHIZ 72 % (Hohwy (2016) ZMR), EES. Pearl ® L)L 1 Tix. [FIHFER v /' F— 4 %
SENCZ T AN D =FE MR OB ICZBRICKHET D] EWH ZERFEINTWD, £
LT, Lok 2 TiE, BHEDT 7 v a > CEMRICEBIICEE 0T 5Z L2k -
T, BROREIZESWIZHREBEBROEREICE THAIAL ) E LTS, 72720, BHHOH
WE 72T 7 a2l L CTRROFRE/REBEROFEZAT O 72DIlcid, 77 v a vz
ﬁo%:ﬁ%I%ﬁ@me%%@iQ@EWWH%%ﬁofwé&waa%mﬂﬁ(ﬁ
& ERMERK : Sense of Agency) BB/ > TL 5, EBRERORE/REELBOREICIZ. A
LDOT 7 v arDEFENENICHEBEZEELRTNERL20WNETH D,

Flo. 20X BV ECHA N ZHEITTHTERMEENHIE, ERITo7T 7 V3

A PO RELS BT 5, SHIZ, ZOL I RBHE— FOZEIZL o TAL R NVO—FNZEETLHH
ARKUIC R D FH. ZN D OFHR~DOT 7 B AEET 5 b K& < £1bd %, Minsky (2007) X> Ornstein(1986).
Franklin(1995)i%, Z® & 5 etk 2 R T CRATHHEHE— FF = Vi, BEBLOB 2 L oFER
PERRRD TRV E T D, UL, Fxld, KIFAERNICERINL TV x oy — RREEOEK
ERICEKMIZT 78 A L LD ELTH, EonTRR2NERNRNAA—VBEYVOLDIZT 7 BATE
e, R, Bxox vy — R, BHREE BIFENS X0, BLOBEHE—RNIZL-oTT 7k
AHERLT 7 AAERIB LRIV RKELS B -5 TL B, EHIZ, RollsROINBHZ TN D L H T, KK
FRENICEZ BTV D BREEICIE., FEOREM A Z il o T\ 7210 Tkl v 44 J‘f;b\r&@#%ﬁ
FIET 5, BEMEEOR Yy U —2121%, RFTICHA CIZBa RN EET 206 ThD, L TANR, =Y
— FFEENEZ DN TWAHENO C3 #EikiE,. EENKBUICHE R >N TNL DT, BEOW R 2 T30
DICEERETLBIRETH D, Lb ., B x RERFEIE L. Minsky(2007) 03 E B & v b 7 — 7 (Semantic Network)
LIESIE CREEIREE EFESD F RN TER-TNDE, LERST, HEHT— FOEWIEL T, BORZ X
noHEEEEEELRELS LIRS,
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VI TIEARL  ARBRART 7 v a L GO EIRE DO LIRS R A ERN - FRICTE D &
T B, BIZIE, BB o7 7 arvi e bRITNERN-T-] L %MET D121,
EEEOT 7 a CORERERIBRT 72 a COBIRF SN O REZ R TE 2T IER S
2V, ZLT, ZOLIBRRERBLASAVDOA T Y U AMUICIE, FEHRITHEIET 5
=D DORERRET VICESS FHAHEFERRLS, ZLTHIICRETE 20,

T, EFEo Minsky fiD 6 BEED A T V) ¥ = 0 AEUETIE, 2lIEE LTO \M-AT
D ATV AR BEDLIIHFESTHIENTEDHEAI M

Pearl (2018) DFREAIZE DW= WD, §7TIC Minsky DL~ 1 & 2 F27 U7 L
TW5, £/, Minsky OREBEEL )L 3205 &, B F T ONDORD & AHE -
BTN BOVENN ZN 5 ORI OVWTHIRERTE 5, Z OB LT NM-AT (%,
RRFEH OB FEOHRZLTER - v a v N CRRREFI~DIBTE) v - v
a2y NEE UV ER) RaRRIC T S RERORERNTZFOOT, 2O 3FE
INIMWTZ VT TEBLLEEZLND, AWK VNI CDEDIEF, NEBREBLXL4THD, £
DEROBEIEL, ZOLURNETRD L EE, TRIRYTE o7 b | BEICERL
720, MERHGRICT 7R ATE Mmoo Lz &, L0 IR<IE, B & BENBE L
EELVIHOHEICED >TSS, b, Minsky IZXNT, oL~ 4i3, B L THE
9o, MOKRLICARDND, ZORRROEMRE T, B 2FMWR A2 OB R E WD BIRTE L fif
WcE 5,

TlE. Minsky D6 MO LD Y ETr VT TCENIX, BlLERFEZRALL, Mz T
ZOFBNTEDLLICRDIDES I 1?2 ZOMWICEZDHI2IE, £bE b L& Bg &
FEEDLI RO TH L0 EERENIRART OILEN D DH, K TlE, £z 1980 4
RAEKLIED AL D by TRAZ—ThH Y 2N 6ZORFOFNIZEM AL D H 25
7= Winograd fih (1987) 2% “Breakdown” S'LBESTFFD XL 9 2RI EREHOE THZVY,

(arBa—27al 7L LTHAAENT) A>TV VP ZAOKREIX, (A
277 AN LR UE R H7) BENEMICERIER SN TV RWVWETEE
% BECAR IR 2 R R T R E R DN E £ - COARWERFISHEYNCITE C& 5 2 & T
HDH, MEZERNTORBEMNLERIT, O LI RZEMAKRIEY 2805 T
TiEeWL, BEFO) BRAEERZO L9578 CRIO) Rz FHFE EEORER G
LTV TEOF AN E S, ) (Winograd fh (1987) . EHFR, O PITZEHFBIN)

Winograd flL> “Breakdown” 1%, AI/ML E WHHEMNLEEZ2 D L, O /T LEKE
FNEINZEE L T e T _REMEICET 2580 % (A7 LL#EEL : systematic

1 Winograd fL(1987)Tid, ZDREEMLT B0, 7 v —ALUBROBIREORINAT v H—%T
ZlEGWICLI LTV D,



40

domains®) ZEETHMENBE LR Z 5, TOEMWT, “Breakdown” & i, M
AEYLTWET A TY ZADEGFHASTIETPRIL 220K 9 25 (ARl (2003)) &\
S ki s,

=L, 2D X 97 “Breakdown” =724k & Bm O RO NS IE, o - o
2y NPEERPU Y - Tay NMEEBDMEILRD, 2L, ZhH0FEENT, HETH
BAL & BE~DOFIEN TE DO DOMBESRMITBE 2\,

Tlx, B & BE~ORSIE, oD Minsky DA > TV V= AT 5 6 BEEO LD
WONHTEDLRICRDIDEAI N2 T, 1) UREITE))., 2) [FEITE)) FToAa
VTV 2 ATITEMTH D, ZDOL-UL T, “If—then rule” A == —{Z22W
TERVWOT, BlbEREDORERTHTE R, ik\3)%ﬁﬁ%vxw@m\1%®%
RIFTE2086 LW, IREMRLDICEE S, LW DX, BATZITEIOZ SR
TLHHBNTERNWNLTHD, 2O X IRHW A TE DD, 4HNéN%Vwa%5
ETAD, ZOLAYLICIE, HEERR AL OEE LN ) BERTOEMROEENEHEE Sh
Zals

RBCNFATIZE ST, NEEBLLDOA T ) U= AR TWLE, BAT

ITEY D Z BRI B3 2 BH UM - B A I S TR 22 D CL L L BE DR RIXTEZH TH
Do T FEEIE - FAMERIETIC X o THAS ST LIZEA T, (AT) BB AT A
R (ANLD) RV AT ALEELCE Y —REBELTEIXDHIENTED, &b, A
o EDOFEEHPUN BN I B LOT 7 v ay (1Tl L 2IEH L., Hx RifBioi
KOKELTES, Lnb, & hOIEEZENIMZ 2 —%2 ARt Z £I2X - T,
b haBz 0B ERE~DRRE S TE LRSI TS 2,

T, b2 H WAL IZE=FMRA X OB R E V) BRCTOFEREZITARKIZHENT
FAIAD DRI KD DIEAH I )2 B DV E, BLEREICE N T, 2O L~V TOE#E NI-

T IZHAIAL D ETHEEDL I BB HLDTEAIM?2FEANTHLERIZIZ. £D LD
RV HFICE A D Z EIXTERWR  REFEZE AT 4 v 7 AR Pk iy suhRy b
W =FRRAZOHEFR LN ) BERTOEME EERICHAIAL 9 &2 Tani (2017) DA
R ICET S, ZOEKRT A5 7%, Tani 28 “Circular Causality” & FES Friston (2010)
@ Free Energy JREE (FRLICHLEA) ICHEHBIL-b O THD, TOEAT AT 71X, TRO XL

2 o L IEREIZIE, T3 AT SEREE &1, 7”1:77 ZAH (HEYIC) ERET 2R E DY T e T~ —0
fig R & BLBIL L 7= 4838 (Winograd ff(1987), ZE&EFR) LIhTn5

S Z OB o MR A2 REKRT HEBAQRINIC LI, rﬁﬂvfﬂ%ﬁmﬂf‘?/r 7 AL, HANTFEEZHWTARO
AR ZERELZHME T2 EEENETD. BERDTAT 7, MEHOEOIAL (FRME) &S00
HAEHT, Zhold, MEZEORKEEOMEMEHEZM LU THEREZMEELTE) L LTWHE, R
(constructive) & VN 9 BEIL, ERRICE ) L L TE->THAEDHENIZ ETHD, A AL—TIZL KRB
AR @*%EJZE’J&J@& Z O\, http://www.er.ams.eng.osaka-u.ac.jp/asadalab/Z Z B S L7 0, 72 B,
ZoHEBEY LT, EEO 2 BOME I FHAIElFH W22V is RERRERFBE LA st B Fn6E - 1
BERIRR LI O MR A, 25 NTE ML E~DOMBEN 2\ 72 < & FicH & By i icEHs
N2 72N e RIRKR R ERE A e R 4 & 80% (BB IE MR ERE R HIR) 045 FHIEREAITD
NHMEILE R L BT,
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IMRFETRIELTE D,

ZORDENITIE, B TG - s R R R - R EBER] & TR TR
EDORNZ EMBORIE FHLDORAINDRENT NS, EDORENIINA & A/ A A 14
R A0m U CRRREI G IR EIND TR T 5 ORANTEMR 2 @3 TR 2K/
AR R ZRA L MBS AT ZE®RLTWD, T LT, EHRFCET I TRIC LA -

HEgR 2B L72ATE 2 E 3 2 & THHRRENRET S, Lrndk, ZOBEIC, THIZA YT
ek PHERZGRMEND, THREAENRMIND L, TOL I REELTE LT
WIS 272 ORI A N3 2 720 OFE MR S, ZORE, LV BEOEN
%@Uﬁﬁﬁ{réhé ZLTC, b bOMEFEAEMKIT, 2O L TOFH - mEL—7 %%
FLEFTZET, PHRRENR/NIRD L OIATHIL TCWD ERRTZENTE D, b
MR LT, 20X RTPRRRER/IMEITENC L > THHR =RV X —"DR/MEEZ KD

TN HATEIL TWA LT AD2, Friston it (Minimum) Free Energy RGO EHF+Th 5,

i - PIRREHER - RRZEDS

Top-Down
¥ ME - - TEHO
{REHIE iﬂ“ Circular Causality

&

(80%)

T8 Bottom-Up s per g imy

ﬁ:>¥‘lﬂ'ﬁl W5 IR TO B or
I '— - Iﬁ na) i
B EH T h—% E ﬁ
(EF1ERD)
Z LT, Tani (20171 IZ XAUE, IOAFDITRmENTWD K9 ZHEM IR A X DR

REWVW I BERTOERSLITA TR (Ageney) 1X, 2D K 92 - FHI - T8O/ — 7

(Minimum) Free Energy Bimlc L7=23->TFZ /N Z Mm% (“Circular Causality”) EFET
FET D L, Tani DA, 2O L2 MDY O BD-AT (RFZE MG A2 A A A TE%
FERNN) Y7 b o =7, &R - EERORDY O Y —RET IV Fax—F A%zl

O I MEETLIIRO ORI R LF—D ) b AFIIEDLY IR AL —LERINTWVD
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Ry REERL, ZouRy ML RBREZ G2 THREFSHEIE TV, © 554,
aRy FOITATERMETIS HTEE L THRIBTEX L, FEFHNRAXOHEAEL V) EKRT
DEBITEHEBETERVWOT, vRy bOFERNRITEI Y — U OZOROHFELEL
MHZEDFEEARHELED L WO BN RT Ve —F 28 H L T\ 5,

PRI B FEF I, Tani (2017) D Z D K 5 AL O 2 AT C & 213 £ Al %
BHbHEbETWARY, 72720, Windows 0S D “Z R/ <% —Tv%—" OLkHRFE—a ¥
2— X ETHWTWAEMT 0 VT LAEH=ZFHR A X OB A D AT 2 2 XBE
WCHHLIBIFIELTWD, LER-T, Tani OFFEA R Y F THALILTWD DI,
FIONIBRAT v X=X — R A ZOEEN ED X DI T IUTHEMITAEARTZ SN D D
EWVWHZLRELEDbNS, TOEKRTIZ. NMFALIZ, AZOHE LW ERTOEBRLITS
FERMEZ T RKITHAIAT Z LT ST X0 RS2 O0E Lit7ew,

Tani #E® Circular Causality ® BEHALIZ L - T, 72 & 2 FNR BB H D TH - T
b B A X OBUR LW D B TOREMATA EERMEE BARMICEA T Z R T
ol Lo, ALE LTo “BOZT 2 HREERHE > 27 L7 [CNERE L0 )
Bl d ATV A7 PG MNbsZ 25, & ZAH, Tani (2017) D Z
DX RRADBEPEILKEDAI EL, T LT, TDOX I F R L LOE#KIZNZTH
AT 2 BRI AE b IF 272 “A O 6T 5 18 SEEEY G o 2 7 A7 BRAERIE S LK
9 &b, Winograd DB TOZEAL & BFE~DOXHNT, RPN EITTEL S b, 72
WIEA D2

ZOHEEAZHESCT A7, Minsky D 5) @ THEHNERE] 6) [E#k Lok
) (&E) ) LB BE~OMENEORBREEZERL TR LS, 72LnC. 5) © TEE
WEEZ] LAV TIE, BOORSTZATERASOBB LT 560 (B ITHET 508
IZDOWTEBTE D, LMo T, FEOMBBIOGES - HESHEHIC LIe > TEN A C
HIIEWHOHEN L ETTEHLVWH ZLichd, B ARRBE TIIREWnWZ iz b
W, FFEOHMBEBICIR > T REEA AR TH LN E I N NI R b REITE D, ©

TIE, DA ZOHRE W) BIKRTOEBLIT R ERMECIZ THE#RIT A EMR
PEREAE Bl A7 WAL (X, 20703 XAREDOHCENETH LA Z T VT Y X L%
BifE LT, 20 BRIRE (FRE O mBEBLOE R - 2 HlE) BERICEE L T D840 % kT
LEAL L BFEADOXIENTE LA 9202708, AZTNIY XL LXK, FEORAM(2003)

85 NM-AL DD Y IZIRFZEfiI#E 2 R I TE 5 RNN 23 S TS BE R, NM-AL FIBIESFHOZ L &
R NM-AI 2D s OOFIAfREMEDR S E L Bbh b, 7o, 2O X 5 RIEFEEERAZ B & 7 2 BIE T,
BB MM ST L A LR,

6 ZOEWTIE, B Mt b, B b~ OMEDORKETERICEKAT LI &, “REFEICLST
DI 5 AlphaGo % L[ HHES & RIETE 5 L9 AlphaGo Zero DAL, BRI AKEZ H SR E - &
W35 LT T v (hitps://deepmind.com/blog/alphago-zero-learning-scratch/) , 7233, FRILFE & 1% ML ©
ST, ALDEM LR EABEOFRICHEAT OB, BWRRICR s e hBWFERIC 2 o 7o O 1E il
ZALBREICTZ74— Ry 7 LTEZONTEAMBEROMA LYV mE> T K10 STV Fik,
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O MNEZ %25 &S (T 25) &, SIEELEEOT VY XA, IR SE
IZE-T, HEICEEZDD) LWIHITNLIAYXLDI ETHL.

Z DT, BREMICIE Yes TH D, REMET S 2500 RE 2B BT, BOBEKA
KERETEZD2OIE, 6) @ TE#H LS (B PYLHATHLZLICLD, Zh
I%. BD-AL ®Z72 5 NM-AL T, ICKMETRER A 7 U P2 A LMZSAE L TWD
RO T, 7z Ry hOXIBRHEREZHFZ TWIZE LTHARAIEETH D, 7 RER &
50 OOWENLEBIE, BMEEBERELEETICHEOHEANLT T r—F L
BT DETIE, Bl BE~OFENTERVWEAPEELFETIHNDL TH D,

DF VY, Winograd fih(1987) DEEZEV UX, HLAZBHEICEIVEZ L2 LN TER
WELWNZAZT NI ALEFEL TS, BMICHEITER SN TV RWVWEORER P E
% ORISR MR T R ERBEZE R N E F o TWARWER I TEI TE RV, Z LT, B
ATENERME L CLE D &, @ EREBICH - TLE 5 22T (HF] (2008,
1989) . HAFMh (1997) . Fisher (2016)), SV T, ARIBEEAKORIE « ZHEITIT,
Minsky fEDOZHK TR 2o Bz @ L L COBER EOEENLHERDLIDTH D,

EEE6) O [EHEOEE (RIE) ] L_ADA LT Y D 2T, BEOGEE
R ES - HEHBEOLE S 2 L BEMICIEERO T, #HR/AES/BRETIRIIZIE U T Wi &
L7ZHMBEBBEREERETHZENTES, 6) LbDA T U V= U ADBFIHATEETH
HE, BREAMZRKRBICH Y R H2E AL Tl il Z i ICHAAALTHO A =2
—ZILR L. SHICEFOBEEE CHORRRE D EZNATREICRDNE TH 2.

I Bz, b BEA~OXSICH TR Z Lix, BMBERORE - BRI TRV, Xt
JEDFEFE NI TIE L, 2T o x R A2 PIFZEZ EVWTRRYD 2L TE T
HEF Y FT— 7 &I CHICEDIAER TV LA M#EEZ L VIES XV ELSREET S
VEMREED, TOLI R bEnmikit, ftaxy NV —27 L LTHELS DL IS
HDIAEN TS (DHEBHEINTVWD) OT, TALEZHSCNCEIET 5720121, 6)
O TE#HEDES (RIE) ] LD ‘AT IV R” BUHEERD, ZDOTHITIE,
BB B DO EM > THEFX Yy NV —7 (2 2=7 1) NTWH LA > THHREK %
RBCTEDL ATV VA" PR RERDHDTHD, £ LT, ENEAREICT 50N,

7 = DfICBIL T, Hohwy (2016)1X. Tl - Hil FOEBINERE SNATHICIE, =& 2 ZRpaR
Y NDEIBRANTHTHoTeELTH, Y —F% 77 Faxz—FRIZILDEMFICBET D REEFRD
I RBHER] (exteroceptive inference) D AH7g HF . COMKNIZET 2 i ASFHOJRIKIZ T 2 W= FD) e e
# (interoceptive inference) 23 A[RE7R A 1 = X LA AT NI, N THIIE D Circular Causality 23[E] Y H{5
DT, TOE) RRANE#H LOBEZ /AT L0 TIHRWA, ZL T, 20 L) RIESHLOB
FDFRRIZT 2O TIER WD, EXRZRR LD DB TWD, [FI L& 572 &A% Friston (2016)IZ360)
ThH, MR RERFE TH S Anil Seth O - HORRHICER LARB S, TWREHLRAENE 200D
HEN L BZ O MMADHERZHERT 2 L5 CRTE) BELOKE] (EFFY LTS, 2Fv ., M
FHIZ, EMETHENATIH THIL, BEMRZOMIALZDT 4 — KRy 7 « 70— K7 4 U— FfE
DOIGAIC L VIEBORAENREIC 2D Z L AR L TWA, 72 LS, Damasio(2018)X° Craig(2016)D & fiX
PREBFN R EEFETH . Bk L - BRI T ORBE & AR R, BICBREONZTHEENZE, £ L TR
PRIRER O B SO B #1057 £ 0y B D [E 4 5% 45 (proprioceptive) & (X B HETHA L TWD Z E R ST - T
ETCWVD, LR > T, NM-AI ~DEFBDOFAAR S EWFETITRVO S Ly,
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Minsky (2006) 3 #x TS LD, HWVDLERR BRSO - U 2 OILFIT K o TIRHIFH 72
WhEERrHTaIa=T A BREBTHLHLIER EOFE O TH D,

Z O HIZBIF % Winograd f (1986) 225 D Nt d 5 I, %mkiﬁmmﬂﬁ’iﬁA
Xy MU — 7N TORGET L D8 LRI ORRBNE 2SO (RE 5 AI38) 2544
THHIEZHHMLTNT, D TREHTH S,

LRI OFEECHIRM L7225, AR, R CECOE BEICT - & UiAD bkl
LT lER, Fxlk, HiL<aly T 5 (ELxFoTHEEZND) ZLNRTE
DIEENFHIBIC R © 2 & T Breakdown (ZB{b& BE) ICHLT 2WA(EN 2R > T D
BETLI0E, RETHHOLERIIND O L OMOMEE N 72 BFRIZ %Lffi
RODE, AETAHENI T LT, FELFLHEEFLEN (AWZ) a3y LT (£
D& 9 REER BRI FiicleEZRAE RO HES K52 (Fx0) BEARRE
TO®PHIZOI s TREET 2 2 27, ) (EER, O NIEFELIEM)

SV L, Minsky OF 6 BETEH L “C1 7V V= R” Tk, biIEeTi
SOME 2 D “HOZEALT A IEHREEERHIE S 2T L7 NETICEED DO TIERL, a2
BT Dk 78 “H O LT D IEWEEEHIE > AT A7 Ofotar Yy b U — 7 HEOFIC
HHEDIAEND LI D, HxAND AT VT2 R7 | LeRoTH Bz Es
Bxy NU—2 BIZY Ty NU—27 L LTHBERIAINTHWD EREILT KD IC, HL 1T
Xy b= OPTREBO AN DBICHHEERBLISN TS, £L T, 2O L) it x
=27 LTHLOBIE, B b236) O TEH EOEE) (&) v~ v ‘@47
2 RATERATHILICE S TIE LD TRETEDLD TH D, £ DEIKT, Alva Nos (2009)
RAEF M, (2006) . TR (2017) ODFEEZMEV L& [(ta—~ ) ATV Pz A7
X, lx NOKE SR BIEN > TN D |,

ZOXIIHKRIERT D & B & BE~OXENZ BT 220D ATV Vv

A7NZ1E Minsky DFE 6 BETHMEELER LD TH D, % L T, Minsky BJ7¢2 Emotion Machine
DEMFETHHIRY | HL & BD-AT, NM-AL [, ABEITE) - FHATHE) - BUEREE - AEEET
IAEBGRE S DI TV DL LRV, ‘A7) V2" BHCNEES, £
OWD A FEi# EOFER (IE) & ERT 2o T, XV BEERMEMEE RO TT< O T
RNTEA D I,

RE. B HIT 2 D AN, Hohwy (2016) 1%, & &tgtﬁT@hﬁﬁéﬁtéhét 1zl
EzENRERYy hOXIRANTIHTH-72ELTH, BV —R T/ Faz—H R
& 2 FEMFICE T D IRRBER O/ S HIHER] (exteroceptive 1nference) DHIEHT,
DRPVIRFEIZ BT 5 F1T H AR SRR D NSz 1 72 HEH (1nterocept1ve inference) 7%
EHEEMREENOBEAER A V=R L BB ATENIE., KN THLREIR® Circular
Causality ’El W T DT, 2O Z ENEER EOFE J&IF) 2 bAELTEE DO TIIRND,
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Z LT, 20 XD 21EE (&F) N OOBERRS AIRRICT 2D TRV, & XTHRZ R LR
HIRRTWS, [A LK H1Z, Friston (2016) &, HEFAYZR AR FL 2 CToH 5 Anil Seth @
CHORACER LN S, TNZENRHERE 20 0EE & B2 5 A OFE)Z HEH
THEWS CRE) ELOKE (FEHR) IZHO>VWTEALTWD, 2FE0, WHEHLZ
EMETHENATH THIL, BHEMREROMIALZDT7 4 — KRy 7« 74— K753 U—F
BERE IR FIC L 0 15 8) GIE) ORAENFTREIC /2D Z L2 RE L T 5,

72 L2, Damasio (2018)X° Craig (20169 OAEMMKICBEIT 27 TH ., HEMIER, FF
WWHBREONAZEHEENZE, TLTHRRNETOTESBTEM /2 E 2D OMA %R
(proprioceptive) ® =F %, Eili b - Efk FOFE & HEHEITER L TWDL Z EAH LIk
STETWD, ZOEWKRTIX, FETGEOMWANET Z LI2X 0 | FHO NM-AT ~DFA2IA
HHEYFETIE VO E LitZen, 2L T, 2O L5722~ LTk, HI & NM-AT & R
AR ZEANC 2> TV FIEEME S H DO E L7y, 7272 L, Damasio 72 & OHFFERL
RAIZE L TiE, Rolls(2016) ® X 5 IZHRENI 72 fLfiF 2 5B AUE N TV D IR EHE W D

4. BEIZRAT

KimTlx, 4% L&D BD-AL EFRMBIZIZAI OFRME LTEGT L EHfFSLT
WD NM-AT OB EEY i, 28528 BD-AISCN-AL @O “A T VP v A7 B L 3 Y
DEH LD THDHDN %, Human Intelligence (HI) L&A 7D Al & OfE5EM « 48
PEICER A Y TRPLMRE Lz, 4% L&D < BD-AL 1T TREFEAIIZE > THen
NM-AL Z RN - 72 DX, 5-10 FFRZRICHEBFOERENEHRILLIT L O D & BECHRITK
ERA NN b aH R TWDS BD-AT & OfiZEMEZ S OO0, HRBIIZIT NI-AT 28 AT O
Lo T EFRIESNLINETH D,

Z LT, BUTO BD-AL KV b 6 MLk EOHBEE 2047 2 NM-AL 28 FE L okic
%?éiisﬁék\%%@5Aﬁﬁmﬁﬁéﬁﬁ;OTTw517$®i9@%TAﬁ
DAEIFIZRLS TERLRNED LR TTLEAS, 97> TL D&, HI ITHHRLLKED
WAL A X7 NEEZITCOH D Z LITREN R, ERORE/TRREEREOREICH
TIENFAL 23, ZDOFEERV T AL A LFHE, e - va vy NEE CRERFH~DIEB T

: Zero—shot Learnlng) Uy vay bEE (N One-shot Learning) @
%HE%%JC&E?‘ZD ZlIckY. A OHEATE/EE CEHE T DAL B ~OXR IR0 D
H E’%ﬂﬁﬁ%%%ﬁ&b:%&)f< NAEZMPLETHD, Lb, TOL D741 37 ME IR KB
LA R AT IETTH 5,

EFRRO XD RN L ARG F TR A TZD I, BD-AT & NM-AT ORI B3 2 7%
SHREBOELVREE, FO L) RFRFEEOENALTEST AT VP R kD
EWEHAOLMNIT LI L Tholz, SR e L TR 2 &%, BD-AL IZIXFEHD
BRCTOERORENTE W=D, By /7 — NI REREFRE NAEMICEET S
ZENTERVWEEOHMBRTE T2, LA, FRLO [~2o7b~35) L) “If-
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then /L—/L7 OB RIC2NILR DT E, E%%M%Tw%ﬁ GET LR LIS, IhE
TREBDN % DD TEMETS & BUVVGAA TV MO - RENCE D 2IEE £ TH, Fik,
ERRT v EESETOLRNVICETDHZIEDOTELZELFRICL D ITHRENIE 72, =
72 L. ZOERAZ BD-AL DR T g —~< U AEHBIZIT, BITO7 32 s A</ Fa—1
VIR A e = DONEFHTHDL T A S A~ R ARy (WNB) ICEFTHEL
FEEDOEHEBEBIMELE W) Ml AL O MBEOHDH Z & bR LT,

WICHERR L= DL, 2D & 5 2R RR A ES BD-AT (I2H, R TiEdH 575, NM-ATL 230
DIZED72 b D TH LN TH T, BARITIX, VNB OEfENDIRE ki-nbd Z L2k b
HIEWDOIRIEEE 1M 2% TE S 72 Bk 22k <2 STDP (spike timing—dependent plasticity)
WNEREICT DR - BT 2 W22t iE O A0A L, il - BT o 272 L FEM - K
R 72 FETEREAE & 2N T a A B R A MR L7223 B 058 (X 28 BEEE. SRR o
FERIN LT HEERER - ay MEERU Y - v gy MEEBERE, %4 @ BD-AL 73
BTICH KWk hox Th b,

7220, 2O XKD 7% NU-AL OWTEI T, AU D = o — v AMRERRICERT 2y 7
TG BN EFWARNEWIFHRICLY, D2 L B RIZIBVL TR, NI-AT
DREFIDFENTHENTZBED L D IR BT o TWA Z E bR LT, EHIC, DX H e v
T =A% EDICTRECE L LTH, TRV A (FHh) LarTry (NE) 28—
FILLTZAEY THDHERITCCAMELIZIE, b R LoULOESEBATITIT 21EED “o
YTV Ve RT OEBLGEYEEICK DL RO SN E 2R Lz, £ LT, BT}
KA Y FfiefF-oTLThH, @RIt CAM OEBAFEMEN L THOL R RNT & bR
L7c, 2B, GHOFTIE, 20X 57y 77 —ZHlHS0 CAM K72 E DR x> 7 fig
%@4/N—yayﬁﬁ*@oo&é’k:%ﬂw%:%nto

BBICHER LI Z &1, KD ‘Ao TV VxR OEEOEY A2 #ER LI-&IC
é%k%w<mﬂl&ty77~&%@%am%@%&)?bt%&%kbf@Nwma
ATV V2 AEHL EED LD M - REBBRICH LD, Tholo, ZOHAH
BEER LT HDOIC, XA VT vy MU — 7 ROWEHIRIR MR O <A =7 -
T3} Th B Pearl (2018) & “A TV V= 27 (THTH 3IERBET L E Al DR EHEN
% Minsky (2006) D[F] 6 EEET V% “A 7 U ¥ = R” FHIOReR & LTHEM L,

AT X ALiE, BD-AT 1&, Pearl(2018) N#H x TN TWDH L HIZ, oL~ 1
(Association L~UL) IZLMELTWRWI A, FIZFDAL=a—o VEHEEZRET
LIETHER L, BRARIZ, ZOL_LTHE, By 77— X EZHNICBEL, [~72o
Teb~35] £v9 “If-then b— /" TIRSNDERBZEOT NI A L%, TH DN
%IZH D REBRIITAN 2 NEETHET 220 TH D, 2F 0, BROFE TKEBERK
DEEZ, Dbt MIEFTE DR TIEEThbh TR,

— 5, ERROZODR MRy 7 B LICERIE & LTON-AL &, 2 ek 2EE
ROSTDP 72 E O ER NITENT- AL =2 —a URHBIAENTNDS S DD F77 Pearl
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DL~ 2 (Intervention L»l) ZFH U CHT UT TEEIMNENDRINTH DI L &
WL, ZDOL~UL T, “If-then /L—/L" DOWHITH D KRR ZE T 572012 KHE
T—2 % NI-AL B 5 REMRFUA AL TRETERTUERLRWINLTHD, B, =
DL LTI /2T 7 > a VEITHET S 2 ERMERO T, \M-AL X, MAZITI =8
WCHEDE =R # R (77 Fax—F—R) ZMAAT-rdhy hO LS HEKbLIh
TEREETHHLERD D, WL, ERORE,/KEBFRO FE D ATRE 72 NM-AT (X,
BEEDORABI D R/~ 2 RAZICHIELSOH DT 7T 4 © A L (enactivism) 23z T
<NTWD LI, Y7 bY=THRAMAIET TIEEBTE 20 (Noé (2009) , Hohwy
(2013) . Engel 1 (2016)).

Z LT, FIERIEEITZ \M-ATL 78 Pearl OL~L 2 2 X2 £ T/ U7 TXDH0EFEMIC
RETT D 721D Minsky Wi ORGSR ZEA L, FFICHERSAOEEFEBREHA LN
7o BARAJIZIZ, Peal @ L1 3728, Minsky D LL 4 (NEEE), 5 (HCHERE),
6 (BE#&LEOEE) (&) O =2l fEaZ L &2mR LTz,

Z DfEF. NM-AT 2355 5 LRLOREN R 2256 RSN A T, [ AT IZH =R A Z DO
REW ) BIRTOEMITA EIRME L AaATe Z 3 TE UL Minsky D4 (NG
BE) FTIE, E25 7 VT TELIEAETHR L, WIZE L. ZOMMEHED72
X, Pearl DL~V 2 S REF R 0D, I, ATk, Rigoich ”E’Jiﬁff*ﬂa@é@@%‘f

REMEICDWT, FICHRMIBEEL R T 4 7 AN THL 7 Tani (2017) ORLE, SE L XD
< Friston (2010) @ Free Energy R & OBIE 2 FaHE L7228 S8 L7z,

Minksy (ZLAUX, Lov 41, PHINY L ehoTzh, BECERLEZD, LR
HFRCT 7 BATERP-TZD L&, K0RIE, BlbE RENBE L & ZITFET
%o TDT, KT, HRL Sz NM-AL 238 512 Minsky O D L~UL £ TREAHE
THDHINEMHRT DI, 1980 MR YKFD ATHFZED b v T AL —TH Y i3 HZ DR
WOFNCZE0n AT B35 & Z 5[ v 7= Winograd L (1987) @ “Breakdown” HE&A I - T4
LR = THAAEY LTWLT7NT Y XLOEGATITTHRIL A RWE D RE) (IRAK
fin (2003)) EALE-SF, NM-AL (2, 2O K9 72k & BF DR ROk IGA & 2 F THEE
RAENERS L, 2 LT, iR Ez NM-AL 23 Minsky @ L-~UL 6 £ TEILTE L,
ZOVYINIETHIENTEDL I L xR LT,

7272, it RIC ZUE, RIEHRER “£ 7 VP2 X7 O LFTHDH NI-AT
TlE, Tani(2017) RO EFHLENEENICE X D H O EMH, (Self Awareness) +174F AN
J&% (Sense of Agency) WHAAFE AL/ L L TH, Winograd f (1987) it D2k & B ~D %t
BT ETHTEZI BN L, > T Minsky D L~UL B ICE TIXBERETEZ I b7
WIZ L AR LTz, F5E, Breakdown” = “B b BE” ~ORSIZIX, O NS
WIIEE, a2l oHx R Nx BREE FIZ TR 2 L CE Ry hU—2
HEEICHIZHDIAE N T D3 MER A K VIR LV IER S REBIE T 2 BN G E 5,
Lot Bk & B~ OIS ITHNRI ORI B e Bl S O (FLoals) bnE e



48

2%, LT, ENHEAHREICT DD, Minsky (2006) N #H 2 T N H WD SRR EIXS
Wil - UbHE 2 OLEFIZ L > TRHIFARM N2 AL T aIa =T A BHREETHH D1
D ThHs,

UED LS e il S5 & | Blb L BE~OS N ZFHET 220D ATV V=
A7 A2 Minsky @ L)L 6 23 4ZETE & 55 &, Minsky #J72 Emotion Machine A& #FETH
LRV HI & BD-AI, NM-AT O =313, AREITH) - FETH - BUEESE - REEE TR
BRE I LIZHD TN NE LN WR, A TV Vo ARHCNEEE, ZTORDE#
Lot (EE) & R 212o00 T, KV BEERMEMEZIRD TIT< O TIERWIEA 5 D,
Lflam o 7,

BE W

+ Ackerman, Evan (2019), “Intel Labs Director Talks Quantum, Probabilistic, and Neuromorphic
Computing,” TEEE Spectrum, https:/spectrum.ieee.org/tech-talk/computing/hardware/intel-labs-
director-talks-quantum-probabilistic-and-neuromorphic-computing?utm_source=techalert&utm
campaign=techalert-03-07-19&utm_medium=email

* Anderson, James A. (2017), AFTER DIGITAL Computation as Done by Brains and Machines,
Oxford University Press

- HRIR - (2016), TH - 0 - NTHEIRE : BT A MRS B ). ikt

- HFE-(2008), THRRFIBMEET VE ax 7 v a = XA ] R KFEHRES FIRIE 1989)

AR (1997), TEE OB ET VL SPUEEES) LiBFE-) . 37-53 H, SMUEIT - 2T
Fm [k & Ft5am] (ST, "aEE

+ Anadiotis, George (2018), “The Al chip unicorn that's about to revolutionize everything has
computational Graph at its Core,” https://www.zdnet.com/article/the-ai-chip-unicorn-that-is-about-
to-revolutionize-everything-has- computational-graph-at-its-core/

CEIME— 2017), TV LYy h=a—F Yy NU—7 | NTHEETSH [ TR
REHL], SENZHHAR, 519-524 H

- EHES (2017), TRREEECRT 47 2], NLHEEFERM [ A LAge#Amm], i
i, 1048-1053 &

+ Benjamin, Ben Varkey, Peiran Gao, Emmett McQuinn, Swadesh Choudhary, Anand R.
Chandrasekaran, Jean-Marie Bussat, Rodrigo Alvarez-Icaza, John V. Arthur, Paul A. Merolla, and
Kwabena Boahen (2014), “Neurogrid: A Mixed-Analog-Digital Multichip System for Large-Scale
Neural Simulations,” Proceedings of the IEEE, Vol. 102, No. 5, pp. 699-716

- Bergson, Henri (1903), An Introduction to Metaphysics, (5<iRhR). G.P. Putham’s sons.



49

* Boden, Margaret A. (2016), Artificial Intelligence: A Very Short Introduction, Oxford University
Press, Oxford

+ Brogliato, Marcelo S., Daniel M.Chadal and Alexandre Linhares (2014), “Sparse distributed
memory: understanding the speed and robustness of expert memory,” Frontiers in Human
Neuroscience, April, Vol. 8, Article 222, pp.1-11

+ Burr, Geoffrey W. (2015), “Non-Volatile Memory as a Neuromorphic Synapse: Effect of
imperfections,” in ITRS ERD Presentation, Stanford University, 02/26/15

+ Chaisson, Eric J. (2013), “A Singular Universe of Many Singularities: Cultural Evolution in a
Cosmic Context,”in Singularity Hypotheses: A Scientific and Philosophical Assessment, ed. by Eden,
H. Amnon, James H Moor, Johnny H. Soraker, and Eric Steinhart, Springer Science & Business Media,
Heidelberg, New York, Dordrecht, London

- W2 - SRR - BJIFIBT (2017), [T AHJE A/Human Intelligence & SR A T %0
RE/NeuromorphicAl: 1 7 U Y= A& W HEMND |, RIEEENIETT, T4 A A v 3
= N— 17-P-031

+ Clark, Andy (2016), Surfing Uncertainty: Prediction, Action, and the Embodied Mind, Oxford
University Press, Oxford, New York, Auckland, Cape Town, Dar es Salaam, Hong Kong, Karachi,
Kuala Lumpur, Madrid, Melbourne

* Craig, A.D. Bud (2015), How Do You Feel? An Interoceptive Moment with your Neurobiological
Self, Princeton University Press, Princeton and Oxford

* Creps, David (2017), TT¥E L efE] LREFE ) GEHEERER) . IR - HEHE -
TfeFEMwm [~y v WEERE] 220 2 RRHRBROT Y - EiloRy - 5 -
B~ DRI, pp. 196-224 I[ZFTIL,

+ Damasio,Antonio (2018), The Strange Order of Things: Life, Feeling, and the Making of Cultures,
Pantheon Books, New York

* Darwich, Adnan (2018), “Human-Level Intelligence or Animal-Like Abilities?” Communications
of the ACM, vol.61, Number 10, pp. 56-67

+ Davies, Mike, Narayan Srinivasa, Tsung-Han Lin, Gautham Chinya, Yongqiang Cao, Sri Harsha
Choday, Georgios Dimou, Prasad Joshi, Nabil Imam, Shweta Jain, Yuyun Liao, Chit-Kwan Lin,
Andrew Lines, Ruokun Liu, Deepak Mathaikutty, Steve McCoy, Arnab Paul, Jonathan Tse,
Guruguhanathan Venkataramanan, Yi-Hsin Weng, Andreas Wild, Yoonseok Yang, Hong Wang (2018),
“Loihi: a Neuromorphic Manycore Processor with On-Chip Learning,” IEEE Micro, Vol.38, Issue 1,
pp- 82-89

+ Demler, Mike (2018), “MYTHIC MULTIPLIES IN A FLASH: Analog In-Memory Computing
Eliminates DRAM Read/Write Cycles,” The Linley Group ¢ Microprocessor Report, August 27,
https://www.linleygroup.com/mpr/article.php?id=12023



50

+ Deutch, Ariel Y. and Robert H. Roth (2014),“Pharmacology and Biochemistry of Synaptic
Transmission Classical Transmitters,”in Byrne, John H., Ruth Heiderberger, and M. Neal Waxham ed.
From Molecules to Network: An Introduction to Cellular and Molecular Neuroscience, Academic
Press, Amsterdam, Boston, Heiderbberg, London, New York, Paris, San Diego, San Francisco,
Singapore, Sydney, Tokyo, @pp.207-237.

+ Eliasmith, Chris (2013), How to Build a Brain: A Neural Architecture for Biological Connection,
Oxford University Press

+ Engel, K. Andreas, Karl J. Friston, and Danica Kragic (2016),“Introduction: Where’s the Action ?”’in
Andreas K. Engel, Karl J. Friston and Danica Kragid ed., The Pragmatic Turn: Toward Action-
Oriented View, The MIT Press, Cambdrige, Massachusetts, London, England.

* Feinberg, Todd E. and Jon M. Mallatt (2016), The Ancient Origins of Consciousness: How the Brain
Created Experience (Fil4 [EikOMELHIEIR A > 7 U 7 CO0EAEEn72] (2017), MIT
Press, Cambridge, Massachusetts, London.

- Feinberg, Todd E. and Jon M. Mallatt (2018), Consciousness Demystified, Cambridge,
Massachusetts, London.

- Fileds, Douglas R.,(2009), The Other Brain: From Dementia to Schizophrenia, How New
Discoveries about the Brain Are Revolutionizing Medicine and Science (FiikR4 [H 9 — DD : =
a—narEXETHBEOER 7V 7Hildl] (2018)), Simon & Schuster, New York, London,
Toronto, Sydney

+ Fisher, Anna V. (2016), “Mechanisms of Induction Early in Development,” in Marie T. Banich and
Donna Caccamise ed. Generalization of Knowledge: Multidisciplinary Perspectives, Routledge, pp.
89-112.

* Franklin, Stan (1995), Artificial Minds, MIT Press

* Freeman, Walter J. (2001), How Brains Make Up Their Minds, Columbia University Press, New
York

+ Friston, Karl J. (2010), “The free-energy principle: a unified brain theory?” Nature Reviews
Neuroscience vol.11, Issue 2 (February), pp.127-38

+ George, Dileep (2008), How the Brain Might Work: A Hierarchical and Temporal Model for
Learning and Recognition, Dissertation submitted to the Department of Electrical Engineering and the
Committee on Graduate Studies of Stanford University (http://alpha.tmit.bme.hu/speech/docs/
education/02_ DileepThesis.pdf)

» Goodfellow, Lan, Yoshua Bengio, and Aaron Courvile (2016), Deep Learning (FiR 4 [ 1 & 2734 ]
(2018)), The MIT Press, Cambridge, Massachusetts, London, England

Graves, Alex, Greg Wayne and Ivo Danihelka (2014), “Neural Turing Machines,”
arXiv:1410.5401v2, pp. 1-26, https://arxiv.org/pdf/1410.5401.pdf



51

+ Graves, Alex, Greg Wayne, Malcolm Reynolds, Tim Harley, Ivo Danihelka, Agnieszka Grabska-
Barwinska, Sergio Gémez Colmenarejo, Edward Grefenstette, Tiago Ramalho, John Agapiou, Adria
Puigdoménech Badia, Karl Moritz Hermann, Yori Zwols, Georg Ostrovski, Adam Cain, Helen King,
Christopher Summerfield, Phil Blunsom, Koray Kavukcuoglu and Demis Hassabis (2016), “Hybrid
computing using a neural network with dynamic external memory,” Nature 538, 27 October, pp. 471—
476

+ Hassabis, Demis, Dharshan Kumaran, Christopher Summerfield, and Matthew Botvinick (2017),
“Neuroscience-Inspired Artificial Intelligence,” Neuron, Volume 95, Issue 2, 19 July 2017, Pages 245-
258

+ Hawkins, Jeff with Sandra Blakeslee (2004), On Intelligence: : How a New Understanding of the
Brain Will Lead to the Creation of Truly Intelligent Machines (JFai4 [B x5 BEx5ar =
— % —] (2005)), Times Books

CWEEZQ017), [=a2—F %y hT—27 O — Ry =71 k), NLHEZESHR [ A Lo
FEF A, IR, 546-551 H

+ Hennessy, John L.,David A. Patterson (2017), Computer Architecture, Sixth Edition: A Quantitative
Approach, Morgan Kaufmann

+ Hohwy, Jakob (2016), “Prediction, Agency, and Body Ownership,” in Andreas K. Engel, Karl J.
Friston and Danica Kragid ed., The Pragmatic Turn: Toward Action-Oriented View, The MIT Press,
Cambdrige, Massachusetts, London, England, pp.109-120
in Cognitive Science

+ Hohwy, Jakob (2013), The Predictive Mind, Oxford University Press.

+ Hurwits, Marcia Kaufman and Adrian Nowles (2015), Cognitive Computing and Big Data Analytics,
John Wiley & Sons, Inc.

+ Jasanoff, Alan (2018), The Biological Mind: How Brain, Body, and Environment Collaborate to
Make Us Who We Are, Basic Books, New York

+ Jayaraman, Vivek and Gilles J. Laurent (2009), “Olfactory System: Circuit Dynamics and Neural
Coding in the Locust,”in Larry R. Squire ed., Encyclopedia of Neuroscience, pp.187-196

- Kandel ftfi (2013: %5 6 i) Eric Kandel, James Schwartz, Thomas Jessell, Steven Siegelbaum, A.J.
Hudspeth(2012), Principles of Neural Science (3ik44 [ 71 v 7 N4 B+ 1 (2014)), Fifth Edition,
McGraw-Hill Education/Medical

+ Kanerva, Pentti (1988), Sparse Distributed Memory, MIT Press

- Kanerva, Pentti (2014), “Computing with 10,000-Bit Words,” in Proceedings of 52" Annual
Allerton Conference on Communication, Control, and Computing
+ Karam, Robert, Swaroop Ghosh and Swarup (2015), “Emerging Trends in Design and Applications
of Memory-Based Computing and Content-Addressable Memories,” Proceedings of the IEEE, Vol.
103, Issue 8, Aug. (http://swarup.ece.ufl.edu/papers/J/J55.pdf)



52

+ Kohara, Keigo, Michele Pignatelli, Alexander J Rivest, Hae-Yoon Jung, Takashi Kitamura,
Junghyup Suh, Dominic Frank, Koichiro Kajikawa, Nathan Mise, Yuichi Obata, Ian R Wickersham
and Susumu Tonegawa (2014), “Cell type—specific genetic and ontogenetic tools reveal hippocampal
CA2 circuits, “Nature Neuroscience, Feb;17(2), 269-79. http://www.riken.jp/pr/press/2013/20131219 2/

SN RS - S Rz - KE BR—  (2001). [H O Y OHRE— B By HEEORY T,
RS AT i p

- TREREQ2011), TG & 770 7l « L2 T E 2 MRE D8 248 2 /a7 B 1. Bfivatamtt

+ Kurzweil, Ray (2012), How to Create a Mind: The Secret of Human Thought Revealed, Viking
(Penguin Group)

+ LeDoux, Jeseph (2015), Anxious: Using the Brain to Understand and Treat Fear and Anxiety, Viking

+ Llinas, Rodolfo R. (2001),  of the Vortex: From Neurons to Self, A Bradford Book, the MIT Press,
Cambridge, Massachusetts, London, England

+ Lotto, Baeu R.(2009),“Statistical Analysis of Visual Perception,”in Larry R. Squire ed.,
Encyclopedia of Neuroscience, pp.381-386

* Luo, Liquin (2016), Principles of Neurobiology, Garland Science, Taylor & Francis Group, New
York, London.

+ Marblestone, Adam H., Greg Wayne, and Konrad P. Kording (2106), “Towards an integration of
deep learning and neuroscience,” Frontiers in Computational Neuroscience, 14 September, pp.1-64

(http://www.biorxiv.org/content/early/2016/06 /13/058545.full.pdf)

+ Maren, Alianna J. (1990), “Laterally- Connected Autoassociative Network,” Alianna J. Maren, Craig
T. Harston and Robert M. Pap ed., Handbook of Neural Computing Applications, Academic Press, San
Diego, New York, Boston, London, Sydoney, Tokyo, Tronto, pp.125-140

S RAATE (1995) . [EFMZIEHLT D], BEBFT A7 7V —, HKEIE

AT - REPIRE] (2003), MME L BERMAAID 1, AT - NEFRAER T & B O -
N &=l KR AR

+ McClulloch, Warren S. and Walter H. Pitts (1943), “A Logical Calculus of the Ideas Immnanent in
Nervous Activities,” Bulletin of Mathematical Biophysics, vol.5, pp.115-133

+ McFadden, Johnjoie and Jim Al-Khalili (2014), Life on the Edge: The Coming of Age of Quantum
Biology, Crown Publishers/Pengin.

+ Merolla, Paul A., John V. Arthur, Rodrigo Alvarez-Icaza, Andrew S. Cassidy, un Sawada, Filipp
Akopyan, Bryan L. Jackson, Nabil Imam, Chen Guo, Yutaka Nakamura, Bernard Brezzo, Ivan Vo,
Steven K. Esser,1 Rathinakumar Appuswamy,1 Brian Taba, Arnon Amir, Myron D. Flickner, William
P. Risk, Rajit Manohar, Dharmendra S. Modhal (2014), “A million spiking-neuron integrated circuit
with a scalable communication network and interface,” Science, vol. 345, Issue 6197, 8 August, pp.
668-673.

+ Minsky, Marvin (1985), Society of Mind, Simon & Schuster, Inc.



53

* Minsky, Marvin (2006), The Emotion Machine: Commonsense Thinking, Artificial Intelligence, and
the Future of the Human Mind, Simon & Schuster, New York, London, Toronto, Sydney

+ Morgan, Timothy Prickett (2018), “Intel’s Exascale Dataflow Engine Drops X86 and Von Neumann,”
https://www.nextplatform.com/2018/08/30/intels-exascale-dataflow-engine-drops-x86-and-von-

neuman/

+ Natarajan, Sanjay (2018), “Unsticking Moore’s Law,” https://semiengineering.com/unsticking-
moores-law/

+ Nog, Alva (2009), Out of Our Heads: Why You Are Not Your Brain, and Other Lessons from the
Biology of Consciousness, Hill and Wang, A DIVISION OF Farrar, Status and Giroux, New York

+ Numenta (2017), Biological and Machine Intelligence (BAMI): A living book that documents
Hierarchical Temporal Memory (HTM), http://numenta.com/assets/pdf/biological-and-machinei

ntelligence/BAMI-Complete.pdf

* KHZZ (2017), TZERIAOHRRE RS b IR R EMTE R~ | IS - e il - Feph+
Bim T~vr v B ERE] 22T 5 FERRBROE T - EiRORY: - 2% - M
~DJEJ. pp.226-248

+ Olhausen, Bruno A. and Christopher J. Rozell (2017), “Sparse codes from memristor grids: The
adjustable resistive state of memristors makes it possible to implement sparse coding algorithms
naturally and efficiently,” NATURE NANOTECHNOLOGY, ADVANCE ONLINE PUBLICATION,
www.nature.com/naturenanotechnology

+ Ornstein, Robert Evan (1986), Nultimind: A New Way of Looking at Human Behavior, Houghton
Mifflin

+ Pearl, Judea and Dana Mackenzie (2018), The Book of Why. The New Science of Cause and Effect,
Allen Lane, New York

+ Plate, Tony A. (2003), Holographic Reduced Representation: Distributed Representation for
Cognitive Structures, CSI Publications

+ Richard, Blake A. and Timothy P. Lillicrap (2018), “Dendritic solutions to the credit assignment
problem,” Current Opinion in Neurobiology, vol.54, pp.28-36

+ Rinkus, Gerard, Greg Lesher, Jasmin Leveille, and Oliver Layton (2016), SPARSE DISTRIBUTED
REPRESENTATION & HIERARCHY: KEYS TO SCALABLE MACHINE INTELLIGENCE, AFRL
(AIR FORCE RESEARCH LABORATORY)-RY-WP-TR-2016-0030, UNITED STATES AIR
FORCE

+ Rolls, Edmund T. (2016), Cerebral Cortex: Principles of Operation, Oxford University Press,
Oxford, New York

* Roy, KAUSHIK (2015), “NEUROMORPHIC COMPUTING WITH CELLULAR ARRAY OF
MAGNETO-METALLIC NEURONS & SYNAPSES,” in ITRS ERD Presentation, Stanford

University, http://cspin.umn.edu/events/dac_presentations/KaushikRoy.pdf




54

+ Rusch, Miles andJan M. Rabaey (2018), “The Design of an Analog Associative Memory Circuit
for Applications in High-Dimensional Computing,” Technical Report No. UCB/EECS-2018-72,
http://www?2.eecs.berkeley.edu/Pubs/TechRpts/2018/EECS-2018-72.html

+ Sahu, Satyajit, Subrata Ghosh, Kazuto Hirata, Daisuke Fujita, Anirban Bandyopadhya (2013),
“Multi-level memory-switching properties of a single brain microtubule,” Applied Physics Letters,
vol.102, issue 12, pp.102-106

+ Schuman, Catherine D., Thomas E. Potok, Robert M. Patton, Douglas Birdwell, Mark E. Dean,
Garrett S. Rose, and James S. Plank (2017), “A Survey of Neuromorphic Computing and Neural
Networks in Hardware,” arXiv:1705.06963v1, pp. 1-88

+ Severa, William M., Ryan Dellana, Craig M. Vineyard, and James B. Aimone (2018), “Whetstone:
An accessible, platform-independent method for training spiking deep neural networks for
neuromorphic processors,” https://www.sysml.cc/doc/71.pdf

+ Sharma, Ashok K. (2003), Advanced Semiconductor Memories: Architectures, Designs, and
Applications, IEEE Press, Wiley-Interscience

+ Sherman, S. Murry and Ray W. Gullery (2013), Functional Connections of Cortical Area: A New
View from the Thalamus, MIT Press

+ Silver, David, Aja Huang, Chris J. Maddison, Arthur Guez, Laurent Sifre, George van den Driessche,
Julian Schrittwieser, Ioannis Antonoglou, Veda Panneershelvam, Marc Lanctot, Sander Dieleman,
Dominik Grewe, John Nham, Nal Kalchbrenner, Ilya Sutskever, Timothy Lillicrap, Madeleine Leach,
Koray Kavukcuoglu, Thore Graepell and Demis Hassabis1 (2016), “Mastering the game of Go with
deep neural networks and tree search,” Nature, Vol. 529, 28 January, pp.484-489

+ Sloman, Aaron (1994),“Semantics in an Intelligent Control System,” Philosophical Transactions:
Physical Sciences and Engineering, Vol. 349, No. 1689, Artificial Intelligence and the Mind: New
Breakthroughs or Dead-Ends? (Oct. 15, 1994), pp.43-58

+ Srinivasa, Narayan (2015),“Neuromorphic Electronics for Energy Efficient Processing,”ITRS ERD
Presentation, Stanford University, 02/26/15

+ Stokes, Jon (2006), Inside the Machine: An Illustrated Introduction to Microprocessors and
Computer Architecture, No Starch Press

+ Streat Lennard G., Dhireesha Kudithipudiy, and Kevin Gomez (2016),“Non-volatile Hierarchical
Temporal Memory: Hardware for Spatial Pooling,” arXiv: 1611.02792 v1, pp.1-11
(https://arxiv.org/pdf/1611.02792.pdf)

* Tani, Jun (2017), Exploring Robotic Minds Actions, Symbols, and Consciousness as Self- Organizing
Dynamic Phenomena, Oxford University Press

C FRNHE 71— (2017), TREHE 2 U 9772 30 O FRR [R1 i 2 56 L — ViEkS 0 > o JJ 1Al
KRR EOEZEZAALLEERZ 2H L CTW5 — | (http://www.riken.jp/pr/press/2017
/20170818 2/)



55

- Trappenberg, Thomas P. (2010), Fundamentals of Computational Neuroscience, 2", Oxford
University Press

+ Tavanaei Amirhossein, Masoud Ghodratiy, Saced Reza Kheradpishehz, Timoth Masquelierx and
Anthony Maida (2019),“Deep Learning in Spiking Neural Networks,” Neural Networks, Volume 111,
pp. 47-63, https://arxiv.org/abs/1804.08150

+ Van Der Made, Peter AJ and Anil Shamrao Mankar (2017), “Neural Processor Based Accelerator
System and Method,” United States Patent Application Publication, US 2017/0024644 Al

+ Weizenbaum, Joseph with Gunna Wendt (2015), ISLANDS IN THE CYBERSTREAM SEEKING
HAVENS OF REASON IN A PROGRAMMED SOCIETY, Litwin Books

+ Winograd, Terry and Fernando Flores (1987), Understanding Computers and Cognition: A New
Foundation for Design, Addison-Wesley Publishing Company

+ Wul, Yujie, Lei Deng, Guoqi Li, Jun Zhu and Luping Shi (2018), “Spatio-Temporal
Backpropagation for Training High-Performance Spiking Neural Networks,” Front.
Neurosci.,https://www.frontiersin.org/articles/10.3389/fnins.2018.00331/full

« Zarkadakis, George (2015), In Our Own Image: Savior or Destroyer? The History and Future of
Artificial Intelligence, Pegasus Book, New York, London



