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F1E FFig

ARIREEIREBL THROEREB DD, TOFTOREBANZ LD - =R %
HETE 28R PO Edls Rz

BRICEWTL, SHREIAFOEREBI-ODERICEDRFETHY, HL<h
5 T PRI R RBRAEOMIEITHhN TE . RSN T E = T%M
I RRERAE S X 7 L0d, CCD(Charge Coupled Device) 1 X S &7 1+ ¥ ¥ )L EHHE
BrliabE TIN5, CCD I XS THLN-EBRERIE, FEInsz ek
SHEEDHNZDEFE A/D(Analog to Digital) BHAEN, 7 4 P ¥ IIVFHEEND £ E
VIZRWEN D, 7+ DV FIVETERS, BERERIBMINI X £ & CPU(Central
Processing Unit) & DT 1 X553 D7 =5 DD EDE L NS, FRHIC EE
WBZATD. ZOMETE, AEOFEMIAS FHEEDHEMDL, ANEEOBEREK
DM FHL TOEIZ »h 2R R E IR 27-0121F, CPUDEIEZ Oy 2
e HF endes v, b, ZosEREE iV CEE L BERAEKES £
RETTO>BGICE, HBL XY —OBROLEN, > 27 ABBOIEKEDEKX
IsfEZ5 &R T,

ZIUTHKL T, AEOFE R AR A BT 5 MR R + ms DA —
¥—Thy, BIEDLT IR X7 L5 KT 38R X THREWIZ 8.
TNICLED ST, AR ERETHREBR, SARAEEITD. L, A6hEE
RIZBT 2BRAEDT —F 7 7 F v/ TNI )X LD, BEDTEIRES 257 4
DEINERLE EBLE->TWDHIL2ERT 5. EFRREARATIEIEY GEROAY O
CH- 5BRDEMET, NAADREERETAET 5 AR, T OMEERBDSY A
F I 7 AT X0 BIANCEEAEEZ T, DB EBINBEREMIZED. MK
RE TR, BB WHIn 3 B - - B Edh 5 B - - MR &
D, FERANZ IR A D TN L.

T, ZOAFRERRDOEESL 7 F 0s CMOS £REIEE % AW CERT 50
FRBANZED SN TS, FTL, BEECEENEEEAIC BRI L K 95> T
LHEIZOVWTE, SETIZIFFICE OMERTONTE. ZDL S LFEDE
WA B S & B AERAEL B - 7 F o /7 EBEKEEIC S ) o v L i
S vV avEELz SEE BEBEENCNL, THoZEE0un b 2EEmN
BHEWSHE»S, FLOWERAREL Y L TEERMNEMTIZH . RO R
E7o1zDE Mead 5D ) A VBEF v 7 [16) TH B, ZDF v 7 i3, MEDFT
LHIBIZ ALE § 2 SR R O B AR EF VIC KD & EHE ORI
ZBISIRNZEITT 5. TDORL S 5 ICFEM AT P R % B0 A7z SR ik
BIEEE7 VIZEDE, PRI NE EERO R UBREE R ST S5 T v s
T (VG IZER R -7 F v TR NHFEINIZ 53] LALE)S, BEET
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RREINZV ) 2 VEEF Y A%, BERAERE OICRICEBRMICHIHEIN % B
IR ZE->TWizWh. ZOEBEE LT, IN5DF v 72 BRBE T TOEGMED
EFTELBROFHMN 2L, FE OS2 BEHOESE2ZIZL0D 27
HITBENSONZWI EXZBTFoN 5.

Kameda 5%, £HEOEERD X512 BARHT CORAERE CEANREIGAE
MNTEDZEVWHERGENS, SEEMREREREET VICESWeTFarsryyay
MEEBARL 220 o) av@ER, VGREOEMZET 2L, ®EE AR
WA ARSI X 0 EREITRTAEE TS, £z, 87 AV EERT AtV Y
LY, KRERICHMAETN-EE/NRY —2 /A AWFO-HDEEIZ LD, FHWH
HIEEEZERL T0Wa, FERICEEZESIZOV ) avy@EERAW-zORy hEY 3
YYAT LEBEL, R RIEAORAEEL T, TOEIMEERL TER. ZDX
517 BEERTAES S FEEOBRETIE, BRCIERICERIGEVWT NS ZLFEINT .
W3,

PBELREOABRERTIE, —REEFIZ BT D82 B, SR E EK
2B BREY, KNEEFICBSOTRERROEIEDON TV, 5T, &
SICEERBEGAEAYERT -0, £E0XKEETOBEGAEEEIC B %
AT TN 5720, IS DEELRBERABEKENE DX O BT —F 7 7 F v i
Lo TEREN IO, TEACLIEFICEELRMETH . AEFIZOVTDE
HYHW R EIICHEEDONTVWEEZATHY, TOEERE DX Sk XAh=
XLTEREN TV SO0 EHEMIESHATIE WD, SETIEONZMREFEIZ,
WHIME, BEBME W o AR ERAE Y —F 5 7 F v 2R X DN TES. K
W7D B, —REEFTROIZEN 5 REN L EEHE T H 2 B0 /i
BRME, TO—KRBEEFIZZEALE 7 -7 7F v 2#HWT, 7Fr o/ ERERKS X
FLELTHEETHZLTHS. 22X, REFOERES RO EREEAE
ERERHEMZ LD ERLZ <) a VAER 2EEL TOL D DEERLRTY —
FTIOFXYERTIENTE S,

KWL S ENSEREINS. LT, EEZLIZZDOMEEBRS.

BIETIE, AMEETOICE-TER, ROEKRWEOMEMNT, BHI9ZRN-.

FoETIE, 7ol EBRBEMNE AW TEBREBIEET N4 22K R T 55
FTIZOWTNRz, ERASHAWLNTERT « DY IVEGAES 27 LE, Z£DE
REOEHEREN S, FZERRIC RH 5 B iER s ERECAHET 5 Z LI AEW
ZEWTWRY, L TEBRRERIZ, 2< B> 3tERETHERFRE L
BTs ZOEBTHVWLNSET—F727F v 25, BER 2728 L0 TEX,
ZTOEEERT 4 VY NVEGIEY 27 L L 2. Fl-20—H0EA&F S LT
WBEOT Fu/EEETNVEZHEY, TNIZESWTHESNZY ) a2 VFEIZOWT
i

FI3BETHE, YVIVMEEDOORY FEY ary QEAIZOWTERT. SHERD
MIEEREE T M ESWTEHRET SN2 ) o BB, ADEGIZX L CREETH
WEEATIH, T OREEECIMA T, R oMz @M TE 2FEMEEZ, FPGAL
HABEDE DI ETERL 2. ERIGESVREIDO LS BRET NA 2%, EGFHE



Ry =7 o b NSy F U IZERL BN OWTHN, FOHRAMERL 2.

FAETE, —KREEFOBERABIZ-SOWTE DT, —REEFF I B AL
fal BRI E IZ SN, e aSEihEEEFEoN, T, BEA»S RT
BN BN 5 BB, BEBRICEEY 27 LA BET DI hl- - UHICEET
5. FEENAREREIZEZ 5N 2 BAMEOBREST VIZIIE A 2LDRH 5
D, AMFETIE, ROLEAPNLEETH 2LEZ 51N 5 Hubel & Wiesel IZ L D £
ENET AR 7+ T—FEFNLESEZL .

BEETIE, Y )aVFEENSLISII—KREEF LB -EBERERA L #D
BBz ->THERELDINFF v T T —FF 7 F v, BERRIZONTEN, B
MO BRI EREE B 572 O0OEREF LV EZREL -, AR TIIREEES
BT DIV FF v TERERVED, 2ok EFy FROEGRERXTI T >+ o
TEETHOARNER 72, X561, 7F ol HERIZ KDL ESHEeE AV
BHAMREOZERICEHEE B2 0DREET IV EREL, FONEEELXY I 2
L—Y a VIZ KDL - v

BE6ETIE, BMAMED FALEREE BT 27 F 0/ EREKO ERER
AEF v TEAVE-ERER L BN, ERICLD, 7 o0l EEBEEN S 7E E
TITABDZE, AF v FIZBTDERKEZDLOREENY —V ) 4 ADOEHER R
B 5720, HIEEDLHEMENZ EPHERTER. F2, WO DEEK/SS
A—F BEZ DI LT, HUBREENFIETEZZ 2R

FTETIE, AMRTRLEERTY —F77F vy 2HVT, —KEEFOEHERILH
AL RERIZHER CE 5 Z &ML, KEEREEBNTY Fas/ v LFFv 7 257 AN
DREE % BT,

FSETIE, AMETHONIERERIEL /-



$ox ; + 04 VLSI é:im%ﬁﬁﬁ”*ﬁ

2.1 F4THIINERNIEEEFER

K211z, FERO—i s TR EERAE D 27 LOBKERT. ¥ A7 AL
FiZ, CCD A A5, ADEHaZRyF 4 DY VAEENISEREINSD. CCD A AST
ZITROSN - AN ZEBESMIE, TOFFEADEBRINTT « V¥ IVEtER
DAERYNEEENS. T 4 DY IVEHEKTIE, CPU %AW TR EIGAEN
EDHENTWL, JARVEF 4 O NVEEREFLELIZZD LDy 2T 413,
B2 ARICERTE 25WRAEEFF /-0, $FTIZALHAVLNTE. Ly
L s, BRI ER 2REBHREBR > X7 L UL, 20/ A<V HEE
W7 37 7FvI138L TWAEIZWVE 2, — B EGRAEDORY O BT,
BB L -EBIZH L T/ A XBREDOZDH DL, BEERFHROMEE TV T
5 1= DEGEERFA L WV - ETLEN TN S, K210 TRz, ANE® (£) KU
BERFAIN-EE () 27T, 74 Y IVEGMETIE, Z0OXSREiET<
22V VER) 2~ a iz K0ERINS. Thibb, AEEGD 1 BED
EERDDZDIZ, RRAIDELAEZNTNOEREOEE X A 7DY A X351ET
3. ZOMBEEZEBEOETOERINL TT->TWH<bITTHD. X 270H A X,
Bl Ny — 2 DEBOAE RS 61T 3x3EERY, NERLDTL XV, iz
BHARBESIZ A L TR RTUEZ TS =013 5 2BERE < s .
AR 2a—TaryOHEER, YRAIOKREILELLIZ2EDOA—F —THEML T
W7z, RERIZA7Z2AVNEZDOFEEIERLZLDICKED. INEBZERINZ
T>TWKT 4 DY IEERE AW 25 A%, EREEGAERI I EANC RE
XTHDZEDNDDD.

—7, EEIEERE 2R 2 BT HEEBREC ST, ERETEEL REFRAE
BETOZENTES. LarLars, EROREMEEEROBRER TH 5 e/
DRIGEEZ T+ ms DA =¥ —TH 0, HEOTHEWERRS X7 L5 KT 518
EEFIZHRNTHREWVIZED. 2023, EE0EN - ERATEREEN EthiE
BREFIZHKL TWAHD T L, MERRIZBT 5/WEFERLEDY —F 7 7 F v,
FLT) XL, BEOTHFIRESY 27 L0FNEREL Bi-TNWAZ Lizdk
95, KETTEHL < BBRB L2, AR>S ROIIEEREZIT R A ML, BB
ZRL AW O OREOMIEE) SBRIN 5B FEEKIZ L0, B ER
MEBEFTS. HERDADODRSRT, MELNREFEREDERR EML THS AN
CIEDHI LT, MTOBRAEEZ LT LTWDEEZLONS. ZOMEDH I



CCD camera

Digital Computer

Raw Image Filtered Image

X 2.1: REKOLHFRIRE S X7 A,

FIZKBO—KRREIIZELN D, —KEREITROERO TN IERICEMTH Y,
ZDERAED A 7 = X LI MBI E ZANTIT 0D > TOI WA, R EEE L
T, WO DOEEIZEEN 2R TORBHBERIEZ A2 LN TES. #
NTNOEETIX, LI VEROMEC X2 WHAER TN TWAEEZI BN S,
ZDEDIEAED S REEHIZRZ ZEERREROT7 —F 57 7 F vy 2K 2.2 1717,
I, 7rusZ WHERI BB ER I N-EEE L. HERTH 2E BT,
FITERAOBOT FaZ BIEIZWINZATTENE. TNTNOBTIE, ST
BT L TR WIS 7 - u s B OMEBIIMEZF D L O% AW TETEN
5. ZOFBEIZrD 2RI T 7 o/ RO EFHRENOBERBITH D, EEIZIT
TDED ps A—¥ —T5ET T 5. ZO7FalZLHANRBO—FITH 5IEGEIEE%
K2 RmL TW5, EHIRERMEE, AJTEEI 6 U TLEmIny /e i b & R T =T
THEERFED. ZOLS USRI X AEEDHERAELN 2 HAEBRIE, kOB
ZEBN, T TESIZEERRLTER TN S, SR> SIEEE 2] 2 X B
LEBPATENTL B0, ZNTNORBIZHIT 2 WHANBIBEEHC5ZT L eh 5,
EHIZIRODBDBAL HGERXD, BEMICAELED TN,

T 4 DY IVEGAMETIE, —BRIZ, —HOBEBIZSL T s S AL £ TOMm
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Analog parallel circuit

Hierarchical Struc e

X 2.2: WHREEWNEREROUET —F7 7 F ».

HMNETT 5 ETROBEGROMIIZFE D Z LIETERV, 2 OB O EREM:H
DERGEIZE, 1 ROBBIZXT 22 TOAEE@HEE T A7 L —4L—1b (33ms)
UNEREDORHETRETERILERH L. 02 &h, CPUDERILE FIZMES
HEED, ¥ 27 2RO ERERS LTV, ThIZHL CTREEEZ >
2T LT, ZTNENOBIZHBT 2B E T I U Z OEBIZKRDBIZESNTE
SIZRONENRTONS. ZORIZHIOBTIIROBEBEEZITRAZ ENTES. £
7=, FNFNOBIZ BT ANBIIBREMIZETT50T, kre ANJEN g% E
B TEREL BRI 22X 90 5

7 4 VY IIVEIEED CPU OMEHREDEIZBRL <, SHTLELZHFDIHZ L
BHISEN. ZTOEOEENECPUNRT—%2L > TThE, ZREOHEARTD
EEE (FIZIEET A 7L —4AL —F D 33ms LAA) TH7ie D OERAEN ETH
25, LrLAELRs, BEOGTEOMEERICIZLZE &, REMIZED DIZZ D
BIZANBIZANTHD1]. ZOHEIZMNIFCHEBEL LY —IZBRT 5. 7 4
CILT Oy HiE, ZOEEEEDEMNE SRz, B EEEOENEE
WTHH, REOHRTY T oty Y TIRHEEIN ;cE%L 100W 3TV, FEEAIIZIE
NIZFETEIWMT 22BN TFRENTNS. ZHNIZERT, BE, ¥ 27 4T
X, ENENOBEBRT 27 S a0/ EREROEEENI =020 8+ mWEETH
D, EBEZHOHITHLTHEI 5. BIAIEARPRTHIEL 72 Bl Bt



57 Fus ERAEOEEE X 13.6mW ThHo7-. F-INid, BEAEERE O
MMIFRETH D, N—F 72 T7HEEZNSKIMIENDZILIZL oA 5. K4S
BADLDI VNI M aN—F 727 WHIEEREIZ, EBEEHD:ZDD ZR— 20 H
TEHBENHFRONZ BEROBHOR Y b RE NOFHAEZEZ -B-84121%, JF
WIIEELFHTHD. Z0L57% WIRBHOBRLUEY %7 7 F vid, 220
HIZIED D, oW 2 A7 BT 2 EBERFEODIZHE L LD TH DL ELZ LN 5.

2.2 HEEOT7FOJEREETIL

Photorecepter

Horizontal celi

Bipolar cell

_— Pcell

—— Amacrine cell

Ganglion cell

Light (Input Image)

2.3: MO WX

AGRERIIBT WG EOEN 6%, BEIZRSZENTES. TSN
DOfEEE, REICAET 2EE 20005 300um OERHEBTH 2. SABIT, BER
DLy ZREBHL THERHICEINS. K231, MEONMEOEANEZRT.
FRIZIZKRE <313 T, #MHE (Photoreceptor), K-AAE (Horizontal cell), JURAMAL
(Bipolar cell), 7 <2 ) »#ld (Amacrine cell) 35 KU M#EHIHIAT (Ganglion cell) d
SHEOMIaNrHY, TNLIBEHEEELL TWD. FLRATE, (v9—-7L*
> 7 v LR (TP cell) & FHEN 2 MIfAL TEREARYIL BFEIC & D 7z e fE o Ml
ELTHIMASN S LDl ->TE . BHBMOHE, ARG LES) XM

7



Zm(s)S Q) D Is) @

Rs1 V1k(s)
AN

A\

Rs2
i o WAk
V2«(s)
ZmZ(S)
Y, 3 e \
+0— +0 - +0—
V3«k(s)

Zm3($)

X 2.4: SHHEIEDFREERIEEET L.

DFTLIED AF AR (KFRE) 75 RTRLIUZMET 5 HEMAIC L ->T, BER
EEIZERENS. HE@DZH > TRALRMIIZ LY, EXESOEIL 2 KT
D EREN BRI X5, BEROACHHR, IURMARIC X > TAFNZMEEN
5. ZORMR, KA SURMAE S 7 A ARREIERIE, SHEREERE R &
5. ST, ECREOMBRLEIBEWIZERY 7 A2 XD BELHICIAL i
AL TW5, AMEEMEER TABIN-EHRE, BIMIETH 2 30EME»5, 7
<7 RS LUMHEETEAN . ESN . PHERETR CIXEGRFOE 31— 7
HF v xNE, MIEEI-FTEHF v AL TWBZ R ->TW5, #HD
SWAZRTIUSE, SMHEEMRORE, BROFEBHETEHMRT 272Dl F ¥
FMVZFTL THBORTAIE T 4 LT Ll >TW5, #6o7T, SHBEIEARREEIEE D HEAE

HUNZEREREFIET 52 &3, EREIIEGAHE Y X7 L2 BET 5 L TR TE
Bl ThH.

BT O /MR REOBEL, EBEY, BEFHMRICESEN 240D X
S 7s PR E L TRI LN TE S [3, 5, 13].

BHEO M EIIEA V=% V2 Z,0(s)IZEDET. HL, s=j 0 (j=+-1
. WA THL. ML, JCESENER L(s) N BT 5. ZITHRT L
B VDAERTT. BT 5 L MR LS gap-junction & WHIN HEXS 7
2 (IR WLV FEGL THD, ZOXFFIEMIEHFOKE X &P LM
LEETHS 6, 7. GMROIEEBRLMINF Vi(s) TRL 7.

8



FFRADMIIEIIIEA V¥~ 2 2 Z,5(s) I2 L DFET. KFMRE, Gk
ALY T AR R R, £, HCRMRAIEEOEY F 7 AASEEZ 5.
INENDLES F T AANOBEEKFTIE t, & t, TET. Ihbidfezs +7
A b2 2A0T I RERNTIREOIA VY 25 AHi=5. WET BKF
MR LIZERS F 7 2 (L R,) IZ X DHBIEEL TOB72012, KEMBADOZE
IR L TRE2EICREZ L4 H 5 [8). KFMEONEEME, Kb V2y(s) T
~L 7=,

FsMAE, GRS S IXEEBRHED Y F 7 2 At %, KM S I3 D S
FTT ARt BRTHD. ZOBEIBMIED H 7 R H T & KD £z
HAILZzLDE 722 9] BBMROMIEIIE A Y =52 X Z,,5(s) IZ XD ET,

KFEHREEDER + 7 ZDEHUEIZ, FOEHEDEZICLVEHHEINTEY, KF
MRDOZEHFORE SIBREOIETREBIZIGE TAEE 2 ->TWVW3 [11,10. ZDZ
CRFBMIEOZETL, BOEOEFSIZIVFHEEIN TR L 2EKT 3.

MBI e KOV BEALIRFEE DR 2 72 RN B 5 Z & MM AEBRZERYERRIZ £ 0
RENTWS. LaL, AT 20CRENEEPRCEHTH 5 & = BT
M ELI A Y E—8 2V AT X ORGAPRICRETE 5 12 E512. EEBRADA
NI(s) ZEBHE L, BEOEENEFEEIZEL 2L EDINEDEMOTHDOHEEZ
D8, BAVE =Y VR Z01(5), Zma(8), Zms(s) BENTNMIES Rt Rma, Rons
KEZHBIONS.

512, YV IAVEBRDERHIH2D, LEROMRRBIEEET MZLLTD XD st
x5, BRI TS [21]

1. BRANEDEFNVEBEATITENZT S, 2F 0, EMHEEFEOEELVER
BRI, L8R R, DWFOEE, BEERV, CBH R, OEAEKETS. 20
CEDANBEV,IZ, Vi=ILR,  £EREN5

2. KRR S DHIFIED 7 4 —F Ny 2i3EZ V. Thbb, =027 5.

3. MBESEII RN BHIN -8 &, NEBE AW MlapEsEstc Lhid,
HHEEERT 24BN YERE T 2 ERIGESREX, BMiar k¥
MRIZBNVTRIFFELY. INXO I F P AELREK G . t1=1/Rm DED
2 R DHERBELZ2ZENTES. #-TC, BEANHOEFVIZL =
HFD2EH OKFHIEE) ~DANEEI VL, &0, GMBROISEEMNZ
DEFEANTEINS.

4. GRIRE, KPS S RBHE~NDBEIZ L 2BEMEE 135, DFY,
tsRms = —taRmy =1 TH 5. -7, IUBMIEDISEELIE, RO LS IZHM
R KD ICEBAL DB EL 125,

(WBMREDINEERRL) = (RMROIGEER) — OKFHRaD RS EA)

9



ZDEHOLHBEKIIESEDRL 5 _BOEHEEE LOBESHOEEH I LT
B23RBEFIVOZEMT7 A VIR, ST Ty o7y (VG) E<a
PTDZERMENTVWB[13]. STSTTy—HIoT V7 47k, ASERIZ
S TR L RO GREGHEAZ T O BEEEF>, BREROITAEIZ &L 7222/ 7 « L
5 TH5 [14].

2.3 ) iEiE

AEEERIZ RSN 285 iEkEEE. BED Y ¥ — N LEBRIBKENTH
% CMOS(Complementary Metal-Oxide Semiconductor) SFERIEEHAMT% AW THEB
U7z, AREEIRET N A 2ZDWFER, EFEBRAIZITHN TS, Mead HIZ L5
BOIDY ) 2 RBEDRF [15]) LIk, 2 LBEOERBRRET N ZPHRINTE
7z, IS0z, - EOERETEES AT A L 200, B0 R
MEBEERLZ-LD, FEATTF AL 7008 =7 v s Ol BED BB
CELL 720Dl R D5 49, LILELRS, R0Fv7D%&<iE, 7FHusqE
BEEORTHEDE S - ZIERT 25 EBEDRIIZLY, EBEOCAIZEAT
HZEIINETH - 7.

Kameda 51, BIEiCRR7AEEMEREBET L2 EiZ, —kall, BEU-
rkH, —waBor) a v BRFy TEBEFEL . —®kn#F Sk, —RITTD
VIGRDZEHAEF 7274080 YTHS (18, 92). B KTHF v Fid, KF
HE—RTD VG HZEF 2SS 4 v v R BEAMICERALAZZY T
VHTHB (19, Fo, SRFTEEF v A SRTEERFIOF TR REL SV E A
T RAKRFROBERS %> _RITD VG WZEH %A -2 )79 TH
%20 ZN5OTVaV@ERINTINL, BREATCSWTEVWHIEEZR DS
ZEDHEREINTEHY, ERIGAVEENIER N TWS, Z 27Tk, Zkaoy
Do s W, EROBEBAEIC BT 2 ERME ERIC KD #ERL -

TWRTCE 40 X 46 EED Y ) I VEF v S ORIBERER 2.5(a) IZRT. 20D
FoiE, ZTHH (74 b5 44—V :KFPD) AHEEIFEN,S 7 ZEERPEL, K
SEAENZ 40 K, TEAFMEIC 46 BRINOGN TV S, FERIE, SHEIA AR
KEBEINDLDIZERNEN, TN 6 DERLENT 5 EH R SR FRIZ
5. ZOXOREREEBICLD, BONHELY - - kD VG AR % EE
T5. VG 7407, BEHBOABIZBNVTROERNZZEM7 « VY THD, A7
FHRLEEREED BRIERAEORIAEE L THAIN 3 [77).

Fv T HINE, BEARE, KFEARTNENCHABLEZY 7 LI A9 NEDT —¥
Sz L0, —EET O IR (Kdout) IKEFEN, IHIFAEENS. -, KFE
HEDT 7 b LY RYDEERANT, 177 ICHEIN-H8R (K9 out0,0utl,out2,out3)
ORI TFy THIETFAETZ L OAETH . FINEFIFEAH L AL, EFF
BT17L—0%kFAHETIENTEDD, BREDY AT LANDEBEIT L 5.
KR TIE, REY X7 L DERVEEL, —BEET DOMERKFAHL ZHRE
L7z,

10



Er Photo Sensor

psw—{ —d
V1
hv—y
PD
Vom1 $Rm1
1st '
. Lateral
out 40 pixels Control Connection Rst
< A/""‘_—PD —_~signals 4 ¢ ¢
o< R Vorst
xQ [e)
L hold1
\ Vzi
G > :
= - ; out0 Vreft -1
g Vab — — cp
8 - o | 2 :
2] out1\ & —Ea— - cn
=3 ) o Nbuf
=4 N > -~ e
A ) @& Vbm2_ <R
8 , out2 » o _bm_2>§ m2
Q| n
% [ sH - = s > 1> Lateral
@ . out3 Connection Rs2
L * ) Vors2
nid 4 Horizontal Shift Register | Yho Ve

(@)

Vout

(b)
X 2.5: >3 HEEDOREEFEK. (a) F v 7 2EOREEER, (b) —EE D D[RR,

YV AVHEES y T O—ERSOEEEER X 2.5(b) IZRT. KU, T4
N A4F—F (PD) OFEBERDEFAT 2, BHERIDEE 2 EHAL TWL
5. ZNiE, nMOSFET 24 » ¥ (psw) 2 ON T 5 Z & TPDIZHNA 7 2 %HML,
TOHREBRERFTRET D, INEXLVHHBOY £y bEIEE I8 FDH psw &
OFF L, PDIZHA Y/-2L, ZTOREIZILL CTHEREBICEZONT-BRIKEL,
PDO7 /=K BIOBMOBETT 5. ZOEMBETOAKEE%E, 2-50 pMOSFET T
BERENTY — 27 v a7 REEEMNL Tidq L, ey NET S ZoFR
ZBWTE, St YEHIIE AGHGEREI X L TRIBIZIGE T 5.

Uty bEFERZ TS, ot P HIENHEET % F TORME BREERE &
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K. ZoEERHEEE T, BRENBVIGATOLRELRENIEZBLZIENTE
L T AUBEBWIOARERATAZIZLD, HEDZERNRHATIZHIT 5 X
375, 2T APRFNEBZRIIHL TLFORREREONS.

—B B OEHERME (R,) 13IE6 EEL EfisN, Jtty Il %22z
BT 2. ZOEL, AFEEAREREET BT 2RMIEOICEIIHIET 5. KD
T, EENY—V /A X %%y VT LR -7z / 4 XFE/Ny 7 7 (Nbuf)
AL, ZEEHOEFERME (R,) TEXHIZHRLEN, KFHRDIEEZMIET 5
BENEHND. HNBERD /A X@ENy 771213, —BH Z_BEHZNZNoEHH
BRAED /) —F DER A A v FTHOBZONTUBEIZANIENS. /A XFENY 77
IZIREEIZES 2 L DERERH ZDT, IBIZANEN-—BBH I _BHEE I DE
DNHEZN, WRMAOIEIZIGL 7z, BEEIIELNS.

LA E—#EOERETEL, > ) aV/FRIL TIPS EA6N5T « VY NVES
ZE0EIEENS. F/z, —BHRC 8 EOERRIEEEE MOS AR L0 EK
ENTHY, AEHrSHMT BNALT ZABE Vi, Virs2) 12 &> TEDEHUEEE
ZBZENTES. iz, “EBHOEIEREOEFEEZEZ 2 LT, XEHFOK
%é%%kéﬁ%:tﬁ?%é.%i@,&ﬁﬁRQ%%<?%t,§§ﬁ®@,%

. BT DRI L 720, Eﬁﬁibﬁ%mLﬁé F/-, HOF A vidhEl
&5 WZ Ry KL T 5L, FRIEMWHL R E-DIZZEFORIAET <20, H
Nr4vidm<izsd. [13, 4]

BOEFRICBVWTAVWHEA 7Y 2 2 b 2R EDY ) a2V ERDIEEEK
26129, BHIZ 3.5W/m?2, EFREMI 40ms THS. () BRO b)F, Fv7
JEEEEGRE L TERRLEZLDT, BVWELEEIZEASRLTWS. @) 3V #EED
V2G RIS AR LD, AVWHOBREMHITIE, WEAMIE X0, R
TREVEL RS, WHRETy NNV RIZBEINERENTWS, ZNIZED, &
GBATHEBEDOZERHES KEWVE S, 2F DWEORET Sy ERAINS. (b)
i3 =B B OEFEIEMEDOBEHE Ry, # KEL LT, ZRBOEEHR LIHEDIRE
THD. IBERIVEAMITIZ>TVNBZERSD 5. (0)iF, (a) BLY (b) DEIE
@6¢%ﬁﬁ@m¥ﬁm174/%@mﬁ&mombr FEEE L THERRLZLDT
5. FM*E%EmH®W%®%5é# F—EDHME, LLIHE—EDEE
LAZ72-THY, BREAEDOBEARADHZINREL BT 5o MEHENT
WBETFOR DB, iz, WIEDOREEES T, BET 400mV,_, DIERELH Y,
THZEIRARIMA S5 2BETH LI EVHHETE 5.

oYY arviEEx, 552 5HEESDONY - EREZDHIET, 7L—
LEESZFAETEZENTES. VEODF v Ih b V26 S EE % oGtk
DIEEE, 7L —LHENN X2 —BEDOREIRON S Z 8, THET N/ R
ELTOAME»S LAY ) AV FEOKEEROVEDTHS. FEELRIZIRD Ik
DORRLIZEEDY Y AV HEEDIEEER 2.7I2RT. (a)id, VGRZEHEZF
ORFEEDIRE, (b)1E, 7L —2ABEENC L5 —BMEDINETHS. (b) TR, B
Th&h*ﬂiﬁz FOWHDAPIGL TWBZ EBh 5

) a VRBRDIGED, —REeRIBET N4 A TH S CCD tt DEDIZEIDE
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F =
aerm Ty, G0 B
-

100mV

0 40 pixel
(¢)

X 2.6: >V aAVEDHT. (a) FEBFNENEE (Virn=1.0V) O HHEE, (b)
BEEDPENGE (Virse=0.65V) DHITEIR, (c) BEFFHEDKFEL S 1 > DOISERIE.
AZERDRIRNGE, BZETFIRNEE.

HEL 72 [30]. BFEDOENBHTIZEWT, AMOE %A > THAD SBWETR
5L, CCDAXATROY ) avy@ETRZ. K2.8(a)ld CCD A XS DHABEETH
5. MBEIHERHNZOS ) 2V fEEFAREICETEE L TH S, MmUOIEICRS &
N ANYOEDOERFR ST, TREAMOEE DBERANIEFIZEFILIZL < E>TW
. THNIZXLT, (b)iZmliz>) avy@EDHNEG (FteE) Tk, &R
ENVIDEE DFERITIF->ZVEXATE S, ZE, ) 3V HEEOMYRHRIZ X
D, AR5 OBNBIIZ LV AEL -EBRLEICh- 20X 0ARNRF v VL E
NEEDTHDHEEZOND. ZOXDREBETAEN > ) a2 FEEZ X0 REE [
FHZITON S Z LT, AP SEEA - TL 2540ENEGIZ, BERAgIC QL
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(a) (b)

X 2.7 V) ary@EOH. (a) FFitEilE, (b) —@8MIRE.

X 2.8: CCD &) a VBEDISEDHE. (a)CCD A7 XZ D H M, (b)) 3
> MBRE D Hi S Eifg.

TWAZ 72 > THREDAE Y 27 LIZESNS. ZOZ i3, ERETCHIET 26HE
VAT LZE S TRIERWENTSH 5.

RETIE, FTEBZEZALERET NA ZDBRELERDT 4 2 7 )V EGAE Y |,
BL e 57z, Fz, EEEHFIRRET N4 ZOFTOEICHEL EA TV S
Rzl /-7 F o E£EEEK, > 3ROV TR BRI, BE
W DERTAWF Yy 7HREINTWS, KFETIE, KETHRZV ) 304
A W5,
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F3E Yl aUEIEoORy fET T
oADIEH

TFurs YY) aVEETERRELMETH - - EFEHDOIE S > E IR 3
ENY — ) A XEFMET HRBEMC LD, BVHEIBELERL -2 a2 #9E
BRFEENT 20 AETIE, ZO&5RERBHRREET N4 2D B Ak EiFd
57012, EBRIZORYy bEY a2 U TUSHL 2RARIZOWVWTHHRR S,

3.1 S RTFTLERK

T, Ry PIORy MZfREIN X5 BEBHHOLR v b OBIRISBRAIZST
PNTns. AHERIUBRETHEMNIZTETE 20Xy NI, $BRFTETAE L
ERIRETILIEEZIOND. ZDXSTBEBEHIR Y M M RIBEHREERD ANS
THODHE SRy NV avid, EESEERMNTHS. BEOBEHF A — 2,
FERATEZ2ENREONTVWSORy MEHEANZ2 0Ky FEY 3 iz LTI,
T 4 VY IVETERE W EBAEY 27 A8 EWARLID L, kO LSk
RENERIN .

1. a7 b OEBEEEION—F 77
2. BHAZHDOEAALS / A XI2XT 502 MM
3. ERfEE

AREHRE D a v F oy PR FESICINHOLEELERTF AL ZTHD, aRy
PEY a Y \OERAIRLIAG SN ZIEADTFOVEDTHS. $FETIZL, Hrlk
FoTHRFEEN, TOI VNI P&, KEEES), TN REGAEE 25
REENPLT, Ny -8 (22, 23, 24], NEOBEOR v b DFIFH 25, 27, 85, 29]
RY =7y bbb TyFR VT [80] 2 ANDIEASREENTER. ZNHOFIE,
DRHEDE D7, HOBEDEEIZBLLI-EY arvFyTLhb. ZDLS5kEFy
T3, FOBEOEGAERELSEC, MM ENBENTEHTELL VW SER
DBHBH, TORE METEZHBEHRVBEEIN TR 05, BHOIELHIE
END. —7, H5DEHFAEIC AL THEIZ 12 3 EERTABEOBIESY F - 7-
YarFy T, BENLISHIZEEL TIBAT 0Bl LETH 558, Ak S
W Fo, BIAEATTIZET L TS0, BROMBEBDARMIAS BRS
ns.
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ZITE, THOasy ) oy BB X 5B ERHEMEIZNA T, e ORI
RTE XA - 572012, EHERORENEGITAEEEZ D -2 V3
VR, Tus ST MIT 4T 7 )VERRE RITE 5 FPGA(Field Programmable
Gate Array) & ZHAEDLEIHAES A7 L& BEL, ZTOHOEEEEZER 7.

K312, YVarfEEy FPGAIZXOBRL-aRy FEY a vy X7 LDEK
ZRT[31]. AWz U 3 201, SMEREMERIRBET VICESWTHREE
Nz TRY ) a Vv BETH S, Z0F v i3, FEMROFEREEE L —atEis
BIZHIEL 22 DBEE—F 23D, FtEIGET— N Tid, BEBIZRL TREL
DHERRFA L V- - EERATEEY EGTT S, £z, —@EEEE—-NTE, 7L—4
Bz &0, BRI BREDOEML D > -EXEHET 2D T, B ML
THDIZENTVS. ITNHOEGRITEL, BAEGE K S BSOS 27 LIZE
WTRERAIRBAETH D, Hr Bz BWTHEL 2B THS. Inxv ) a
VIBENERTRETER 328 T, BREBEOMEEBRDEAMERE B TE 5.

vy avEEOH I, ADEIN%, FPGAIZESNS. FPGATIX, V)
O R T AHIES A2 ART 2 L LiZ, V) avBETHMEINZT
o2/ gz R L T, FTEDY X 212G C T 4« DY VEREE KT, FPGA &AL
TEBEISADEODFBEIZE LT 4 DY NVEEREEHRTHZ T, Y a s/ fHE
HOEB DT AR L BRI FHEEETL. BEERANINSITE AL B < ERRHT
EfRAEETHZENTES.

K 3.2i23 ) 2 BEY FPGA 2 A GHLETEKL 2> X7 LDNEERT. &
Vo L, LY R r b ENTz 8em(H) x6em (L) x5em(D) D7)V IBD 5 X
SHhy 7 2IZPDENT WS, FPGA ZERDKZ IIE, 20emx20ecm THSH. TI T
R 72 FPGA ZERIZIE R 2 22 A A EEAS TN TV B0, BEABERE L Td Vo
VB AD BHAIC, FPGADATH YD, AT Mgl A7 LHEKE s> T 5.
BEENIYV AT LB TIWEETHS. RIETHERLHIZ, HE—BKIIZH
WHENTWS CCD A A=Y rHE PCIE A GHE-EEBAEY X7 LTI,
CCD 5 DHNEEERMET S5 < A/DEBRL, BRI oty Az
T 79, FEFICHEDHRIAE N, ZoHOHAAEIRELLOD, EHEBET,
2 2T LI OARBRYZIEE L TW5. AL X7 Ll%, ERHEGRL
HAEHTZIIHZ0, FEEOSVEGRATE Y WA 7 > 07 B TR ETL,
FDHBOL EVWVEAEDHE, AV vV sARD e WLER BB D FPGA
TFDZ LT, MBENEABWICHZ -BEEGAENTES. Z0kd, HEE

ZERBE B LOESHMES HIIREED S X7 2121385000, ERENEE K
Bizav NI MY 2T LR TERTELE WS RUZENWT, FAMEN SO,

3.2 Ef#FHOmE

) a VRN, RRZERIARTAEIZ X0, BEREMERAT S ZoiuEIN
7-EEIZ 0L T FPGA THELAEAMZ 22 2T, BHREOBEEMETZZ 0
TZ 5.
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512Kx8

SRAM 'SW

output of @ @

silicon retina

A

g t27 — FPGA
% control signals |
Silicon Retina 3 JVL<::%%§5%133>

OSC\ ‘OSC’ D/A analog output
14.318MHz 40MHz

FPGA Board

X 3.1: >V a e FPGAEZHW-O0R Yy hED 3 v 27 LADHK.

X 3.2: >V arsfgiEE FPGAR2HW-akry hEY 3> 257 D5

) aVHROFEISEE, ST T —H 7 RO K R Fo.
FTIUT=HIIT T 4L, BERIZH L CTERLE iElsaiE s BRI 17O
HILE 7 L7 & LTHIBN, ZOETNCHL T OERELRTO Z & T, iRERiE
Bt TE % [14). K3.3()iZFicxtd 52 ) a v BROFRESETHSD. 20
BRIZRTL T, YOIz K0t L ZmiEgs (b) 03T MiEn-to
LERDBHTRENTVSDY, FOMRBPEIIHETETWLZ AN 5,

7z, V) avEEO—aEICE T, RKECEEEOZD B > -EENED
SWTAICINET S, ZOHEINIKL TEBERL-%, H5BELD LRSS

ZFROBERDAERE T HMEAER TS5 8T, BWEERET 22N TE 3,
X3.3(c) &, FIEL =MEDRETEY v H—R—LHBER > TNWBEY—2 %) a4
FETRZIZ2LDTH D, D= 2T 52 ) a v fEO—&MEE EgRE F3Eo
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LOIHREAEL 72#EFR0 (d) THS. REULLOBERZETRL TWDH, #WT
WER—ILVDEBEDAEHETETCWDLZ LT 5.

X5z, FHEEICEIIHT 2¥ o ER SRS —BEISEIZ XY 5 REAEER
HHAEGHLE DT, BMEOYORERIBIT 2EFTREARETES (14 K
AR TEORARDNNY — VBBV TWEEE, ZDONNY—-2Davy b T ZAMD
MXEEHAMIZED, A B, C,DDADDEBBITHTDZENTES. A, Big, /¢
F§—2DAVISAMREWZHETH DD, EFHEITEILIZERETHS. Fi-,
C, DR LICEFHAMIAEBETH DM, EWVWZaV I AR HEDOBETHS. Z
DEHay b A MOEMECEETTIZ, EFARERETE RTNIE RSV,
FZBEIZOWT, VY aryfEOFE M —BEInEE Rl TWDH, T I T, #c
HWIREN S uRERIIBIT 2EZO/FSE, E-—EBEICENSZDINEDRFS %
ITNENHRET S, NSO/ SEHLAGHLEHIET, CuRXERDET Rz —
BIRETES. Ko koiz, EE#AEE, YoRXERIBT 2FREICEDEZD
He e —BEEEOFERE U BRI ERE, FLEFEPEWVIZERR BT ER
ETHDLIENSDDE. ZOTAT Y X L% ) 3B FPGA & AVTETT
L, FPGA CIRIEFICEREILHEST O T, ERETRATAER) T HN
BRHETE 2729, oRy bEYav e LU CGGERIZEDTH S, K35 12 EF AR
DFERERT. () 13> ) 3V BEOFFESS, (b) F—@EEETHS. (c)idK
SEAEOEES A EAREERTH S, EREZICBET IERNE, ARSICBET HHE
ERETREINTVWS., B EELXLOENTHHICLEDLST, EEREH AW
DEREIZBNWT, TOEBFRPBEHTETWARI &N 5.

3.3 FEEMAT 17 BH

Y ORZERHIZ L OB L 2@RES, RELAERIZ XKL -BZoREE V-
e iz EHiz oW T 2ERR EINZEGE AW Z & T, BEgREEIZhz 2 KB
A EABRICETTES., Zof LT, READY -7y bOFLEAT 4TV
(o) %RV TEREL - [33].

A7 4T ERAWZROMDREOT7LVT ) X 2%K3.612R7.

ZITE ZEOBEEN I THLIEEREZH, "0"THHIEEEIKETRL TWHD.
IDED R ELEBROERE (z,y) 2B 2EERER F(z,y) £ H5<. ZDF(r,y) %
x#f, yENZZNZENEHET 22T, BREDZERESHOE X 27T 4 Hy(x), Hy(y)
EBDLRIZ, FNFNDEANTSLPE AT 4 7 V2 SUEERET. RPTE, v
HIZOWTDE AN T LDV, BRI 252D TAT 47 /E13THY, %
NEELEBEN y, & L THREEN TV, xlliZ 20 TOE RN S ATOHRERICL
T, 2. 2BET 5. ZINE5DRE (2., y.) ERBAOHEOFLE L. AF 4T
ERAWTHRHEENTZY =7 v R LER36ICEVBORZEE L TRLEZ. BLEo#:
fEIZ X OB L 72900 (20, 9.) 1, IRDEKDIZKT Z N TES,
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(c) (d)

X 3.3: @) oy #EREEDEGIZT 2 _ELAE. > ) a VRO FICHT BINE
(a) EZNIZHT DL ORZEREERE (b). () DY —IZBVWTY ) a vy #ED—&
PEICEIZ N L CRIEAER A 1T - 7245 R (d).

A motion direction B C D )
sasssanseeiiien SRR R R

SE
—— @ e N
zero-crossing

- ’\/ pixel pixel \/ pixel
\_/ pixel pixel pixel \_/ pixel

X 3.4: BEIT 2ERNY —VIZHT 52 ) 3 U RBEOFHM RO —@tin .

pixel

Sustained type
response

Transient type
response
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(b)

(c)

X 3.5: HEGABRH. (a) > ) 2 Y BEDOFHEMEICE, (b) —@MWISE. (o) EBTM
BRHAER. EREICBET2EHREZH, AAZICBHTH5EIXERTRL TV

i) < s/2.< 3 ) 3.1)
< 5/2< 5,00 32)
ZZC,
S=X ¥ Flay (3.3)
He) = 5 Fiay (3.4
HN0=§F@w) (3.5)

ZDAT 47 v EAWEFOEEE, ERROXNS L5 L0, MEE HED
ATEHTE D2, FPGAEZRAWTT + V¥ IIVERRIZ X0 EETIEAIZL, FFEE
IR CERTE 5. F/2, FEICHEHOBHEREZEHT, MEEN 28 E T
AN T LDEERN O THREWIEIZRD. ZDED, A7 17 &2 RAW-FOBHE
I KK HWON2ELE WS HEIZERT, ¥—7 v b 6@ BENT-5
FZ®H % / A ZRNEBDOFBERZIHIZW, EWHEEERD (32 360D _#E
fEEBRIZHENT, EFEIZ /A XD XS/ @8N H 250, REINTWSHL
X, ZOEXD /A XDEERITIEAEZITTCNERL., ESCHEESD /A KM
Dolze LTh, AT 4T ULV EET 72T, RHENZFOEEIIZFEAY
BACLIZNZ e D, ZDZ N, —HRINZ / A XEMEE x> E
BETOEBAUEIZHEL TWbEEx56n5.
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18 200 21 22

23 24

3.6: X7 47 UBRHEDOT VT ) X 4,

ZO7 NI Y X L% FPGA(Xilinx XCV150) iIZEEL 72354, FOREBIZH, D
BlidB LT 4us TH Y, ) a ML S OBEREIGET & I3F RNz ERE TG
DRETESE WV .

(] a)
'Y

4 frames (133.2msec) = |

X 3.7: ERfE AT « 7 UBREBOFER. > ) o v BEDO ZRBERZ 33ms.

) aVvEEE FPGA Z#HIWEEEY X7 412, AT 4 7 v E AW E
AEFEEL, EREITY T v b b SvxF o052 T57- BEOENRHETT. Ko
ETHY =R =V EER L. ZOEEDI ST vF U I7DERE1 7L —LT LI
ETF Ao B EGRY, K3.7I2RT. &)/ fBET—aESEDEEE—F
L, BREAEIZ LD _EbEfT-72. BO+EOREDR, £7 L —LTHREINT
7 =7 v bOFLERL TWD. HIEBIZ 133ms(4 7 L — L) BEITRL TH B,
EBEDHIE 33.3ms T EIZBEENTWA, EHEA Fh 5 £ FIZED - TEL - TV
SHAR=NLDOFLE, EDT7L—LTLHRETETCWAIENDND.
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3.8: N2, FIMEWEHZ - AT721=y b DHEL

active camera

(a) (b)

X 3.9: 220D AXSHEHANY =7 v b b TvFRUT (222000 ASDEE, (b)
TITF 47 HASOT) 3 BEDH

1 OD A XSHAWEZERTIE, FSvF I TELDREHFAOYEDKRTH D,
HEOVRNEHAEIN—FTBLETERD. HCEFEEL LT, GFOZ2[EY
YTV IR, WEROFEME TS k-T L E D, BWEE -1
T SYEDFMOLIRZ 57-DDEE I HIEL, W ATE2OANVWSEIETHD. %
IT, 2O ASHRWZY =T v bhbIvF 0057572 A ASD 12T, A
WHREFZ RS ZBED A ZTH Y, BRBDERD X 5127 DHREADEED H.0AL
BEERETHRETS. 151208451, Ny, FLIEEERE -7 75747
ANATTHY, TOHRFIEIOORSFEINTWS. K38IZT 27T 47 HXS5DH
Blrrd. N, FLAMNHEIZNENDCH —HRE—ZIZL0iTbN 5. EEH X
FIZEDE 7L =T IZBHEENZY =7 v b OFLEEEZ, Ny, FLh2ZY
FDE—YEREHTLHEESICEREINTER TI2T 1T HASTDODREE—FIZEDS
N3 ZOBEELEIZ, TIT4TAASONY, FLbZZy MIEIZY—7 v
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FRREFICAD LDIZ A XS EENT

X3.9(a)iZ, 22DAAZ BN~ v N NSy F S DOERRIESRT. K
DET, ABPRBTR-LEGERLTWVS., F—7 LD RZBINTZEIESD XS51213,
A =D ED SEHEEETRI 5N BIFE DIREAEREE- 72 L > THED £t
5NTWD. BEEAXATIZII Y P ENZY ) a VAT —EMISET— N TEfE
L, TOHIZZITE S FPCGAZEWTWAR—LDFLEBRETS. £71 —A
TEIEBRHEENTZR - LVOFOEER, E—Y4HESICERIN, 72547 H X
TONY, FIb2Zy MIZESND. K39D)IZ, TIZF 4T HATIZIII M
Nz ) avyEEOEIEGART. 202 3 s BETESEEISET—F TEEL
TW5. BIEA XS DORBFOREFATER 2 RBFNZR—LBREHN TV BR, FNEND
T —LIZEVWTRIVEHEAICRZ SN TWAZ RS0 5. 20 LDz, #x
B2 EFIZRBFMIRESEI DI LT, E6IZZ0WERIZTL TEEL W%
fI5Z L LAETH 5.

RETE, VIV BEE FPGAZAWEZORY FEY a vy 27 AIZ DWW Tk
Nz 2 3 VB X AERETOEGHIAES, a0 STV ET 4 IOINT
NARATHDFPGA DEHMUEEHAGHLE DI LT, Hrxky 2712 H8HAT 2L
7§§ﬂ‘ﬁgt VAW AR
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F4E —REARHOFEHRLE

) avfEEE, FPGA DX D RBEBOMBEERL HAGHEHZ LT, kv b
B ayve UTUSHTTRER BRI ETHRNEA TWS., LarLad s, REDME
EETETT ZEGNET, EARIZZIERAVWON TEEERAET LT ) LT
H5 LOBEREEEROESSHERESERT H7-0121F, AEICEE ST KNG
HHICETHEZAT Z2ULERDH S, AETIR, —KRAEETFOBRUEIZ DV THENRS.

4.1 IBERHS —REBEFDFXEE

METAEIN-HEBRE, GEErdE-> THRANEEBN . ZOMFE, S+
BADRIIE, KELFTT FESSIMIBERGE->—KARE, MAE->LEEK
Wiz WA, D2 ODRNDH DI ENHSN TN S [34, 35 RIEITRERERE
I, fEEOFOLETE LA -RARENROBHEECEETCHL 20O TS,
BEIHEREARE N, BREESHIELS b2 WbnTWS, ARORE
REehEBERT 520101, ZOXDRWFIREERRIZERT 2 BEXH DN, K
BTk, EELZMEE EICHE SNG40 82 e LT, fREROE
DERBETHLIEREREEZ D,

4112, EHREERCBOTHEED S BRI 2 2 EROEAR 2 ~Y. 5
RONERIET, BEROEICD M (Retina) TEAINS. ML, BRI 2.26
TRz &I, REEEBRESIERTI0ATERL, HI2EREOERENEZ
Tol-EREHIE L TEOHET. HEEDHINIBRMRE (Optic nerve) @Y, 7
SMEIBSIRE (Lateral geniculate nucleus) N& xS S, SMARRAIE, FEARIZIINE
B OB ERE GET 27200 FHFTEEZSN D, RATIE, SHIEREGR
Bz ER%E T 27700 Tl BHRUBEICEENIZ R - TWa LT 5HELH 50
[37], AETIEED D, SABEREC BT 2BHRAEIZRL 2. AR
0o OERIE, —REEE (Primary visual cortex) IZ AJIT 5. —KEREIEZAD
DENLEREIN, FBEMECHREOEEDIZ», AHNBERPEEDETDL
Bisd, ZOFTHRABRGL)SDESIEZEANT2ORNETHS. WEDHT
RECZZEANEATIEN, ZORTKEARINEEON S, —RKAEFOBEH®
BPIZIZZEN LIS QMRS DD L 0h > TS,

—KREFOMAD, JEREIZ T 2RSS & BRI & IR & 1 5
M % (38 HidBMIECHUBICFEL, AMIBERE»SDESEZITES.
Z DEMBMRIZ DWW TIRRETTHL <%, AL, BEMRNRE,SOA
NEZTERAZ/ZEe, AE, ABICEEL TWa.
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Lateral
geniculate
nucleus

visual cortex

4.1: R & —RER I AL T 255 R,

D& D BRI OB OMINIZNTN, SEFLHINA2RTHNOH AR
SNI7ZFHANONHIBIZH L TOAKIGT 5. K4.217, FHALOHIEDZ2EZ 755
BEOBEANERT. Ao, HMEEMREMES LU SMIERARR, —REE TS
MR, — R RO EMS AT TH 5. IR TEOIZ, SAFDZ:
B E X BB OMA T LI B> T 5, BIZIE, 8E I 7 5 ek
MRS D ML, SEBPLE FITINEDBHSH R - 1= — B0
FRIOZEHEL D, 2, SETOFLOMBIZH T, FOE _EADKH]
BUZRL TR, FREAOEHBIZH L TR AICIEET A WS 2 e 2 BHL
TW5, —KREEFOBMAMIIE BHUMARLZINENVIEOZAI G- T
W5, BiAigE, H5HMICE S BOT-ROEZSER 2L > THED, F0OFH
DLDFERIBUZ AL TELIEET 5. Z DBEMTIROZRFIZ DWW TUIKRETTEEL <
AR5, MRS, HEAWSEETFE2L > TW5EH, ZofilaxKsEHE 57
OIZIE, HEIBFEDFNEL >T2NY = TZOZERE2FBL i3 755 720,
ERBRERTIE, ZOIOBIEHE2L ML RELEORLTIET, SELE
REHRE W BEREFCMET 2R TE S, 22 TCEERZ R, FNFh
DA NI FEL TWHDTIE 4K, BBHEEEEZL - TVAE WS TH
5. DFD, HHUHROZEFIEMAMEOZN 2 HAGDETESN, B
MRDZHFISMIBER AR ZER 2 A E5OETESNS. LBBA, FlL
ADPSDATILHDZ L +EZ N DD, EHAMIZIE, 20L& EEESC X
D, MIRTZEINT-HEBRICL TR2CBELBEROLEN TON TV &2
5h 5.

AT, 20X D> HRENLERUBORNCERL, #8E» S MR EE
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U CEMAIREIC £ 5 £ TOBRLE % MEAD S I A BT TRKT 5.

y {(deg)

x (deg) x {deg) x (deg)
Retina / LGN V1 (Simple Cell) V1 (Complex Cell)

X 4.2: RSO MIIDZERZ AT DG,

4.2 EBEHIEPROZEE

—RBEFOFTT, AQERAED S EEZATIEZT 503 UE D BitEHiaT
5. BHAMEEZ, Hubel & Wiesel IZ XD FEREEINTZ[38]. Z D EAEHHRED 2]
ZAFEOBIE, M420b)IXRLIZEBVTHDY, ZORPLLTFHTEDLL
1z, BRI EARZUTO 3 >OEEE FH

1. AV bRLy VDL IBREFRDINY — 2 & L DRI L TELINET 5.
2. ZTDEFRD NN — 2D, RENTHIBEDFMEFHFOBEDKRILET 5.
3. ZEHIZ AL, on Y7 HEIRE off U T EEN SR IN 5.

2FBIZRL AR, AALEIRMEE IR, 0k S EMTMRARD L INE
T 5 LKy - DANMNEFEFCE WA HALERKE, BEORROFL
ISR 55 & F oMM MR A TIE Ron g, BRI W T
HTEN S, BHEMIRCIBENT, E0X5 AN XLTIOHENREL 5080
S RIEE, BT A5 —REEETORKERMEBRENE O X5 R HEHATE
BENDIDI%EEX2 D L TROTCEETH .

B R - - ERROICHIE Y — TRENZRIBL -2 212, HDH0ED
O BRI S [ 5 A DISENELN ZHEN Z OMBEOZEFTH 208, Z0&K
B F - - EAARD I EHBN Y — EZETOFTRBEI T &, JEHIED on
BHZISET 255 (on Y7 HHIK) &, off BRHZIEET 2y (off Y7 #HIK) &HH 5.
INMA3FJ/BEICRLEMETH S, —KREREFIZK, 0L REAMEELREDE
FRIMRRAS, B2 BBREAM, KEZIZODVWTHFEL TV ERDMA->TND

F-RLOWZRIC JE, BAMEOY 1 I 7 2L RRHERUEIZE L THREE
HEBERRNHHDOTIREVhAEESONTWS, InaEETE, 22 TRL 2™
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HISZEEREIZT T, WERN R ER#HERE% 52 £ T, BMAMIROIGE
FtEaRT ZENTED (36,39, T &A, EBBHICED 2 EMERME [41] %
BT DEBIC > TV D EWSEFOLH 52, KT TIIEHIZ — R R E I D 2ze
RIZEHOMREREGIZEBL TW50DT, MBI Z2RINEMEIC 1% £ - TR
ZHEDH TN L.
B D22 AEFOIRIE, Gabor BABIZ X VR TE 5 Z L2350 > T
% [42, 43]. Gabor BHUIZ, RD L D12 Gauss B E [E5&E DB TERHEEN 5.
x?
glz) = emp(—ﬁ)cos(i)ﬂf:l: — @) (4.1)
[, o R ENTNZEHEAWEE, (MHEEERT. ERFEOEMAE ¢ =r/2D& 23 sin
BIBAIZ 72D, INZE oddBIEIFER. F/2 0 =0D& Fid cos BIFAIZ 2D, even Y
WS, Gabor BAEE ZIRJTiZIRgR T UL,

2 +y? .
glx) = emp(—?)cos(wa(mcosﬂ + ysinf) — @) (4.2)

£ls5. 013760%FKT. K4.3(a),(b) 2. ZNZE1 even B, odd Bl — kT Gabor
Bz RY. IN56DOBRIFENENHEAA: even B odd Bl BRI D Z 5
FRE K<BTW 5.

(a) (b)

4.3: kot Gabor 4%, (a)even A, (b)odd .

Z @ Gabor B, TAHERAE 7 Ly & L TCLHEDENHENTEY, Ty
TR T 7 AF v —#HT, Gabor BARID MM ZEIZ IS WA, BE# s SR e 22
I D Gabor BAREWSNZ A > F ) A2 b U=Fitdh v N O—27cy, KEx
IICHDPWIZEENTE [44). F/o, BB 57 2 —7 L v b B, EHig
RGBT 2 IPEGOT7 VT Y T LE, —REEFOFTHE sl 6, kXX,
7B Z £ - - BTV RS A0 AEEIN 2 Z L THEEDEBREZRBL TW5 2
EIZESUTWD [45]. 2D LD &b, B EES A #EE2 Y o
ZEBRERE L TEBT 528138, TANSHOMIED S L EE L Bk Ho.
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4.3 ZFEHOBKETIL

ATTEERIZ A U ThE 2 e B 2 T O Mla FET 2 — KRR RF O LMD ISE
Bt s ZTOMEERWRETT 22 i, MBI 2R0EBRLUEOT VI ) X LE5EZ
5 ECIFFIZEWRED. TNE2EREKY X7 L8 LTERTEECE, Z0LD
T B R O MIRMIE AN D & O e R RIS K> TERENTWHDh e N
N—FR Y 7OMELE-EETH 5.

— KRR BB D AR IRME A 5 L 72 Hubel & Wiesel 1%, Z DFALERM%5E
He5-00MREEREFTLVERELE. ZOETALTE, 441237 EDZ, H
OFRO O B ISR RIS AT 2 F o sMABSR O MRED > b, ZDZEFOF.LEH
S53B BEEEDHAIZ AL SHOTNTHRA L EROMIEN, O & >0 Bz 8
EMHDANEEX TS, ASHL TO25MIEREMED IV OFEE & BU G0t
FIEN A ENIZGEZ, BET 2MIBRGEHEN &KL %< 25DT, B
LELILIWET S, ATTTEHHBENNY — > DFUEEZ TWL EINET 5 5MilE
WEMEOEIIE > TV DT, BBMEDINEL /NS <kd. ZDELDIZ, Hif
B SMAE R R MR O K S 7eZ ORIB DMfE) 5 Fim & O fiEsE &% 32 THAL
BIRMEAERTEETNVE, 74 —F7xT7—FEFNVEHHINS.

lateral geniculate cells

simple cell

X 4.4: FALERMER EH T 570 DZFHOMA GO [38].

74—RF 74 7—KEFNEZFTIAEERERLMESNTWSDS, —FT,
CDEFNVTIEHFPRTELWERERLBE <HEIN TS (T LT[34]). Bl
ZE, BEANOINY =2 & RRRZ, EEAE BT 5HMDNY — 2R 5
E, 74—FK7x7—F EFANTIIMRIZKELISET D13 TH S0, EBEDH
PHERZDO LI ERELRSEFIEONTNWI EXHENTWS, INEHHATIHIEZ
FE LT, TEMYAOFEC X0AEL 2GS L0 ALERELREON S L
3% cross-orientation inhibition 28 %75, ZINIZDWTLZHE, FTZFI 2PN T
W3, FEOATE, —REEFMROAMNF 2 —Z 7 3RERICELT 280D
WELDHD [40), FALEREDZK A = X LFBEMTII HE L HTH S,

—KBARFADANIPLZDOHRLTOESOHENE RD L, SERENS D AT
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PAMZ L& DM REREER 2. BIZE, —REEFNTOBRI% &85
EOMEFLSCE—DBAOASEE, ISR ETROBREEISDT «—F
Ny 7RBEL—RERFIZA-TW5., RATIE, BMAMAED FRREZ, —h
S5O/EERVT, HENDDH B HMIZ I -> TIEA SRR EMIa» S DAL,
—RERFRNOBREEROIFIMER Y F 7= 212X 0BREN D EEZ SN TV A
[46, 47), BAEB ey b U= XA Z X LR EFFEHES A TIE RV, KFZETIE, &
DFTL, RUEANLSEETHIEEIOND 7 4 —F 74 7—F EFLIZES

T, BRI D ERZ AR BT 5.
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F5E V)IVBENM)I—R
REEP

5.1 {EROHAE

MBIz A SN 5 BT EEE CMOS £ERBEIEHE ML AWV TERETL, BEHEEE
& R BRI CHEBAE Y ETTEIRETNARE L TEEHLZLDEY )3V
MAEAE IR, Mead HIZX2HRADT ) 2 RBEDEAFE [15] LIk, S HETIZHEX 2
FATDF v THMRBINTE (BHHE L T[48,49,57) . Insid, HEED Ay
S5HBEUTOESIZKRINTEZENTES [50).

—_

. SHBRE DR FR RIS & B4R (15, 51, 52, 53, 54, 55, 61]

. FHEEY) R RO E R = B8k [58, 59, 60, 61, 62]

. RO RIS & —BEIGED 2 OB R & B [20, 63
. RO TS % RE (64, 65)]

[\V)

w

W~

BATIE, BIEELRRETERELEIT 27001, —KkERFOMEIZ Roh
DINEHEEERT 57 v TORBNMMTHON TS, HIETHENLDIZ, —KRER
TR TII R 2 S EdhEEA SN 208, BAIR R E L TZHT 5N 500 JTALE
R:T3H 5. Etienne-Cummings HiF, Laplacian Z=° Sobel ®ID h —x V&2 HEL,
BELZEGIZGL TINGDA—VERWZa YR )2 -2 a v &2FRTLF v
TEBARL., BEAMNOL Y DEBREL (66, 67]. ZDF v T HEREOZEHR
BExFFON, FTREAERT + DY VEBAEDOENERL TH O ZBEFORESH
FREZN 5. Raffo 5i, EHEEMZ LD Gabor MOSZET A RHE T 5F v /% B
FL 7z [68]. Shilk, &~ > 2av¥ 752 AHEEEE HARED - EEMIC
&£, even ”IKRU odd B D Gabor BIZEF* 4 KT 5 F v F&2BFEL 72 [69, 70, T1].
Cauwenburgh 5, AHEFROBEREACHNT, 3HMLEN TN DRI T ZTT
SF v TEBRELEZ([2. INS5DF v FE7 F ol MBI & 0 AFALERM S EE
LTWB R THEHIREWY, B—F v 7 L THEERAELERL L5 &9 572012220
FREBENMES 2> T3,

AR T N A 2ZOBRIZHENT, IDSELRART L OELEHL X
S L-5E BEADSHEEFETOLEDRIBBORKEIRELL LS. InzR
SNYAXDE—DF v 7 EIZHBAL L5858, BEBROEE/ERNT 57
DIZPHDERLFEL PWYREZEHNTET, ZHBREITES KD LirLES5
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KEROBEBERZ 5> 27 LZT B72D121F, HAREDZIBEGESTERET 2 0E
BHD, —BRIZ, T7UF v TERTIE, SVEREIRGE Y S i B % B
KHI DIV REZ 2D, ZDLS BB T BXEOD 22 LT, EKEs
B\HOF v FIZHTTERTEILFF o FERENRD L. AHEHERAEETLFF v
TURTFLIZBVTUE, ENEFNSBOBERER (2 —0y) 2E£EL-Fv 7D
BT, BEEEREEXL RITE RS, F7-, B2 BT 288 BRI S
TERITNE RS0,

DX D BAERBEHREE Y 27 DTN FF v FERD-DDARIZONT, S
ETIZLE DR e SN TEZ[73, 74, 75). 22D F v I CEBIER S 55T
DI-DDRL EENRERTRL, EVFAF Yy TOREEE, ZFFEROMET S
BRE % 161 TEICERLTLESI 2L TH D, ZOHER, 5280085
BIEERETE 208, BEMNIZE, £BEIROAHIY Y ROFIRIZ LD 0 & >0
Fy THOERK (Z2—0y) FIFRENS. ZDZens, MO 2—orpy
5 5ABETULIEEIZEZDF v FANEY 10, BHEMZHFETIZ .

VEDDF v 7 LIZEVEEDLELOHMD = 2 — 0 v 2 EBT 2881713, B
HCHEEZERET DI85, Z0BE, RUBHELFET, —EORMERS »
CIEFZEDFRAF » 7OEZ 2 —ar Ol H%, ZIFFAFy TOBED= 2 —O
JIZEFL T ZETHS. BOFAEZITIFRELE, Zu—NLrsay 7ES%
MWL DRI OEHIEE 2 ERAMBEE kb, ZOHETIE, £o2—0Y
DHEDF—ERBZ LIZH U N EN B0, ICEOBEFHFRERET DN S, $7-
BEROESOER, Tbb7Fal T 4 DI ANIONTLEET 3 LEN S
5. BEOFAlF Y FTOHEEREN T Fu sl L TELN, »OZTFAFy ST
LZDT7 Ful @ FAVTHEERFTI - WEEIZIE, MRTFulZBROF TEEREL
LRABERITHSD. LEL RS T FalER L aEET Bz, /4 XD
2RI, ZOFEEIT Fus/BIEBROE L )T Y A LERET ADT, F 4
DINININADILH ERDIZHERTEETIR VWS WS RESHSENTWS., —F,
TADINARE, THOZESILT AV INMEBALERT 270t AR NEL
BN, S AXTEL, B0 2A0EERZ BRI EEIZTZ 2 WO BEAE-.

CDRIERRITTEDFT, SETIIHREINTELILFF 9T ZIFLDIT
EAER, {22 —0rOINEDEGREM Y BERD /)  XEEELL, JERE
TT A VYA R LD BERERE GRS 2 HEE AIVTE . Bz, (76, 7712
BOTREENZZTF L 24XV b (AER : Address Event Representation) 52003
ETRFEREZ>TNS. FRLIAARY MARTIE, EO0FAFv T LD 20 &
DD a—arPRERK (MONV2ERE) §28, FORAKLIEZa—o EED
BRI AIE (7R L R) 2R FAFy AIEX 52HETHD, £ —0 v DiE
BORESOENT, RKEETREINS. Zhud, BHRE/ L 2F5ITEET 24
THAEOMRELIEMEZ TN S,

K512, 7R LRARY P AR K DBEEOERNRESORNETRT. X0H),
ZFFRENZTNDF v 7 HZ, 3502 2—0ribsLdd Ko —oviddE
PURRICENET 2. XOROZ 2 —0 AL OBRAEE T8 FNFh
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BRFD/SL ZERELTWS. PRLATYI—FIE, FN6DOLZNFEL T
ElZ, FONSNZAERELEZZ2—OYDTF7R LR (I 2H50WE3) NEBH]RT
5. TRLZERE, TAPINMNZRERRE-T, ZTRAFy TI2ESN D, ZTFM
F o TR, TRLAFa—=¥R, FITE-727 N L AZHIET 25RCH D=2 —
OUIZ SNV ZESEED. DEORNIZXY, BOFHFy TDOH 5= 2a—0 Vi
ALV 2, ZFFAlF» 7OXIET A2 —arsAEEbN 5.

Address Address
Encoder Decoder

H Iﬂ " Digital Bus

ﬂ l l — 2 12313 321,2> 2—+|] l \
~—— time

I Iﬂ — 3 3 l” l

X 5.1: AER7ubanlicLbFySElasa=r—ar.

EOFER L FIFFEAEERT 2E 585, BRI EOFAF Y S ED 2 —
OVEEERTELEITOTRELRE, 2F02a—0 M NODOE &ElogN (DA
LIFEI0 BF) bit TEW, 22 UEBE, ZHCix TGEEL 727 N L X3 F
TREENTENE DD EMHERTHIENLETHD, ZOHOESHEMENS.
K 5212, 7R L 2Ly b AR K2EGIZ DN 2 BAWESZE2RT. (a) IR
T, EOFAF v TeZTFAF v T EEENT HE5E, TR LANX (Z
Z T 3bit & L TW3B) &, r(request) MU a(acknowledge) TH 2. rfiE5id, &Y
FMF v TOWZFFEAF v FIZHLTT R L AEROEEEEHNOELE5THD.
aBEiE, ZIFFEMF v IHEOFMAF Yy FIZR LT, BEINLZTN L AERES
BLEZL2HGEDESTHS. D)IKINSDEEREDY A IV ERT. &
DFMNE, HEZa—OVRRAKLIEEEIXRETF L ADHETT 5L, ri55%
b TS ZOrE5E%T, SUFMF Y SETRLINZEDOTF L RITR
JEd Ao 2a—O VISV AEREEA D, ZOZa—0Vid/V2EXTESE, a
E5%IET. ZOBSHZIHTIZEIND L, ZFTFMF vy Fid rf55% Low” L
NVZRT, ZDEHIZ, FFFMHz2—ov RO FMl_2 -0 D" NI F T
A% 77 12k0, L ABEWIMEESN 5.

TDEDIRETRLAARY NERE AW 27 LG O HIE L M R ED b
BEN[78), ZO@BETOLINVEANVEILFF YT AT LD, GETIZHSEL
BIREN TE7/-. Indiveri Hi, /8, FLMEEEL > 2=y MZEO T -—8
PEISE D> U a V8IS winner-take-all & W2 EIREEOEREL FFO>F v FIZ X
D, TI2F 47V a v EBELRLT9. F—amEEE0 ) 3 VBRI
ZIZFLT, 43 /IZEDT R L 2EREFTVEOH EOBERE BEHRRIZEE
ZTCRFFMEF» FIZEDZ & T, Ead 2MEIcx L TERREIZ&EH L 72 [80].
Higgins 1%, 32D F v TOMAEDLEZY AT LEBEL . 0 & >DEDFH
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Sender

do
dl
d2

di
> d2

Receiver

(@

X 5.2: AERIZHIT ANz AF207

F o762 D0FTFMF v FIEREED Z & TWHEH RO LSO R ER
HETY, T, EARICANET 5 2 20@EDFHF» 750 DDOZTFHF
TIZEWMELEDZE THIBRARGIELK 81, 512, —BHSEDS Y o\
EXNTNI0° T DR LFGMOEEERET 22T FMF v 7, TNbOHEI%H
BIDF v TDEH6DDOF v IHOHBKEINDY 27 21240, selfmotion DHE
177 [82].

TRELVZAARY M AREHAWZVFF o A &0, HALERM2EB L -3
L%, Venier 51, "projective field” & HHEN % B 5 HALIZ & < (O 7= flE % £
ZFFRDF Y FEREAREL . BOFMAF v TS50/ REZTFFEMF 7 LD
projective field iIZJKEL, TN ZFHEINIZEST 2 Z & THALRIRMZ I L 72 [83)].
Goldberg 51, =D FHIH 5D/ Z AR U TEHEWMHIME» OFS % ST
THE7T % integrate-and-fire transceiver v 7 ZRMEL, /L ZSAETHEEL /- HEE
ZPCHOE5AT, BEAOWMBEFNTEHZ L %R [84]. Liudid, 161
@ integrate-and-fire — 2 — 0 > &, 18D global inhibitory —2a—0 % 4 > 7 1) X
YhUIERTFMF Y TERAREL 2. —BoREE 2>y ) a v BlEEkoF
fle LTHY, 20405 5MEVEIBRNOBEERN S DAD/IL ZHi7% PICIZ AE
LEETR LAV EAVWTGENEL, SUFHD1EO 2 —avizE-71-. =
D & & global inhibition Z &0 B0E HNIZLD, T4 —F 74+ T7—F K7 41—
NNy ZBFIIZ X DT ALEREER T I 2 L — b L7z [85].

INEDY AT LI, HEDZ 2 —a v [/ 212 X0 EHREREIT-TH
D, MREEFEHED /L 2 KB TERNBED A H Z X LEBFEDLZ LT E B 5T RRE
V. FE7o, TR L ZZEH]T —7 V% EEAAT EPROM ® EEPROM & PIC ¥ 1 2
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Vi B#RWTT R L ABEREEBL TR FHEF v TI2ESLZ T, Fy 71
DR VAR y FRFHRIZEFEIRDLZENTES. 2O, TR ERER
MEOENSDHREET, LF /My 73y PHL TN IEREEEROERAE
HELIal—bTB520D0FRELTHITHAHEEZIONS.

5.2 F7HOYVESICELDdFyvITEMAIA=Sr— 3

é%ﬁﬁ%ﬁﬁw5%ﬁﬂﬁwxﬁ%%zt7~#77%?tbf,ﬁﬁ%<%m
HBNTWAHAERT O AN EBRVFF v 7Y AT LHREENE D0 KIZ
BIL CIREERIN 2. £9, ZoFERIERAL TV AEDFHF v 7 5% FHl
Fo T TERZESZNIVRAZ12ETTHS. EOFAF v 7 LOKBERHIDOKRE
XEFHRTHHEIE, SV AORIEE, H5WVIERKI 2 E —EREFRET L
B LTERENS. o7 Ful/REAOSEREL, BEEBVEZ 513E, -8
FHNTRERFHIREI 24 XY MRS WIEERTT 5. B/ X9 -2 DHREXRNZET
Li51E, 1EBIZELDARY IPBI B EEIHmTH S0, B EREGZRS
TEEREBLIRBAEIZZ AT EIIHS< DI 2 - rBRREKT HREL 5
Zz26Nn5%5. LLIZIOXdRMIZENE, X - THREFLEIZD: 2EBIERE £
THBEBEDF v FIZES>TLESTANT Fus/BROSRELEL, HEVLINTH
%5, &1z, SETIZREIN, oA ZRHEINTE—KREAREFMED BHRAE
EF LTI [41, 86], MIEDZAFII NSV ZEES L -7 Fus/Wsgs L THbn
TWB2D, INGDETNVDOREEEEZN—F 727 TLIab— T 255H5ITE,
N=F I 2 7DREZZT o/ REERAVWSLAVEENTHS D,

KW TiE v YRIOEGERIZ, T os, EHIARC LD F v TR EREE
ZiTo7=. EOMAF Y TORBEEOHR NI T Ful/FHROF F 1 BEDT >EKRAIIZ
FAHEN, BERIZZTEF Yy TORMET 2EERICELNS. ZOFEZLD, &ED
i+ 7OHANEGEE T F O/ BROFEZIHEF v 7 EIEBEETHZ R TE 5.
ZO7FulEgEER, AVFFy ST rasy ) arsfEr XS AETH S
87).

5312, 7FOlZBEBREEE{TOIILFFvITRATLOT Oy JKERT. 2
CTREVFMAF LT, HEBREZITWMB=DD7 5 M A —F EKEED
SR ) a Vv BEREEL TV, ) aryBEOE Y IR EE DR
BEFE L TUALAWVWSN TS APS(Active Pixel Sensor) # W52 &3 TE 5.
APSIE, KERHEITF A V52 B5-DIZ—EREERNLZEET S, Y7LV EDNE
VHTHB ZOHRDNe Y EFEOV ) aVEEEEDFMAIFy T L THWS
BeE HhEGII —ERERRES S ICY Yy AL ENZ1 7 L - L4008 RS L TES
N30T, ZhEFEARTZITIFAF Y TICEDZ T ERFBEIZHREFETH 5.
EERIZAFZE THAV Kameda 5D J a Y fEDO YL L, ZoAREHNTH
%[20]. ¥ avEENSDHEINET Fu/BREOEXNTELN, BE, KFEHED
I ML R EAVWT—EEST DIEIZFAHIN 5.

ZFFAlF v 7 OEBFHR AR, ANHEE, KFET7 LI IR, TN
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PD | X Scanner (Output) I
I I | ] [
BR==n ===
— (1.1 1 @1 H 31) 4,1) (5,1)
1 1 1 1 1
o O O O
2102 1. @2 1 682 [ 42 H 62
Sender Chip =1 T = T - T
(Silicon Retina) e O O 3 0
GE) 11 (1.3) 1 23) N 3.3 [ .3 (5,3)
8 : ) | : 1 } | | : L : |
S I (o N | o R | o O o I
—t f = = -
] | O O O :5(1,1)5(1,2)5 (.3 (1,4)5(1,5)5(2,1)5 @22)F oun
— | L i ) | ] ; : ; F ] : ; :
\v4
Y >
[ X Scanner (Output) I time
| i l ‘ [ —
(1) [ @1 3.1 4.1 [ 61
e
2 {12 [Hea e e 162 [T
fQ:. 1 - I I3 N H 11 L 11 | LI %
. . 8 ‘ ll L - H 1 1 L L.l l T‘T :—:
ReceiverChip | 11 ] 1 (1.3 [ @3 [{@a [ @y [ 63 [ T2
t| e | |8
g L L LT LLI>
> ] ] ]
i e s § Sy
[ 11 \n_ xu—— Ill“ I | -
— I L ‘\ i . I . - il
Y | X Scanner (Input) I

5.3: YV aVk GEVFMF v ) ERFFAF»y AL 0ERIN-TILF
F o T AT LA,

EDFEQF Y TORNAEER, KFE7 LY XY IZEAL CEIfET 22T, >V
VIR EDD HEEDEIVGAEENTWBME, ZTFEAOF v L ORGT A
EDRF T AN/ —FIZEHEIND. INEREBERIIODVWTKRRZEBOETZET
EVFRITH L) aVBEOENIEGREZDFEFZTFHF Y 7 LIETT 5.
CRTFAF Y S ETCREFEEN-EBRIIL T, EENETL-EELD DWW H
N7 VP27 ERACTEROZGEAHHL 203D, ZZRNEF B fThn 5.

X 5412, 7FOrEEHEOSY A IV I Fr—NERT. )3 HETIX, APS
ROt YT, H5—EREOERHIER (INEER/IFHEER) 12171 —
LT DEEERY Y TN EN5 & FEHCEREC AERET L, TOHRIRFAEEN
5. T, iBHOZ7L—4TR, i—1FEEBD 7L —LICBIT2ERBICL-TES
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i th frame

PR . U PR

Silicon e Tace s
Retina Tol2]a] Inan]

B Reddout !
Orientation X 1 X 2 X 3R(L;i.nXN-1X N X X 1 X
Selection : h :
Chip [~ [1]2)s] [nfnY:

L : - Readout :

ey o 11141

X 54: 7FralEEDY £ I VTFv—D.

N-HIDRBERINCGAEEIN 5. ZNEERHZ, SFFRAF Y A3 ) 3 o8
SDOANMEEEMNET DERIZED, ABROT7F Ol EEIZLDS ) a3V #EEISD
H N % SiAALr, EDFAF v 7O NBEELTOENRZT FHEF v TIZEHEX
ni-t&, SFFAlF v 7 LT ZEEEAIRNC BN T T T 500, HDWVIETeAH
LighsEdonsd. WIniZL T, AL, BEHEETTOERICHAEEN
4, HAHLUIIHITHADOY 7 LY 2P LD 1EETDEICFy TN/ — NIz
AN 22 THERIIZIThNn 5. MBOMY 7Y v 7 ottt oER
BEE Too W KD RFE D, ZOEERMZ, BEARESLCC UV VOREIZX > TLER
L9, Ky A7 LTHW-V ) 2y #EOEE, AFOEARHT T 20ms~30ms £
EThd, TFulEgr gy F: A5y 7hHhoDm5mHH LIz 2RO &FHE, Z
NEDLTHHICE NS, BN ZTFMFy THAEFTHESLSN S, FH6FEIIBL
T, RMEVZATFLEBHANVTIDZ L BMHERT 5.

X512, SBREDSZIIFMF v 7T HBESNZ DS HEIIE, 2BEDOXITFMAF v S
OHZFEHIL T3 HDZITFAIF v FADATIHR TON S, 3EEDSZTFHF >
ITHheOBE, kO, ¥ arfE»S 2B B O FAF v S ANDOBEBRIREIZ [
HAL TiThing. 2O X5 HET, ZBORLFF v X7 LEHBET LI EN
TES. B, 0EDDXRYFMF v FTIZFL T D0 D2 FllF v S 2B
DS HHIZIE, BEOY A IV TEZITFRRF Y THOE DOGEE R T I,

5.3 EA[MEg

AT, TLVFFv 7Y R7L5ERT DT s CMOS £EEIKERTT 5
WZH7- 0 AW EAREIRRIZ DWW TR S,
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5.3.1 FFLRIALH Y5 1tEIES
bZ U RIAVEY 7% ZIEWERS (transconductance amplifier)[16] 1& MOSFET(MOS
Field Effect Transistor) & AW AR 7 F o/ EEOV L STH 5. KK TH

fEL ANLERST » T2 BT, BREFCESARNRLZE, 7o/ 655K
SEWHDE IHEAL T 3.

D

P13

Vout Vn

vn Vp— _}_

. -
Vo _l i Vb

(b

Vout
Vp

X 5.5: bS5 RaF oy 2HEbIER

R55(a) Ik T 2ary sy 2BEROEEKERT. ZOHEESE 250
pMOSFET & 3 D@D nMOSFET IZ X DK EN, 2 2D ATV, V, & 1 20HS
Wit Vour 20D, VIZNA T RAEETH S, W)IZbS 2308 75 ABERD
[EfgEC52RY. PSS RAVY Iy MBI AL Vb IS5 —L TR L0
BENTWS,

ZZTEY, nMOSFET OfafiR L A VEBREKRD X HI2FKT.

Iy = IyerVo™ Y (5.1)

12120,V VoidZENEN MOSFET O — b EBAL[V], FLAYER[V], Ik
ONAT ZERM[A] THD. kK IRABMADT - BMOHRTHY, Bt ot
AR KORES, FFEERTIIERIZIIHETEL 0508, 2 I TEBBL TELL T
216l ZNZHWT, bSR30 5 75 ABEERRD 2 DD AT FREOBAE
(Vp = Vo) EETTEIR Ly DBARZRD L HIZRT Z LN TE 3.

Tout = Iitanh 2= "n)

ZIT, LIZKX5.5(a) DI THD nMOSFET 2N 2 BT, /—F V, ZHNT
LB - THEHEN 2. tanh BIBUIREMATHEHER 1252056, ERX
DEFZBT 2EEEZHANTZOHRBRO NSV RV T 25V G BIRD L DIZ
KITZENTESD,

(5.2)
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aIout

Cn = F (5.3)
I
— 5% (5.4)

ERED, VSRV VI RBLICHBTEZ D DFED, NAT
ZEEVIZEONS VY ZRAVT 29V RG, DEEHBETE 2. BEDa V¥ 2¥
VA 2R TREIOEAMZEEZEL 2 TFREERN 5BRICEHRT S, TnIZXL, b5
YARAVY YV REH D 2mTHEDBMEEHDE ZHNIZHN 2BRIZERT 5.
ZDWIBBRDBEE, V, Vo, EWVWD 220 ANEFRIOEBMEZDRESE L THNE
WERTOT, b RaAVY 257y ABEIBRLHEN S

/- NSURAVY oYY AGIEERT, AJNCBAERRY, HAOEBEEELT
BMOHTEIDICANWEZELTES. Z08E, RBoENEAF—TVIZ L2856
DBEHI1%EZ S, DF0, HEZOHIEISBERIIANHEI VLD ET 5.
TDEE, 2ODANETFHEIOBMEV, -V, EHNEEV,, & DBERIIKATERS
ns.

Vout = A(‘/;) - Vn) (55)

A EEIRDOBELEFE (voltage gain) T, 9V,,;/0Vi, CTEZREINS. DFD, fU©
BBEMEADV, -V, 2/ LT, HOREENGATREIGET S, ZOEEHD
i, ROELDZRDI-EBRESIH, BHMEDO MOSFET THRAET S5 785 2 R
FVEBEEHRINCEBRENTZLDEEXDIENTES., ZQaVyy sy 2o
VIR Gy EFE. DFEYD, Gour = 0lous ) OVos TH B, Gour bE, RDHT155
B SNTWAMOSFETD Qo 2 QDR LAY avy 79 ADEELTEHEAZS
na, UbkozZemrsd, b0 RAV I RAG, eIV T 0570 X Gy &
D, BEFBAITKRDLDIIRDOENS.

_ 6‘/out
A = 3. (5.6)
. anut a‘/out _ Gm
B a‘/m 8[out B Gout (57)
5612, b Ravy sy XIBEEROBLEH 154 % Hspice T I 2 L —
b LUTRERERT. BTV, MENIHENEEV,, THD. V,Z0VH55VDET
IV LER, FNFTNOHEEIIBIT 282 RLTWS. WThOBEIZD,
V3V, 0D THhTOLREL RS, HABER V, FTHEML, B2, V28V, £
DOTHIrTLAREL DL, BNBEFERIHATREETEIT . Z O TRIENER
L, BIZIROVICESRVWOIR, PSSV RAVY 7Y U ZIEBERD Vi, [HIRE [16]
Z&B, V., BE8cX0, FSryravy sy iR IREEOHRIZRARD
EDIZh 5.
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Vout M

"0 " 10 20 " 30 40 @ 50
Vo [V]

X 5.6: F T R2avy ry s ZEEROTELE I

k(min(Vy, Vo) = Vi) < Vour < Vig (5.8)

HJEREE TRAHIREN, 77 NS BEREEZ TOEM, 975 rail-to-rail
TIZEEL 700,

COWITEREMOHIRIT, PSRRIy sy 2BEREEL-TAR L Y
DIIRREAVSZEIZIVERETE S, TR Ly IBEIEROORRERE R 5.712
~Y. 420 pMOSFET & 5 20D nMOSFET IZ XD #KEN 5. BIROEREIT N 5
YAAVY 78 AEEZLFUTHY, 220ANV, &V, DBLEIZIEL THH
B L, HDNVIHIEEV,, B EBNS.

X581, 74N L IBEROEEHIFHES Hspice IZ XD I 2L — b L72&S
RERd. BV, MENIHNEEV,, THE. V,20VAS5VETIVI LI
BLEH, ZENTNOBHBEDOEMEERL -, V, B V, E0bOIrTLRESL B L,
HDEEE OV ETEAL THD, peak-to-peak TEIEL TWBZ & 9H 5.

ZDEDIZ, TAF Ly IHiEESEE, BNEFHEOFREEEMTE 5H, Eg%
KT 2 FET OIT 9D ETH S, ZICHL T, BfEBICHIIRED H 2 Bifize b
SURAVY I AEIEERT 5 DD FET THKTZ 57-9, RIKEES /X< T
LDIENTED. -7, EBERORVEIRERT 27-01213, BHE T 5EZBOE)
EERETL, ZNIZIOU THEEZFEVST 2LELH 5.
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b4-dC b1l

I—— Vp o— Vout

_{
vH;T i
]

X 5.7 TA KLY EigEasRor

Vn

5.3.2 7 +O7HASEE

BRI EEOMEETOI-HORLEHZOEEE LT, 7+ 0T7HAERLEDH D
[16]. K5.91ZZDHEKERT. 7+ T7HEREE, nlOKRLT—2 7 07 [HEE
DI —F VB2 THERTHZETHBRTES., &RV T—Y 72097 OIENRE
J—RIZiE, TNENELZ-EBEV,RANIEINDD, 7+ 07HREEEETIEIN
SEETHALIEERELT, BEV,,2HIIT 5.

A TRz E D2, PSSy Ravy ryy AMiERE, ERERCREAT / —
FRIOBEEECHAIL -HIERERET 5. -7, X5.90HiESD IR,

I, = Gi(Vi = Vo) | (5.9)

Yl GFHBERSR DN S VAT VT 7Y ATHD. ZITHII/—F Vo, iZD
WTF LAYy 7OBRRAZZEZ 58, RIBREHROHITEROELFD Z DEESIZHEA
NG BRBRED, FOMI 0z 5T LS R0,

n

S Gi(Vi— Vour) =0 (5.10)
=1

?}TE'D"C ‘/()ut ;’a’sz&)%é:,
%m:—%ﬁ%ﬁ (5.11)

i=1

DEOHN V&, NI RAVY IF VG TERMITENTEATV, D5
£55.

NSrRaVy sy ZAEEEREHVTE—DORLVT =2 7 07 EREBKT 5
56, HMIBEIHEICANEERE 7 » 0—7 572, BIEITRNTZ Vi IEIZ FE
Lz, &Z258, BRORLVT—Y 7 +uT7EEEOMS / —F 28 BLT7 407
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X 5.8 TAKLIHEIEROEREH HEM:

V1 V2 Vi Vn

Vb Vb Vo Vb

Vout

X 5.9: 7 x a7 ek

MAEREEERL 25823, HAOBFEZENEFNOELTF—2 7 4+ a7 EEAD A
NEIEDFHEE L TROEN 2720, ERILF—2 7+ 07 ERRIZBWTANEE
EHITEELRRL TH B LIRS T, Vi, MERRET HHEML DD, Z D720,
7 4 07 MEEOBRICAWSRLT—Y 7 a7 ERRIZIE, TARNLYI RSy
RAVET 7Y ABEEREHNDRETH 5.

7 A0 T7 AR, KD BIETEBREHRIRET N4 20FFHzH- - T,
UToETIECEE, DEMNEZRETHS. 9, LRRERI RO THETH 3.
LU, AV7F—2 71 a7 BN REREEO IS 51E, TN56E2RICERT S
POTHREERITOIENTE S, F2, ZTOFEIT F o/ B HE £
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DEFTENDD, BENCETT 5. E517, ERINGER T EFEEHETSZ0D
EEgE, 7o/ EBREEORETH 2EZFHEDIE S >EITERT 2EE/NY —
JAZXERBBT A EIZLEND. ZOZ8iE, FeREIZIBWTRAIEY 27 452D
7= EERERIZ XV IRT

5.4 HHARROLEEET L

5.4.1 EIREFILOERK

FRIRME SR EB T 5D OBED A HE  HO-ZEFE, F0— B
RZ KI5 35 - - RO G E & T DREANMIC IR > THREMAE TSI LIC X 0E
KT DI EMNTESL. AHETE, AMLEREEERTL-00FEL LT, 20K
%7 4 =K 7 xT7—KEFNVEHAW.

b — EOENS AT £ FoMIEOM AT L 0 FALEREE ER T 5EFEKET
FLEKG10IZRT. BEF VL, EHREEEEC X0 RORIERMOERZ AR = £
KT HRIERD L, ZD LS LREFEFH OEROERZMET D I & THALERME
ERTHBRERIOSBRIND.

Vs B IE T HET VORI, BHEEMOIMERIZ BT 2EHER, TPk
LRI RIC D W - AMERE R R 0 AR E T TR REE B TET ML 723
DTH5. ZOEKET NIZ, SMHEEOEMICEHEEEEL -2 ) o VBROET
LELTRHWSNTWS [21]. Vs O, EFEIEME_ EOBES % BTN KD
BIEIZE0BEZZENTE, BRIZWL20DETREN TV [16, 88, 89]. Fiz,
Marr i T v DR RE OWEIREREDR, FEMICTRREMEE E->TWaHZ L
ZIEHEL [14], Poggio ld Z DA RFREMEL EEEAMLEEE L TERALT S &
T, 53 )VF—BFE &N T DRIEIZIE S 720890, 91], Yagi Hi, Z0
THIREIC B 2EETAMLEEE OBET, b v 78 7 v E st B a1
Z T, 2BOEHEIRMEZ LD EF ML N - SHBEREERREEDEEEXR A L /-
(13, 93, 92].

Vo, BTIE T HET NOREMIE, HIFEDHALOIZLSERDEFRDAT]
Vi BN AT . T OB AT, BT CN- 7 x O 7 HEERIZ L 01T
bisd. 7 +xO7HEEIRTIE, EHORLF— 7 x a7 REOHT/ —F B3 EE
AN, DESDESHEERHTS. I I TRAABRTFROBEES%E1 TNHDT,
—EH FCEEFALSTAL LT, 0°,60°,1200D=F % B2 nTE5. DOF
D, INSZHMNEBEAMNE &5, RNAKTF LIZEEE ) FE2X510DEXDI28 5
Z T, KA (6, = 0°,60°,120°) IZDOWTHEERAEEIT> & EDIE V,, &I
D7 + A7 RABBKOENEEDOREADVTROLDIZERTIENTES,

anz—l Gj—|—n,k‘/3(j + n, k)

‘/Oo(jﬂk) = Zl lG'_|_ &
n—=—— JTn,

(5.12)
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Silicon
Retina
MY AN
Rs2 \1%\
V2(j,k)
4+ V3(+1,k+1)

Crientation
Selection
Chip

5.10: FIALEREE KRBT 2B FEIEET L.

Ziz:—l Gj—f—n,lc-{-n‘/?n(j + n, k + TL)

Veoo (7, k) = (5.13)
% ( ) Z;:_l Gj+n,k+n
_ L GirenVa( k+n
Ve (G, ) = Zo==tGakenls0 k4 ) (5.14)
Zn:—l G],k+”

ZIT, MEENDERFI2+1, G 3EE(GL,NICHIE NSy 2avy sy
VAWBD N SV RAVY 2Y U ATH D, GHLETOEIRIZOVWTEHLE 2 51T,
Ve, BB EN DHEDIGE Vs DEBEMIMBEFHE 155,

U EOBEEREIZLDEBOLND2ZEHIL, even W TH 2, BEHNEERLTSH
RLIZEWZA L ITNIGIED even WS EFHDEXFHET ST, odd HOZHEE
ERRTCES. TR, BEBAAD-DIZH D HRUKL T 60° BEEL 7= Hhniz AL
TNIALED even WZHEBFOEEFHETEIET, UTOLDIZ odd MOZET%
157-.
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V:;ddOO (77 k) = Vb" (]7 k + 1) - %° (]7 k— 1) (515)
‘/odd60° (77 ) = %"(] + 17 k + 1) - %0 (] - 1a k— ]-) (516)
Voddar200 (4, k) = Voo(j + 1,k) — Voo (j — 1, k) (5.17)

5.4.2 B&EHEMDL 2L -3

200mv

M 5.11: /MEEMAEEERET IV DZRE A > /8L A RE.

X 5.12: FALERMEE B D EREET VORI A V7L ZGE (even BY) . HAEEI
N=0. '

X 5.1142, BIRDREEEETF MBI 5 Vs DR/ A > 70V &R RT. FHEIT (88
DFEPREANT, MATLABIZ XD Y I 2L —Y a v &fT-7z. NABOXAZZ
NZNS51IERTH 5. BARBBOZEIER, R = Rne = 10MQ, R, = 6MQ,
Ryo=2MQ YL, 1VOANEFRLOERIZG A7z, P OTKELEZSEL, £0D
BN AIZIEEL THD, FOLEIEMOEHMZ AT ER > I 090 5.

IDEOBREHE/F OEREMET 2L THIZ, ERETIVIZHIT LV, D
even BDZEMIA > SV A EE RN 512 1277, BEEREL 0 = 1200 DAALIZTV,
FODBEREZINSEAAMIZ4BERT D, Fat9BERZHREGLE. KDL DI,

44



X 5.13: HFALEIRMEEBDEREEETFT L OZE/ A > /0 2% (odd ) | S EEN
N=9.

BERREET > 220 > THEL BUO SR BONTWA, F/-, FIZEEL
TWEETZFOII LT, TlEAIZIGE L EBPRA EFIZ > TWAZ &R
5.

X 51312, 22D even MDZEFHDZEEL U THE= odd BIDZR A > /) 2 EE%
RY. BB 0 = 120°, HEEFEFKIBERE L. &S E AL ME < [
TWd., &Fz, BEICREIDELBEE AICKELSEL BB & - THRE
9 % odd RIBEMAMBOREIZ RS B-BRTH 2 Z 80 3.

INSDZEMEA VL ZEEE, BEBICRT DM 7 4Ly L THRLIENTE
5. ZIRTCDZEEIA v 7V A EEE AW T ZRTTDBEGRE Da YR ) 2 —Y 3 v &3
CBHIBZLizLY, BREDANEBIZHT 2RERES VOSSR FRIT I 40
BBTHD K512%2R2E, ZEHET7ANIDY A IO KREL DI LRSS,
5. —fRIZ, BREGERSBEIZEHIBERE Y A XDZE- 7 4 VY RUBET
HHL0VONTWEYN, ARIBEF L A7 F o/ E£BEKE L TERT 2T &
WERAPDBIZLTWAD LS EREBRIZHL TEHICEHES X7 L0 BET 2L
WHOBRIZBWIVLEETHS. ¥4 DY IVEBNETIE, TIRITERIZ S 222
TANE )T DEHDAYR) 2a—Yaik, BETANIDY A IR AKEL D
CIBREWNCGTEENENT 5720, BEHTVRERYFAZIDLDIIAVSENIN.
RETFTNEERFOERIEEEER T L3O BAATETH LN, EROG B
TOXDITR#A 7 L BT 2ERERE S & THIE, BVWs7Foty boOBEERE
WEDEBENEFERBED N L—=F X 70840 3. ZRIZHL T, KEBEFIL
BT DEET 1V ) T DFEIR, BHIEBED DV T+ 07 HAERKIZ BN
T, EBIROYEBRLEEIZ L > TIN5, Z0 kS a3 EREITES
EN, ZEET 4N DY A XRANBEREDY A TP KEL ko> TOHFEREIIEDS
AN

BARBEGOFIZIZ, RLAMEE N -0 0F T, BrhEIDEEZESLD
PHET S, IN6DONRY —UEHRESED HET-DHI21E, FNFIZEL =220
74NV ERAETEL. —REEFFIZIE, Frhfoiksd, ek X
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20mv

@

........

:'_L.~ "1--‘
20mv P 1
H 1

®

51pixel

X 5.14: AALERMER 1G5 RIEEET VOZE/M A > 7O AREOWTEIN. MEEERN
%59, I3BERLELIRIGE. () =0DERAN (E#AR), (b)j=LFtDE
A (R

R I BN FEL TOWAZ EXAGNTHEY, —KEEHTIEIZDEH7%
BT D EEIT K-> THEERERINTVEEEXOGNTND [45]. ED XSk
IS A= % > TUREREZ LI BNE LONTHS ATk a0, BRLEE
BUE T BT A2 ZMAEGAE WD Z e R ABEICBSWEEIE, BENRT A%
LDV 2T LADOIEEMEBLERZ I LA TELDITEERKETH 5. ALK
EFLZENWT, ZODEEE/INS X =¥, TibbREEER N MU & D KF
EHE R, 2B I B 12 EDINERHEOEE Y I 2 L—2 3 VIZXDFHFANT.
X 51412, MHoEENE SEE, 9EE, 13EHREBLIELBED A V0L G
Eh Y. BEREDOFALL 12002 Lz (a), (b)RENEFN, “KTSENID j =k
B j =02 BEMZR->THZWER, 3hbbflE A REoEmTm,
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Rs2=0.5MQ

20mv

(@

®)

S51pixel

X 5.15: HALERMER G DEEEET VO A /O AGEOKEN. 28 D
[EIEEHE D AKAFEHUE Rs2 % 0.5M, 2M, AM Q& BLE B4, (a)j = 0 DEFH
(JEEhAm) , (b)) =k OEMRHE (BHi5m) .

RETHOKERTH 5. MEBERBEHELTE, BMAAOIGEDER (a) D LS
CHIThENSNEL< 85D, BREAFRDEZIZ b)) DIIZEL REIENHN 5.
DT ERD, MEBEAREMERDZ 812X, 227 4 LY TEROT Z<7 b
e (REHEEE) 2SR 2T ERTERZ L WS Z L9 5. BESERENINT 5
BEIREDE =7 /NEL DD, 7+ O 7RI X 3MEFELOIEIC BN TH
EEEBDI B DI LI LB,

X 5.1512, B HDKFHESUE Ry % 0.5MQ, 2MQAMQ E B E g D A
YO AEEETRY. BEMREOTAIE 120°, HAERIL 9EEL L. (a), (b)
X514 2EU <, MR MO7-ISE0EE R, BEFEOMER TH 5. KFEHK
NOMEZR/NELSTHEERTLVES ETHET 2720, Z2B7 4Ly DY A iz kK
E<TD. DFY, RpdV/hEWZRE, MIZBIF B35 7527y —He 7o Rlgs
HOYAXIKRES D, ZOFTFSOT7y—Hoo 7 HSEBOY 4 i3 k=L
T3, IWEORMARDEZE (b) DEDITIZTEAEEDS WA, i EnE
E(a) DEITOTHhRDBERELBIIENGND. 2O, “BHOKE
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Input voltage = 0.5V

1.0V ===

20mv 1%

@

20mv

(b

51pixel

X 5.16: FHLERME% 15 2 [T 7 )L OZER A /00 ZIREOKEN. ANEEOHK
WE% 0.5V, 1.0V, 1.5V & BX 72854, (a)j = 0 OEMSAA (ElSmE), (b)j=kd
Efm (REiE) .

HH R /N T BZETT STy —HIo 7 VRISEHEOY A X2 KRELT
HZEIWZ KD, BT A NI BIROT AR M ENELSTBHZENTEDENH T
EDDDD. R B/NELTRIIERBDE — 7 KEL I HDIX, FHEBEFRREREE
EFLDOEMEIC LD, VOIREDE =N KEL RS20 ThSH. Tibhb, Ry
MNNENZE B BOEHERREIC B TEENLDIAKIEBT A2 TE /—NIZ
BIFDBEEMEINEL 2D, Zhh—E BHOEFREEMIZ B 2BEESA» 551N
5729, VoDIRFIZ IV KREL 5.

X 5.16 12, AJIBEDIEES 0.5V, 1.0V, 1.5V & ELIBz& 2D A /0L R
Brrd, 2, ANEGOa Y NS ZANHRBL ZBEICESL, ANEESK
EWNIY, IVEFSAMRENWI LIRS, BERREDAMIT 120°, MEEERZ
9EEL L7z, (a), (1) IZN5.14 £ EAL <, MEMOZICEDEHF, R
OWENTHD. AJTTBENKEL KDL, IBEDIRIBLREL LTI LT
M5 1217l INEDOYOsEDAER (a),b) £ LIZELL THELHT, AR
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DT AR MEEEDSIWI ERN D, ZDZenE, ANEBOa Y S5 Xk
DEAIZF L T, IEEIRIBIXED 28 ANLEIRMEDEHIIED S W2 E R FHElE
na.

AETE, —KAREHHEOZEHSZET*WENICERT 22007 Fas/ES
ZEB5F v THBEBREEIZ DNV TNz, {EROTVFF v TREY 2T LD N
T 4 T H I R X BEBEXRE(TDO AER ZHAWVWTWSDIZRL T, KFFED >
27 LTR T/ G X VEBEERTS. £/, 74—F7xT7—KEFILIZ
EOW BB BFRIEES VEREL:. Z0EF L%, FOLEALEFRE D
XEHEL OV ) aVERE, TR IEREL THMBIRM RS2 7 > o/ £/(0|
BIZLD, 7FulANFFy P A5 L8 LTERT S,
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BeE AILBIRUEEET 57 +0Y
SETRE R

‘U3Vﬁﬁ#6@u@?ﬁ%mwmbﬁﬁﬁﬂﬁ%%ﬁﬁéY%Dﬁ%ﬁ@%
%, NI HALEIRF » S WA AE TR, AOMERF » P OFRA RO EEE:
'fétc\.’)l(\‘tftf\é

6.1 ALLERF v 7T DEXE

6.1.1 [EIFgERK
VDS Vertical Shift Register (Output)
R @ o VCST @D @
al$) ao 2L
T 7 > = 11
[ v 1 B o BE - \v/
=
S =
g = g
D =
3 £ g
g 85 S 5
2) 2L 2
= @ 2
e b b 4
% [B3] < =
x = 2
& ) 3
M e R
% [le=| 8 =
5 (%] § $
'g >
> [le3
ﬁ’ixgl Circuit
VDS . \ ,
Y Vertical Shift Register (Input Zf&
Vout VCS-P 9 (Input) Vin

X 6.1: FFALERF v 7 DEED [IFEHEEK.

X 6.112, FAZRF > S OLBEORIEERERT. HALERF Y 713, BEEREEE
@7&4&50@/7bv/x9#6%ﬁén6.ﬁ%@%@?b%i,I$T@$
W TIE S5 BESDVRINTWVBEY, ERIZFEEL2F v T TR 21 x21 BETH
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X 6.2: FOLERF v TLEDL AT 7 k.

5. Flz, 520Y 7 LI 2¥FENTN, BEARROCYEFEDT —4% > 7 b RO
T—=% )Lty bDAEEETH Y, IS E5XHE5IZLVFHIHTES. EoFADY
DaviEBEDOH ) — Nk, AALERF v TDOAS /) —F v, ICEFians. ASNH
DKF, HEZ 7 b LI Z8E, 1TEEERIRL CAS /N IZERTS. 250
Y7 LRV FENTNY ) A VBBEOHIAKE, EES TN LY 28 EFEAL
THEL, ¥ ) a3 fEISELNTL 2XEROHNEEE HALERF v 7 Eoxt
JET HEEANEES. HAOADOKE E|EY 7 LY 2813, BERESETOBDOE
WL e 1 EERBERT 5. YA TRIRFAOEEY 7 b LY 2813, RRHNSERT S
KFEHTIZ A OEERD D E THRAEBERERET S, ZODY7hLY 250
F—=¥ 7 M HORAEEY 7ML Y 25 EREBAL T b, FALEIRF v 7+
TiE, HOROEE, KFEHEY 7 LY 2y THERESY 1 HET OBIRL 205,
VA ZERADL 7 b LI 257 L A DB TR EERFEASERE AV TEES
fZIZi0 > ImERF SV TN, AMLERMENRERINS. 22 TR -EERSRG
i, PAMIZ 1 BECZ EICETOERE G TOBEREZLIZESRL TWEHH, =
niE, YVavMEEETI200D—EMEZT7 5 b A A — R AW SEELE BT S
HTHD L3IFHDY ) 3V BEEORIREEORESR) . Z OEBIEDZEMIZ OV
T, ROEITTHBNRS. HALERF > TN, B/ —FK Vo, 5 1 EEST D
TrusZEBEE L CHAEEND. K622, FyT2EOL AT N ERT

X 6.3(a)iZ, TALERF v 7D 1 BRDOEIEEELX/RT. EREIKE, 7ros 2
A4vFS1, S2, F¥ NNV CIRVNSYZRAVY 05 ZBIERAIALKRET F
U7 A€)E&, 78 LIAFIZE0DZOEEREEEIRT 2004 — b @R G,
G2, 22D MOS b I 2% M1, M2h6ERENS. Glix, ASJRKE m®HE
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Vdd

SOH-
SOV- d[ m1

SIH -
SIV -

¥ = C1 | —Bs_za—wo
T Al
T W

(b)

X 6.3: 1 BERDREFEFER. (a) BIEEX. (b) AfEF v 7 DBEMBETE.

V7ML ZIMEDEESIHSIV 2%, INHAWAFH D& 12 S1 %#FAL T,
CODBEEDAS /) —F VieF v T DA/ —F V, \ICERT . ZoLZx, 7+as
AEVZ, Vb ANENIY) a UV BEOHICT 2EENSDT Fu s B EHTN
Z CLIZIRFFT 5. G2iF, HOADEE, KFEAMI 7 LI 28 M56DES SOV,
SOH #%lF, ZNH6MRELITTH' DEZXIZ, 22O MOS 5> I 28 D4 — N BIE
L7 L)L (GND)IZF5Z T, MIZONIZ, M2% OFFIZ9%. MIDOK L A
YRl =K S2EHEHTHDT, MIAONIZA>=HEETS2IZEAL, FBEENT
W=BESN )/ —F V, h6FAHENS. MIOR LAY, M2DY —ZARUK L
4D/ —Fid, K61IZBWTT L —DMTRENTVWIEEMRSAGER BT
LEEGOBEERLEFRINSD. DFED, INSDER)BERASHABRZOLDIZRS.
COEEREAEHT, wmCTM20Y —ZAIZGNDIZ, FLAYVEIIMIDORN L A
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YAZENENEREN S, K630 IZ1EEDL A7 &RT. 1 EEDORIZ,
74 PFVERRE L TE Y (G1,G2,M1I,M2) & 7+ 02 BRE U TEI F900E
L TWABY, 7FHaZRBEEnT « DY VERTRETHEAAvF 7 )4 XDE
BETELRIZIIRNVEIZ, TNFNEFLH TR ZDERICEEL /-

ZOFNLEIRF v T %, BORKERBEERD 27 LFEHHEWSE LY ¥ — (VDEC)
L, U—248035pmCMOS 70t A THIEL 2. Fv WA XL 2.4 X 2.4mm?2,
BRENE 21 X 21, 1 EEEEIT 60.95um X 58.85um TH 5. FHNBE L 13.6mW
THhHs. 72720, BIRBILE33V, RFEROMEIRZISEZ 247 XEBE V,=0.6V &
L7,

6.1.2 ERWMESENE

X 6.412, FHLERF v FIZ BT 2BEERREBEOTNETT. ThENORE, 5
NEIRF v 7 D FIRD Ax4 BRSO EE#EGEE RS FEEMICIE, NANDZ — b
G2 RO ZA v F S2DHHPRENTVS., FEED2DD MOS b 52 XF M1,M2
X, TOEERZET 1 KOBEERRAAERE LY SMEoBERE Eisn, &FX LT
1 DDA NAND 77—k Geom ZEKL TWB. ZDO LD LEIBEEIZ LD, BHE
TRDEBOBDOERERETEIENTES. 22T, V) av@EroEEx
NEBIZRTL T, 120° OFALEREEEERT 5720 OBEEFAEIEIC DWW TN
T 5.

HAMDEE, KFHES 7 LD 28 (FNZN VSR(0),HSR(0)) IZ&D,
LV —TRENE1IERIBERINTVWDE TS, INHEEHSKOREFE Y
D ZDEE, FEEEERANDNAND Y —F G2OHI L L)Lz D, @
NAND 4 — b Geom IZAJTIEN 5.

HEBRD G2O5D’IL AN XD, Geom DHEFMBD ASTNZEEH 53" H”
LARANVIZ2S. ZOESE, EEERLZ S0 1 AOBERKSHERE LOLTOEED
HIZ2A» F%EHL 5.

1 KOEEREAERLOZBEROE S/ —F ik, BKESA VT IcHES
NTWBKEHN/ —FIZEFT S, 220, HEEERFEHOREES 7 LY X
g (VSR(S)) WLV EBEDOEDITEERL T, TNOTDOKFEES/ —F % 4£TH
RECF v TOHT /=R IZERTDIENTES, 22T, 354V EBIRTES
T, KECHALZ IBEBEOEN /—NRALTERKRCFy TN/ —FizEgsn-
REIZZE S, BEEOHEIFRIALF—2 74307 EIEEDT, Z2T7 40754
EFEP R ENTNAZ &2, BERENZERD IO ME S BRI X
N, ZAHHEN D, ARCETIREIHSERESEX CLRCTHS. BHAD
FH, KFAMET 7~ LY ZXF VSR(O),HSR(O) IZ £ 10, EEEEANEIZERL TV
I ET, HAMHL & RFHZERREI Thn, HFALERNZH IR BN 5.

I ITR 1200 DA AR EIN-BERASABRE VT, 1200 OFREHM % E
BT B5HEIZODWTHBL . K274 T, FNLSHZ D, 60° RO 0° D675
REZEHTE S, ¥ ) 3V #ED) S FALERF v TADEBESRNC, ASFEE
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e
0 %
= - L.
50
L '%_ 1 -ﬁ * Geom
2 Iigal 2|} ]
Vout
@ L 1— HSR(0)

4

B

.

&

| VSR(S) ___|

7

VSR(O)

Vout

HSR(O)

= ©

7 juf_n&l

! -

'Is d 3 |
e

%7

I VSR(S) __]

VSR(O)
L

Vout

6.4: AFLEREEFRT 57O 0BEERSEIE VSR(O): HAHEES 7 LY
2%, HSR(O): HFAIHKEL 7 b LY 2%, VSR(S) : MABERHEHEEY 7 +
LY R,
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VIRV R EWABRIIT—Y 27 b EEDILIZXVEGE FTRES Y TES
58T, LRREL<BEUFEZIELY 60° OREHMNEZEHRTES. /2. 0°DE
HAME, BERERAGREGFE S Z &<, KEAEDY 7 b LY 2212 &0 EHE
Ex AR EIRT 22 L ICLDERTE 5.

6.2 ALLERF v 7 OB T
6.2.1 EBER X T LDERK

Silicon Retina Orientation Selection Chip

N %
N )
N R
> :
&
2
Q
Q
T “‘

Bias Voltage T

Bias Voltage
FPGA

Control Signals

(2)

Orientation
Selection Chip

Control Signals Input from Output of
Silicon Retina Orientation
Selection Chip

(b)

X 6.5: > 27 LDREK. (a) 70 v 7K, (b) HALEIRF Y TRV b LT3
it DG H.

) aVHEEE FLEIRF » T ERERL TV FF v TS 27 L2 KL, FOIG
BREZREEL 72, X 6.5(a) 12, FEEBRIZHW -2 27 4 K070y 7KERT. &
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DavEBEDOH ) — N %, KRR THIEL ALERF v TDAS/ —FIiZ27%kn
2oV a T, 40x46 BERDO ZRITRIY U o VR 200 2 W, ) a v
RIZIEAAXAS LX< b LTz, RHZETHWES ) 2 2 HEES 40x46 EET
HBEDIZFL T, ZOHNEGEZT B2 AMERF v T 21x21 BERTHS. ZD
728, ) aVEELDOWD 21x21 BERFDANAAFRF v S IZEEINS.

2ODF v T ENEFNOBRENZIINA T ABERVHBEES L2 52 20ERH S
N, NAT7RBERFENENDF v T H T b LU-gHIER ETEITOEIZ LD 4E
BLTE5X 7. #l#fE51%, FPGA(Field Programmable Gate Array) % F\WTARK
L7z, )iz, HALERF v T REEL FHGERDIMEEERRT. HALERF »
FIF2OFELTHBH, Zndid, ) aryf8EIS 20O FMLERF v 7125
WHEBREEET LERET OO TH S, 2N, odd BOIEESR 18 5BEIT BHEZ
5B, ZDYATLIZXLT, EEIZL Y XOFHZHEBNY -V ERRLT, V2
VRN O ANEIRF v T ORREERIEL I-.

6.2.2 7 FOJEZESDEHY
——
1.65 =

1.60 =

Silicon Retina

Orientation Selection Chip

1.50 4

Response [V]

1.45 -

1.40 -

1.35 ~

21 pixel

X 6.6: >V 2 Y FAEIRF v TOIREFEEORE. 1178DKFE1SA V5
DIERTE.

TFus G, RN T A DI NEBIZENRT, GEEEREIIEVTZOHR
EXRBENE DL END. )3 BN S HALERF v FADESEEL Y F 0l
BFEDIETITOIORILNFF o T ZFL2HENVT L, EBEOEGAHIZHZ B RE
DEZRBENERTZ 20 S RIEFICEELRIMAELETH 5.
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1.60

1.55 4

1.50 -

Response [V]

1:45 Orientation Selection Chip

Silicon Retina
1.40 -

1.35

0 ' 460 . 8(')0 ' 1&00 ' 1:300 ' 2(;00 ' 2400
Time [nsec]
(a)
1.70

1.66

Orientation Selection Chip

1.62

Silicon Retina

1.58

1.54

Response [V]

1.38 T T T v Y v T r T v T v
0 400 800 1200 1600 2000 2400
Time [nsec]

()

6.7 ) 3D S FALEIRF v FADT F ORI BT HBEITE. (a),(b)
BENTNK 6.6 DAMLEIRF v 7 DIGERBIC BT 2 100EEEH»S 11 EHEH, 11
BEH»D 12BEEBDZHS.

9, VU BEGREEDOREIZ ODVWTHRANS. K6.61d, BEWERICOWVWEES
DRy b EREERLIZEEDY ) 2V NOFLERF Y 7015425 (11
Z48) OINEEETHD. Z 2Tk, AMERF Y 7 TREEGEEEZTHT, &
Vo HEErSEEIN-EREZDEFHAHE L. V) avEEOSE TR, S
TSOT=HIToRDT AN Y72 E->T, BVWRY Yy MZRHST BE5S
TRELINEL, TOWEMDICENIIHIEN TS, AALERF v 7TOIEE, ~ Y
IVRE, SEGEN-EBREZDEEHEIL TW2DOT, BEMIZIES Y o/
DHETTE—HTHZEREFLW. UL, YYaryfEORESEENSE, 94
EHNZ-50mV EBEDA 7y b AH Y, FLREEBOIEEDDLENKZT N &
ahd. EIZIE A 72y MiE, BREOMBIZ BWTEICRHIBEIC I S kWD

57



LEZOHNHN, BEEOIGEDIESDERFZFDEESNLDETIC 2R D, I
&, 7o/ ERFEORFREDIEX S EITERT 2EENS — /A B RAT
HY, 7FasOERRREE TN EEEBEROT N AT AKZ MBS iz
L, ) avETRIOEENY —Y /A X%xF v LT S0 EKE ZEE
WWHAATZ & T, 5mV AT EIEFIZ/NEKHZ TV B8, ALERF v 7 DIt
ZIZRONBEENY —2 /A X FRETHMNBRF» T TRELZLDTH S Z
ERNB. DEDXSIZ, BEEDOERII ANERF v TOEENY —> /4 X2
E0ET D, BHERNY -V /A XDES2EDKREIE, BEL NIRRT, B
BAHEA L RAEE WIIFIEDLDO TR AW, BEE LT 27201213 F DX
UNWEBETHDHEWZ D, FALEIRF Y THRLDEENY —> /A X2 250WTE, (REIT
FHL bR B, |

RIZ, 7F ol BEREEDRIIOWVWTHEN. K6.7(a),(b) idENEI, K6.6D
IGEFEFO10ERE»S 11EEXRE, NMEZENS REEZHOM2EEKL LD
Th5. 10EZFE» S 11EEXRE, 11EXEIS R2EBEENDOIEEBLOEIZZ
nzZn, FlERy —URENrSHN, ANLEANLYVEFEDLAIBROIHFIZHZY,
V) aAVHEEDINEL L TR RELRENMEL DTS THS. () DACLERF v 7D
JBETIE, 11BERBENOESEENAE > TH D 500ns BETEFBEIEZEL, BE
METLTWBZERN DD, 2 (b)TLH, 2EBEXENDESEBENEE > TH
5 700ns BETERMBIZEL, BENTTL TS REEAT, BEERLEE 1 EXR
Hiz0lus T, AFv TR 7L —L200BEBEEET 2DIZ 00 %R
0.5ms B5TTHD. Koy FEOBERERED 10,000 EHE (100x100EE) T
W2 -BEEBELTCY, 17V —24572010ms TEHEETZ 2L RBLAHNS. 5.2
HTHBRRIZEDIZ, 7HalZEBEISNVTUL, 170 —4WIZ 2BEOZITFAlF v
TOFAHEULNETTENE, OSBRI FZITFAEERT L5 WETH 5.
17 L —20EZY ) 3 BECERERETHRE 24, BEOEREETTIX 200
530msTBETHEDT, +3IZEBENTZS.

6.2.3 EBEENY—2 /14X

EROBEDFHTERZ BT, Bx2RLL2<HAUL NSV 29 E2LHIRL A
TN EESTL, EEAKOMETELEL TIKRO> Y ary o NEIZESEN S
lrDh o> 25 OFMEIZEEIZIZE< AL TRV, IE, RFHEEOTRE—
P (mismatch) IZERT ZEFE/ A X& L THSGN, FZ PSSV IXI5DH AL XY
HARES2E0, ) aVERIZN -7 2T MRENTE—TH 5 Z BN RHA
£ 75594, 95]. 1989 D Mead D RFEL DIz XUk, WEANZBED & -7 MOSFET
%+ 20 BIFRERETL 12354, BREDZET 25U L, ¥ — N BEEDZETE 30mV AL
X562 bDEEZ BN [16]. HEDT Ot AFMHS YUREDZN & HRTHEA T
L2130V E, BTORT LDIZERZAMATHEIEL ZERERRIZSVTOLRHEDIE S
DEEFREL TS, ZOT7FulEEHFEORFREDIZ S >EFIC X VAL SEIE
NG —2 ) 4%, WHMED-DIZ 7 Fas OERREE SHWNTEET 44
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20mV

20mV
(b3

© 20mv

A

Y

21pixel

X 6.8: BW—kRiRTATNZT 2 FAEIRF Y TOKRKFE1ST A0 (1154 8)
DISEWTE. (a),(b),(c) IZZNENKFEFANOHAEERN 1 HE, 4HE, SEHED
He. U3 RO EBERE 33ms.

BERE R T N A 22 & > TRERMEE 125, T0 > ) oy #BETIZ Z OREIZ
LD HID SN HIZFFFIZIR L, EBREPZISANDOKE LT L k> TWi=, Zhiz
XL T Kameda 513, FBEZERFRIZZDA 7€ b2 F v LT A50[8E AT
ZET, BEENY —2 /A XRBIENZEBET 52 LI L7z, KR ThZEL -5
fHERF v Fi2i, TOXSREE/NRY — v /) 4 ZBRO - DA BT & Fn
THELHT, LLFyTORNIZOFERZOFEHN I 45I1E, EBOBE Gz
FHATHZIIREC 5. 22T, FAUERF v POETENRY — ) A .

U aVRBEIZHD T 2L AHOE RS, LEEICHL T—RRIZEATIN e
WHRRBIZ L 72358 D A ALEIRF » T OIREEHEL 1. K6.81Z, 11 T4 > HOKFE
HE1Z 4 FOEERRT. (a) EEREZTORVES, (b) I3 KFEHEZ 45
FRELT=BE, (o) ZKFAAIC SERMAOLZBADISETHS. (a) TR, BL
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@
20mv

20mv
®)

(c) 20mv

21pixel

X 6.9: BNW—REGEATNIAT 2 HMERF v 7OEE 155 (1151H) OISE
K. (a),(b),(c) ZZENENKFEARNOREBERI 1 EE, 4BE, SHEDHS.
) a v RO ERERE 33ms.

Z AV EBEDINEDES2ERHHI L0 5. InH, FEERLEOFHEDIE
LOXIRATIEENY -2 /A ZXTHY, EiZh S 2ayy 08 BRSO
ANA 72y hDIESLDENRNTH D EZOND. HILEREEZBL7-DDEE
HEBEEITO L, ZEEHEEOSRIZ XVIREDIE S >EIFBEIN 5. (b),(c)D
JEEWTAZ B TEN TN Lwmn 5 3EEY, THESOFEFA T, BEL BOH
EDORENTON T WD, IRENEBHIRESDSEWVNTWSDY, ZTNENDIG
B W TEHIOTHTIE, MEBEEN L5 FE INEDEEDEN/NEL
o TWBZERTD5. (¢) DIERMRARTIE, B mVIZEFTRERENTNS.
DIEDFERTIE, KPFHROBERGES (FEAGL0°) XL T, KFETEODRER
BaERTWED, IWEDELOENBBEEINDIZLIIYUATHHELEILNS.
Z 2T, KFARDEZEREET-1-LE0D, EERARDINEEEEZHANZ. X6.9
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iz, NIHD 1A DISEKTZRT. () FEEREZTHOEVIEE, (b) IZKF
AENZ ABEERRE L 2HE, (o) BAEAEIZ SEERES L -BADIETHS. B
FREEL TRV (a) TiE, K6.8(a) EFAKEIZ, BEF 40mV DIEEDE S DEM
Rons. —Fh, BEEHEET-7(0)R () TE, KEDESDEN 10mV IRz %
TREINTHWDZERo0 5. K6.8(c)IZRLI-LDIC, AFHRADEERESIC &
D, BEEHRLENDET A Y DOFTORES>EFIEFHIT/NEL 2505, K6.9(c) D
LT, SAVHDIESDEFENLVLEDRELFETRES. XL, EBOE
BAFIZENT, F5ETDIEIRIEIX 200mV 75 300mV THBI L5 EX DL,
BIE/NY =2 ) A @ ED/NAEIMASENTVWDENE 5,

0.70 1

0.60 ]

0.50 -

0.40 -

0.30 —

Normalized number

0.20 4

0.10 - I_I
0.00 1— : ; :
-0.02 0.00 0.02 0.04

Difference from mean value [V}

X 6.10: EENY —2 /A XOFHEIrSDIES DT A AN 5 A #BH
TV 42.

TILEREE TS -ODOBERKEIC LD, BERy—2 ) A ZIPBRWENZ %
JCEBIZ L 0IRL T, ZOREEBIIRT T-DIZEEINY — > /) 4 ZDHEK
ZAANRTz KEHEDOMEEERND 1 (BRAEL) 4 8OTNFNDOHEIZD
WT, EEHAOD 25| (751HE 1251H) o0&t 2@EEE2Y Y P L e L TEFDOFEY
EPEDIELD>ERFN. K6.1012, FOL XM F T L%RT. B FHEs,
S5DIEHDE, MEHNIEY TN (128F) TEHLL-EEHTH S, Himt
10mV Z &K 572, AWEY 5 7 TRLZ N=1 DA TIE, -20mV 25 +30mV
DENZIES L THYD, BEDESLD2ERKENI D5, NE2EDL TH
EHHIPEEMTIZEFTELIICD, BWES S 7 TRUE N=SDEAIZ
E-10mV 25 +10mV OFFICEF D, ZOFTLHIZF THOBEENEHEN S +
5mV OHFIZINE > T3, N=1 R N=8D & ZDHEIZFNFN, 1.08 x 10~*
KO 018 x 1074 & 70, 1T LU TICETHRBENTVWAZ ER” D05,
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ZDXDITHMMBERF v ST, BEENRY —V /A4 XF v ELDzH0ERE
I EAIAA THWEEWZ LEH ST, FUBREER B -DICEEMEZITOI LT,
7 x O 7 RERIRIC K HZEHTEEZ L - TEE/NY — //42ik%<%ﬁéhé
HHBREOEBMUEIZIIMABLIBEOHIBELEONSENWZ 5.

6.2.4 R w b NY—2ICXT IEEEE

VAT LD AN EIREEER T H2ERET-7-. EVWER LD 24mm X 4mm O H
W2y hE, ) ayfEENS 0ecm BEN-E ZAIZERRL, BWRY Yy b DAAL
Z0° 60°, 120°& L7z&Z2D, HALERF Y TOREERAIEL 7z, K6.11(a)id, /7
(LB IRF v 7 ORBEHAE 0°, 60°, 120°01ZREL L&D, B/RNNY—IZXT 5
K%LV A X7 —VOEBRE L TERZLDTHS. 7L A ZR7r—LAENEE G
LFBEMNFENEERKT. HEAEERFISERE L. ERBEEIIEFEOHIEITIZX
é%ﬁﬁ%T&&%W%ﬁ)?,>U:y%ﬁwgﬁﬁﬁ@3mEttt.ﬁm§R
?zf%gwﬁﬁﬁﬁLmﬁbt ZOWTYL, BRNNY — VR BRBHMERL H
% L% %%x%<mgufao ZFNLSADFRLDITR/NY — iz st L TR
OB NE < }ﬂ]z ENTWBZ Enmgnd. BlzE, HFALEIRF v 7 O 0°
DT, BT —VDFHMMN 0° DL ZIRLAEILISEL, BRNNY—VDHAL
Y 60° R 120° D& FNZIFISEIRIEFIZ/NE V. FALERF v 75 BEEBSNBIG
i3, EORZIZGEL -EVWERE 02 L TEORAIZ BIZIEE L 7= BOEED
WATHED, —REEFEMTMIED even O ZEFRIC B IGEIZ L > TN 5,
(b) X BB, /Ny =V DAME LIZ0° DEZDHNEBRIZBIT S, Fo (11
FIH) OEESE1FIDOREREEERLEZLDOTHS. PREFSOAKE S EDHE
G L =Soomflz, HHESnzE8ERN N ThW2 2N 015, BERE
D ZERIERLDOZHRIZ LD, BEEDOIGEDESDEQITEAL Bk,

X 6.121& 2 DD FMERF v 7HFAWTERINT odd BDIEETH B, odd B
DICEEB/D-DIZIE, £9, BURBESIZRESNTZ 2 DDHMFERF v 7SI,
D) a v EENSWHNICEREYEET S, ZD2ODHMERF Y Ih5, REHAL
CERETAHHEEIEWVZ 27 A I NMEBEOERLY RARIZFALL THE, Zh
SNEHEEDHIET, oddMOILEEBDLIENTES. () IZFAMDZ) v b X
F—IZXT BINEEBETH S, even BDZE L EREZ, FALBIRF v 7 OREHAL
. BNy =V OAMNREIC E FIZRLELIBELTWS, HEBE AR, IE
DEZTIINEL ZAVERE BIZGEL Z2WEEBS A THED, —KEREFRMR
MR odd BIDZEFHIRZUIEEIZ > T3, (b) X, B #n/iy—
YDHME BIZ0° DEEDHNEBIZEBIT B, ¢b<nﬂa)®ﬁﬁﬁmlﬂﬁm
BRI TH D, ZOREEE,S L, [EAM, AAFEZSEL ALY &
WABZENEL M D
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Orientation of presented bar
60°

Preferred orientation of the chip

1.60 7

1.55

1.50 A

1.45 A

Response [V]

1.40 A

1.35

1.30 - 21 pixel

(b)

6.11: even DILE. (a) HOEE. IWEBMIAEOVERIZE A<ERL TV,
(b) 8RN —> DFHAL, B ANLE DI 0° DEHRIZBIT BEE 159 (115H) O
INE .
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Orientation of presented bar
60°

Preferred orientation of the chip

(a)

1.7 =

1.6 4

1.5 4
] —

1.4 4

1.3 4

1

1.1 - 21 pixel

Response [V]

(b)

X 6.12: odd DIGE. (a) iNEIG. JEEEMSESVEEIZE A<FERL TS, (b)
RNy = DA, FEAME LIZ 0° DERIC BT 2EE 159 (11F7E8) Dt
B
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1.80]
1.75]
170
165
1,604

Response [V]

1.55 4
1.50 4
1.45 4

1.40 4

6'0 8'0 160 15_0 1210 1%0 1éo
Orientation [deg.}

(a)
1.70

1.654

1.604

Response [V]
o
T

1.50 4
1.454
1.40 +———"—r1r——r—T——T—T T Trp—r—y—r
0 20 40 60 80 100 120 140 160 180
Orientation [deg.]
(®
1.70
1.654

-

[}

o
1

Response [V]
n
[83]
1

0 20 40 60 80 100 120 140 160 180
Orientation [deg.]
(©)

X 6.13: T F2—=v 7 h—7. HEERHNZ 4 (—H8H0), 8 (B, 16 (E
M) EEZXT=. (a),(b),(c) IFENTNELBANAL0°,60°,120° D& T DIER.
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6.2.5 WMESBEREHZEZAT-SBEDEE

K 27 LT, ALERF Y TOMEBEEBRERY 7 LY ZAYI252 57 —
FESDOMRIZE->T, REAUTROMEEEREERICEZDIENTES. Z0D
MEBEREBDOEIZ LD, AALEREENE DL DIZEDL 20BN, EBZ, A
W2 Yy b XY =2 ERFFROEREICOES B 20 5, AEROOMEDERD IS
ZHEL . -2 )y b XF—i0F, FFEL0° KFETTE) 505 180° £ THERS H
15° Z e E T -7, K6.1312, Boni-HFa—= V7 h—7 %9, Kl
FHRRNNY = OFAL HEI R OOMEDERDIGEERMTH 5. (a),(b),(c)
W ENTENTALEIRF v T DEEITALH 0°, 60°, 120° DIFEDLDTH 2. £ DG
G, BN U EEAMERIUGEIIROKRELINEL, ZIM6IFENBIC
WE->TRAL TS, HEBEREBN %4 (— S8R, 8 (M), 16 (Ef) &2
TV &, HEBEEBN S L D20 > TREHMLIZRNT 2 F 2 —= v Z7hgi i -
TWBZ RS, Tid, K514IZRLz I ab—Y a VERT, MAEERK
MEL LB > TZETHDOT AR NADBPKEL BB ENLHERETE S,

6.2.6 ZERBFOKRESIEZZTA-BEOLE

(b)

(©) (d)

X 6.14: ) aVBEOZTBEHFORKEIEEZ-HED, X)) v MIXTT 5 HALER
F v T DIRE. (a),(b),(c),(d) iTZNEFN ) 3 MED & HD MOS ¥H R,, 125
ZBINAT AT Vipso & 0.24V, 0.48V, 0.82V, 1.4V & L I=23BE DR

FTNLERF v 7 DZEHZ, > ) 3V BBEOXETF A EDOE TRREN 2729,
) aAVBROZETFORMENED D L, FALERF v TORMLENT S 22T
i, YV IAVHEBEOREHORESEEZ NS, TR RN
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Response [V]
on
(3]
1

. —r——r—r————r———r———r—r——r
0 20 -40 60 80 100 120 140 160 180
Orientation [deg.]

(a)

@ o o -
g D (o] o
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X 6.15: FLFa—=v T h—7. ) aVBEIZEL 5347 ZBIE Vipeo & 0.24V
(REDOBERR) |, 0.48V (—E8H450) | 0.82V (BEER) | 1.4V(EH) L& w7 &
AL 120°.

V) arEBEOZEHOKRE I, 2B EOBEBREOERELZEZ 52 LIC &
DEIEBN S INEDEHIE MOS EH & L TERINTHD, 481552
HNAT ZABE Vo WX ODEFUEEHHTE D, 525347 ZBESAFNZY, &
FUEIZ/NE 72D, ZFATOREZIRZIRELS RS, K6.1412, NAT REE Vi &
ABOIZEZ L ED, Ry MZXT ZHMLERF v 7O NEGRERT. BES5
f2id 0° TH 5. (a),(b),(c),(d) IXZENZFN MOS EHL R» 1252 BNNA 7 ZBE Vi, .0
% 0.24V, 048V, 0.82V, 1AV & L7z EDINETH B, Vo BKEL KDY Yoy
FEOZEFOREINKELL LD ST, BB EXHADENAEL k-
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TW ZERD 5.

CDEIERFOKREEREZ L EDHNF 2 —= v A—T #K6.15 IR
T BEAF 120002 L7z, (a) IZREENZ ISE B A & > 7. HEAMEFEL 120°D
N =L TRLAELLIDE L TWVWBZ g0 b, o Ve B KELTSHZ
YT, ZEHOREZIEEAILTVLE, BARIBLKRFBIZKREL K->THEZ LR
ShB. ZhiE SEBOREENEL 5L ICERENKEL DY) a v/
DEHEIZ L 2D TH 5. (b) IEEFMIZHT H5F 2 —= V7 DHPIEHHE T 572
HIZ, FNETNDH =TI ODWTSREEBMDOR/IME, HAEEZAVWTESRELZL
DTH5. V)IVHFEREOZHEEFOREINKEL LDIIR->T, HEHLIZXT S
Fa—ZVITPEL o TWVWBRIER LD, TnE, K515 mLzyIal—
T aVEERT, SRFOREENASBIIH>TREFOT A7 P EHVNEL 7
BIENDHEMRTED,

6.2.7 FEERMELZALBEDILE

K 6.161Z, ) 3V fEEOEBRREAEI L EOANF 2 —Z VT A—T &R
. REAAE 1200 TH D, V) A VBEOERREEEZ 52 2k, BRIy —
YDAV M TZAMPEL 5 Z L L ARRRYH D, (a)id, REENZICEIRIEZ
EoTW3, ERERREN 32ms (— &S8R |, SOms(BERR) | 112ms(EfR) & EB<kd
- T, IBEIREIIREL BTN IR DHh D, BEANIZHTHAFa—2
T OBERHET 572012, TNTNDH—T I OWTUEREBMNOR/IME HAEE
FAWTIEBULL 20 D% (b) 127”9, HEFEED 80ms, 112ms DHFEITIE, RETTNL
CRF2F 12— h—TRIFEAE —BL TW5. EFERE32ms DFEFITIT A
L iz->Ta0, b e b EDINEREBN/ NI WD, RIEREVEFEIIK
EL o T L ESRZDTHDEEZOND. ZnLD, SERHILEDLSZEIZX
D, HELEREF v TOREDKREEZEHRRIED->TL, BREHMIINTEF 2—=
VIODEEEZEDLLITVWE WS T, K16IZRLEYIab—Y a v iER
T, ANWNBEOREZEEMIETY, ZBEFOT 27 FHEE L ko722 &
NELEBMRTES. ENHZNE, AV AT L0OELNZIHEDRE XX, KEH
IR 2Ry =V DAMD—HREDAZILST, RN —2DAV T AT
Ko TENT 5.

6.2.8 ZCRIBEREUFE

D) AVREDSZETFOREIEEZRBNS, FALERF v 7 O RS %
PRz EBT, HExAOBRBEFEOS L —F 4 IR =V EAWT T T
DT VL—F 4 TN =% FTFIZEI L BRSO REHME 0012 L 72 AT LI
U TERRL, AFPMBIOBERDOGERELREL 2. 61712, EBRHIr 55
SN T-ZEEEREEE R T, B, BRL S L —T NS — v DZEH R
BThd hZ #BRXy—VOFAIEES ) 3V EF Y 7 Lottty Y OHREE
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(b)

R 6.16: FHfLFa—=v 7 H—7. > )3V BEOEEREE 32ms (—S845%) |
80ms(BERR) , 112ms(EMR) & BbXH 7=

L CEHAERICERL-2L0TH 5. Y aryf@ED " BEOERIZE L 5
NAT REE Vipso & 0.24V, 0.48V, 0.82V, 14V E EZ 1=, ZONA T ABENKE
WEE, ZBEFOREZIIELS LS. #F2R2L, WTFNOBELNAY N 2B
JCERERRTD, IWEDE — 7 3ZHBEFOKRE ENEWVEGE EEERAICBEHL T
WHZEDGh 5. HALERF v 7 OZEFIIEOHERKY EOEBRILHIZIA 12T
Kx2 L TWBER, K614IZRLzEDZ, V) aVviBEOSEFNEL D0
WBRIED 5728, LOEWERIEERDO Y — V2L CRAGET 2L DI12 k3.
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Spatial Frequency [1/cell spacing]

X 6.17: FELEIRF v 7 OZEMABEHEHE > ) 3 VRN 5 X 2354 T ZEHE Vipso
%0.24V (£ , 048V (R |, 0.82V (—sBHI) |, LAVHID VAR & &k
.

6.2.9 BREZICXT BIEEF

WL O DERIZHRT 2 FALEIRF v T OIS EHNT-. BARRHUREREIC BT S
EGAEAOFEAERINCVWNT, ERIEEOENBHT (0.2W/m?) T, > VU2
v RO ERR 33ms Tirbitz. K6.1812, B2VWERD HIZEM M I-AWFHIKE
D=ATA RS 2 HALFEIRF » 7 D even RO H Nl % RS, EEBMIAFNILE,
A<REN TS, () FEERREEITHT, Va3 Vy@EIroEEIN-ERE X
DEEFHNILZLDTH 5. =AOELAOAVEORMY, VIGET7 L5
VORI ZOHHIENTWBZ E8 90 5. (b),(0),(d) iZFNFN, FOEHFA0°,
60°, 120° DAMLEIRHE I TH 5. MEERBE SEFEL L. (b) TE, =AEod
DOHT, BEAME R AEFRADOUDHDPKE IEEL, FNUSNDOTSDICE
MzeNnNTHEZ BT 5.

K 6.1912, BNEED RICEINTZAWEATFIC T 2 HA0EIRF v 7D odd BD
HHEGRERT. even BINREFMDBENI L TRKEINET HDIZHL T, odd
HIHZEOEIHEEDER (v P) KRHLTEILKINET S, (a) i ZBERKEETT
DT, VA VRERNSEREINT-BEBEEZOEEHNILZLDTHS. =AlvL
BREDEAR, V2GHT7 4 V) v TOMBRIZL0BERAINTNWEZ LR D
(b),(c),(d) ixENZEIN, HEFARL0°, 60°, 120° DHALERESITH 5. #%ﬁt*E
EDBERDHFTRASTAIZ—HT 2P REINBEL TVDZ LT D

INbBiE, HriNy — U BNRIET DEBROFN S H DREDTTRLDING — 2 DA
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(b)

(c) (d)

6.18: =ABD/Y —IZHT ZTAERF v TOIRE (even B) . (a) >V
YREN SEEENTEGREZDEEHIL 2L D, (b),(c),(d) i ZZFNFNRESNL
0°,60°,120° DHEDINE. HABELFHOEERIFE A< EL TV 5.

(a) (b)

(c) (d)

X 6.19: =AEFED/NY =2 BHALERF » T DL (oddB) . (a) ) av
ME» SBEENTEHEZZDEEHIL 20D, (b),(c),(d) ZENTNHRE ST
0°,60°,120° DHGEDIEE. HABEFEVERIIE H<ELTWS
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T 220D, FHLERF v 7O BEENSEGAEEETH S

(2) (b)

(c) (d)

6.20: FIZXT 2 HALERF v TDIRE (even ) . (a) ¥ ) 3 VRN SEEX
NEEBREZDEEHNLZLD, (b),(c),(d) i FZNTNEE AL 0°,60°,120° DIFE
DILE.

62012, FrRRL L TOTHALERF v 7D even HDIEER/RT. (a) > V) 1
VD SEEEIN-EBREBEEREETOTICHALZLDTH L. HEFOFIZIZ
4 KDIER A >TWD. (b),(c),(d) IZFNZFN, BB 0°, 60°, 120° D FFHLERH
NTH 5. (b) T, BEFAL0°IZEWV EAS 2 KON HBHIAE < IBEL, o
2ARDIEOIHAITIRIFEALIEEL TWW. (c) TLRBRIZ, Ho AL 60° 124\
TLDIED AN KE INEL, DA TIHIEEF/NE LI ENTWS. (d) TiE,
BOE TR 1200 IV FALDIE B FIZ e\ =, 1FEAEMLISEL Tz,

HEARHNZ ANLERMEERT Z LI 6.18 DHFELEUTH 54, Z I THRREL
FOLOIZLDBRIEVEETIE, XY —rDayMSAMHR—ETIE RN, Z0
72, (a) TEEBOFTREAMICKLENV—F LOEOLPTE X, ANEKIZ
BF2a2 b FZARMEWD, FALERF Y 7TOHENIBEWTHEETHF O AE
<I\. 2720, ANERIZHT 2I0ERE, S DBROESWIEBT 5L, Kl
HIZ RO ENW—F LDIRDOIH O TIHIFE AL ATEBRE EDOS WA E EDINE%
AL TWHDIZHL T, m#EAIrSPLITNIHME LD ENS —FHDIERDOH
TIEANBEBIZERTISERKELSBEL TWEZ 83005, ZDEDIZ, KRk
DY X7 LTIE, WEDKEZIIRBEAMIZNNT 2 —HEDHTIT L, AT —
YDAV T AMIUIRIET .

X621 1 FFEERLIZEZD odd HDINETHZH, T b5 LRERIZ, FREL
B TR NW TR E L DD IRMKELINEL TWBZ &N oh 5.
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(b)

(c) (d)

X 6.21: FIZHT 2 G0LERF v TOIRE (odd ) . (a) ¥ ) a v HELISEFEIN
TEBRZZDEEHILIZLD, (b),(c),(d) ZFTNENEGESTRL0°,60°,120° DEBED
IS

RETIE, FTOLERF » 7 OREET RO EIEREIC DWW TRz, RIEF v 7% AV
TENWFRHEDRHIE L 724558, AR AALERENRERTE WL L, TR
BN XA—=FIZXOFIEITZ 52 MR TE. BB LEGMEICERL,
RETCLDNY — 0 T E 7. AMETRIEL 25 v 7 OEHEMREEIT 21x21
HEEHEDES VD, FERICRBESR BT X 0 EMREGRERS Z BT
x5,
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$ErE EEMTHIOIRILFFvTS
2T LNDRE

—REHEFFIZIE, AR THSRE L7 B mic &, RENMRE HInd
MANEAET 5. BTN, BMRMEE Bz TALERIRE R KO0t D22
ZARFITHEBOAS V. B CtREo BN ZETFH LML I NS E
JEETKE S BPATHDIIRL T, B TIIRIBNY — > DAL RE THN
X ZDOZHEFHOE OB EREE IR T K INET 5 [38]). EMAMRI{T
SHEEE, BEMAMREOTNICHEND LI 20IEMTH S, FIXIE, R4215R01

212, EHEAMROZEEZBFIEZET 242 ON (H 5 WL OFF) BB A -
R E L TSR, ORI EMHAEL T TALEREIZFHATE 2\,

simple cells

complex cell

7.1 BHAUMRRDZ A& A G TR EN -8R Miaz 797 [38].

AFIETIE, BATRMBEOSZAE %, Hubel & Wiesel IZ XD REEINZT7 +—F
737 —FNBORBET VIZESWTHERL 7228, #E50E7NMIZLNIE, RHERH
FADSZRE L Rz BT O AR R A G HhE 5 2 L THRREMICEHRTE
%, K711z, BEAHREOSETOMASDEIC X DRI AT 2 KT %
%Tw%T7B& D HOOBEMAMET, REAMICL TERZT S ALY
DALEN TN - RO BRI 5 A& T TN 5. 2 OREREREN 5258
3, FELERMEEZRL, P OREBHAEZ RSETOLY OB ERIE D > TH £<
JOET D VWO BEMUMROISEEELTATE 5. oML, K4412RL7eF
O— RS RS 2 A GhE CRMAUMRO B2/ ET VRS L,
L FEICLEFRELEE L TWBI 1D D. 2O 05 —REEFEMUMRDG
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ERED, AR TREL 27T 0l 9L FF v T2 LBEET —F5 27 F v+ &2 BN
TEHTEBLE256N 5, |

X 71T, U&>OEMANIRIZ AT 2 8dHME, £ TR BT xR
DLOIZRSN TV, Zhid, BERIN 2EMEHIIED, TOZAFOY 21250
TLHEVEDDBEDRBEH U EFEODEIDIZTE-HTHS. Z0Ldz, Yol
FRDE D L5 7ol % £ - 7- BAUME A AT 2002 £ o T, Be» IR It
Lo BHARIIE R TE 2. fIziE, ZOZeH2mBRICEHALEZETLELT
AT XVF —ET ) [86) B HAENT WS, ZOEFLTIE, EHEFNFROEMS
[l U HZEIEREZ RV < o 0 B 2 e T 2 EEH-T\W5. =
DETNPSEBLNLBEIIHT 5F 2 — 2V 7 FtiZ, EEO 3 2 0B
SHEONDTNE XIL—HT 596 DL DICHEMUMIRNE D &S it EE1T-
TWEMIE, RIOIZE> TEIPLBEIND22H B0, NS5OMPaE N—F ™~ <
TIZEOBHLEHBIZRTAEELZLI2L— N TA5201F GETFANECE
WOIRREIZER T, TRIFRIREEZON, 4BOBIRH HFETH 5.

X 7.2: YIVFFo FIZLOEREINDT ) a3 REF

IR EE RN RS T E SICEROBRERFEIZ DWW L, BEWLEF IIZLD
M XN Z X 25 RHTELMEREZLOLDL L. #l21F, WINZAZL 720 <
DO DBEEDFE Y TERAEL T, REOFISEEE [T B NE M58 T
HERPRBERDET IV (971E, ORI AMTED S 27 LI L0 ERTES,. 7+
O INFFy TIZLDBET —F 7 7 F v 2 ESICRBERHZ LT, EENE-D
SR AT EHETE AR T2 E2T0AE, Z0LDIZLT
A BT onz «o U a s\ E (K7.2) &, Bon-a38a 2 TEETERK
RBREEHTLZEREREIN TRy NEY a v BEDHFIZBNT, HiL W
RETNA 2L CTEEAREEZ R -T2 e fFENn 5.

75



F-ARFOBERFAOMEIZSVTL, BTS2 THSD. HRBIZXT M
fADIEE % BRIZ X O EHAIT 2EFERTIE, AW ERIC RTWS X5 Itk
ZRMNY — v R FEOBEBRIZNT DIEE L BT, BT 5 I LIISFRICRETH
. EIT, By — ORBICHNT 2ICEZ LV BONIMREEIIET LR
BEL, Z0EFVEAVTEARARERBICHT 2ROBNZEHT O EHVER
Lis-oT< %, 250, TOXILHERS I 2L -2 a v 25 HI AN
SR THDHID, VILYT L LTHEREBLZ YIRS TH S, 22T, BEOHE
Z L0 BONEARICESVEATEEY 27 28N N—F 727 LTHEET S
T, EBOBRBEIIBIT2ZEDY AT LORDBVEERB THET DI LN TES.
INEMREOROZTNE BT 52T, —KARKEL S 5ICEROBEBKIZHT
DEEERAEA A =X LEN—F 727 BF MK DBERIIZE > TN WD,
LW FEERETEDEEZL TV,
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AHFETIE, KB—KRAETFOT7 —F 7 7F +» 2B A7 F o/ E£REEEKS X
TLEREELZ. K27 L, V)3V fEE FALEIRF Y 7O LFF v THEK
&Y, REFICHT 2HEROUEOEEREEFRL TS ThThoF v 7 Fi,
7 Fu s BRROYMEREEICE DWW WHETEIZ X0, EEMTAESETT S, &
V3 V8RS S HALERF v T N\OBEBREROELEL, 7o/ FEEDOHATIT- -
7Ol BRI LBESERE, —BOCEED ) A AMEOE» ST + P IV FHR
WHNRTE2EZZ N DD, KL X7 LTI, BE, #HEOE CEBEDNEIZNZ
BoZ L HFEBRZ L OMAL -

— R P BB FF D REBM I T B 2 HALEIRE A EH T 5 /-
D DFEAR s EREFEET L & U T, Hubel & Wiesel IZ XDREEN/=7 4 —F 7 %
TJ—RFEFLADDSH. AMFETHREL = AMERF I, ZD7+—F 75 7—F
ETFTNICESWT, V) aVEOBEROBER 2 ZRICHET 5 2 & THAERKE
HEBL. ZOHALERF v T o) 3B XDERENTZEEY 257 L%
WT, —RAREFEMEMIEC BN 2 X D ME < U= even IR odd BD G
BErBLIZENTER. TOAMLERBHL, TEFOKRE IPHREEERE V12
VAT LDINS A—ZIZ L OGIET X

BROWH T Fa s/ QB F v P EREBINCHAR BT 2K 27 4%, SEFOER
WIERER N—F 7 2 7 CEET 27-DDEAN LT —F 7 27 F v 2T LDTH 5.
AR I E DWW TREREIN TV 32—k B EFHEMAMRED 7 LiZ, W<
DO D RMAIEOZ AT *BENIZHA SO EZEEE L > TV &5, R
RCRELEZT—F 77 F v 2AVTESIIREBIIZ Y X7 L5 8H HF 222 T,
K OREBOHEETMEOBEE N—R Y27 L TEHTELLELITVA,
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