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Advances in spike vision

Huang Tiejun'"" | Yu Zhaofei’, Li Yuan', Shi Boxin'?, Xiong Ruiqin', Ma Lei'”, Wang Wei'
1. School of Computer Science, National Engineering Research Center of Visual Technology, Peking University, Beijing 100871, China;
2. Institute for Artificial Intelligence, Peking University, Beijing 100871, China; 3. Beijing Academy of
Artificial Intelligence, Beijing 100084, China; 4. Beijing Institute for General Artificial Intelligence, Beijing 100080, China

Abstract: Video is the conceptual base of visual information processing technology. The frame rate of traditional video is
tens of Hertz, which is incapable to represent the Ulira-high speed change process of light. It also constrains to the speed of
machine vision. The concept of video is originated from film imaging, which can’t unleash the full potential of electronic
and digital technology. The spike vision model generates a spike when the photon energy captured by a photosensitive
device reaches the predefined threshold. The longer the spike timing is, the weaker the received light signals are. The

occurred light intensity can be inferred to achieve consistent imaging. Current research of spiking vision is focused on devel-
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oping disruptive ultra-high speed imaging chips and cameras that are 1 000 times faster than videos. It is substituting tradi-

tional paradigm derived from machine vision speed linear growth of computing power. Based on the biological evidence and

physical principle of spiking vision, our review analyzes the software simulator of spiking vision, the computational process

of the photon propagation simulation, spiking vision based visual image reconstruction, and the detailed mechanism of pho-

toelectric sensor structure and the chip design. Our review reveals the ulira-high speed target motion detection, and spiking

neural networks based tracking and recognition. The evolution of spiking vision is forecasted. Future spiking vision based

chip and system has multifaceted potentials to further harness the industrial tasks (e. g , the monitoring of high-speed

train, power grid, turbine and intelligent manufacturing) , civil applications (e. g, high-speed camera, intelligent trans-

portation, auxiliary driving, judicial forensics and sports arbitration) , and national defense construction (e. g. , high-speed

confrontation campaigns) .

Key words: spiking vision; spiking neural networks; visual information processing; brain-inspired vision; artificial intelligence
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F— Al Super SloMo ( Jiang %5, 2018 ) (#8439t
RF 45 ESIM BRALL T, fEas T, B H G AR
AL GEARBILA B0 WAL 1 IF (] RUBE b 3458 o B3 4R
J& B ESIM 40085 ST TE BT 1 R R 91 E
A . EventGAN YN ZR—> 2% B K 4 i (K144
Ve A X P 5 2 18] A g A S i b
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EventGAN 5 AT 3 Rt 2 | LU [ 28 PRk i ofF: it 1
WSt
1.3 EHENBBNMGERS R
XL B SR, Kim 48 A (2008 ) %
T — R IR 2 DR AE SRR AR I i s d
R e R 22 TAE b it — 2B B0 1 6 A i BEAH
Hlizzh, Bardow 55 A (2016 ) $i H A1) H Sk 3 45 5
1 ( primal-dual algorithm ) > [A] B O Ak ' 3 A LSO
SRAG AT . Scheerlinck 58 A (2019) $24H T —F
AR 28RN HD G R HERT )RR, BT RHSTER
i AL S HROHIE 22 18] 8 22 S F ity R 18 W 282 A A2 FR
[A] 5, Stoffregen 25 A (2020 ) £ H — Fi &5 Sk i 70 1) R
W, FH Ok T BRASTHDLESCE AL S RHiE 2 () 19 22 5, AT
TEZAH AR 3T T B kR,
G E LR, G ROt TR —
JEE SR A (R8T, AT b = A AR ATL ) Y Al 3 7 0 4 3
8 TIRZ X, Benosman 5 A (2012 ) i it 7 B =5
A A S A FREA T R AR A
Rueckauer F11 Delbruck (2016) IYBTFFE =M | 58 2 %)
T BT B 2 (A ) ER Ay, X LA R AR AL
HIPAE K A IE R, Gallego 55 A (2018) 42 i
Xf He B RAR S 2 il i e KA G it AR TE 2 05 g
FRRT LU BE A T2 2 ok ol 32 3 03, AT 45 3101
Tio T NS PR R 2 ) AR R B 1 25K, Zha 55
A (2018a) #2H T MVSEC (multi vehicle stereo event
camera ) ¥4 AE AR AL SRR E N 5 = 5h
Gy )AL S RO A s . 7RIl | Zha
SEN(2018D) 42 Hi R HIZE L U-Net A8 3 4 55—
ZiH ) EV-FlowNet 503% . FEZSNIL T, M2 45 1Y
B A e ok h A [T AT K R N ) R AR R A T
FE, BeAh AR 2 2845 B DAVIS AHBLEZ BEAY K
FEFMBAE R B A T B O B — B % R
BORIATIN . ZFE R THRRA (Zha 55 ,2019a)
P VPAL 28I AR IE 22 I Ik i R ASR fe A A4
I R, AN PR BE R AT 3 By, 4 s 1 56T
O P AR A T P Sl (B B Bk o R AE T 58 B TR
JE 2 ) Ty 22 Ah , Jik tppf é'/;(lmgﬁ( spiking neural net-
works, SNNs) H FH Kk wpdas AT 205 S5 4 A0 ML) H
R A DR, I AR A F A AL G AL T
WHAG A D & . Paredes-Valles % A (2020) 3£ F
i o 22 IO £ 1) i 285 ik ol st A4 5 T 98 Pk ( spikee-
timing-dependent plasticity, STDP) &% 11 1 JC Wi & )

532 W28 RSB ER AL G AL 1T Spike-FlowNet
(Lee 45,2020 ) >R FH Jjik s et 22 [0 28 55 N T Aol 22 o) 2%
FTR AR | P 1 35 7 Mk v o 228 TN 246 o) B A\ 1) 12
POk A T g |, S i A5 2 B SRR i 2 BRI N T
PRZE IR 28 AT 1 — 20 4 -3 iy, PR N TR 28
HHATBEHF ISR, Gehrig 58 A (2021 )
FAEGAHHL T A A G )2 ( correlation layer) , 311 T
FETHOC G RHIEAR I 1Y 5 8 I e 906 AL TRk,
2 N I B N Y B ST e ok 1 Q U b T 0 D
W
1.4 E4HENEBNITERE

AR T SR AL s BA a2
e AR (R i T AR 1 B S R
g = AR HAE AR Y T AR R AL R
T A AR ) 1 R G 35 S o 5 L T A I A Bk
1R LAFE AT KA T LA DRAR Z2 7 A% e AHAIL 45 838 3|
TR SRR R R PRI B Ry AR T AR
SWFE G S ARAIL R B A R P
HAETHEIRAGAE: 55 v 3222 PSR B A 5 R U5, LA
& TG A T3 o B 25 | FE AT T, [R5 38 5 A1
TR AL T4 ) EAS 2] T8 Z N

TR A Ji flly‘ij:?ﬁ, Tulyakov =N (2021) 2 H
“H[E)8E3k " (Time Lens) B9 7%, Fl IR & HHHL R
G5, F08% T AEREZS X SRR A A= S0
it 2 s Ok T v () i, — 2 A A SR
BELAETN 3 — 2R F 5 5 e 40 o G Al T ]
T, XF ik 2 By T4 SR INAAS ) f 2 0 N 45
S NI B 48 = A5 5 h R B 45 Bk M
TR AR A A

TE GG J7 T, Pan 55 N (2019) $2 HH S0 &
TS SRR T A5 5 M 1 i M R
B IR Z [0 14 G 7R 38 2k 38 IR 52 A 4% K A B AR
SEOLAIRIEL, SEEE T DR I it 40 451 3] 775 T v i R
WK S, Mostafavi 5 A (2020 ) 7 K 2 1 R =
AT 5 It 4 e A R E A 1 0 R IR ) I g
— YR A T R XK B AR 3 A7 R oy B
2, Jing %N (2021) FE T FHAAHPLER 1 F 457204
(RBP4 S 20 4 (A B4
P55 A (5 2 H R R s s AR e B v A
15 5L Bt 5 R0 RS 3 9 S35 e ) ] A 1 v
15 B IR U o R I 3 s

TERBE AL 11 J7 T, Andreopoulos %5 A (2018 ) F
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TR ARG TR EEAG TSR A B HLIER AL 2 &%
S T IRIIFERY TR AT, Zhu 55N (2018a)
FHE T R U e [R5 S A0 22 4 (time: synchro-
nized event disparity volumes ) , 2k T AHHLIE s
RO R) R0, 13 3 1 A AR BE AR T A5 2R . Tuly-
akov SF A (2019) 1 A TR B 2 ] 19 7 1k N
& P AR EE 4R T FHE 5 R A Tk
MRS B UG, I 56 T BT 1 i 22
2% R EEREMITER

TEAR S 4G5 7 1, SR A il 3h &
RE A TR] I 0 Mg e 55t SRRk, e LUK
AT EMEZHTZ P E A, Baldwin 45 A (2020) $5
HETE 1 A SR AR e ARG BE 5 (DVS-
NOISE20) , #& H S 4 i SR HE A 4572 ((event probability
mask, EPM ) , Jf B¢ 31 1 5 1 2 Mg 46 B0 28 0 2%
(‘event denoising convolutional neural network, EDnC-
NN) XJ P TE A5 7 AT A

] A0 X 22 73 B A AR ML TS A8 AR ST Y 107
WE5E, R B AL IR ST SR i T B 25
(i) s AT EE A JE 7R 3
1.5 EFEHENNAREZE

T ] R i A 85 ey i 0 B0 ) 3 e AR GE AR PIL R
TARMAR RS A 5, 2 PRIz SO 25 2k sl H AR
TR ARAL R SR AR 5 S VO F A3, ARk T
SR AL B = E AR A R R R 2 8y IS

BT ko5 B A TR BB A 9 AR
AR VP 2207 A e WK b oy PRI Bt ) R T
FERAL S R Eib TR ek ab i, SER B8
2R Ye 55N (2020) FIHI VU ZH02 SRS Ji
T AL R s TR] IR B G I 0G40 5 i BEUR #EAT 4
Tt/ MELL T AN )iz 3l F bR, 5 e R TR 2K 2 ik
PRI IER U Bl HARA e B, B b 5 BRI
FPHL T K2~ Rueckauer 5 A (2016) K H THLG DVS
1 APS 1977 AT 3 B AR, HokE DVS ik
A HE H A i e DI A AR 28 9 2% 64T 03
2 PR PR T8O bR e AL S BRER . LAh i Ay
ok A IR E BT 8 3 A8 R 2 R - 22 KEEHY Chin
S5 N (2019) K DVS # ik i o G, IR AT e
PEARERER R 2 H R B AR

XA ik A Sy P B R T ) i, IR R A
GHAZHE SR KPS S BB s A Rt PR A —

7 VSR EL AR K p i 1% B 2 s b R AT ) R R
Hinz 55 A (2017 ) X} k{55 AT IR 2L N T
2Z Wy S ) A4 B PR RS . Orchard 55 A (2013) 2
AT RIS B AR R R 7 18 T AR
AR Z Hbr s sliz g, AL, il e iz gl
2 HFRBERS Y AT, Benosman 55 A (2012) i8R H T
SEARRLE VC SRR R ER Bk . MR VAT (AT A
Y P REA AR 2 A HAr  (HAE R KBS X A
SR PEZE BN

BTk kAT SRS 7 A B AR ] H R
Sy ENR T R K i o3 A T AN DU 4 BUR Y
B E AR RSB0, B . Schraml 1 Belbachir (2010 ) ¥
ok AT I 25 B 2RI A S AR R G, TN 2
T NHATIE 23 % 547 29537, Chen 55 A (2018)
R FH < BE TR0 ) BR 5 ( tracking-by-detection ) ™ B A
AENK I LI T Mean shift,DBSCAN 1 Wave-
Cluster 3t 3 FRERAE L JFIGUE T 4 FP 2 HARIREE
SR B TN A 3 5 1 A4 bR S i 43
HIRELM AR S, Barranco 55 A (2018) #& H —FhI{H
BRI RIS T TR pLas N B Xy 22 H bp itk
B SR EE . Stoffregen 55 A (2019) X ik wh i #F
T 25 IR I3 Hliz 3l B A S 5t Ju s T
Iz Bl S i O BR SR A B 42 Bl B bR o ) K S
jeiz

2 ERARHERE

2.1 Bk fnRE

TEA% 58 B A 4 B AEASER rp X T AH LA
I BT P e A A B R DG 7 (&L 1 () ), AHAL
FHRIE W £ 0 R0 ¢, 1y 0y, -+ (IR T] T BEG

wﬁ%@ﬁﬁgﬁ%%o@%%%ﬁﬁﬁ@%ﬁ

JCIFIET AT R L B A (CHPBESBEF ], A <
L/f) BTl 3, 28 ) 2 milf 2B RIE & T
K, i BB AT 2 [ HEAR T8 1800 D65 0 A it A
P&, PG cHa S5 sk [i] [a] B HE 571 04 e 91 st 2 A0, B
2GR EURY A FE 7 ( Adelson 1 Bergen, 1991) , 1%
SRR 1,1, 15, BFZIHPIRAS TRRFSE Ar 1Y
YRRt R R AR X TR 1, R A Bt 1145 i
FH BN ] Ae /DN T35 7T 7 it 5 22 ) Fg 1 [ ]
B 1/f, X BEWREE , 1/f— Aeix Bt 18] 9 1945 B i
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(b) BB BB G AR
SFRIR T H R LR

Fig.1 Comparison of imaging mechanism between conventional image/video and Vidar

K1 EGRSIA eI

((a) imaging mechanism of conventional image/video; (b) spiking imaging mechanism of Vidar)

FRT, At BN 3 gk - R 2 B
AR DR AR e B Sl R A AN 2 X 4 B R
) — T EERIE

PRI TR %) [R) 25 1 ELIR G R ) A [R) A
C 2 W B A AL B PR AR AR Gt S A ok
PRl XFE AR S ER, JLR R 2015 4F
(2016 4 HIE L ], AHAE 545 38 H 5 K& A1,
71201610045011, 2 10523972, H 6754434, &
520000216573 , Kk 16595EPPC) & H4 17 —Ff 387 il A0 .
TRl Jik AR 2 AR 7R ( spike vision model ) , 33X FfifEE
RIXTCAR B B 3B 7K R L35 (Vidar, DAAR & LA
Video) ,,

PRI TE S SR A J7 T 5 4% G BUR AR T o —
2, DK e AHBLAT SR 5 38 38 AH B2 4 A [ 1 B
P8 kR R ZBVATAY CMOS 1 CCD, 2% JH 23 (1)
HEAG B s P Rk 2 A5 2 (A& 1 (b)) o MR AT
AR AN [] 2 2R T 8 B B S R T =, A Uk
JCASE AR 20 e A0 7] 9 B Y I 2R 7 RO i 2
FEELAR O ET, MU 09 i i e 249 e B 3k = A

— Wk, XA K i B R G A Bk e I Ry 22 A
FRNRRIC BN EOCA ™ A AT IR AL
HERUPS , fe fif B SO — A PRI, 1 3R 1
B ZIH BT — ko, 0 FoR b T RBURE, 1
R 1 MIEZETS— 1 ZE BT 0 F R — s
MIC, BABOLRR I A — Bk, BT Bot 4%
AP 7 £ Rk v R 2 T A 2R Sk e
H XL

WL HERRII ) 5t L HAE TR B TR
RO E DRI AR e B . SR TG T 8@ g F,
— AT HRERUL — A ki, 3 PR IR AR BILIC ¢ A9
RN e B AP B E EOL Al ER— 41
JCT A BEWOR — A~ Ik, 2 Xy B3 S ) — o R
PR BB AR Y I 18] 5C R AT ARG 2 T e KA
DR B, AN GARISUAR A 38 b N Ay R K ek ] 5 2
B — R T He, S 1 A RTIZE K
[ CMOS O AR 1, I ] R A% B 2B FE ns,
R PRI BB AL, 5k T LASE BT U7 He 19y
I BCRAT IR W B 7, JEURA TR R Y
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SO0 BUE RIS 4 7 Hz, WA LA
JEHE A AL 1000 £, 28 AT L b 41145
i 350 km B9 Ry AN Ik B 1B 7 200 Fe g ff
o PBIES T —E A3 [ Fl N &AL ED G R RS H
AR AR, U O S o A DLk, R A
LA A G 0 EAR AR, =5 B X TR B AR
FEIS 2, m LN 55 32 I8 2] B9 B0 Te Al %A A
XPGER , SR LAZ: 25 Z i 4 0 43 ] b 4030 A o 22 R
JUAbT Y EORS AR A0 L om , AT A5 21 A T IR 20 A K 40
BIUR . RX AR & T AR R 2SR RE PR R 4
Bﬂ‘ﬁi{%( fulltime imaging) , ﬁ%lﬁﬁﬁm{%( continu-
ous imaging)
2.2 BRiHAEHARINES

TR Ik RE AL A b 5 DR 2 Bk 2 T AL 2 fi T
TER Wk AR BB, &5 O A 5 BAMILZ — iDL 8%
BN GG T 22 RUBERAE Dk G B 5 vk
& g 5 A AT T

PR LR QLN B T | N R DN
(2022a) B T BF X kAR BL RSB, S48 T ik
MORHAL T AEAILIEL, 170 5 B DA 35 T K AR AL A A6

(a) a5t

(b) tGERPLIE S

WIS Rg, WO B Mg A vE Y g | 5 R A
P AT DIEEE A O 7 209 3 5001 Az Boxt iz 1) ik 4
i, Horp LA T2 SR AR AR U A B TE e |
FERFE I B, A% SRR T30 5 34 A% B 2% (B LR
BL) Bz 3l BN B0 AR 2% i F BE ML S LG 1Y
FES M ZRAVE AL BRAR AT, Z LA R P A
FE SCPLIEI A T YT | AL T IS B R
FER YR AR T T A i s bk LR AR LR A
KRG 751 | A g 8 nvisii (Morrical 25 ,2021)
Fl Blender 1E R 5158, SRAF I R AL 4 5 G 5 4 Fn 4
BHUBLRLZ 0] (928 B, BT A b U, AT Sk A% 1k
AR A % BITE Y g | A AR R HU RS K
Ry ok e A SRR AR ok A AL BDRE RS
15 R P A A G BRI B | X6l HE G P 47 A e 0 A7
FMPER BRUE 78 RRUERA O B 5 , Bk
AR

kTR {5 b A bk Bl P AR LA L2
PRASE T — 65 i 1% B I ) B, 30 3 5 R 3 26 B in 3y
e, P AT DUARHE B T SR AR5 AR G 1 Bl . &1 2
JETR T kAR HUBTALLE8 ) — Sy e gh 2L |

(c) i AHBLIE et i

B2 Bk AU L (0 e 2

Fig.2 Spike camera simulation results( (a) corresponding virtual scenes;

(b) rendering results of conventional photorealistic rendering algorithm; (c¢) rendering results of spike camera simulator)

2.3 BB S5

JE R R EF B R FE P B 2015 4F AR 78 il A AT
iR T 52 T A B T AR, B2
27 05 LI ok i 5 A% SRS B H R R 3, 2017
AR % A A DL KB ) 900 B2 2R 46 45 #1445 SR

THREBLIIAL HE g HE Al | A ) 56 18 vey 22 SO o 1R L
4 Jk b L B S P S e B REBR AR R AT, KR B AR
o R B AR Sk Al AR R R O BEATORT A0 R
REST o

Jik o R AT AE 3 B izt iR A A
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B
i N e rorer 2 i =

K3 ks

e — ‘T—:—;_l

R T

O

J R Bt &

Fig.3 Layout and packaged chip of Vidar

Zfih & AR, PR 400 x 250 18 %, ik F T
40 000 Hz FYSRFESR , s AVa BT 100 dB, 454
o g SRR BRI S s LB AR B 2 ) s e bk
MALSEARPLZRGE , AT S0 5 8 H AR R4
2021 4 #5478 A BABIF ) B B B 15 28 Ik v AR
o AT BER IR B 100 TR, R RE SR ik )
40 000 Hz,#E—24i/N T HAMER RS B T
ik i R i SR B 14 TR A L AN 4 P % AT BAE

(a) B EALBKMP AP R ST

il (4 Jik AR B8N R 5 AR B AT X g S B ) A S R
THWE . R PORIEN T BRI X IE RS 2 m
AEXF I 35 5] 700 km/h (0.5 Ehfk ) 1 155 2k SCE G
DU SRR | 1R B ] LA BT 43 3% v R A s 1Lz 3l h o
B A S AR B UL AR Y N P BE A8 X
6 bk 1) AU 1447 0 S UR I, AT DA ey 2 S
S B A I S AR A e R S B i A S B A
HIPGEZ

» BTG kP
UL A dali

DL & v g
" kbR " Bk RIEL
(b) F T &R AL

K4 HITGR kL
Fig.4 Mega-pixel Vidar camera( (a) lightweight Vidar camera; (b) mega-pixel Vidar chip and camera)

PR F- AL ( single-photon camera ) Jg [ [7] B AFG
DGR IR th i — v R R AR AL, 3 iR B0l
FH A W4 (single photon avalanche diodes,
SPAD) , A] LAid S AN G- 3k |l i X6 7 i A7
TR, AT DLSE IR IR B s 3 2530 2R T A B s
Bt AR o BOGTARPLAT LA —Fh R R ) Bk oA
AL, —A s B — A5 B Ik AR AILIT & 1Y
FRAOCH R | 3dE HI T 506 F AL,

2.4 PR GER

I A 22 2 AR Jk b A BIL A5 Dk o R o 1 TR
PIRARE R IEAT THE5E . X F Rk AL &, B L
ik A A A T8 2O 2l 25 A 0 ok AR AT RS0 5k, TR
TR S S 20 Ml A T bk ol 5% T R DY S ] 7 A
WA, S0 T AL GEARALIY Sy BRAE 5 T Ik oo ) P
(texture from interval, TFI) FI 3%t F B} 6] 5 F £ &
(texture from window, TFW ) & P FF ELRH (1 ik p AL
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HE A (Zha 55,2019b) o T keI R 9 75 85 A
ok T o I D1 i i 9 Nk — AR S R
e MR I 6] AR BRI DI B 3806 5 B S XS TFI
ARSIV, T 2 R ) D M 7 L R A5 ) I
W, He TR 6 1 25 1 T v S I ) 2 AR S
S I BN A H 0 IR B T S s AR Y
G0 H AR (H A YRS Bus shint %07 %2551
AR E W IE S B, & X IR R, Zhao 5N
(2020a) $ H 1% ik b B4R 9 4 i Sh Bl AT I ek
DR 71 e g B G L A ] IR RE A A5 | kS
IBEER . Zhu 25 N (2020) $2 T OB S & B Ik
Rl 28 O 2 AR DR gkt Sk v R AL 1 45 e At )
PR AT AR B2 TR BOXT LEBE . Zheng 25 N
(2021) F H % B n] 38 PE AL ( short-term plasticity
mechanism, STP') > fif £ Jik wh AH HL % T 48 ] 1, %
SRR T LAUSE N s R b gt e ik o A AL A AL ()8, Zhao
S5 N (2021) % JEF 25 i bk AR BILAY 25 18] 23 30 A
AR T R AR LAY S BE $R T — iz sh
7|51 Ik b A AL AR 43 B 2 A5 B 5 (motion-guided
spike super resolution, MGSR) , %15 1] AR 75
TR SARPLIR] BIAR XTI 3l , AR S5 B A bk g
FE R PR B R KRR, 1A, R R TR
27 BRI AT SR RE ), — S T IR 2 T 1Y
Jik AR LA EHE AR B . 49141 Zhao 55 A (2021b)
BTk S AR T — S 3 S 4 DK i AE AL
T X 2% (spike to image network, Spk2ImgNet) ; Zhu
SEN(2021) 4 Hi K AR LR 5 Dk AR DL A AR
454 N E— L4 T i R I Sh AT L

] A 273 3 A AR Tk o i A% SRR B0 S A
AT T —86ffF58 . Zhao 55 A (2020b) R iz 314
A I R AE TN DAY Ik I B — SO AR s, T ik
MRS SR X 1/ B A 9865 7 5 T RAE, I
TEMCHERY B REAT T Bk e s i A OE R A . Hu &%
AN (2021a) $2 T SPIFT (spikingly flying things) 5
PHM ( photo-realistic highspeed motion) £ #54E , H T
kARG AT AU 2R 504G JOF B4R I T T
ik AL G A T A 28 2% SCFlow, 1% M 2% 15 5
LTSI ok b R BE AT 1 I 1) 7 1) A AR AR
J5 3T & PWC-Net (image pyramid, warping and cost
volume) ( Sun 45,2018 ) 45 ¥4 47 FRAIE 4 735 19 9w
T —f it JF LA i R b (PR E AL 48, S8 7Ol
TR ETEAG T,

BEXTBO6 T AR BL Y AR A, Gyongy & A
(2018) $2 i 5Tz sh ok BTG 119 77 12
AT AP S R ORI R0, Ma 55 A (2020) 15
71T — Quanta burst photography HE 4% 3 =5 %4 Hh X}
FEHARE RS, T S R L S B A
R B R . Chi 58 A (2020) $2i T — 4>
HZMHEZE (student-teacher framework ) >f fiff P g
i Iz 3 Z [ B 7 J& . Ingle 55 A (2021 ) 3@ 43 43
PG BA A I R AR, B2 T —FloRr iy 0% 5 A
PUBR A R R bR T T R i s 3
JUHE, Seets 55 A (2021 ) & XF G FAHMLER H T —
iz SO BRI R THHAE S S o h i B
HPERE
2.5 BkHitEERK

AEHTR A AT A2 ) P i S ) I R 2 S e £
SRR S AT T ML — , HAFFE R &
FEN PR B K i (355 0 85 Sl 2545 v AR B
P8 e 3 259 FRL AR 52 AR i e

FLIHE R AT 2 100 000 ¢ 1 (8L (dy-
namic range, DR) , {H25- 30 AHALITHE 9 IR A T BE
H B SE AR A BR A HA 1000 < 1, F7E
R AL GE A5 A5 2 %ok B A0 BBl e Y LSt 537 5
PEATIASENT , 2% 2 h T Ot R R BRI R
Qb HLAT AL TC AN (A5 i 40 i) AR o i I 2
TR R KA GEARAIL T BRI (14 3l 2851 A2 3]
PR PR A7 [T A7 AR BIR ], DA I 925 56 1T s LS 1 5
(KB ATEH

TAn] S REAL SERI ALY 5 Sh A B BEAR R | 2
TSR R ST, X T 5 Z IR A
55K vi, K ASVE R (low dynamic range, LDR) A9 K]
BRI VR R B, A4 R G B AT
FURG A e h o e TAE, B, mghas
JEHl (high dynamic range, HDR) A5 A ROPELL K&
R MR R = SR T AL AT 55 AR . Ik
MARPLE MR i 5 S S B MR R
ok (- i RS ) 6 5 R R 8 Bk e 81
THABRRRAL B A [R] 56 B 1) ' 0 2 7 AF i i A
FEANT) B Jok i, PR sk ok 37 55 v 8 Ak TG Ak 19 47 2L
HRREAH BN AP AR B 31X S I 08 A 1 0 75
SASTE GRS T RTRE

1) Rl P 28 08 285 0 o6 A AL RN A% GEARBIL I 5 30
SIEE AR . AR 2B S AL EAT H 4
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1o S STE F R BRI RE T, AT LK #h 208 2B
B A R R A — KA S e B SV L B K
BER R o T G2 ] 23 B R LA (400 x 250 18
), AR R E (5 B, DN MK i bk b =i 2 19 K
JE T S AR G 5L T U R R BILAA B g 20 R (B
MR BEATRLE Al AR 26 5 v sh 23 FE B

HERR AR, Han 5N (2020) $2H T — 2
A DPRNAE TR, X 4 DRSO
(]t I BE P LSRR KR 25 18] 5 AR £ b

N
Yk

(WAL

2 R AL BRGE 2o ot 2 I 2% TR R 3 T AR Bk ST
B, Han 55N (2020) b5 T — MR GHILR S
FHT 40 48 S8, 3% — #8850 Point Grey
Chameleon 3 143538 # €6 Tl AHALAT—B Vidar #1£2
FESMEAHL, — & @i o e B AR A R A AL 7
300 3 T R AE AL SR B S, R R SRR R
g G T AHBILII K 114 1 sh 2530 FELAE B A bk A

HLBRR Y R R 7 BRI S MPLAR S
AN EINE 5 R

TR

ST ki F iR BE ]
515 BB
R E 2%

K5 MZESIEARILAE SR CAPLER & R R 5

Fig.5 Hybrid imaging system fusing a neuromorphic camera and a conventional RGB camera

2) HE TR 208 35 WL 0 AR AL 38 A% BN A5 A5 Y
BIEshSTE B AR, Zhao £ A (2015) HIREH T
ABUNAS 258 (modulo camera system ) 3X &, AT
DIARAS RIS 3 SN FITC EBR (RS F) /Y gk
Kl s SR . 5GBS FTic sy R
i ( Zad NS Y ) AR, RBORR RS
T e SR i 2 3 S A o B AR AL B Ak L AR B R Ay
BUE (FRAREEMR , modulo image ) , F- & H 575 M
REEMGOR  H S h SVE H MR, AR, R AR
15 R £ 7 [ 51 ( digital-pixel focal plane
array, DFPA)RIERRHNGE RS, HRAET S
JRA] RBEHLIG (Markov random field, MRF) 11 1k
SR e AR UG e S a FE E e, el T A
TEARAREL DI AE SRR, T LA Ty &R X)L B DX 45

LR % RGB =1 A (8 % R A B R A

K TR Zhao %5 N (2015) J7 B Y BREE , Zhou %5
N (2020 ) SHATFORAG AR AT T etk , HOR ARy
TR 2 Y A5 DA B AL 2 R 48 S AR, R4t — ol
FEFUREE 2 2] (W 7 R = AR B EUS )  sh A v [l
FOHE A B G, BT 8 bit = B A B A AR R
PR BE R BH B e R 515
QAL IR 1) AR S BN ], B0 2 o 22 T 25 W0 5 AH
BLA IS A8 4 R T R i A 31 24 i =4 ik
i SRR AL B AR BCR SR, B
BB ECE TR, AR R 8 e 2 1Y
Jok b E 35 20 e T BR AR 37 200 R, A5 E)
P Jok BT AR B2 B B AE R RS, AR T Zhao
N (2015) AR A A0 S B0 AR | Iy 325K A
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GBI ARG IE W B AT 50 BT B = sl 25
0 FEI AR 20 g A B UG N 224> 50 B e 448 15 ( oi-
nary rollover mask ) [} =K Fl | I 57 4% B EMG A B —
AT ICRHEE I A RO R e 2R BRI R
)5 2 A5G MR A PR O 3 A A kAR —oe
PRict )i g 2
2.6 RkMILREEE

] A T 2 2 R 1 TR ) A B
ITERZHAZEE T H AL, Huang 5 A (2018)
FE T — Fh FF 48 T 8 S 1) ALY (event-
guided support vector machine, ESVM) , 3 i [ 548
(8 SRR 1] S AIUBERL b S A S5 R e R s s
SRR R R ERE . Horh S s R T A
Fifr, —Ffo SRS S R E AL, 7 — R P K
JESIOERAEANTE , X PRI EAR R FH LA BA A 3=
WA CeleX AHAL AR BY Dk thiat , Fon] LATE s K &
ORI = SN Sl EREA R vk il P S = SR E SR I
R [ I Jk e T g 02 3l DXl T 3 E BRI
Chen 55 A (2019) 42 i 1 — ol 1 1 g 074 0 s 00 B B2
771 (event-based tracking-by-detection, ETD) , 7] 3k
Tz S VR e AL B A R AE 2 17T 552 R 34 48 17 R
i, RH A i& N ] 1A (adaptive time-surface with
linear time decay, ATSLTD ) ¥4 AHAL ™ A i ik ol
T R EUGIT A SR 5 PRSI 55 R e — A i Ty ik
XFABRHEAT BB . Bk 1R kot e Ak o RS B 7
5, Chen 25\ (2020 ) 18472 A 1 i 280 s 14 R 90 a2
B3R P 25 X 4% (retinal motion regression network ,
RM-RNet) ZbEE 300 25, ARA5 B AR 45 A ig
SRR 5-DoF ( degree of freedom) ¥ 1K1z s S48,
SR Y 0 T8 0 P ) S 9 92 B [ A0 P i) S T ) 5%
ik (time-surface with linear time decay, TSLTD), AJ
W S0 S R I 2545 A U i B TE Wz 3l
AR TSLTD ~F-1aT , 2 11 59 B Al S ' B PR IE T 14
eI S A ARSI BR B L AR X ST AR L
ISR PG IR R 28— ] - T PR 224k
P72 B KRR PUIREE R AL A, Yang
SEN(2019) $2 M T —FhE5 5 Dk v 22 1) 45 1 4% Gt
FRZE 45 (455 78 ( DashNet ) , fiF F bk nfr pft 2 g 445 4k
PHPFAAL AR A 00 K b s A PN T 28
ZRAL TR APS 77 A LA IT, 3k R B A B il S
I 285 il 4 5 R 2 A R b PR AR I e AT
F A,

2.7 BkH#LEEA A

Jok b o 32 R HIAE LA JLAS I 1 -

1) Tl S5k, 401 TAERIH ATIS (475 B a] 23
e Tl OB HLR 9 5 iz s I T A T IR R
RGSB (NI 55,2012) R DVS Xtz i -F &
BT FAF 4T S AR ( Belbachir 45,2011 )
K A Fig L IR B R 2= O B IO B T 242 B 9 ini-
Vation J&— 3 TS0 2 S AL AR (DVS) £
AR ], HAF & ) Dynamic Vision & 7] #E17 &
3D FEAh i it 45 5 LA AT PO e A b e e A
K25 Tl e i . 3% E/A B Prophesee 5z it #fE
H T 2B PEAE B (evaluation kit, EVK) |, 5 Bh#l
AL R G R N DL A TR PPAS 56 T R A A0 08 A %
aryvERE

2) R, DVS 24 F5 FHL s i & 1E I
KPP BB T AR 2 PR B AR R AR s,
FAAT LAFAEE0 I8 R (HX TR S, P T LR
HETFHEMMG R, f§E=BEARSSE5AIS
DVS FAML A4 A5, B AR B 't 2o 72 v 7 A 9428 Bl A
R, PR SEEN BZAS AR, AHOC R N T ALY fish 57
mafE P E CelePixel AR & T HT CeleX V HYZ
4 5% 9% 55 K 1 R 48 (Guo 4%,2016) 5 B Py b 5 K2
1 7K 18 052 A BA (Li 25,2019 ) 8% DVS Fll APS 454
T A3 3k B REEGA6I, HAE BB A & s 3l
e Ko 6 RO T BA g R T

3) E BG4k, Rodriguez %5 A (2021) % DVS I
FHEMS WA SEOT WAL BEFERE AR ALY H iz
BN, Falanga 25 A (2020) ¥ DVS 1E 9 & AHLE)
LGSR GE , A0 LU AL GEARBLAE & i 12 3l 3 50 5 i)
i G HET A B AF R IR ERRE T .

3 ERIMIRERLLE

AL GEATARHL A T T A 3222 i E Ao
PUR T, He e i ELAR b 110 02 98 B M B T K 2%
1) I 2 RN B 1 95 AR KA ) DVS J 44 4H
B, XL TAEFFRE T — A EZEF5E 7 1), B2
AER fEHiPHL DVS RV LA BRE L, 545
FHHLAH L, 35 F AER A9 S5EAHAL R & W R34, ml
DASEIGZE Sie 57 AR DR T SR R it 3 D I e il i
SEPRAEAL . HULFERE, T AER AAHBLARLAE 7E—
ANEER A TR) B, B AN A 4 X e 5 5, BRI G
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P SR

Jb ot A B R ZE A DA 2 RACZE S L i s vp
SN GRSALER , B IR i RRG 10, BEfS A
R BRI A B R R AR B B TS S Bk
MARHLEA LU 3 J7 mRHHRE 1) 4 & (full-
time imaging ) , T 7T Y FF 22 I TR] DGR 0 L
P T DA BZAR R A AT S 20 B9 0GR, NIk
FRAS ST R B 20 B, SE B i A A% 5 2) A Bh &S
JL M4 (free dynamic range, FDR) , {1 S0 8] % 11
PR BN ZAIT, W] LA 30T S s S E A A
PR A Sl FESR , B0 R 15 N S A [R) 52
(1) H bR 3435 W5 3 ) 58 45 814 ( broad frequency ima-
ging) , FI FIAHPLEARAE 11, 845 BAR R IR Sh A5
NI DX 3 AN ] H AR (BRGE 5 $18l TIR | = 55 Fgdt
BAE) o DK AHHLE A T AR HLAN A A ALY 1
S T ELAA BT AR A, PR SR A TR AR

TEIH ARG T, M B AR PE 192 56 75
B R 22 AR SR AR VR A D) S L2 B PR A2 | L
H ORI B R ARAL, ARk, [ N 223 X 22
G B AARALAT AR 43 B ok of AHAILER A IR A ST, OF
DUHR T RS R, A6 A5 A Al A W
FERK ARG e TR A, SR
SMIFFEAUE BAE 77 th— R I mK-FIFFE R

FEAE B T T, PR T 0T ik v i Ak 3k
W b TR Y B, [ N A1 4 04 07 v R 2 B TE
“ Jok i — I TR]F T e A b AT TR AR, #E T AE
AL AR A A] P T E AT B s R n I s £ 842
i, AL BRI KRN 2T S A A I
FER A PEH A BTy vk EATYH G T JLAE R 2B
BB BRI A | 1 18 R - 2452 DT BA A H
(Rl G Ik I s 228 ) 24 RN T 28 I 285 1 =X, T L
F A FRVK i 5 PR i A G AT AT & Y
KAt R TECRIER o ARSI SRR VR RE T, A4 =R
TARAER A5 (B S AR B % Ge AR MLECHE (Y
[ X6 AT 2 HECHE Rl 5 I 18— B RS T Jok v AR AL R
A Wy S 58 g PEOU B, (A S S AR HLA L
TE e R 5 T E A R AT AR I B, K R
SN

4 KEBRERZE

TE K AL 58 AR5 AR DU UL % 07 T, A AR 2T

JERAEBAIIRTE , #E— PRI 2 R RIS 5
FALRE S SRR A EE ST . SEPRRAE I 7 X ok e
AL A0 B G D ok 30 B R 0 25 A= 1 Jhk
s S PR K B I A 25 S o B — DR
FERFEME R A B A FEIE . Ak, BR T
T R R B, A A AT 55 N TR PG T 2t A
RRBIHHLZ

TERK P BB AR F 7 1, T — B BEAY Bk b AR BLAS
VISR T o3 H o 2R e 5 1], 38 A0 R b 2 i J
WU 70 B3 5 AR 2 22 i R i, 5 )
I, Ik A5 e et 5 1% G0 WAL o A% et Pl 5 B 1R
FGE N — MRS UK A I AR A 1,
B IE R FEEE T 22—,

TERK L5888 0 5 R G T7 T, I 22 T4
SR ILANTT R TT : 1) B BUR R 5 22 73 R R
ARG . BRI Ot 4 XHE B 5 id 3Ot AL
PeA SR RE ST HEAT R, T 1) AN ) 18 T 3 5t 4 4L 3
2 SUBAN T AN B 22 AR A AR SR R (7] Ak A i Y
fr BRI 58 2 (6] S BP0, 2) Moo B BLA S 5
TGN IR AR o FEI0 KA K b R BAL SR
ARG AL R B LS, S Bt ) A [ A 3 5
R AL B 22 I Sl A B 22 25 A5 R A B, S
RAGERRAE . 3) Wkorh B RLE Fr 5 ok b A S
FrRG, E R R R RIS RN T L
TR Ik b BRE 5 o b BHLES B S B
RSCRSCHE A  ASIE I B A5t 5, DA T A M 2 o £ i
HIRAIRE ST

TSk bR o 50k T, AR ST ST R DR A LA TR
JE 252 2 7 100 R R A S T 2 R RTIRAY T i
g I LR TR S0k 00 g o v | S
W 2 IS5 R oK, AR Mo —FhB % Y
PR P25 K bk 2 190 2% S Ak TR K e 4 5 g B
TEFBL, BEE AR SC LAl MLE A O Sk, T LATIUOL
Sk o 222 0 288 7 Jok R U 2 R AR

B b ALdTEEZEAYSFREELL
FEROMBBE G T LA L LR LA -
tp://www. csig. org. cn/detail /3185,

52 3k ( References)

Adelson E H and Bergen J R. 1991. The plenoptic function and the ele-

ments of early vision//Landy M and Movshon J A, eds. Computa-

1835



1836

PEEREEF IR

JOURNAL OF IMAGE AND GRAPHICS

Vol. 27 ,No.6,Jun. 2022

tional Models of Visual Processing. Cambridge: MIT Press: 3-20
[ DOI: 10.7551/mitpress/2002. 003. 0004 ]

Andreopoulos A, Kashyap H J, Nayak T K, Amir A and Flickner M D.
2018. A low power, high throughput, fully event-based stereo sys-
tem//Proceedings of 2018 IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition. Salt Lake City, USA: IEEE. 7532-
7542 [ DOI. 10.1109/CVPR. 2018.00786 ]

Baldwin R W, Almatrafi M, Asari V and Hirakawa K. 2020. Event
probability mask (EPM) and event denoising convolutional neural
network ( EDnCNN ) for neuromorphic cameras//Proceedings of
2020 IEEE/CVF Conference on Computer Vision and Pattern Recog-
nition. Seattle, USA: IEEE: 1698-1707 [ DOI. 10. 1109/
CVPR42600.2020. 00177 ]

Bardow P, Davison A J and Leutenegger S. 2016. Simultaneous optical
flow and intensity estimation from an event camera//Proceedings of
2016 IEEE Conference on Computer Vision and Pattern Recognition.
Las Vegas, USA: IEEE: 884-892 [ DOI. 10. 1109/CVPR. 2016.
102]

Barlow H B. 1953. Summation and inhibition in the frog’ s retina. The
Journal of Physiology, 119 (1): 69-88 [ DOI. 10. 1113/jphysiol.
1953. sp004829 |

Barranco F, Fermuller C and Ros E. 2018. Real-time clustering and
multi-target tracking using event-based sensors//Proceedings of
2018 IEEE/RSJ International Conference on Intelligent Robots and
Systems. Madrid, Spain: IEEE: 5764-5769 [ DOI. 10. 1109/
IROS. 2018. 8593380 |

Belbachir A N, Hofstiitter M, Litzenberger M and Schon P. 2011. High-
speed embedded-object analysis using a dual-line timed-address-
event temporal-contrast vision sensor. IEEE Transactions on Indus-
trial Electronics, 58 (3): 770-783 [ DOI. 10. 1109/TIE. 2010.
2095390 ]

Benosman R, Ieng S H, Clercq C, Bartolozzi C and Srinivasan M. 2012.
Asynchronous frameless event-based optical flow. Neural Networks,
27.32-37 [ DOI: 10.1016/j. neunet. 2011. 11. 001 ]

Boahen K A. 2000. Point-to-point connectivity between neuromorphic
chips using address events. IEEE Transactions on Circuits and Sys-
tems II; Analog and Digital Signal Processing, 47 (5): 416434
[DOI: 10.1109/82.842110]

Brandli C, Berner R, Yang M H, Liu S C and Delbruck T. 2014. A 240
x 180 130 db 3 s latency global shutter spatiotemporal vision sen-
sor. IEEE Journal of Solid-State Circuits, 49 (10) . 2333-2341
[DOI; 10.1109/JSSC. 2014.2342715]

Chen G, Cao H, Aafaque M, Chen J N, Ye C B, Rohrbein F, Conradt
J, Chen K, Bing Z S, Liu X B, Hinz G, Stechele W and Knoll A.
2018. Neuromorphic vision based multivehicle detection and track-
ing for intelligent transportation system. Journal of Advanced Trans-
portation, 2018 #4815383 [ DOI; 10.1155/2018/4815383 ]

Chen H S, Suter D, Wu Q Q and Wang H Z. 2020. End-to-end learning
of object motion estimation from retinal events for event-based object
tracking//Proceedings of the 34th AAAI Conference on Artificial
Intelligence. New York, USA. AAAI. 10534-10541 [ DOI. 10.

1609/ aaai. v34i07. 6625 ]

Chen HS, Wu Q Q, Liang Y J, Gao X B and Wang H Z. 2019. Asyn-
chronous tracking-by-detection on adaptive time surfaces for event-
based object tracking//Proceedings of the 27th ACM International
Conference on Multimedia. Nice, France: ACM: 473481 [ DOI.
10. 1145/3343031. 3350975 ]

Chi Y H, Gnanasambandam A, Koltun V and Chan S H. 2020. Dynamic
low-light imaging with quanta image sensors//Proceedings of the
16th European Conference on Computer Vision. Glasgow, UK:
Springer: 122-138

Chin T J, Bagchi S, Eriksson A and van Schaik A. 2019. Star tracking
using an event camera//Proceedings of 2019 IEEE/CVF Conference
on Computer Vision and Pattern Recognition Workshops. Long
Beach, USA: IEEE: 1646-1655 [ DOI. 10. 1109/CVPRW. 2019.
00208 ]

Dosovitskiy A, Ros G, Codevilla F, Lopez A and Koltun V. 2017. CAR-
LA : an open urban driving simulator//Proceedings of the 1st Annual
Conference on Robot Learning. Mountain View, USA; PMLR: 1-16

Falanga D, Kleber K and Scaramuzza D. 2020. Dynamic obstacle avoid-
ance for quadrotors with event cameras. Science Robotics, 5(40) :
#eaaz9712 [ DOI; 10. 1126/scirobotics. aaz9712 ]

Gallego G, Rebecq H and Scaramuzza D. 2018. A unifying contrast max-
imization framework for event cameras, with applications to motion
depth, and optical flow estimation//Proceedings of the 2018 IEEE/
CVF Conference on Computer Vision and Pattern Recognition. Salt
Lake City, USA: IEEE: 3867-3876 [ DOI: 10.1109/CVPR. 2018.
00407 ]

Gehrig M, Millhdusler M, Gehrig D and Scaramuzza D. 2021. E-RAFT.
dense optical flow from event cameras [ EB/OL]. [2022-02-15].
https://arxiv. org/pdf/2108. 10552. pdf

Guo M H, Ding R X and Chen S S. 2016. Live demonstration: a dynam-
ic vision sensor with direct logarithmic output and full-frame picture-
on-demand//2016 IEEE International Symposium on Circuits and
System. Montreal, Canada: IEEE: 456 [ DOI. 10. 1109/ISCAS.
2016.7527274 ]

Gyongy I, Dutton N A W and Henderson R K. 2018. Single-photon
tracking for high-speed vision. Sensors, 18 (2) . #323 [ DOI. 10.
3390/518020323 ]

Han J, Zhou C, Duan P Q, Tang Y H, Xu C, Xu C, Huang T J and Shi
B X. 2020. Neuromorphic camera guided high dynamic range ima-
ging//Proceedings of 2020 IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition. Seattle, USA: IEEE. 1727-1736
[ DOI; 10.1109/CVPR42600.2020. 00180 ]

Hinz G, Chen G, Aafaque M, Réhrbein F, Conradt J, Bing Z S, Qu Z
N, Stechele W and Knoll A. 2017. Online multi-object tracking-by-
clustering for intelligent transportation system with neuromorphic
vision sensor//Proceedings of the 40th Annual German Conference
on Al. Dortmund, Germany; Springer; 142-154 [ DOI. 10. 1007/
978-3-319-67190-1_11 ]

Hu L W, Zhao R, Ding Z L., Ma L., Shi B X, Xiong R Q and Huang T
J. 2021a. Optical flow estimation for spiking camera [ EB/OL].



$Eo745/56H/20225F6 8

HEE, REK, TR, FHE, Bk, 3E, T/ KPARHARER

[2022-02-15]. https://arxiv. org/pdf/2110.03916. pdf

Hu Y H, Liu S C and Delbruck T. 2021b. V2e: from video frames to
realistic DVS events//Proceedings of 2021 IEEE/CVF Conference
on Computer Vision and Pattern Recognition Workshops
(CVPRW). Nashville, USA: IEEE: 1312-1321 [ DOI. 10. 1109/
CVPRW53098.2021. 00144 ]

Huang J, Wang SZ, Guo M H and Chen S S. 2018. Event-guided struc-
tured output tracking of fast-moving objects using a CeleX sensor.
IEEE Transactions on Circuits and Systems for Video Technology,
28(9): 2413-2417 [ DOI: 10.1109/TCSVT. 2018. 2841516 ]

Huang T J, Shi L P, Tang H J, Pan G, Chen Y J and Yu J Q. 2016.
Research on multimedia technology 2015—advances and trend of
brain-like computing. Journal of Image and Graphics, 21 (11):
1411-1424 (BREREE, WGBEF-, LRSS, WRA0, BR2SE, THRIY.
2016. ZUEARFEARBIS : 2015 —H 57 M9 D53 IR 5 K R
. o E E R EE %R, 21 (11): 1411-1424) [DOI; 10.
11834/jig. 20161101 ]

Huang TJ, Yu Z F and Liu Y J. 2019. Brain-like machine: thought and
architecture. Journal of Computer Research and Development,
56(6): 1135-1148 (BHRZE, KK, XIMAR. 2019. FKIKHLIY
RS IR R A LER. TRV S KR, 56(6) : 1135-1148)
[ DOI: 10.7544/issn1000-1239.2019.20190240 ]

Hubel D H and Wiesel T N. 1959. Receptive fields of single neurones in
the cat’ s striate cortex. The Journal of Physiology, 148 (3) . 574-
591 [ DOI: 10. 1113/jphysiol. 1959. sp006308 ]

Ingle A, Seets T, Buttafava M, Gupta S, Tosi A, Gupta M and Velten
A. 2021. Passive inter-photon imaging//Proceedings of 2021
IEEE/CVF Conference on Computer Vision and Pattern Recogni-
tion. Nashville, USA: IEEE. 85818591 [ DOI. 10. 1109/
CVPR46437.2021.00848 ]

Jiang H Z, Sun D Q, Jampani V, Yang M H, Learned-Miller E and
Kautz J. 2018. Super SloMo: high quality estimation of multiple
intermediate frames for video interpolation//Proceedings of 2018
IEEE/CVF Conference on Computer Vision and Pattern Recogni-
tion. Salt Lake City, USA: IEEE: 9000-9008 [ DOI. 10. 1109/
CVPR. 2018.00938 ]

Jing Y C, Yang Y D, Wang X C, Song M L and Tao D C. 2021. Turn-
ing frequency to resolution; video super-resolution via event camer-
as//Proceedings of 2021 IEEE/CVF Conference on Computer Vision
and Pattern Recognition. Nashville, USA : IEEE; 7768-7777 [ DOI.
10. 1109/ CVPR46437.2021. 00768 ]

Kim H, Handa A, Benosman R, leng S H and Davison A. 2008. Simul-
taneous mosaicing and tracking with an event camera//Proceedings
British Machine Vision Conference 2014. Nottingham, UK; BMVA
Press [ DOI: 10.5244/C.28.26 ]

Kramer J. 2002. An integrated optical transient sensor. IEEE Transac-
tions on Circuits and Systems II; Analog and Digital Signal Process-
ing, 49(9) : 612-628 [ DOI; 10. 1109/TCSII. 2002. 807270 |

Lee C, Kosta A K, Zhu A Z, Chaney K, Daniilidis K and Roy K. 2020.
Spike-FlowNet ; event-based optical flow estimation with energy-effi-

cient hybrid neural networks//Proceedings of the 16th European

Conference on Computer Vision. Glasgow, Scotland: Springer: 366-
382

Lettvin J Y, Maturana H R, McCulloch W S and Pitts W H. 1959. What
the frog’ s eye tells the frog’ s brain. Proceedings of the IRE,
47(11) : 1940-1951 [ DOI: 10.1109/JRPROC. 1959. 287207 |

LiJ N, Dong S W, YuZ F, Tian Y H and Huang T J. 2019. Event-
based vision enhanced: a joint detection framework in autonomous
driving//Proceedings of 2019 IEEE International Conference on
Multimedia and Expo. Shanghai, China: IEEE: 1396-1401 [ DOI.
10. 1109/ICME. 2019. 00242 ]

Li J N and Tian Y H. 2021. Recent advances in neuromorphic vision
sensors: a survey. Chinese Journal of Computers, 44 (6): 1258-
1286 (5T, HKm. 2021, #4095 % & i B 52 ot
JEBRREEE. RN, 44 (6): 1258-1286) [ DOI: 10.
11897/SP. J. 1016.2021. 01258 ]

Lefiero-Bardallo J A, Carmona-Galdan R and Rodriguez-Vézquez A.
2015. A high dynamic range image sensor with linear response based
on asynchronous event detection//Proceedings of European Confer-
ence on Circuit Theory and Design. Trondheim, Norway: IEEE: 1-
4 [DOI: 10.1109/ECCTD. 2015. 7300079 ]

Lefiero-Bardallo J A, Guerrero-Rodriguez ] M, Carmona-Galan R and
Rodriguez-Vazquez A. 2018. On the analysis and detection of
flames with an asynchronous spiking image sensor. IEEE Sensors
Journal, 18 (16 ). 6588-6595 [ DOI. 10. 1109/JSEN. 2018.
2851063 ]

Lichtsteiner P, Delbruck T and Kramer J. 2004. Improved ON/OFF
temporally differentiating address-event imager//Proceedings of the
I1th IEEE International Conference on Electronics, Circuits and
Systems. Tel Aviv, Israel: IEEE. 211-214 [ DOI. 10. 1109/
ICECS. 2004. 1399652 |

Ma S Z, Gupta S, Ulku A C, Bruschini C, Charbon E and Gupta M.
2020. Quanta burst photography. ACM Transactions on Graphics,
39(4) . #79 [ DOI. 10.1145/3386569. 3392470 ]

Mahowald M. 1992. VLSI Analogs of Neuronal Visual Processing: a Syn-
thesis of form and Function. Pasadena: California Institute of Tech-
nology [ DOI: 10.7907/4hdw-fg34 |

Mead C A and Mahowald M A. 1988. A silicon model of early visual pro-
cessing. Neural Networks, 1 (1): 9197 [ DOI. 10. 1016/0893-
6080(88)90024-X ]

Morrical N, Tremblay J, Lin Y, Tyree S, Birchfield S, Pascucci V and
Wald 1. 2021. Nvisii: a scriptable tool for photorealistic image gen-
eration [ EB/OL]. [2022-02-15]. https://arxiv. org/pdf/2105.
13962. pdf

Mostafavi I S M, Choi J and Yoon K J. 2020. Learning to super resolve
intensity images from events//Proceedings of 2020 IEEE/CVF Con-
ference on Computer Vision and Pattern Recognition. Seattle, USA .
IEEE: 2765-2773 [ DOI; 10.1109/CVPR42600. 2020. 00284 ]

Ni Z J, Bolopion A, Agnus J, Benosman R and Regnier S. 2012. Asyn-
chronous event-based visual shape tracking for stable haptic feedback
in microrobotics. IEEE Transactions on Robotics, 28 (5): 1081-
1089 [ DOI: 10.1109/TRO.2012.2198930 ]



1838

PEEREEF IR

JOURNAL OF IMAGE AND GRAPHICS

Vol. 27 ,No.6,Jun. 2022

Orchard G, Benosman R, Etienne-Cummings R and Thakor N V. 2013.
A spiking neural network architecture for visual motion estimation//
Proceedings of 2013 IEEE Biomedical Circuits and Systems Confer-
ence. Rotterdam, the Netherlands: IEEE. 298-301 [ DOI. 10.
1109/BioCAS. 2013. 6679698 ]

Pan L 'Y, Scheerlinck C, Yu X, Hartley R, Liu M M and Dai Y C.
2019. Bringing a blurry frame alive at high frame-rate with an event
camera//Proceedings of 2019 IEEE/CVF Conference on Computer
Vision and Pattern Recognition. Long Beach, USA: IEEE:. 6813-
6822 [ DOI: 10.1109/CVPR. 2019. 00698 ]

Paredes-Valles F, Scheper K'Y W and de Croon G C H E. 2020. Unsu-
pervised learning of a hierarchical spiking neural network for optical
flow estimation; from events to global motion perception. IEEE
Transactions on Pattern Analysis and Machine Intelligence, 42(8) :
2051-2064 [ DOI: 10.1109/TPAMI. 2019. 2903179 ]

Posch C, Matolin D and Wohlgenannt R. 2010. A QVGA 143 dB
dynamic range frame-free PWM image sensor with lossless pixel-level
video compression and time-domain CDS. IEEE Journal of Solid-
State Circuits, 46 (1), 259275 [ DOI. 10. 1109/JSSC. 2010.
2085952 ]

Pei J, Deng L, Song S, Zhao M, Zhang Y, Wu S, Wang G, Zou Z, Wu
Z, He W and Chen F. 2019. Towards artificial general intelligence
with hybrid Tianjic chip architecture. Nature, 572(7767) : 106-111
[ DOI: 10.1038/s41586-019-1424-8 |

Qiu W C, Zhong F W, Zhang Y, Qiao S Y, Xiao Z H, Kim T S and
Wang Y Z. 2017. UnrealCV: virtual worlds for computer vision//
Proceedings of the 25th ACM international conference on Multimedia.
Lisboa, the Portuguese Republic: ACM: 1221-1224 [ DOI. 10.
1145/3123266. 3129396 |

Rodriguez J A, Mauger J, Parameswaran S, Zeller-Townson R and Cau-
ble G. 2021. Dynamic vision sensor datasets in the maritime
domain//Proceedings of SPIE 11870, Artificial Intelligence and
Machine Learning in Defense Applications III. Spain: SPIE:
118700G [ DOI: 10.1117/12.2600971 ]

Rueckauer B and Delbruck T. 2016. Evaluation of event-based algo-
rithms for optical flow with ground-truth from inertial measurement
sensor. Frontiers in Neuroscience, 10: #176 [ DOI. 10. 3389/
fnins. 2016. 00176 |

Sang Y S, LiR H, Li Y Q, Wang Q W and Mao Y. 2019. Research on
neuromorphic vision sensor and its applications. Chinese Journal on
Internet of Things, 3(4): 63-71 (&AM, (R, T, T
W, TBME. 2019, PRI S LSE fL il BN I DF Y. ik
M2, 3(4): 63-71) [ DOI; 10. 11959/j. issn. 2096-3750.
2019.00133 ]

Scheerlinck C, Barnes N and Mahony R. 2019. Continuous-time intensi-
ty estimation using event cameras//Proceedings of the 14th Asian
Conference on Computer Vision. Perth, Australia; Springer: 308-
324 [DOI: 10.1007/978-3-030-20873-8_20 |

Son B, Suh Y, Kim S, Jung H, Kim J S, Shin C, Park K, Lee K, Park
J, Woo J and Roh Y. 2017. 4.1 A 640 x 480 dynamic vision sen-

sor with a 9 wm pixel and 300Meps address-event representation//

Proceedings of the 2017 IEEE International Solid-State Circuits Con-
ference. San Francisco, USA: IEEE: 66-67 [ DOI. 10. 1109/1ISS-
CC.2017.7870263 ]

Schraml S and Belbachir A N. 2010. A spatio-temporal clustering method
using real-time motion analysis on event-based 3D vision//Proceed-
ings of 2010 IEEE Computer Society Conference on Computer Vision
and Pattern Recognition-Workshops. San Francisco, USA: IEEE:
57-63 [DOI: 10.1109/CVPRW. 2010. 5543810 ]

Seets T, Ingle A, Laurenzis M and Velten A. 2021. Motion adaptive
deblurring with single-photon cameras//Proceedings of 2021 IEEE
Winter Conference on Applications of Computer Vision. Waikoloa,
USA: IEEE: 1944-1953 [ DOI. 10. 1109/WACV48630. 2021.
00199 ]

Shah S, Dey D, Lovett C and Kapoor A. 2018. Airsim: high-fidelity vis-
ual and physical simulation for autonomous vehicles//Hutter M and
Siegwart R, eds. Field and Service Robotics: Results of the 11th In-
ternational Conference. Cham: Springer: 621-635 [ DOI.; 10. 1007/
978-3-319-67361-5_40 ]

Sivilotti M A. 1991. Wiring Considerations in Analog VLSI Systems,
with Application to Field-Programmable Networks. Pasadena, USA:
California Institute of Technology [ DOI: 10.7907/stj4-kh72 ]

Stoffregen T, Gallego G, Drummond T, Kleeman L and Scaramuzza D.
2019. Event-based motion segmentation by motion compensation//
Proceedings of 2019 IEEE/CVF International Conference on Com-
puter Vision. Seoul,Korea(South) : IEEE: 7243-7252 [ DOI: 10.
1109/1CCV.2019.00734 ]

Stoffregen T, Scheerlinck C, Scaramuzza D, Drummond T, Barnes N,
Kleeman L and Mahony R. 2020. Reducing the sim-to-real gap for
event cameras//Proceedings of the 16th European Conference on
Computer Vision. Glasgow, Scotland: Springer: 534-549 [ DOI.
10.1007,/978-3-030-58583-9_32 |

Sun D, Yang X, Liu M Y and Kautz J, 2018. Pwc-net: Cnns for optical
flow using pyramid, warping, and cost volume//Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition. Loui-
siana, USA: IEEE.8934-8943

Tulyakov S, Fleuret I, Kiefel M, Gehler P and Hirsch M. 2019. Learn-
ing an event sequence embedding for dense event-based deep stereo//
Proceedings of 2019 IEEE/CVF International Conference on Com-
puter Vision. Seoul ,Korea(South) : IEEE: 1527-1537 [ DOI: 10.
1109/1CCV. 2019.00161 ]

Tulyakov S, Gehrig D, Georgoulis S, Erbach J, Gehrig M, Li Y Y and
Scaramuzza D.2021. Time Lens: Event-Based Video Frame Interpo-
lation//Proceedings of the IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR). Virtual ; IEEE:16155-16164

Wang C, Chen F, Wen D S, Lei H, Song Z X and Zhao H F. 2021.
Review on imaging and data processing of visual sensing. Journal of
Image and Graphics, 26(6) : 1450-1469 ( L2, MRidg, JCfEH:,
T, R, BNDF. 2021, WLSEAL IR E AR 5 R AL B1
PR b B S E DR 24 4, 26 (6) : 1450-1469) [ DOIL: 10.
11834/jig. 200852 ]

Yang Z Y, Wu Y J, Wang G R, Yang Y K, Li G Q, Deng L, Zhu J and



$Eo745/56H/20225F6 8

HEE, REK, TR, FHE, Bk, 3E, T/ KPARHARER

Shi L P. 2019. DashNet: a hybrid artificial and spiking neural net-
work for high-speed object tracking [ EB/OL]. [2022-02-15].
https ://arxiv. org/pdf/1909. 12942. pdf

Ye C X, Mitrokhin A, Fermiiller C, Yorke J A and Aloimonos Y. 2020.
Unsupervised learning of dense optical flow, depth and egomotion
with event-based sensors//Proceedings of 2020 IEEE/RS] Interna-
tional Conference on Intelligent Robots and Systems. Las Vegas,
USA: IEEE: 5831-5838 [ DOI. 10. 1109/IR0S45743. 2020.
9341224 ]

Zhao H, Shi B X, Fernandez-Cull C, Yeung S K and Raskar R. 2015.
Unbounded high dynamic range photography using a modulo camer-
a//Proceedings of 2015 IEEE International Conference on Computa-
tional Photography. Houston, USA: IEEE: 1-10 [ DOI: 10. 1109/
ICCPHOT. 2015. 7168378 ]

Zhao J, Xie ] Y, Xiong R Q, Zhang J, Yu Z F and Huang T J. 2021a.
Super resolve dynamic scene from continuous spike streams//Pro-
ceedings of 2021 IEEE/CVF International Conference on Computer
Vision. Montreal ,Canada: IEEE; 2513-2522 [ DOI. 10. 1109/1C-
CV48922.2021.00253 ]

Zhao J, Xiong R Q and Huang T J. 2020a. High-speed motion scene
reconstruction for spike camera via motion aligned filtering//Pro-
ceedings of 2020 IEEE International Symposium on Circuits and Sys-
tems. Seville, Spain: IEEE: 1-5 [ DOI: 10. 1109/ISCAS45731.
2020. 9181055 ]

Zhao J, Xiong R Q, Liu H F, Zhang J and Huang T J. 2021b.
Spk2ImgNet : learning to reconstruct dynamic scene from continuous
spike stream//Proceedings of 2021 IEEE/CVF Conference on Com-
puter Vision and Pattern Recognition. Nashville, USA: IEEE.
11991-12000 [ DOI: 10.1109/CVPR46437.2021.01182 ]

Zhao J, Xiong R Q, Zhao R, Wang J, Ma S W and Huang T J. 2020b.
Motion estimation for spike camera data sequence via spike interval
analysis//Proceedings of 2020 IEEE International Conference on
Visual Communications and Image Processing. Macau, China:
IEEE: 371-374 [ DOI. 10.1109/VCIP49819.2020. 9301840 ]

Zheng Y J, Zheng L X, Yu Z F, Shi B X, Tian Y H and Huang T J.
2021. High-speed image reconstruction through short-term plasticity
for spiking cameras//Proceedings of 2021 IEEE/CVF Conference on
Computer Vision and Pattern Recognition. Nashville, USA . IEEE:
6354-6363 [ DOI: 10. 1109/CVPR46437.2021. 00629 |

Zhou C, Zhao H, Han J, Xu C, Xu C, Huang T J and Shi B X. 2020.
UnModNet: learning to unwrap a modulo image for high dynamic
range imaging//Proceedings of the 33rd International Conference on
Neural Information Processing Systems. Vancouver, Canada: MIT
Press: 1559-1570

Zhu A Z, Chen Y B and Daniilidis K. 2018a. Realtime time synchro-
nized event-based stereo//Proceedings of the 15th European Confer-
ence on Computer Vision. Munich, Germany: Springer: 438452
[ DOI; 10.1007/978-3-030-01231-1_27 ]

Zhu A Z, Thakur D, Ozaslan T, Pfrommer B, Kumar V and Daniilidis
K. 2018b. The multivehicle stereo event camera dataset: an event

camera dataset for 3D perception. IEEE Robotics and Automation

Letters, 3(3) : 20322039 [ DOI: 10.1109/LRA. 2018. 2800793 ]

Zhu A Z, Wang Z Y, Khant K and Daniilidis K. 2021. EventGAN:
leveraging large scale image datasets for event cameras//Proceedings
of 2021 IEEE International Conference on Computational Photogra-
phy. Haifa, Israel; IEEE: 1-11 [ DOI. 10. 1109/I1CCP51581.
2021. 9466265 |

Zhu A Z, Yuan L Z, Chaney K and Daniilidis K. 2018¢. EV-FlowNet:
self-supervised optical flow estimation for event-based cameras [ EB/
OL]. [2022-02-15]. https://arxiv. org/pdf/1802. 06898. pdf

Zhu A Z, Yuan L Z, Chaney K and Daniilidis K. 2019a. Live demon-
stration; unsupervised event-based learning of optical flow, depth
and egomotion//Proceedings of 2019 IEEE/CVF Conference on
Computer Vision and Pattern Recognition Workshops. Long Beach,
USA: IEEE: 1694-1694 [ DOI. 10.1109/CVPRW. 2019. 00216 ]

Zhu L, Dong S W, Huang T J and Tian Y H. 2019b. A retina-inspired
sampling method for visual texture reconstruction//Proceedings of
2019 IEEE International Conference on Multimedia and Expo.
Shanghai, China; IEEE: 1432-1437 [ DOI; 10. 1109/ICME. 2019.
002438 ]

Zhu L, Dong S W, Li J N, Huang T J and Tian Y H. 2020. Retina-like
visual image reconstruction via spiking neural model//Proceedings of
2020 IEEE/CVF Conference on Computer Vision and Pattern Recog-
nition. Seattle, USA. IEEE; 1435-1443 [ DOI. 10. 1109/
CVPR42600.2020. 00151 ]

Zhu L, Li J N, Wang X, Huang T J and Tian Y H. 2021. NeuSpike-
Net: high speed video reconstruction via bio-inspired neuromorphic
cameras// Proceedings of 2021 IEEE/CVF International Conference
on Computer Vision. Montreal , Canada: IEEE. 2380-2389 [ DOI.
10. 1109/1CCV48922.2021. 00240 ]

fEZ 't

BT, 1970 4R 53 A, TS5 1)
AR B AL S AL GE
E-mail ; tjhuang@ pku. edu. cn

RUETC, B WIS 0L, ERWFFE )5 10 A ML E T 5 K
M4, E-mail ; yuzfl2@ pku. edu. cn

2R, 5 TR, R BT 5 1) S A B A PRS2
W RTT, E-mail: yuanli@ pku. edu. cn

AR, 5B ST B, BRI ) o R AR AL
B, E-mail ; shiboxin@ pku. edu. cn

AE S8, 55 WFFE Y, W5 1) A A5 S Ak B
E-mail ; rqxiong@ pku. edu. cn

S, 5 BIEE B, F2 W50 1) D I RE | S I LR
224 BhE AL, E-mail :lei. ma@ pku. edu. cn

ER 5 IR B, EEPEFE T WO AL AR S
FARHERE, E-mail; wangwei@ bigai. ai



