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Event Camera Based Synthetic Aperture Imaging

YU Lei' LIAO Wei' ZHOU You-Long' YANG Wen' XIA Gui-Song?

Abstract The technique of the synthetic aperture imaging (SAI) can reconstruct the occluded objects by blurring
out the occlusions through multi-view exposures, which is equivalent to imaging with the large aperture and low
depth of field. However, due to the very dense disturbances of occlusions and low dynamic range of traditional cam-
eras, it is hard to effectively reconstruct the occluded objects by SAI with conventional cameras (SAI-C) under
dense occlusions and extreme light conditions. To address these problems, we propose a new SAI method based on
event cameras which can produce asynchronous events with extremely low latency and high dynamic range. Thus, it
can eliminate the dense disturbances of occlusions by measuring with almost continuous views and tackle the prob-
lem of imaging with extreme light conditions. Particularly, the occlusions can be blurred out and the occluded ob-
jects can be reconstructed from the focused events followed by relating the brightness change to the generated
events. The experimental results demonstrate that the proposed method can greatly improve the contrast and
sharpness of the reconstructed images under dense occlusion conditions comparing to the SAI-C. Quantitative com-
parisons of peak signal-to-noise ration (PSNR) and structural similarity index measure (SSIM) also illustrate the su-
periority of the proposed method. On the other hand, under extreme light conditions, the proposed method can ef-
fectively solve the over/under exposure problem and reconstruct the occluded objects clearly.
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Fig.1 Comparison of conventional camera based SAI and event camera based SAIL. The first column illurstrates experi-

mental scene and object image. Columns 2, 3, and 4 correspond to the comparison of conventional camera based SAI res-

ults and event camera based SAI results under dense occlusions, extreme high light and extreme low light conditions
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based on event camera
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ted into a continuous brightness change in the camera.
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(top-right inset) events
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FHAF SRR S AT R RS EAE, T E R,
AT B7 L Ry 308 X 3t B ok v ) Tl st o = (12) Ak
—He, 15

IsAI(il', t) =

¢
Iy x exp (/ car(oi, Isar(z, s))eret, i (, S)d8>
0

(14)
Horf, ear AARXTHRAN E & B B AE R AL
ear(oi, Isar(w, t)) =
Con €xp(—Algar(z, t)), o =+1 (15)
coff €xp(Msgar(z, t)), o5 =—1

Hop, NARERT, BT HBGRR AN BRE
RISZIRAR . N K, B E X BIE TR
Wik oK. A (16) #EAT R, HATER R AT
JEAR (), THER IER P BN (OR),
GORRAE BB (ZIN), AT e e 3 R b )
BR7EEEE S THRER, RGO LR T R

ETEMHENNA KL ERGEE

BT HAFMNL & AL SR R R 1
Fos. B, BEEPLRE N F RN S
HFE KRSk, Pliatl & AL ae g

2.4
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L8R Isar, JFCE RBIRIE d. ETHESHHIALE
Ch,.c J, R FAT RUARFRBEAT W, IS o A1
bR A T EERG T E N, X T T EBHRTEE A
MISAE R, RS A R A G BT R 2 T
BB, X BT BT

BE 1 ETEHENNERFALERGEE

BN SLERER (i, 1), i € (1,2, -, M)}, A
HLN SR K

Wl A RILERIE LR Isar

1: ¥IghL Isar = 1o, Con, Coff, A, St HETR d;

2: for e;(x, t),i€{1,2,---, M} do

3 FH (9) THE ret, 53
4:  if @pep; € It then
5 if o; =1 then
6 ¢ = Con €XP(—Msa1(Zret, 4) );
7 else
8 ¢ = Cof €XP(AIgAT(Tref, 1) );

9 end if

10: Isat(@ret, i) = Isat(ret, i) exp(ojc);

11: end if

12: end for

I S A AR LR 5 B AR R P, DA SR SE
W mEh ATCHE RS, 2T HA LA AL
FSABR T7 V2 e 0% 18 25 RS 5 A o O A B8 T A R0
BEAT & AL B AT 55

1) BARMERS. AL GOAHNLAE B SRS, BB T
HIERIYIE R S E & T BB R, SEULS G
FUAR BB TC AT R O H A, T AL
FERE BN, H bR 5B 1) e [T Z A0 114
G R 3R R R A O IR IOR KA AT
RUEEMA A0S 7 HRRDLERER. BT XEFHEMF
RN M PI0  X3 A IERA) B)  BR AR AN
SN S R AR R S R, RIS ) sk
PR AN s R B, AR T H
PG EAE B RS, BLAh, ARG IE I 1) e 50 A
FEMLAEF% B IF AT LS IS g 57 5 () g B A8 4k, DL
SRR AL 7 5. R, E SR 4R ml U X
BRI T, 5 R AR G AINLAR L, FAT
FHMLAE RIS 5 1 H ARG &, ki Ak i
PR H .

2) Wi o6 HE. AL SRR B ) Bh A5V UK, ER
i YGRS 5 AR R RO L RO ), T R A
FRALAT AR 45 2R 137 2 S5 0 B, 3 28 V% IE 1
Hb 7 g bR T X SR R o AR A B AR A A
FEBLEA W e R Shas Va L, el 6 IR R A 4R e
AR 170 53¢ 1 8 2 AR A R i AU, AT 3k

HBCH bR LAE BIF AT A, WlEl 5 o,

3 WSS

ARG 2 A B B R A AR S G IR 37 AT
B AL AR SE 5, T 5 G ITERAT R, 5
UEA SRR A AT VE AT R

3.1 RGSUESSHIER

ASCHRH I T HAFALE & AL R R 5
F R DAVIS346 SHFHINLEEAT 545 BRI
I3 IR 6t R TE A AR 2 52 [ P AR AR
P, KAHNRE TR T 20
s BRE. BT DAVIS346 REms e % F 1k
It )R] B A A R G o, Dy T ORUEAH [ () 5256 4
5, ARSCEBER FZARNLIEE St 00 BB kAT A%
it AL BUE Y. DAVIS346 AHHLF ) APS F1 DVS
LRG0, B = F WA SRR E. A
B 5K IE A bR E AR 6 APS #EAThRE, 15 2 AHHL
N SHRE K. AR, A T RS, R
LA viaer 1830, TR B HUITE B AL
ST, AHHLARER R B X B SRS 3T WPEAT, A
5] £ B AL AHHLI S R R R AT. B4, 2 (9)
() R ABHA— AN BABIFE, T; = [vgack(ti — ter) 0 0]
TEJG S SRI0 I R, SREMK 1 s NMFHMAFmAHT
AILTTVE, I F IR ER T R 40 Mt 5] 25 45 it
TAEG G AR, 0 ml P HIE(EE L (Peak
signal-to-noise ratio, PSNR) F1&5#4#HBI1E (Struc-
tural similarity index measure, SSIM) X P Fh /5%
(25 RBEAT PR, b S E GO o %A
T o ) R AR it

BE 1 PR E S EHE: EEEBIE e,
B G BAE cope AR RIF N, A SC ZEi@ iy sk
ookt LA b 3 NS R AT R E. Bk, MR EE R
B 5 N con = 1.5, 18T M EEAN R (1) £t g o) {2 0
REERFXF PSNR 20, KX IX AN 0T I
BB 745 T A E S BIE con BUEXT PSNR B3
ma 2. FTCARI, 4 conr = 0.3 B, EEEIZH PSNR
B fmn, BRIGAE JE 22530 R B cor = 0.3, [FIRY, 38
SRR AT PLR I, 2 copr FEITT con I, HTHIL T
B 2.3.2 TR I FHA SR R, RIS T E
&R, 188 45 th 7 REZRT A X PSNR HI5Y
m, ALK, A = 2.5 B, HEKB PSNR H
K, RIUETE R8st i B\ = 2.5.

3.2 EREHSEFHTHBERER

BN E] 6 (a) FT 7 (A B AR Dy 5 B 3 44
P, MBRAR O3 iR 5 AR5 (1 H A S e
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Fig.5 Event stream generated by event camera under extreme light condition
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(a) Dense bushes

(b) /b HERR AR
(b) Cardboard with few gaps
B 6 WIFANFEIZER R (AT AR, 40
HERF AR, HEERR IR BB BERROR)
Fig.6  Two different types of occluders (Compared with

dense bushes, the number of gaps in cardboard is very
small, and the space between the gaps is large)
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Fig.7 Relationship between PSNR and negative
reconstruction threshold
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Fig.8 Relationship between PSNR and scale factor
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(a) Reference image
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1T —URFE BARRI R E . . %05 1 % 5
A UG AT IR, FEx AR G 07 vk i g 4 AR

Bl 10 435 T LA B AR e e 2 BE H AR/
AR NERS T A LRGSR, L Hir 5SS
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Fig.9 Comparison of SAT results at different focus depths under the condition of dense bushes occlusion

(The first row is SAI-C; the second row is reconstructed result with fixed thresholds;

the third row is reconstructed result with adaptive thresholds)
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Table 1  Quantitative comparison of multi-depth SAT
results under dense bushes occlusion condition

WHEEVREE (m) T % PSNR (dB) SSIM
47575 16.72 0.2167

0.4 [ 5 o) i 17.73 0.2919
EpCIVA 21.13 0.3061

47575 15.41 0.2693

0.8 [ 5 o) i 15.42 0.2782

3 ) 1 o A 21.73 0.3136

47575 17.62 0.0916

1.2 [ 5 o) i 18.03 0.1759
3V ) 25.22 0.4518

&Gt & AR AR BE % B Y OES H A, El T
WARER T, BE A B AR XK F AR, 41
T2 HAEGTIEAE, BT E BE A E & N
EEZERFIAANL SAT HIREEA L. TR EE I
WEEHS H bR, M0 G B E VAT B R A
A7 S v 0T LEEERTEMR AR, JF H BRI 5.
BEAk, T ARMLAE A A R S, ARBLRILET P H AR
WAL TSN, SEAEHARN A () MLg

Borb, BOERSHERI L () 2R (5) 1

R 2B TG TS AT EA R H bR E
HEM% K PSNR AT SSIM $5hx. 76 LT A Arsc i,
e g g5 kA b, JE T [ e R RN 3E oL R i
FIEEEAIAL SAT 7E PSNR. & THERIL 4 dB, 7E SSIM
R TG . DR RE H ARSI, BT HEMN
)1 2 45 JRAE PSNR. 3R FHEIL 2 dB, 7£ SSIM
ERTHE £, LT e R E . L B

(a) ZFE &

(a) Reference images

(b) B

(c) feZEHEML SAI

(b) Occluded images (c) Conventional camera
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F1%) BB 0 AR AR SRATEALL, — P 2 B 2 125 0 7 20 4 15 490, 3
176 AT BB SR 5, FFE47 XS EE AT 43 A

11 45 H T ARV R RS DL N 1 & AL
AR R. 1) FE MR i AR RS LR, AL A
R T8 ik AR B A AR 2D SE B0 B AR EAT L. % Gi A
Bl SAT JoikA Roih H @ i+ B Ax, I G fF
FE KB B R S IX R T 1% G AH BRI  BUI,
AT Ih A H P 3% 28 AR ot -2 ) A7 AE — 5€ I (7] 8] B, 1T
FHHEZIRIBE N ok R EY 5 B, 28 B s
DIRAE BRI 2R . PR, A% G 0775 020 X 46 X 35
HEAT B AN ST VA A O A SR A 1R 10 S DU A
M E T U AR, HSD) T AR AL ARG E
INF, B A I e A R I ) B e B AR AL [R] kE fg DA
ESE B R AR g s g AT G, IRIOCE R FEE
WRAER. 2) fE R RERE LN, LGN T
PLid it % B3R I =R 5 1 HARE S, Bt AL 48 SAT
28 B G b BB 2k S X 2 3 D, I HUAT E
Pt SE N BT T A SC 7 VR AE — RO SR KT
RS = A TS T AR BB, 3) AEMBE S 1B O T
AEALAE B — JRL A B ] W00 3 K58 4 1) 5 7 3 5.

(d) [l PR (e) HI& M IE 2
(d) Fixed threshold  (e) Adaptive threshold

based SAI

510 BEARB AR R RFUR RS R SXTLE (38 1 4TRSS 2 472050 BT LT H AR 50 A A8 H A7)

Fig. 10

Comparison of SAI results under the condition of dense bushes occlusion condition

(The first and second rows correspond to geometric object and teddy bear)
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Table 2 Quantitative comparison of SAI results under
the dense bushes occlusion condition
H bRl J5%: PSNR (dB) SSTM
1RyiT7ik 13.45 0.2313
JUT H b ¥ 52 R (1 2L 2 17.57 0.2671
F i R 18.03 0.2646
1RyiT7ik 6.952 0.1439
rRfE 17 5 ) {1 2 4 7.795 0.2175
37 R (B A 9.199 0.2334

U, FE48 SAT 25 MG P A s E 8 Y T Bl a4
Hiw, #8 T 2% EUE, (AR 2 2E Y64 1)
SONR . A ST IEE RGBS 15 0 R X B AR B BUE L
R X T ARSI EFEANLRE Bh i, 75 38
AP A IR IN A0 P R AR SRR =B R 4
YIS TR BT, 7R G AL 7 AR B S A A
R, SR E B

3G TAFRFELEREON T, AR5
REGAR T k45 R XN PSNR Al SSIM $84x. 78
W 85 SR PA G 0 R, AR SCIT V545 2 (1) H 2 EURAE
PSNR Hl SSIM b3 T4t 2. 515487148
b, 21 B 3E N R E B @ M EA AL SAT 7E PSNR
T T 7 dB, 7E SSIM _E4RTF T4 1/5. 1
— MRS E LR, BT E A N R A 4
BAE PSNR _EAME T4 LT 7 #id 6 dB,

(a) ZH K

(a) Reference image

(b) Bk A
(b) Occluded images (c) Conventional camera (d) Fixed threshold (e) Adaptive threshold
based SAL

(c) feZEHEIHL SAT

{EREAE SSIM _E R TR G ik, fEM i1
DL, AR G54 R AE PSNR 1 SSIM L34 T
RILTTE. SR LTI, A SCTT VR W i SR A 1
OUN BERLLF M BB H bR AT R, fE— B AR
TG DL T L REAH RIEAT R, £ R R4 15 DL A
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EHOUN B R E, (BB SRR
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AR R L T AR S5
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P GE T3 AT B RALAE BRAR S FRE AR A
DAY, 53 0 K LA R A B A e AR Dy H AR,
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K12 g5 T Bt IR SR T B A LA R
SR G, ER IR, LG T
7 5 R B O ) L, B BT I ), AR L v
AT RBALI H AR . AR G IR AE M G IR A T Y
JRAR S AR DL, S g e )™ B 1 AL
TR AR T B, JEIE N PR HAREAT B, 1A 3L
JHENA Rt I T U H AR BT R AR H AR, i
TGN BRI S A0 55 A, R e AR
E T ek X 7 HAR 5 5, R fan i 00 B A5 it
LSRR MR S5 R AT UKL, A% 5007 iR AR
RGN LT Toixt HAndtAT g, 7F HIE &

(d) I8 2 Mk (c) EIE I

K11 AFEREERFE O T RS RS RE SR EXE (5 147 9iom BRI 15 0
82T B AR RE L, 5 3 AT MBS L)
Fig.11  Comparison of SAI results under different density occlusions condition (The first row corresponds to
extremely dense occlusion condition, the second row corresponds to normal dense occlusion condition,

the third row corresponds to sparse occlusion condition)
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Table 3  Quantitative comparison of SAT results under

different density occlusions condition

WP R J5 ik PSNR (dB) SSIM
1475775 11.20 0.1476

ey 2 A [l o) i T 17.14 0.1884
PO ) 1 o A 18.52 0.1741

4757 13.37 0.4028

— R SR [ 5 ) 7 18.54 0.1840
PO ) 1 o A 19.51 0.2037

4757 14.35 0.5508

FH BRI RY [i] e 8] 4 L 11.22 0.3384
3 ) 1 o 14.19 0.3912

RS T REMS, A RV A RS MR &
OB A AR, IF HEGRBA B RIS b AT B
XA W T SR A B s R Eh A VE L, MmO
HESE AT T IR e 8 R BUBCRI S BEAR A I A e it 3
PR, TR B 14 H AR BEAT A ROR AR . AN 5E B
ERGHS PRI VAL IRFNINIERE S F SU N AN e ISP
O L B SR VAAE AR B G R 2 P Tt B S Y B T
WHVEE . SRS EEA.

(a) B[R

(a) Reference images

(b) Bk
(b) Occluded images

(c) feZEHENL SAT

(c) Conventional camera
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SEAT T RO/ RO i L, X 14 H AR AT
AR5
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176 AU UG, 54507530 L R BRI,

(c) EI& LM
(e) Adaptive threshold

(d) [l E B F 7
(d) Fixed threshold

based SAI
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Fig. 12

to geometric object and teddy bear under extremely high light condition, and the third and fourth rows

Comparison of SAI results under extrme light conditions (The first and second rows correspond

correspond to geometric object and teddy bear under extremely low light condition)
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(K45 LA AR SR AR, A ST 3 A AL 72
B AFAE— S EOKR, RIAILAR 2872 — DM AR AL T
W El, HARBLE e R a6 256 B AR PP, JF H
i B RAE ) S TR RS, B MASOT iK Toik
LR REAT FAF RS, 3 BUCR AT A R R
HIX, ZIKIﬁ&iﬁEaEE E SUSELy/buks SEcNIVE RS
ROREI 545 2. [ TR, B0E
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HIT T T RS AR AL 0 R A, BRI, 4 0
PREUIN, BB AR B I, 23 HE R  BR AT RE 2
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K& 5 F RO AT & LR R, 3 — Pt
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