% 51 5% 8 NGt TR 2022 % 8 A
Vol.51 No.8 Infrared and Laser Engineering Aug. 2022

FERBRGEARD TS RE (FiE5)
B K AR T2 ARG A

(LA XF RIBEHT AR, | &R R 518055;
2. RIBRINF R FARIZAF TS, )7 R ki 519080)

 OE: RS BE AR R TR A a3 5 X, RAEXTALEGE B W89 B ARt 47 A%, AR

B R AR A AR S R e B, R AR T AR A A AL B T — R 8 AR AL R AL

A (none-line-of-sight, NLOS) 4 A8 ALK T B s AR A T AL . P ARIE RARILIR 49 2 57, ¥ LA FEAL

i’fuﬁxﬁ%‘diﬁ'\ SAZF R THFREEN T E AT ®REREEN T ERAT AT TR R 6 7 ik, 3
MHH T RE RSB E 0 RER FEN, B ATAT RATH MG T ZEAGEREE A0S % ;Eii_

El#T?’FUi NI FHAEHBEE T, T FIE TRER T EG R, F—FF T BETHEN X

FREBERLER, PRARETAE T PR RS BIE, o T 2R ERE T EEZ

BERMTHEERA . RETHRT ENBREHERGRRLEST QIR ZT AR F.

KB BRI, BARME; EFATEE;  RBORIERERME;  Heemk

FESES: 0436 XEkFRERE: A DOI: 10.3788/IRLA20220305

Progress and prospect of non-line-of-sight imaging (invited)

Jin Xin', Du Dongyu'?, Deng Rujia'?

(1. Shenzhen International Graduate School, Tsinghua University, Shenzhen 518055, China;
2. Tsinghua Innovation Center in Zhuhai, Zhuhai 519080, China)

Abstract: Limited by the methods of information acquisition and signal processing, traditional optical imaging
technology can only image targets within the visual range. With the development of new imaging equipment and
high-performance computing, nonline-of-sight (NLOS) imaging technology, which integrates optical imaging,
computing technology and image processing, makes it possible to image beyond the field of view. Based on the
differences in imaging mechanisms, we divide the existing NLOS methods into three categories: methods based
on spatial coherence, two-dimensional intensity information and time-of-flight. We analyse the principles and
implementations of different NLOS technologies. We focus on the time-of-flight methods and compare their
imaging performance under the open dataset, which includes multiple types of targets and indoor and outdoor
scenarios. Furthermore, we build a nonconfocal transient imaging system based on a detector array, capture the
single-shot nonconfocal transient images and analyse the results of nonconfocal NLOS methods using these
captured images. Finally, we prospect the future direction and application of nonline-of-sight imaging.
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Fig.1 Schematic diagrams of line-of-sight imaging and non-line-of-sight imaging. (a) Line-of-sight imaging; (b) Optical path is blocked; (c) None-line-

of-sight imaging
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Fig.2 Non-line-of-sight imaging using speckle correlations™. (a) Setup; (b) Original object; (c) Camera image; (d) Reconstruction
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Fig.4 Non-line-of-sight imaging from shadow!'!. (a) Experimental scenario; (b) Scene setup; (c) Camera image; (d) Selected views of true scene;

(e) Selected views of recovered scene
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Fig.5 Non-line-of-sight imaging from shadow!'”
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Fig.6 Schematic diagram of transient imaging based on time-of-flight!'"., (a) Transient imaging system; (b) Transient image
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Tab.1 Comparison of time-of-flight based imaging schemes
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Fig.7 Transient imaging reconstruction algorithm, hardware system and imaging performance comparison based on time-of-flight
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Fig.8 Reconstruction using back-projection algrothim!"l. (a) Object;

(b) Heatmap; (c) Reconstruction
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Fig.9 Optimize reconstruction using molulated source and PMD

sensor™ ¥, (a) Experimental setup; (b) Object; (¢) Reconstruction;

(d) Depth
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P 4 $53R 3 D, 8 R FT R s il s W) P
7R B RS I R R AR AR L D i B RIBIE A, e
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Fig.10 Confocal non-line-of-sightimaging based on the light-cine transform!"!. (a) Confocal imaging; (b) Temporal transient response; (c) Transient imaging;

(d) Reconstruction
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Fig.11 Reconstruction of NLOS scene with partial occlusions®'.

(a) Ilustration of wvisibility in NLOS scene; (b) Object;
(¢) Reconstruction of linear result; (d) Reconstruction of

nonlinear result
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2
=
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Residual
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Fig.12 Reconstruction using analysis-by-synthesis algorithm™®* %%,

; (b) HEsY;

]
(a) Overview of analysis-by-synthesis algorithm; (b) Object;
(c) Reconstruction of light cone transform; (d) Reconstruction of

analysis-by-synthesis
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(a) LOS templates (Section C)
“Projector function /(X 7)

-Camera function (") \

NLOS Measurements (Methods) /

Time-resolved
impulse response

Simple numerical
integration

H(X,—X., )

1 Virtual
1288l projector

4 Virtual

(b)
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Pt TR T g N -2 R SEATT S 0 A 37 ke 0L A8 O
% (phasor-field virtual wave optics), 5 7 = Fh #8 58 i,
BAREGFEIN G 5P BN . Tk KREOR
FRANE 13(a)~(b) s K ki i B 1 E L R 5%
A REAULLAR, 25 s ALY BRI TP (x, o) VN KB
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VE 2 GE R I UVK iR I H (e, —x,, ), W3R R G5 A
55 Ik g 15 9 45 FRAT LAAS 21 B A R S P (x, 1),
BB RAR R GG R AL @ 18 T &R Sk b m SE g
HArdg s e, i TR 7 2 B i I 3 14
SRAGERIEA TR A, T3 AR AR, AR T iy, W]
SR F AR st = e s, HE AR ANIE] 13(c)
JITR o 2020 4F, 1Z IR 2 JE T A 2 3 18 B A A B i
S T AR BT AR 0] o BERAK 5 Wigner 43
A7 R AL SC R, VRN R 2 R G 5 AR AL Bs
A

Solvers (Section D)

Temporal convolution

Backprojection
based solver

Virtual || 2=

‘ PO D=L [P0, X, 01X, I)=0( DX, 1)

—pl' Image /

Diffraction imaging
fourier solver

Relay wall
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P13 BT A SRR AELEIRART . (2) IURHELL; (b) MUAREE; (o) MU

Fig.13 Non-line-of-sight imaging using phasor-field virtual wave optics!'"\. (a) Imaging framework; (b) Imaging princple; (c) Reconstruction
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T RIS 2019 42, W. Chen 25 AU {53+ T —Fh i
JE 2 2T HEAR, 368 58 V11 2 B Jc 0 R 3 T 2 33 1) )
B R A [ ARk, SCIR T 2 R RIS G B A%
A T RS R B AR E . 2020 4, W. Chen
S U IR AR G BB T S 5 A i R %
AT 20, AR5 R UG T8 e 4 A 8 56 i) RGB
18, e J R AT A Ak 0 28 FIRRE (] AR 137 5% i TR B
Bl IR, TR BE 2 2] 7 vk X T HEWT Rest B A5 38 7 A
MSBOEARRGHER, B ARZEH] . B bs & A H bR
AE . M. Isogawa 5F AU IR . ARILS
it 55 A S BOARAH R G, Fa 8 7 v 3 v ) £icals b
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3D AERZEAAL . N. Scheiner ¢ AU | F £ 3% &
IR A UBEAS IR 2235 8 T K 10 38 A )
(A B 0 A D RN R R X 4%, SR T =AM

AT R 5 0 3h A5 R 5 R R . 2021 4R, D.
Zhu S5 N ORI B 2 ) Rl G R s BRI SR A
K TR WD S SR Sk s E e AR LR . [
LR K2 S, Shen 58 AU FIIH 2 J2 B 45 )2
(multilayer perceptron layers, MLP) 4 & #f 22 Bk %5 3,
o DN 55 50 W S 8 B 47 S v BT S 3 T e M
>JI NLOS H ¢k,

B TR BE 7 o () B SR T AR LB R B
ARAESE PR 5 h R, SR 32 BR 745 09 Ul 2 50ds
AR, X IETT PR AN ) b e i 3 PR AN SR, U RE 98 B
— IS5
3.3 NG

FE TG RAT I (] A A AR Ty F AR LA
FHELA B[] 23 R A 000 #8136 19 RATIRF[RD, (] A
WA S 5 v 1A A8 T REAE QG 2k 24 R i sk 2 o 45
NGB RATRY, A J5 X ST A USSR 4 T A AL
SR DL S B 5, AN [ i R Y PR AR T LG
K2R,

SR G N7 TR (14 LA AR B B, A% 4%
A Tk gl oAy, AR T LT 2
J5 T R 2 2 6 AL I U AR B AR R A
o] USRS (A2 (2)), Horh e %52 B g R il 35
FIbR ) mT BE A7 76 07 B 1Y 15 2ok 1 H 4 5 i e A
Pl (B H R B A, THA S R FEOR, X s i
SRALEE Ry 2 S o A e AR R A S Lk
DAL TR R, 38 2o 2 AR A LA 3R A5 O /5 RS B 1) o el 45
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Tab.2 Performance comparison of NLOS algorithms based on time-of-flight

Algorithm Principle Related work Resolution ~ Computational complexity =~ Scenario requirement
Back projection Geometrical optics [Velten et al. 2012]
[O’Toole et al. 2018] Medium
Linear reconstruction Geometrical optics

[Young et al. 2020]
[Heide et al. 2019]
[Tsai et al. 2019]
[Xin et al. 2019]
[Lindell et al. 2019]
[Liu et al. 2019]
[Chen et al. 2020]

Nonlinear reconstruction Geometrical optics Medium

Analysis-by-synthesis Geometrical optics

Wave based reconstruction Wave optics

Non-mirror object

Deep learning Geometrical optics

Note: green, yellow and red represent the high, medium and low performance respectively.
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Fig.14 Comparison of reconstructions based on confocal images

=3 ETHEABEGH SR ERERM BN (BAL:F)

Tab.3 Comparison of reconstruction time based on confocal images (Unit: s)

Back-projection LCT D-LCT f-k Phasor field
T 1.22 1.34 7.80 1.89 1.35
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Fig.15 Comparison of reconstructions based on non-confocal images

4.3 ERSERTEIXT B RER R NT

HTOE T ATHE ] I R R SR A ih H ARk
G, T 5 9 B s, KT K
WA G N [ SR 35 5 1355 5 38, PR AT R DI I (1] ) S 4 2 8
TSR S R[], 52 S0k 19 S B i PR e X EE

T B AR R G B] T ) A A R, DA
XA R B SR B AR A o IR B s 1E H D. Lindell
A N USVN T B4 42 T 19 “resolution”, 3 5% £E I I
FH 0 45 BIA% /N 512x512, BB R] 43 5124 10,
30, 60, 180 min, 4577 15 A B A 25 L AN 1AL 16 iR .

20220305-16



s Gk A2

www.irla.cn % 51 %

Reference Back-projection

2=1IIm

Sl o

= Il
2=1Im

by

Phasor field

16 AS[RIBEGHRT ] T %) 4% 3303 T a4 SR He

Fig.16 Comparison of reconstructions using various algorithms at different exposure times
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Fig.17 Comparison of reconstructions using various algorithms at different temporal resolutions
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Fig.18 Comparison of reconstructions of objects with different surface albedo using various algorithms
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Fig.19 Comparison of reconstructions single-shot non-confocal images using typical algorithms
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Tab.4 Performance comparison of NLOS imaging methods

Imaging method Equipment Resolution Prior Imaging ability Dimension Ambient light
Pulsed laser & streak camera
Time-of-flight based method Pulsed laser &SPAD High Not required Macroscopic complex object 3D Robust
Modulated source & AMCW
camera
Speckle-based: passive Part of
source & High methods Microscopic simple object
traditional ired
Coherence-based method r.a thonat camera require 2D/3D Sensitive
Spatial-coherence-based:
passive source & Low Not required Macroscopic simple object
interferometer
Intensity-based method Passive source & traditional Medium Required ~ Macroscopic simple object 2D Sensitive

camera

Note: green, yellow and red represent the high, medium and low performance respectively.
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