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Research advances on non-line-of-sight

three-dimensional imaging lidar

Jin Chenfei', Tian Xiaorui', Tang Meng', Wang Feng’, Yang Jie',
Qiao Kai', Shi Xiaojie', Zhang Sigqi'

(1. School of Physics, Harbin Institute of Technology, Harbin 150001, China;
2. Tianjin Jinhang Institute of Technical Physics, Tianjin 300308, China)

Abstract: The research status and progress of non-line-of-sight (NLOS) three dimensional imaging lidar were
reviewed in this paper. Firstly, the background and basic concepts of NLOS imaging technology were introduced.
The NLOS imaging technology based on laser pulse time-of-flight measurement, which was closest to lidar
configuration, was selected as the focus of this paper. Then, the research progress of this technology was analyzed
and summarized from two aspects of imaging system and imaging algorithm, respectively. It can be seen that
scannerless NLOS imaging with SPAD array has become an inevitable trend in the future, and the non-confocal
reconstruction algorithm adapting to SPAD array will also become the research focus. This new system of lidar
will be widely used in military reconnaissance, security and anti-terrorism, unmanned driving, disaster rescue and
other fields in the future.
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Fig.1 Basic configuration of the non-line-of-sight imaging lidar
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Fig.2 Experimental results of non-line-of-sight imaging with glass
window!'*!". (a) Diagram of light path; (b) Experimental scenario;

(c) Imaging results of a person; (d) Imaging results of license plate
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Fig.3 Experimental results of non-line-of-sight imaging with different mirror surfaces''?. (a)-(d) Position map of the detector, light source, target and the

intermediate reflective surface and target respectively; (e)-(h) Experimental results of mirrors with different materials
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Fig.4 Experimental results of non-line-of-sight imaging with glass under different background lights'*. (a) Schematic diagram of the experimental

scene; (bl)-(b5) Experimental results under different conditions
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Fig.5 Experimental results of non-line-of-sight imaging using streak cameral'?. (a) Schematic of system principle; (b) Acquired raw data;

(c) Reconstructed image; (d) Photo of hardware prototype
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Fig.6 Experimental results of non-line-of-sight imaging using ICCD!""). (a)-(c) Results of point lighting experiment; (d)-(f) Results of surface lighting,

from left to right are top view, side view, 3D panorama
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Fig.15 Experiment results of scanning non-line-of-sight imaging with SPAD linear array”®?. (a) Imaging system, scene; (b) Restored 3D images by
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Fig.16 Experiment results of dual scanning non-line-of-sight imaging system®\. (a)-(g) Experiment scene and system; (h), (i) Imaging results
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Tab.1 Main performance parameters of a typical non-visual imaging system

Institutions

Detectors

Massachusetts Institute
of Technology '

French-German Research
Institute of Saint-Louis ['*'”)

The University of British Columbia
and University of Bonn !'%2%

Stanford University 2!

Stanford University and

Carnegie Mellon University !

University of Wisconsin and
University of Zaragoza *"

University of Milan and
University of Wisconsin*

French-German Research
Institute of Saint-Louis #*

Heriot-Watt University %!

Streak Camera

ICCD

PMD

Single-pixel SPAD
(Confocal LCT)

Single-pixel SPAD
(Confocal f-k)

Single-pixel SPAD
(Virtual waves)

Linear-array SPAD

Planar-array InGaAs SPAD

Planar-array
Si SPAD

Lasers Imaging performance
2795 nm RS: 40 cmx40 cmx40 cm
Tr: 2 ps 50 fs lp: 25 cm
Pixel: 672x1 f 7'5 MH Ires: vertical 0.4 mm
St: 300-1200 s N o 602 Horizontal 5-10 mm
s RT:2-4s
A: 532 nm . . .
GW:2ns 7.2 ns Slze'119zlri;10 m
Pixel: 1360x1024 f21kHz Lo .
W18 W Ires: limited by gate width
MBW: 110-180 MHz A: 650 nm RS: 1.5 mx1.5 mx2 m
Pixel: 120%160 7:2-3 ns lp: 1.5m
St: 4 min P:15W Ires: a few centimeters -
more than ten centimeters
A: 670 nm
Tr.: 27 ps 7:30.6 ps RS: 1 mx1 mx1 m
Pixel: 1 f: 10 MHz
. : lp: 40-115 cm
St: a few minutes P:0.11 mW fres: 3.1 cm@65 om
to one hour Num: T
64x64/32x32
A: 532 nm
7: 35 ps .
Tr: 70 ps f:10 MHz RS: 2 I?le $X1.5 m
Pixel: 1 plw Ires: a fev(\)/.centimeters -
St: 0.25 s-180 min Num: more. than ten centimeters
512x512/64x
64/32x32
A: 532 nm
Tr: 30 ps .35 ps RS: 1.8 mx1.3 mx5.1 m
Pixel: 1 f:10 MHz lp: 0.5-5.1 m
St: 24 s-20 min P:1W Ires: a few centimeters @0.5 m
Num: 180x130
Tr: 50 ps /1 532 nm Size: 40 cmx60 cm
. f: 10 MHz
Pixel: 16x1 P 1w lp: 1m
St: 8 min Num: 150%150 Ires: a few centimeter
Tr: 250 ps 41,545 pm Size: 25 cm*25 cm
. 7: 500 ps
Pixel: 32x32 . lp: 1.8 m
St: 340 ms J- 100 iz Ires: approximate location
: W3 W -app
Te: 110 4: 800 nm Size: 30 cmx10 cmx4 cm
Pixel: 32432 v 108 /;: about I m
: S67TMHz  Tres: objects positioning and tracking
St:3s W:10nJ

with centimeter accuracy

Notes: 1. Tr: Time resolution; 2. Pixel: Pixel elements; 3. St: Sampling time; 4. 2: Wavelength; 5. z: Pulse width; 6. f: Repetition frequency; 7. Num:
Scan points; 8. P: Power; 9. W: Energy; 10. MBW: Modulation bandwidth; 11. GW: Gated width; 12. RS: Reconstruction space; 13. /;: Distance of

object to diffuse wall; 14. /;: Distance of object to detector; 15. Size: Object size; 16. Ires: Image resolution; 17. RT: Reconstruction time
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(@) Traditional-14.8 s

. @

(b) Proposed method-1.6 s (8.2x) '
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Fig.17 Processing results of the fast back projection algorithm™. (a) Normal back projection algorithm; (b) Fast back projection algorithm; (c) Target;

(d) System

P 18 25 i EARARTAT ) Fl AR E] R A e U A A AL SR () WU HHIE s (b) Lt b (o) B AL fb Tt

Fig.18 Processing results of the optimization algorithm considering the direction of the target surface and the occlusion between the targets'*'.

(a) Measured data; (b) Linear optimization reconstruction; (c) Improved optimization reconstruction
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Fig.19 Processing results of the LCT algorithm and other algorithms™, Processing results of back projection(a), filtered back projection(b), LCT(c), and

LCT+ optimization(d)

-

Hidden scene Measurements (x—¢) FBP LCT f-k Mig
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Fig.20 Processing results comparison of frequency wave vector migration(f-k Mig) and other algorithms'?, Processing results of target(a), measurement

data(b), filtered back projection(c), LCT(d), f-k Mig(e)
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Fig.21 Processing results of the phasor-field virtual wave algorithm™, Processing results of confocal LCT (a), filtered back projection (b), virtual wave
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Tab.2 Performance comparison of different NLOS imaging algorithms

FBP LCT Virtual waves Optimization (single iteration)
Runtime O(N%) O(N3logN) O(N3logN) O(N?) O(N?)
Memory O(N?) O(N3) O(N?) O(N?) O(N%)
Quality Low Mid-high Mid-high Mid-high High

Configuration Confocal or non-confocal Confocal Confocal or approximately non-confocal Confocal or non-confocal ~Confocal or non-confocal
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o, (ELR S A SR T A AR A 2 o SR e i 22 W 2%
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