%43 % %21 81/2023 £ 11 B/R¥¥R

K EHRIK

He Tt - A B TEIY R AT I R0 AH BT ALt
A%

7‘]» ?7'{ 1,2,3

/1N

ER, REe
R T R A O R E B LR R S R A A E AL R, Lt 1000815
IR TORSE BRI A BT, AR BRI 5190855

PR MmO PR EEE RER I S SR A, )R BRI 519085

E ARSI R BN B R AR HLIR I L7 4138, e B As 80615 5 B P A TS S5 B HLR AR | 2E 1 S

I
PRy =i, SR SR T AT AL 09 B AR R (PP ) AR ANIE 58 3 (PMMA) B AE A 52 268 T A T, B0 H A o 22 11 JE
1/7~1/2,3RW] T2 E A RE .
ES a0
HESES

THE AR B — B EEAR o BB A ol A s 5, 25 Bk v i T8 582 W) T 05 39 B 6 ) e A R 1 — Rl o J0i [ [ kg o
AR A 0 0 B AR A0 R T AR AN 224 AR B 1 98 5 45 0 UL S, L P T 48 3 A - 5 A8 AU X A P B A A

043

A THT 4 56 25 FCS R P 30 i) 0 v A AR — A SR . AR SOR T 7 AT I AL BE (TOF ) MTAIL , £ 1 — b AR B4R 18 45
38 0o AR R A SO TG LA 2 07 25 09 5 LR X LE A 1 T A R TR B PR Y 3 T R 25 R ISR TRLAR S T R 25 1Y
Je R A B PRI BON R A D

P HR A T B T AR RS Y e e 38 SR OB, AR T TSR LB 7% L 3@ i Lucy-Richardson(LR) iz 45 #1 52 BLAE L8

5l

NEIRER A

.

=]

JRAR Z G A By b A T AR S S R, 6 B S ) B 43
Fi Ak B4 F A SN TSR Y B AR B A AR R R B £
ARG H T RE A D AR R S TR Xk A i Ak A
55 Jr 7 BEAT RUAG, IR A T B Bt SR L R T A
?EE"J,’%,Q“‘”O

DOI: 10.3788/A0S230870
18 A5 AT T2 B L9 T, 30 AR R i R AT R

Saunders 55 LI A 8 o R LR H bR AT BRI
2R FH 3 T8 AR AL A& o A T S0 PR A %7
VE R ARG — S e 56 R, DR A T 5 B S v A
AR R AR . Sasaki 500 R HI 2L AMHALAE o i 4
ARG, LA A0 0 A S AR H A, F TR R T 41
TARLERE A
AR SRS AR BORAR o T2 3 AR DR R AR 7

SRS o3 A AN TR T 3 50 21 A1 8 G o3 A i 22 S, 2
AR T AR B AR A S B S B AT 430 S AR
MR G5 BRI R G 22 TAE R RS s T

Bt XA [ AR R Gl 5, AR B A A R i B 7
5 SR 3 AR T S AR RGNS i TP T AR

P ] 55 2 () U A 1 S A LR T AR A TR

J7 NI 2 0915 S i 5 AR O R a5 2R . B

fi] £ 45 (), A5 SR LA Gt — HA BB v A T B R R
A 32 Bl AR Tk AL e K o IR ] 0 4 4 Y

W 25 BT R B e T AR LR AR T s A

VAR A TT % o A AFR 61 AT [E I B (TOF ) A%
BB AR S AR I A RE Y IR TR 3, R0 4%

PEARPLLLH N AR AR BAS AR FE S5 e s Z BT

Z R0 . AT B BOL & A 1B 25 RS IR A
A3 o R A H A T TOBE AR S, i Bl Ol o A B S R

sl D0 AR5 S BRAR R H AR FE A,y T RS PR

855, TOF AL T AR 8 15 5 58 RE % . 25 s 20>
P LA K 5 52 B T 72 7 ) A W e $A s  Klein 5507

JRCAS B[R] I i g A5 E o 5 Bl sl AR L EOSIR A

TOF AHHLAH A A1 b f B B, e se St AR et H
K FH 3 8 A AL R A A B S R AT R AR S T, 42

PRI = 4EE Y . Heide 53 F TOF AHHLE T T —Fh
AR AR G o M AT A S P AR Y A A — b
T ) L) SRS, R St A g e B SE BT AR A e
o, HAE 3 FE R R K S G SRR TE Al 43 A
W — A Al 2 A B S T AR LR bR AR
BIS1E#& . "angelniuniu@bit.edu.cn

A THT B I R P, L B AT 23 B PP A A 396 ) A e R

WimHE . 2023-04-24; fEEHER: 2023-05-23; RABH: 2023-06-14; MEEHEZHB: 2023-09-13
BESTH. | 44800 5K T 5441 (2021Z2DZX3012) )7 44 T A 45 AF & 1141 (2021B0707010001)

2111002-1


https://dx.doi.org/10.3788/AOS230870
mailto:E-mail:angelniuniu@bit.edu.cn
mailto:E-mail:angelniuniu@bit.edu.cn

ﬁifﬁlﬁﬁ Kadambi 2543 1 T v A 11 8L S 45 1 )
TOF MHLAEIE ISR T i 52 ma, K T i A A TE)
FRCST R B TR A TR RE B2 R R 2 e 4 BE (FWHMD
SR F 3w A TGRS A L SRR R R A T A — B R
PLI 28, R e 4 1 SRSk S B0 T AR LI AR Y B
B o SRTIZIRGE AT 1 — 20 5 40 B 3B 0380 15 o
S5EMABCI R EZ SR .

ML, AR SCHEETF TOF MAL, 438 T 615 5 8O %

%5 v T L BB AR A B T — o A T A
@éﬁz{mﬂ”&,ﬁ\kﬁ’%ﬁ% T ) FH 32 A5 78 X6k 3 R 5k
Bk MG St 2 4 BLE B, LASE B AE Lk B b = 4
P o 17 1% BB A A A Fe A OG T 1R $2 3L FL 48 3 it 0 52 56
WA, 28 17 4 3h A IS B A 1 5L BRI

2 TOF FHPLARAR 4 5 4% B 40 #7

2.1 TOF B IE M L 5 R 12
TOF M HLZE—Fh 3= 3h g = 4EAE AL, BB G IR Ry
AT, @ﬁiﬁr%ﬁﬁ%ﬂﬂ@%’a'ﬁﬁﬁ{nvklﬂfﬁ
lﬂlﬁ’]?l‘ﬁh%ﬂ%&ﬂ BE A%, AE L H ARG AR
2 o WP T R AR T B E IR AN R E*TEE#&&F‘
iﬁ’ﬁﬁh%uﬂl i, FUR N A A DR E S 0 R IO T B
ffi =4 K& kBRI, BTG EMST BIFTT
Y, 25T B8 0% 52 B — Wi A 47 22 20 96 2k B — s B s =
4l
TOF MHLE G fE b R R LR ES
SR ()5 T RITEHDOGE S s(OFMIBBOEES g ()
P A C R R IR U

c(r):s(z)®g(z‘,):Tli1)r2%Js(l)g(ﬂrr)dz‘,(l)
Ao T — Uk BB R A 5« S B ROk AN BRBH S 22 ] 1Y
ARAE 25 o AR IR SR RCAR r v A T S AR A A A
BB T BAE LA AR E TR F YOS (OB AE
KT HCES R B b A TR R R [F A R . i
FHOBUIE] 52 3% 40 A o6 KR £ (0) Sk 2 7 v A T A0 B AR
LD AT gk — 2B 3R oR

(7, 0)= 1 (0)c(z)=£(0)s(1)RQ g(2)=

,T
2

me),nm%js(ng(zﬂ)dz‘, (2)

A0k ﬁ/ﬁ%*ﬂ* T L% B A& A B TOF
FAPLEL R I . M RESRAF IR (S B, TOF A HLR H]
P4 BRI H AR EE , BIA IR 45 5 43 4R 07,907,
180°F1 270°TE Wl ¢y (7). co (7). cg(r)ﬂ] 64(‘[) IR R AR
BRI 0 B 8 25 52 v THRE R A (0) B R e W] B R
GRS A 5 Ay ﬁlﬁ%ﬁ‘ﬁ%?ﬁf”*ﬁa@ A
BAMER LR o(0) 58 AC) L S E d(0)
R Ay 7 S (U B =S V= W 3 71| b}

&5 43 % % 21 H1/2023 £ 11 B /%3340

p(0)= arctan[cl(r)cz(r)ﬁh(@)}, (3)

C:s(T)_ C4(T)

Jato—ao] +

2

A(O)=£u(0) [es(z)—ci()] ’

(4)
C
d(@)—§0(9)4nP,, (5)

A AL EF 4300 D ot o 5 R S R 3 . TOF M
LR BE Wi A% A R BT, HAR TR BE AR i A 25 1 2
B RAE BCRE T IRE RS R 5o B A
R IEVIE R, AR /NG B ] AR R D6 &, DT
XFIETRAE Bt A IR TR A A . MGk
I“XEP TS IS BRI S 5 R R A R Ak TR 1R
25 ol S5 O R £ (0 A K S A f 0 %
2.2 A EES T TOF #8HLE 0 18 B 1% 89 16 B
FR A T O 2 O AR AR R A N R AR AR S R
) OGSt [ T, o Rt 3 T ' 2 ISR AR 1 3 R L]
553 A bR EC(BRDF ) ok i 34 | 1% oR B 58 59 B AR B e
MTASHm SR E R T MZRRTRER, #
N7 FH A3 BE AR 35 e LA 3 BRDE oR 50K fi IR
B R ) i 5 aﬁﬂ*%‘%ﬂﬁqﬂ AT HICH R, Tk
TE 03k AR SR . SR B 5E 3 TOF AR AL
E’Jillminji&{%&* Kadambi %% F] FWHM 2 % 4
I H A TG I B R T IR OB R R S
AT B FWHM 2800 ¢, 8810 2 8O A i — 2
njﬁﬁ?ﬁséﬁ@@’ﬁn%&o R EMR s E
e % JE 3O BB R s R AT A B, s T s o

relay wall

J

TOF camera

== =

a b target

light intensity received by
corresponding pixels and their diffusion

surfaces with
different FWHMs

PR T oA s T A A P X A R Bl i A 1) 52 )
Fig. 1 Influence of surface relay characteristics of materials on

non-line-of-sight (NLOS) imaging

KRR T BA RE FWHM 2506 B TOF
AAMLAR PR 5 B 45 B B0 BUBE 2 A o AR a s SOS
LM, /\ETE'JEP T Je S 38 0 A% IR Xk AR 2R
a's WA A TR A B T S AR AR IR R @ TN E a
)ﬁj‘ﬁﬁ"é%)‘ﬁﬁﬁﬂgﬁ {5 S e T TN A QA (95
BR o' B R R W RE RN R @ s K BB RE I, I
fiE 1 K/ 578 B FWHM 2 8009 A [ i A H . [H)

2111002-2



£ 43% F 21 H/2023 £ 11 B/RZFZFR

Hoom g HENES Sl N HEEERZ L L,
O AR R W R MY BObRRE S JBREME
e DA A% R A 3R T B M B B O 15 S A R A
I RTA A 5 A [ R B B &, B A8 K p T ot
RIS, (x,y) Al KK N
I(x,y)=1,(x,y) £,(0)+ > 1 (i) i 0,) + € . (6)
K 0 M AR F R R A T B U Sk iE & S
A T3 2R 22 8] B K £ s £ (O,) B R X5 187 £ BE R sR A
T B4 S S 5 B, DA S LS5 AR L, BLAN R A7 T e
P SR AR RS PRI T, (2, y )AL & T A 1w AR
T H AR A LSS B T R B T A
BR AN FoAth B bR 007 B A LS008 3 DR O i BSUR A HRE 1
Bk AP B AR E A X [ 2 i, g N L 27
HE A AR TG 2 B2 08 AR B 3 fBLAH 55, I =X (6)
AL 2 E
I(z,y)=1,(2,y)(0,)+e. (7)

PR ot AR o A T B R A A BT, B i — i
AH LB 28 BT B2 0 3] 1 3R A 5030 T A0 A T A R e
T TR RS B O . A TR A T O
PE £, W BE 9% MR 1h BIZ v F2 4 FRUAS 213 06 19 45
TOF M LB R EM BAREE 5 M (2, y), B 4E X
(2)~(5) , B RENI, (x,y) &t i HS @Jb& H. %
e, B bR = A TR 1)U Ak R IO R A SR A R
Bk B 3 B
3 BRIy ik

e 15 TR B AR b TG R e A TR R M 5 37 i T
B 5 2 AT A, T AT 2245 OR1) 9 A -5 AR A P 4% -
FRAC R 80 2 A O R 2 S AT X R A
Je PRI B AR S = 4E Ay . bR WA 2 Fos

AL SRL R — AR HE H AR R BIOR ff i (B 1 18 R A

F L HUR Ok B IR R SO A W AL BRI | [A]— S A

E’J%?F*Laiscﬂﬂfﬁi? A, T3 T i A b 2 A
HE DR Y S 4 [ i A7 A/ AR B AL S o IR AE N R B

TE AR ZEAF BRI B — B i (] 98 IR — it A 3 B
FEAF A M TR TR Al A RS 2 1) 4 3 R AR A 1 7
T i

DRI I 7 ) T 8 2 B 2 1 G o o P T B R 4 3
5 T PRLAR T, 2o o 00 v A TR S AR TR AR T, SR 5 AR
6 3 C7) BT 3 I B2 pR B (8) , LRSS R 1 i o BE R

RV B, 22 0k AT B3 W B X e/ o 3 N R R R
T MR TR e, HRBAN
X =argminl| I,/ +e— 1 - (8)
Ji
relay wall confiemation
blurry data clear data blurry data
I(xy) I (xy) I (xy)
! ! !
genetic algorithm data inverse problem|
X":argmin“lm* bs+.‘,‘—Ip” > Ip:Ipt’lfbe-}.g

Lucy-Richardson
deconvolution

mutation

=8
S8
£E
2
= Q
2

1teration
nth
fitness
calculation

i

restoration data
I ()

relay wall model f, (m,n) —

K2 AR F AR E R b 2R 7R
Fig. 2 Flow chart of target reconstruction in NLOS imaging

T B R M 58 A R R0, DR I A RS R B )
s BB S 3 RS 58 4 BE HIL B 0 I |, SR ) 7F 13 4 1Y i
RRBAELR T AL (8) SR AE I 2, B A e 3k iy
FE R BN/INHES 4 38 N7 BE /N FPRE £ A o 25 W AR
BT e 4230 BUSE WO R o A D055 A A 1% b B 2k
A7 2 58 S, BV 2ok S0 40 g i = A — OB Fh
B, H A A5, B R B A 30 N S /N AR D
#r TR Z G AT R/ IN G I8 N BE I BN R 345 38 T 5
FOCSRTARE P 1 0 RL A

FP A TR RRPE £ SR AT Z 5 BRI T 3 B S
I, my R b 2, DRt B i) 3R Ak GG i i 45 R S 30T
Wik B E AL . T EREEANEEN SR, AR
Lucy-Richardson (LLR) Jz & 15 3k i — 25 52 80 IR i 4L
s 1 T Ak o BE T DU S 8 2, 7 s A e ik DA TE
PRGBS 27 45 8 6 B, WU 2o B KBSk A 11
X EHE S8 AL o AR 5T B B R R A T Y O
IR £ (e, v ), IR A R ECE 1, (2, ) 52 FH R R T B
ER L, (2, y) S h A T £ (m, ) IRAEAR B, 1F 5 5%
P HE 2 p (L) B B KB 58 1S Bl i, DA 52 21 1]
BAE . B RAUR RECR IR

( z, y )I,,(J.y

‘exp| —fi. (m, n)*1, (x, y)
exp[ fos(m, n Iy]o (9)

m, ﬂ
pupum):ﬂﬁ

(x,y)

I(x, y)!

JosRAFAC9) B KA, 2306 2 (9) PN ASONS Biias 305 SR A28 25 21 OF LS I AR ATk T 33k

I,(x

1o (,y)=
, (x,v) [ﬁ” )

*f m,n)" |1 (x,y), (10)

2111002-3



43 3% % 21 #1/2023 &£ 11 B/HFHE
BV 2o B B 1, (e, y) Z2 UGB T v b R g R E R TR E . R R GECR 5 E T1A A #Y
W1, (x,y)s 5 OPT8241CDK B TOF ML, #1374 36 9 A #x
4 LB

FESLE SRR 1R
FF TOF AL A 5 90 38 B% A% 52 56 37 5 5] 3

#1 LRGFEASHBE

Table 1 Basic parameter setting for experimental scenario
) . ) Illumination Depth accuracy / Target size / Focal
Parameter Resolution /pixel ~ Modulation /MHz
power /W mm cm length /mm
46
Value 320X 240 - Avg 8 5 20X 20 22

targets and e -
background [

synchronous <—

12m

e {O)--
| > e >
r 1.2m 'i‘ 1.2m ’i
| TOF camera
targets and I
background

B3 ik SRR B E

Fig. 3 Experimental scenes and their locations
A T 23 0l R T OGS BB i T B A A R N R
SORH(PP) A 5 0 52 ) (3R B 4 R I . PMIMA)

B Ot 0 SRR T8 LA R 2 Bl b BOIR A 1Y F 9K
D SIS R b R R PR AR AU NGRS SRR DN

S, Y08 HOR T LA G AR I A R R T
AABLAA B 0 AR 15 38 5 A T A 5 T A 3 R

y /pixel

0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
x /pixel x /pixel x /pixel x /pixel

[

P4 B B bR S HC0T R Y kP T B R 42 A TR P2

Fig. 4 Measured targets and their corresponding depth images collected by flat mirror

2111002-4



18, AR SRR TR A5 R T S Y 3 7 5% 2 B DLIAT 4 B
715 FY T BT L P Ay oA

B v A TR AT R B SO RE I BE X AR L H AR
A B 5 TR B AR T R AR AR 5 (7) g 4 BR 5,
W ERERAE— b 1RO 0 B B B, B
PURIT Ja AN e A A2 A 9 5 1 e e o P 0B % 19 PP Al AN
PMMA H 8 32 ] 532 1 b BR S T B 5 v A T, %61
AT AE — € BN o0 RS T RO e 1515 8 9 o A4

100 150
x /pixel

0 50 100 150 0 50
x /pixel

43 3% 5 21 #1/2023 £ 11 B /¥ ¥R

R 4 BRDF il 28 J A0 D7 A9 38 A B a6 B4, 1 5(a)
55 5(b) 43 5 J2 LA S 1 o0 4510 A5 TR A B 21 A1 R R
T, FHAE I 25 76 AN [R) 5 553 # B 045 1)+ 58 D6 560 40 A
F b, AHR TG v 3 2o 32 P b A R U8 2 31 HE I H B
{FL3E 35 AH BLAE S5 DN AR AL 7™ 5 ) B bR ER . R il X
Fb, 105 (o) 2 BE 1A% 18 R R S 00 3 b = 4k K
& 5(d) ~ (D 43 51 0 LA & % (PP A LA & PMMA #z /E
Hh A THT R A 1 R0 — A B

(b)

il

0 50 100
Angle of reflection /(°)

100 150
x /pixel

0 50 100 150 0 50
x /pixel

E5 PP ARAH PMMA B 5 A o A 100 04 HCS R 5 AS T5] o A T 2% 1 SR 4R 1 JRUIR TR i« (a) PP AR e FC ¥R 43 BRDF i £k 5 (b)
PMMA 4 53 BRDF fhi 2k 5 (c) $i1fi 5 (d) ¥ 6% 5 (e) PP 45 () PMMA AR
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Table 2 Mean square error after NLOS image reconstruction based on PP plate relay surface

unit: m
Raw data Denoised 7X 7 model 1010 model 15X 15 model
Gypsum cone 0.0353 0.0194 0.0172 0.0187 0.0105
Smooth plastics 0.0463 0.0352 0. 0094 0.0105 0.0103
Natural complex scenes 0. 0593 0.0491 0.0193 0.0195 0. 0253
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Table 3 Mean square error after NLOS image reconstruction based on PMMA plate relay surface unit: m
Raw data Denoised 7 X7 model 10<10 model 1515 model
Gypsum cone 0. 0246 0.0169 0.0075 0.0072 0.0074
Smooth plastics 0.0342 0.0207 0.0079 0.0105 0.0078
Natural complex scenes 0. 0562 0.0241 0.0074 0.0075 0.0074
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Abstract

Objective  The action of implementing computational photography for targets out of the field of view (FOV) such as
behind the barrier by a reflective relay surface is defined as non-line-of-sight (NLOS) imaging. NLOS technology has a
promising future in the fields of medicine, road safety, and scientific research due to its ability to expand the human's FOV
in scenarios where a direct view is impossible to obtain by devices or human eyes. The present NLOS technology mostly
includes transient imaging, range-gated imaging, and passive pattern imaging, and they are mostly dedicated to Lambert
reflector relay surfaces. However, the materials in common scenarios are usually non-Lambertian reflectors, whose
scattering characteristics are random and diverse, with different degradation characteristics of NLOS imaging results. The
traditional methods always have complex system structures, slow imaging speeds, and high costs. We propose a new
NLOS method based on the time of flight (TOF) camera, which requires lower maintenance costs, indicates higher
availability than the transient imaging and range-gated imaging, and can also realize 3D reconstruction compared with the
passive pattern. The NLOS 3D imaging can be achieved for the relay surface with non-Lambertian scattering

characteristics by the proposed method to provide theoretical references and an experimental basis for the application.

Methods The NLOS images collected by the reflective relay surface suffer from serious degradation of which the process
is directly determined by the optical scattering characteristics of the relay surface. The following theoretical hypothesis is
provided by analyzing the propagation method of the target optical signal (Fig. 1). The degraded images are formed from
convolution between the clear image and the relay surface with scattering characteristics. As a result, reconstruction for
clear images can be realized through the deconvolution of degraded images if scattering characteristics of the relay surface
are obtained. Depth imaging can be achieved for the TOF camera by calculating the phase differences between the
incoherently modulated illumination and the returned light signal from targets. The phase difference calculation relies on
the signal intensity, and the relay surface scatters the optical signal and degrades the depth image. Therefore, the
implementation method of the reconstruction algorithm is as follows. First, scattering characteristics of the relay surface
are obtained with the genetic algorithm (GA) through clear and degraded images respectively of the given target. Second,
clear images are reconstructed through deconvolution for degraded images of other targets based on the above scattering

characteristics. Finally, the pixel value of the depth image for the TOF camera is the floating number which is different
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from common 2D images. Thus, most of the traditional imaging method evaluation is unsuitable for depth evaluation. A

kind of difference image is employed for subjective evaluation and mean square error (MSE) for objective evaluation.

Results and Discussions We put forward an NLOS depth imaging method based on the TOF camera. The scattering
characteristics of the relay surface should be solved first to realize the reconstruction through deconvolution. However, the
scattering characteristics of the relay surface are completely unknown in the NLOS mathematical model. For any of two
different materials (Fig. 5), several different scales of matrices are adopted to express them in the algorithm, while the GA
calculates matrix value by the fitness function [Eq. (8)]. The results are approximate numerical values of scattering
characteristics of the relay surface (Fig. 7), and the 2D matrix with minimum fitness is set to be the deconvolution kernel.
Then reconstruction is conducted for degraded NLOS depth images of the unknown target by Lucy-Richardson (LR)
deconvolution. The experimental results reveal the effectiveness and feasibility of the algorithm both from subjective and
objective evaluation (Figs. 8 and 9), but the results are not always convergent without complete expression of scattering
characteristics in the 2D matrix. Although the solving process takes a long time, the calculated matrix of scattering
characteristics can be applied. However, the GA-LR algorithm provides a low-cost NLOS 3D imaging technique, which
can be directly applied to practical scenarios if the scattering characteristics database of common materials is established in
advance. Therefore, the proposed method both provides theoretical guidance and an experimental basis for NLOS

imaging, and also provides solutions to practical problems, with economic significance.

Conclusions Based on a TOF camera, we propose a 3D imaging method for NLOS targets. By analyzing the optical
phenomena, we put forward a hypothesis that the degraded 3D image results from the clear 3D image convolution with
some unknown scattering process, where the unknown scattering process is caused by the relay surface. Therefore, the
GA is adopted to solve the approximate optical model of the relay surface, and then the LR deconvolution algorithm is to
perform the 3D reconstruction of NLOS targets. The experimental results show that the NLOS targets are well
reconstructed from both subjective and objective aspects. In practical applications, after the approximation model of the
relay surface is determined, this algorithm can quickly capture the NLOS target and perform 3D imaging when a TOF
camera is utilized, which indicates high application significance. In the future, deep neural networks may be leveraged to

fit the degradation process to realize reconstruction.

Key words optical data processing; image reconstruction; scattering measurements; phase measurement
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