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Reflected Light Separation on Transparent Object Surface
Based on Normal Vector Estimation
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National Key Laboratory of Science and Technology on Automatic Target Recognition, College of Electronic Science

and Technology, National University of Defense Technology, Changsha, Hunan 410073, China

Abstract Firstly, according to intensity distributions of reflected light and transmitted light in perpendicular and
parallel directions on surface of transparent objects, the functional relation between the components of reflected light
and transmitted light and that between the polarization degrees of reflected light and transmitted light are derived
with the principle of polarization orthogonal decomposition in this paper. Then, based on the imaging principle of
camera, the angles between incident lights and normal vectors and the azimuth angles of the incident planes at
different positions of transparent object surface are obtained by using surface normal vector to summary the
distribution rules of the polarization degrees of reflected light and transmitted light at each pixel in the image.
Finally, according to the polarization characteristics and correlation features between reflection and transmission,
the minimum of normalized cross-correlation between reflection component and transmission component is calculated
by gradient descent algorithm to realize the separation of reflected light and transmitted light, which suppresses the
interference of reflected light on the surface of transparent objects, and it plays an important role in information
processing and applications such as target detection and image matching in environment with complex reflected
light.

Key words  physical optics; normal vector; transparent object; polarization characteristic; correlation feature;
reflected light separation
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Fig. 5 Reflected light scenes. (a) Transmitted light image; (b) reflected light image; (c) polarization image

in vertical direction; (d) polarization image in parallel direction
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Fig. 8 Extraction of zero-crossing pixels and variation curves of correlation value with viewing angle. (a) NCC between

over-separated transmitted light image and under-separated transmitted light image; (b) extraction result of zero-

crossing pixels; (c¢) variation curve of mutual information with viewing angle; (d) fx (8, ¢) versus viewing angle

1526001-8



HRiIEX

F 415 F15H/2021 £8 B/ ¥R

4.2.3 BETHEAEZRLXBEIA LR DL

L (19) AT, W A 3% 1w A T4 U £ 5
RIf o GEmE T ¢ K, W T m a5
fil o REAR. f (8.0 HAKTIf 6 A%, WK
2Ca) W] LU H o B S O % B Bt 00 00 7 ) 15 R 52 1 o
BRGNS, IR T 0 78 0°~ 90° 3 [l
WASAEINE , f2 (85 @) AT BEAF 1R ) i Al /MEL. 2R B
el I AR BE N BESE LR % fr (8, ) B /ME,
Fr(8 ) AT RENCSRN R M /IME . S T /(609D
W S5 3] 42 Jr) die /ML S R A5 ) B 42 Jmp 48 R i O ik
8 MR w5 B A 4 JR) S5 /IMEL BRI, 4R 5 R R B
JE T BB DR E A R i/ ME . BB EWI G K TA
8" =0"BRIGHE 0°~ 90" [Bl N A (] B 2°HE AR n A
KW 0" B1 6" =06"+n « A A0=2°, FIFH 6" Fl ¢
SR AR IR AU SR ' Al % 152 3 S O A R L O

angle of

FIH (9 X4 88 15 3135 51 6 G A S e % T B
WE Z A £ (0" o). it LA [R] K T A T 3R
B fr (8" ), T A2 I 5 4 Jay f /IMEL B T A9 K T00 £

Owin o BRI A S5 e/ IMEBHE 1 K TG O 255 A O,
IR R fr (04 ) BEAT SR G Al T A B BE 0 5
] R NI ARI £ (8 ) Y 4 J fie/IMEL, B

AL (8™
— -
Ao, B 20 om S AT R AR E . S  E IRsk
SRR R R BRI M 88 [ (0", ) Al
Fr(" @) MY ZEMEH/IN T — & B H ] EAREE o 45 5]
/M [ R (B in s @) LA B Z SR B R TUAR 0 5 DA
1117 52 B B S8 56 F A ' 09 A AR 4 B, LU R
B9 Fis .

6m+1 :8/11 , (24>

polarization| ’{ “‘I’ | | ’ | [
l_> : 6" I
| VX |

detector:

reflection
image
gradient
descent
transmission

~ image

: | sm-1

I <+ m:m_*_l,dm:dmfl*_”_ ‘?fli(“)_ )

. o, as™!

I

: | M

I I b S(0™) or |- fl <
. "

I

\ 4

1x10-5?

9 748530 1 i e 14
Fig. 9 Flow diagram of proposed algorithm
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Fig. 10 Schematic diagram of reflected light data collection
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Fig. 11 Polarization images of indoor scene. (a) True transmitted light image; (b) 0° polarization image; (c) 45°

polarization image; (d) 90° polarization image; (e) 135° polarization image; (f) polarization image in parallel

direction; (g) polarization image in vertical direction; (h) viewing angle image; (i) azimuth angle image
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Fig. 12 Polarization images of outdoor scene. (a) True transmitted light image; (b) 0° polarization image; (c) 45°

polarization image; (d) 90° polarization image;

(e) 135° polarization image; (f) polarization image in parallel

direction; (g) polarization image in vertical direction; (h) viewing angle image; (i) azimuth angle image
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Fig. 13 Reflected light separation results of indoor scene. (al)(a2) Proposed algorithm; (bl)(b2) algorithm in Ref. [2];
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Fig. 14 Reflected light separation results of outdoor scene. (al)(a2) Proposed algorithm; (b1l)(b2) algorithm in Ref. [2];
(c1)(c2) algorithm in Ref. [10]; (d1)(d2) algorithm in Ref. [11]
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Table 1 Quantitative comparison of separation effects of reflected light under different methods

Algorithm in Algorithm in Algorithm in
Scene Evaluation index Ours
Ref. [2] Ref. [10] Ref. [11]
SSIM 0.9033 0.8298 0.8976 0.8256
Indoor scene PSNR 24,1595 17. 7857 20. 4899 20. 7342
SSIM 0.7995 0. 6865 0. 7498 0.6168
Outdoor scene PSNR 21.3365 19. 5287 18. 9528 15. 7089

6 4 ik

Yy VR 2 THI RO A0 5 AR T O 4R Ot . HL A
A Z i IR R AEAEAE W] B 2 S . EXTIE WA R
T 52 55§ 16 1325 55 O O I 4 A 20 7 9 BBl L, 3 T
SO O 3 S AR EL A B R e A R SR Ol A O 2
JCAE T EL 7 1] M AT J7 1] b #9658 0 A e &, R
i 9% 1E 5 53 Ak 64 7 05 o 8 3 S S A 4 R R S i 41
JE SR it 43 B BB 06 oy FE SO Ry . T ER
BB R T A 5 1 R N TR Y T AT R
S 358 G At A1 2 0125 S5 ' O AR S B AT 2 A AR B
Mo ARG AR BL AR B B 45 A 3R Tk ) L AR AT T
7K T N R VA W AN 1B =V 2 DR o)
T AR UL I AR A 1 PR A A IR R S R
i H% JBE 132 6O D AR BE . e, AT W A S T
¥ ) A7 AL A R O IR AR R SC & L Tl 1 D AR A KR
L X 3 (B E T3k 1 O AR AL R R TR

SO L5 R 325 55 16 TR AR 22 18] B R S 1 L R A
RS A AT B R O 1R AE SO B AR R /N
NCC {E B R B K T A de 28 52 B S 3B O 1 23 7
LA R R TR RIL RS LA G 5 AR
WL #1237 W W) MR R DB O B 3 B 3 B AR
AT A

s £ X W

[1] YeK T, Ji'EMS, Zhai S J. Influence of particle
shape on polarization characteristics of backscattering
light in turbid media[J]. Chinese Journal of Lasers,
2020, 47(1): 0105004.
mhaE, HEROARY, B RFIEAXEMA S
T BB O i B e e s ma LT . EEOE, 2020, 47
(1): 0105004.

[2]  Ohnishi N, Kumaki K, Yamamura T, et al.
Separating real and virtual objects from their
overlapping images [ M] // Buxton B, Cipolla R.

Computer vision-ECCV ’ 96. Lecture notes in

1526001-12



HRiIEX

F 415 F15H/2021 £8 B/ ¥R

(3.

[4]

(5]

(6]

7]

(8]

[9]

[10]

[11]

[12]

[13]

computer science. Heidelberg: Springer, 1996,
1065: 636-646.

Li Y, Brown M S. Single image layer separation
using relative smoothness[C] /2014 IEEE Conference
on Computer Vision and Pattern Recognition, June
23-28, 2014, Columbus, OH, USA. New York:
IEEE Press, 2014: 2752-2759.

Shih Y C, Krishnan D, Durand F, et al. Reflection
removal using ghosting cues [C] // 2015 IEEE
Computer Vision and Pattern
Recognition (CVPR), June 7-12, 2015,
MA, USA. New York: IEEE Press, 2015: 3193-
3201.

Liang J, Ju HJ, Zhang W F, et al. Review of optical

Acta Optica

Conference on

Boston,

polarimetric dehazing technique [J].
Sinica, 2017, 37(4): 0400001.

i, BEE, OCK, S mIRGE R A FEHA
LR [T, AR, 2017, 37(4): 0400001,

Chen W, Qiao Y L, Sun X B, et al. Method for
water surface sun glint suppression based on polarized
radiation image fusion[J]. Acta Optica Sinica, 2019,
39(5): 0529001.

PR, FRIER), Fhmete, S5 T On I 4R 0 B A Ry
JKTH S B Ll J7 2 [1]. ek, 2019, 39
(5): 0529001.

Wolff L B, Boult T E. Constraining object features
using a polarization reflectance model [J]. IEEE
Transactions on Pattern Analysis and Machine
Intelligence, 1991, 13(7): 635-657.

Wolff I. B. Polarization-based material classification
from specular reflection[J]. IEEE Transactions on
Pattern Analysis and Machine Intelligence, 1990, 12
(11): 1059-1071.

Wolff I B. Using polarization to separate reflection
components [ C] // Proceedings CVPR’ 89: IEEE
Computer Society Conference on Computer Vision
and Pattern Recognition, June 4-8, 1989, San Diego,
CA, USA. New York: IEEE Press, 1989: 363-369.
Schechner Y Y, Shamir J, Kiryati N. Polarization
and statistical analysis of scenes containing a
semireflector [J]. Journal of the Optical Society of
America A Optics Image Science &. Vision, 2000, 17
(2): 276-284.

Farid H, Adelson E H. Separating reflections and
lighting using independent component analysis [J].
Proceedings of the IEEE, 1999, 1(9): 262-267.

Cui Z P, Gu] W, Shi B X, et al. Polarimetric multi-
view stereo[C] /2017 IEEE Conference on Computer
Vision and Pattern Recognition (CVPR), July 21-26,
2017, Honolulu, HI, USA. New York: IEEE
Press, 2017: 369-378.

Kadambi A, Taamazyan V, Shi B X, et al. Polarized
3D: high-quality depth sensing with polarization cues
[C] // 2015 IEEE International
Computer Vision (ICCV), December 7-13,

Conference on
2015,

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

1526001-13

Santiago, Chile. New York: IEEE Press, 2015:
3370-3378.

Zhang ] H, Zhang Y, Shi Z G. Long-wave infrared
polarization feature extraction and image fusion based
on the orthogonality difference method[J]. Journal of
Electronic Imaging, 2018, 27(2): 023021.

Li N, Zhao Y Q, Pan Q, et al.
LWIR image with
characteristics[J]. Optics Express, 2018, 26 (13):
16488-16504.

Kong N, Tai Y W, Shin S Y. High-quality reflection
[J]. IEEE
Transactions on Image Processing, 2011, 20 (12):
3393-3405.

Zhang ] H, Zhang Y, Shi Z G. Enhancement of dim
targets in a sea background based on long-wave

IET

Removal of

reflections in polarization

separation using polarized images

infrared polarisation features [ ] ]. Image
Processing, 2018, 12(11): 2042-2050.

Zhang ] H, Zhang Y, Shi Z G. Study and modeling
of infrared polarization characteristics based on sea
scene in long wave band[J]. Journal of Infrared and
Millimeter Waves, 2018, 37(5): 586-594.

gk, skak, AR SR DR LA T 3 S O
PRPFE AT 0T 5 J AT [J]. 20405 22 oK B 2% 4, 2018,
37(5): 586-594.

Yang ] H, Di X, Yue C M,

light and

et al. Polarization

analysis on reflected three-dimensional
measurement of object shape[J]. Acta Optica Sinica,
2008, 28(11): 2115-2119.

e, B0, HHEE, 5. REGMRREES TS
PRI AR I B [T, a4, 2008, 28 (11):
2115-2119.

Ping X X, Liu Y, Dong X M, et al. 3-D
reconstruction of textureless and high-reflective target
by polarization and binocular stereo vision [J].
Journal of Infrared and Millimeter Waves, 2017, 36
(4): 432-438.

EEEYE, X5, ERRW, AL B TR 4R XU E LA
SR O A AR 4R E A (], 405 5 2ok R,
2017, 36(4): 432-438.

Zhang W F, Ren L Y, Xing F, Novel

polarimetric dehazing method using discrete cosine

et al.
transform based Laplacian pyramid [J]. Laser &
Optoelectronics Progress, 2020, 57(6): 061102.
KK, A, K, FLORTEBRE LR T
B n i B m ot R FE AR Bt 5t ¥
EE, 2020, 57(6): 061102.

Zhao F, Cheng X M, Feng B, et al. Comparison
research of interpolation algorithms for division of
image [J]. Laser &
Optoelectronics Progress, 2020, 57(16): 161014.
B, REE, o, % RV R R RS ER
P A SE (1] . WOt 5ot 72 B, 2020, 57
(16): 161014.

focal plane polarization



