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Fig. 1 Light field spectrum support structure. (a) Spectrum support structure of 2D Lambert scene; (b) main energy regions R, and R,

of 2D light field spectrum with texture information
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Fig. 2 Parameterization of the light field and embodiment in the real domain. (a) Two lane parameterization of 4D light field; (b) two

plane parameterization of 2D light field; (c) embodiment of reparameterization in the real domain
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Fig. 3 2D light field spectra under different parameterizations when considering scene texture information. (a) Spectrum of light field

when image plane is located on one side of the scene; (b) spectrum of 2D light field when image plane is located between scenes
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Fig. 7 Noise power spectra and light field spectrum support. (a) Initial parameterized noise power spectrum; (b) reparameterized noise

power spectrum; (c) initial parameterized light field spectrum support; (d) reparameterized light field spectrum support
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Fig. 10

Spectrum support of initial and reparameterized light fields. (a) Spectrum support of initial parameterized light field;

(b) spectrum support of reparameterized light field; (c) initial and reparameterized light field spectrum support boundary
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#* 3 HCDEBER ST 12468 19 £ 45 R PSNR A SSIM
Table 3 PSNR and SSIM of denoising results for 12 light fields in HCI light field dataset

Dual fan Hypercone Hyperfan
s Filter Re + filter Filter Re + filter Filter Re + filter
cene
PSNR / PSNR / PSNR / PSNR / PSNR / PSNR /
SSIM SSIM SSIM SSIM SSIM SSIM
dB dB dB
Pens 25.01 0.47 25.68 0. 66 24.97 0.47 25.68 0. 66 25.01 0.47 25.68 0. 66
Cotton 27.47 0.60 29.48 0. 84 27.36 0.59 29.41 0. 83 27.47 0. 60 29.48 0.84
Antinous 25.90 0.57 28.11 0. 84 25.96 0.56 28.17 0. 83 25.90 0.57 28.11 0.84
Tomb 26.65 0.54 27.87 0.77 26. 56 0.53 27.83 0.76 26. 65 0.54 27.87 0.77
Dino 26.72 0.59 28.22 0.75 26.69 0.58 28.28 0.75 26.72 0.59 28.22 0.75
Platonic 22.50 0.41 23.10 0. 60 22.49 0. 40 23.11 0. 60 22.50 0.41 23.10 0. 60
Boxes 23.30 0.52 23.97 0.68 23.45 0.52 24.13 0.68 23.30 0.52 23.97 0.68
Dishes 21.41 0.45 21.67 0. 60 21.50 0.44 21.79 0.59 21.41 0.45 21.67 0. 60
Greek 23.18 0.53 23.67 0.72 23.37 0.52 23.91 0.71 23.18 0.53 23.67 0.72
Kitchen 23.57 0.53 23.92 0. 65 23.66 0.52 24.04 0. 64 23.57 0.53 23.92 0. 65
Sideboard 19.65 0.42 21.33 0.57 19. 83 0.42 21.46 0.57 19. 65 0.42 21.33 0.57
Table 23.30 0.53 23.67 0.67 23.32 0.52 23.72 0. 66 23.30 0.53 23.67 0.67
(al) 32 i (b1)32 It (c1)32 it
30 30 30
28 28 28
/m as) /M
2 S S
]
= 26 % 26 % 26
1) 17 @
a =9 =
24 24 24
2 — dual fan 22 — hypercone 2 hyperfan
- re+dual fan (proposed) - re+hypercone (proposed) -+ re+hyperfan (proposed)
20 it 20 1t 20 T
0.02 0.05 0.08 0.10 0.30 0.02 0.05 0.08 0.10 0.30 0.02 0.05 0.08 0.10 0.30
Noise lever (0?) Noise lever (0%) Noise lever (0?)
(a2) i ®2) iF (c2)0.9 1
0.85 \ 0.85 \\ \
0.80 0.80 0.8
0.75 0.75
0.70 0.70 0.7
= 0.65 =0.65 =
0.60 %0.60 %06
0.55 0.55
0.50 0.50 05
0.45 0.45
— dual fan — hypercone — hyperfan
040 —-re+dual fan (proposed) 0401 re+hypercone (proposed) 04 -+ re+hyperfan (proposed)
0.35 n 0.35 It I
0.02 0.05 0.08 0.10 0.30 0.02 0.05 0.08 0.10 0.30 0.02 0.05 0.08 0.10 0.30
Noise lever (0?) Noise lever (0?) Noise lever (0?)

11 Antinous Y637 26 A [i] B 7 7K SF T 25 M2 45 3 19 PSNR Al SSIM . (al) (a2) 3 F 4D dual fan 38 3% %% ; (b1) (b2) 3 F 4D hypercone
UEPE AR5 (c1) (c2) 3 T 4D hyperfan 3§ &%
Fig. 11 PSNR and SSIM of Antinous light field with different noise levels. (al) (a2) Based on 4D dual fan filter; (b1) (b2) based on 4D
hypercone filter; (c1) (c2) based on 4D hyperfan filter

SR A B AT A SGE R U KBOEE R 2GR R R LR T 5 e S A5 B0
B ER, M ABSH LRSI RAELNE  [FE.
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(al) 40 (c1)40
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z z z
a1 o] ! 2] !
& 20 & 20 & 20
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(a2 B dual fan | (b2) B hypercone (c2) == hyperfan
1.0 B re+dual fan (proposed) 1.0 B re+hypercone (proposed) 1.0 B re+hyperfan (proposed)
0.8 0.8 0.8
0.6 0.6 0.6
0N 199} 199}
0.4 0.4 0.4
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K12 Cotton G 7EAS [ W 75 2 TR L MR 25 3 1 PSNR 1 SSIM . (al) (a2) 5T 4D dual fan 38 3 % ; (b1) (b2) %&£ T 4D hypercone I
Wi s (c1) (c2) BT 4D hyperfan I8 i #
Fig. 12 PSNR and SSIM of Cotton light field with different noise types. (al) (a2) Based on 4D dual fan filter; (b1) (b2) based on 4D

hypercone filter; (c1) (c2) based on 4D hyperfan filter

4.3 SLiNEHEXT L KL

3 25 ) 4 5 AR B L, I A S 8k ik
7 Uk Uk £ 7 vk, LST-hyperfan 2 36 F % 45 4D
W 4t ) D ) 08 D 25 MR T 1% TR MG B R O T ik R AT
X

TEPE 0 30 48 56 5 808 ) Flowers Al Amethyst 5
S, P 28 0 R o R 5 1 B HiE L R JH 5 LST-hyperfan
T3 AR [ B 8 5T O ACHEAT R BT A5 3] 11X 11 A5 )
Oy R0 51k 640 pixel X 768 pixel Hl 384 pixel X 512
pixel i FfLE2 &, F K RGB 2 {4 =5 18] G e Ak
YChCr B (4 25 1] PR, 9K i 4 MY 38 38 AR K 2 Pt
Froe s o O b PR GF BY JK RE O 3 008 5 b o 22 0 =

0. 11 o= 0. 2 ffy /2 1 M 7, 43 50 i I LST-hyperfan L
K “ S KAk +4D hyperfan 38 3 #8747 LM . FEE
AR SC T 1 B g B 3 5 e K i /N BE DA SR R Ol
Gy WCF- 1 8] B #E A7 Ak 3, R A THE #7628
A XS HOT A . 2 LRI FR 7 1k 1 R MR R, an
FAPR . FTLAE 76 8% K MR X O & 34T A IS
) B S HA I 25 A R T AT

5 &4 #®

Or AT TG SRR R AR S R Xt T &
M ) R S WD B T A S AR A v R AR A A A
IO ik R KR, 38 A/ A 2 R R BSOS ORI T U

F 4 WIEFEOEEEGEE D Flowers M1 Amethyst Y63 1) 25 B 4% I PSNR #1 SSIM
Table 4 PSNR and SSIM of Flowers and Amethyst in Stanford light field dataset

Re+4D hyperfan

LSI-hyperfan

Scene o

PSNR /dB SSIM PSNR /dB SSIM
0.1 30. 06 0. 8955 27.00 0.5963

Flowers
0.2 26. 03 0.8172 22.66 0.4027
0.1 28.62 0. 8795 28. 34 0. 6860

Amethyst
0.2 25.75 0. 8051 24. 04 0.5237
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Fig. 13 Comparison of visual effects of denoising results for Pens light field, the images from left to right are the original data center

view and partial enlarged drawing, the noisy data center view with Gaussian noise and partial enlarged drawing, the direct

denoising center view and partial enlarged drawing, and the reparameterized denoising center view and partial enlarged

drawing. (a) Based on 4D dual fan filter; (b) based on 4D hypercone filter; (¢) based on 4D hyperfan filter
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Fig. 14 Comparison of visual effects of denoising results for Cotton light field, the images from left to right are the original data center
view and partial enlarged drawing, the noisy data center view with mixed noise including Poisson noise, Gaussian noise, and

salt & pepper noise and partial enlarged drawing, the direct denoising center view and partial enlarged drawing, and the
reparameterized denoising center view and partial enlarged drawing. (a) Based on 4D dual fan filter; (b) based on 4D hypercone

filter; (c) based on 4D hyperfan filter
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Spectrum Concentration Based Reparameterization for Light Field
Denoising

Wang Tiantian, He Di, Liu Chang, Qiu Jun’
Institute of Applied Mathematics, Beijing Information Science and Technology University,
Beijing 100101, China

Abstract

Objective Different noise types may be introduced into light field data during acquisition, transmission and processing,
due to low light conditions, corrupted pixel values, the statistical nature of electromagnetic waves, faulty memory space
in storage, and hardware damage. Data noise seriously affects the accuracy of subsequent light field imaging techniques
like depth estimation and post-capture refocusing. Therefore, light field denoising is important in light field imaging. 4D
dual fan, 4D hypercone, and 4D hyperfan are classical filters designed based on the structure of the light field spectrum
support. These filters can achieve light field denoising by passing the light field signal on the spectrum support while
eliminating a significant amount of noise energy that lies outside the spectrum support. However, the noise suppression
effect of the filter is poor for the noise located on the spectrum support, and the aliasing effect on the spectrum support
also seriously affects the denoising quality. To further improve the denoising effect of the filters, we explore the structural
characteristics of the spectrum support conducive to denoising effect improvement for determining the light field
reparameterization. Both the quantitative indicator and the visual effect of the denoising results are improved by
reparameterizing the noisy light field properly before denoising. Moreover, the idea of determining the light field
reparameterization based on structure characteristics of the spectrum support provides a new perspective for improving the

processing effect of light field data.

Methods We consider two structural characteristics of the light field spectrum support, including the symmetry degree
and the angle between two boundaries of the spectrum support. Analysis of how the two characteristics affect the
denoising effect shows that the smaller angle and higher symmetry degree of the spectrum support are beneficial for
enhancing the denoising effect. Based on the two structural characteristics, the concentration concept of the light field
spectrum support for light field denoising 1s proposed, and the concentration degree metric function is designed. We can
obtain the distance between two planes of reparameterized light field which is more favorable for denoising by minimizing
this metric function, and the denoising effect can be improved by reparameterizing the noisy light field at this distance

before applying filters.

Results and Discussions Denoising experiments are conducted on both synthetic and real light field data. For synthetic
data (12 HCI light field data), the PSNR and SSIM of the denoising results are both improved by introducing proper
reparameterization compared with direct denoising under the same noise level and noise type (Table 3). Under different
noise levels and noise types, the denoising results PSNR and SSIM obtained by introducing proper reparameterization
before denoising are also improved (Figs. 11 and 12). Furthermore, after zooming in on the smooth area of the Pens light
field, the direct denoising method still leaves obvious noise, while the reparameterization method eliminates the noise more
effectively (Fig. 13). Zooming in on the area of Cotton light field where there is edge and reflection information reveals
that the direct denoising method leaves obvious noise with the loss of edge information and reflection information, while
the reparameterization method removes more noise and preserves better edge and reflection information (Fig. 14). For real
light field data, the reparameterization method can provide better denoising effect compared with the linear shift-invariant

filter, which is another type of filter based on the spectrum structure (Table 4).

Conclusions  Our paper considers two structural characteristics of the light field spectrum support, including the
symmetry degree and the angle between two boundaries of the spectrum support. We analyze how the two characteristics
affect the denoising performance, and propose the concept of the concentration degree of the spectrum support for light
field denoising and its corresponding metric function. The distance between the two planes of the reparameterized light
field is obtained by minimizing the metric function, and the reparameterization is introduced to improve the light field
denoising effect. The synthetic light field experiments show that by minimizing the metric function of concentration
degree, the spectrum support of the light field data becomes more concentrated. For the classical 4D hyperfan, 4D dual
fan, and 4D hypercone filters, the introduction of proper light field reparameterization can improve the denoising quality of

light field data, and PSNR and SSIM are increased under different noise levels and noise types. Additionally, more edge
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and reflection information can be preserved with more noise removal. The real light field experiments show that compared

with the linear shift-invariant filter, classical filters with reparameterization yield better denoising results in both PSNR and
SSIM values. In addition to light field denoising, exploration of the target spectrum structural characteristics of other
computational imaging tasks, and application of corresponding reasonable reparameterization of light field data, the
proposed idea of introducing reparameterization before light field data processing can be beneficial for other specific

computational imaging tasks.

Key words physical optics; light field; reparameterization; spectrum structure; denoising
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