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Fig. 1 Focal stack data and its spectra. (a) Focal stack data; (b) focal stack spectrum
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Fig. 2 Focal stack and spectrum with low disparity resolution. (a) Focal stack with low disparity resolution; (b) focal stack spectrum

with low disparity resolution
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Fig. 3 Frequency response curves of different filters. (a) Ideal filter and Butterworth filter; (b) frequency response curve
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Fig.4 Process of focal stack disparity dimension filtering

it & o, #% H Robust focus volume regularization
(REV)S
3.1 EIEIELR
3.1.1 MEKABHSHEMELTLER

A S8 ¥k FH ) cotton , pens | platonic | table 3% 5 %
P U5 A Heidelberg collaboratory for image processing
(HCD % da 5, MEWEH 20 8 —1.6~1.5. 1.7~
2.0,—1.7~1.5.—2.0~1. 6, fAFE A PN 9X9, %8

Cotton

Pens

. \
kP
’ N 3 =1

] 73 JE A1 Oy 512X 5120 SE A ] i 637 85 A i
BRI TR R A 16 5K R 3R AR kR R,
X N7 B AR 2 0 B R — 4. 5~4. 5, AH 4B & 0 25 18] [
N As=0.6. SR, FI BT 5 00 WL 22 4t o3 B 07 1545
B A 151 5K PR A0 R F MR AR 4T 141 15 ) HL 22 18] B
HAs=0.06, 58 ¥ B, RIBE A S K =6
WL 25 4k o3 B I 00 3R AR HE AR b R T o TR B K] 5
IR

K5 BRI 22 g AR (a) s=—1.685(b) s=—0.84;(c) s=0;(d) s=0.84;(e) s=1.68
Fig. 5 Focal stack disparity dimensional super-resolution results. (a) s=—1.68; (b) s = —0. 84; (c) s =0; (d) s = 0. 84; (e) s= 1. 68
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Fig. 6 Disparity map estimation using different resolution focal stacks. (a) Cotton scene; (b) Pens scene; (¢) Platonic scene; (d) Table scene
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Table 1 Comparison of focal stack disparity estimation results before and after super-resolution and groundtruth

Data PSNR /dB SSIM
Cotton Pens Platonic Table Cotton Pens Platonic Table
16 images 54.8714 52.5809 54.4988 55. 5002 0.9835 0.9632 0.9823 0. 9833
Butterworth 56. 8403 55.9989 57.1102 57.4376 0. 9864 0.9813 0.9852 0. 9876
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Fig.7 Generating focal stack from light field projection. (a)s=—1.68; (b) s=—0.84; (c)s=0; (d) s=0. 84; (¢) s=1. 68
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Fig.8 Generating focusing stack from FDL generation. (a)s=—1. 68; (b)s=—0.84; (c)s=0; (d) s=0. 84; (e) s= 1. 68
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Fig. 9 Disparity estimation results of light field projection method and FDL. generation method. (a) Cotton scene; (b) Pens scene; (c)
Platonic scene; (d) Table scene
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Table 2 Comparison between disparity maps under different methods and groundtruth

PSNR /dB SSIM
Method
Cotton Pens Platonic Table Cotton Pens Platonic Table
Light field projection 56.4263 53. 8427 56. 3264 57.5501 0.9849 0.9718 0.9823 0.9878
FDL generation 53. 5724 56. 1407 57.8347 58.3013 0.9751 0.9840 0.9883 0.9905
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Fig. 10 Disparity dimension super-resolution results of Butterworth filter with different K values. (a) Focal stack; (b) section; (c) partial

enlarged view
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Fig. 11

Disparity maps estimated after disparity dimensions super-resolution of Butterworth filter with different K values. (a) Cotton
scene; (b) Pens scene; (¢) Platonic scene; (d) Table scene
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Table 3 Comparison of estimated disparity maps after disparity dimensions super-resolution of Butterworth filter with different K and
groundtruth
K PSNR/dB SSIM

Cotton Pens Platonic Table Cotton Pens Platonic Table
0.6 54.2536 55.3009 56.1361 56.5317 0.9736 0.9789 0.9810 0.9833
60 55.5668 55. 1568 56. 8884 56. 6549 0.9815 0.9782 0.9843 0.9837
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Fig. 12 Disparity dimension super-resolution results of Bottles scene at different K values. (a) n=6; (b) n=12; (¢c) n=18; (d) n
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Fig. 13 Disparity dimension super-resolution results of Metals scene at different K values. (a) n=6; (b) n=12; (c) n = 18; (d) n = 24
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Fig. 14 Quantitative evaluation results of disparity dimension super-resolution of Butterworth filtering with different K values.
(a) PSNR; (b) SSIM
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Fig. 15 Disparity estimation results of measured data. (a) Disparity estimation using sparse focal stack in disparity dimension; (b)

disparity estimation using dense focal stack of disparity dimension super-resolution; (c) disparity estimation using actual

disparity dimension dense focal stack

A TR 30 N
. Ay ~—initial images
" 9 ~+—Butterworth
é 20 6 images
£
Bottl
ottles @ -
a
0 e . s
100 200 300
Pixel No.
30
——initial images
b —+Butterworth
é 20 6 images
g
g
210
AR
0 N
100 200 300 400 500 600
Pixel No.
®)

16 523 5 22 A A th ekt L o Ca) W22 5 (o) 1 22 A8 Ak ih 2k
Fig. 16 Comparison of disparity curves in measured scenes. (a) Disparity map; (b) disparity curves
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Abstract

Objective Focal stack is a projection domain representation model of the four-dimensional (4D) light field, which can be
used in disparity estimation, light field reconstruction, extended depth of field imaging, and other fields. The accuracy and
robustness of computational imaging based on focal stack data depend on the disparity dimensional resolution of the focal
stack data. There are two ways to obtain focal stack images. The first one is to directly capture them on multiple disparity
planes by imaging equipment, and the second one is to use digital refocusing methods to generate multiple images of
different disparity layers. As capturing focal stack images by the imaging equipment needs to set the focal length and other
parameters beforehand, and the focal stack with high quality and high disparity resolution can only be obtained by strictly
controlling the imaging plane during the capturing process, while the digital refocusing method requires 4D light field data,
resulting in computational redundancy. In view of the problem of insufficient resolution of disparity dimension in focal stack
data, a method of focal stack super-resolution in disparity dimension was proposed. According to the disparity dimension
spectrum optimization of the focal stack data, we proposed the focal stack disparity dimension filter and the disparity

dimension super-resolution method of the focal stack data to estimate the disparity with high accuracy and robustness.

Methods

in the disparity dimension. In this paper, based on the disparity dimension spectrum optimization of focal stack data, a

The focal stack spectrum contains the disparity dimension spectrum, whereby focal stack data can be processed

focal stack disparity dimension filter was introduced, and a focal stack disparity dimension super-resolution method based
on disparity dimension filtering was then proposed to achieve high-precision and dense disparity estimation. Through the
spectral analysis of the focal stack, the Butterworth filter was selected as the disparity dimension filter to achieve high-
fidelity disparity dimension super-resolution of the focal stack data. Dense and high-precision disparity estimation was
achieved based on the robust focus volume regularization (RFV) algorithm by using the dense focal stack after disparity

dimension super-resolution.

Results and Discussions In the simulated data experiment, a focal stack containing 16 images was first generated by the
light field projection method, and then a focal stack containing 151 images was obtained by super-resolution through the

proposed method (Fig. 5). The RFV algorithm was applied for disparity estimation (Fig. 6). In the experiment,
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Butterworth filter parameter was set to be K=6. By comparing the disparity estimation results of other data, including the
focal stack before disparity-dimensional super-resolution (Table 1), the focal stack obtained with the light field projection
method, and the Fourier parallax layer (FDL) generation method (Fig. 9 and Table 2), the peak signal to noise ratio
(PSNR) and structural similarity (SSIM) values by the proposed method were larger than those before disparity-
dimensional super-resolution and were close to those by the focal stack obtained with the light field projection method and
the FDL generation method. Finally, we utilized the Butterworth filter with different K values to obtain the focal stack for
disparity estimation (Fig. 11) and then compared the PSNR and SSIM values (Table 3) of the disparity estimation results,
and it was found that the real values at K=0. 6 and K=60 were both smaller. In the measured data experiment, six images
in the focal stack containing 31 images were selected to form the focal stack with sparse disparity dimension, and then the
Butterworth filter with different K values was used for disparity dimension super-resolution (Figs. 12 and 13). By
comparing the obtained focal stack with the original data (Fig. 14), the PSNR and SSIM values of some focal stack images
in the super-resolution results at K=0. 6 and K=60 were significantly smaller than those at K=6. Then we implemented
the disparity estimation (Fig. 15) and selected the profiles of the disparity map for comparison (Fig. 16). It can be seen that
the disparity profiles obtained by the proposed method were smoother than that before super-resolution and were closer to

the disparity obtained from the original data.

Conclusions The results of simulated data experiments and real data experiments show that the method of focal stack
disparity dimension super-resolution proposed in this paper can effectively improve the disparity resolution of focal stacks
and provide data for applications such as disparity estimation. The experimental results of simulated data show that the
disparity estimation result of the focal stack obtained by the proposed method is more accurate and robust than the result
before super-resolution, and it can obtain high-fidelity and high-disparity resolution focal stack data and realize dense
disparity estimation. The dense disparity estimation is achieved based on the RFV algorithm by using the dense focal stack
after the disparity dimension super-resolution. The experimental results of simulated and real data show that disparity
dimension-based filtering can achieve efficient disparity dimension super-resolution, as well as high-precision and dense

disparity estimation.

Key words focal stack; disparity dimension filtering; disparity dimension super-resolution; disparity estimation
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