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ABSTRACT

Most demosaicking algorithms only focus on handling
noise-free CFA raw data. In practice, the CFA raw data are
corrupted by noise, which degrades demosaicking perfor-
mance. Full-color image quality strongly depends on the
performance of the demosaicking. Here, we propose a CFA
raw data denoising algorithm. In the proposed algorithm, the
CFA raw data is converted to a pseudo four-channel image
by rearranging pixels. Then, the four-channel data are trans-
formed based on the principal component analysis (PCA).
Existing high-performance gray image denoising algorithm
is applied to each transformed image. Finally, the denoised
data is rearranged to obtain denoised CFA raw data. We eval-
uate both the denoised CFA raw data as well as the full-color
image reconstructed with the noisy CFA raw data. Experi-
mental comparisons demonstrate that the proposed algorithm
outperforms existing state-of-the-art algorithms.

Index Terms— Demosaicking, Denoising, Bayer-CFA,
PCA

1. INTRODUCTION

A single image sensor with a color filter array (CFA) is widely
used for a color image acquisition and the most common pat-
tern is the Bayer pattern CFA [1]. The data acquired by the
single image sensor with the CFA is called CFA raw data.

In order to reconstruct a full-color image from the CFA
raw data, we need to estimate the other two missing color
pixel values. This estimation process is called demosaicking.
Many demosaicking algorithms have been proposed in many
literatures [2, 3, 4, 5, 6, 7].

Most demosaicking algorithms only focus on handling the
noise-free CFA raw data. However, in practice, we need to
take account of the noise added to the CFA raw data. In the
presence of noise, the performance of the demosaicking al-
gorithm degrades drastically. Consequently, severe color ar-
tifacts appear in the full-color image demosaicked with the
noisy CFA raw data.

There are three approaches to generate the full-color im-
age from the noisy CFA raw data. A straightforward approach
is denoising-after-demosaicking, where demosaicking and
denoising are sequentially applied. Many high-performance
demosaicking algorithms for the noise-free CFA raw data
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are existing. Many effective denoising algorithms assum-
ing additive white Gaussian noise (AWGN) have also been
proposed [15, 16]. But their simple combination provides
poor results. One reason is that the demosaicking process
changes the statistical properties of the noise. The removal of
non-AWGN is a very challenging problem.

The second approach is denoising-before-demosaicking.
If we can sufficiently reduce the noise of the CFA raw data
before the demosaicking process, we can simply apply the de-
mosaicking algorithm for the noise-free CFA raw data to the
denoised CFA raw data. However, most high-performance
denoising algorithms are designed for a normal gray or full-
color image. We cannot get the high-performance by directly
applying those denoising algorithms to reduce the noise of
the CFA raw data because of the underlying mosaic structure
of the CFA. Therefore, we need to design a denoising algo-
rithm for noisy CFA raw data as well as some CFA denoising
algorithms [8, 9, 10].

The third approach is joint denoising and demosaick-
ing [11, 12, 13, 14]. These algorithms of this approach tend
to be complicated and require a huge computational cost.

In this paper, we propose a novel CFA raw data denoising
algorithm. In the proposed CFA raw data denoising, the CFA
raw data is first divided into four sub-images. Since the set
of sub-images can be regarded as a four-channel color image,
we call it pseudo four-channel image. In order to improve the
denoising performance, the color space of the pseudo four-
channel image is transformed based on the principal com-
ponent analysis (PCA). Then, existing high-performance de-
noising algorithm is applied to the pseudo four-channel im-
age in the transformed domain. The denoised pseudo four-
channel image is restored back to the CFA raw data. Finally,
the full-color image is generated with the denoised CFA raw
data by using an existing high-performance demosaicking al-
gorithm [5].

A similar approach, i.e. dividing into four sub-images and
denoising them, was proposed by Park et al. [10]. Our pro-
posed method outperforms it due to two mechanisms: adap-
tive color transformation and block artifact reduction which
are explained in the following sections.

We evaluate the performance of the CFA raw data denois-
ing and the final full-color image quality reconstructed with
the noisy CFA raw data. Experimental comparisons demon-
strate that the proposed algorithm outperforms state-of-the-art
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Fig. 1. The image processing pipeline of the denoising-
before-demosaicking

algorithms.

2. DENOISING AND DEMOSAICKING
The noisy CFA raw data y can be expressed as

y=Maz+n, (1)

where « is the vector representation of the noise-free RGB
image, M is the matrix which represents sub-sampling op-
eration according to the CFA pattern, and n is the noise. In
this paper, we assume the noise is signal independent Gaus-
sian noise with zero-mean. The variance of the noise depends
on the channel. The variances of R, G, and B channels are
denoted as 0%, 0%, and 0%, respectively.

Let D, (:) and D,,(-) denote the denoising and the de-
mosaicking processes, respectively. Those processes may be
a non-linear process. The full-color image generated by the
denoising-after-demosaicking approach can be expressed by

z=D,(D,,(Mz+n)). )
The error after demosaicking is
n=D,(Mx+n)— . 3)

If this error is AWGN, the denoising algorithm can effectively
reduce the noise. However, the error is not the AWGN be-
cause the demosaicking process is usually a non-linear oper-
ation. Non AWGN noise removal is a challenging problem.

The full-color image generated by the denoising-before-
demosaicking approach can be expressed by

=D, (D,(Mz+n)). 4

If CFA raw data denoising can efficiently reduce the noise of
the noisy CFA raw data, we can simply apply the demosaick-
ing algorithm which assumes the noise-free CFA raw data.

3. PSEUDO FOUR-CHANNEL IMAGE DENOISING

3.1. Image processing pipeline

The overall image processing pipeline from the noisy CFA
raw data to the full-color image is shown in Fig. 1. In the
proposed pseudo four-channel image denoising, first, we
decompose the noisy CFA raw data into four sub-images.
The four sub-images can be considered as one pseudo four-
channel image. We can generate four different types of
pseudo four-channel images, namely, a GRBG-channel im-
age, an RGGB-channel image, a BGGR-channel image, and
a GBRG-channel image. Each pseudo four-channel image is
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Fig. 2. Four-channel image denoising.
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denoised in the transformed domain as shown in Fig. 2. The
denoised four-channel images are rearranged and averaged
to generate the denoised CFA raw data. The averaging pro-
cess can effectively reduce block artifacts caused by a block
structure of the sub-image division. Finally, the existing de-
mosaicking algorithm is applied to the denoised CFA raw
data to obtain the full-color image.

3.2. Four-channel image denoising with adaptive color
transformation

Each pixel of the pseudo four-channel image like the GRBG-
channel image has four-channel data, namely, G;, R, B, and
Go. Although this data does not represent color, we call this
data the color with analogy of the RGB-channel image. It is
empirically known that the transformation of the color data
into the principal component space helps denoising process
because the signal energy is compact while the noise is dis-
tributed equally in all dimensions. Park et al heuristically
proposed the transformation derived with off-the-shelf color
transformation [10]. In this paper, we adaptively derive the
transformation based on the PCA of the input noisy CFA raw
data. For the PCA of the noisy data, we follow the same man-
ner as in [9]. The covariance matrix of the noisy pseudo four-
channel image is calculated as

X:[w1+n1 T2 + N2 wn"’nn]; Q)

~ . . 1

3= X-p)(X-p) ==, (6
(X (X =) w2 (©)

where x; is the four-channel data at i-th pixel, n; is the noise
at ¢-th pixel, and T represents the transpose operator. As-
suming that the signal and the noise are uncorrelated, we can
estimate the covariance matrix of the signal as

T

). @

where diag(z;) represents the diagonal matrix composed of
the elements of z;, and cr,% is the variance of the k-th channel
of the pseudo four-channel image. For the GRBG-channel
image, [V; Y2 Y3 Y4]T = P[G1 R B G5]T. The transforma-
tion matrix P can be expressed with the eigen vectors vy, of
the covariance matrix X as

2:27diag<[a% o2 o2 o

(®)
We can transform the four-channel data into the principal
component space by multiplying the transformation matrix.

P=[U1 vy U3 v4]T
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3. The process flow of block artifact reduction.

(a) without the block reduction (b) with the block reduction
(34.49dB). (35.28dB).

Fig. 4. The differnce between with and without the block
reduction (o = 20).

The variance of the noise in the k-th principal component can
be estimated as

oy, = Ph.o& + Pyok + Pioh + Phog. (9)

Each transformed pseudo four-channel image is denoised
by an existing high-performance gray-image denoiser with
the estimated noise variance.

3.3. Block artifact reduction

A single pixel of the pseudo four-channel image corresponds
to the four-pixel block in the CFA raw data. Therefore, it
causes block artifacts in the demosaicked full-color image.
In order to reduce the block artifacts, we average four dif-
ferent types of the pseudo four-channel images as shown in
Fig. 3. By changing the start position of the four-pixel block
in the CFA raw data, we can generate four different types of
the pseudo four-channel images: the GRBG-channel image,
the RGGB-channel image, the BGGR-channel image, and the
GBRG-channel image. The four-pixel blocks of each pseudo
four-channel image overlap each other in the CFA raw data.
This is why the averaging process can reduce the block arti-
facts. Fig. 4 shows the effect of block artifact reduction.

4. EXPERIMENTAL RESULTS

In order to evaluate the proposed algorithm', we conducted
two types of experiments. First experiment is the comparison

'The matlab code of our proposed algorithm can be down- loaded from
http://www.ok.ctrl.titech.ac.jp/res/ CFADN/CFADN.html
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Table 1. The avarage PSNRs of 24 CFA raw data denoising
from the Kodak dataset, where the bold font represents the
best performance in each noise level.

o | [16]to CFA [9] [10]  proposed

5| 40.11 39.54 39.49 40.06
10 | 37.33 36.39 36.94 37.58
15 3550 3432 3554 36.16
20 | 34.04 32.74 3451 35.12
30 | 31.76 3036 3290 33.45
40 | 2996  28.57 31.49 31.97

of the CFA raw data denoising performance without the de-
mosaicking process. The Peak Signal-to-Noise Ratio (PSNR)
between the denoised CFA raw data and the ground-truth data
are evaluated.

We also compare the full-color image reconstruction per-
formance from the noisy CFA raw data. For the quantita-
tive comparisons, the color PSNR (CPSNR) between the full-
color image reconstructed with the noisy CFA raw data and
the ground-truth full-color image is calculated.

We use high-resolution Kodak dataset which includes 24
2048x3072 sized images. In the proposed algorithm, we use
the BM3D [16] for the gray image denoising and the residual
interpolation [5] for the color demosaicking.

4.1. Comparisons of CFA raw data denoising

We compare the proposed algorithm with the direct BM3D [16],
PCASAD [9] and Park’s algorithm [10]. The direct BM3D
denoises the CFA raw data, assuming that the CFA raw data
is the gray image. The BM3D [16] is used for the gray image
denoising of the Park’s algorithm [10] as well as the proposed
algorithm.

Table 1 shows the numerical comparisons of CFA raw
data denoising. This comparison demonstrates that the pro-
posed algorithm outperforms other existing algorithms in al-
most all noise levels.

4.2. Comparisons of full-color image reconstruction

Here, we evaluate the performance of the full-color image
reconstruction from the noisy CFA raw data. We compare the
proposed algorithm with existing algorithms; the combina-
tion of CFA denoising as mentioned above and demosaicking,
joint denoising and demosaicking including LPAICI [12],
JDDTV [13], and LSLCD [14]. Comparison algorithms
also include demosaicking only and simple denoising-after-
demosaicking method, namely, the straightforward combina-
tion of demosaicking and gray-scale denoiser.

Table 2 and Fig. 6 show the average CPSNRs of data set
images. This comparison demonstrated that the proposed al-
gorithm outperforms existing algorithms. A visual compari-
son is shown in Fig. 5. It shows that the proposed algorithm
effectively suppresses color artifacts.
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Fig. 5. Visual comparison using the Kodak high resolution image dataset (o = 20).

Table 2. The avarage CPSNRs of 24 images of the Kodak 40

—=A— Proposed

dataset, where the bold font represents the best performance
in each noise level. s8] —A—10] |
- —&—[13]
Type Dm [ Dm — Dn [ Joint Dn and Dm [ Dn — Dm [5] —o—[14]
g [5] [5]+[16] [12] [13] [14] [16]toCFA [9] [10] proposed — A [1 6]tOCFA
53484 3876 3848 3899 3901 3948 39.13 39.07 39.52 36T e H2] 1
10 | 2935 3538 3581 3680 36.67 3697 3638 3678 37.32

15 | 26.01 32.92 3416 3540 3526 35.17 3449 3541 3599
20 | 23.63 30.99 3293 3435 3412 33.68 33.01 3446 34.98
30 | 2032 28.10 31.01 32,62 N/AT 3133 3074 3281 3335
40 | 18.04 26.00 2047 3112 N/AT 2946 29.00 3141 31.89

T [14] only supports noise level up to 20.

CPSNR [dB]
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5. CONCLUSION

We have proposed the simple and the effective CFA denoising
. . . 28 1 L 1 1 1 L

algorlthm. Th.e adaptive colgr trat}sfonnatlon and the block 5 10 15 20 o5 30 35 40

artifact reduction can effectively improve the performance. noise level

The experiments proved that the proposed algorithm can re- . o .

construct full-color images, suppressing the noise in the CFA Fig. 6. The comparison of CPSNRs in different noise levels.

raw data.
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