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COLOR FILTER ARRAY DEMOSAICKING USING JOINT BILATERAL FILTER Meng-Che Chuang, Yi-Nung Liu, Tsung-Huang Chen and Shao-Yi Chien Graduate Institute of Electronics Engineering and Department of Electrical Engineering National Taiwan University 1, Sec. 4, Roosevelt Rd., Taipei 10617, Taiwan [email protected], {yinung, cvi, sychien}@media.ee.ntu.edu.tw ABSTRACT Bilateral filter has shown its outstanding performance in image denoising and other multimedia applications. In this paper, a new color interpolation technique named joint bilateral demosaicking is proposed. Considering the image gradient, an edge-sensing initialization step is performed. In addition, joint bilateral filter exploits the correlation between color channels with the information from initialization while preserving edges. Experimental results show the superiority of the proposed technique in suppressing demosaicking artifacts and producing more visually acceptable images. Index Terms— color filter array demosaicking, joint bilateral filter, edge-sensing 1. INTRODUCTION In most digital still cameras with a single CCD or CMOS sensor array, a color filter array (CFA) is used for sampling the image. The most popular color filter array is Bayer color array or Bayer pattern [1]. With only one color measured at each pixel, the other two missing color components are estimated by the procedure known as demosaicking (or color interpolation). One straightforward demosaicking method is bilinear interpolation. However, the results often suffer from visible artifacts, referred to as the zipper effect (ZE), especially in image areas with strong edges. Many algorithms have been published to alleviate the artifacts [2]. One class of algorithm assumed that color channels are highly correlated. Pei et al. [3] found that the color difference value varies slowly and proposed a demosaicking technique. Chen et al. [4] and Chang et al. [5] adopted this concept and proposed a variance-based and a stochastic approach. These methods are, however, unable to handle images with high frequency or high chrominance regions. On the other hand, Hirakawa et al. [6] imposed the local homogeneity to improve the quality of results. However, it fails to handle the regions with high frequency components in both vertical and horizontal directions. In addition, it has been agreed that peak signal-to-noise ratio (PSNR) cannot effectively reflect the subjective ap-



pearance of result images. Hence, other measures are introduced in [2] for comparison among various methods. Lu et al. [7] proposed the way to measure the percentage of pixels in demosaicked images with the zipper effect, which is a more significant factor in perceptual appearance. In this paper, the bilateral filter [8] is adopted as the weighted average function in the proposed demosaicking algorithm named joint bilateral demosaicking. It is based on both edge-directed concept and local homogeneity scheme. The edge-sensing initialization determines the optimal candidate of missing color components by the image gradient around the pixel. Moreover, joint bilateral filter not only elaborates its edge sensibility but also exploits the high correlation between three color channels to deliver good results. This paper is organized as follows. In Section 2, the bilateral filter is reviewed, and an extension called joint bilateral filter with its application to upsampling is introduced. Next, the proposed algorithm is described in Section 3. In Section 4, the results of several methods are compared. Finally, Section 5 is the conclusion of this paper. 2. REVIEW OF BILATERAL FILTER The bilateral filter [8] is an edge-preserving smoothing filter. It can be viewed simply as a weighted averaging process using not only the spatial distance but also the intensity difference between two pixels. For an image I, at some position p, the filter output is defined by Jp =
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where f is a Gaussian on the spatial distance, g is a Gaussian on the pixel value difference, also called the range difference, Ω denotes the spatial support, and wp denotes the normalization factor. The range kernel g prevents pixels on one side of a strong edge from being influenced by the other side because they have different pixel values. Inspired by this, a variation called joint bilateral filter (JBF) [9] is developed. Instead of image I, the range kernel of JBF is applied to a guidance image I to add the detail
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Note that the top-left and top-right neighbors (KB22 and KB24) are taken into account. This helps detect pixel differences at textured areas. The interpolation result is then given by
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Fig.1. Flow chart of proposed algorithm
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information of one image to the structure of the other image. Kopf et al. [9] further applied JBF to image upsampling with a downsampled version and a full resolution image. It is written as 1 (2) Jp = ∑ I q f p↓ − q↓ g I p − I q , wp q↓ ∈Ω
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Fig.2. Bayer color array
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where p↓ and q↓ denote the coordinates in the low resolution image corresponding to p and q. This technique is referred to as joint bilateral upsampling (JBU), and has been employed in various applications such as tone mapping, colorization and so on. 3. THE PROPOSED ALGORITHM



The proposed algorithm is divided into three steps as shown in Fig. 1. The first step is edge-sensing initialization. Next, joint bilateral demosaicking obtains the missing G components. After that, joint bilateral demosaicking obtains the missing R and B components. Finally, interpolation artifact reduction suppresses small color variations. 3.1. Edge-Sensing Initialization



An edge-sensing interpolation technique is performed first to better estimate the color difference planes. Take pixel B33 in Fig. 2 as an example. First, KB, which stands for the color difference between G and B component (G-B), of each pixel within the 5 × 5 colored square centered at B33 is estimated with the average of neighboring B-pixels, as performed in [3] - [5]. Next, the KB gradients are calculated as ΔH = KB34 − KB32 + K B23 − KB22 + KB 24 − KB 23 + KB32 − KB31



(3)



ΔV = K B 43 − K B 23 + K B32 − K B 22 + K B34 − K B 24 + K B 23 − K B13



(4)



then K B 33 = ( K B 32 + K B 34 ) 2 elseif Δ H > Δ V then K B 33 = ( K B 23 + K B 43 ) 2 else K B 33 = ( K B 32 + K B 34 + K B 23 + K B 43 ) 4.



The interpolation algorithm is iterated twice for better performance. For an R pixel, the result is determined similarly. Because G will be used as the guidance in joint bilateral demosaicking, which is illustrated in the next section, the missing G components have to be estimated in advance. Here, a minimum-cost scheme is used. Five candidates are set up for an initial value of G. The grouping scheme in [4] is adopted, and the candidates represent the G estimation from the left, right, top, bottom, and the average of these four pixels, respectively. Then, gradient costs are evaluated by a piecewise-linear continuous function. Finally, the candidate with the minimum gradient cost is chosen as the initial guess of G component, denoted by G0. 3.2. Demosaicking G Using Joint Bilateral Filter



In the proposed joint bilateral demosaicking algorithm, JBF is applied to the downsampled G plane from Bayer pattern, guided by the full-resolution initialized G0 plane, which is set up in the last step. First, KR and KB are updated with G0 plane. Then, by using JBF, the missing G component of a B-pixel at the position p is interpolated by ip = B + 1 G p wp
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TABLE I AVERAGE COLOR PSNR (DB) OF 24 DEMOSAICKED IMAGES PSNR Bilinear R 29.23 Average G 33.12 B 29.10



ECI[3] 36.34 39.01 36.51



AP[10] 38.37 41.48 37.44



SA 37.88 41.66 38.18



PCSD[11] Chen's[4] 37.63 38.60 40.97 42.27 37.97 39.01



Initial. 37.94 40.78 37.97



Proposed 38.20 41.54 38.29



where Ω is the set of green pixels within the 5 × 5 colored square for B33 in Fig. 2 as p = 33 . While p and q locate at different sides of an edge in G0, a smaller weight is obtained. Therefore, edges in G0 are preserved during demosaicking. To further improve the edge-detecting ability, the range filters are additionally applied to KR and KB planes. This makes the range filter more sensitive because a change in R or B channel can also result in an edge. Thus the interpolation is adjusted to ip = B + K w G ∑ Bq q p
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wq = f ( p − q ) g G0 p − G0q g KR p − KRq g KB p − KBq . (6)



TABLE II PERCENTAGE (%) OF PIXELS WITH ZIPPER EFFECT (ZE) TO THEIR NEIGHBORS IN DEMOSAICKED IMAGES Img. Bilinear 68.31 1 27.01 2 22.11 3 27.08 4 58.30 5 52.33 6 23.25 7 68.34 8 24.28 9 24.45 10 47.12 11 28.22 12 77.39 13 56.46 14 29.85 15 40.42 16 27.77 17 48.33 18 39.68 19 26.41 20 42.12 21 40.36 22 13.62 23 47.30 24 40.02
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PCSD 19.30 7.56 3.52 8.05 16.15 7.76 5.63 17.74 3.18 3.49 10.41 3.03 32.50 14.52 9.57 3.99 5.85 18.13 8.95 7.47 12.29 11.38 2.90 13.66



Chen's 9.35 5.06 2.48 6.43 11.48 5.03 4.08 12.08 2.37 2.61 6.06 1.86 16.33 9.06 5.99 2.25 4.25 13.16 5.58 3.78 6.45 5.76 2.09 8.35



Initial. 9.32 5.02 2.42 4.72 12.02 5.28 4.41 11.90 1.96 2.06 6.63 1.90 17.48 9.16 6.45 2.06 3.44 12.01 4.03 3.50 6.56 6.05 2.33 8.73



Proposed 6.24 4.95 2.29 4.67 11.19 4.12 4.18 10.73 1.68 1.89 5.68 1.58 13.61 8.18 6.09 1.54 3.18 10.80 2.96 3.08 4.99 5.25 2.21 7.74
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R = G − med ( K R ) B = G − med ( K B )



The demosaicking of R and B values is separated into two parts: a) interpolation of R (B) of B (R)-pixels, and b) interpolation of R and B of G-pixels. JBF is applied to the downsampled R and B planes, while the guidance image is i obtained from the last step. replaced with G In part a), the missing R component of a blue pixel is interpolated by



q∈Ω



SA 15.62 7.32 4.52 7.40 16.45 9.03 5.32 15.22 3.35 3.45 9.77 3.38 24.28 14.71 9.53 5.77 5.35 15.62 7.81 6.42 10.11 9.48 3.15 11.44



KB = G − B



3.3 Demosaicking R and B Using Joint Bilateral Filter



q∈Ω



AP 8.81 4.17 2.41 5.68 10.60 6.43 3.43 11.29 2.76 2.87 6.00 1.72 16.75 8.60 6.23 3.25 4.06 13.87 5.68 3.14 6.25 5.70 1.86 7.88



repeat n times KR = G − R



The missing G of an R-pixel is interpolated similarly.



ip =G ip − K w R ∑ Rq q



ECI 28.58 7.94 5.75 7.69 24.73 18.70 7.51 32.90 5.61 4.78 15.08 5.41 37.35 17.55 10.35 11.44 7.72 16.89 15.05 9.06 16.44 10.89 3.21 16.31
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i p −G iq g K −K g K −K wq = f ( p − q ) g G Rp Rq Bp B q . (7)



The missing B of an R-pixel is interpolated similarly. In part b), given the half-interpolated R and B obtained in part a), the spatial support Ω is modified to the union of the sets of red and blue pixels. This increases the number of reference pixels for demosaicking R and B. Afterward, the missing R and B components of a G-pixel are interpolated in a similar way. 3.4. Interpolation Artifact Reduction



Interpolation artifacts are reduced by a post process adopted from [6], based on the assumption of KR and KB smoothness. Let med ( ⋅) denote a 3 × 3 median filter operator. The following procedure is performed iteratively to reduce the color variations without blurring edges:



G = ( med ( K R ) + R + med ( K B ) + B ) 2. end repeat



4. IMPLEMENTATION AND RESULTS



For joint bilateral demosaicking, the spatial standard deviation is set to 2, while the range standard deviation is generally set to 0.125 with pixel values normalized to the interval [0,1] . To evaluate the proposed algorithm, 24 images from the Kodak image database are tested and compared with seven demosaicking techniques from [4]. The performance of each technique is measured in terms of PSNR and percentage of pixels with zipper effect (ZE) to their neighbors [7]. The latter is a metric in CIELAB color space. For each pixel p, let N p denote the set of eight neighboring pixels, * j ΔE * p, q and Δ E p, q denote the CIELAB color difab
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ference between pixels p and q in the original and the demosaicked image, respectively. The most similar neighbor is and the zipper effect index ψ are calculated as * is = min ΔEab ( p, i ) i∈ N p



* * j ψ = ΔE ab ( p, is ) − ΔEab ( p, is )



and ψ > 2.3 states that the zipper effect exists at pixel p.
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Fig.3. Results of cropped regions from (a) Image 19 and (b) Image 6.



As shown in Table I, the proposed algorithm performs better in average in terms of PSNR than other methods except Chen’s. However, it is generally agreed that PSNR is unable to effectively quantify the perceptual quality. As shown in Table II, the proposed technique defeats others in suppressing the ZE in most tested images. Chen’s method has a higher ZE percentage, even though it performs better in PSNR. In our simulation, the demosaicked results of edge-sensing initialization, which achieves an acceptable quality, are also listed in column “Initial.” to highlight the effect of joint bilateral demosaicking. Note that in this initial guess algorithm the joint bilateral demosaicking step is skipped only for G but is still preserved for R and B. Fig. 3 also exhibits that the proposed algorithm produces demosaicked images which are the most visually acceptable. 5. CONCLUSION



In this paper, a new color interpolation technique named joint bilateral demosaicking is proposed. Edge-sensing scheme and gradient cost are introduced into initialization to improve the accuracy of range information. Moreover, joint bilateral filter exploits the high correlation between color channels with its edge-preserving property. Experimental results show that the proposed technique performs the best in suppressing zipper effects and produces the most acceptable images to human perception. 6. REFERENCES [1] B. E. Bayer, "Color Imaging Array," U.S. Patent 3 971 065, 1976.
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