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Abstract: Color Filter Array (CFA) demosaicking is an interpolation process of reconstructing a full color
image from a single image sensor. Conventionally, color planes are demosaicked sequentially. The green
color plane is usually demosaicked first due to the fact that it contains twice the information of the other
color planes for the Bayer pattern, and then followed by the demosaicking of red and blue color planes.
However, this sequential process of demosaicking will produce color artifacts which cannot be recognized
until all the color planes have been demosaicked. In our paper, we propose a novel technique to demosaic
the three color planes simultaneously so as to avoid the selection of artifact pixels. Based on the
interpolation in different directions to estimate a full color pixel for edge preservation, multiple
combinations of RGB color values for a pixel location are generated. Among those RGB combinations, some
are good estimates while others are color artifacts. Using the color-line property to discriminate those
color artifact pixels, an optimum RGB color value from those good estimates will be selected. It has been
shown that our proposed algorithm outperforms the other benchmarking algorithms and produces
minimal color artifacts. The experimental results have shown consistency in performance in both
perceptual and objective evaluation for various types of image datasets.
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1. Introduction

Most digital cameras capture only a single color per pixel using a single image sensor. This sensor is
covered by a color filter array (CFA), such as the most common Bayer [1] pattern as shown in Fig. 1, to
obtain one of the three primary colors (red, green, or blue) at each pixel location. An interpolation process
called demosaicking is then applied to produce a full color image. Many demosaicking methods have been
proposed for reconstructing a full color image including method of residue interpolations [2]-[4], edge
directed interpolation [5]-[15], and frequency domain [16], [17]. However, all of them still suffer from some
degree of color artifacts due to problems such as cross-channel aliasing and interpolation across edges.
Color artifacts often manifest themselves as false color [18]-[22] and zipper effect [6], [21]-[23]. As color
artifacts can only be identified when the full color of a pixel is determined, the conventional methods of
demosaicking three color planes sequentially will be unable to avoid color artifacts which will only appear
after the demosaicking process has completed. In our proposed method, all the three color planes are
demosaicked simultaneously so that in the estimation of a missing color, potential estimates which are
color artifacts can be identified within the process and avoided.
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In order to discriminate potential estimates which are color artifacts, our proposed method incorporates
the color-line property which states that the local RGB color values tend to distribute linearly along a
regression line in RGB color space for natural color images [24], [25]. Hence, color artifact pixels are those
outliers that deviate from the regression line. To preserve sharp edges, multiple combinations of RGB
values obtained by interpolants in different directions are produced, and an optimum color value which is
nearest to the corresponding line is then selected. In this way, the optimum color values selected are
virtually free from color artifacts.

The remainder of this paper is organized as follows. Section 2 introduces our proposed demosaicking
method. Section 3 presents the quantitative and visual assessment comparison results of our proposed
method with other benchmarking algorithms. The conclusion is given in Section 4.
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Fig. 1. 5 x 5 Bayer CFA pattern.

2. Proposed Demosaicking Algorithm
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Fig. 2. Flowchart of the proposed demosaicking method.

Fig. 2 gives the flowchart of our proposed method by simultaneous demosaicking of three color planes.
Section 2.1 describes the interpolation of the red, green and blue planes. Section 2.2 gives the details on the
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color-line property, and the following Section 2.3 on image partitioning. Section 2.4 gives the details on the
orientation of the regression line in color-line property, and Section 2.5 describes the method to select the
optimum color pixel from 25 RGB combinations.

2.1. RGB Combinations of A Color Pixel

Based on the Bayer pattern as shown in Fig. 1, each color pixel has one true captured color and two
missing colors. In this section, we will determine all the possible color combinations of a color pixel. For
each combination, the true captured color remains unchanged. For each missing color, four interpolants
from four orthogonal directions are determined for edge preservation [11]. As the estimate for a missing
color using the initial demosaicking method has good accuracy for smooth region, it should also be included.
As a result, together with this estimate and the four interpolants for the one missing color, there will be a
total number of 25 RGB combinations for the two missing colors.

To estimate the missing red color value at the blue pixel location (i, j) in Fig. 1, four estimates from
different directions, namely top-left (TL), top-right (TR), bottom-left (BL) and bottom-right (BR), are

determined by using first-order interpolation [11]. The red estimate at location (i, j) from the top-left

TL

direction, R%,

is given as follows:
RIf =Ri—1jo1+ (Gij — Gigj1) (1)

where R;_;j_; isthe true red captured value at the location (i-1, j-1), and 513]- and 51-_”-_1 are the green
estimates by the initial demosaicking method at location (i, j) and (i-1, j-1) respectively. For the estimates

for the other three directions (R}, R} and RPF), similar equations can be applied.

Lj’ J
For the missing green at the same location (i, j), four directional estimates at top, bottom, left and right
directions, namely, G/, G, G}; and Gf; are determined respectively using second-order interpolation

[11]. The green estimate at location (i, j) from the top direction, GE j»1s given as follows:
~ 1 1
G{j = Givj+5(Bij = Bizj) + 5(Girrj = 26Gioqj + Gioz ) (2)

where G;_, jis the true captured green value at location (i-1, j) and B;; is the true captured blue color

value at location (i, j). The other estimates G7, G; and Gf; can be determined similarly [11]. At the

other color pixel locations in the Bayer pattern, the above equations can be applied similarly.

2.2. Color-Line Property

From the previous section, 25 RGB color combinations for a color pixel location have been determined. In
this section, we propose using color-line property to select an optimum color value, which will be free from
color artifacts, from those 25 different color combinations.

Color-line property is the local distribution of color pixels of a color image in the RGB color space. The
color-line property states that natural color images have RGB color pixel values within a local region
distributing linearly along a line in the RGB color space [24]. Hence, color artifact pixels can be easily
identified as outliers that deviate from the corresponding line.

Fig. 3(a) and (b) shows an example of the color-line properties of a natural image region with and
without color artifacts respectively. As shown in Fig. 3(a), the linear relationship of the color pixels
distribution is demonstrated in a natural color image by the color-line property. However, in the presence

320 Volume 14, Number 5, May 2019



of color artifacts in the same local region of the image, the color-line property has a wider dispersion due to
the deviation of those color artifact pixels from the center regression line, as shown in Fig. 3(b).

By choosing one of those 25 RGB combinations found in Section 2.1 that is closest to the center of
regression line, a color pixel which is free from color artifacts will be selected.
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Fig. 3. Color-line property of local region extracted from image: (a) without color artifacts, and (b) with
color artifacts.

2.3. Image Segmentation

As the color-line property will only be satisfied within a local region, the image must be segmented
prior to the application of the color-line property. The pixels in a local region are required to be similar
with respect to some characteristics, such as color homogeneity in order to make the color-line property
applicable in each local region.

Since the CFA input image does not contain enough information for image segmentation, it will first be
demosaicked to a full color image prior to its segmentation. As minor color artifacts produced by the initial
demosaicking technique has minimal effects on the results of segmentation, the WM-HOI demosaicking
method in [11] was used for initial demosaicking of the CFA input image. However, other demosaicking
methods [4], [10]-[12], [15], [17] can be chosen.
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In order to obtain a well - defined regression line within a local region to satisfy the color-line property,
the image must be segmented matching object boundaries. Simple linear iterative clustering (SLIC)
superpixel algorithm [26] is well suited for this application as it can generate superpixels as local regions
which will better match object boundaries, where a superpixel is a small set of pixels with homogeneous
color that perceptually have a meaningful atomic region. Fig. 4 gives the segmented output of an image
from IMAX dataset [10] using the SLIC algorithm as an example. As shown in Fig. 4, the image was
segmented such that each superpixel consists of similar color pixels within an object boundary.

2.4. Orientation of the Regression Line in Color-Line Property

As we require a regression line for each superpixel as a reference to choose an optimum color value from
the 25 RGB combinations, the superpixels obtained from the initial demosaicked image are used. As only
the orientation of a regression line is required for the selection of one of the 25 RGB combinations, minor
color artifacts produced by the initial demosaicking technique has minimal effects on the accuracy of the
orientation of the regression line as well.

To approximate the regression line of a superpixel in the segmented image, Principle Component
Analysis (PCA) [27] was applied to construct a best fitted regression line which is constructed based on the
largest eigenvalue and its corresponding eigenvector. To improve the accuracy of the regression line, half of
the color pixels which are furthest away from the regression line are discarded. The regression line is then
reconstructed again based on the recalculated largest eigenvalue and its corresponding eigenvector using
the remaining color pixels.

2.5. Optimum Color Pixel Selection from 25 RGB Combinations

The regression line found in Section 2.4 is used as a reference in the selection of the optimum color pixel.
Let S be the superpixel segment, which is decomposed by PCA as follows:

S =UAUT (3)

where A =diag {A;, A,, A3} is the 3 x 3 diagonal eigenvalue matrix, A;, A, and A; are the eigenvalues,
st. Ay = A, = A3 and U7 is the 3 x 3 eigenvector matrix. Let ¥ = [u;; u;, u;3] be the first row of UT
matrix representing the eigenvector for A, and its corresponding eigenvector, 1, gives the direction of the
regression line.

To select the optimum color value from one of the 25 RGB combinations found in Section 2.1, the
orthogonal distance from each of the 25 RGB combinations to the regression line is first determined. The
optimum color value is the one which has the minimum orthogonal distance to the regression line.

Let d,, be the orthogonal distances between a color pixel to the regression line given by %, and D be

the minimum orthogonal distance value among, {d,}, where n = 1,2, ..., 25, given as follows:

D = min ({d,}) (4)
where n = 1, 2, ..., 25. The color pixel is therefore the optimum color pixel with an orthogonal distance
equal to D.

3. Experimental Results

To assess the performance of our proposed demosaicking method quantitatively and visually, it was
compared to six benchmarking demosaicking methods, namely WM-HOI [11], LSLCD [17], LDI-NAT [10],
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MDWI [12], RI [4], and DCD [15]. Two different color image datasets, namely Kodak [28] and IMAX [10]
were used as they have a different degree of inter-channel correlation [10], [29], [30]. Kodak images are
known to have less saturated appearance with strong inter-channel correlation [10], while IMAX images
are deemed to be closer to images captured by image sensors and have low inter-channel correlation [29],
[30].

Four different image quality assessment (IQA) methods, namely color peak signal-to-noise ratio (CPSNR)
[31], gradient magnitude similarity deviation (GMSD) [32], zipper effect (ZE) [6], and normalized color
variation (NCV) [33] were used to quantitatively evaluate the performance of each demosaicking method.
Table 1 and Table 2 show the average numerical results for the performances of our proposed
demosaicking method against the six benchmarking demosaicking methods using all the test images from
the Kodak and IMAX datasets respectively. Our proposed method achieved the best results in all the four
IQA measures, and outperformed the six demosaicking methods for the Kodak image dataset as shown in
Table 1. For the IMAX image dataset, our proposed method is the second best for CPSNR [31] but remains
the best for all the other three IQA measures. As color artifacts are visible errors while CPSNR measures the
total errors including both visible and non-visible errors, CPSNR does not correlate as well as the other
three IQA measures with visual assessment which was confirmed in our next qualitative visual comparison.

(a) (b) (0) (d) (e) G (8) (h)
Fig. 5. Cropped regions of (a) the original image, and the demosaicked images using (b) WM-HOI [11], (c)
LSLCD [17], (d) LDI-NAT [10], (e) MDWI [12], (f) RI [4], (g) DCD [15], and (h) the proposed algorithm.

The visual comparison of our proposed method with the other benchmarking demosaicking algorithms is
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given in Fig. 5. The first three images of Fig.5 (a) are cropped regions of Kodak images, and the remaining
three images are cropped regions of IMAX images. The demosaicked images of Fig. 5 (b)-(g) were produced
by the six benchmarking demosaicking algorithms, namely, WM-HOI [11], LSLCD [17], LDI-NAT [10],
MDWI [12], RI [4], and DCD [15] respectively, and the images in Fig. 5 (h) were produced by our proposed
method. Those cropped regions are known to cause severe color artifacts in most demosaicking algorithms.
As shown in the first three images in Fig. 5 (h), our proposed algorithm produced virtually invisible color
artifacts in those regions. This agrees with the quantitative results in Table 1 that our proposed method is
the best for the Kodak image dataset. As shown in the last three IMAX demosaicked images in Fig. 5 (h), our
proposed method also produced negligible color artifacts in those regions. In comparing with the
demosaicked images produced by RI [4] as shown in Fig. 5 (f), the demosaicked images produced by our
proposed method as shown Fig. 5 (h) contains far less amount of color artifacts, even though the CPNSR
result of our proposed demosaicking method is slightly less than that of the RI [4] method.

Table 1. The Average CPSNR [31], GMSD [32], ZE [6] and NCV [33] Values for Kodak Dataset [28] with the

Best in Bold

CPSNR (dB) GMSD(x10-2) ZE(%) NCV(x10-3)
WM-HOI [11] 39.05 1.578 7.23 0.845
LSLCD [17] 39.23 1.623 6.93 0.694
LDI-NAT [10] 37.70 2.798 8.15 1.790
MDWI [12] 37.04 1.680 12.06 1.606
RI [4] 38.99 1.378 7.81 0.981
DCD [15] 39.43 1.130 6.76 0.604
Proposed 39.71 1.126 6.58 0.511

Table 2. The Average CPSNR [31], GMSD [32], ZE [6] and NCV [33] Values for IMAX Dataset [10] with the

Best in Bold
CPSNR (dB) GMSD(x10-2) ZE(%) NCV(x10-3)
WM-HOI [11] 35.02 2.500 12.65 0.344
LSLCD [17] 32.56 4.567 18.03 1.337
LDI-NAT [10] 35.57 1.766 12.32 3.697
MDWI [12] 36.07 2.061 14.16 0.373
RI [4] 36.72 1.672 12.10 0.251
DCD [15] 35.46 2.300 12.05 0.234
Proposed 36.13 1.567 12.00 0.197

4. Conclusion

By demosaicking of the three color planes simultaneously and using the color-line property, pixels
containing color artifacts can be identified and excluded from being selected from those possible RGB
combinations within the process to obtain an optimum color value, resulting in a demosaicked image which
is free from color artifacts. It has been shown that our novel proposed method outperformed the other
benchmarking methods quantitatively and visually in our experimental results. Our future research
includes the implementation of our proposed method on dedicated hardware for real-time processing.
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