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Abstract



blue information will be performed using Cok’s method, described in the author’s previous paper [1,3]. A one-dimensional approach to CFA interpolation will be used. Used in conjunction with an adaptive strategy for selecting either a horizontal or vertical one-dimensional pixel neighborhood for each pixel in question, this produces a CFA interpolation algorithm capable of very high-quality image reconstructions. In a previous paper [4], the author described how to use the pixels within a resulting one-dimensional slice to produce the best estimate for the missing green pixel value in question. This paper will discuss how to algorithmically choose an appropriate orientation for interpolation. In order to design an optimum green pixel value predictor, the interpolation problem will be stated as a simple signal sampling and recovery problem, after Gaskill [5]. This will establish the characteristics of the “perfect” CFA interpolation predictor. Subsequently, the best approximation to this ideal predictor from [4] will be compared with the ideal predictor and the results used to develop an optimum pixel neighborhood selection scheme. It should be realized that the image processing operation modeled here, CFA sampling and interpolation, is not shift-invariant. Therefore, the following analysis, which assumes a linear, shift-invariant (LSI) system, cannot be expected to be rigorously correct. However, it does provide a framework from which some general and pragmatic results can be derived. The reader is reminded to keep this caveat in mind.



Single-chip digital cameras use a color filter array and subsequent interpolation strategy to produce full-color images. While the design of the interpolation algorithm can be grounded in traditional sampling theory, the fact that the sampled data is distributed among three different color planes adds a level of complexity. Existing interpolation methods are usually derived from general numerical methods that do not make many assumptions about the nature of the data. Significant computational economies, without serious losses in image quality, can be achieved if it is recognized that the data is image data and some appropriate image model is assumed.



1. Introduction In a previous paper [ 11, the author described the makeup of a digital camera image processing chain with particular emphasis on the color filter array (CFA) interpolation process. This paper again explores the CFA interpolation process, this time from the standpoint of Fourier spectrum analysis and optimum algorithm design. Though the work presented can be generalized to most any CFA pattern, for simplicity, the Kodak Bayer CFA pattern [2] will be assumed throughout this paper. Figure 1 is an illustration of this pattern. In Fig. 1, R stands for red, G stands for green, and B stands for blue.



2. Sampling theory review We will assume the one-dimensional pixel neighborhood in Fig. 2 throughout most of this paper.



... Figure 1. Bayer CFA pattern
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In Fig. 2, R would be either a red pixel (for red-green rows) or a blue pixel (for blue-green rows) and G would be a green pixel. If f(x) is the original green image information, then the sampled green data, fs(x), would be given in Eq. 1 .



This paper will concentrate on the reconstruction of the luminance information in the image. In this case, the green pixel information will be treated as the luminance information. The subsequent reconstruction of the red and
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Figure 2. One-dimensional pixel neighborhood



Evaluating Eq. 6 for odd integral values (i.e., green pixels) and for even integral values (Le., red or blue pixels) produces the desired results: The Fourier transform of Eq. 1 is given in Fig. 2.



Equation 2 indicates the well-known fact that the spectrum of the sampled signal consists of the spectrum of the original signal, F(C), replicated along the frequency axis at regular intervals. Assuming the spectrum replicates do not overlap, then by eliminating the spectrum replicates, F(@, and, therefore, f(x), can be recovered. The ideal interpolation filter to perform such a spectrum replicate elimination is Intp(Lj) = rect(25),



m even



3. Analysis of an optimum family of predictors



(3)



Since Eq. 6 does not converge quickly enough for practical use, an approximation must be employed. In a previous paper [4], the author derived an approximation with optimum spatial frequency performance. The form of this predictor, a generalized 5-point FIR filter [7-91, is given in Eq. 9.



where



In Eq. 9, the first 3-point kernel is convolved with the existing green pixel values. The second 5-point kernel is convolved with the existing red pixel values. A good numerical example of Eq. 9 is given in Eq. 10.



Applying Intp(&) to F&) produces the desired result, to within an unimportant multiplicative constant. (See Eq. 5.)



3 The spatial frequency response of Eq. 10 is given in Eq. 11.



Taking the inverse Fourier transform of Eq. 5 produces the ideal interpolation process. (See Eq. 6.)



1 Intp(4) = cos2(n5)+-sin2(2n~) 3 Figure 3 is a plot of Eqs. 3 and 11. It can be seen that there is good agreement between the ideal predictor (Eq. 3) and the 5-point predictor (Eq. 11) up to roughly 0.25 cycles/sample. Beyond 0.25 cycles/samples the curves diverge significantly. We can define a simple figure of merit for how well the 5-point predictor performs as a function of spatial frequency by simply subtracting Eq. 11 from Eq. 3 and taking the absolute value. (See Eq. 12 and Fig. 4.)



In Eq. 6, Gaskill's definition of the sinc fiinction is assumed:



Of course, Eq. 6 is the well-known Shannon-Whittaker sampling theorem [6].Equally well known fs that a direct implementation of Eq. 6 is impractical because the summation has a painfully slow rate of convlergence.



clas(6) = lcos'(n 
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