Chapter 1 Introduction

Presently, the digital still cameras (DSCs) and PC cameras are popular with consumers as a device to input digital images easily. Size reduction and improvement of the image quality are the current trends in developing DSCs. In order to reduce the cost and size, most DSCs use a single charge-coupled device (CCD), instead of using three CCDs, to acquire color image. However, the single CCD does not provide sufficient color resolutions. The solution for most DSC designers is to cover the sensor’s surface with a mosaic of colored filters. This kind of filters is called a color filter array (CFA). Since there is only one color array element in each pixel, the other two missing color elements must be estimated. Thus, the recovery of full color images from CFA-based sensors requires a process of estimating values of missing color elements at each pixel by its adjacent pixels. This process is commonly called color interpolation or color demosaicking.

1.1 Background

In our eyes, light passes through the cornea and the lens to create an image on the retina. After it has been transferred into nerve signals, it is sent through optical nerve to the brain. When the brain recognizes the information, we call it visual perception. Now, the optical system of the DSC is much the same way. The lens functions as the eyeball, the CCD as the retina, and the signal processor as the brain.

1.1.1 Single CCD versus 3CCD

Some of high quality color cameras have three separate CCD arrays and one is for each primary color or its complement. Light is spectrally separated by beam splitters and filters. Thus, each CCD array samples the color of the scene equally and we can merge them into a full color image without interpolation.

Because 3CCD array has higher cost and lager size than single CCD array, 3CCD color cameras have been used almost exclusively for high quality applications. Now, 3CCD color cameras are orientated to specific markets such as scientific market. Oppositely, consumer cameras trend to use only single CCD. Because of reduction, a CFA and interpolation are required to reconstruct a full color image.

1.1.2 Color Filter Arrays
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Clearly, a color filter array is a single array with color filters. The arrangement of the color filters for a single array is either a stripe or a mosaic pattern. One basic mosaic pattern is called Bayer pattern [4]. This kind of pattern is the most frequently used CFA pattern. Although the precise layout of the Bayer CFA pattern varies by manufacturer, the most regulations are the same. Figure 1.1 represents the CFA based on the typical Bayer pattern. In the Bayer CFA pattern, the filters consist of red, green, and blue color filter. The number of green pixels is twice the number of red or blue pixels because the green color contributes remarkably to luminance and the higher resolution always requires better luminance. Besides, the pixels which have different colors are arranged like a checkerboard.










Other kinds of mosaic pattern [7] shown in Figure 1.2 are like Bayer pattern and the pixels which have different color filters are also arranged like a checkerboard. Some consist of cyan, magenta, yellow, and green color filters; some consist of cyan, white, yellow, and green color filters. Besides, other kinds of pattern shown in Figure 1.3 are arranged as stripe. Because of simple arrangement, the complexity of the stripe CFA is lower than mosaic CFA. Unfortunately, stripe CFA usually cannot supply higher resolutions.
In this thesis, we will emphasize Bayer CFA and discuss how to interpolate two color elements which are omitted from every pixel by various algorithms.
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1.2 Basic Concept of Interpolation

In mathematics, interpolation is the estimation of the value of a function from certain known values of the function. If 
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 are known, and if 
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 is said to be an interpolation. Roughly, the interpolation is used to approximate the value of a function, given its values at a set of points. To approximate the function at a point whose value is not given, the value of a specific function passing through a few neighbor points is computed. Usually, the points with known values closest to the point of unknown value are chosen because the accuracy of interpolation is always proportional to the distance of the unknown point from each of the known points. Thus, we can express interpolation as
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(1.1)

where 
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 is the coefficient to be determined from the input data, 
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 is the chosen interpolation function, and k is the number of given data points.

1.3 Previews

The interpolation is the common technique for image processing. It is often used to reconstruct missing data or estimate unknown values. The practical application for image processing is the digital zoom which lets the image scale up. However, its application in this thesis has some differences.

The traditional interpolation techniques could be classified into several kinds by the order of their polynomial interpolation functions. The nearest neighbor interpolation is the zero order interpolation and the linear or bilinear interpolation is the first order interpolation. In the higher order interpolation techniques, the cubic B-spline and the cubic convolution are often adopted. Although there are so many ripe interpolation techniques, they seldom pay attention to the color interpolation for digital color cameras. Therefore, some problems such as edge-blurring and color-alias have happened when we apply those traditional interpolation methods to the color interpolation for digital color cameras.

To solve the derivative problems due to the traditional interpolation, we propose the edge-sensitive interpolation and the color-difference domain. The former technique can reduce the edge-blurring effects and the later one can avoid the color-alias effectively. Last, we propose the novel interpolation scheme composed of above techniques and apply it to the color interpolation for digital color cameras.

1.4 Organization

In this thesis, the brief review of traditional interpolation techniques including nearest neighbor, bilinear, cubic B-spline, and cubic convolution is described in Chapter 2. The edge-sensitive interpolation and color correlation are proposed in Chapter 3. Besides, our proposed novel composite interpolation scheme is also proposed in Chapter 3. In Chapter 4, we simulate the color interpolation processing in digital color cameras and have some visualization results and comparisons. Chapter 5 gives some concluding remarks and future [image: image199.wmf]0
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works. The detailed organization in this thesis is shown in Figure 1.4.

Chapter 2 Brief Review of Traditional Image Interpolation Techniques

2.1 Introduction
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Briefly, the interpolation is the process of determining the unknown values of a function at the position lying between some pre-known samples. Thus, we try to approximate a specifically continuous function through the discrete input samples as shown in Figure 2.1. That is, the interpolation reconstructs the lost signal by smoothing the data samples with an interpolated continuous function.














Generally, the image interpolation with one-dimensional interpolated function can be expressed as follows:



[image: image8.wmf](

)

(

)

(

)

å

-

=

k

k

k

x

x

h

x

I

x

I


(2.1)

where 
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 is the gray level intensity at location x, 
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 are the input discrete samples sequence at particular location 
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 is the interpolation function. As Equation 2.1 shows, the interpolation function or kernel is the primary part of the interpolation algorithm. In practice, the interpolation is formulated as a convolution operation and 
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 is nearly always a symmetric kernel. For image processing, the one-dimensional interpolation function should be always transformed into two-dimensional function. The general approach is to define a separable interpolation function as the product of two one-dimensional functions. Thus, the two-dimensional image interpolation is expressed as follows:
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(2.2)


There are several interpolation functions which have been used for image interpolation. In this chapter, we review and discuss four frequent image interpolation methods with different interpolation functions. First is the nearest neighbor interpolation which is the simplest method. Second is the bilinear interpolation which performs linear interpolation by using four adjacent pixels. The others are cubic B-spline and cubic convolution interpolations which perform interpolation with cubic equations.

2.2 Nearest Neighbor Interpolation

The nearest neighbor interpolation is a kind of zero-order interpolation. In this interpolation method, each unknown value of the interpolated pixel is assigned the value of the nearest pixel in the input image. If neighboring pixels with the same distance exist, one of them is selected for the interpolation.

All process can be achieved by convolving the image with a one-pixel width rectangular function in the spatial domain. Thus, the interpolation kernel for the nearest neighbor interpolation is defined as follows:
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where 
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 denotes the distance between interpolated pixel and its neighbor. The rectangular function in the spatial domain is equivalent to the sinc function in the frequency domain as shown in Figure 2.2. In frequency domain, the sinc function is a poor low-pass filter since it has prominent side lobes. Therefore, the nearest neighbor interpolation has a poor frequency domain response. Besides, it produces the image with a blocky appearance because the pixel values are merely replicated. However, the nearest neighbor interpolation requires nearly no computations.
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2.3 Bilinear Interpolation

According to the literal meaning of the bilinear, we can understand the bilinear function is the product of two linear functions easily. The linear interpolation is a kind of first-order interpolation and so is the bilinear interpolation. Thus, the linear interpolation corresponds to convolving the image with a triangle function in the spatial domain and the interpolation kernel is defined as follows:
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where 
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 denotes the distance between interpolated pixel and its neighbor. Then, the interpolation kernel for bilinear interpolation is the product of two linear interpolation kernels and it can be expressed as follows:
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where 
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 and 
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 denote the distance between interpolated pixel and its neighbor in two orthogonal coordinates.
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This triangular interpolation function corresponds in frequency domain to a suitably good low-pass filter as shown in Figure 2.3. Therefore, it reduces frequencies and smoothes the image. Besides, it is only slightly more complicated than rectangular function so that the bilinear interpolation method has nice efficiency.















The nearest neighbor interpolation uses only one nearest pixel and the linear interpolation uses two nearest pixels. Nevertheless, the other interpolation methods reviewed below use four nearest pixels; two on the one side and the others on another side.

2.4 Cubic B-spline Interpolation

In recent years, many techniques have been proposed for efficient interpolations such as B-spline and cubic convolution. We will describe the B-spline interpolation in this section and the cubic convolution interpolation in next section. Originally, Hou and Andrew [8] examined the use of cubic B-spline as interpolation function. Recently, the high quality image interpolation method using high order B-spline have been published [13, 14, 18].

The B-splines are several convolutions of the rectangular function so they are symmetrical and bell-shaped functions. That is, n-degree B-spline function 
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 is the (n+1) times the convolution of the rectangular function 
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Figure 2.4 shows the central B-splines of degree zero to three. Observing Equation 2.8 and Figure 2.4, they show all B-splines are positive and all those integrals are equal to one.
Among these B-splines, the cubic B-spline has been popular in applications due to its minimum curvature property. Thus, the cubic B-spline interpolation method adopts the cubic B-spline as its interpolation kernel and expresses it as follows:
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Figure 2.5 shows the cubic B-spline interpolation in the spatial and frequency domains. It is a reasonably good low-pass filter. Usually, lower order interpolation methods are simpler and faster but they tend to produce blocky artifacts. Therefore, the cubic B-spline interpolation method produces better outcomes but requires more computation.
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2.5 Cubic Convolution Interpolation

Like the cubic B-spline interpolation, the cubic convolution interpolation method also uses a third-degree interpolation function. However, there are some natural constraints for the function which is to be used for interpolation. If the interpolation is done on the same matrix as the original data, then the original data should be exactly reproduced. This property requires that the value of the function at position 0 is 1 and the values at positions 1 and 2 are 0. Additional logical constraints are that the function should be continuous at positions 0 and 1 so that the slope at positions 0 and 2 should 0 and slopes at both sides of 1 should the same. According to these constraints, the typically parametric cubic convolution kernel is defined as follows:
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where a is the coefficient and has been reported as -1, -3/4 [17], -1/2 [9], and so on. With a negative coefficient, the function is positive in the interval -1 to 1 and negative in the intervals -2 to -1 and 1 to 2. As the coefficient a increases, the depth of the side lobe in the intervals -2 to -1 and 1 to 2 is also increasing. Keys [9] selects the coefficient by making the Taylor series approximation of the interpolated signal agree in as many terms as possible with the original signal then the value of the coefficient is chosen as -1/2. With the coefficient 
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, the cubic interpolation function in the frequency domain is flat in the low frequency and falls off toward the cut-off frequency as shown in Figure 2.6. Besides, any second-degree polynomial signal will be exactly reconstructed by interpolation.

















[image: image205.wmf]1

,

-

y

x

G

Despite above one-parameter cubic equation, the two-parameter approach is also available [15]. Thus, another formula of the parametric cubic convolution kernel is defined as follows:
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where b and c are coefficients and have been reported as 
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 [16]. This equation also involves one-parameter cubic equation. If the coefficient b is equal to zero and another coefficient c becomes opposite sign -c then the equation will correspond to the one-parameter cubic equation in Equation 2.10.

2.6 Discussions and Summary

This section discusses whether traditional interpolation methods mentioned above are suitable for single-CCD color cameras or not. In nearest neighbor interpolation, any one of the upper, lower, left, and right four adjacent pixels can be chosen. In linear or bilinear interpolation, we take two or four adjacent pixels to average. In cubic B-spline and cubic convolution interpolation, we convolve the one-dimensional cubic interpolation kernel at both horizontal and vertical directions and then use the average value of them.

Although applying these traditional interpolation methods to color interpolation for single-CCD color cameras is easy, there are still some imperfections based on our observation. First imperfection is that the nearest neighbor interpolation always produces the image with blocky artifacts because its interpolation function is a poor low-pass filter. Thus, DSC designers seldom adopt the nearest neighbor method as DSC’s default color interpolation method.
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Second imperfection is blurring edges and details and this is often a dislike for human vision. Because human vision has higher sensitivities to the contrast, sharp edges and contours are preferred and they also let the image seem to have better resolution. However, these traditional interpolation methods are low-passing the image so that the image becomes smooth and has low contrast. For understanding how this problem happens further, we can take a small case to analyze. As Figure 2.7 (a) shows, there is a horizontal edge through the 
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 region of the image. After sensing by CCD with a CFA, down-sampled pixels’ data are shown in Figure 2.7 (b). Then, we try to reconstruct this 
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 region by applying a traditional interpolation method such as bilinear interpolation to the down-sampled pixels’ data shown in Figure 2.7 (b) and the pixel’s data in the interpolated region are shown in Figure 2.7 (c). By observing Figure 2.7 (c), the blurred edge happens and the reason is obvious. The key pixel is at the center of the region and its value is assigned the average value of its upper, lower, left, and right adjacent pixels discarding the information of the edge. Similarly, other traditional interpolation methods also have this problem according to the same reason. Figure 2.8 shows our original image for testing and Figures 2.9 to 2.11 are some interpolated images reconstructing by using bilinear interpolation method, cubic B-spline interpolation method, and cubic convolution interpolation method respectively.
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Another imperfection is called color-alias and it is a serious problem. Before discussing how this problem happens, we observe some examples first. Figure 2.12 is our original image for testing and Figures 2.13 to 2.16 are interpolated images reconstructing by using nearest-neighbor interpolation method, bilinear interpolation method, cubic B-spline interpolation method, and cubic convolution interpolation method respectively. In the Figures 2.13 to 2.16, we can find that there are many strange color pixels lying along two sides of the sharp gray edge and this situation is called color-alias.
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An example of how a sharp gray edge to be reconstructed as color-aliasing edge by using traditional interpolation method will be explained below. Figure 2.17 shows the graphical representation of the light intensity distribution. For simplicity, we assume that the illumination consists of two colors A and B. Besides, the incident illumination defines a sharp gray edge between the pixels 5 and 6 and a sharp gray to color transition between pixels 10 and 11. Figure 2.18 shows the graphical representation of the light intensity distribution incident to an image sensing by CCD with a CFA. Thus, each pixel receives a single color of illumination and we apply linear interpolation to reconstruct the image. As Figure 2.19 shows, the pixels 5 and 6 on each side of the gray edge no longer provide equal intensities for the colors A and B and the highly visible color artifact or color-alias happens.
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Summarily, traditional interpolation methods supply basic ideas for reconstructing the image sensed by CCD with a CFA but they are mostly unsuitable without modification. Thus, we will propose some modification and ideas to overcome the unsuitability of traditional interpolation methods in Chapter 3.

Chapter 3 Proposed Color Interpolation Techniques

3.1 Introduction

After reviewing and discussing some traditional interpolation techniques in Chapter 2, we find out unsuitability of applying those techniques to color interpolation for single CCD color cameras. In this chapter, we will propose some improvements and new schemes. First, we will define some edge filters or detectors to help overcome blurred-edge effects. Second, new color interpolation techniques for reducing color-alias effects will be explained. In the end of this chapter, we will propose composite color-interpolation scheme for single CCD color cameras.

3.2 Edge-Sensitive Interpolation

3.2.1 Horizontal and Vertical Edge-Filters
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Before defining edge filters, we must understand what the edge means first. In general, an edge is the boundary between two regions with relatively distinct gray-level properties. In the following discussion, the assumption is that the regions in question are sufficiently homogeneous so that the transition between two regions can be determined on the basis of gray-level discontinuities alone.
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Now, we consider Figure 3.1. The pixels to the left of the edge have smaller pixel values and the pixels to the right have larger pixel values. To estimate the missing green value of the blue pixel, we have three obvious choices. We could average all four adjacent green pixels, just the two horizontally adjacent green pixels, or just the two vertically adjacent green pixels. How do we make these choices algorithmically? We could simply calculate the absolute difference between the horizontally adjacent green pixels and compare it with the absolute difference between the vertically adjacent green pixels. The direction with the smaller value would be our choice. Besides, we could also compare both differences against some predetermined threshold value. If both differences are less than the threshold, we would conclude there are no edges in the region and then use a four-way average.












Basically, the idea underlying most edge-detection techniques is the computation of a local derivative operator. The first derivative at any pixel in an image could be obtained by using the magnitude of the gradient at that pixel. Thus, the gradient of an image 
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(3.1)

According to above idea and Figure 3.2, we could implement derivatives in digital form as 
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and
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so their magnitude is also defined as
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and
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respectively. Based on horizontal and vertical gradient magnitude, 
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, we could define our horizontal and vertical edge-filters as follows:

(1) If 
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Otherwise, if 
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In addition to above edge-detection technique, we could detect edge by using red or blue pixels’ values. Dissimilarly, the local second derivative would be obtained by using Laplacian. The Laplacian of an image 
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 is defines as follows:
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As in the case of the gradient, we could implement Equation 3.6 in digital form. Before explaining this topic, we would expand our concerned region from 
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 to 
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 as shown in Figure 3.3 first. Thus, our responses of digital Laplacian within this 
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and
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where 
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 and 
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 are at horizontal and vertical directions respectively.
For better accuracy, we could combine gradient and Laplacian techniques namely using green and red/blue pixels’ values to detect edges. Therefore, our improved horizontal and vertical edge-detectors are expressed as follows:
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If the color at location 
[image: image68.wmf](
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 is blue not red, the edge detector is similar to former definition.

After defining the horizontal and vertical edge filter, we could employ it to improve blurred-edge effects. During color interpolation, we use the filter to detect edge first. If we detect that the horizontal edge passes through interpolated pixel, then we apply one-dimensional interpolation along horizontal direction; if we detect that the vertical edge passes through interpolated pixel, then we apply one-dimensional interpolation along vertical direction. Otherwise, we apply two-dimensional interpolation. The block diagrams and processing flow of the improved interpolation are shown in Figure 3.4. 
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3.2.2 Weighting-Based Interpolation

Although horizontal and vertical edge-filters can help us improve blurred-edge effects, that technique just emphasizes both horizontal and vertical edges. If the edge passing through interpolated pixel is neither horizontal nor vertical, above interpolation method will be ineffective. Therefore, other novel schemes for edge-preserving image interpolations are proposed [5, 12].
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Carrato, Ramponi, and Marsi introduced a simple edge-sensitive image interpolation filter [5]. The interpolation is performed evaluating a nonlinear mean of the pixels adjacent to the interpolated pixel. Let us consider the one-dimensional case shown in Figure 3.5 for simplicity. Given the four consecutive pixels a, b, c, and d in the decimated data, an ideal interpolator should yield for the pixel x which lies between b and c, and its value is similar either to the one of b or to the one of c as shown in Figure 3.5c. However, the linear interpolation fails to achieve this result as shown in Figure 3.5d. For the operator Carrato, Ramponi, and Marsi proposed [5], x is computed as
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where
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k is a user defined parameter which controls the operator: for k = 0 a linear interpolation is obtained, while positive values for k yield the desired edge sensitivity. When the edge is midway between b and c, 
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, and the filter behaves as a linear one. When, in turn, the edge is asymmetrically located, the evaluated differences are no longer equal. If the edge is closer to c, then 
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It is a pity that above nonlinear filter emphasizes one-dimensional cases and just takes the mean of the output of two one-dimensional filters for two-dimensional cases. Thus, we will propose another scheme for edge-preserving image interpolations based on weighting. Based on the simplified color image formation model, the three channels go through a sudden jump across the edges. Our first basic idea is that the gradient magnitude can be used as an edge indicator and its direction can approximate the edge direction. Second is that if the gradient magnitude is large along the direction from interpolated pixel to its neighbor pixel then that neighbor pixel slightly contributes to interpolation.
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Consider Figure 3.6 for our example and the missing green value of the pixel at location 
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 is our interpolation target. First, we must calculate eight gradients as follows:
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where 
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, and the others are similar. According to these eight gradients, we could take four weights for contributions of neighbor pixels of the interpolated pixel as follows:
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where 
[image: image96.wmf]y
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 is the weight of the neighbor pixel at location 
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. Therefore, the green color of the interpolated pixel will be evaluated by the contributions of its four neighbor pixels as follows:
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However, the calculation of four weights cost much time. For speeding up, we could simplify weights as follows:
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The block diagrams of overall steps and processing flow of the improved interpolation are shown in Figure 3.7.
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3.3 Color Correlation

From Section 2.6, the traditional interpolation techniques bring a problem called color-alias. To overcome this problem or reduce its effect, some original interpolation schemes [6, 11] which are dissimilar to traditional interpolation schemes are proposed.

Among those schemes, the color correlation is frequently mentioned. Nevertheless, what kind of the color correlation is useful and effective for reducing color-alias? Kuno and Sugiura [11] proposed a new interpolation method using discriminated color correlation for digital still cameras. In their paper, they mentioned that there is a high correlation among three color signals [10, 19] in a local region so that they assumed that variation in the three signals will be similar to one another in that local region. For small region shown in Figure 3.8, they performed the color interpolation as follows:
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where 
[image: image104.wmf]LPF
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 indicates the low-frequency component of the green signal and 
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 is that of the red signal.
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In practice, we find above color correlation is not suitable for color interpolation because of its proportional type. When the value of the denominator is small and the value of the numerator is large, the small variations at the denominator make the large variations at the numeration. Therefore, the above interpolation method sometimes fails to reconstruct suitably.

To avoid that quandary, we adopt another image model developed by Adams [1, 2, 3]. Based on that model, we could assume that red and blue values are perfectly correlated to green value over the extent of the interpolation pixel neighborhood. For example, we could assume that the green and blue values of the pixel are perfectly correlated to within a simple offset, that is,
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where k is the offset. Therefore, we define 
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 as green value minus red value and 
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 as green value minus blue value. The detail equations are shown as follows:
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For real-world images, the contrasts of 
[image: image111.wmf]R
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 and 
[image: image112.wmf]B
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 are quite flat over small region and this property is suitable for interpolation. Figure 3.9 illustrates an example of G channel of the image and Figures 3.10 and 3.11 illustrate quite flat results of 
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 and 
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 channels of the image respectively. In other words, instead of performing the interpolation in the G domain, we simply transform the operation into 
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 or 
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 domains. After this transformation, we would reduce interpolation errors including color-alias and the quality of the reconstruct image is improved. Last, our new interpolation scheme is shown as Figure 3.12.























3.4 The Proposed Color Interpolation Method

3.4.1 Composite Interpolation Scheme
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To achieve the better performance of the color interpolation for digital color cameras, we try to solve edge-blurring and color-alias problems. Therefore, we would propose a novel interpolation scheme composed of edge-sensitive interpolation techniques and color correlations after discussing above color interpolation techniques. Nevertheless, how to combine these different interpolation techniques may be a new problem. Fortunately, we find a method to combine them effectively.
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After compounded, there are two kinds of the feasible schemes. First scheme shown in Figure 3.13 is composed of horizontal and vertical edge-filters and color correlation techniques. In this scheme, the image must be transformed into color difference domain and then put the transformed data through horizontal and vertical edge-filters. After filtering, one-dimensional or two-dimensional interpolation is performed. Finally, we transform output data back into red, green, and blue color domains and overall interpolation processing is done.





























If we want to improve the performance further, we should adopt weighting-based interpolation method for our edge-preserving technique instead of horizontal and vertical edge-filters. Although the computational complexity will be higher, the quality of the interpolated image will be improved. This new scheme shown in Figure 3.14 is similar to the scheme in Figure 3.13. The difference is central primary process of the interpolation and the others are almost the same.
3.4.2 Interpolation of Green Color Components
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In the following, we will explain how to perform color interpolation under our interpolation scheme. Overall process of the interpolation will be divided into two passes. The first pass is the interpolation of green color components; the second pass is the interpolation of red and blue color components. We divide the process of the interpolation into two passes because green color components represent the greatest proportion of the Bayer CFA.




















Consider the reference Bayer CFA pattern shown in Figure 3.15, we transform 
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 defined in Equation 3.32 domain first. Unfortunately, the red elements at locations 
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 are missing. Therefore, we just average the values of their neighbor red components respectively and perform the transformation as follows:
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After transformation, following processes of the interpolation are almost on this color-difference domain.

Now, we could have two choices of interpolation methods. One is using horizontal and vertical edge-filters; another is weighting-based method. For high quality results, we choose the later method to explain here. According to the explanation in Section 3.2.2, we could evaluate four weights at location 
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For simplicity, we also approximate above weights as follows:
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After the above steps are all done, we perform weighting-based interpolation in the color-difference domain according to evaluated weights. Then, the value at location 
[image: image142.wmf](
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,

, i.e. interpolated pixel, on the color-difference domain is evaluated as
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or
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Last, we transform 
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 into green color domain and then our missing green element 
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 is reconstructed as follows:
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or
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The above explanation is the case of the missing green color element at the location having red color element but the case of one at the location having blue color element, which is performed in the 
[image: image150.wmf]B
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 domain, is similar. Therefore, we repeat all of above steps at all pixels missing green color elements and then the green channel of the image will be reconstructed completely.

3.4.3 Interpolation of Red and Blue Color Components
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After the first pass, all missing green elements are interpolated and they are useful for the interpolation of red and blue color elements. In the second pass, we consider two kinds of cases. One is one-dimensional and another is two-dimensional.

















When the case is one-dimensional as Figure 3.16 shows, it may be horizontal or vertical. However, the processing steps are similar despite any direction. We transform 
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 are known after first pass. Thus, we could perform the transformation easily as follows:
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After transformation, we would evaluate weights in the next step. The method for evaluating weights is almost the same as before but there is still little modification. The detailed evaluation is expressed as follows:
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While the process goes on, we should perform one-dimensional weighting-based interpolation in 
[image: image169.wmf]R

K

 and 
[image: image170.wmf]B

K

 domains respectively as follows:
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where 
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 domain and 
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 domain. Last, we transform the values in 
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 domains into red and blue color domains. The missing red and blue color elements at location 
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 are reconstructed as follows:
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When the case is two-dimensional as Figure 3.17 shows, our considered neighbor pixels become the pixels in the upper-left, upper-right, bottom-left, and bottom-right adjacent locations. The first step is still the domain transformation and can be easily achieved as follows:
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The second step is the evaluation of four weights. At this time, these four weights would be evaluated according to the gradients along two diagonal directions instead of horizontal and vertical directions as follows:
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Third step is weighting-based interpolation and the interpolated value is calculated as
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Finally, our missing red color element is reconstructed by transforming the value in the 
[image: image191.wmf]R
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 domain into the red color domain as follows:
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In addition, the missing blue color element in the two-dimensional case is reconstructed similar to the red one.

Chapter 4 Experimental Results

4.1 Simulation of Color Interpolation

In this thesis, our focus is the color interpolation for digital color cameras so the input data should be acquired by CCD of digital color cameras. Unfortunately, such data are hard to obtain and we will not have original image for comparison. The expediency is simulating those processes by the program.
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First, we collect some testing images as the captured scenes and down-sample them. The down-sampled process simulates the processes of that the light passes through the lens and the CFA, and is then captured by the CCD. For simplicity, this simulation just aims at the effect of the CFA. According to the arrangement of the CFA pattern, we eliminate two color components and preserve only one color component per pixel of the image. Figure 4.1 shows the images before and after down-sampling.













After down-sampling, those data become our inputs of the interpolation process. In this chapter, we perform the traditional interpolation methods and our propose methods on those down-sampled images. Our testing images and the interpolated results of some parts in these images are shown in Section 4.2. Section 4.3 shows the Peak Signal to Noise Ratio (PSNR) results and compares the different interpolation methods. Figure 4.2 shows the block diagram of this experiment.
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4.2 Visualization Results

Figure 4.3 is one of our test images. We are interested in the part with high gradient because the edge is the most important in interpolation. The bounding box in the center of the image will be the region of interest. We down-sample the test image and then interpolate it with bilinear interpolation, cubic convolution interpolation, edge-filtered interpolation, weighting-based interpolation, edge-filtered color-difference, and weighting color-difference interpolation. The results of these six methods are shown in Figures 4.4 to 4.9. Those figures are all divided into two parts; (a) is the interpolated image and (b) is the scale-up image of the central bounding box.

In Figures 4.4 and 4.5, we observe that the color-alias effect is very serious and the edge is not sharp any more. In Figures 4.6 and 4.7, the color-alias effect still exists but the edge is sharper than that in Figures 4.4 and 4.5. Figures 4.8 and 4.9 show the better results among Figures 4.4 to 4.9. We observe that the color-alias effect is reduced, the edge becomes sharper, and the interpolated image is close to the original image in Figures 4.8 and 4.9. Besides, the result interpolated by the weighting color-difference method has the best PSNR.
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Figures 4.10 to 4.16 are other serial tests. Figure 4.10 is the ISO resolution chart for electronic still cameras. We observe the resolution of the interpolated image along the horizontal, vertical, and diagonal directions. Figures 4.11 and 4.12 shows the low resolution in any direction because of blurred edges and color-alias. In Figures 4.13 and 4.14, the resolution in the horizontal and vertical directions is slightly improved but color-alias effect still reduces the resolution. In Figures 4.14 and 4.15, we observe the few color-aliases and the sharper edges so that the resolution seems better.
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For more objective comparison, we still take some real data from the digital color camera to perform interpolation. Figure 4.17 show the raw data of the color checker captured by the digital color camera with a Bayer CFA. The applied methods are the same as previous experiment and Figures 4.18 to 4.23 are their results. In Figures 4.19 and 4.20, the results conform to our prediction; the horizontal and vertical lines are blurred, and the borders of the color blocks have some erroneous color-alias. Figures 4.21 and 4.22 shows the results of the edge-sensitive interpolation methods. Both results have sharp lines and clear borders but slight color shadows which are due to mismatched color components near the lines and borders. The horizontal and vertical lines in Figure 4.21 have better qualities than those in Figure 4.22 because edge-filtered method just emphasizes the horizontal and vertical edges. Last, Figures 4.23 and 4.24 still have better qualities than Figures 4.18 to 4.23. The color shadows become gray as normal and the lines are also blacker. Besides, the advantages in Figures 4.21 and 4.22 still exist in Figures 4.23 and 4.24.

4.3 Peak Signal to Noise Ratio (PSNR) Results and Comparisons

We now apply the PSNR to measure the similarity between the original images and the image which is down-sampled followed by various interpolation methods. The PSNR value is defined as follows:
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where 
[image: image195.wmf]o

I

 is the original image; 
[image: image196.wmf]r

I

 is the resulted image; MSE is the mean square error; H is the height of the image; W is the width of the image; and 255 is the maximum value which a pixel can have in the 8-bits image.

In our experiments, we take 100 images shown in Figures 4.24 and 4.25 as our inputs. We assign a number to every image; Images 001 to 090 are natural scenes in our lives and Images 091 to 100 are artificial paints. According to Figure 4.2, we down-sample these 100 images and then apply various interpolation methods to them. The interpolation methods which will be compared in this experiment are nearest neighbor, bilinear, cubic B-spline, cubic convolution, edge-filtered, weighting-based, edge-filtered color-difference, weighting color-difference, and simplified weighting color-difference. The first four methods are traditional interpolation methods, the next two methods are edge-sensitive interpolation methods, and the last three methods are our proposed composite interpolation schemes. Last, the PSNR values are calculated shown in Figures 4.26 to 4.28.

For clearer comparison, we assign the score to every method according to the rank of the PSNR value. We assign score 1 to the minimum PSNR (worst) among all methods, score 2 to the next better place, and increasing scores to the others according to their places, the maximum PSNR (best) will get score 9. After scoring, we sum total scores per method and the result is shown in Figure 4.29. In Figure 4.29, we observe that the weighting color-difference interpolation method has the best score and its simplified version is slightly worse. Summarily, the composite interpolation methods have better scores, the edge-sensitive methods are next, and the traditional interpolation methods are worst. Besides, the weighting-based method is better than edge-filtered method. Among traditional interpolation methods, the cubic convolution method is the best and the nearest neighbor is the worst.
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4.4 Processing Time Results and Comparisons

Besides quality, the processing time is another performance indicator of the interpolation. During the experiment in Section 4.3, we also calculate the processing time of the various interpolation methods shown in Figures 4.30 to 4.32. In our experiment, the notebook computer has a Pentium III 650 MHz CPU and 256 MB RAM. The program is coded in the C++ language and executed under the Microsoft Windows 2000 Professional OS.

The result of the processing time is easy to understand. Usually, the more operations will cost more time so that the nearest neighbor method cost the least time and the weighting color-difference method almost cost the most time. From Sections 4.3 and 4.4, the weighting color-difference interpolation method makes the best quality of the result but costs the more processing time. If the time is very important in our application, we can use the simplified weighting color-difference or edge-filtered color-difference method instead of the normal weighting color-difference method.
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4.5 Summary

We summarize the nearest neighbor, bilinear, cubic B-spline, cubic convolution, edge-filtered, weighting-based, edge-filtered color-difference, and weighting color-difference interpolation methods as follows:

· Nearest neighbor interpolation

· Advantage: fast and simple.

· Disadvantage: blocky results and poor qualities.

· Bilinear interpolation

· Advantage: fast and simple.

· Disadvantage: blurred-edge and color-alias effects.

· Cubic B-spline interpolation

· Advantage: simple.

· Disadvantage: unsuitable for color interpolation.

· Cubic convolution interpolation

· Advantage: more flexible than bilinear interpolation.

· Disadvantage: blurred-edge and color-alias effects.

· Horizontal and vertical edge-filtered interpolation

· Advantage: sharp horizontal and vertical edges.

· Disadvantage: color-alias effect and blurred-edges in the direction which is neither horizontal nor vertical.

· Weighting-based interpolation

· Advantage: reducing blurred-edge effects.

· Disadvantage: color-alias effect and more computational time.

· Edge-filtered color-difference interpolation

· Advantage: reducing blurred-edge and color-alias effects.

· Disadvantage: slightly complex.

· Weighting color-difference interpolation

· Advantage: reducing blurred-edge and color-alias effects.

· Disadvantage: complex and slightly slow.

Chapter 5 Conclusion and Future Work

5.1 Conclusion

The color interpolation techniques applied to the digital color camera with a Bayer CFA are discussed or proposed. In this thesis, we review four kinds of the traditional interpolation methods, discuss two kinds of the edge-sensitive interpolation methods, and propose two types of the composite interpolation schemes based on the color-difference. Nine typical interpolation methods are compared from three viewpoints: subjective visualization results, objective PSNR values, and processing time.

Summarily, it is found that the traditional interpolation methods are not very suitable without any modification. The suitability of the interpolation method depends more on the occurrence of the color-alias in the high-frequency region than the resolution. Moreover, from the viewpoints of low occurrence of the color-alias and good color restoration, the interpolation method based on color-difference is found to be excellent.

We propose a novel composite interpolation scheme in this thesis. Real-world image simulation shows that the proposed method produces superior PSNR and better image quality performance. Furthermore, the complexity of the proposed method is acceptable. Although the proposed method improves the performance by reducing the color-alias and sharpening the edge, these characteristics do not always work under all situations. Because of congenital deficiency, the edge along the direction near the diagonal in the green channel of the image is hard to restore exactly. When the reconstructed quality of the green channel of the image is poor, the error will be propagated to the red and blue channels of the image in our proposed interpolation scheme. In this situation, our proposed method would maybe produce the result having the serious color-aliases and the blurred-edges like the result produced by the traditional interpolation methods. Figure 5.1a shows the testing image and Figure 5.1b shows the result reconstructed by our proposed weighting color-difference interpolation. Although the average PSNR value of our proposed method is still the maximum (28.39 dB; 23 dB of bilinear interpolation, 23.03 dB of cubic convolution interpolation, and 23.16 dB of weighting-based interpolation.), its quality still needs future improvement.
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5.2 Future Work

In this thesis, we just propose two primary improved techniques, which are the edge-sensitive method and the color-difference domain. Nevertheless, usefully improved techniques are not only these. The first future work is to keep improving our proposed interpolation method as mentioned in Section 5.1. Moreover, speeding up our proposed method is another important work. We only aim the Bayer CFA patterns in our proposed interpolation scheme. In the future, we will try to extend our proposed interpolation scheme to suit other types of the CFA such as Fujifilm Super CCD.
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Figure 1.1: The CFA based on the typical Bayer pattern.
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Figure 1.2: Other kinds of mosaic pattern. (a) The array consists of cyan, white, yellow, and green color filters. (b) The array consists of green, magenta, cyan, and yellow color filters.
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Figure 1.3: Other kinds of stripe pattern. (a) The array consists of red, green, and blue color filters. (b) The array consists of yellow, green, and cyan color filters.
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Figure 1.4: The organization in this thesis.





Figure 2.19: The graphical representation of the light intensity distribution reconstructed by linear interpolation and the color-alias between pixels 4 and 7.
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Figure 2.17: The graphical representation of the light intensity distribution. The illumination consists of two colors A and B.
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Figure 2.18: The graphical representation of the light intensity distribution incident to an image sensing by CCD with a CFA.
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Figure 2.16: (a) The reconstructed image by using cubic convolution interpolation method. (b) The scale-up result of the central box in 2.16 (a).
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Figure 2.15: (a) The reconstructed image by using cubic B-spline interpolation method. (b) The scale-up result of the central box in 2.15 (a).
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Figure 2.14: (a) The reconstructed image by using bilinear interpolation method. (b) The scale-up result of the central box in 2.14 (a).
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Figure 2.13: (a) The reconstructed image by using nearest neighbor interpolation method. (b) The scale-up result of the central box in 2.13 (a).
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Figure 2.11: (a) The reconstructed image by using cubic convolution interpolation method. (b) The scale-up result of the central box in 2.11 (a).





Figure 2.12: The original image having black-and-white lines for observing the color-alias.
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Figure 2.10: (a) The reconstructed image by using cubic B-spline interpolation method. (b) The scale-up result of the central box in 2.10 (a).
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Figure 2.9: (a) The reconstructed image by using bilinear interpolation method. (b) The scale-up result of the central box in 2.9 (a).





Figure 2.8: The original image for observing the blurred edge.





Figure 2.8: The original image for observing the blurred edge.





Figure 2.7: An example shows how the edge is blurred. (a) The original region. (b) The down-sampled pixels’ data. (c) The reconstructed region with a blurred edge.
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Figure 2.6: (a) The parametric cubic convolution function with the coefficient -0.5. (b) Its frequency response.
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Figure 2.5: (a) The cubic B-spline function. (b) Its frequency response.





Figure 2.4: The central B-spline of degrees zero to three.
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Figure 2.3: (a) The triangular function. (b) Its frequency response.
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Figure 2.2: (a) The rectangular function. (b) Its frequency response.





Figure 2.1: A continuous function approximates to pass through six discrete samples.
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Figure 3.1: A small region with a vertical edge.
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Figure 3.2: The CFA pixels within � EMBED Equation.3  ��� region.





Figure 3.3: The CFA pixels within � EMBED Equation.3  ��� region.
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Horizontal and Vertical Edge-Filters





Figure 3.4: The block diagram and processing flow of the interpolation by using horizontal and vertical edge-filters.





Figure 3.5: (a) Graphical representation of the original image in the one-dimensional case. (b) Decimated data of the original image. (c) Ideal interpolation yields that the value of pixel x is similar to one of pixel b. (d) Linear interpolation averages the values of pixel b and c, and the edge is blurred.
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Figure 3.6: An example of interpolating missing green value at location � EMBED Equation.3  ���.
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Figure 3.7: The block diagrams and processing flow of the weighting-based interpolation.
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Figure 3.8: The CFA pixels within the small region.





Figure 3.9: An example of G channel of the image.





Figure 3.10: The � EMBED Equation.3  ��� channel of the image.





Figure 3.11: The � EMBED Equation.3  ��� channel of the image.
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Figure 3.12: New interpolation scheme on the color-difference domain.





Figure 3.13: The novel scheme composed of edge-filters and transformation between color-difference and RGB color domains.
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Figure 3.14: The novel scheme composed of weighting-based interpolation and transformation between color-difference and RGB color domains.
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Figure 3.15: Reference Bayer CFA pattern.
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Figure 3.16: The one-dimensional case of the interpolation of red and blue color components.
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Figure 3.17: The two-dimensional case of the interpolation of red color components.
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Figure 4.1: (a) The original image. (b) The result of the down-sampled (a).
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Figure 4.2: The block diagram of our experiment.





Figure 4.3: The original image for testing and the bounding box in the center is the region of interest.
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Figure 4.4: (a) The interpolated image with bilinear interpolation, where the average PSNR is 25.21 dB. (b) The scale-up image of the bounding box.





Figure 4.5: (a) The interpolated image with cubic convolution interpolation, where the average PSNR is 25.4 dB. (b) The scale-up image of the bounding box.
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Figure 4.6: (a) The interpolated image with horizontal and vertical edge-filters, where the average PSNR is 25.46 dB. (b) The scale-up image of the bounding box.
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Figure 4.7: (a) The interpolated image with weighting-based interpolation, where the average PSNR is 25.54 dB. (b) The scale-up image of the bounding box.
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Figure 4.8: (a) The interpolated image with edge-filtered color-difference interpolation, where the average PSNR is 34.52 dB. (b) The scale-up image of the bounding box.
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Figure 4.9: (a) The interpolated image with weighting color-difference interpolation, where the average PSNR is 35.72 dB. (b) The scale-up image of the bounding box.
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Figure 4.10: (a) The ISO resolution chart for electronic still cameras. (b) – (d) The scale-up images of the bounding boxes.





Figure 4.11: (a) The interpolated ISO resolution chart with bilinear interpolation, where the average PSNR is 22.95 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.12: (a) The interpolated ISO resolution chart with cubic convolution interpolation, where the average PSNR is 23.03 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.13: (a) The interpolated ISO resolution chart with horizontal and vertical edge-filters, where the average PSNR is 23.59 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.14: (a) The interpolated ISO resolution chart with weighting-based interpolation, where the average PSNR is 23.93 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.15: (a) The interpolated ISO resolution chart with edge-filtered color-difference interpolation, where the average PSNR is 32.86 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.16: (a) The interpolated ISO resolution chart with weighting color-difference interpolation, where the average PSNR is 33.92 dB. (b) – (d) The scale-up images of the bounding boxes.
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Figure 4.17: (a) The raw image of Gretag Macbeth color checker captured by the CCD with a Bayer CFA. The bounding box contains horizontal and vertical black-and-white stripes on the lower-left and lower-right corners. (b) The scale-up image of the bounding box.





Figure 4.18: (a) The interpolated image with bilinear interpolation. (b) The scale-up image of the bounding box.
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Figure 4.19: (a) The interpolated image with cubic convolution interpolation. (b) The scale-up image of the bounding box.
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Figure 4.20: (a) The interpolated image with horizontal and vertical edge-filters. (b) The scale-up image of the bounding box.
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Figure 4.21: (a) The interpolated image with weighting-based interpolation. (b) The scale-up image of the bounding box.
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Figure 4.22: (a) The interpolated image with edge-filtered color-difference interpolation. (b) The scale-up image of the bounding box.
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Figure 4.23: (a) The interpolated image with weighting color-difference interpolation. (b) The scale-up image of the bounding box.
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Figure 4.24: The first 50 testing images (� EMBED Equation.3  ��� pixels) to be measured, Images 001 to 050.





Figure 4.25: The last 50 testing images (� EMBED Equation.3  ��� pixels) to be measured, Images 051 to 100.
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Figure 4.26: The first part of the PSNR comparison in 100 testing images. The bold-faced green text indicates the best PSNR, red text indicates the worst PSNR, and the unit of the PSNR is dB.
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Figure 4.27: The second part of the PSNR comparison in 100 testing images. The bold-faced green text indicates the best PSNR, red text indicates the worst PSNR, and the unit of the PSNR is dB.
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Figure 4.28: The third part of the PSNR comparison in 100 testing images. The bold-faced green text indicates the best PSNR, red text indicates the worst PSNR, and the unit of the PSNR is dB.
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Figure 4.29: The total of the PSNR comparison scores. The bold-faced green text indicates the best score and the red text indicates the worst score.
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Figure 4.30: The first part of the processing time comparison in 100 testing images. The bold-faced green text indicates the least time, red text indicates the most time, and the unit of the processing time is second.
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Figure 4.31: The second part of the processing time comparison in 100 testing images. The bold-faced green text indicates the least time, red text indicates the most time, and the unit of the processing time is second.
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Figure 4.32: The third part of the processing time comparison in 100 testing images. The bold-faced green text indicates the least time, red text indicates the most time, and the unit of the processing time is second.
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Figure 5.1: (a) The original image. (b) The interpolated result with the weighting color-difference interpolation, where the average PSNR is 28.39 dB.
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		003		26.970		33.454		32.957		34.521		33.842		34.942		42.332		42.803		42.578

		004		32.282		36.969		36.696		37.353		37.198		37.760		44.668		44.841		44.735

		005		22.178		26.111		26.056		26.075		26.412		26.534		34.354		36.035		35.826

		006		29.534		36.516		36.000		37.579		36.814		37.532		40.717		40.037		39.874

		007		30.403		35.072		34.832		35.453		35.252		35.432		42.533		43.610		43.317

		008		29.598		35.899		35.502		36.645		36.205		37.276		44.173		44.326		44.177

		009		21.381		25.807		25.599		26.199		25.831		25.892		31.764		34.042		33.876

		010		28.551		33.010		32.858		33.199		33.123		33.289		39.351		40.988		40.849

		011		23.856		28.354		28.155		28.682		28.625		28.996		35.662		36.650		36.439

		012		33.875		39.497		39.186		39.912		39.689		39.734		45.675		46.554		46.432

		013		34.472		40.490		40.058		41.164		40.691		41.052		45.408		44.979		44.883

		014		19.149		22.313		22.279		22.289		22.301		22.286		26.990		29.298		29.216

		015		34.183		39.901		39.562		40.354		40.114		40.448		45.192		44.194		44.073

		016		19.654		23.784		23.543		24.302		23.852		24.159		31.641		33.324		33.036

		017		26.821		32.704		32.345		33.415		32.946		33.511		40.673		41.621		41.422

		018		20.815		24.341		24.347		24.191		24.821		24.874		32.993		33.463		33.100

		019		27.631		32.394		32.125		32.910		32.453		32.501		38.370		39.591		39.400

		020		29.012		34.148		33.826		34.776		34.278		34.404		40.855		42.163		41.988

		021		28.831		34.451		34.160		34.954		34.652		35.086		40.791		41.180		41.014

		022		30.914		36.737		36.415		37.287		36.841		37.019		42.893		43.949		43.781

		023		26.799		32.284		31.969		32.879		32.619		33.097		40.216		41.266		41.103

		024		28.506		33.772		33.505		34.223		34.217		34.450		41.030		41.866		41.694

		025		27.588		33.804		33.301		34.917		34.339		34.741		42.411		43.286		43.057

		026		20.371		23.296		23.282		23.224		23.270		23.229		27.816		30.250		30.186

		027		21.111		24.270		24.258		24.186		24.280		24.275		29.125		31.423		31.340

		028		24.383		28.395		28.241		28.647		28.401		28.401		33.644		35.482		35.350

		029		19.456		22.730		22.693		22.712		22.798		22.744		28.368		30.321		30.206

		030		16.492		19.578		19.545		19.551		19.586		19.567		24.594		26.765		26.674

		031		19.041		22.303		22.213		22.403		22.335		22.413		28.114		30.322		30.202

		032		25.661		30.759		30.608		30.959		31.405		32.056		41.240		42.167		41.897

		033		25.715		28.999		28.979		28.886		30.319		30.388		38.657		39.287		39.199

		034		30.036		35.151		34.922		35.479		35.655		35.952		43.734		44.221		43.849

		035		28.381		34.084		33.726		34.753		34.617		35.071		42.513		43.323		43.102
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		Image No.		Nearest Neighbor		Bilinear		Cubic 
B-spline		Cubic Convolution		Edge-Filtered		Weighting-Based		Edge-filtered Color-Difference		Weighting Color-Difference		Simplified Weighting Color-Difference

		071		25.440		29.170		28.993		29.430		29.459		29.864		36.453		38.053		37.792

		072		30.141		37.702		37.261		38.414		37.884		38.293		43.528		44.719		44.607

		073		28.635		34.722		34.327		35.496		34.929		35.443		40.404		40.559		40.420

		074		21.966		26.095		25.953		26.296		26.480		26.726		34.138		35.810		35.589

		075		19.812		24.502		24.310		24.848		24.665		25.099		32.709		34.407		34.169

		076		19.643		23.050		22.969		23.129		23.043		23.133		28.221		30.613		30.499

		077		26.119		29.692		29.604		29.746		30.267		30.441		38.552		39.283		39.080

		078		27.371		32.752		32.349		33.622		33.055		33.313		40.670		41.918		41.670

		079		24.663		28.369		28.298		28.395		28.707		28.730		35.652		37.226		37.007

		080		18.002		21.582		21.519		21.609		21.689		21.752		27.094		29.386		29.272

		081		32.529		37.175		37.006		37.312		38.097		38.732		48.756		47.834		47.594

		082		25.258		30.059		29.884		30.324		30.218		30.469		36.732		38.598		38.432

		083		26.034		29.896		29.832		29.884		30.415		30.619		38.000		39.214		39.072

		084		26.213		29.780		29.700		29.822		30.020		30.186		36.256		37.909		37.776

		085		22.045		25.918		25.777		26.129		25.951		26.109		31.844		33.963		33.810

		086		22.493		25.088		25.066		25.014		25.177		25.236		30.723		32.254		32.155

		087		29.239		34.619		34.211		35.451		34.815		35.271		42.412		42.738		42.315

		088		27.954		34.051		33.675		34.772		34.527		34.944		41.424		42.059		41.901

		089		21.838		25.297		25.360		24.973		25.961		26.298		34.116		35.442		35.233

		090		26.129		31.214		30.935		31.759		31.318		31.653		38.068		40.192		39.964

		091		23.410		27.769		27.594		28.163		28.083		28.693		32.875		33.965		34.176

		092		20.626		23.762		23.757		23.662		24.702		24.841		30.213		30.478		30.624

		093		21.707		24.677		24.656		24.652		24.808		24.322		28.512		29.523		29.219

		094		18.751		23.244		23.064		23.616		23.533		24.217		26.622		27.299		27.516

		095		21.055		25.766		25.557		26.256		26.128		27.038		32.918		33.858		34.247

		096		17.661		21.337		21.271		21.440		21.528		21.436		22.234		22.623		22.668

		097		20.433		24.492		24.337		24.769		24.800		25.127		28.205		29.043		29.229

		098		24.178		27.154		27.137		27.090		27.238		27.172		31.048		31.482		31.380

		099		26.021		29.404		29.363		29.403		29.583		29.475		34.051		33.960		33.844

		100		22.365		25.684		25.603		25.774		25.912		26.015		32.634		33.443		33.204
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		Image No.		Nearest Neighbor		Bilinear		Cubic 
B-spline		Cubic Convolution		Edge-Filtered		Weighting-Based		Edge-filtered Color-Difference		Weighting Color-Difference		Simplified Weighting Color-Difference

		036		0.050		0.091		0.211		0.200		0.200		0.681		0.251		0.791		0.571

		037		0.050		0.090		0.210		0.210		0.210		0.691		0.250		0.781		0.561

		038		0.050		0.090		0.210		0.210		0.201		0.691		0.241		0.781		0.561

		039		0.050		0.090		0.211		0.201		0.210		0.701		0.240		0.801		0.591

		040		0.050		0.080		0.210		0.200		0.210		0.691		0.250		0.792		0.570

		041		0.050		0.080		0.210		0.210		0.201		0.651		0.240		0.741		0.530

		042		0.050		0.081		0.211		0.211		0.210		0.661		0.260		0.741		0.551

		043		0.050		0.090		0.210		0.210		0.200		0.661		0.241		0.761		0.551

		044		0.051		0.090		0.210		0.200		0.210		0.701		0.250		0.801		0.591

		045		0.050		0.080		0.210		0.201		0.200		0.671		0.251		0.751		0.541

		046		0.050		0.080		0.210		0.200		0.211		0.701		0.250		0.802		0.581

		047		0.050		0.081		0.211		0.210		0.200		0.701		0.250		0.781		0.560

		048		0.050		0.090		0.210		0.211		0.210		0.660		0.251		0.741		0.550

		049		0.050		0.090		0.210		0.210		0.211		0.701		0.250		0.801		0.581

		050		0.050		0.090		0.211		0.210		0.210		0.701		0.251		0.791		0.581

		051		0.050		0.080		0.210		0.210		0.200		0.661		0.250		0.751		0.531

		052		0.050		0.080		0.210		0.200		0.201		0.591		0.251		0.691		0.541

		053		0.050		0.081		0.211		0.201		0.210		0.610		0.250		0.701		0.521

		054		0.050		0.080		0.210		0.200		0.200		0.690		0.250		0.791		0.571

		055		0.050		0.080		0.210		0.210		0.210		0.671		0.251		0.761		0.550

		056		0.050		0.080		0.211		0.211		0.210		0.691		0.250		0.781		0.561

		057		0.050		0.090		0.210		0.200		0.201		0.691		0.251		0.791		0.581

		058		0.050		0.080		0.210		0.200		0.200		0.701		0.250		0.801		0.611

		059		0.051		0.080		0.210		0.201		0.200		0.601		0.251		0.691		0.551

		060		0.050		0.080		0.210		0.210		0.211		0.701		0.250		0.791		0.591

		061		0.050		0.090		0.211		0.210		0.200		0.711		0.250		0.811		0.631

		062		0.060		0.080		0.210		0.211		0.210		0.681		0.251		0.771		0.551

		063		0.050		0.090		0.210		0.210		0.201		0.581		0.250		0.671		0.531

		064		0.050		0.081		0.211		0.200		0.210		0.711		0.261		0.801		0.590

		065		0.050		0.080		0.210		0.210		0.210		0.711		0.250		0.802		0.601

		066		0.050		0.090		0.210		0.210		0.210		0.711		0.251		0.801		0.611

		067		0.051		0.090		0.211		0.211		0.210		0.711		0.260		0.811		0.621

		068		0.050		0.090		0.210		0.210		0.211		0.691		0.250		0.801		0.591

		069		0.050		0.080		0.210		0.210		0.200		0.671		0.251		0.771		0.571

		070		0.050		0.080		0.210		0.211		0.210		0.701		0.250		0.811		0.621
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		Image No.		Nearest Neighbor		Bilinear		Cubic 
B-spline		Cubic Convolution		Edge-Filtered		Weighting-Based		Edge-filtered Color-Difference		Weighting Color-Difference		Simplified Weighting Color-Difference

		071		0.050		0.080		0.210		0.200		0.211		0.691		0.251		0.801		0.591

		072		0.050		0.090		0.211		0.210		0.210		0.691		0.250		0.801		0.581

		073		0.060		0.090		0.210		0.201		0.200		0.711		0.250		0.811		0.591

		074		0.050		0.080		0.210		0.200		0.201		0.691		0.250		0.781		0.581

		075		0.050		0.081		0.211		0.200		0.210		0.711		0.250		0.811		0.611

		076		0.050		0.080		0.210		0.211		0.211		0.711		0.251		0.801		0.630

		077		0.050		0.080		0.210		0.210		0.200		0.691		0.250		0.791		0.600

		078		0.060		0.090		0.211		0.210		0.200		0.701		0.251		0.801		0.591

		079		0.050		0.080		0.210		0.200		0.211		0.701		0.250		0.802		0.601

		080		0.060		0.080		0.210		0.200		0.210		0.701		0.250		0.801		0.611

		081		0.050		0.081		0.211		0.211		0.200		0.661		0.250		0.751		0.531

		082		0.060		0.090		0.210		0.200		0.211		0.681		0.250		0.791		0.581

		083		0.050		0.090		0.210		0.200		0.200		0.701		0.251		0.801		0.591

		084		0.050		0.080		0.210		0.211		0.200		0.711		0.250		0.802		0.601

		085		0.050		0.080		0.210		0.210		0.201		0.711		0.251		0.811		0.611

		086		0.060		0.080		0.211		0.210		0.210		0.701		0.250		0.801		0.611

		087		0.050		0.090		0.210		0.201		0.200		0.641		0.250		0.741		0.550

		088		0.050		0.090		0.210		0.210		0.210		0.701		0.250		0.801		0.600

		089		0.050		0.090		0.211		0.210		0.200		0.661		0.250		0.762		0.551

		090		0.051		0.090		0.210		0.211		0.211		0.691		0.251		0.781		0.571

		091		0.050		0.090		0.210		0.200		0.200		0.451		0.240		0.571		0.501

		092		0.060		0.091		0.211		0.210		0.210		0.501		0.241		0.611		0.511

		093		0.040		0.080		0.210		0.210		0.201		0.460		0.240		0.570		0.491

		094		0.050		0.080		0.210		0.210		0.210		0.510		0.240		0.621		0.530

		095		0.051		0.090		0.211		0.211		0.200		0.471		0.240		0.591		0.511

		096		0.050		0.090		0.210		0.210		0.201		0.501		0.240		0.611		0.521

		097		0.050		0.090		0.211		0.210		0.200		0.611		0.251		0.711		0.541

		098		0.050		0.080		0.210		0.211		0.211		0.511		0.240		0.631		0.521

		099		0.050		0.080		0.210		0.220		0.200		0.480		0.241		0.601		0.510

		100		0.050		0.090		0.211		0.200		0.210		0.501		0.240		0.601		0.511
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		Image No.		Nearest Neighbor		Bilinear		Cubic 
B-spline		Cubic Convolution		Edge-Filtered		Weighting-Based		Edge-filtered Color-Difference		Weighting Color-Difference		Simplified Weighting Color-Difference

		001		0.050		0.090		0.210		0.210		0.210		0.721		0.251		0.822		0.611

		002		0.050		0.080		0.210		0.210		0.211		0.711		0.250		0.811		0.621

		003		0.050		0.091		0.211		0.211		0.210		0.711		0.251		0.811		0.591

		004		0.050		0.080		0.210		0.200		0.200		0.681		0.250		0.781		0.550

		005		0.051		0.090		0.210		0.210		0.211		0.701		0.260		0.811		0.610

		006		0.050		0.090		0.210		0.201		0.210		0.701		0.250		0.801		0.581

		007		0.050		0.090		0.210		0.210		0.200		0.671		0.250		0.771		0.551

		008		0.050		0.080		0.211		0.200		0.201		0.701		0.251		0.791		0.581

		009		0.050		0.090		0.210		0.210		0.200		0.711		0.250		0.811		0.621

		010		0.050		0.080		0.210		0.210		0.210		0.691		0.251		0.791		0.581

		011		0.050		0.090		0.211		0.211		0.210		0.711		0.250		0.811		0.611

		012		0.050		0.090		0.210		0.200		0.210		0.691		0.250		0.791		0.591

		013		0.051		0.090		0.210		0.210		0.201		0.701		0.250		0.801		0.581

		014		0.040		0.081		0.201		0.211		0.210		0.711		0.250		0.811		0.621

		015		0.050		0.090		0.210		0.210		0.200		0.661		0.251		0.741		0.551

		016		0.050		0.080		0.210		0.210		0.201		0.701		0.250		0.811		0.621

		017		0.050		0.080		0.211		0.211		0.210		0.701		0.251		0.801		0.590

		018		0.050		0.090		0.210		0.200		0.210		0.701		0.250		0.801		0.601

		019		0.050		0.080		0.211		0.200		0.201		0.701		0.250		0.801		0.601

		020		0.050		0.090		0.200		0.201		0.200		0.701		0.250		0.812		0.601

		021		0.051		0.090		0.210		0.210		0.200		0.701		0.250		0.801		0.601

		022		0.050		0.090		0.211		0.211		0.200		0.671		0.251		0.771		0.581

		023		0.050		0.090		0.210		0.210		0.210		0.691		0.240		0.801		0.581

		024		0.050		0.080		0.210		0.210		0.211		0.681		0.251		0.771		0.561

		025		0.050		0.081		0.211		0.211		0.210		0.701		0.250		0.822		0.591

		026		0.050		0.090		0.210		0.210		0.200		0.701		0.250		0.801		0.611

		027		0.050		0.090		0.210		0.210		0.201		0.711		0.250		0.811		0.621

		028		0.050		0.090		0.211		0.211		0.200		0.712		0.250		0.801		0.611

		029		0.050		0.080		0.210		0.200		0.200		0.701		0.251		0.801		0.621

		030		0.050		0.080		0.210		0.200		0.211		0.711		0.250		0.812		0.641

		031		0.050		0.090		0.210		0.211		0.200		0.711		0.251		0.811		0.631

		032		0.050		0.090		0.210		0.210		0.201		0.671		0.250		0.771		0.560

		033		0.050		0.090		0.211		0.210		0.210		0.701		0.250		0.801		0.581

		034		0.070		0.080		0.210		0.201		0.200		0.671		0.250		0.771		0.551

		035		0.050		0.080		0.210		0.200		0.211		0.691		0.250		0.782		0.561
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B-spline		Cubic Convolution		Edge-Filtered		Weighting-Based		Edge-filtered Color-Difference		Weighting Color-Difference		Simplified Weighting Color-Difference

		036		30.222		38.776		38.070		40.183		39.088		40.160		45.202		44.926		44.795

		037		32.180		37.286		36.987		37.719		37.861		38.389		47.131		46.610		46.398

		038		31.637		36.924		36.412		37.963		38.415		38.962		48.818		47.621		47.474

		039		30.766		34.564		34.331		34.898		36.222		36.027		47.457		46.401		46.116

		040		30.321		31.812		31.957		31.271		32.662		33.048		44.530		43.337		43.009

		041		31.391		40.541		39.797		42.052		40.869		42.192		48.641		48.935		48.594

		042		26.071		31.534		31.303		31.925		32.086		32.897		41.733		42.103		41.925

		043		27.735		32.138		31.967		32.388		32.264		32.716		40.333		41.779		41.509

		044		23.988		28.471		28.222		28.952		28.624		29.452		37.926		39.746		39.438

		045		27.636		32.031		31.850		32.272		32.973		33.481		44.774		44.330		43.853

		046		27.096		32.503		32.292		32.809		33.776		34.548		44.448		44.743		44.711

		047		28.536		33.278		33.081		33.512		33.992		34.549		44.184		45.219		44.975

		048		26.726		31.638		31.364		32.117		32.110		32.860		41.356		42.628		42.363

		049		27.038		31.610		31.415		31.887		32.152		32.523		40.207		41.115		40.944

		050		25.840		31.892		31.509		32.670		32.660		33.242		41.295		41.571		41.389

		051		43.853		51.842		50.453		51.817		52.172		52.242		53.515		50.562		50.706

		052		26.959		30.883		30.831		30.856		30.987		31.208		36.307		37.869		37.774

		053		43.951		49.518		48.662		49.570		49.920		49.863		54.344		52.460		52.517

		054		23.938		28.308		28.003		29.030		28.934		29.281		38.514		39.690		39.427

		055		25.746		30.342		30.142		30.677		30.552		30.918		38.220		39.513		39.229

		056		28.782		34.062		33.841		34.348		35.748		35.811		45.403		44.762		44.644

		057		27.577		31.410		31.284		31.556		31.432		31.580		36.805		38.311		38.164

		058		24.020		28.849		28.614		29.315		28.989		29.226		37.269		38.343		38.031

		059		31.352		36.122		35.908		36.439		36.238		36.378		42.660		43.733		43.528

		060		24.966		29.211		29.093		29.351		29.233		29.331		34.493		36.336		36.220

		061		16.960		19.895		19.832		19.941		19.956		20.076		27.472		29.398		29.191

		062		28.111		32.846		32.692		33.010		33.582		34.117		42.888		43.722		43.522

		063		26.116		31.328		31.032		31.912		31.428		32.417		38.785		39.635		39.402

		064		26.884		32.113		31.880		32.490		32.299		32.679		39.776		40.554		40.331

		065		25.790		31.160		30.830		31.815		31.587		31.887		39.076		40.127		39.895

		066		24.745		29.518		29.263		29.997		29.819		30.017		36.970		38.649		38.455

		067		19.637		22.640		22.626		22.554		22.730		22.838		28.726		30.482		30.348

		068		26.632		31.233		30.955		31.737		31.486		32.098		39.755		40.304		40.054

		069		27.534		32.069		31.898		32.308		32.297		32.782		39.971		41.854		41.585

		070		24.115		28.378		28.212		28.632		28.587		28.808		35.139		36.603		36.417
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