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Abstract 
 

This paper proposes a method to reduce the 
problems of blurred-edge effects and color alias effects 
in the color interpolation for single charge-coupled 
device (CCD) color camera. We will first introduce the 
background, and review some traditional interpolation 
methods.  Then we will explain our proposed methods 
as well as the results. Conclusions and future works 
will be addressed at the last. 
 
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).  An example is Bayer pattern (Fig. 
1), a popular arrangement of CFA. Since there is only 
one color array element in each pixel in CFA, 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.  

We will explain our proposed interpolation methods 
using Bayer pattern.  It should be easily applied to 
other patterns. 
 
2. Background 
 

Some interpolation techniques are reviewed here: 
1. Nearest neighbor interpolation: Just use the value of 

the nearest neighbor as the interpolated value. 
2. Bilinear interpolation: Use a linear plane with least 

square error (against the known neighbor pixels) to 
interpolate a missing value. 

3. Cubic B-spline interpolation [1] [2] [3] [4] [5]: Use 
a higher-order polynomial sphere with least square 
error (against the known neighbor pixels) to 
interpolate a missing value  

4. Cubic convolution interpolation [6] [7] [8] [9]: 
Similar to cubic B-spline interpolation. 

5. Simple edge filter: We adopt this simple gradiant 
and Laplacian edge-fileter, and will explain it later.   

6. Weighting-based edge filter [10] [11] [12]: We 
adopt this method and will explain it later. 

7. Color correlation [13] [14] [15] [16] [17]: We 
adopt a modified version of this method, i.e. color 
difference, and will explain it later in detail. 

8. Color difference: We thought of this idea 
independent of the paper [18].  We submitted our 
patent [19] on Dec. 31, 2001, and the master’s 
thesis of the primary author was published on May 
25, 2001, which is a little bit later than paper [18]. 
However, our contributions are more than the color 
difference.  
The first four traditional techniques share the same 

two side effects: the blurred edge effects and the color 
alias effects. 
 
3. The proposed method 
 

We will first introduce an edge-sensitive 
interpolator and review the other.  Both can reduce the 
blurred-edge effects, but the former is faster, and the 
later [2] developed by S. Carrato et al. has better 
performance.  Then we will review the concept of color 
correlation [4, 5, 6, 7], which copes with the color alias 
effects.  At last we will propose a composite method, 
combining either one of the edge sensitive interpolators 



and our modified version of the color correlation 
interpolator, i.e. the color difference. 
 
3.1 An edge-sensitive interpolator: bilinear 
interpolator with simple edge detector 
 

We use the gradient edge detector and Laplacian 
edge detector to determine if a horizontal or vertical 
edge exists.   The horizontal edge response H

~∆ and the 
vertical edge response V

~∆  can be expressed as: 

yxyxyxyxyx RRRGGH ,1,1,,1,1 2
~

+−−+ −−+−=∆ , and 

1,1,,1,1, 2
~

+−−+ −−+−=∆ yxyxyxyxyx RRRGGV  

respectively. 
With a predefined threshold T, we interpolate the 

missing pixel by: 
(Case 1) H

~∆ > T, and V
~∆ ≤ T: 

A vertical edge is detected, and the interpolation 
along the horizontal direction is not desired.  Thus we 
can do bilinear interpolation along the vertical 
direction only (two-way average). 

(Case 2) H
~∆ ≤ T, and V

~∆ > T: 
Similarly, a horizontal edge is detected, and we do 

bilinear interpolation along the horizontal direction 
only (two-way average). 

(Case 3) Otherwise: 
We will do the four-way average interpolation (two-

dimensional bilinear interpolation). 
 
3.2 Review of another edge-sensitive 
interpolator: weighting-based interpolator 
 

The previous edge-sensitive interpolator can only 
detect horizontal or vertical edges. For edges in other 
directions, it may not work well.  Thus a weight-based 
interpolator [2] comes. 

Considering a location (x, y) with missing green 
value, we define ( ) pGGpvutsDG vuts *)(,,,, ,, −= , 

and assign the four weights as: 

2
1

2

2

,

4
1

,3,3,,

2
1

,,,,1

−

�
�
�
�
�

�

�

�
�
�
�
�

�

�

�
�

�
�
�

� ++−−+

�
�

�
�
�

� ++−−+
=

jyixjyixDG

jyixjyixDG

w ji , or 

alternatively, we can save some computation by 
simplifying the weights as: 
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where Neighbors(x,y) = {(x-1,y), (x+1,y), (x,y-1), 
(x,y+1)} is the pixel set of  the diamond-shaped 
neighborhood of position (x,y). 

For positions with defined green value, the 
weighting-based interpolations of yxR ,  and yxB ,  can 

be similarly derived. 
 
3.3 Color correlation 
 

To overcome or reduce color-alias effects, some 
original interpolation schemes [3, 4] were proposed. 
Among those schemes, the color correlation is 
frequently mentioned.  Kuno and Sugiura [4] proposed 
a new interpolation method using discriminated color 
correlation for digital still cameras.  In practice, 
however, their proposed scheme uses a quotient 
equation, which sometimes fails to reconstruct stably 
when the denominator is small. 

To avoid the quotient, we adopt another image 
model developed by Adams [5, 6, 7], with the 
assumption that green and red, or green and blue values 
are perfectly correlated to each other within a simple 
offset in a small region, that is, Ryxyx KRG += ,, , and 

Byxyx KBG += ,, , where RK  and BK  are called the 

difference domains of the red channel, and blue 
channel respectively.  We will call it color difference. 
Color difference works quite well, since RK  and BK  
channels are quite flat in practice. 

We will not give an explicit interpolation method 
here, instead, we will give a composite method using 
the above two equations directly. 
 
3.4 The proposed composite method 
 

We will focus on the weight-based edge-sensitive 
interpolator plus the color correlation.  Combining the 
gradient and Laplacian edge-sensitive interpolator plus 
the color correlation is similar. 

The whole task is to interpolate the unknown pixel 
values.  First, we will estimate the missing G values. 



For position ),( yx with missing G value but known 
red value, we defined the four K values as: 

2/)( ,2,2,, yxjyixjyixji RRGK +−= ++++ ...........(Def. 1)  

where )}1,0(),1,0(),0,1(),0,1{(),( −−∈ji . 
Note that in the equation, the averages of the two R 

values are actually an estimation of the middle R 
values, i.e. jyixR ++ , . Thus these four K values are 

actually estimations of G – R values for each pixels in 
Neighbors(x,y). Note that all four K values are well-
defined since all those G and R values on the right-
hand-side are known values. We further defined: 

yxyx RGK ,,0,0 −= ………….……………….....(Eq. 1)     

All these five K values are said to be the value of R 
in the color difference domain. 

Now we can obtain an estimate 0,0K̂ of 0,0K by 

applying either of the edge-sensitive interpolator on the 
first four K values, i.e., 0,1−K  , 0,1K , 1,0 −K ,and 1,0K , 

and then estimate yxG , from 0,0K̂ and yxR ,  via Eq. 1. 

Note that to apply the weighting-based interpolator, 
just replace all G’s to K’s for the function DG(.), and 
the last interpolation equation.  Also, we now obtain 
DK(.) by replacing all G’s to K’s in DG(.) for later use. 

To interpolate G values on positions with defined B 
values is symmetric. 

Next, we will estimate the missing R, and B values 
at positions with originally known G values. For such a 
position (x,y) with known R values at its left and right, 
i.e. (x-1,y) and (x+1,y), Def. 1 becomes  

yixyixi RGK ,,0, ++ −=  .…………...……..…… (Def. 2) 

Note that we already have those G values in previous 
estimations. 

Since we only have two neighboring R values to 
interpolate the R value at position (x,y) from, we will 
estimate 0,0K̂ of 0,0K again, but by one-dimensional 

weighting-based interpolation, which we can just assign 
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where 1±=i and assign Neighbors(x,y)={(x-1,y), 
(x+1,y)} in the calculation of weighting-based 

interpolation of 0,0K .  Then again, using Eq. 1, but 

this time, we estimate yxR , , using estimated 0,0K , and 

the previously estimated yxG ,  

Similarly, other missing R and B values in positions 
with originally known G values can be done 
symmetrically.  

Next, we will estimate R values at the positions with 
originally known B values.  In the neighborhood of 
such a position (x,y), the positions with known R values 
are at the four positions )1,1( ±± yx .  To interpolate 
Rfrom those known R values, we then define another 
four K values as jyixjyixji RGK ++++ −= ,,, , where 

1, ±=ji .  Then we define another four w values 
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1±=i , and assign Neighbors(x,y) = {(x-1,y-
1),(x+1,y+1),(x-1,y+1),(x+1,y-1)} and apply the 
weighting-based interpolation to obtain an estimation 
of  0,0K .  Then again, we use Eq. 1 to estimate yxR , . 

Similarly, interpolating B values at positions with 
originally known R values can be done symmetrically. 
This concludes the interpolation process. 

 In fact, we choose G channel as the base to do the 
color difference, simply because green values are 
dominant (Half of the pixels have known green values).  
 
4. Results and discussion 
 

To simulate Bayer pattern, original images are 
down-sampled, to extract only one color band per 
pixel, according to Bayer pattern.   Fig. 3 shows the 
images before and after down-sampling.   Fig. 4 shows 
a original image with the interesting region in a 
bounded box.  Fig. 5 through 7 shows some 
interpolation results. 
 
4.1 Peak signal to noise ratio (PSNR) results 
and comparisons 
 



We now apply the PSNR to measure the similarity 
between the original images and the down-sampled 
image followed by various interpolation methods. The 
PSNR value is defined as follows: 
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oI  is the original image, rI  is the resulting 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 
Fig. 2. The first 90 images are natural scenes in our 
lives and the last 10 images are artificial paints. We 
down-sampled 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, simple edge-filtered (Gradiant plus 
Laplacian), weighting-based edge-filtered, simple edge-
filtered plus color-difference, weighting-based edge-
filtered plus color-difference, and simplified weighting-
based plus 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. At last, the PSNR values are 
calculated. 

For clearer comparison, we assign a 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 summed total scores per method and 
the result is shown in Table 4 and observed 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 interpolations, 
the cubic convolution interpolation is the best and the 
nearest neighbor interpolation is the worst. 
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Method  NN BI CB CC SEF WB SEFCD WBCD SWBCD 
Accumulated scores  100 325 217 452 453 560 730 874 788 

Table 1: The total PSNR comparison scores, the higher the better.  NN: nearest neighbor, BI: bilinear, CB: 
cubic B-spline, CC: cubic convolution, SEF: simple edge-filterd, WB:weighting-based filtered, SEFCD: 
simple edge-filtered + color difference, WBCD: weighting-based edge-filtered + color difference, SWBCD: 
simplified weighting-based + color difference 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Bayer 
pattern for CFA. 
 

  

Figure 2: The 100 testing color images (640x480) to be measured. 

Figure 3:  
(a) The original image.        (b) The result of the down-sampled (a). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: The original image for testing and the bounding box in the 
center is the region of interest. 

Figure 5: The interpolated image with bilinear interpolation, showing 
the scale-up image of the bounded box, where the average PSNR is 
25.21 dB. 



 

Figure 6: The interpolated image with edge-filtered color-difference 
interpolation, showing the scale-up image of the bounding box, where 
the average PSNR is 34.52 dB. 

Figure 7: The interpolated image with weighting 
color-difference interpolation, showing the scale-up 
image of the bounding box, where the average PSNR 
is 35.72 dB. 


