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Abstract — Consumer digital cameras usually use a single 

light sensor together with a color filter array (CFA) for 
capturing color images.   This results in a mosaic image being 
captured, where only one color sample (red, green or blue) is 
obtained at each pixel location.  Demosaicking is the process 
of interpolating the two missing color samples at each 
location to generate a full color image.  Virtually all current 
demosaicking methods produce an RGB output image.  If the 
image is to be compressed afterwards, it will typically be 
converted from RGB to YCbCr 4:2:0 format.  In this paper we 
propose a new demosaicking method that directly produces an 
YCbCr 4:2:0 image, so the output can be directly compressed.  
Simulation results show that the proposed method provides 
higher image quality than fast RGB based demosaicking 
methods and has lower computational complexity1. 
 

Index Terms — demosaicking, color filter array, YCbCr color 
space, digital cameras.  

I. INTRODUCTION 
Most consumer digital cameras capture color information 

with a single light sensor and a color filter array (CFA).  
Instead of capturing three color samples (typically red, green 
and blue) at each pixel location, these cameras capture a so 
called ‘mosaic’ image, where only one color is sampled at 
each location.  The two missing colors must be interpolated 
from the surrounding samples in a process called 
demosaicking.  

There are many different color filter array designs.  The 
Bayer pattern [1] (Fig. 1) is the most commonly used.  It 
captures samples in groups of four, each group containing two 
green samples and one red and blue sample.  More green 
samples are captured because the human visual system is more 
sensitive to the green portion of the spectrum.  

Virtually all demosaicking schemes reported in the 
literature produce RGB output images [2].  If the image is 
compressed afterwards it will typically be converted from 
RGB to YCbCr color space.  The equations used for 
converting from RGB to YCbCr in the JPEG JFIF format [3] 
are: 
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The reverse equations for converting from YCbCr to RGB 

are: 
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The YCbCr color space conversion strongly decorrelates 

the color channels, so they can be coded independently 
without loss of efficiency.  Furthermore, since the human 
visual system is less sensitive to chrominance than luminance, 
the Cb and Cr channels can be down-sampled by a factor of 
two in both the horizontal and vertical directions without loss 
of perceived image quality.  This downsampling produces 
YCbCr 4:2:0 sampling, where there are four Y samples for 
every Cb and Cr sample.  In order to reduce aliasing in the 
downsampling process, the chrominance channels must first 
be low-pass filtered. 

YCbCr 4:2:0 format is by far the most common color 
representation used in compressed images and video.  It is 
frequently used in JPEG and JPEG2000 files, as well as the 
MPEG and H.26x families of video compression standards.  It 
should be noted that the YCbCr color space is sometimes 
referred to as YUV, and there are minor variations of the 
equations used for converting between RGB and luminance 
and chrominance. 

The green channel is the dominant component when 
calculating luminance and the red and blue channels are the 
main contributors to the Cr and Cb channels, respectively. 
Advanced demosaicking methods put a lot of computational 
effort into accurately reconstructing the high frequency 

 

 

 

 

Fig. 1: Bayer Pattern CFA 
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information in the red and blue channels.  This task is 
challenging because red and blue are more sparsely sampled 
in the Bayer pattern than the green.  It is also somewhat 
unnecessary because the high-frequency chrominance 
information will be lost in converting from RGB to YCbCr 
4:2:0 format. 

To summarize, these steps are carried out in the 
conventional approach of first demosaicking, and then 
converting to YCbCr 4:2:0 format for compression: 

 

1) Perform demosaicking, generating full red, green and 
blue color channels 

2) Conversion from RGB to YCbCr color space with 
equation (1) 

3) Low-pass filtering and downsampling the Cb and Cr 
channels to give 4:2:0 sampling 

 
All of these steps can be computationally expensive.  Steps 

2 and 3 often involve many floating point calculations, which 
are expensive to implement on the low cost embedded 
processors found in digital cameras.  In this paper we propose 
a demosaicking method that directly produces YCbCr 4:2:0 
output, thus reducing the computational and memory 
requirements of the system performing demosaicking. 

There is one previously published work that addresses the 
issue of demosaicking directly to YCbCr 4:2:0 [4].  Four 
related methods are proposed in [4], here we described only 
the most competitive method, YUV through green 
interpolation with median filtering post-processing 
(YUVGM).  That method starts by filling the green channel 
with the method used for calculating the green samples in a 
previous demosaicking algorithm [5].  Referring to Fig. 2, 
which shows the unit cell of the Bayer pattern, the YUVGM 
method produces four luminance samples (Y1-Y4) and one 
sample of each chrominance channel (Cb1 and Cr1) for each 
cell.  Let Y(R,G,B), Cb(R,G,B) and Cr(R,G,B) denote 
functions for converting from RGB to YCbCr space given in 
(1).  Then these equations are used for generating the four 
luminance samples and each chrominance sample for the 2x2 
cell: 
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After the samples have been calculated with (3), median 
filtering is performed on the Cb and Cr channels, to remove 
some color artifacts.  Essentially, the YUVGM method in [4] 

is using zero-order hold interpolation on the red and blue 
channels.  This produces poor results around edges and results 
in false colors appearing in the demosaicked image.  The 
median filtering operation is an ad-hoc and computationally 
expensive method of removing some of the color artifacts.   

Our demosaicking method generates a full green channel, 
and low-pass filtered, down-sampled red and blue channels.  
The green channel contains the high-frequency detail needed 
to construct an accurate luminance channel, and the low-pass 
red and blue samples allow us to directly compute down-
sampled chrominance components.   

The rest of this paper is organized as follows.  The 
proposed method is described in Section II.  Simulation results 
comparing the proposed method against other fast 
demosaicking algorithms are presented in Section III.  A 
complexity analysis of our method is given in Section IV. 
Conclusions are made in Section IV. 

II. PROPOSED METHOD 
The Bayer pattern consists of cells of size 2x2 pixels, each 

cell containing two green samples and one red and blue 
sample.  To produce YCbCr 4:2:0 output, four luminance 
samples and one Cb and Cr samples must be generated for 
each cell.  Figure 3 shows a 2x2 cell (locations 1-4) and the 
surrounding Bayer pattern samples that will be used to 
calculate the luminance and chrominance samples in the cell.  
In the following section we describe how our algorithm 
generates chrominance samples at location 1 (denoted as Cb1, 
Cr1), and luminance samples at locations 1-4 (denoted Y1, 
Y2, Y3, Y4).  The steps described are repeated on every 2x2 
cell to generate the entire YCbCr 4:2:0 image.  The location 
numbering of Figure 3 will be used throughout the rest of the 
paper. 

 

 

Fig. 2: Conversion from Bayer unit cell to YCbCr 4:2:0 samples 

 

Fig. 3: Neighborhood of pixels used for generating the luminance and 
chrominance samples in the cell containing positions 1-4 
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A. Genrating a Full Green Channel 
Since a full luminance channel is needed, and green is the 

dominant component is determining luminance, our method 
begins by filling the green channel.  A complete green channel 
allows us to estimate a high-quality luminance channel. 

Many existing demosaicking methods start by generating a 
complete green channel.  We base our method for calculating 
the missing green samples on the method by Hamilton and 
Adams [5], which is a popular low complexity demosaicking 
algorithm. 

  The idea behind the method for filling the green channel is 
to calculate horizontal and vertical gradients at the current 
location, and interpolate along the direction that contains the 
lower gradient.  This results in interpolation being performed 
along edges rather than across edges.  If the gradients are 
similar in magnitude, interpolation is done using samples in 
both directions.  There are two cases that need to be 
considered when calculating the missing green samples; 
generating a green at a red location (R2) or blue location (B3). 

At red location (R2), the gradients are calculated as: 
 

G41G1R22R22R7DV

G151GR2216R14RDH

−+⋅−+=

−+⋅−+=  (4) 

 
The missing green sample is calculated as follows: 
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The second term in each sum in (5) is a second order 

correction term that enhances the directional bilinear 
interpolation as described in [5]. 

The value T is a threshold that ensures the gradients are 
sufficiently different for interpolation to happen in one 
direction.  If the difference between the gradients is less then 
T (the last case in equation (5)) the interpolation uses samples 
in both directions.  A threshold is not used in the method by 
Hamilton and Adams [5].  If the threshold is set to zero, the 
method for filling the green channel would be identical to 
their method.  Experimentally, we found a threshold of 35 to 
provide good results for a wide range of images.  

At the blue location (B3), the gradients and missing green 
sample are calculated analogously to the red location using the 
following equations. 
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B. Calculating Low-pass Red and Blue Samples 
Since the conversion from RGB to YCbCr is a linear 

process, we can equivalently perform loss-pass filtering in the 
RGB domain rather than the YCbCr domain.  We generate 
low-pass R and B samples located at the location of G1 in 
Fig. 3.  Instead of performing interpolation on the red and blue 
channels themselves, we perform interpolation on the 
difference between green and red or blue.  The R-G and B-G 
images are generally much smoother than the R and B 
channels, so they are more suitable for interpolation [6].   

The following 2D filter is used on the R-G channel: 
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The filter provides low-pass filtering in both the horizontal 

and vertical directions.  The resulting equation for calculating 
the red sample is 

 

8
22G22RG20R207G7R5G5R

4
2G2R14G14R1G1R

−+−+−+−
+

−+−
+=lp  (9) 

The last two terms in the sum in (9) are the result of 
applying the low-pass filter of (8) to the R-G channel.  Adding 
the G1 sample gives an estimate for R1.  

The low-pass blue sample at location G1 is calculated 
equivalently as: 

 

8
19G19B17G17BG12B12G8B8

4
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+
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C. Calculating Down-sampled Chrominance Channels 
With low-pass, down-sampled red and blue channels, the 

chrominance channels can easily be calculated with the 
standard equations:  

lplp

lplp

1B0813.01G4187.01R5.01Cr

1B5.01G3313.01R1687.01Cb

⋅−⋅−⋅=

⋅+⋅−⋅−=  (11) 
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Ideally, the green channel should also be low-pass filtered 
for calculating the chrominance samples.  However low-pass 
filtering the green channel would add additional complexity 
and we found that omitting the filtering has minimal impact on 
the quality of the chrominance channels. 

D. Calculating the Full Luminance Channels 
Once the down-sampled chrominance values have been 

calculated, the only task left is to generate the full luminance 
channel.  We considered the task of generating luminance 
samples at locations 1 through 4 separately, because different 
samples are available at each location. 

At the location of G1, we already have green, red and blue 
samples available, so the luminance sample can be directly 
calculated by: 

 
lplp 1B114.01G587.01R299.01Y ⋅+⋅+⋅=  (12) 

 
Note that we are using low-pass red and blue samples, 

when ideally unfiltered samples should be used.  
However, since the green sample has not been filtered and 
green is the dominant component in calculating 
luminance, the value calculated with equation (12) is still 
a good estimate. 

At the location of R2, we have red and green samples 
available.  An assumption often made in demosaicking 
methods is that chrominance varies smoothly in natural 
images, so bilinear interpolation provides a good estimate 
for missing chrominance samples.  Using this assumption, 
an estimate for the blue chrominance at R2 is found as: 

 

2
15Cb1Cb2Cb +

=  (13) 

 
The Cb2 sample in (13) does not need to be calculated and 

stored, but the equation will be used for deriving an 
expression for Y2.  We would like to calculate the luminance 
value at location 2 using R2, G2 and Cb2.  This can be done 
by substituting the equation for B in (2) into the Y definition 
in (1). 

 
( )2Cb772.12Y0.114G2587.02R0.2992Y ⋅+⋅+⋅+⋅=  (14) 

 
Further substituting the estimate for Cb2 given by (13) and 

solving for Y2 yields: 
 

( )15Cb1Cb114.0G26625.02R3375.02Y +⋅+⋅+⋅=  (15) 
 
At location 3, green and blue samples are available.  Using 

an analogous method as described for Y2, only now with 
bilinear interpolation performed on Cr samples, Y3 is 
calculated as: 

( ) 3B1626.0G20.83741Cr21Cr299.03Y ⋅+⋅++⋅=  (16) 
 

At location 4, only a green sample is available.  So here we 
use bilinear interpolation on both the Cb and Cr channels to 
calculate Y4.   Substituting the R and B equations from (2) 
into the definition of luminance gives: 

 

Cr4)772.1(Y40.114
G587.0Cr4)402.1(Y40.299Y4

⋅+⋅+
⋅+⋅+⋅=  (17) 

 
Using bilinear interpolation on the four surrounding 

samples to estimate Cb4 and Cr4, and solving for Y4 
yields: 

 
( )

( )Cb231Cb215Cb1Cb086.0
G4Cr231Cr215Cr1Cr1785.04Y

+++⋅+
++++⋅=  (18) 

 
E. Summary of Complete Algorithm 
Our complete demosaicking algorithm for producing 

YCbCr 4:2:0 output consists of the following steps.  Each step 
must be carried out on every 2x2 cell before proceeding to the 
next step. 

 
1) Fill the missing green samples with equations (4), 

(5), (6) and (7) 
2) Using (9) and (10) find low-pass red and blue 

samples  
3) Using (11) calculate the final Cb and Cr samples 
4) Fill the luminance channel with (12), (15), (16) and 

(18) 

III. EXPERIMENTAL RESULTS 
The 24 RGB images from the Kodac set where used in 

our experiments.  These images have been extensively used 
in demosaicking research.  Thumbnails of the images are 
provided in Fig. 4. CFA images were obtained by sampling 
the RGB images with the Bayer pattern.  

We compared our proposed method against the YUV 
method in [4], and some fast demosaicking methods that 
operate in RGB space.  The RGB methods tested were 
bilinear interpolation, and the methods in [5] and [6]. 

Here objective quality is measured in the YCbCr 4:2:0 
domain using the peak signal-to-noise ratio (PSNR).  The 
reference images were obtained by converting from RGB to 
YCbCr space with (1), filtering the Cb and Cr channels 
with a 9-tap FIR low-pass filter and downsampling.  The 9-
tap low-pass filter closely approximates an ideal filter with 
cut-off 0.5 cycles/sample so the reference images contain 
very little aliasing in the down-sampled chrominance 
channels.  

For the demosaicking methods that operate in RGB 
space, the following low-complexity filter was used for 
filtering the chrominance channels in the downsampling 
process: 

 
[ ]4/12/14/1=h  (19) 
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This filter provides a good tradeoff between complexity and 
limiting aliasing.   

Table I shows the PSNR (in dB) obtained in the Y, Cb and 
Cr channels with each demosaicking method.   In almost all 
cases, the proposed method gives higher PSNR than the other 
tested methods.  On average the proposed method gives about 
1 dB higher PSNR in each channel than the RGB based 
methods in [5],[6].   For all images, the proposed method 
gives far better performance (over 5 dB higher PSNR in 
luminance) than the only other YUV 4:2:0 based 
demosaicking method presented in [4]. 

Since PSNR is not always an accurate measure of perceived 
image quality we also provide a subjective quality 

comparison.  Fig. 5 shows a cropped portion of image 6 and 
the result of applying each demosaicking method to the image.  
Close visual inspection of Fig. 5 shows that the proposed 
method produces fewer color artifacts and results in less 
blurring of edges than the other methods.  Note how despite 
providing competitive PSNR, the method in [6] produces 
unpleasing zipper artifacts along some edges (Fig. 5d).  

 
IV. COMPLEXITY ANALYSIS 

 
A key advantage of the proposed method is the 

computational complexity saved by directly producing YCbCr 
4:2:0 output rather than performing demosaicking in RGB 
space and then converting to YCbCr 4:2:0.  Table II shows a 
summary of the number of operations per pixel in the CFA 
image needed for the proposed demosaicking method.  Note 
there are some fractional values in Table II because many 
equations are not evaluated out at every pixel location.  The 
number of operations performed when evaluating equation (5) 
is variable depending on the result of the comparisons; only 
the worst case complexity is shown in Table II. 

For comparison, we present a complexity analysis of the 
method in [6], which is one of lowest complexity RGB based 
demosaicking algorithms reported in the literature.  Table III 

TABLE I: PSNR COMPARISON OF DIFFERENT DEMOSAICKING METHODS (DB) 

Bilinear Method in [5] Method in [6] YUV Method in [4] Proposed Image 
Number Y Cb Cr Y Cb Cr Y Cb Cr Y Cb Cr Y Cb Cr 

1 29.58 35.03 35.97 35.99 40.03 41.36 35.97 39.37 39.33 30.90 37.85 37.83 37.43 42.68 42.36 
2 36.31 41.73 39.88 41.68 45.01 42.04 41.28 44.25 40.62 37.04 42.46 38.55 42.21 45.48 41.53 

3 37.45 42.76 44.34 43.44 45.46 46.36 43.40 45.36 44.24 38.17 41.85 42.16 44.32 45.94 46.01 
4 36.82 43.45 41.18 41.71 45.69 42.36 42.33 46.07 41.40 37.65 43.31 39.13 42.52 47.56 41.90 
5 29.60 37.22 36.74 37.49 40.87 42.02 37.09 40.73 39.06 30.85 36.61 37.24 38.36 41.59 42.18 

6 31.04 36.17 38.93 37.47 41.30 42.77 37.38 40.63 40.77 32.53 38.29 39.24 38.87 43.35 43.76 
7 36.59 42.88 42.51 43.60 45.60 46.23 42.42 44.67 43.65 36.88 39.87 40.51 43.92 45.40 45.89 
8 27.08 32.05 30.25 34.76 38.44 39.29 33.11 35.73 35.19 28.55 33.49 34.03 35.85 40.35 40.03 

9 35.67 41.19 40.88 42.75 45.22 46.34 41.55 44.06 43.66 36.57 40.84 42.05 43.81 45.38 46.65 
10 35.57 41.53 42.03 42.63 45.61 46.30 42.36 45.21 44.23 36.78 41.64 42.24 43.58 46.17 46.45 
11 32.33 37.86 38.02 38.57 42.53 42.62 38.44 41.84 40.58 33.58 40.11 39.29 39.65 44.36 42.82 

12 36.82 41.97 42.70 43.32 46.35 46.10 42.47 45.15 44.27 38.12 43.01 42.51 43.93 46.60 46.03 
13 26.90 32.78 34.78 32.18 36.18 38.57 33.51 37.08 38.19 28.18 35.50 37.01 33.57 38.90 40.28 
14 32.23 37.75 37.92 38.50 40.60 40.29 38.16 40.03 38.41 33.07 36.09 36.37 39.09 40.35 39.57 

15 35.98 42.01 39.77 40.32 43.61 41.03 41.43 44.93 40.69 36.64 41.58 38.46 41.26 45.81 41.05 
16 34.62 39.10 43.35 40.94 44.32 45.92 40.42 43.15 43.92 36.04 41.03 42.13 42.24 45.68 46.68 
17 35.17 41.78 41.48 41.04 44.44 46.09 41.50 44.68 44.55 36.31 41.40 43.10 42.11 45.27 46.87 

18 31.06 37.09 37.58 36.51 40.29 41.40 37.48 40.76 40.24 32.15 37.83 38.57 37.71 41.75 42.05 
19 31.49 36.78 36.36 39.75 43.00 44.24 37.38 40.37 39.80 32.94 37.16 38.05 40.94 43.85 44.48 
20 34.78 40.64 40.53 41.23 43.91 45.86 41.02 43.45 43.03 35.83 40.73 42.60 42.40 44.38 46.41 

21 31.69 37.12 38.86 37.80 41.34 43.15 38.00 41.12 41.22 32.90 38.69 39.92 39.18 43.26 44.19 
22 33.67 39.12 38.27 39.24 42.17 42.23 39.33 41.80 41.00 34.88 39.15 39.01 40.35 42.57 42.36 
23 38.21 44.66 43.91 44.58 46.79 45.97 43.75 45.87 43.56 38.69 41.62 40.98 44.86 45.46 45.28 

24 29.90 35.23 37.12 35.03 38.04 40.32 36.36 38.95 39.72 31.06 36.15 37.58 35.88 39.53 40.71 

Average 33.36 39.08 39.31 39.60 42.78 43.29 39.42 42.30 41.31 34.43 39.43 39.52 40.58 43.82 43.56 

 
Fig. 4:  Test Images.  Numbered 1-24, from top left to bottom right.  

Authorized licensed use limited to: The University of British Columbia Library. Downloaded on September 24, 2009 at 14:28 from IEEE Xplore.  Restrictions apply. 



IEEE Transactions on Consumer Electronics, Vol. 53, No. 2, MAY 2007 504 

shows the number of operations required for demosaicking 
with the method in [6] and then converting to YCbCr 4:2:0 
color space.  In this analysis, the simple filter in equation (19) 
is used for limiting aliasing in the Cb and Cr channels and an 
efficient downsampling scheme is used (where the filtering 
operations are performed at the lower sampling rate [7]). 

Comparison of Tables II and III shows that the proposed 
demosaicking method has lower complexity than the method 
in [6].  In the worst case, our method requires the same 
number of additions and fewer shifts operations.  More 
importantly, the proposed method uses fewer multiplication 
operations, which are expensive to implement in the low cost 
DSP chips used in digital cameras.  The multiplications are 
required for the RGB to YCbCr conversion, so our proposed 
method uses fewer multiplications than any RGB based 
method and subsequent conversion to YCbCr space.  

The demosaicking method in [5] has considerably higher 
complexity than the method in [6], so our method has much 
lower complexity than that of [5].  We are not aware of any 
demosaicking methods with complexity lower or equal to [6] 
that provide comparable image quality. 

V.  CONCLUSIONS 
In this paper we present a fast demosaicking algorithm that 
directly produces YCbCr 4:2:0 output.  Our method saves 

considerable computational complexity by avoiding the need 
for performing demosaicking in RGB space and then 
converting from RGB to YCbCr 4:2:0.   The proposed method 
achieves much higher PSNR than the only other demosaicking 
method that produces luminance and chrominance output.  It 
also achieves better quality than fast RGB based 
demosaicking methods, with lower complexity than 
performing demosaicking in RGB space and then converting 
to YCbCr 4:2:0.  
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[5] (d) method in [6] (e) YUV method in [4] (f) proposed method 
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TABLE II:  NUMBER OF OPERATIONS PER PIXEL REQUIRED FOR THE PROPOSED METHOD 

Step Addition Shift Multiplication 
Absolute 
Value Comparison 

Green interpolation (worst case) 9 2.5 0 2 1 
Low-pass red and blue 6 1 0 0 0 
Generating chrominance 2 0 3 0 0 

Calculating Luminance 4 0 2.75 0 0 

Total (worst case) 21 3.5 5.75 2 1 
 

TABLE III:  NUMBER OF OPERATIONS PER PIXEL REQUIRED FOR THE METHOD IN [6] PLUS CONVERSION TO YCbCr 4:2:0 FORMAT 

Step Addition Shift Multiplication 
Absolute 
Value Comparison 

Green Interpolation 4 1.5 0 0 0 
Red Interpolation 4 0.75 0 0 0 
Blue Interpolation 4 0.75 0 0 0 
RGB to YCbCr Conversion 6 0 9 0 0 
Filtering and downsampling rows, Cr 1 1 0 0 0 
Filtering and downsampling columns, Cr 1 1 0 0 0 
Filtering and downsampling rows, Cb 0.5 0.5 0 0 0 

Filtering and downsampling columns , Cb 0.5 0.5 0 0 0 

Total 21 6 9 0 0 
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