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Abstract—The color filter array (CFA) is a cost-effective structure
widely adopted in modern digital still cameras (DSC). Because some
color information has been filtered out, interpolation process is required
to retrieve the original image. In literature, bilinear interpolation is
commonly used due to its simplicity. No cross-channel computations are
necessary in bilinear interpolation. By taking into consideration of interchannel correlation, Pei and Lam improved the bilinear interpolation
without increasing much of computational complexity. Both approaches
however suffer certain edge-aliasing effect by reason of their average
(or lowpass) nature. In order to eliminate such edge-aliasing, a new
interpolation method is proposed in this work. By excluding extreme
neighbor pixels before the average operation, the edge can now be
better preserved. Experiment results show that the proposed interpolation
method not only preserves the object edges visually but generally gives
smaller mean-square errors.
Index Terms—Bayer pattern, color filter array, color interpolation,
ordered sequences

I. I NTRODUCTION
A factor that affects the competitiveness of a digital still camera
(DSC) is its cost. How to manufacture a low-cost DSC that can
meanwhile provide a good image quality is a practical engineering
challenge. A straightforward and effortless design is to generate the
three basic colors, Red, Green and Blue, of a color image respectively
by three charged-coupled devices (CCDs). This structure however is
triply expensive because three sets of CCDs should be equipped in
a camera. Another design that considerably brings down the cost is
to employ only one CCD for each pixel, and interpolate the filtered
color channel values based on the nearby device-provided ones. As
such, the arrangement of color filters should carefully conform to
human vision system.

correlation model across basic colors. In 1988, Freeman proposed
to use a median filter on one-dimensional color difference among
channels [2]. Later in 2003, Pei and Lam devised a simple but
effective linear interpolation also on color difference [3]. In the
same year, Lu and Tan offered another linear interpolation, in which
the weighting coefficients are calculated based on edge sensing [4].
Comparison of the aforementioned interpolation methods can be
found in [1]. The inter-channel correlation model has been extended
to spectral-spatial correlation (SSC). For example, Tsai and Song used
SSC in their two-stage interpolation approach [10]. Chung et al. also
used SSC, together with a gradient edge detection by Sobel masks,
to recover the CFA image [9]. By extending the notion of median
filtering, Li and Randhawa proposed a weighted median technique
with high order polynomial interpolation in different directions and
showed the effectiveness of certain approach to preserve edges [8].
Recently, some researchers began to incorporate statistical techniques in CFA interpolation. For example, presuming the image is
a two-dimensional Gaussian process, Chang and Chen estimated the
missing color values from the color differences available [5]. Another
example is the spatially adaptive interpolation proposed by Paily et
al. for noiseless and noisy CFA data [6]. A comparative overview to
some existing methods can also be found in their work.
II. C ONVENTIONAL I NTERPOLATION M ETHODS
In this section, two interpolation methods used in CCD CFA will
be introduced: bilinear interpolation and signal-correlation-based
interpolation proposed by Pei and Tam in [3]. The former is simple
and straightforward in its implementation, while the latter can provide
much less distortion. They will be compared with the edge-preserving
interpolation method proposed in Section III of this work.
A. Bilinear Interpolation Method
Bilinear interpolation is commonly used in DSCs because of
its simplicity. It simply averages the nearby pixels as the target
interpolated value. As an example, on the left subfigure in Fig. 2,
bilinear interpolation gives

Fig. 1.

A Bayer CFA

G′ 5 = (G2 + G4 + G6 + G8)/4
′

Figure 1 depicts a prevailing color filter arrays (CFA), named after
its inventor Bayer. In a Bayer CFA, the RGB pixels are arranged
based on a fixed ratio as (R : G : B) = (0.299 : 0.587 : 0.114).
Since human eyes are more sensitive to green color, there are more
than half of the positions in a Bayer CFA being allocated to G
channel.
The missing colors can be interpolated only from the known values
of the same color channel. There are several interpolations of this type
in literature, including bilinear and edge-directed interpolations [1].
In principle, inter-channel interpolation can yield better image
quality; challenge however relies on the establishment of a good

978-1-4244-6494-4/10/$26.00 ©2010 IEEE

R 5 = (R1 + R3 + R7 + R9)/4

(1)
(2)

and on the right subfigure,
R′ 5 = (R2 + R8)/2 and B ′ 5 = (B4 + B6)/2.

(3)

An immediate observation from the above formulas is that they
consider no signal correlation among R, G and B channels. Such
simplification, although facilitating its implementation, may introduce
unnecessary colors and extra aliases as exemplified in Fig. 3. It can
be observed that the edge becomes zigzagged like saw teeth after
being bilinearly interpolated. Specifically, by selectively removing
half of G channel values of the original image before interpolation
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operation (so as to emulate a Bayer CFA), the bilinearly interpolated
values near the edge will bring in additional three G channel values
(other than the original high and low G channel values), and result
in a zigzag pattern. As a result, bilinear interpolation will cause high
distortion near edge region.
B. Signal-Correlation-Based Interpolation Method

Fig. 4.

In order to alleviate unnecessary color patterns caused by separate interpolation across RGB channels, Pei and Tam proposed to
interpolate the CCD CFA according to an empirical mode of RGB
signal correlation [3]. In particular, they proposed to create auxiliary
Kr and Kb channels as exemplified below (cf. Fig. 4):
Kb 2 = (Gb + Ge + G3 + G6)/4 − B2
{
Kr 3 = G3 − (R1 + R7)/2
Kb 3 = G3 − (B2 + B4)/2
{
Kr 6 = G6 − (R5 + R7)/2
Kb 6 = G6 − (B2 + B10)/2
Kr 7 = (G3 + G6 + G8 + G11) − R7
Note that no computation is necessary for Kr 2 and Kb 7 since they
are unused. With these auxiliary Kr and Kb channel values, the
interpolation of missing R and B channel values respectively for
positions B2 and R7 can be obtained through:
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The signal-correlation-based interpolation method

III. A N E DGE -P RESERVING I NTERPOLATION M ETHOD
Both interpolation methods introduced in previous section are
based on average operation. Hence, they both suffer an edge-aliasing
side effect. We however found that this side effect can be weakened
by removing the outliners. Specifically, when averaging more than
two values, we propose to alternatively delete the largest and the
smallest ones until there are either one or two remain. The resultant
interpolated value is then given by either the remaining one or the
average of the remaining two.
Clearly, our proposal refines (1) and (2) respectively into
G′ 5 = (G2 + G4 + G6 + G8 − Gmax − Gmin )/2
R′ 5 = (R1 + R3 + R7 + R9 − Rmax − Rmin )/2

′

G 2 = B2 + (Kb a + Kb e + Kb 3 + Kb 6)/4
R′ 2 = G′ 2 − (Kr a + Kr 1 + Kr 5 + Kr 7)/4
and
G′ 7 = R7 + (Kr 3 + Kr 6 + Kr 8 + Kr 11)/4

(4)

B ′ 7 = G′ 7 − (Kb 2 + Kb 4 + Kb 10 + Kb 12)/4.

(5)

The missing R and B channel values for position G3 are given by:
R′ 3 = G3 − (Kr 1 + Kr 7)/2

(6)

B ′ 3 = G3 − (Kb 2 + Kb 4)/2.

(7)

The interpolated R and B channel values for position, say, G6 can
be likewisely obtained as (6) and (7). We can conclude that unlike
the bilinear interpolation that only uses the neighbor nine pixels to
reconstruct the missing channel values, the signal-correlation-based
interpolated values (e.g., position R7 in Fig. 4) are a function of the
nearby thirteen pixels (as indicated by the colored numbers in Fig. 4).

Fig. 2.

where Gmax
,
max{G2, G4, G6, G8}, Gmin
,
min{G2, G4, G6, G8}, and Rmax and Rmin can be similarly
defined. (3) stay unchanged since both equations average only
two numbers. It can be examined that such simple refinement can
completely recover the original image in Fig. 3, and thus offer better
edge preservation capability.
Similarly, our proposal modifies, for example, (4) as
G′ 7 = R7 + (Kr 3 + Kr 6 + Kr 8 + Kr 11 − Kr,max − Kr,min )/2
for
the
signal-correlation-based
interpolation,
where
Kr,max
, max{Kr 3, Kr 6, Kr 8, Kr 11} and Kr,min
,
min{Kr 3, Kr 6, Kr 8, Kr 11}. Since the same modification applies
for all other formulas, we omit their presentation.
For convenience, we will refer to our proposal as EP bilinear and
EP signal-correlation-based interpolations (or simply EP-SCB) in the
sequel, where “EP” stands for “edge preserving”.
The anticipated improvement on edge preservation capability of
our proposal can be elucidated as follows. For an edge pattern in
a 3 × 3 window, the neighbor pixels often appear to be two values
in nature. A simple calculation gives that for an exemplified four
neighbors X1 , X2 , X3 , X4 ∈ {0, 1}, and center pixel Y ∈ {0, 1} to
be estimated,
[(

The bilinear interpolation

E

Xsum
−Y
4

)2 ]
=

1
1
1
p1,0 + (p2,0 + p2,1 ) +
p3,1
16
4
16

and
[(
E

Fig. 3. The original G channel image (left) and bilinearly interpolated G
channel image (right)

Xsum − Xmax − Xmin
−Y
2

)2 ]
=

1
(p2,0 + p2,1 )
4

where Xsum , X1 + X2 + X3 + X4 , pi,j , Pr[Xsum =
i, Y = j], Xmax , max{X1 , X2 , X3 , X4 }, and Xmin ,

min{X1 , X2 , X3 , X4 }, provided reasonably1 that
p0,0 + p1,0 + p2,0 + p2,1 + p3,1 + p4,1 = 1.

(8)

This hints that improvement on mean-square error (MSE) by our
proposed method can be acquired especially at the edge region. Our
experimental results confirm such an anticipation.
An alternative quantity that is perhaps more suitable to examine the
edge preservation capability is the mean-square error in the frequency
domain (rather than the usually adopted mean-square error in the
time domain) since the edge effect is characterized as high-frequency
identity. Note that our proposed interpolation method is not linear;
hence, its effect on the linear transform like Fourier cannot be derived
directly from the time domain improvement. Our experimental results
also show that improvement can be obtained in the frequency-domain
mean-square error. Details will be presented in the next section.
IV. E XPERIMENTAL R ESULTS
In this section, experimental results on the interpolation methods
introduced will be provided. The MSEs in both time domain and
frequency domain are used as reference performance indexes.2 The
experimental true-color images are obtained from [7], and have been
regenerated to emulate a CFA before the experiments.
Figure 5 illustrates the results of four of 24 images experimented.
They are named (from top to bottom) as “Window”, “Boat”, “Island”
and “Lighthouse”, respectively. It can be observed that the proposed
interpolation methods preserve better object shape. For example,
jagged contour emerges from the window lattices in the interpolated
“Window” images resulted from Bilinear and SCB interpolation, for
which the images interpolated by the EP Bilinear and EP-SCB are
less evident. The edges of numbers, e.g., “1”, in the interpolated
“Boat” images are also more clear by EP Bilinear and EP-SCB in
comparison with Bilinear and SCB, respectively.
The improvement on general image quality by our proposed
method will be more visible from the error map. In an error map, a
darker pixel reflects a smaller distortion, and vice versa. Figure 6 then
indicates that the distortions are contributed mostly from the edges,
and our proposed methods do refine the image quality of conventional
interpolation methods.
A commonly used quantitative performance index in image processing is the MSE. Table I lists the MSEs for the four images
1 For a simplified two-value four-neighbor edge pattern in a 3 × 3 window
in Fig. 2, the center pixel appears mostly to be “aligned” with the neighbor
pixels. For example, if G2 = G6 = G8 = 1 and G4 = 0, it is typical to
have the center pixel equal to 1 since 0 will jag the edge. Hence, only these
two typical events [Xsum = 1 and Y = 0] and [Xsum = 3 and Y = 1]
are considered in (8). In addition, for a non-edge pattern where the neighbor
four pixels are equal, it is rare that the center pixel exhibits different value;
hence, these rare cases are also excluded in (8).
2 The definition of the time-domain MSE follows from [3] as

MSE =

n ∑
m
∑
′
1
(Iij − Iij )2 ,
n × m i=1 j=1
′

where n × m is the image size, and Iij and Iij are the (i, j)-th pixels of
the original and interpolated images, respectively. Similar MSE definition is
applied in the frequency domain except that only the magnitudes are used.
Specifically,
MSEf =

n ∑
m (
)2
∑
′
1
|F{Iij }| − |F{Iij }| ,
n × m i=1 j=1

where F{·} is the discrete Fourier transform of the argument. Here, we use
fft2.m that comes with the matlab to obtain the frequency spectrums of the
original and interpolated images.

Fig. 5. Demonstrations of interpolation results for images “Window”, “Boat”,
“Island” and “Lighthouse” (from top to bottom)

Fig. 6.

The error maps between the original and interpolated images

in Fig. 5. However, it appears that the conventional interpolation
methods and their respective edge-preserving counterparts have similar MSEs, and no anticipated improvements are obtained in this
regards for bilinear interpolation as contrary to our visual comparison.
Indeed, from Fig. 7, which charts the average of R, G and B MSEs
of all 24 images experimented, we can observe that Bilinear may
occasionally yield a smaller MSE value than EP Bilinear. A possible
explanation is that the time-domain MSE of, e.g., image “Window”
is contributed mainly from the non-edge region that appears less
perceptible to human eyes, and may not truly reflect the visual quality
of color images such as contrast. Furthermore, separate interpolation
of RGB channels makes the edge preservation effort by taking away
outliners less effective; hence, the MSE reduction near the edge
region does not show up in the overall MSE. When taking into
consideration of the signal correlation, the time-domain MSEs of
EP-SCB interpolation improve over SCB interpolation for all images
experimented as expected.
A better performance index to evaluate the edge-preservation capability is perhaps the MSE based on the magnitude of the spectrums.
Note that an image with a small spatial shift that causes a phase
change in the frequency domain appears to be visually the same to
human eyes but may introduce a large difference in the time-domain
MSE. Experiments are thus performed to examine such a preservation
capability of edges. Table II then concludes that both EP Bilinear
and EP-SCB improve the frequency-domain MSEs. In fact, such an
improvement in frequency-domain MSE materializes in all 24 images
experimented (cf. Fig. 8). This summarizes that the frequency-domain
distortion can be lowered by eliminating the outlined neighbor pixel
values.

V. C ONCLUSION AND F UTURE W ORK
In this work, a novel approach for CFA interpolation was proposed.
The idea behind our proposal is to align the center pixel with
the majority of (possibly two-value) neighbor pixels so that edges
will be better preserved. As it turns out, for a small 3 × 3 local
window, the median of the neighbor pixels should be the one to
be filled in the center. In comparison with the conventional bilinear
and signal-correlation-based interpolations, qualitative as well as
quantitative improvements are resulted. An interesting future work
will be to extend the alignment idea to a larger local window or more
neighbor pixels, and to investigate whether further improvement can
be obtained.
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Fig. 8. The frequency-domain MSE distortion of 24 Kodak true-color images

TABLE I
T IME - DOMAIN MSE DISTORTION

Image
Window
Boat
Island
Lighthouse

R
198.73
46.13
60.91
111.58

Image
Window
Boat
Island
Lighthouse

R
60.82
15.54
20.42
33.69

Bilinear
G
72.85
17.64
22.06
45.44
SCB
G
17.95
4.52
6.30
11.38

B
190.36
45.33
58.59
112.02

R
200.84
44.95
61.19
111.95

B
62.33
17.06
22.40
40.38

R
55.90
14.14
18.53
32.06

TABLE II
F REQUENCY- DOMAIN MSE

Fig. 7.

The time-domain MSE distortion of 24 Kodak true-color images

×107
Image
Window
Boat
Island
Lighthouse
×107
Image
Window
Boat
Island
Lighthouse

R
4.36
0.96
1.32
2.41
R
1.41
0.35
0.46
0.74

Bilinear
G
1.64
0.38
0.51
0.94
SCB
G
0.44
0.10
0.16
0.26

B
4.11
0.95
1.29
2.34
B
1.44
0.38
0.52
0.93

EP Bilinear
G
B
76.15
193.20
18.04
44.48
59.07
26.74
53.68
112.12
EP-SCB
G
B
15.33
57.80
15.33
3.44
4.82
20.26
38.35
10.44

DISTORTION

EP Bilinear
G
B
1.63
3.95
0.29
0.89
0.53
1.24
0.90
2.21
EP-SCB
R
G
B
1.24 0.32
1.30
0.30 0.07
0.34
0.40 0.10
0.45
0.68 0.21
0.85
R
4.20
0.90
1.27
2.18

