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Demosaicking and zooming are important for the quality of digital images in resource-constrained single chip devices such as wireless
camera phones and vision-based pocket devices. The color artifacts introduced in the demosaicking process can be magnified in the sub-
sequent zooming process and vice versa. This paper presents a joint demosaicking–zooming scheme by exploiting the fact that red/green
and blue/green color difference signals are much smoother than the original red, green and blue signals. The color difference signals are
computed using the high spectral–spatial correlations in the color filter array (CFA) image. The computed color difference signals are
used to recover the green channel, which is then enlarged using an edge guided zooming scheme. The enlarged red and blue channels
are obtained by adding the correspondingly enlarged red/green and blue/green color difference images to the enlarged green channel.
Experimental results show that the proposed joint demosaicking–zooming scheme performs well in both visual perception and PSNR
measurement, suppressing many color artifacts arising from demosaicking as well as zippers and rings arising from zooming.
� 2007 Elsevier Inc. All rights reserved.
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Author's1. Introduction

Most digital still/video cameras capture images using a
single chip and a color filter array (CFA) [1] such as the
Bayer CFA pattern [2]. The ability to reproduce the color
components and enlarge the images while maintaining
image quality is crucial to many resource-constrained dig-
ital imaging devices such as wireless camera phones,
vision-based pocket devices and low-cost color video cam-
eras. The quality of enlarged images depends on two image
processing operations: demosaicking (spectral interpola-
tion) and zooming (spatial interpolation) [3,4]. As the sin-
gle chip cameras sample only one of the three primary
color components (red, green and blue), a full color image
is created through a process called color demosaicking,
which is used to estimate the other two color components
1077-3142/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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at each pixel location. The zooming or spatial interpolation
process refers to the enlargement of an input image.

To obtain a full color, enlarged image from a CFA
image, i.e. increase the spectral and spatial resolution of
a CFA image, we have three strategies: the CFA image is
first demosaicked and then enlarged; the CFA image is first
enlarged and then demosaicked; the demosaicking and
zooming are implemented simultaneously. For the first
two strategies, the quality of the resulted image depends
on the demosaicking and zooming algorithms used and
their application order to the CFA image. In either way,
however, errors in the form of color artifacts are usually
introduced into the final image.

Most recently proposed demosaicking algorithms have
sought to reduce color artifacts by exploiting the high cor-
relation between color channels [1–26]. Many adaptive
demosaicking methods follow the well-known fact that
human visual system is sensitive to the edge structures in
an image and so try to reduce errors by directing the inter-
polation along edges. The scheme proposed by Hamilton
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Fig. 1. Flowchart of the proposed joint demosaicking–zooming scheme.
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and Adams [5,6] uses the second order color gradients as
correction terms to reproduce the color components. In
the gradient-based scheme [7], gradients in different direc-
tions are computed and a subset of them is selected by
adaptive thresholding. The methods developed by Lukac
and Plataniotis [8,9] seek to suppress color artifacts by
using a normalized color-ratio model. Lukac also proposed
an edge-sensitive method using a difference plane model
[10]. Some color demosaicking techniques are iterative
schemes, such as the two-step iterative demosaicking
method [11] and the wavelet-based alternating projection
in [12]. Zhang and Wu [13] proposed a linear minimum
mean square-error estimation (LMMSE) based demosaick-
ing method and achieved very good results. Other recently
reported demosaicking methods include the adaptive
homogeneity method in [14], the principal vector method
in [15], and the bilinear interpolation of color differences
in [16]. All of these methods exploit both the spatial and
spectral image characteristics during demosaicking. A tem-
poral demosaicking method was recently developed by Wu
and Zhang [17].

Many image enlargement methods have been proposed
[27–37]. The most commonly used linear methods, such
as pixel duplication, bilinear interpolation and bicubic con-
volution interpolation are simple and fast to implement,
but they suffer from some inherent defects, including block
effects, blurred details, and ringing artifacts around edges
[27,28]. In recent years, a number of nonlinear interpola-
tion techniques [27,29–33] have been proposed as ways to
maintain edge sharpness. Li and Orchard [27] used the
covariance of the low-resolution (LR) image to estimate
the high-resolution (HR) image covariance, which repre-
sents the edge direction information to some extent, and
proposed a Wiener-filtering-like interpolation scheme. This
method recovers very well the large, long edges but may
introduce artifacts in finer structures. The image interpola-
tor in [30] first replicates the pixels and then corrects them
by using some preset 3 · 3 edge patterns and optimizing the
parameters in the operator. Other nonlinear interpolation
methods have tried to enlarge an image by predicting the
fine structures in the high-resolution image from its low-
resolution counterpart by using Laplacian pyramid and
wavelet transform [31,32]. Muresan developed a fast edge
guided image interpolation scheme that detects the edges
in diagonal and nondiagonal directions and uses 1-D poly-
nomial interpolation [33]. Recently, Zhang and Wu [34]
presented another edge guided interpolation scheme by fus-
ing the missing sample estimates from two orthogonal
directions.

One traditional way to enlarge the CFA images cap-
tured with single chip digital cameras is to first demosaick
the CFA data and then to enlarge the demosaicked full col-
or images. In the enlargement stage, we can separately
interpolate the three color channels, or interpolate the three
channels simultaneously by using vector techniques [3].
This way is easy to implement but color artifacts intro-
duced in the demosaicking process can be amplified in
so
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the zooming process. Recently, Lukac et al. [4,18,19] pro-
posed a ‘‘CFA-zooming-first and demosaicking-later’’
scheme in which an edge-sensitive interpolator is first
applied to the original CFA data and then the image is
demosaicked. This approach can be fast implemented and
can lead to reasonable results of natural images, yet the
demosaicking process is still liable to amplify any zooming
error in the CFA image.

In this paper, we propose a joint demosaicking–zooming
method for single chip digital imaging devices based on the
commonly used Bayer CFA pattern (the extension to other
patterns is straightforward). The proposed approach
reduces the demosaicking and zooming errors by exploiting
the high spectral–spatial correlations between color chan-
nels and the fact that the R–G and B–G color difference
signals are much smoother than the original color signals
G, R and B. Given this, instead of estimating the missing
color samples directly, we estimate the two color difference
images R–G and B–G. Once the R–G and B–G values at
the red and blue sample positions are estimated, all the
missing green samples can be estimated and this allow us
to recover the G channel. The reconstructed G image is
then interpolated using an edge sensitive interpolator to
increase the spatial resolution. The zooming of red/blue
channel is consequently obtained with the enlarged green
channel and by interpolating the color difference images.

The rest of the paper is organized as follows. Section 2
presents the joint demosaicking–zooming scheme in a
detail. Section 3 gives the experimental results and Section
4 concludes the paper.

2. Joint demosaicking–zooming schemes

We first describe the framework when processing the
joint demosaicking–zooming scheme and then discuss the
two key issues upon which the quality of the finally inter-
polated full color image heavily depends: the estimation
of R–G and B–G color difference images and the enlarge-
ment of the green channel.

2.1. Framework of the method

Fig. 1 shows the flowchart of the proposed joint demo-
saicking–zooming scheme. Because of the high spectral cor-
relation between color channels, the R–G and B–G color
difference signals are much smoother than the original col-
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or signals G, R and B. Fig. 2 shows an example, where we
see that the edge structures in the chromatic channels are
removed or significantly smoothed in the color difference
images. Based on this observation, the R–G and B–G color
difference images are estimated and they heavily affect the
demosaicking–zooming results, as enlarging the color dif-
ference images instead of R and B images significantly
reduces the demosaicking and interpolation errors.

Once the R–G and B–G values at the red and blue sam-
ple positions are estimated, the fully populate R–G and B–
G images are used to demosaick the green channel. Since
the sampling frequency of green channel is as twice as that
of red or blue channel, it can be demosaicked and interpo-
lated more accurately than red and blue channels. The
green channel contains the most of the details of an image
and then the green channel should serve as an anchor for
recovering red and blue channels.

The demosaicked G image is first enlarged to improve
the resolution. The linear convolution based interpolation
methods are simple but suffer from artifacts such as block
effects, blurred details and edge ringing effects. Some non-
linear interpolation methods yield better results but suffer
from high computation load [27,28,30–32,34]. Here, we will
employ an edge sensitive interpolator with a reasonable
complexity. The R–G and B–G color difference images
are then interpolated and added to the already interpolated
G channel to obtain the enlarged R and B channels. The
anchor function of green channel ensures the preservation
of edge structures in red and blue channels.

2.2. Estimating color differences R–G and B–G

Most demosaicking methods exploit the correlation
between red, blue and green channels. Two assumptions
on the relation between green and red components and
Author'

Fig. 2. (a) A full color test image; the (b) red, (c) green and (d) blue channel of
the difference image between green and blue channels. It is seen that the col
interpretation of the references to colour in this figure legend, the reader is re
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the relation between green and blue components used in
color demosaicking literatures are constant ratio [11] and
equal difference [6,20] in the localized image area. In [13],
Zhang and Wu showed that the differences between the
green and red channels and between the green and blue
channels, which are referred to as primary difference signals
(PDS), are low-pass signals. Based on this assumption, they
presented an adaptive demosaicking method which is opti-
mal in the sense of LMMSE. However, the computation
load of this method may be heavy for resource-constrained
devices. In this paper, the rationale of [13] is employed in
estimating the PDS signals but the complexity is greatly
reduced by sacrificing the optimality of LMMSE. Nonethe-
less, the PDS estimation performance is only slightly
sacrificed.

We denote the two PDS signals by

DR;G ¼ R� G; DB;G ¼ B� G ð2-1Þ

Under the assumption that DR,G and DB,G are smooth sig-
nals [13], which mostly are much smoother than the original
R, G and B color channels, PDS signals can be more accu-
rately estimated than the individual color channels. Once
DR,G and DB,G are estimated, the green channel is demosa-
icked and then used to reconstruct the red and blue channels.
Because of the symmetry between the red and blue locations
in the Bayer pattern, we only discuss the estimation of DR,G

and the estimation of DB,G can be derived in the same way.
DR,G is computed in three steps. The first and most impor-
tant step is to estimate the DR,G values at the positions of
red samples. We then estimate the DR,G values at the posi-
tions of blue samples and finally the other values.

Fig. 3 shows a configuration in which a column and a
row of alternating green and red samples intersect at a
red sampling position, where the color difference DR,G is
to be estimated. We denote the red sample at the center
the test image; (e) the difference image between green and red channels; (f)
or difference images are much smoother than the original channels. (For
ferred to the web version of this article.)
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of the window as R0. Its interlaced red and green neigh-
bors in horizontal direction are labeled as Rh

i ,
i 2 { . . . ,�4,�2,2,4, . . .}, and Gh

i , i 2 { . . . ,�3,�1,
1,3, . . .}; similarly, the red and green vertical neighbors
of R0 are, respectively, Rv

i , i 2 { . . . ,�4,�2,2,4, . . .}, and
Gv

i , i 2 { . . . ,�3,�1,1,3, . . .}. The sample R0 at the inter-
section can be taken as Rh

0 or Rv
0 at will.

We see that the value of DR,G at R0 can be estimated
either horizontally or vertically. Since human visual sys-
tem is sensitive to the edge structures in an image, it is
important to do the estimation along the edge direction.
Edge sensitive filtering is a popular and efficient
approach to color demosaicking. A well-known direc-
tional interpolation scheme is the second order Laplacian
correction (SOLC) [5], which is based on a strong
assumption that DR,G and DB,G are constant either hori-
zontally or vertically. SOLC uses the second order gradi-
ents of blue and red samples and the first order gradient
of green samples to estimate the missing green sample. It
estimates the missing red and blue samples in a similar
way. To get some coarse measurements of DR,G and
DB,G, we first compute some estimates of missing color
samples by using SOLC. Referring to Fig. 3, at the posi-
tions of red samples Rh

i or Rv
i , the corresponding missing

green samples are estimated as

Ĝd
i ¼

1

2
ðGd

i�1 þ Gd
iþ1Þ þ

1

4
ð2 � Rd

i � Rd
i�2 � Rd

iþ2Þ; d 2 fh; vg

ð2-2Þ

Similarly, at green samples Gh
i or Gv

i , the missing red sam-
ples are estimated as

R̂d
i ¼

1

2
ðRd

i�1 þ Rd
iþ1Þ þ

1

4
ð2 � Gd

i � Gd
i�2 � Gd

iþ2Þ; d 2 fh; vg

ð2-3Þ

Using Ĝd
i and R̂d

i , we compute the coarse measurements of
DR,G in horizontal and vertical directions, respectively:

Y D;d
R;GðiÞ ¼

Rd
i � Ĝd

i ; G is estimated

R̂d
i � Gd

i ; R is estimated

(
; d 2 fh; vg ð2-4Þ
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We write

Y D;d
R;G ¼ DR;G þ ed

R;G; d 2 fh; vg ð2-5Þ

where noise term ed
R;G accounts for the approximation er-

ror. Now the problem is how to make a better estimation
of DR,G from Y D;d

R;G. In [13], Zhang and Wu showed that
ed

R;G is a band-pass signal whose power concentrates more
on higher frequency bands than on lower frequency bands
and DR,G is a low-pass signal. Hence we pass Y D;d

R;G through
a low-pass filter f(n) to further remove the estimation noise
ed

R;G. We have

SD;d
R;G ¼ Y D;d

R;G � f ; d 2 fh; vg ð2-6Þ

where ‘‘*’’ is the convolution operator. Ideally, the optimal
filter f should be adaptive to the signal Y D;d

R;G. For computa-
tion simplicity, in the experiments of this paper, we em-
ployed a fixed-point filter f = [4,9,15,23,26,23,15,9,4]/128.

Referring to Fig. 3, we have two estimates of DR,G at the
positions of original red samples, i.e. SD;h

R;G in horizontal
direction and SD;v

R;G in vertical direction. We have one esti-
mate of DR,G at the positions of green samples and have
no estimate of DR,G at the positions of blue samples. We
fuse SD;h

R;G and SD;v
R;G to get a better estimate of DR,G at the

positions of red samples. In [13], Zhang and Wu gave an
optimal weighting fusion of SD;h

R;G and SD;v
R;G but the computa-

tion load (many multiplications and divisions are needed)
may be heavy for some resource-limited systems. Here we

present a simplified weighting scheme. Let Si

*d
be a window

containing 2l + 1 elements centered at SD;d
R;GðiÞ, i.e.

Si

*d
¼ ½SD;d

R;Gði� lÞ; . . . ; SD;d
R;GðiÞ; . . . ; SD;d

R;Gðiþ lÞ�. Define

Dd
i ¼

X2lþ1

k¼1;k 6¼lþ1

j Si

*d
ðkÞ � SD;d

R;GðiÞj
 !2

ð2-7Þ

Dd
i measures the local variation around SD;d

R;GðiÞ along direc-
tion d. Note that only one multiplication is needed in (2–7).
A significant value of Dd

i implies that sharp chrominance
and luminance changes may occur in direction d and hence
the estimation error in this direction would be high. We
compute the updated estimation of DR,G by fusing SD;h

R;G

and SD;v
R;G as

D̂R;GðiÞ ¼ wh
i SD;h

R;GðiÞ þ wv
i S

D;v
R;GðiÞ ð2-8Þ

where

wh
i ¼

Dv
i

Dh
i þ Dv

i

; wv
i ¼ 1� wh

i ð2-9Þ

This weighted average technique has been successfully used
in [13,17,34]. We see that if Dv

i is large, which implies that
the vertical estimation error is large, then horizontal weight
wh

i will be significant, i.e. the horizontal estimate SD;h
R;GðiÞ will

contribute more to D̂R;GðiÞ and vice versa.
Next we estimate DR,G at the positions of blue samples.

Referring to Fig. 4(a), around the blue sample Bi we have
four diagonal red neighbors, at which the color differ-
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Fig. 4. (a) A blue sample with four diagonal red neighbors; (b) a green sample with two horizontal blue neighbors and two vertical red neighbors; (c) a
green sample with two horizontal red neighbors and two vertical blue neighbors. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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ences DR,G have been estimated. We denote by D̂k
R;GðiÞ,

k = 1,2,3,4, the four estimated R–G values at the four
diagonal neighboring positions of Bi. The R–G value at
Bi is estimated as the average of the four D̂k

R;GðiÞ values:

D̂R;GðiÞ ¼
1

4

X4

k¼1

D̂k
R;GðiÞ ð2-10Þ

Although one estimate of the DR,G at the positions of green
samples has been computed, it was obtained from only one
direction, vertical or horizontal, and can be replaced by a
better one. Referring to Figs. 4(b) and (c), a green sample
has two vertical red neighbors and two horizontal blue
neighbors, or two horizontal red neighbors and two verti-
cal blue neighbors. After computing the color difference
at the positions of red and blue samples, the R–G values
at all the four neighbors of Gi are available. The value of
DR,G at Gi is computed as the weighted average of the four
neighboring D̂k

R;GðiÞ values. Taking Fig. 4(b) as an example,
we compute D̂R;GðiÞ as

D̂R;GðiÞ ¼ whðD̂2
R;GðiÞ þ D̂4

R;GðiÞÞ=2þ wvðD̂1
R;GðiÞ

þ D̂3
R;GðiÞÞ=2 ð2-11Þ

where wh + wv = 1. Considering the fact that estimates
D̂1

R;GðiÞ and D̂3
R;GðiÞ, which are at the positions of red sam-

ples, are more accurate than D̂2
R;GðiÞ and D̂4

R;GðiÞ, which
are at the positions of blue samples, we can let wh < wv.
For example, wh = 0.4 and wv = 0.6. The case depicted in
Fig. 4(c) can be handled similarly.

Now all the DR,G color difference values are calculated.
DB,G is calculated in the same way. The procedure gener-
ates two color difference images DR,G and DB,G.

2.3. Edge sensitive enlargement of the G channel

In the previous section, we computed the red–green col-
or difference D̂R;G and blue–green color difference D̂B;G.
With these values of D̂R;G at the red sample positions and
D̂B;G at the blue sample positions, the missing green samples
are demosaicked as

G0 ¼ Rþ D̂R;G and G0 ¼ Bþ D̂B;G ð2-12Þ

thus, producing fully populated luminance (green) channel.
Since the green channel contains most of the details of the
rso
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channel, we first enlarge it and use the interpolated
green channel to enlarge the chrominance (red and blue)
channels.

Without the loss of generality, in order to facilitate the
discussion, an enlargement factor of 2 will be used in this
paper. Thus, an image of size N · M is enlarged to a
2N · 2M image. Referring to Fig. 5(a), where G represents
an original green sample and G 0 represents a color demosa-
icked green sample, the blanks represent the green pixels we
are going to interpolate. In [34], Zhang and Wu proposed
an edge guided interpolation scheme by fusing the esti-
mates of the missing pixel in two orthogonal directions.
We adopt this strategy with specific modification in the
enlargement of demosaicked G channel.

Referring to Fig. 5(a), according to the locations, the
missing green samples can be grouped into three classes:
the diagonal ‘‘ ’’ class, the vertical ‘‘¯’’ class and the hor-
izontal ‘‘�’’ class. The interpolation of horizontal and ver-
tical classes is symmetrical so that we need to discuss only
the interpolation of diagonal and horizontal classes. The
missing diagonal samples are interpolated first and the hor-
izontal and vertical samples are interpolated subsequently.
Referring to Fig. 5(b), we denote the centered ‘‘ ’’ sample,
which is to be estimated, by G(n,m). It can be seen that
G(n,m) can be estimated in either the 45� diagonal direction
or the 135� diagonal direction by using the bicubic interpo-
lation filter. Denote

yn;m
*45 ¼ ½G0ðnþ 3;m� 3Þ;G0ðnþ 1;m� 1Þ;G0ðn� 1;

mþ 1Þ;G0ðn� 3;mþ 3Þ�

yn;m
*135 ¼ ½Gðn� 3;m� 3Þ;Gðn� 1;m� 1Þ;Gðnþ 1;

mþ 1Þ; Gðnþ 3;mþ 3Þ�:

The two estimates are computed as

Ĝ45ðn;mÞ ¼
X4

i¼1

yn;m
*45ðiÞhðiÞ and

Ĝ135ðn;mÞ ¼
X4

i¼1

yn;m
*135ðiÞhðiÞ ð2-13Þ

where h = [�1,9,9,�1]/16 is the bi-cubic interpolation
filter.
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The two estimates Ĝ45 and Ĝ135 can be fused to get a
more robust estimation. The local structure at G(n,m)
should guide the fusion process. If a significant edge occurs
at G(n,m) along the 45� diagonal direction, then Ĝ135

should contribute more than Ĝ45 to the final estimation
of G because Ĝ45 is more error prone, vice versa. We let

Ĝðn;mÞ ¼ w45
n;mĜ45ðn;mÞ þ w135

n;mĜ135ðn;mÞ ð2-14Þ

where weights w45
n;m þ w135

n;m ¼ 1. They are adaptively com-
puted based on the local statistics around G(n,m).

We compute the mean value of G(n,m) as

ln;m ¼ ðGðn� 1;m� 1Þ þ Gðn� 1;mþ 1Þ
þ Gðnþ 1;m� 1Þ þ Gðnþ 1;mþ 1ÞÞ=4 ð2-15Þ

The local variances along 45� and 135� diagonal directions
are measured by

V 45
n;m ¼

X4

i¼1

j yn;m
*45ðiÞ � ln;mj

 !2

and

V 135
n;m ¼

X4

i¼1

j yn;m
*135 j

 !2

ð2-16Þ

Note that only one multiplication operation is needed to
compute V 45

n;m or V 135
n;m. The two weights are calculated as

w45
n;m ¼

V 135
n;m

V 45
n;m þ V 135

n;m

; w135
n;m ¼ 1� w45

n;m ð2-17Þ

The rationale of the weighting scheme above is intuitive.
For instance, for an edge in or near the 45� diagonal direc-
tion, the variance V 45

n;m is higher than V 135
n;m. We see that w45

n;m

will be less than w135
n;m and consequently Ĝ45ðn;mÞ has less

influence on Ĝðn;mÞ than Ĝ135ðn;mÞ, and vice versa. In
practice, considering the fact that the samples in the direc-
tion of 135� are more accurate than the demosaicked sam-
ples in the direction of 45�, we could further decrease w45

n;m

by a constant factor, e.g. let w45
n;m ¼

0:8�V 135
n;m

V 45
n;mþV 135

n;m
.

After interpolating the samples of diagonal ‘‘ ’’ class,
the procedure continues by interpolating the samples of
vertical/horizontal class. Referring to Fig. 5 (c), the sample
‘‘�’’ of horizontal class can be estimated from its horizon-
tal neighbors. Since the ‘‘ ’’ samples have been already
so
nal C

opyestimated, we can use them to compute another vertical
estimate of ‘‘�’’. Similar to the interpolation of diagonal
class samples, the two estimates are fused for a more robust
estimation of sample ‘‘�’’. Finally the vertical class ‘‘¯’’ is
interpolated in the same way and all the missing samples in
the high-resolution green image are recovered. We denote
by G the enlarged green image.

2.4. Enlargement of color difference images R–G and B–G

Now that the luminance (green) channel is enlarged,
the chrominance channels (red and blue) must be
enlarged to fully zoom in the color image. Instead of
interpolating the red/blue channel directly, we interpolate
the R–G and B–G color differences. The interpolated red
and blue channels are then obtained by adding the inter-
polated green image to the interpolated R–G and B–G
images. We do this for three reasons. First, because the
sampling frequency of red/blue samples is half of that
of green samples in the mosaic pattern, the demosaicking
error of the red/blue channel is higher than that of the
green channel. The demosaicking error will be amplified
in the zoom-in process. Second, as we showed in Section
2, the color difference image is much smoother than the
original image. Generally, the interpolation error of a
smoother signal is much lower than that of a sharper
one. Third, the green channel contains most of the image
details and the human visual system peaks at the green
band [38]. Thus it serves as an anchor to reconstruct
the red/blue channel.
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Table 1
The running time (s) for a 256 · 384 CFA image by different schemes

Schemes M1 M2 M3 Proposed

Demosaicking methods [5] [25] [14] —
Running time 0.33 0.76 25.4

Interpolation method [27]
Running time 213
Total running time 213 214 238 124

Fig. 7. Test images. (a) Fence; (b)

Fig. 8. Cropped images of the (a) original ‘‘fence’’ image and the demosaickin
proposed method.
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Following the target spatial resolution, the color differ-
ence signals DR,G and DB,G are to be enlarged (Fig. 6)
by the same factor as in enlarging the green channel and
the whole interpolation process is the same as that for
the green channel in Section 2.3. Denote by DR,G and
DB,G the enlarged R–G and B–G color difference images.
The enlarged red and blue channels are obtained by
R = G + DR,G and B = G + DR,G.
rso
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house; (c) barbara; (d) chart.

g–zooming results by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the
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3. Experimental results

The proposed joint demosaicking–zooming method is
compared against four schemes. The first three schemes
are ‘‘demosaicking-first and zooming-later’’ methods. The
three demosaicking algorithms used are the SOLC by
Hamilton and Adams [5], the successive approximation
based demosaicking by Li [25] and the adaptive homogene-
ity-directed demosaicking by Hirakawa and Parks [14]. The
Author's 
Per

Fig. 9. Cropped images of the (a) original ‘‘fence’’ image and the demosaickin
proposed method.

Fig. 10. Cropped images of the (a) original ‘‘house’’ image and the demosaicki
proposed method.
zooming algorithm used is the nonlinear edge-directed
interpolator proposed by Li and Orchard [27]. The fourth
scheme used in comparison is a ‘‘CFA-zooming-first and
demosaicking-later’’ method. In this scheme, the CFA
zooming algorithm proposed by Lukac et al. [4] is used
to enlarge the CFA image first and the adaptive homogene-
ity-directed demosaicking by Hirakawa and Parks [14] is
employed to generate the full color image. We denote the
four schemes as M1, M2, M3 and M4, respectively.
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g–zooming results by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the

ng–zooming results by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the
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Fig. 11. Cropped images of the (a) original ‘‘Barbara’’ image and the demosaicking–zooming results by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f)
the proposed method.
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AuthThe Matlab source codes of demosaicking methods
[25,14] and interpolation method [27] are obtained from
the authors. The executable program of CFA-zooming
method [4] is also from the author. We thank the authors
for sharing their codes and programs. To roughly measure
the complexity of the schemes M1–M3 and the proposed
method, in Table 1 we list the running time of them in Mat-
lab 7.0 when processing a 256 · 384 CFA image to a
512 · 768 full color image1. The CPU of the used IBM
PC is Intel Pentium 4, 2.26 GHz, and the RAM is
1.5 GB. It should be stressed that this is only a rough com-
plexity comparison of the four schemes because the run-
ning time also depends on the optimization of the
program codes.
1 Since the CFA-zooming program [4] provided by the authors is an
executable program, scheme M4 is not included in this comparison.
The image scenes used in the first four experiments are
shown in Fig. 7. The first three images are from the Kodak
database and the fourth image is a resolution-chart image.
In the simulations, the original images (N · M · 3) are first
smoothed with a Gaussian low-pass filter (with standard
deviation 0.8) and then downsampled to small images of
size N/2 · M/2 · 3. The small full color images are further
downsampled to CFA mosaic images using the Bayer pat-
tern. From the small CFA images of size N/2 · M/2, the
full color images with resolution N · M · 3 are to be recon-
structed by using the four methods M1–M4 and the pro-
posed scheme. Since we have the original images, the
PSNR results of the demosaicked and enlarged images
can be calculated.

Figs. 8–12 illustrate the simulation results of the four
images. It is seen that the proposed method gives good visual
perception and suppresses many color artifacts arising from
color demosaicking as well as zippers and rings arising from
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Fig. 12. Cropped images of the (a) original ‘‘chart’’ image and the demosaicking–zooming results by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the
proposed method.

Table 2
PSNR (dB) results of the five schemes

Schemes M1 M2 M3 M4 Proposed

Fence 25.36 25.89 26.06 24.64 26.22

Roof 20.85 21.57 21.64 20.43 21.71

Barbara 24.09 24.21 24.37 23.79 24.73

Chart 17.70 19.64 19.65 19.45 20.26
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resolution interpolation. The PSNR results (by averaging
the three channels) are listed in Table 2. We see that the pro-
posed method yields the highest PSNR outputs. Method M4
has lower PSNR results because it rearranges the positions
of color samples in the stage of CFA zooming.
The last two experiments are on the Kodak database
images ‘‘flight’’ and ‘‘motor’’. The original full color images
are directly downsampled to CFA mosaic images using
the Bayer pattern and then the five demosaicking and
zooming methods are applied to them. Figs. 13 and 14
show the crops of the enlarged ‘‘flight’’ and ‘‘motor’’ imag-
es. The proposed method reduces a lot of the color artifacts
and suppresses the rings and zippers. The fast CFA zoom-
ing operator [4] employed in M4, as one of the first solu-
tions which perform zooming directly on CFA images,
introduces some errors in the zooming process and those
errors lead to color artifacts in the following demosaicking
processes.
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Fig. 13. Original small CFA image (a) and the enlarged full color images by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the proposed method. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Original small CFA image (a) and the enlarged full color images by methods (b) M1, (c) M2, (d) M3, (e) M4 and (f) the proposed method. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

24 L. Zhang, D. Zhang / Computer Vision and Image Understanding 107 (2007) 14–25
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4. Conclusion

This paper presented a joint demosaicking–zooming
scheme for single-chip digital color imaging devices. The
proposed method well exploits the high spectral correlation
existed in the images of natural scenes. The R–G and B–G
color difference images are first estimated and they are used
to recover the green channel. As an anchor to reconstruct
the red/blue channel, the green image is enlarged by using
an edge direction guided interpolation scheme. Instead of
directly enlarging the red/blue channels, we interpolated
the R–G and B–G images because they are much smoother
than the original color images. Adding the interpolated col-
or difference images to the already enlarged green channel
produces the red and blue images. The proposed joint dem-
osaicking–zooming scheme was compared with other meth-
ods and the experimental results showed that it performs
well in both visual perception and PSNR measurement.
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