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ABSTRACT

This paper presents a demosaicing approach via nonlinear image
decomposition for a digital color camera. This approach is com-
posed of four stages. At the first stage, with the multiplicative BV-G
image-decomposition method, each primary color channel of ob-
served raw color data mosaicked with the Bayer color filter array
is represented as a product of two components so that its structural
component may correspond to a cartoon signal-approximation and
its texture component may collect almost all oscillatory variations
representing textures. At the second stage, each separated compo-
nent is demosaicked with an interpolation method suitable to it.
For demosaicing of the structural component, this paper employs a
TV-regularization ~ super-resolution deblurring-demosaicing
method that can remove image blurs without producing ringing
artifacts near edges. For interpolation of the texture component,
this paper employs a basic averaging-type demosaicing method
that is robust against noise, because the texture component gathers
observation noise. At the third stage, white balancing, color en-
hancement and inverse gamma correction are applied to only the
demosaicked structural component. At the final stage, the two in-
terpolated components are combined. Our decomposition-and-
demosaicing approach successfully performs denoising and de-
blurring as well as color interpolation.

1. INTRODUCTION

In a digital color camera, observed color data are mosaicked with
the Bayer’s color filter array, and are sometimes contaminated by
signal-dependent noise heavily. Many demosaicing methods have
been developed [1] ~ [3], but in such a practical case most of the
state-the-art demosaicing methods do not necessarily perform well,
because they are sensitive to observation noise.

To manage denoising and sharpening as well as color interpo-
lation jointly, this paper presents a new demosaicing approach via
nonlinear image-decomposition. In this nonlinear decomposition-
and-demosaicing approach, as a pre-process, each primary color
signal of observed raw color data mosaicked with the Bayer color
filter array is decomposed into its components. Recently, various
variational models have been developed for nonlinear image-
decomposition [4] ~ [7], but among them the BV-G nonlinear im-

age-decomposition variational model [7] is suitable for demosaicing.

As a type of the nonlinear image-decomposition, there are two pos-
sible types: additive decomposition and multiplicative decomposi-
tion. As for the BV-G variational model, the multiplicative decom-
position is superior to the additive decomposition in that residuals in
decomposition are much smaller [8]. Hence, this paper adopts the
multiplicative decomposition. The multiplicative BV-G variational
model decomposes an input signal as a product of two components
so that a structural component may correspond to a cartoon signal-

approximation and a texture component may collect almost all oscil-
latory variations in the signal.

Since observation noise is almost perfectly removed from the
structural component, for its color-interpolation this paper employs
a TV-regularization super-resolution deblurring-demosaicing
method [9] that removes image blurs without producing ringing
artifacts near edges. On the other hand, since the texture component
gathers most of observation noise, for its color-interpolation this
paper adopts a basic averaging-type demosaicing method [1] that is
robust against noise.

In an image-processing pipeline with our decomposition-and-
demosaicing approach, the standard image-processing algorithms of
white balancing, color enhancement and inverse gamma correction
are applied to only the demosaicked structural component. At the
final stage, the processed structural component is combined with the
demosaicked texture component, and thus a full-color image is pro-
duced.

2. NONLINEAR DECOMPOSITION-AND-
DEMOSAICING APPROACH

Fig. 1 shows a standard image-processing flowchart in a digital
color camera [10], while Fig. 2 shows our proposed image-
processing flowchart with our nonlinear decomposition-and-
demosaicing approach.

In Fig. 2, firstly, observed raw color data are directly decom-
posed with the multiplicative BV-G image-decomposition algorithm
[8]. This decomposition algorithm decomposes an input signal F as
a product of two components, as follows:

F~UxV 0]
, F' : Input signal, U : Structural component, } : Texture component.

An input signal F is decomposed into its two components so that a
structural component U may correspond to a cartoon signal-
approximation and a texture component ¥ may collect almost all
oscillatory variations in the signal. The texture component V is a
function vibrating about 1.0.

Observed raw CFA-mosaicked color data

—r{ Optical LPF H Sensing M Demosaicing

“--- Incident light ‘White Balance
Output Inverse y Color
color image Correction Enhance

Figure 1 — Standard image-processing flowchart in a digital color
camera

Really observed raw color data are contaminated by signal-
dependent noise and somewhat blurred. Taking these bad effects
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into account, we construct an advanced demosaicing method that
simultaneously suppresses the effects of noise and removes image
blurs. The structural component U is scarcely contaminated by ob-
servation noise, whereas most of observation noise mingles with the
separated texture component V. Therefore, a demosaicing method
for 7 should suppress the effects of noise. From this point of view,
for V, we employ a basic averaging-type demosaicing method [1], in
which the green channel is first interpolated with the bilinear inter-
polation method, and then the red and the green channels are inter-
polated by applying the bilinear interpolation method to the two
color-difference signals, (red - interpolated green) and (blue - inter-
polated green).

On the other hand, since the separated structural component U is
scarcely affected by noise, the TV-regularization super-resolution
deblurring-demosaicing method [9] should be applied to U so that
image blurs cased by an optical low-pass filter and a sample-hold
process can be removed. Furthermore, cross-correlations among the
three primary color channels should be utilized for demosaicing.
From this point of view, for color interpolation of U, we extend our
previously proposed TV-regularization super-resolution deblurring-
demosaicing method [9].

Unlike the conventional image-processing flowchart shown in
Fig. 1, white balancing, color enhancement and inverse gamma
correction are applied to only the interpolated structure components
of the three primary color channels. After theses processing tasks,
by multiplying the processed structural component by the interpo-
lated texture component, a full-color image is synthesized.

Observed raw CFA-mosaicked color data
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. Optical , BV-G Imz.lg.e- 1 Extended Color-TV-
V| LPF Decomposition | T | Regularization Deblurring-
! | Demosaicin,
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Demosaic Decomposition-and-

Bilinear Interpolation of Demosaicing

Color Differences

Approach
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Inversey || Color
Correction Enhance

Standard Image-Processing

Figure 2 — Image-processing flowchart with our nonlinear decom-
position-and-demosaicing approach

Output color image Synthesize

In the conventional image-processing approach shown in Fig. 1,
the inverse gamma correction is applied directly to an image F, as
follows:

. ’
F=T7(F)=Fm>< = , y=22, 2)

F__ :Maximum value of F.

max
Since the image F is represented by (1) and F,,,,, is equal to U,,,,, the
maximum value of U, the usual inverse gamma correction of (2) is
equivalent to the following transformation:

T(F)=T,W)x(r)", ®
which means that not only U is transformed, but also V' is sup-
pressed. Hence the usual gamma correction tends to weaken oscilla-
tory texture variations, especially in a bright image region. On the

other hand, in our proposed image-processing flowchart, the inverse
gamma correction is applied to only U as follows:

F=TD,V(F)=T7(U)><V, @)
which means that V" is kept unchanged. Thus, fine textures in an

output full-color image are successfully enhanced by the gamma
correction performed in a display device.

3. MULTIPLICATIVE BV-G IMAGE-
DECOMPOSITION

As for the nonlinear image-decomposition model, we employ the
multiplicative BV-G image-decomposition variational model de-
fined by (1). The BV-G variational image-decomposition is origi-
nally proposed for the additive decomposition [7], but it is applica-
ble to the multiplicative decomposition. With the log transformation,
the problem of the multiplicative decomposition is converted into
the problem of the additive decomposition, as follows:

fru+v ;f=log(F+65),u=log(U+6),v=logV, (5

where 9 is a small positive value. The residual D is defined by F -
U-V, but is very small, so that we neglect the residual D. Fig. 3
shows an example of the multiplicative BV-G image-decomposition.
In Fig. 3, oscillatory textures are almost completely removed from
the structural component U in which objects’ boundaries are kept
sharp and not blurred at all, and the residual D is negligibly small.

(b) Structural comp. U

(c) Texture comp Vv (d) Residual D

Figure 3 — Example of the multiplicative BV-G image-
decomposition

The BV-G model [7] makes some assumptions about the two
components, u and v, as follows: 1) u lives in BV (Space of func-
tions with bounded variation) and its norm is measured with the TV
norm, and 2) v lives in G (Space of functions with the oscillatory
nature, which is a polar sub-space of BV) and its norm is measured
with the G norm. The BV-G model is formulated as the following
variational problem of decomposing the input f'into the two compo-
nents, u and v.
inf (J(u)+$-||f—u—v"izj, a>0,u>0  (6)

ueBV,veGu
, J(u): TV norm, |v|, : G norm, G, = {v | V], < ,u} )

A decomposition algorithm to solve (6) is constructed as an alter-
nately iterative algorithm with the Chambolle’s projection algorithm
[11], which is composed of discrete computations of the gradient
and the divergence operators.
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Our approach directly decomposes each primary color channel
of observed raw color data mosaicked with the Bayer’s color filter
array, separately with the modified multiplicative BV-G image-
decomposition algorithm. As shown in Fig. 4, our modified algo-
rithm uses diagonal differentials for the mosaicked green channel
instead of horizontal and vertical differentials which the prototypal
algorithm used; and for the mosaicked red and blue channels our
modified algorithm uses horizontal and vertical differentials at a
distance of two pixels are used.

== » Differential for the divergence operator
= Differential for the gradient operator

Figure 4 — Backward and forward differentials used in our modified
multiplicative BV-G image-decomposition algorithm for observed
raw color data mosaicked with the Bayer’s color filter array

4. DEMOSAICING METHOD FOR THE
STRUCTURAL COMPONENT

As for color interpolation of the structural component, we employ
an extended color-TV-regularization super-resolution deblurring-
demosaicing method that we derive by introducing the TV regu-
larization of color-difference signals and that of color-sum signals
into our prototypal TV-regularization super-resolution deblurring-
demosaicing method [9] using only the TV regularization of each
primary color signal. In our extended color-TV-regularization su-
per-resolution deblurring-demosaicing method, the three primary
color channels are jointly interpolated.

4.1  Prototypal TV-Regularization Demosaicing
This section briefly reviews our prototypal TV-based deblurring-
demosaicing method [9]. We formulate the deblurring-demosaicing
problem as an image recovery problem [12] that original three pri-
mary color images, each of which is composed of 2N by 2N pixels,
are recovered from the Bayer’s CFA-mosaicked color image of 2NV
by 2N pixels. The mosaicked three primary color signals are repre-
sented as the 2-D arrays, ¥, Smn Dmnr respectively, whereas the
original three primary color signals, R, G, B, to be recovered are
represented as the 2D arrays, ¢y, fu > Gmn» T€Spectively. In addition,
we define the linear operator s as a composite operator of a blur
operator due to an optical low-pass filter and a hold process with a
100% pixel aperture.

As for the recovery of the G-signal, we formulated a discrete
energy functional, as follows:

j{ 2N-1 2

SVl + 22 S s ),

m,n=0 m,n=0
m+nis odd

(N

We derived an iterative recovery formula minimizing (7):

([) 2N-1
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0 , otherwise ,

where ¢, ; means the linear-weighting coefficient of the linear op-
erator s in (7). The first update-term in (8) is the curvature term
originating from the TV-norm term in (7), whereas the second up-
date term in (8) is the data-fidelity term. For the R- and the B-signals,
in the same manner we derived iterative formulas:

)
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0 , otherwise.

The iterative recovery formulas of (8), (9) and (10) are inde-
pendent of each other. Hence, the three primary color signals to be
recovered are separately updated, but the separate treatment some-
times produces false color artifacts and/or zipper artifacts along
sharp color edges. Fig. 5 and Fig. 6 show color-interpolation models
of the G- and the R- channels. In Fig. 5 and Fig. 6, solid circles de-
note observed color samples, whereas blank circles denote color
samples to be interpolated. The solid lines represent true signal val-
ues. The symbols, » and g, represent correct interpolation values,
whereas the symbols, »’ and g’, represent incorrect interpolation
values which cause color artifacts along color step edges. In the
cases of Fig. 5 and Fig. 6, our prototypal method may select not
only correct interpolation values but also incorrect interpolation
values, and thus sometimes produces color artifacts. As shown in
Fig. 5, in the case of an identically-varying color step edge in which
all the three primary color signals discontinuously change in phase
with each other, false color artifacts are sometimes produced;
whereas as shown in Fig. 6, in the case of an oppositely-varying
color step edge in which for instance one primary color signal dis-
continuously increases while another primary color signal discon-
tinuously decreases, zipper artifacts are sometimes produced. To
suppress those color artifacts, in addition to the TV regularization of
each primary color signal, we introduce the TV regularization of
color differences and color sums into our prototypal method.

Original image

.

Demosaicked image

Figure 5 — Color-interpolation model of an identically-varying color
step edge and an example of typical color artifacts produced by our
prototypal TV-based deblurring-demosaicing method
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Original image

Demosaicked image

Figure 6 — Color-interpolation model of an oppositely-varying color
step edge and an example of typical color artifacts produced by our
prototypal TV-based deblurring-demosaicing method

4.2  Extended Color-TV-Regularization Demosaicing
Let us consider color interpolation in the case of Fig. 5. Color dif-
ferences G-R are shown in Fig. 7. The correct color-interpolation
case is shown in Fig. 7(a), whereas the other incorrect color-
interpolation cases are shown in Fig. 7(b) ~ (d). The more frequent
fluctuations a signal has, the larger its TV norm is. Hence, among
the four cases of Fig. 7, the correct color-interpolation case of Fig.
7(a) shows the smallest TV norm of the color difference G-R. On
the other hand, color sums G+R are shown in Fig. 8, where all the
color sums are monotonously increasing and have the identical TV
norm. Next, let us consider color interpolation in the case of Fig. 6.
Color differences G-R are shown in Fig. 9, where all the color dif-
ferences are monotonously decreasing and have the identical TV
norm. On the other hand, color sums G+R, are shown in Fig. 10,
where the correct color interpolation case of Fig. 10(a) shows the
smallest TV norm of the color sum G+R. If the TV regularization of
color differences and color sums are applied to color interpolation,
correct color interpolation will be achieved.

The G-channel has more observed samples than the R- and the
B-channels, and hence interpolated values of the G-channel are
more reliable than those of the R- and the B-channels. If the TV
regularization of color differences and color sums is applied to color
interpolation of the G-channel, interpolated values of the G-channel
will often receive a bad influence from the R- and the B-channels. In
this paper, the TV regularization of color differences and color sums
is applied only to color interpolation of the R- and the B-channels.
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Figure 9 — G-R in the Fig. 6 case Figure 10 — G+R in the Fig. 6 case

The resultant three different update formulas for color interpo-
lation of the three primary color channels are interdependent, and
the actual image recovery algorithm is formed as an alternately
iterative algorithm, as follows:

(7)
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Fig. 11 compares a portion of a demosaicked color image
given by our extended deblurring-demosaicing method with that
given by our prototypal method [9]. In Fig. 11(a) our prototypal
method produces false color artifacts along the horizontal black thin
line on the right side of the outline letters written as “Gray Scale” on
a gray-colored background, whereas in Fig. 11(b) our extended
method suppresses those color artifacts.

(b) Our extended method

(a) Our prototypal method

Figure 11 — Portion of a demosaicked image given by our extended
deblurring-demosaicing method and that given by our prototypal
method [9]
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5. COMPARISON WITH THE STATE-OF-THE
ART DEMOSAICING APPROACHES

Fig. 12 compares portions of demosaicked images given by the
application of our nonlinear decomposition-and-demosaicing ap-
proach employing the image-processing flowchart of Fig. 2 and the
two state-of-the-art demosaicing methods [2], [3] embedded in the
standard image-processing flowchart of Fig.1, to observed raw pri-
mary color data, which are read out from a digital SLR camera. The
conventional methods do not restore fine textures of a cobble paving
and a rock face, produce green false-color artifacts on the rock face,
and restore color images giving a blurry impression. On the other
hand, our approach restores those fine textures and produces a color
image giving a sharp impression. Unlike the existing methods, our
approach suppresses the effects of noise, sharpens color edges, and
enhances fine textures, while performing color interpolation. How-
ever, our approach sometimes produces false-color artifacts along
sharp color-edges, which is caused by deblurring performed in the
color interpolation of the structural component. The demosaicing
method for the structural component should be further improved.

6. CONCLUSIONS

To reconstruct a high-quality color image from raw primary color
data observed with a digital color camera, this paper presents a
nonlinear decomposition-and-demosaicing approach with the multi-
plicative BV-G nonlinear image-decomposition. The approach per-
forms color interpolation without not only blurring sharp edges but
also destroying visually important texture, and thus successfully
achieves denoising and deblurring along with demosaicing. How-
ever, the computational complexity of our approach is very high,
and hence its fast computational algorithms should be studied.
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Figure 12 — Portions of demosaicked images given by various
demosaicing methods
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