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ABSTRACT

Non-Bayer color filter array (CFA) sensors have recently

drawn attention due to their superior compression of spec-

tral energy, ability to deliver improved signal-to-noise ratio,

or ability to provide high dynamic range (HDR) imaging.

Demosaicking methods that perform color interpolation of

Bayer CFA data have been widely investigated. However,

a bottleneck to the adaption of emerging non-Bayer CFA

sensors is the unavailability of efficient color-interpolation

algorithms that can demosaick the new patterns. Designing a

new demosaick algorithm for every proposed CFA pattern is a

challenge. In this paper, we propose a hardware-friendly uni-
versal demosaick algorithm based on maximum a-posteriori
(MAP) estimation that can be configured to demosaick raw

images captured using a variety of CFA sensors.

The forward process of mosaicking is modeled as a lin-

ear operation. We then use quadratic data-fitting and image

prior terms in a MAP framework and pre-compute the inverse

matrix for recovering the full RGB image from CFA obser-

vations for a given pattern. The pre-computed inverse is later

used in real-time application to demosaick the given CFA pat-

tern. The inverse matrix is observed to have a Toeplitz-like

structure, allowing for hardware-efficient implementation of

the algorithm.

We use a set of 24 Kodak color images to evaluate the

quality of our demosaick algorithm on three different CFA

patterns. The PSNR values of the reconstructed full-channel

RGB images from CFA samples are reported in the paper.

Index Terms— Color filter array, Bayer mosaic, universal

demosaick, statistical MAP estimation.

1. INTRODUCTION

Bayer pattern is no longer the single dominant pattern in sen-

sor industry. Multiple CFA patterns have recently gained pop-

ularity because of their superior spectral-compression perfor-

mance [1], improved signal-to-noise ratio [2], or ability to

provide HDR imaging. Traditionally, raw data captured using

a non-Bayer CFA sensor is either (1) resampled to a Bayer

pattern and then color-interpolated using Bayer demosaick

[3, 4] or (2) processed using a dedicated demosaick algorithm

designed for the specific color sampling pattern. The former

solution results in sub-optimal interpolation, while the latter

solution is hardware inefficient, necessitating implementation

of a separate demosaick block in the image signal proces-

sor (ISP) to support color-interpolation of a specific CFA raw

data. Universal demosaick proposed herein is based on sta-

tistical maximum a-posteriori (MAP) framework [5], which

can be configured to demosaick raw data acquired from any

3-channel CFA sensor fitted at the front end of the camera.

Demosaick algorithms that rely on iterative MAP recon-

struction to estimate the unknown RGB color values at each

pixel location given the observed CFA data have already been

proposed in the literature [6]. By modeling the forward CFA

mosaicking as a linear operation and invoking image smooth-

ness constraints, the demosaicked image given any color sub-

sampling can be obtained by solving a set of algebraic equa-

tions. However, traditional algebraic methods are hardware-

unfriendly and are not suitable for real-time applications.

Our proposed approach involves pre-computing and stor-

ing the inverse operator required for MAP reconstruction of

the 3-channel RGB image. The reconstruction operator is

learned offline for a given CFA pattern and then approxi-

mated using a set of compact 2D spatial filters. In order

to ensure data-independent reconstruction, we use quadratic

models for both data-fitness and prior model terms. Since,

quadratic image priors lead to blurring of object boundaries,

we seek two independent reconstructions: one enforcing hor-

izontal smoothness and the other vertical smoothness in the

recovered image. The images obtained from the two direc-

tional reconstructions are then combined using homogeneity-

directed classifier as proposed by Hirakawa [3].

We present our demosaick results on the three different

CFA patterns shown in Figure 1: (a) Traditional 2× 2 Bayer.

(b) Modified 3 × 3 Bayer [7] with color filters 1.5 times the

pixel size. There are 6 spectral components in this 3× 3 pat-

tern, namely R, G, B, Y = (R + G)/2; C = (B + G)/2;

W = (R + 2G + B)/4. This format can potentially be used

when pixel sizes are in the sub-micron range; fabrication of

color filters with equally small sizes is not practical with the

current technology. (c) 4 × 4 Lukac [1]. The CFA images

are simulated by spectral sub-sampling of the set of 24 stan-

dard Kodak images according to the patterns shown in Fig-

ure 1. The full-channel RGB images are then reconstructed

using the proposed algorithm and the reconstruction PSNRs

are calculated.



Fig. 1. CFA patterns considered for analysis: (a) 2×2 Bayer;

(b) Modified 3× 3 Bayer [7] ; (c) 4× 4 Lukac [1].

2. UNIVERSAL DEMOSAICK

2.1. Non-Iterative MAP Estimation

To introduce our proposed method, we shall assume that

x ∈ R
3N denotes the full 3-channel RGB image to be re-

constructed in lexicographical order; y ∈ R
N denotes sam-

ples captured using a CFA sensor; A ∈ R
N×3N denotes

the spectral-compression operator that performs the CFA

color sub-sampling [8]; and n ∈ R
N denotes the additive,

zero-mean, i.i.d. Gaussian noise with covariance matrix

Λ = E
[
nTn

]
= σ2I . Then, the forward model is given by

y = Ax+ n. (1)

Let Tl, Tc1 , Tc2 ∈ R
N×3N be linear transformations that

transform x into its de-correlated luminance/chrominance

components: l � Tlx, c1 � Tc1x, c2 � Tc2x ∈ R
N . Fur-

ther, we use homogeneous Gaussian Markov random field

(GMRF) [5] prior models for the opponent color components

l, c1, and c2, assuming the three GMRFs share a common

non-causal prediction matrix Gi,j = gi−j , but have differ-

ent non-causal prediction variances. Specifically, we assume

the non-causal prediction variances for the luminance and

chrominance components are σ2
l and σ2

c respectively. The

MAP estimate of x given the observations y is then given by

x̂ = arg min
x∈R3N

{
1

2σ2
‖y −Ax‖2 + 1

2σ2
l

xTTl
TBTlx

+
1

2σ2
c

∑
k=1,2

xTTT
ck
BTckx

⎫⎬
⎭ , (2)

where B ∈ R
3N×3N is a symmetric invertible matrix. The

entries of B are given by Bi,j = δi−j − gi−j , where δk is the

Kronecker delta function. The ratios σ/σl and σ/σc control

the trade-off between fitting to the data and the smoothness of

luminance/chrominance components of the solution.

The MAP reconstruction of (2) can be computed in closed

form as follows:

x̂ =

⎛
⎝ATA+

σ2

σ2
l

Tl
TBTl +

σ2

σ2
c

∑
k=1,2

TT
ck
BTck

⎞
⎠
−1

AT y.

(3)

Therefore, if we pre-compute the inverse matrix for a given
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Fig. 2. Non-causal prediction matrix g
(H)
k used in the Gaus-

sian Markov Random Field (GMRF) directional image prior.

Fig. 3. Demosaicking using non-iterative MAP: x̂(m) is the

full 3-channel reconstructed image, H(m) is the reconstruc-

tion matrix; ŷ is the CFA data.

CFA pattern:

H �

⎛
⎝ATA+

σ2

σ2
l

Tl
TBTl +

σ2

σ2
c

∑
k=1,2

TT
ck
BTck

⎞
⎠
−1

AT ,

(4)

then we may reconstruct the full 3-channel RGB image

x from the CFA observations y by simply computing the

matrix-vector product:

x̂ = Hy. (5)

It is important to note that H is independent of the sensor

data y and needs to be computed only once for a given CFA

pattern. While the non-iterative MAP (NMAP) computation

in (5) seems appealing, it is rarely used in practice. In gen-

eral, H is enormous and non-sparse for most problems and,

therefore, iterative solutions of (2) are more efficient.

As we discuss in a later section, for the demosaick prob-

lem the inverse matrix H is observed to be sparse and the

rows of H repeat with a periodicity of 3MN , where M ×N
is support of a period of the CFA pattern. This special struc-

ture of H allows us to efficiently implement computation for

NMAP estimation (5) for real-time applications.

2.2. Integrating Edge Information

A homogeneous GMRF prior model, used in the afore-stated

modeling, assumes the local density is independent of its ab-

solute position within the image. While the homogeneity as-

sumption dramatically reduces the number of non-causal pre-



Fig. 4. Horizontal demosaicking filters derived using proposed non-iterative MAP for each of the 4 phases p in the 2× 2 Bayer

CFA sensor. The filters correspond to unique rows in the inverse matrix H(m) for m = H .

diction parameters, it leads to smoothing and aliasing artifacts

in the demosaicked image.

Drawing inspiration from birectional (vertical/horizontal)

interpolators used frequently in Bayer-CFA demosaikcing [3,

4], we propose to derive bidirectional MAP-based interpola-

tion operators for each of the CFA sensors supported by our

universal demosaick algorithm. We obtain a directional de-

mosaick estimate, x̂(m), using a homogeneous GMRF image

prior model, described by matrix B(m), that enforces smooth-

ness only along a specified direction:

x̂(m) =

⎛
⎝ATA+

σ2

σ2
l

Tl
TB(m)Tl +

σ2

σ2
c

∑
k=1,2

TT
ck
B(m)Tck

⎞
⎠
−1

AT y. (6)

Defining the inverse matrix H(m) as in (4), but with the su-

perscript m included, (6) can be written as

x̂(m) = H(m)y, (7)

where m ∈ {V,H} and B
(m)
i,j = δi−j − g

(m)
i−j . The non-

causal prediction parameters g
(H)
k used in our paper are given

in Figure 2. The values for g
(V )
k are given by the transpose of

the matrix shown in Figure 2.

A vertical demosaick operator H(V ) performs better in

areas of the image dominated by vertical edges, while a hor-

izontal demosaick operator H(H) performs betters in areas

dominated by horizontal edges. A convex average of the two

estimates at each pixel location is used to get the final demo-

saicked image:

x̂i,j = βi,j x̂
(H)
i,j + (1− βi,j)x̂

(V )
i,j , (8)

where βi,j ∈ [0, 1] represents the classifier decision at loca-

tion (i, j) in the image. For horizontal edges, βi,j = 1, while

for vertical edges, βi,j = 0. In this manuscript, we use the

homogeneity-directed classifier proposed by Hirakawa in [3]

to estimate βi,j .

2.3. Estimation of Inverse Matrix

The columns of the inverse matrix H(m) =
[
h1 h2 . . . hN

]T
∈ R

3N×N represent impulse response of the linear system:

x̂(m) = H(m)y. Therefore, it is possible to learn the inverse

matrix column-by-column with its j-th column computed as:

h
(m)
j = arg min

x∈R3N

{
1

2σ2
‖ej −Ax‖2 + 1

2σ2
l

xTTl
TB(m)Tlx

+
1

2σ2
c

∑
k=1,2

xTTT
ck
B(m)Tckx

⎫⎬
⎭ , (9)

where ej represents the j-th unit vector.

The reconstruction matrix H(m) needs to be learned apri-

ori only once for a given CFA constellation. The same re-

construction matrix is then used to demosaick all raw data

captured using that sensor.

2.4. Filter Extraction From Inverse Matrix

Figure 3 illustrates non-iterative MAP demosaicking based on

computing the matrix-vector product: x̂(m) = H(m)y. We

make following observations about the reconstruction matrix:

• Each row of H(m) represents a directional color inter-

polation filter.

• For each pixel location and interpolation direction, m,

there are 3 demosaicking filters: one for R, one for G,

and one for B.

• There are only as many unique rows in H(m) per color

channel as the support of the unit CFA cell. Thus,

if the support of one CFA period is M × N pixels,

maximum number of unique color interpolation filters

per channel per interpolation direction is MN . We

denote this set of filters by: h
(m)
R,p , h

(m)
G,p , h

(m)
B,p , where

p ∈ {1, . . . ,MN} and m ∈ {H,V }.



Fig. 5. Real-time implementation of NMAP demosaick.

• Rows of H(m) are sparse and a 2-D interpolation fil-

ter represented by a given row has a compact support

around the center pixel.

The set of unique rows in H(m) for the standard 2 × 2
Bayer CFA sensor learned offline using (9), arranged as 2D

filters, is shown in Figure 4. We notice that the filter coeffi-

cients decay rapidly as the distance from the center increases

and are practically zero outside the 11 × 11 window. For the

Bayer example, M = N = 2; thus, there are four demosaick

filters per channel per interpolation direction.

2.5. Configurable Hardware Architecture

Figure 5 illustrates how the proposed NMAP reconstruction

can be computed efficiently in real-time using filtering op-

erations. Using the methodology discussed above, the de-

mosaick filter set h
(m)
R,p , h

(m)
G,p , h

(m)
B,p is pre-computed for each

phase p ∈ {1, . . . ,MN} in an M×N CFA pattern the ISP is

required to demosaick. The demosaick filter values in the ISP

unit are configured according to the CFA sensor attached at

the front-end of the camera. The phase p of the current pixel

being processed in the observation image y is determined us-

ing modulo − N and modulo −M operations, and the cor-

responding filter set h
(m)
R,p , h

(m)
G,p , h

(m)
B,p is used to estimate the

3-channel color vector x(m).

3. EXPERIMENTAL RESULTS

We used the set of standard 24 Kodak color images to evaluate

the performance of the proposed universal demosaick algo-

rithm. The CFA images were generated by color-subsampling

of the full 3-channel RGB images according to the patterns

shown in Fig. 1. The CFA images were then processed using

the NMAP universal demosaick in Figure 5 to obtain the di-

rectional estimates x̂(m). We used only horizontal and vertical

directions, i.e. m ∈ {H,V }, to produce the results. However,

the algorithm can easily be extended to incorporate any num-

ber of interpolation directions. The directional estimates x̂(H)

and x̂(V ) were then combined using (8) to obtain the final es-

timate x̂. We used the color homogeneity metric proposed in

[3] to estimate the mixing coefficients βi,j .

Fig. 6. PSNR values of full 3-channel RGB images recon-

structed from three different CFA sampling patterns. Two

different demosaick algorithms were used for reconstructions:

(a) Proposed non-iterative MAP (NMAP) algorithm was used

to demosaick 2× 2 Bayer, 3× 3 Bayer, and 4× 4 Lukac pat-

terns; (b) Adaptive homogeneity-directed (AHD) demosaick

was used to demosaick only 2× 2 Bayer data.

The demosaick filters for each of the three CFA patterns

were learned apriori using the procedure described in Sec-

tions 2.3 and 2.4. The filter support selected was 11 × 11;

non-zero values outside this support were discarded.

In Figure 6, we evaluate the performance of our univer-

sal demosaick algorithm across our test set of 24 Kodak im-

ages using the PSNR measure of image quality. For the Bayer

sensor, we also use adaptive homogeneity-directed demosaick

(AHD) [3] to perform color interpolation. The simulation re-

sults show that our universal demosaick outperforms AHD [3]

on the Bayer data, while additionally providing the capability

for demosaicking non-Bayer CFA images.

4. CONCLUSIONS

We proposed a universal demosaick algorithm based on sta-

tistical MAP estimation that can be configured to demosaick

raw images captured using a variety of CFA sensors. Our

proposed approach involves pre-computing and storing the

inverse operator required for MAP reconstruction of the 3-

channel RGB image. The reconstruction operator is learned

offline for a given CFA pattern and then approximated using

a set of compact 2D spatial filters. The resulting non-iterative

MAP estimation, implemented using a filter bank, is compu-

tationally efficient and hardware friendly. We use a set of 24

Kodak color images to evaluate the quality of our demosaick

algorithm on three different CFA patterns. The high PSNR

values of the reconstructed RGB images show the effective-

ness of the proposed method.
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