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This work proposes an improved version of Yang et al.’s universal subsampling strategy for compressing
mosaic videos with arbitrary red–green–blue (RGB) color filter arrays in H.264/AVC. For the subsampled
images with 4:2:0 format, Yang et al.’s work retains the original Y luma component, but samples the
proper U and V chroma components according to the corresponding mosaic structure for better recon-
structing R and B pixels. However, Yang et al.’s strategy suffers from the RGB color deviations due to
the U and V chroma subsampling, which results in the quality degradation of the reconstructed mosaic
videos. We propose a novel modification for the Y luma component instead of only retaining the Y luma
component such that the RGB color deviation problem can be resolved. Experimental results demonstrate
that the proposed improved universal subsampling strategy delivers better quality of the reconstructed
mosaic and full-color videos, when compared with Yang et al.’s one.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Recently, mobile devices combined with digital cameras have
become increasingly ubiquitous in the consumer electronics mar-
ket. In consideration of cost, these digital cameras integrated in
mobile devices are usually equipped with a single charge-coupled
device (CCD) or complementary metal oxide semiconductor
(CMOS) sensor, the surface of which is covered with a red–
green–blue (RGB) color filter array (CFA) as shown in Fig. 1, for
each pixel to capture the color information of real-world scenes
[17]. Each pixel in the images of the acquired video has only one
of three RGB primary color components and hence such a video
is referred to as a mosaic video. For mosaic videos, the RGB CFA
structure is required for the following video processing, such as
demosaicking [18,15,11] and super-resolution [8,12], and can be
obtained from the camera manufacturer or the header of the raw
CFA video in TIFF-EP format. Ten commonly used types of RGB
CFA structures [16] are shown in Fig. 2, of which the Bayer CFA
[1] is the most well-known structure.

Compression of mosaic videos is a key component in consumer
digital cameras due to the considerations of economical storage
and transmission over the Internet. Most existing schemes for
compressing mosaic videos concentrate on employing either
structure conversion [9,6,7] or demosaicking [4,19] prior to
compression for achieving better compression performance. Struc-
ture conversion based compression schemes, which convert the
CFA structure into three RGB distinct color planes for compression,
are often applied to mosaic videos with the Bayer CFA since the
Bayer CFA has 2:1:1 (G:B:R) color component composition in each
2 � 2 subimage, which is similar to the 4:2:2 subsampling format
used by the encoder. However, due to the requirement of a specific
subsampling format by the encoder and the difficulty of converting
irregular CFA structures, the structure conversion based compres-
sion schemes cannot be applied directly to mosaic videos with
non-Bayer CFA structures.

In contrast, demosaicking based compression schemes are
applicable to different types of mosaic videos with the aid of dem-
osaicking techniques designed for one specific CFA structure or
universal demosaicking techniques for arbitrary CFA structures.
Prior to compression, Chen et al. [4] first demosaicked the mosaic
videos with the Bayer CFA by bilinear interpolation to recover
the full RGB colors and then adjusted the U and V chroma subsam-
pling strategy with 4:2:0 format in H.264/AVC [5] to improve the
quality of the reconstructed mosaic videos. Yang et al. [19] pro-
posed a universal scheme for compressing mosaic videos with arbi-
trary CFA structures in H.264/AVC, which basically works, prior to
compression, with the universal demosaicking technique slightly
modified from [15] first and then the proposed universal U and V
chroma subsampling strategy with 4:2:0 format. Specifically, Yang
et al.’s chroma subsampling strategy has the same compression
performance as Chen et al.’s one for mosaic videos with the Bayer
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Fig. 1. The camera model with a RGB CFA structure for capturing mosaic videos.

Fig. 3. (a) One 2 � 2 YUV block and (b) its associated mosaic block.
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CFA, and has superior compression performance over the
traditional one in H.264/AVC for mosaic videos with arbitrary
CFA structures.

The advantage of Yang et al.’s chroma subsampling strategy for
compressing mosaic videos with arbitrary CFA structures lies in
that it selects the proper pixels to sample the shared U and V com-
ponents by considering the corresponding CFA structure and the
significance of the U and V components for reconstructing R and
B pixels. Since, when reconstructing the R pixels for the recon-
structed mosaic video, V components are more significant than U
components, Yang et al.’s strategy determines, when encoding,
the shared V component associated with a 2 � 2 YUV block by
averaging the V components corresponding to the R pixels in the
associated mosaic block. Similarly, the shared U component
associated with the block, when encoding, is determined as the
average of the U components corresponding to the B pixels in the
associated mosaic block. For example, considering the 2 � 2 YUV
block and its associated mosaic block shown in Fig. 3, Yang
et al.’s strategy determines the shared U and V components of
the current YUV block as U3 and V2, respectively.

However, these demosaicking based compression schemes suf-
fer from RGB color deviations due to the U and V chroma subsam-
pling, which results in quality degradation of the reconstructed
mosaic videos. For example, Fig. 4 gives a real 2 � 2 subimage from
Fig. 2. Ten commonly used RGB CFA structures: (a) Bayer CFA. (b) Lukac and Plataniotis
Bayer CFA. (g) HVS-based CFA. (h) Type I Pseudo-random CFA. (i) Type II Pseudo-random
the Houses video with the Bayer CFA to perform Yang et al.’s com-
pression scheme. To illustrate the so-called RGB color deviation
problem, after executing each step of Yang et al.’s compression
scheme, we perform proper inverse operations on the resultant
subimage to obtain the corresponding mosaic color values of the
subimage. It can be found that the original mosaic color values of
the subimage no longer keep intact after the U and V chroma sub-
sampling in Step 3, indicating that Yang et al.’s subsampling strat-
egy is actually the reason for incurring the RGB color deviations.

To solve the above RGB color deviation problem which occurs in
subsampling, in this work, we propose an improved version of
Yang et al.’s universal subsampling strategy for compressing
mosaic videos with arbitrary RGB color filter arrays in H.264/
AVC. Under the framework of Yang et al.’s universal subsampling
strategy, we replace retaining the original Y luma component with
adopting a novel modification for the Y luma component such that
the RGB color deviation problem can be resolved. The experimental
results demonstrate that the proposed improved subsampling
strategy can deliver better quality of the reconstructed mosaic vid-
eos and the reconstructed full-color videos under the same bitrate,
when compared with the state-of-the-art one by Yang et al.

The rest of this work is organized as follows. In Section 2, we
present the proposed improved universal subsampling strategy
for compressing mosaic videos with arbitrary RGB CFA structures
in H.264/AVC. Based on the four test videos with the ten commonly
used RGB CFA structures, Section 3 gives the empirical results of
CFA. (c) Yamanaka CFA. (d) Diagonal stripe CFA. (e) Vertical stripe CFA. (f) Modified
CFA. (j) Type III Pseudo-random CFA.



Fig. 4. An example of the RGB color deviations resulting from the U and V chroma subsampling with 4:2:0 format.
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the compression performance in terms of the quality of the recon-
structed mosaic videos and the reconstructed full-color videos as
well as the bitrate requirement. Concluding remarks are given in
Section 4.

2. Proposed improved universal subsampling strategy

For a mosaic image IM in the input mosaic video with an arbi-
trary RGB CFA structure, let IYUV represent the corresponding YUV
image, which is obtained by performing both the universal demo-
saicking technique modified from [15] and the RGB to YUV color
domain transformation defined as
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on IM . To compress IYUV in 4:2:0 format by the H.264/AVC encoder,
for each 2 � 2 block in IYUV , only four Y components, one shared U
component, and one shared V component can be stored for
Fig. 5. Four test videos: (a) Houses. (b
compression. Considering a 2 � 2 block in IYUV , let FL
YUV ði; jÞ denote

the value of component L ðL 2 Y ;U;VÞ of the pixel at position ði; jÞ,
i.e., row i and column j, of the block and FC

Mði; jÞ denote the value
of component C ðC 2 R;G; BÞ of the pixel at position ði; jÞ of its
co-located 2 � 2 block in the mosaic image IM .

Before delivering the proposed RGB color deviation-free sub-
sampling result for the current 2 � 2 block in IYUV , we first adopt
the U and V determination process by Yang et al. to yield the shared
U component and V component of the current block
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where SB denotes the set of positions of the B color pixels in its
co-located 2 � 2 block in IM and S

R is defined like S
B but for the R

color pixels.
) Lighthouse. (c) Nature. (d) Wall.
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After obtaining the shared U and V components ðU�;V�Þ, we
then determine a proper Y component for each pixel of the current
block instead of only retaining the original Y component by Yang
et al. such that the RGB color deviation problem can be resolved.
Suppose that the pixel at position ði; jÞ of the current block corre-
sponds to a C ðC 2 R;G; BÞ color pixel at position ði; jÞ of the co-
located block in IM . Based on the YUV to RGB color domain
transformation
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Fig. 6. RD curves of PSNR against bitrate corresponding to the two concerned subsamplin
Lukac and Plataniotis CFA. (c) Yamanaka CFA. (d) Diagonal stripe CFA. (e) Vertical stripe
Type II Pseudo-random CFA. (j) Type III Pseudo-random CFA.
since the shared U and V components have been determined as U�

and V�, for the pixel at position ði; jÞ of the current block, its inverse
mosaic color value bF C

Mði; jÞ and Y component have the following
relationship

bF C
Mði; jÞ¼

1:164�ðY�16Þþ1:596�ðV� �128Þ; if C¼R;

1:164�ðY�16Þ�0:391�ðU� �128Þ�0:813�ðV� �128Þ if C¼G;
1:164�ðY�16Þþ2:018�ðU� �128Þ; if C¼B:

8><
>:

ð5Þ

To achieve no RGB color deviation for the pixel at position ði; jÞ,
which means that the inverse mosaic color value bF C

Mði; jÞ needs to
be equal to the original mosaic color value FC

Mði; jÞ, we substitute
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bF C
Mði; jÞ in the above equation with FC

Mði; jÞ and rewrite the equation,
and then the RGB color deviation-free Y component for the pixel at
position ði; jÞ can be determined as follows

Y�ði; jÞ ¼
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>>>:

ð6Þ

The same strategy is applied to the remaining three pixels of the
current block for the determination of their RGB color deviation-
free Y components.

When all the 2 � 2 blocks in the YUV images have been subsam-
pled as described earlier, then the subsampled YUV images are
conveyed to the H.264/AVC encoder for compression. Since Yang
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Fig. 7. RD curves of CPSNR against bitrate corresponding to the two concerned subsampl
(b) Lukac and Plataniotis CFA. (c) Yamanaka CFA. (d) Diagonal stripe CFA. (e) Vertical strip
Type II Pseudo-random CFA. (j) Type III Pseudo-random CFA.
et al.’s chroma subsampling strategy only subsamples one pair of
shared U and V components for one 2 � 2 YUV block, the informa-
tion loss due to discarding three-quarters of U and V components
leads to that the subsampled YUV block cannot be losslessly
reversed into the original mosaic block prior to compression. When
conveying such the subsampled YUV block with quality degrada-
tion for compression, accompanied by the compression distortion,
the quality of the reconstructed mosaic video using Yang et al.’s
subsampling strategy would decay more seriously. In contrast,
the proposed improved subsampling strategy further modifies,
given the shared U and V components, the Y components in the
subsampled YUV block such that, prior to compression, the color
values of the pixels in the reversed mosaic block corresponding
to the current subsampled YUV block can be kept the same as those
in the original mosaic block, i.e., solving the RGB color deviation
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problem. By conveying the subsampled YUV block without the RGB
color deviations for compression, even though suffering from the
compression distortion, the quality of the reconstructed mosaic
video using the proposed improved subsampling strategy still
can be expected to decay less than that using Yang et al.’s one.
3. Experimental results

We conducted several experiments to evaluate the performance
of the proposed improved universal subsampling strategy for
compressing mosaic videos with arbitrary RGB CFA structures in
H.264/AVC. For comparison, the proposed subsampling strategy
was compared with Yang et al.’s one. Four test videos, each with
two hundred 352 � 288 image frames captured using three-sensor
devices and normalized to 8-bit per channel RGB representation,
were adopted from Kodak collection [13] and are shown in Fig. 5.
Following the standard practice in [14,15,10,19], we first sampled
each test video with the ten RGB CFA structures shown in Fig. 2
to obtain the mosaic videos. We then performed the compression
and reconstruction processes with Yang et al.’s and the proposed
subsampling strategies on these mosaic videos.
Table 1
BD-PSNR (in dB) of the proposed subsampling strategy over Yang et al.’s one for the four

CFA structure Test video B

R

Bayer CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Lukac and Plataniotis CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Yamanaka CFA Houses 1
Lighthouse 0
Nature 0
Wall 0

Diagonal stripe CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Vertical stripe CFA Houses 2
Lighthouse 1
Nature 1
Wall 1

Modified Bayer CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

HVS-based CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Type I Pseudo-random CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Type II Pseudo-random CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Type III Pseudo-random CFA Houses 0
Lighthouse 0
Nature 0
Wall 0

Average 0
The H.264/AVC reference software JM 18.0 was adopted for
video compression in the experiments. In addition, the size of the
group of picture (GOP) was set to be 10, the GOP structure used
was IPPP, and the seven different quantization parameters (QPs)
considered in the compression process were 8, 12, 16, 20, 24, 28,
and 32. The two concerned subsampling strategies and JM 18.2
were realized in Visual C++ 2008 and implemented on an IBM com-
patible computer with Intel i7-3770 CPU 3.4 GHz, 16 GB RAM, and
Microsoft Windows 7 64-bit operating system. Furthermore, all the
compression results can be found in [20].
3.1. Performance evaluation metrics

The quality of the reconstructed mosaic video and the storage
requirement in terms of peak signal-to-noise ratio (PSNR) and
bitrate, respectively, were the main performance measures for
comparison. In addition, since the mosaic videos eventually needs
to be recovered to the full-color videos for display purposes, the
original mosaic videos and the reconstructed ones were demosa-
icked to full-color videos using the universal demosaicking tech-
nique modified from [15] and the color PSNR (CPSNR) was
test videos with the ten RGB CFA structures.

D-PSNR

econstructed mosaic video Reconstructed full-color video

.443 0.369

.200 0.141

.307 0.254

.291 0.255

.208 0.175

.122 0.083

.091 0.074

.245 0.220

.071 0.900

.537 0.414

.404 0.330

.407 0.305

.395 0.502

.219 0.240

.565 0.680

.323 0.351

.467 3.078

.948 2.606

.792 1.884

.421 1.771

.216 0.202

.053 0.037

.405 0.393

.172 0.160

.489 0.779

.645 0.880

.643 0.959

.557 0.817

.348 0.313

.166 0.137

.417 0.367

.254 0.234

.329 0.666

.237 0.478

.193 0.545

.075 0.246

.483 0.624

.367 0.413

.548 0.661

.415 0.477

.520 0.601
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calculated between them as another quality measure. Denote by
P ¼ fðm;nÞj1 6 m 6 H;1 6 n 6Wg the set of pixel coordinates in
one image frame of size W � H. The PSNR of a reconstructed
mosaic video with N image frames of size W � H can be expressed
as

PSNR ¼ 10log10
2552

1
NWH

PN
n¼1

P
p2P In

MðpÞ �eIn
MðpÞ

h i2 ; ð7Þ

where In
MðpÞ denotes the color value of the pixel at position p in the

n-th mosaic image frame of the original mosaic video and eIn
MðpÞ

represents the reconstructed analog. The CPSNR of a reconstructed
full-color video can be expressed as

CPSNR ¼ 10log10

� 2552

1
3NWH

PN
n¼1

P
p2P
P

C2fR;G;Bg In;C
RGBðpÞ �eIn;C

RGBðpÞ
h i2 ; ð8Þ

where In;C
RGBðpÞ and eIn;C

RGBðpÞ denote the C 2 fR;G;Bg color value of the
pixel at position p in the n-th image frame of the original and recon-
structed full-color videos, respectively. In general, higher values of
PSNR and CPSNR indicate better quality of the reconstructed mosaic
video and the reconstructed full-color video, respectively, while
lower bitrate values imply less storage requirement.

3.2. Performance comparison of the subsampling strategies

Rate-distortion (RD) curves, which depict the PSNR against
bitrate or the CPSNR against bitrate with different QPs, for the
two concerned subsampling strategies based on the Houses test
video with the ten RGB CFA structures were plotted in Figs. 6
and 7, respectively. Due to lack of space, the similar RD curves
for the two concerned subsampling strategies based on the other
three test videos with the ten RGB CFA structures can be found
in [20]. The results of the four test videos with the ten RGB CFA
Fig. 8. Subjective visual evaluation on the Houses and Lighthouse test videos: (a)–(c) mag
full-color Houses video generated by Yang et al.’s subsampling strategy, and the reconstru
magnified subimages cut from the original demosaicked Lighthouse video, the reconstruc
the reconstructed full-color Lighthouse video generated by the proposed subsampling st
structures showed that with respect to the quality of the recon-
structed mosaic and full-color videos under the same bitrate, the
proposed subsampling strategy outperformed Yang et al.’s one in
the low and middle QP situations. Although the proposed subsam-
pling strategy was competitive with Yang et al.’s one in the high QP
situation, it seldom occurs in practice since a low bitrate coding
often leads to serious quality degradation and visual discomfort
in the reconstructed full-color videos.

Furthermore, taking Yang et al.’s subsampling strategy as the
comparison basis, Bjøntegaard delta PSNR (BD-PSNR) [2], which
measures the average difference in PSNR and CPSNR between
two RD curves, for the proposed subsampling strategy was
calculated over QP = 8, 16, 24, and 32 to provide quantitative com-
parison results. Here, the calculation of BD-PSNR follows the three
steps: (1) select four points from each of the two compared RD
curves, which are often the results corresponding to the four con-
cerned QPs, and then fit each curve with a third-order polynomial
by the selected four points, (2) compute the integral over an inter-
val of bitrate for each fitted curve, and (3) BD-PSNR is calculated as
the difference between the two integrals divided by the bitrate
interval. The values of BD-PSNR corresponding to the proposed
subsampling strategy for the four test videos with the ten RGB
CFA structures were given in Table 1, and the positive values of
BD-PSNR indicate the quality superiority of our proposed subsam-
pling strategy for compressing mosaic videos with arbitrary RGB
CFA structures in H.264/AVC with the same bitrate. The results in
Table 1 showed that the average BD-PSNRs of the proposed sub-
sampling strategy over Yang et al.’s were, respectively, 0.520 dB
and 0.601 dB, indicating clear improvement in the quality of the
reconstructed mosaic videos and the reconstructed full-color
videos.

Besides the objective metrics, the subjective visual evaluation
was used to demonstrate the quality superiority of the proposed
improved subsampling strategy over Yang et al.’s one. In general,
mosaic videos are not directly used for display, so only the recon-
structed full-color videos using the two concerned subsampling
nified subimages cut from the original demosaicked Houses video, the reconstructed
cted full-color Houses video generated by the proposed subsampling strategy; (d)–(f)
ted full-color Lighthouse video generated by Yang et al.’s subsampling strategy, and
rategy.



Table 2
The subsampling time and the average compression time (in second) for Yang et al.’s and the proposed subsampling strategies.

CFA structure Test video Subsampling time Average compression time

Yang et al.’s Proposed Yang et al.’s Proposed

Bayer CFA Houses 1.50 1.95 791.36 793.26
Lighthouse 1.45 1.97 764.70 759.50
Nature 1.51 1.90 834.44 838.29
Wall 1.48 1.90 791.55 793.79

Lukac and Plataniotis CFA Houses 1.45 1.89 820.84 821.10
Lighthouse 1.48 1.90 772.35 777.66
Nature 1.50 1.93 911.40 929.66
Wall 1.45 1.97 795.23 810.37

Yamanaka CFA Houses 1.47 1.98 805.62 805.86
Lighthouse 1.45 1.94 793.63 788.92
Nature 1.47 1.92 846.39 846.53
Wall 1.45 1.92 817.56 827.01

Diagonal stripe CFA Houses 1.50 1.90 857.77 863.50
Lighthouse 1.45 1.90 829.01 840.35
Nature 1.45 1.93 899.87 918.69
Wall 1.48 1.92 751.05 759.67

Vertical stripe CFA Houses 1.45 1.90 949.39 942.14
Lighthouse 1.45 1.90 823.00 821.69
Nature 1.47 1.90 888.95 888.54
Wall 1.45 1.90 873.24 873.19

Modified Bayer CFA Houses 1.54 1.92 816.00 823.08
Lighthouse 1.50 1.90 791.98 807.33
Nature 1.44 1.90 847.95 858.78
Wall 1.48 1.90 694.98 710.46

HVS-based CFA Houses 1.45 1.92 914.84 908.36
Lighthouse 1.47 1.97 860.61 858.15
Nature 1.45 1.94 949.56 944.06
Wall 1.44 1.93 887.79 891.08

Type I Pseudo-random CFA Houses 1.50 1.93 861.36 864.02
Lighthouse 1.47 1.94 818.10 825.38
Nature 1.50 2.00 785.07 789.94
Wall 1.48 2.01 707.69 724.69

Type II Pseudo-random CFA Houses 1.45 1.94 924.88 922.27
Lighthouse 1.45 1.94 864.12 862.63
Nature 1.47 1.92 954.19 958.10
Wall 1.45 1.93 891.86 896.45

Type III Pseudo-random CFA Houses 1.47 1.93 882.87 884.96
Lighthouse 1.53 1.92 823.52 838.87
Nature 1.48 1.94 777.96 798.11
Wall 1.47 1.93 735.41 750.66

Average 1.47 1.93 835.20 840.42
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strategies were adopted for visual comparison. Fig. 8(a)–(c)
showed the magnified subimages from the original demosaicked
Houses video and from the reconstructed full-color Houses videos
generated, respectively, by the two concerned subsampling strate-
gies with QP = 8, while Fig. 8(d)–(f) showed the analog from the
Lighthouse video. From the regions circled by the black lines in
Fig. 8(a)–(f), it was clear that the reconstructed full-color subimag-
es by the proposed subsampling strategy demonstrated less RGB
color deviations in comparison with those by Yang et al.’s one,
leading to a better visual perception.
3.3. Computational complexity comparison

To demonstrate the feasibility of a subsampling strategy, the
evaluation on computational complexity should be addressed. This
subsection investigated the computational time complexity for
comparison of the proposed subsampling strategy with Yang
et al.’s one. Specifically, we measured the computational time
spent in the subsampling for each concerned subsampling strategy
and each test video with the ten RGB–CFA structures. In addition,
since the Y components are modified in the proposed subsampling
strategy but not in Yang et al.’s one, which may affect the required
time for the subsequent encoding, we also measured the average
computational time spent in the whole compression procedure
over the seven considered QPs for each concerned subsampling
strategy and each test video with the ten RGB–CFA structures.

Table 2 summarized the related subsampling time and com-
pression time of the two concerned subsampling strategies. As dis-
played in Table 2, although the proposed subsampling strategy
increased the subsmpling time by (1.93 � 1.47)/1.47 = 31.29% on
average, it only caused a slight increase about (840.42 � 835.20)/
835.20 = 0.62% in the average compression time, implying that
compression of mosaic videos using the proposed subsampling
strategy is competitive in terms of computational complexity with
Yang et al.’s one. Furthermore, the average computational time
required for compressing a mosaic image frame by the proposed
subsampling strategy was only (840.42 s/200 frames) = 4.20 s,
indicating that compression of mosaic videos using the proposed
subsampling strategy is feasible in practice.
4. Conclusion

We have presented the proposed improved universal subsam-
pling strategy for compressing mosaic videos with arbitrary RGB
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CFA structures in H.264/AVC. Under the framework of Yang et al.’s
universal subsampling strategy, we replace retaining the original Y
luma component with adopting a novel modification for the Y
luma component such that the RGB color deviation problem can
be resolved prior to compression, leading to better quality of the
reconstructed mosaic video and the reconstructed full-color video.
The experimental results of the four test videos with the ten com-
monly used RGB CFA structures demonstrated that the proposed
improved universal subsampling strategy achieves better quality
of the reconstructed mosaic videos and the reconstructed full-color
videos under the same bitrate when compared with the state-of-
the-art one by Yang et al. Furthermore, it would be interesting to
extend the results of this work to deal with the digital time delay
integration images [3], in which each pixel has two RGB primary
color components.
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