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Abstract—The most widely used color filter array (CFA)
pattern in commercial digital color cameras is the Bayer pattern,
and the captured image is called the Bayer CFA image, in which
each pixel contains only one color value and each image consists
of 25% red, 50% green, and 25% blue color values. The chroma
4:2:2 or 4:2:0 subsampling of Bayer CFA images is a necessary
process prior to compression. According to the block-distortion
minimization principle, in this paper, we propose an effective
gradient descent-based chroma subsampling (GDCS) method
for Bayer CFA images. Based on the test Bayer CFA images
collected from the Kodak and IMAX datasets, experimental
results demonstrated that in high efficiency video coding, our
GDCS method has better quality and quality-bitrate tradeoff
performance of the reconstructed images when compared with
the existing chroma subsampling methods.

Index Terms—Bayer color filter array (CFA) image, chroma
subsampling, gradient descent, high efficiency video coding
(HEVC), quality, quality-bitrate tradeoff.

I. INTRODUCTION

O SAVE hardware costs, most digital color cameras

are equipped with a single-sensor covered with a red-
green-blue (RGB) Bayer color filter array (CFA) [1] such that
each pixel in the captured Bayer CFA image 154" contains
only one color component and 78%¢" consists of 25% red,
50% green, and 25% blue color values. One 8 x8 Bayer CFA
image example is shown in Fig. 1(a), and Fig. 1(b) depicts its
CFA module [G, R, B, G]. The other three CFA modules are
depicted in Figs. 1(c)-(e). In the color digital cameras market,
the Bayer CFA pattern with module [G, R, B, G] has been
used in the Agfa DC-504, Agfa Sensor530s, Nikon D200, etc.
For simplicity, in this paper, we only consider the Bayer
CFA module [G, R, B, G], although our discussion is also
applicable to the other three CFA modules. In the past years,
several compression methods have been developed for encod-
ing Bayer CFA images, and these methods can be divided
into two approaches: the structure conversion-first compression
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Fig. 1. One 8x8 Bayer CFA image example and the four possible CFA
modules. (a) I89¢" with size 8x8. (b) [G, R, B, G]. (¢) [R, G, G, B].
(@) [B, G, G, R]. (¢) [G, B, R, G].

(e

approach [5], [6], [8], [11], [14] and the demosaicking-first
compression approach [3], [13]. Due to the quality and
quality-bitrate tradeoff merits, the demosaicking-first com-
pression approach for encoding 154¢" has been the main
trend instead of the structure conversion-first compression
approach. Given 189" the flowchart of the overall pipeline
to reconstruct the RGB full-color image and Bayer CFA
image is depicted in Fig. 2. Prior to compression, we perform
a demosaicking method [9] on I2%¢" to obtain an RGB
full-color image 7R8. Next, IR® is transformed to a YUV
image 1"V by

Y 0.257 0.504 0.098 R 16
U|=[-0.148 —-0.291 0.439 G|+ 128 (1)
\%4 0.439 -0.368 —-0.071| | B 128

where Y denotes the luma image and UV denotes the
chroma image. The commonly used chroma subsampling
formats are 4:4:4, 4:2:2, and 4:2:0. For each 2x2 UV block,
the 4:4:4 scheme has no compression and maintains both
luma and chroma data completely. To achieve the compres-
sion effect, the 4:2:2 scheme determines one subsampled
(U, V)-pair for each row of the 2x2 UV block. The 4:2:2 for-
mat has been used in high-end digital videos and interfaces,
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Fig. 2. Given an input Bayer CFA image, the flowchart of the overall pipeline to reconstruct RGB full-color images and Bayer CFA images.

such as AVC-Intra 100, Digital Betacam, Digital-S, Canon
MXF HD422, and XDCAM HD422. To achieve a better com-
pression effect, the 4:2:0 scheme determines one subsampled
(U, V)-pair for each 2x2 UV block. The 4:2:0 format has been
used in Blu-ray discs (BDs), digital versatile discs (DVDs),
movies, sports, and TV shows.

After performing a chroma 4:2:2 or 4:2:0 subsampling on
the UV chroma image, the subsampled YUV image is fed into
the encoder for compression. At the client side, the decoded
subsampled UV image is first upsampled, and based on the
Bayer CFA module of 789" the YUV-to-Bayer conversion
is performed by

R 1164 0 1596 ][ Y —16
G|=|1164 -0391 —0813||U—-128], (2
B 1.164  2.018 0 vV —128

Then, the RGB full-color image is reconstructed by demo-
saicking the reconstructed, i.e. converted, Bayer CFA image.
In this paper, we focus on the design of more effective chroma
4:2:2 and 4:2:0 subsampling methods for Bayer images, mak-
ing a contribution to this practically challenging research area.

A. Related Works

We first introduce seven existing chroma 4:2:0 sub-
sampling methods, namely, 4:2:0(A), 4:2:0(L), 4:2:0(R),
4:2:0(DIRECT), 4:2:0(MPEG-B), Chen et al.’s [3] method,
and Lin et al.’s [13] method, and point out their weaknesses.
Second, four existing chroma 4:2:2 subsampling methods,
namely, 4:2:2(A), 4:2:2(L), 4:2:2(R), and Chung er al.’s [4]
method, are introduced and their weaknesses are highlighted.
These weaknesses motivated us to develop more effective
chroma 4:2:0 and 4:2:2 subsampling methods for Bayer
images in order to achieve better quality improvement of the
reconstructed images.

1) Existing Chroma 4:2:0 Subsampling Methods and Their
Weaknesses: 4:2:0(A), 4:2:0(L), 4:2:0(R), 4:2:0(DIRECT),
and 4:2:0MPEG-B) are five traditionally used chroma
4:2:0 subsampling methods. For each 2x2 UV block in
Fig. 3(a), 4:2:0(A) subsamples the (U, V)-pair by averag-
ing the U and V components of the 2x2 chroma block.
4:2:0(L) and 4:2:0(R) subsample the (U, V)-pairs by averaging
the chroma components in the left column and the right
column of the 2x2 block, respectively. 4:2:0(DIRECT) sub-
samples the (U, V)-pair by selecting the top-left (U, V)-pair of
the 2x2 block. 4:2:0(MPEG-B) [15] decides the subsampled
(U, V)-pair by performing the 13-tap filter with the mask
[2,0,-4,-3,5,19,26,19,5,-3,-4,0,2]/64 on the top-left location of

(d)

Fig. 3. The compression effect et al.’s method. (a) The 2x2 UV block.
(b) The subsampled (U, V)-pair by Chen et al.’s method.

the 2x 2 block. The main weakness of the above five traditional
chroma subsampling methods is the lack of taking the Bayer
CFA module information into account, leading to the quality
degradation of the reconstructed images.

To overcome the weakness in the above mentioned chroma
4:2:0 subsampling methods for Bayer images, Chen et al. [3]
observed that the R value in Eq. (2) is dominated by the
Y and V values and the B value is dominated by the
Y and U values. In addition to the above observation from
Eq. (2), their chroma subsampling method also considered
the Bayer CFA module information in connection with the
2x2 UV block. For example, suppose the Bayer CFA module
is [G, R, B, G], as shown in Fig. 1(b). For the 2x2 UV block
in Fig. 3(a), according to Chen et al.’s method, the subsampled
(U, V)-pair is equal to (Uz, V»), as shown in Fig. 3(b).
Although Chen et al.’s method benefits the quality of the
reconstructed R and B components, it does not benefit the
quality of the reconstructed G components, leading to limited
quality improvement because 75%7¢" consists of 50% G values.

In order to evenly benefit the reconstruction of the R, G,
and B components, Lin ef al. [13] proposed an improved
method. Let (Us, Vi) be the subsampled (U, V)-pair of the
2x2 UV block. The Bayer CFA block-distortion used in [13]
is defined by

DBayer(US’ Vs)
= (G1 — G})> + (Ry — R5)* + (B3 — B})* + (G4 — G}))?
= [(=0.391 x U; — 0.813 x V})
—(—0.391 x Us — 0.813 x Vy)]?
+1(1.596 x V) — (1.596 x Vi)]>
+1(2.018 x Us) — (2.018 x Uy)]?
+1(=0.391 x Uy — 0.813 x Vy)
—(—0.391 x Us — 0.813 x Vy)]? (3)
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where G, R), Bj, and G) denote the reconstructed
non-negative values of G1, Ry, B3, and G4, respectively, which
can be obtained via replacing U and V in Eq. (2) by Uy and V;.
Further, by performing the first derivative on Eq. (3) with
respect to Uy and Vi, and then setting the two derivatives
to zero, it yields

oDBwer (U, Vy)

=0
oV
aDBayer U..V.
( NE S) — O (4)
oUs

The solution of Eq. (4), (ULin, ViLin), is equal to Eq. (5),
shown at the bottom of this page, where a; = —0.391,a, =0,
a3 = 2.018, a4 = —0.391, by = —0.813, b, = 1.596, b3 =0,
and by = —0.813. The solution (Upi,, VLin) is only a local
optimal solution to minimize Eq. (3) because it may violate
the constraint: the reconstructed G, R», B3, and G4 values in
integer should be in the range [0, 255]. When this constraint
is violated, they enforced the reconstructed color value(s) to
0 or 255, limiting the quality improvement. It is noticeable
that the chroma upsampling process in Lin er al.’s method
is the COPY reconstruction process, called COPY for short,
in which the four reconstructed (U, V)-pairs of the current
2x2 UV block just copy the subsampled (U, V)-pair obtained
by the concerned method.

2) Existing Chroma 4:2:2 Subsampling Methods and Their
Weaknesses: 4:2:2(A), 4:2:2(L), and 4:2:2(R) are the three tra-
ditionally used chroma 4:2:2 subsampling methods. For each
2x2 UV block, 4:2:2(A) subsamples the two (U, V)-pairs,
(Uupps Vupp)-pair and  (Ujow, Viow)-pair, by averaging the
U and V components of the upper 1x2 chroma sub-block
and the lower 1x2 chroma sub-block, respectively, of the
2x2 UV block. The common weakness of the above three
chroma 4:2:2 subsampling methods is to leave the Bayer CFA
module information out of consideration, degrading the quality
of the reconstructed images.

Chung et al. [4] observed that the coefficient of the V com-
ponent in the first equation of Eq. (2) has a greater impact
on reconstructing the R component than the G component;
similarly, the coefficient of the U component in the third
equation of Eq. (2) has a greater impact on reconstructing
the B component than the G component. To determine better
(Uupp> Vupp)-pair and (Ujow, Viow)-pair, they preferentially
considered the ordered significance of the U component for
reconstructing the B and G pixels and the V component
for reconstructing the R and G pixels. Experimental data

3283

demonstrated that Chung et al.’s method has better quality
performance of the reconstructed images when compared
with 4:2:2(A), 4:2:2(L), and 4:2:2(R). Chung et al.’s method
is rather heuristic and lacks for mathematical analysis on
minimizing the Bayer CFA 1x2 sub-block-distortion, limiting
the quality improvement of the reconstructed images.

The above mentioned weaknesses in the previous works on
4:2:0 and 4:2:2 motivated us to develop more effective chroma
4:2:0 and 4:2:2 subsampling methods for Bayer images to
improve the quality of the reconstructed images. In addition,
besides the above COPY reconstruction process, we also
consider the bilinear interpolation reconstruction process,
called BILINEAR for short, which will be defined in the next
subsection.

B. Contributions

In this paper, for chroma 4:2:0 subsampling of one 2x2 UV
chroma block, i.e. for 4:2:0, we first analyze the convex prop-
erty of the surface generated from the Bayer block-distortion
function in Eq. (3) under the assumption: U and V are real and
in the interval [0, 255]; the reconstructed R, G, and B color
values are in the real domain. For convenience, this assump-
tion is called assumption;. In addition, we provide a con-
vex property analysis of the Bayer 1x2 sub-block-distortion
function for chroma 4:2:2 subsampling under assumption
for COPY. Further, we exploit the room to improve Lin ez al.’s
method [13] for 4:2:0 and Chung et al.’s [4] method for
4:2:2. Finally, an effective gradient descent-based chroma
subsampling (GDCS) method is proposed to tackle the two
kinds of chroma subsampling, 4:2:0 and 4:2:2, under COPY
and BILINEAR. In BILINEAR, the left-top chroma pixel of
the current 2x2 chroma block B, is interpolated by per-
forming the bilinear interpolation on the subsampled chroma
(U, V)-pairs of the western, north-western, northern neighbor-
ing 2x2 chroma blocks of B., which have been determined
by GDCS, and the subsampled (U, V)-pair located at the
center of B.. As to the left-bottom chroma pixel of B,
it can be interpolated by referring to the subsampled chroma
(U, V)-pair of the western neighboring 2x2 chroma block
of B., which has been determined by GDCS, the subsam-
pled chroma (U, V)-pairs of the south-western and southern
neighboring 2x2 chroma blocks of B, which are determined
by Lin et al.’s method, and the subsampled (U, V)-pair located
at the center of B.. Following the similar way, the right-top
and right-bottom chroma pixels of B, can be reconstructed.

Based on the test Bayer CFA images generated from the
Kodak [10] and IMAX datasets [18], experimental results

k=1

4 4 4 4
(X b)) - (X afUs + axbi Vi) — (3 arbr) - (3 axbiUx + b3 Vi)
k=1 k=1 k=1

ULin =

4 4 4
(> ad) - (X b)) — (X akbp)?
k=1 k=1 k=1

4

k=1

4

4 4
(> akbi) - (X a}Ux + agbk Vi) — (3. ad) - (3 axbi Uy + b3 Vi)
k=1 k=1

k=1

Viin =

5)

4 4 4
(> arb)® = (X a) - (2 b})
k=1 k=1 k=1
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demonstrated that in the High Efficiency Video Cod-
ing (HEVC) standard, our GDCS methods for 4:2:0 and
4:2:2 clearly outperform the seven existing 4:2:0 methods and
four existing 4:2:2 methods, respectively. Here, the evalua-
tion items used in the comparison include the peaksignal-to-
noise-ratio (PSNR), color PSNR (CPSNR), structure similarity
index (SSIM) [17], quality-bitrate tradeoff, and visual effect.

In addition, we also provide the execution time compari-
son among the concerned methods and our GDCS method.
For completeness, we also compare our GDCS method
with the interpolation dependent image downsampling (IDID)
method [19] and the CSpiingar method [16] under the
new edge-directed interpolation (NEDI) [12] and BILINEAR
reconstruction processes, respectively. The experimental
results demonstrated that the combination GDCS-BILINEAR
has better PSNR, CPSNR, and SSIM quality performance
relative to the two combinations, IDID-NEDI and CSgiLINEAR-
BILINEAR, indicating the quality superiority of GDCS over
IDID and CSBILINEAR~

The rest of this paper is organized as follows. In Section II,
the convex property of the Bayer block-distortion functions
and our GDCS method for 4:2:0 and 4:2:2 on Bayer CFA
images are presented. In Section III, the experimental results
are demonstrated to show the quality and quality-bitrate
tradeoff merits of our GDCS method. In Section IV, some
concluding remarks are addressed.

II. THE PROPOSED CHROMA SUBSAMPLING
METHOD FOR BAYER CFA IMAGES: GDCS

In the first subsection, we prove that the Bayer 2x2 block-
distortion function in Eq. (3) for 4:2:0 and the corre-
sponding 1x2 sub-block-distortion function for 4:2:2 under
assumption) are convex. Then, we exploit the room to
improve Lin et al.’s method for 4:2:0 and Chung et al.’s
method for 4:2:2. In the second subsection, we propose
a GDCS method to improve the quality of the recon-
structed images. In the third subsection, taking the exhaustive
search (ES) method as the comparison base, the accuracy merit
of our GDCS method over the concerned methods is provided.

A. The Convex Property of the Bayer Block-Distortion
Functions and the Room to Improve Previous
Methods for 4:2:0 and 4:2:2

For 4:2:0, the block-distortion function in Eq. (3) is a
quadratic function in terms of the parameters Us and V.
In Appendix, we have proved that under assumptioni,
the Bayer 2x2 block-distortion function is convex. From
Eq. (11) in Appendix, we know that the block-distortion
function for [G, R, B, G] is the same for the other three Bayer
CFA modules [R, G, G, B], [B, G, G, R], and [G, B, R, G].
Therefore, under assumptioni, the block-distortion function
is always convex, no matter what the Bayer CFA module is.
We thus have the following proposition.

Proposition 1: The Bayer 2x2 block-distortion function in
Eq. (3) for any one of the four CFA modules in Figs. 1(b)-(e)
is convex under assumptiony.

For 4:2:2 under assumptiony, let (U], V]) denote the
subsampled (U, V)-pair of either the upper 1 x2 UV sub-block

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 29, NO. 11, NOVEMBER 2019

or the lower 1x2 UV sub-block. Considering the 1x2 Bayer
CFA sub-module [G, R] (see the upper and lower 1x2 Bayer
CFA sub-modules of Fig. 1(b) and Fig. 1(d), respectively),
the 1x2 sub-block-distortion can be expressed as

DUy, vy)
= (G =G’ + (R — Ry)?
= [(—0.391 x U; — 0.813 x Vy)
—(=0.391 x U/ — 0.813 x V))]?
+1(1.596 x Va) — (1.596 x V))]? (6)

Following the similar proving technique in Appendix,
we can prove that the corresponding determinant of
H(DBwer(U!, V) in Eq. (6) is expressed as

2 2 2 2
detH DBy = 20> ag D bf — > acb Y axby)
k=1

k=1 k=1 k=1
= 10.7667 > 0 @)

where a; and b;, 1 < i < 4, have been defined before,
implying the Bayer CFA 1x2 sub-block-distortion function
in Eq. (6) is convex. Considering the 1x2 CFA sub-module
[R, G] (see the upper and lower 1x2 Bayer CFA sub-modules
of Fig. 1(c) and Fig. 1(e), respectively), we can also prove that
the determinant of H (DB (U, V!)) is equal to 1.5577, indi-
cating the convex property of the Bayer CFA 1x2 sub-block-
distortion function. By the same arguments, considering the
1x2 CFA sub-modules [B, G] and [G, B], we can prove that
the determinants of H(DB®¢ (U, V/)) are equal to 1.5577,
indicating the convex property of their corresponding Bayer
CFA sub-block-distortion functions. Further, we have the
following proposition.

Proposition 2: The Bayer 1x2 block-distortion function in
Eq. (6) for any one of the four CFA modules, [G, R], [R, G],
[B, G], and [G, B], is convex under assumption,.

One 2x2 Bayer CFA block example, its corresponding
demosaicked RGB full-color block, and the transformed
2x2 YUV block are shown in Figs. 4(a)-(c), respectively.
Under assumptiony, the Bayer CFA block-distortion convex
function of Fig. 4(a) is plotted in Fig. 4(d). We now put
the constraint “Us, Vi, and the reconstructed color values
should be integer and must be within the interval [0, 255]”
back into the Bayer CFA block-distortion in Eq. (3) for 4:2:0.
Accordingly, the resultant grid plot of Fig. 4(d) is depicted
in Fig. 4(e) where the figure shape is discretely convex-
like, although it is not strictly convex, leading to the room
to improve Lin efr al.’s method for 4:2:0. Because it has
been verified that the Bayer CFA 1x2 sub-block-distortion
function for 4:2:2 is convex, its corresponding grid plot and
the figure shape are similar to that for 4:2:0.

For Fig. 4(a), the subsampled (U, V)-pair by Lin et al.’s
method for 4:2:0, (ULin, VLin), is denoted by the red-marked
point in Fig. 5(a), while a better subsampled (U, V)-pair
with much less Bayer CFA block distortion is denoted by the
yellow-marked point in Fig. 5(a), clearly indicating the room
to improve Lin et al.’s method. How to design an effective
chroma 4:2:0 subsampling method to find the solution path
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Y,=223.23 Y,=205.83
U;=134.32 U,=139.89
V,=120.34 V.=116.12
Y3=226.12 Y,=209.58
Us=133.15 U,=138.72
V3=121.36 Vi=117.14

(2) (b) (©)
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(d) (©

Fig. 4. One 2x2 block example, the convex function of the Bayer CFA 2x2 block-distortion in Eq. (3) under assumptiony, and the corresponding grid plot
without assumptiony. (a) The 2x2 Bayer CFA block. (b) The 2x2 demosaicked RGB full-color block of Fig. 3(a). (c) The transformed 2x2 YUV block.
(d) The convex function of the 2x2 CFA block-distortion in Eq. (3) under assumptionj. (e) The grid plot of the 2x2 Bayer CFA block-distortion in Eq. (3)

without assumption.

Procedure: GDCS

Input: 2x2 Bayer CFA block and the transformed 2x2
YUYV block.

Output: Subsampled (U, V)-pair, (Ugpcs, Vepcs)-

Step 1: £ = 0.

Step 2: Select (Urin, Viin) as the initial solution

(Uy ), Vs(k)) and calculate the Bayer CFA block-distortion,

pBayer (Us(k)’ Vs(k))-

Step 3: Under the constraint: 0 < G, R}, B}, and G, <

255, we calculate all the eight neighboring Bayer CFA block-

distortions, DB“ye’(Us(k) + 1, Vs(k) + j)s for (i, j) € {(0,1),

0, =1),(1,0), (=1,0), (1, 1), (1, =1), (=1, 1), (=1, =D}

we select the minimal one among the eight distortions and set

the corresponding (U, V)-pair to be the temporary subsampled

(U, V)-pair.

Step 4: If DB“ye’(US(kH), VS(kH)) is greater than or equal to

pBayer (Us(k), Vs(k)), we stop GDCS and output (Us(k) s Vs(k) ) as

the final subsampled (U, V)-pair (Ugpcs, Vepcs); otherwise,

we perform the assignment operation k := k + 1 and go to

Step 3.

from the red-marked circle to the yellow-marked circle is
challenging and important.

B. The Proposed Gradient Descent-Based Chroma
Subsampling Method: GDCS

According to the observation on the path from the
red-marked point (Ur;,, VLin) to the yellow-marked point,
by selecting the point (Urin, Viin) as the initial solution
point, we propose an effective gradient descent-based chroma
subsampling (GDCS) method to improve the quality of the
reconstructed images by Lin ef al.’s method for 4:2:0. The
whole GDCS procedure, in which ‘k = 0’ denotes the initial
iteration, is listed below.

For the example in Fig. 4(a), using our GDCS procedure,
the solution path from the red circle located at (Urin, Viin)
to the yellow circle located at (Ugpcs, Vopcs) is depicted
in Fig. 5(b), leading to the reduction of the Bayer CFA
block-distortion of (Urin, VLin), i.e. improving the quality
of the reconstructed images. Our GDCS procedure mentioned
above can be slightly modified to tackle the 4:2:2 case. To save
space, we omit the detail. The available execution codes of our
GDCS procedures for 4:2:0 and 4:2:2 can be accessed from
the website in [7].

150

100

0

300

260

200

180

100

(b)

Fig. 5. For Fig. 4(a), the depiction to show the room to improve Lin et al.’s
method for 4:2:0. (a) The solution path to be determined for improving
Lin et al.’s method. (b) The solution path determined by our GDCS method
for Fig. 5(a).

C. Accuracy Analysis

Taking the subsampled (U, V)-pairs determined by the
exhaustive search (ES) method as the base, which will be
described in the next paragraph, we take the Kodak and
IMAX test datasets to analyze the accuracy of the subsampled
(U, V)-pairs determined by Lin et al.’s method and our GDCS
method for 4:2:0. In addition, the accuracy analysis of the
subsampled (U, V)-pairs determined by the eight concerned
methods for 4:2:0 and the five concerned methods for 4:2:2.

Before estimating the accuracy, we first determine the
global optimal solution by the ES method over the
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range [0, 255] x [0, 255] as the comparison base. In ES,
as the first possible solution, we try (U, V) = (0,0) and
calculate its Bayer block-distortion value. If the reconstructed
color value is greater than 255 (or less than 0), it is forced
to 255 (or 0). Next, we try (U, V) = (1,0) and repeat the
above process. After all the possible (U, V)-pairs in the whole
search area [0, 255] x [0, 255] have been examined, among
the values of DB (0,0), DBwer(1,0), DBwer(2,0), ...,
and DB (255,255), we select the minimal one and its
corresponding subsampled (U, V)-pair is taken as the global
optimal solution. According to the above description of ES,
the computational complexity of ES is dependent on the search
area with size 2562, and it is terribly time-consuming.

Let (Ucs, Vcs) denote the subsampled (U, V)-pair by the
concerned chroma subsampling method CS. For example,
when CS = ES, it means that the chroma subsampling
method is the exhaustive search method; when CS = Lin,
it means that the chroma subsampling method is Lin et al.’s
method. To measure the accuracy of one concerned chroma
subsampling method, for any 2x2 UV block, we perform the
following assignment:

f(CS) = f(CS) +1,

F(CS) == f(CS);
where the frequency function f(CS) is added by one when
the two subsampled (U, V)-pairs, (Ucs, Vcs) and (Ugs, VEs),
are equivalent; otherwise, we do nothing. After processing all
the 2x2 UV blocks by Eq. (8), the accuracy of the chroma
subsampling method CS can be estimated by the resultant
frequency function f(CS).

Based on the Kodak and IMAX datasets, for 4:2:0 under
COPY, it yields to f(4:2:0(A)) = 42.28%, f(4:2:0(L)) =
39.02%, f(4:2:0(R)) = 36.34%, f(DIRECT) = 30.85%,
f(MPEG-B) = 25.02%, f(Chen) = 60.86%, f(Lin) =
73.31%, and f(GDCS) = 99.64%; under BILINEAR,
it yields to f(4:2:0(A)) = 30.54%, f(4:2:0(L) =
28.54%, f(4:2:0R)) = 27.82%, f(DIRECT) = 25.46%,
f(MPEG-B) = 25.28%, f(Chen) = 30.19%, f(Lin) =
31.96%, and f(GDCS) = 76.31%. Clearly, for 4:2:0, our
method has the highest accuracy among the eight concerned
methods. Under COPY, it indicates that 99.64% of the sub-
sampled (U, V)-pairs determined by GDCS are global optimal.
On the contrary, only 0.36% of the subsampled (U, V)-pairs
by GDCS are not equal to those by ES, and the experimental
results showed that most of the corresponding 2x2 blocks in
this case appear on textural parts of the image.

For 4:2:2 under COPY, it yields to f(4:2:2(A)) = 45.14%,
f(&:2:2(L)) = 42.83%, f(4:2:0(R)) = 40.94%, f(Chung) =
47.12%, and f(GDCS) = 99.72%; under BILINEAR,
it yields to f(4:2:2(A)) = 42.33%, f(4:2:22(L) =
38.82%, f(4:2:0(R)) = 37.62%, f(Chung) = 40.56%, and
f(GDCS) = 88.97%, indicating the accuracy superiority
of our GDCS method relative to the other four concerned
methods.

if (Ucs, Vcs) = (Uks, VEs),
otherwise. (8)

III. EXPERIMENTAL RESULTS

Based on the test Bayer CFA images collected from the
Kodak dataset with 24 RGB full-color images [10] and the

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 29, NO. 11, NOVEMBER 2019

IMAX dataset with 18 RGB full-color images [18], the com-
prehensive experiments were carried out using the HEVC
reference software platform HM-16.18 to compare the quality
and quality-bitrate tradeoff performance among the concerned
methods. The execution time comparison of the concerned
eight methods are also investigated. All the concerned exper-
iments are implemented on a computer with an Intel Core
i7-3770 CPU 3.4 GHz and 7.68 GB RAM. The operating
system is the Microsoft Windows 10 64-bit operating system.
The program development environment is Visual C+-+ 2017.

A. Quality Merit

PSNR, CPSNR, and SSIM are used to justify the quantita-
tive quality merit of our GDCS method among the concerned
methods. In the first set of experiments, the quantization para-
meter (QP) in the encoder is set to zero. Therefore, the encoder
passes each concerned method. In Subsection III.B, the second
set of experiments is carried out under different QP values to
compare the quality-bitrate tradeoff performance among the
concerned methods. Let the reconstructed Bayer CFA image
be denoted by I'Baver,

The PSNR value of the reconstructed Bayer CFA image is
calculated by

©)

with MSE = 3z 3 p[10° (p) — 1, (p)1? in which
‘v’ denotes the position of the Bayer CFA image pixel in
one WxH image. ‘N’ denotes the number of test images.
To measure the quality of the reconstructed RGB full-color
images [ 'RGB  the used CPSNR metric is defined by

N 2

1 255
CPSNR = — > 10log;y ———
N & 0810 CarSE

(10)
with CMSE = 53 > plIRB(p) — LROB(p)]2. The
SSIM metric is expressed as the product of the luminance
mean similarity, the contrast similarity in terms of variance,
and the structure similarity in terms of co-variance between
IRGB and 1'RGB_ We omit the detailed definition of SSIM;
the reader can refer to the paper by Wang et al. [17].

The average PSNR, CPSNR, and SSIM values of the
concerned 4:2:0 and 4:2:2 methods are tabulated in Table I
in which the three average values under BILINEAR are listed
in the parentheses. Table I indicates the quality improvement
of our GDCS method over seven and four concerned methods
for 4:2:0 and 4:2:2, respectively.

Based on the two test datasets, the mean square
errors (MSEs) of GDCS-COPY and GDCS-BILINEAR for
4:2:0 are 8.1223 and 6.0497, respectively; the MSEs of
GDCS-COPY and GDCS-BILINEAR for 4:2:2 are 0.4745 and
1.2064, respectively. This can explain why in Table I, for 4:2:0,
the CPSNR performance of GDCS-BILINEAR is better than
GDCS-COPY and for 4:2:2, the CPSNR performance of
GDCS-BILINEAR is worse than GDCS-COPY. Furthermore,
based on the same datasets, the MSEs of ES-COPY and
ES-BILINEAR for 4:2:0 are 8.0376 and 4.9017, respectively;
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TABLE 1
QUALITY COMPARISON (QP = 0) AMONG OUR GDCS METHOD AND THE CONCERNED METHODS FOR KODAK AND IMAX
4:2:0(A) 4:2:0(L) 4:2:0(R) 4:2:0(DIRECT)  4:2:0MPEG-B) Chen et al. [3] Lin ef al. [13] GDCS
PSNR (dB) 40.2984 39.4902 39.7161 38.7300 38.9551 44.3682 45.2406 45.6626
[40.9342] [41.4668] [41.0732] [40.3216] [40.1901] [41.7213] [42.3105] [46.6642]
CPSNR (dB) 40.1903 39.5803 39.7654 39.0456 39.0923 43.4585 44.1822 44.5032
[41.5291] [42.0338] [40.2882] [40.8551] [40.6492] [41.7409] [42.4149] [45.5077]
SSIM 0.9577 0.9860 0.9810 0.9798 0.9809 0.9912 0.9935 0.9938
[0.9605] [0.9883] [0.9869] [0.9855] [0.9849] [0.9870] [0.9895] [0.9946]
PSNR Gain (dB) 5.3642 6.1724 5.9465 6.9327 6.7076 1.2944 0.4220
am [5.7300] [5.1973] [5.5910] [6.3426] [6.4740] [4.9429] [4.3537]
. 43128 4.9229 47377 5.4576 5.4109 1.0446 0.3210
CPSNR Gain (dB) | 3'97061  [3.4739]  [5.2195] [4.6527] [4.8585] [3.7668] [3.0028]
SSIM Gain 0.0361 0.0079 0.0128 0.0140 0.0130 0.0027 0.0004
[0.0341] [0.0063] [0.0077] [0.0092] [0.0098] [0.0076] [0.0051]
4:2:2(A) 4:2:2(L) 4:2:2(R) Chung et al. [4] GDCS
PSNR (dB) 43.9747 429571 41.5321 45.7886 54.1003
[44.7642] [43.1985] [42.3896] [44.3662] [50.7068]
43.7107 43.3227 41.6067 45.0457 52.2649
CPSNR (dB) [45.0104] [43.5725] [42.5876] [44.0609] [49.4076]
SSIM 0.9911 0.9918 0.9854 0.9943 0.9982
[0.9931] [0.9914] [0.9891] [0.9923] [0.9969]
. 10.1256 11.1432 12.5682 8.3117
PSNR Gain (dB) 5.9426] [7.5083] 18.3172] [6.3406]
. 8.5542 8.9423 10.6582 7.2192
CPSNR Gain (dB) [4.3972] [5.8351] [6.8200] [5.3467]
. 0.0071 0.0064 0.0129 0.0039
SSIM Gain [0.0038] [0.0055] [0.0078] [0.0046]
TABLE I concerned methods. However, within the QP intervals, [21, 48]

QUALITY COMPARISON (QP = 0) AMONG IDID, CSp/1INEAR, AND
OUR GDCS METHOD UNDER NEDI, BILINEAR, AND BILINEAR
RECONSTRUCTION, RESPECTIVELY, FOR KODAK AND IMAX

IDID [19]  CSpiLingar [16] GDCS
PSNR 44.4049 43.0246 46.5938
CPSNR 44.1269 42.7403 45.5077
SSIM 0.9916 0.9929 0.9946

the MSEs of ES-COPY and ES-BILINEAR for 4:2:2 are
only 0.4437 and 0.5937, respectively. This can explain why
in Table I, the CPSNR values via 4:2:2 are much higher than
that via 4:2:0.

Previously, Zhang et al. [19] proposed an IDID method
which was designed under the NEDI reconstruction process.
Wang et al. [16] proposed a CSpringar method which is
designed for screen content images under the BILINEAR
reconstruction process. We only consider three combinations,
IDID-NEDI, CSpp inear-BILINEAR, and GDCS-BILINEAR,
which denote Zhang et al.’s method, Wang et al.’s method,
and our method for 4:2:0 under the NEDI, BILINEAR, and
BILINEAR reconstruction processes, respectively. Table II
indicates that the combination GDCS-BILINEAR has the best
PSNR, CPSNR, and SSIM quality performance in boldface
for the reconstructed images, implying the quality superiority
of GDCS over IDID and CSBILINEAR-

B. Quality-Bitrate Tradeoff and Visual Effect Merits

1) Quality-Bitrate Tradeoff Merit: We depict the quality-
bitrate tradeoff performance in a rate-distortion (RD) curve
for each combination based on IMAX. Here, we consider
these distinct QP values: 0, 4, 8, 12, 16, 20, ..., and 48.
For 4:2:0, within the QP intervals, [0, 20] and [0, 24],
under COPY and BILINEAR, respectively, as shown in
Figs. 6(a)-(b) and Figs. 6(c)-(d), our GDCS method delivers
the best quality-bitrate tradeoff performance among the

and [25, 48], under COPY and BILINEAR, respectively,
GDCS delivers similar quality-bitrate tradeoff performance
relative to the other methods. For 4:2:2, within the QP
intervals, [0, 16] and [0, 18], under COPY and BILINEAR,
respectively, as shown in Figs. 6(e)-(f) and Figs. 6(g)-(h),
our GDCS method delivers the best quality-bitrate tradeoff
performance among the concerned methods.

From Figs. 6(a)-(b), for 4:2:0 under COPY, our GDCS
method demonstrates its quality-bitrate tradeoff superiority
mainly under very high bitrate setting, and GDCS is quite com-
petitive with the other seven methods under the other bitrate
setting. From Figs. 6(c)-(d), for 4:2:0 under BILINEAR,
our GDCS method demonstrates its performance superiority
mainly within the QP interval [0, 24]; under the other QP
values, GDCS is quite competitive with the concerned com-
parative methods. Accordingly, our GDCS method is recom-
mended to be used in the chroma 4:2:0 subsampling for the
applications in BDs, DVDs, movies, sports, and TV shows,
as mentioned in the third paragraph of Section I.

From Figs. 6(e)-(f), for 4:2:2 under COPY, our GDCS
method demonstrates its performance superiority mainly
within the QP interval [0, 16]; from Figs. 6(g)-(h), for
4:2:2 under BILINEAR, GDCS demonstrates its performance
superiority mainly within the QP interval [0, 20]. However,
GDCS has some performance loss cases under low bitrate
setting relative to the four comparative methods. Therefore,
under high bitrate setting, our GDCS method is recommended
to be used in the chroma 4:2:2 subsampling for the applications
in AVCIntra 100, Digital Betacam, Digital-S, Canon MXF
HD422, and XDCAM HD422, as mentioned in the third para-
graph of Section 1. However, for 4:2:2 and low bitrate setting,
Chung et al’s [4] method and 4:2:2(A) are recommended
under COPY and BILINEAR, respectively.
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Fig. 6. Quality-bitrate performance comparison for 4:2:0 and 4:2:2. (a) For reconstructed Bayer CFA images under COPY for 4:2:0. (b) For reconstructed

RGB full-color images under COPY for 4:2:0. (c) For reconstructed Bayer CFA images under BILINEAR for 4:2:0. (d) For reconstructed RGB full-color
images under BILINEAR for 4:2:0. (e) For reconstructed Bayer CFA images under COPY for 4:2:2. (f) For reconstructed RGB full-color images under COPY
for 4:2:2. (g) For reconstructed Bayer CFA images under BILINEAR for 4:2:2. (h) For reconstructed RGB full-color images under BILINEAR for 4:2:2.

(8 (h) @)
Fig. 7. Visual effect comparison. (a) The 8th image in IMAX. (b) The magnified subimage decoupled from (a). (c) 4:2:0(A)-COPY. (d) 4:2:0(DIRECT)-COPY.
(e) Lin er al.-COPY for 4:2:0. (f) GDCS-COPY for 4:2:0. (g) 4:2:0(A)-BILINEAR. (h) 4:2:0(DIRECT)-BILINEAR. (i) Lin et al.-BILINEAR for 4:2:0.

(j) GDCS-BILINEAR for 4:2:0.

2) Visual Effect Merit: As shown in Fig. 7(a), we take the magnified subimage is decoupled from the character-
the 8th image from IMAX as the example to compare the containing and color-containing regions in Fig. 7(a).
visual effect. For visual comparison, as shown in Fig. 7(b), Here, for 4:2:0, we consider the four methods: 4:2:0(A),
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TABLE III
EXECUTION TIME COMPARISON (QP = 0) AMONG OUR GDCS METHOD AND THE CONCERNED METHODS FOR KODAK AND IMAX

4:2:0(A)  4:2:0(L) 4:2:0R) 4:2:0(DIRECT) 4:2:0(MPEG-B)  Chen et al. [3] Lin et al. [13] GDCS

Time 0.0031 0.0018 0.0018 0.0019 0.0035 0.0019 0.0036 0.0258
[0.0031]  [0.0019] [0.0019] [0.0019] [0.0034] [0.0018] [0.0037] [0.0619]
4:2:2(A) 4:2:2(L) 4:2:2(R) Chung et al. [4] GDCS

Time 0.0026 0.0024 0.0023 0.0349 0.0341
[0.0025] [0.0023] [0.0023] [0.0348] [0.0673]

4:2:0(DIRECT), Lin et al.’s method, and our GDCS method.
Because the CPSNR values of the concerned methods for
4:2:2 are too high to compare the visual effect, we omit the
visual effect comparison for 4:2:2.

For 4:2:0, we consider 4:2:0(A), 4:2:0(DIRECT), Lin et al.’s
method, and our GDCS method for QP = 20 and QP =
24 under COPY and BILINEAR, respectively. After
performing all the eight combinations, 4:2:0(A)-COPY,
4:2:0(DIRECT)-COPY, Lin et al.-COPY, and GDCS-COPY
for QP = 20; 4:2:0(A)-BILINEAR, 4:2:0(DIRECT)-
BILINEAR, Lin et al.-BILINEAR, and GDCS-BILINEAR
for QP = 24, on Fig. 7(b), the eight reconstructed RGB
full-color images are shown in Figs. 7(c)-(f) and Figs. 7(g)-(j),
respectively. From Figs. 7(c)-(j), we observe that our GDCS
method delivers the best visual effect among the concerned

methods. In particular, 4:2:0(A), 4:2:0(DIRECT), and
Lin et al’s method have worse feature preservation
effect.

C. Execution Time Comparison

Based on the same test datasets, for one test image, the aver-
age execution time requirements of the eight 4:2:0 methods of
interest, namely, 4:2:0(A), 4:2:0(L), 4:2:0(R), 4:2:0(DIRECT),
4:2:0(MPEG-B), Chen et al., Lin et al., and our GDCS
method, are listed in Table III in which the execution time
is measured in terms of seconds. From these actual time
costs, although GDCS takes more time than the other methods,
as described in Subsection III.A, our GDCS method has better
quality merit. For 4:2:2, we have the same conclusion.

IV. CONCLUSION

For 4:2:0 and 4:2:2, we have presented our GDCS method
for Bayer CFA images. The accuracy analysis has indi-
cated that the accuracy of our GDCS method is much
higher than the other concerned methods. Under COPY and
BILINEAR with QP = 0, for 4:2:0, our GDCS method
achieves clear quality gains over the five commonly used
methods, Chen et al.’s [3] method, Lin et al.’s [13] method,
Zhang et al.’s [19] method, and Wang et al.’s [16] method. For
4:2:2 with QP = 0, our GDCS method also achieves clear qual-
ity gains over the four previous methods, 4:2:2(A), 4:2:2(L),
4:2:2(R), and Chung et al.’s [4] method. In general, our GDCS
method is recommended to be used in 4:2:0 under COPY
or BILINEAR for the applications in BDs, DVDs, movies,
sports, and TV shows. Under high bitrate setting for 4:2:2,
our GDCS method is recommended to be used to the appli-
cations in AVClntra 100, Digital Betacam, Digital-S, Canon
MXF HD422, and XDCAM HD422. However, under low

bitrate setting for 4:2:2, Chung et al.’s method and 4:2:2(A)
are recommended under COPY and BILINEAR, respectively.

APPENDIX
By Eq. (3), the Bayer CFA block-distortion function is

rewritten as
= (G1 — G}’ + (Ry — R5)* + (B3 — B3)> + (G4 — G))’

4
= > la(Us — Up) + b (Vs — Vi) (1)
k=1

where ay and by, 1 < k < 4, have been defined below Eq. (4).
Under assumptiony, the Hessian matrix of DBayer Uy, Vi) is
expressed as

52 DBayer 62 DBayer
Bay oU? oU,0V,
H(D a)er) = 52 DBsayer 62 l;Ba;er (12)
oVsoU ov2
with
aZDBayer 4
— = 2a?
2 Z k>
aUS‘ k=1
62DBayer 4
T N o
2 Z k>
oV; P
62DBayer a2DBayer 4
oU 0V,  oV,oU, ; Ok (13

The determinant of H (DB’ is calculated by

4 4 4 4
detH (DBV) = D" 2a; > 2b; — > 2arby Y 2aiby
k=1 k=1 k=1

k=1
4 4 4 4
=40 D b = > b D arby)
k=1 k=1 k=1 k=1
= 66.1412 > 0 (14)

Because of detH (DB%¢) > 0, it means that DBV (Uy, Vi)
is semi-positive definite [2]. We complete the proof that the
Bayer CFA block distortion function in Eq. (11) is a convex
function under assumption.
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