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Abstract—1In this paper, we propose a novel and effective
hybrid method, which joins the conventional chroma subsam-
pling and the distortion-minimization-based luma modification
together, to improve the quality of the reconstructed RGB full-
color image. Assume the input RGB full-color image has been
transformed to a YUV image, prior to compression. For each
2x2 UV block, one 4:2:0 subsampling is applied to determine
the one subsampled U and V components, U and V;. Based
on Us, Vi, and the corresponding 2x2 original RGB block,
a main theorem is provided to determine the ideally modified
2x2 luma block in constant time such that the color peak signal-
to-noise ratio (CPSNR) quality distortion between the original
2x2 RGB block and the reconstructed 2x2 RGB block can be
minimized in a globally optimal sense. Furthermore, the proposed
hybrid method and the delivered theorem are adjusted to tackle
the digital time delay integration images and the Bayer mosaic
images whose Bayer CFA structure has been widely used in
modern commercial digital cameras. Based on the IMAX, Kodak,
and screen content test image sets, the experimental results
demonstrate that in high efficiency video coding, the proposed
hybrid method has substantial quality improvement, in terms
of the CPSNR quality, visual effect, CPSNR-bitrate trade-off,
and Bjgntegaard delta PSNR performance, of the reconstructed
RGB images when compared with existing chroma subsampling
schemes.

Index Terms—Bayer mosaic image, BD-PSNR, chroma
subsampling, CPSNR, distortion-minimization, HEVC, luma
modification, rate-distortion curve, RGB full-color image.

I. INTRODUCTION

RIOR to compression, the input red-green-blue (RGB)

full-color image is first transformed to a YUV image
by (1), where (R¢",G¢"',B{"") and (Y;,U;,V;) denote the
original RGB triple value and the co-located YUV triple
value, respectively, at pixel location i, 1 < i < 4, in each
2x2 RGB and YUV block-pair based on row-major order.
Next, a chroma 4:2:0 subsampling scheme is adopted to
subsample the one sampled U and V components, U and Vs,
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for each 2x2 UV block. As shown in Fig. 1, the sub-
sampled YUV image is then conveyed into the encoder
for compression. Throughout this paper, we only discuss
the chroma 4:2:0 subsampling, although our discussion is
also applicable to chroma 4:2:2 subsampling. The com-
monly used seven chroma subsampling schemes are the
4:2:0(L), 4:2:0(R), 4:2:0(A), 4:2:0(DIRECT), 4:2:0(BRIGHT),
4:2:0(BRIGHT_MEAN) [13], and 4:2:0(MPEG-B) [16].

Y; 0.257 0.504 0.098 le’”i 16
U; | =|—0.148 —0.291 0.439 G |+ 128 | (D)
Vi 0.439 —0.368 —0.071 Blf’ri 128

A. Existing Chroma Subsampling Schemes

The 4:2:0(L) and 4:2:0(R) determine their own U; and Vj
by averaging the U and V components in the left column and
right column, respectively, of each 2x2 chroma block. The
4:2:0(A) determines U and V by averaging all the U and V
components of the block, respectively. The 4:2:0(DIRECT)
sets Uy = Uy and Vi = V). The 4:2:0(MPEG-B) applies the
13-tap filter with mask [2,0,-4,-3,5,19,26,19,5,-3,-4,0,2]/64 to
estimate Uy and Vi. The 4:2:0(BRIGHT) determines U; and
Vi from the position with the largest luma value in the
2x?2 luma block. The 4:2:0(BRIGHT_MEAN) is equal to the
4:2:0(BRIGHT) when the ratio of the largest luma value over
the smallest one in the 2x2 luma block is larger than 2;
otherwise, it is equal to the 4:2:0(A).

B. Motivation and Contributions

As shown in Fig. 2, this paper proposes an effective hybrid
method, which joins the conventional chroma subsampling
scheme and the RGB pixel distortion-minimization based luma
modification together such that a substantially better recon-
structed RGB full-color image is followed. In the proposed
method, we retain the subsampled UV image, but modify
the Y image to substantially improve the quality of the
reconstructed RGB images. Although it causes the loss in
the YUV domain due to the luma modification, the gain in
the RGB domain makes the reconstructed RGB full-color
image better. As a target image for the purpose of display on
screens or human visual inspection, increasing the quality of
the reconstructed RGB full-color image is important. Based on
U; and Vg, the 2x2 original RGB block, and the minimal RGB
pixel-distortion criterion, determining the ideally modified
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Fig. 1. The conventional chroma subsampling scheme.
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Fig. 2. The proposed hybrid method combining the conventional chroma subsampling and RGB pixel distortion-minimization based luma modification.

luma value for each luma component in a globally optimal
sense is a constraint minimization problem. We first apply the
differentiation technique to obtain a near-optimal solution of
the constraint minimization problem. Further, we investigate
the distribution of the error between the near-optimal solution
and the ideal, i.e. globally-optimal, one. To remedy the error
which occurs in the near-optimal solution and to determine the
ideal luma modification, a main theorem and its correctness
proof are provided to exactly solve the constraint minimization
problem in O(1) time; for the definition of the big-O notation,
it is suggested to refer to [6]. Furthermore, the proposed hybrid
method and the delivered theorem are adjusted to handle the
digital time delay integration (DTDI) image [2], in which each
pixel contains only two primary colors, and the Bayer mosaic
image [1] in which each pixel contains only one primary color
and the Bayer color filter array (CFA) structure in Fig. 6
has been widely used in modern commercial color digital
cameras, e.g. the Canon EOS series cameras. Based on the
three test image sets, the IMAX test set with 18 images [8],
the Kodak test set with 24 images [9], and the other 16 test
screen content images [12], several experiments in HEVC are
carried out to demonstrate the quality and bitrate-distortion
trade-off merits of the proposed hybrid method. When setting
the quantization parameter (QP) to be zero in high effi-
ciency video coding (HEVC) [4], we take the COPY and
BILINEAR [10], [16] as the chroma reconstruction processes.
The average color peak signal-to-noise ratio (CPSNR) gains
of the reconstructed RGB full-color images, DTDI images,
and Bayer mosaic images by the proposed hybrid method
are 1.01dB, 2.25dB, and 14.58dB when compared with the
conventional chroma subsampling schemes mentioned in Sub-
section IV-A, the one by Chung et al. [7], and the one by
Lin et al. [11], respectively. Furthermore, for different QP
values, in terms of the visual effect, the CPSNR-bitrate
trade-off represented by the rate-distortion (RD) curve, and
the Bjgntegaard delta PSNR (BD-PSNR) performance [3],
we demonstrate the merits of the proposed hybrid method

when compared with the concerned existing chroma subsam-
pling schemes.

The rest of this paper is organized as follows. In Section II,
we first transform the ideal luma modification problem to a
constraint minimization problem. Then a near-optimal solu-
tion by differentiation technique is proposed. In addition,
the distribution of the error between the near-optimal solution
and the ideal solution is plotted. Further, we point out the
challenging problem to obtain the ideal solution in constant
time for the constraint minimization problem. In Section III,
a main theorem and its correctness proof are provided to deter-
mine the ideal solution in O(1) time such that the distortion
between the reconstructed RGB pixel value and the original
RGB pixel value can be minimized. Furthermore, we describe
how to adjust the proposed hybrid method and theorem
to tackle the DTDI image and the Bayer mosaic image.
In Section IV, several experiments are carried out to demon-
strate the objective and subjective quality, quality-bitrate trade-
off, and bitrate-distortion trade-off merits of the proposed
hybrid method. In Section V, some concluding remarks are
addressed.

II. TRANSFORM IDEAL LUMA MODIFICATION TO
A CONSTRAINT MINIMIZATION PROBLEM AND
A NEAR-OPTIMAL SOLUTION

In the first subsection, we transform the determination
of the distortion-minimization based ideal luma modification
to a constraint minimization problem. Then, based on the
differentiation technique, a closed form is derived to deter-
mine the modified luma value for each luma component.
In the second subsection, we explain why the modified luma
value determined by the closed form is only near-optimal. The
distribution of the error between the near-optimal solution and
the ideal solution, which is obtained by the exhaustive search
method, is also plotted. Finally, we highlight the challenge
to determine the ideal solution of the constraint minimization
problem in constant time.
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A. Transform to a Constraint Minimization Problem

For each 2x2 subsampled YUV block, based on the two
subsampled chroma values, Us and Vs, and the modified luma
value Y l.’ to be determined, the reconstructed RGB triple value
(R{““, G7*“, B/*°) can be obtained by

Ri¢c 1.164 O 1.596 Y/ —16
G 1.164 —0.391 —0.813 | [ Uy — 128 (2)
B¢ 1.164 2.018 0 Vs — 128

Since the original chroma components U; and V; have been
replaced by the subsampled components U and Vj, the three
equalities, Rir“=le’”,Gf“=G§?’i, and Bl.’ec=Blf)’i, would be
violated. In the proposed luma modification, our idea is to view
Y/ as a parameter and our goal is to minimize the following
objective function in terms of in the pixel distortion (PD):

PD(Y))
— (Rl{)ri _ R;eC)Z + (G;_)ri _ G;e0)2 + (Biori _ BireC)Z

_ {Rf”' — [1.164(Y! — 16) + 1.596(V, — 128)]}2
n {G;’”' — [1.164(Y] — 16) — 0.391(U; — 128)
—0.813(V, — 128)]}?
+ {B;’”' — [1.164(Y] — 16) + 2.018(U; — 128)]}2, 3)

subject to the color constraint 0 < R!*“, GI*“, B/*“ < 255.
Although the distortion between the adjusted Y image and the
original Y image becomes worse, the modified Y image makes
the quality of the reconstructed RGB full-color images, i.e. the
target images, substantially better. Our goal is to determine
the ideally modified luma value Yiideal to solve this constriant
minimization problem such that besides the color constraint,
it must satisfy

PD(yjdealy = argmin PD(Y)
= argmin {(Cl —¥)?+(Cr — V)2 +(C3 — ?)2}
Y
= argmin {PD(I?)} 4)
Y

where ¥ = 1.164(Y — 16), C = R?"" — 1.596(V; — 128),
C = G?ri + 0.391(U; — 128) 4+ 0.813(Vy — 128), and C3 =
B —2.018(Uy — 128).

Equation (3) is similar to the term CMSE in the CPSNR
quality metric mentioned in (14). The smaller the value of
CMSE is, the higher the value of CPSNR will be. That’s
the main reason why the ideal luma modification in (4)
can improve the quality of the reconstructed RGB full-color
images.

B. Near-Optimal Solution and its Error Distribution

We differentiate the quadratic function PD()A’) in (4) with
respect to Y to zero in order to find the critical point
of PD(Y). It yields

oPD(Y .
#:6Y—2(C1+C2+C3)=0. )
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From (5), the critical point occurs at Y = M Accord-
ing to the relation Y = 1.164(Y — 16), the closed form of the
near-optimal solution Yi"earfop t, which doesn’t consider the

color constraint 0 < Ri’“, G?“, Bl.r“ < 255, is equal to

_ Y
y"ear opt _ 16
! ( 1.164 +16)

_ (Rz(')rl +G;-)rl +Bi0”)
3.492
+(104.339 — 0.446U, — 0.224Vy).  (6)

The near-optimal solution Yi”earfop "in (6) may cause some of

the reconstructed RGB triple value, (Rl.r e, Gf“, Bi’ €, to be
out of the range [0,255]. Unfortunately, even if we force each
of the infeasible reconstructed RGB triple value to be within
the range [0,255], the pixel-distortion minimization criterion
in (4) would be violated. This is why ¥;"““" "' is only local-
optimal, but not ideal.

Here we take the 640th 2x2 RGB block in the first image
of the IMAX test set as the example to demonstrate the
intuition of the proposed luma modification and the quality
merit of the reconstructed RGB values. As shown in Fig 3(a),
the original RGB values and the transformed YUV values are
given. After running the 4:2:0(A) chroma subsampling and the
COPY chroma reconstruction on the UV block, the chroma
values have been changed. We consider the upper-left pixel in
the reconstructed YUV block, as shown in Fig. 3(b). Since the
original chroma values U; and V; have been replaced by the
subsampled values Uy and Vj, respectively, the reconstructed
RGB triple value will be undoubtedly different from the origi-
nal RGB triple value, (136, 253, 188). The reconstructed RGB
triple value is (134, 255, 178), in which by (2), the originally
transformed G value is larger than 255 and we force the value
of G'*“ to 255. Then, by (3), the resultant RGB pixel-distortion
is 108,i.e. PD(Y1) =108. Fig. 3(c) illustrates the reconstructed
triple RGB value, (136, 255, 181), by using the reconstructed
chroma values as well as the modified luma value determined
by the proposed near-optimal luma modification. Similarly,
the originally reconstructed G value G1* is also out of the
range and is forced to 255. Interestingly, it yields a much less
RGB pixel-distortion, PD(Y 1" ear—op t)=53, which is clearly
less than P D(Y1)=108. From Fig. 3(b) and Fig. 3(c), we find
that although the distortion between the modified luma value
and the original luma value becomes worse, the proposed
near-optimal luma modification in (6) makes the reconstructed
RGB triple value much better.

In the following, we analyze the distance between the near-
optimal pixel-distortion PD(Yl."ear_Op t) and the ideal pixel-
distortion PD(Y/), ie. the value of (PD(Y;““ ") —
PD(Yl.ide“l )), according to the exhaustive search method
over the range [0,255]. As the first possible ideal solution
Yiide“l=0, we put it into (2) and calculate the reconstructed
RGB triple value (Ri’ e G?“, Bi’ ¢). Further, the correspond-
ing pixel-distortion PD(0) is followed by (3). Next, we try
Yl."d“’l=1 and repeat the above process until all the possible
ideal solutions over [0,255] have been examined. Finally,
among these 256 pixel-distortion values, P D(0), PD(1),--- ,
and PD(255), we select the smallest one, say PD(k) for



CHUNG et al.: JOINT CHROMA SUBSAMPLING AND DISTORTION-MINIMIZATION-BASED LUMA MODIFICATION 4629
R :136 Ry 115 Y1:197 Y2:183 Y1:197 Y2:183
G/":253 | G244 Ui:117 U-:105
B 188 B 1149 V1:81 V2:78 Vs:
Ry 141 R} :115 > 80
o v RGB-to-YUV Y3:197 Y4:186 4:2:0(A)
Gyiiast | Gyi249 ! Us:118 Ua:107 Chroma
: 4 Transformation .
B 1190 B 1156 Vs:84 Va5 Subsampling Y3:197 Y4:186
(a)
near-opty __
PD(Y1) =108 PD(Y"“ ") = 53
Y1:197 R :134 yreerert: 199 R :136
Us:112 P G255 U 112 P G255
Vs:80 rec . ) rec .
' YUV-t0o-RGB B/ :178 V. :80 YUV-t0-RGB B :181
Transformation Transformation
(b) (©
Fig. 3. An example to demonstrate the quality merit of the reconstructed RGB values by the proposed near-optimal luma modification. (a) RGB-to-YUV

transformation and 4:2:0(A) chroma subsampling. (b) Reconstructed YUV and RGB values of the upper-left pixel by the conventional method. (c) Reconstructed
YUYV and RGB values of the upper-left pixel by the proposed near-optimal luma modification.
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Fig. 4. The distributions of (PD(Y;) — PD(Y4@!)) and (PD(Y;“"" ") — PD(Yi¥@)). (a) The distribution of (PD(Y;) — PD(Y!4¢¢l)). (b) The distribution

of (PD(Y¢“"™ ") — pp(yidealy),
0 < k < 255, and k is set to the truly ideal solution,
ie. Yiide“l=k. Taking the upper-left pixel in Fig. 3(a) as
the example, it is easy to yield PD(Y1)=PD(197)=108,
as shown in Fig. 3(b). By (6), we have ¥;““~“"'=199,
and then we have PD(Yf’ear*opt)=PD(199)=53, as shown
in Fig. 3(c). Consequently, the RGB pixel-distortion reduc-
tion, i.e. the gain in the RGB domain, is 55 (=108-53),
although the loss in the YUV domain is 4 (=(199 — 197)2).
Most important of all, as a target image for the purpose
of display on screens or human visual inspection, increas-
ing the gain in the reconstructed RGB full-color image is
the most important thing. By the exhaustive search method,
it yields Y/9@'=202 and PD(Y{4¢!)=P D(202)=36. On the
other hand, for the upper-left pixel in Fig. 3(a), the RGB
pixel-distortion reduction by using the exhaustive search based
ideal luma modification is 72 (=108-36). Therefore, the gap
between PD(Ylnear_Opt) and PD(deeal) in this example is
17 (=53-36). It means there is room to improve the near-
optimal solution to achieve the ideal solution. In the following,
the distributions of the above two gaps are investigated.

Based on the first image in the IMAX test set, Fig. 4(a) and
Fig. 4(b) illustrate the distributions of (P D(Y;) — PD(Yiide“l))
and (PD(Yi"earfopt) — PD(Yiide“l)), respectively. In Fig. 4(a)
and Fig. 4 (b), the x-axes denote the values of (PD(Y;) —
PD(vi4aly) and (PD(Y“ """y — PD(Y/¥)), respec-
tively, and the y-axes denote the corresponding frequency.
Although Fig. 4(b) is more sharp than Fig. 4(a), we clearly
observe that in Fig. 4(b), there is still room for improvement.
It is a challenge to develop an effective method to narrow the
search range such that determining the ideal solution Yl.id“’l
can be done in constant time rather than that required in the
terribly time-consuming exhaustive search method.

IIT. MAIN THEOREM FOR IDEAL LUMA
MODIFICATION AND APPLICTION

In this section, a main theorem and its correctness proof
are provided to practically determine the ideally modified
luma value Yiideal in O(1) time for RGB full-color images.
In addition, we adjust the theorem to handle the ideal luma
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TABLE I

AVERAGE LENGTH OF THE SEARCH RANGE EXAMINED FOR IDEAL
LUMA MODIFICATION BASED ON THREE TEST RGB
FULL-COLOR IMAGE SETS

Average length of the search range
IMAX 6.05
Kodak 3.29
SCI 4.63
Average 4.66

modification for the DTDI images, which are captured by
line-scan cameras and each pixel contains two primary colors,
and the Bayer mosaic images associated with the well-known
Bayer CFA structure in which each pixel contains only one
primary color.

A. Main Theorem for Ideal Luma Modification
and Correctness Proof

The RGB-to-YUV transformation has the following

relation:
R 1164 0  1.5% Yi — 16
G| =|1.164 —0.391 —0.813 | | U — 128 | (7)
BYri 1.164 2.018 0 veri — 128

Taking chroma subsampling into account, if the two original
chroma components U™ and V™ in (7) are replaced by
Us, and Vi, respectively, a unique Y which satisfies (7) does
not exist. However, there do exist Y%, ¥, and Y2, which
satisfy

R = 1.164(YF — 16) 4+ 1.596(V, — 128)

G?ri = 1.164(YiG —16) — 0.391(U; — 128)

—0.813(V; — 128)
B = 1.164(Y2 — 16) +2.018(U; — 128) (8)

After solving each equality in (8), we have

[RO™ — 1.596(Vy — 128)]

YR = 16
: - lle4 *

G?"' 4 0.391(Us — 128) 4 0.813(Vy — 128
Y,.Gz[l (Us ) (Vs N 16
1.164

[B{™ —2.018(Uy — 128)]
vP = — 16 9
l 1.164 * ©
Let Low; = |Min(YR Y, Y?)| and High; =

(Max(YiR, YiG, Yl.B)—|, where ‘|-]” and ‘[-]’” denote the floor
function and ceiling function, respectively. We have the fol-
lowing main theorem to determine the ideal solution Yiideal in
the search range [Low;, High;]. Based on the three test image
sets, Table I indicates that on average, the length of the search
range examined is 4.66. Therefore, in practice, the ideal luma
modification for each luma pixel can be done in O(1) time.
Theorem 1: By our proposed hybrid method for RGB full-
color image, for each 2x2 luma block, the ideally modified
luma value Yiide“l, 1 <i <4, can be determined in O(1) time
in practice.
Proof: We prove it by contradiction. Without loss of
generality, let Y l.R <Y l.G <Y iB . Assume the value of Y iideal

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 26, NO. 10, OCTOBER 2017

is out of the range [Low;, High;] where Low; = LYiRJ and
High; = [Y], and for simplicity, assume Y/9*! < [YR].
The following proof is also applicable to Yiide“l > [YP].
Our target aims to show that the assumption ‘Y. iide“l <Y l.RJ ’
will be false since it will violate the minimal pixel-distortion
criterion. Because the ideally modified luma value Yiideal
must satisfy the minimal pixel-distortion criterion, we have
PD(LYR]) > PD(Y/l) ie. PD(LYR])— PD(Y/4) > 0.
By (3), (9), and some algebraic manipulations, we have

(R = 12 4 (0 = LY F 24 (v = v )]

R - Yiideal)Z + (YiG -~ Yiideal)Z +(rp - Yiideal)Z:I

+ (YiG B LYiRJ)z _ (Yl_G _ Yiideal)2:|

~

1

YR _ LYiRJ)Z _ (YiR _ Yiideal)Z]

+ (YiB o LYiRJ)Z . (YiB . Yiideal)2]
>0

10)

Based on the assumption ‘0 < Yiide“l < LYiRJ < Yl.R < Yl.G <
YiB’, we have (Yl.c — LYl.CJ)2 — (Yl.c — Yl.’d“’l)2 <0 for C €
{R, G, B}. We conclude that

I:(YiR — YR — (¥R - Yiideal)Z:I
+ [(YiG _ LYl-RJ)z _ (YiG _ Yiideal)Z]

+ [(YiB —rp?—f - Yiideal)z:l

<0 Y

(10) and (11) conflict, which means that the initial assumption
‘Yl.ideal < LYiRJ’ is not true. By the same arguments, we can
prove that the assumption ‘Yiide“l > |'YiB'|’ is still not true.
Consequently, the ideally modified luma component Yl.ide“l
should be in the search range [Low;, High;]. Because by
Table I, the value of (High; — Low; + 1) is a constant, 4.66,
the ideally modified luma value Yiide“l can be determined
in O(1) time by search over the range [Low;, High;].
We complete the proof.

As for the execution time complexity comparison, let Tcr
denote the execution time, in terms of seconds, required to
complete the proposed hybrid method, e.g. joining the 4:2:0(A)
and the ideal luma modification, and the encoding process;
let Tcg denote the execution time required to complete the
chroma 4:2:0(A) subsampling and the encoding process. Based
on the three test image sets, we have Tcrg = 3.47 and
Tcg = 3.26. Therefore, the execution time overhead required
in the ideal luma modification is only 6.4% (=0.21/3.26),
which is rather small. It is easily verified that the ratio
of the average search range considered in the exhaustive
search method over the one considered in Theorem 1 is
55 (=256/4.66), and it indicates the impracticability of the
exhaustive search method. On the contrary, the proposed ideal
luma modification in Theorem 1 is fast and could meet the
real-time demand. At the end of this subsection, we report
the CPSNR gain of the ideal luma modification over the
near-optimal luma modification when we set QP=0 in the
compression and the chroma reconstruction is the COPY.
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TABLE I

AVERAGE CPSNR GAINS OF THE NEAR-OPTIMAL AND IDEAL SOLUTION
OVER 4:2:0(A) FOR THE THREE TEST RGB FULL-COLOR IMAGE SETS

Conventional | Near-optimal Ideal

4:2:0(A) solution solution
IMAX 37.62 38.16 38.47
Kodak 43.95 44.46 44.84
SCI 35 35.22 35.89
Average CPSNR 38.86 39.28 39.73
Average gain 0.42 0.87

Based on the three test image sets and the combination
4:2:0(A)-COPY, Table II indicates that the CPSNR gains
of the proposed near-optimal luma modification against the
conventional one and the proposed ideal luma modification
against the conventional one are 0.42 (=39.28-38.86)dB and
0.87 (=39.73-38.86)dB, respectively. In Section IV, for dif-
ferent QP values, the CPSNR, PSNR, MSE (mean square
error), visual effect, RD curves, and BD-PSNR performance
will be illustrated to demonstrate the related advantages of the
proposed hybrid method when compared with the conventional
and related chroma subsampling schemes.

B. Application to DTDI and Bayer Mosaic Images

In this subsection, the proposed hybrid method and
Theorem 1 are adjusted to handle the DTDI and Bayer mosaic
images such that their ideally modified luma values can also
be determined in O(1) time and can be used to substantially
improve the quality of the reconstructed images.

1) Application to DTDI Images: As shown in Fig. 5,
the DTDI image [2] has 4:2:2 (G:B:R) color component
composition in each 2x2 block. For each 2x2 DTDI block,
the four pixels contain (G,B), (G,R), (G,B), and (G,R) color-
compositions based on the row-major order. In each block,
the two B colors are arranged in the left column of the
block and the two R colors are arranged in the right column.
The DTDI structure is the image format used in high-speed
scan-line industry printers. According to the RGB-to-YUV
transformation in (2), we observe that the B color is affected
by the Y and U components and the R color is affected by
the Y and V components. Therefore, in [7], the subsampled U
component, Uy, is preferable for performing 4:2:0(L) on the
2x2 U block, while the subsampled component, V, is prefer-
able for running 4:2:0(R) on the 2x2 V block. Following the
similar discussion in the last subsection, let

Lmin(YIG, YIB)J fori =1
lows — |min(Yy, YR)]  fori =2

' Imin(Y¢, vE)]  fori=3
Imin(Y,?, ¥®)]  otherwise
rmax(Y7, YE)]  fori=1

high — rmax (Y&, Y1 fori =2 (12)

' Mmax(Y.C, Y3B)] fori =3

[max (Y, 46 Y f )]  otherwise

Based on the three DTDI test image sets, DTDImax,
DTDIkodak, and DTDIgcy, which are generated from the
IMAX, Kodak, and SCI test image sets, respectively, according
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Fig. 5. DTDI structure.

TABLE III

AVERAGE LENGTH OF THE SEARCH RANGE EXAMINED FOR IDEAL LUMA
MODIFICATION BASED ON THREE TEST DTDI IMAGE SETS

Average length of the search range
DTDIpmax 431
DTDIkodak 3.11
DTDIscr 3.59
Average 3.67

Fig. 6. Bayer CFA structure.

to the DTDI structure, Table I1I indicates that the average value
of (High; — Low; + 1) is 3.67. Following the similar proving
technique as in Theorem 1, we have the following ideal luma
modification result for DTDI images.

Theorem 2: By our proposed hybrid method for DTDI
image, for each 2x2 luma block, the ideally modified luma
value Yiide“l, 1 <i < 4, can be determined in O(1) time in
practice.

2) Application to Bayer Mosaic Images: As shown in Fig. 6,
for saving hardware costs and preserving more brightness,
the Bayer CFA structure has 2:1:1 (G:B:R) color component
composition in each 2x2 block. In the demosaicking-first
mosaic compression scheme, Yang et al. [14] presented a
chroma subsampling strategy to determine Us and V; for
each 2x2 chroma block. The main idea in their proposed
strategy is that the significance of the U and V components
for reconstructing R and B pixels is considered according to
the CFA structure. Later, Lin ef al. [11] presented a chroma
subsampling strategy to determine U; and Vi by minimizing
the quality distortion between the original 2x2 Bayer CFA
block and the reconstructed 2 x2 Bayer CFA block. The exper-
imental results show that the chroma subsampling strategy by
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Lin et al. has better quality when compared with the one by
Yang et al.

According to the 2x2 Bayer CFA structure and the similar
discussion in Subsection III-A, let

LYIRJ fori =1
Y] fori=2
low; = G ]
L¥Y3’] fori=3
| LY, 4B ] otherwise
[TY[]  fori=1
Y$1  fori=2
highy = {1121 tor (13)
[Yy7] fori=3
[YE1  otherwise

By (13), we have (High; — Low; + 1) = (JYS1 — [Y£] +
1) =2 for C € {R, G, B}. Following the similar proving
technique in Theorem 1, we have the following result. Besides
the Bayer CFA structure, the proposed result of this part can
be applied to the other CFA structures, such as the modified
Bayer CFA structure, HVS CFA structure, etc.

Theorem 3: By our proposed hybrid method for Bayer
mosaic image, for each 2x2 luma block, the ideally modified
luma value Yiide“l, 1 <i <4, can be determined in the range
[Low;, High;], as shown in (13), and completed in O(1) time
in practice.

The proposed ideal luma modification in Theorem 3 does
improve the CPSNR performance of the reconstructed Bayer
mosaic image by Lin et al. [11]. Besides, the proposed method
also outperforms the one by Chiu et al. [5], whose luma mod-
ification formula like (9) cannot guarantee that the modified
luma value is ideal, although it is in the range [Low;, High;].
In addition, Chiu et al.’s result cannot be extended to tackle
both the DTDI images and the RGB full-color images.

Based on the three DTDI and Bayer test image sets,
the average CPSNR and PSNR values of the proposed hybrid
method and the two state-of-the-art chroma subsampling
strategies are illustrated in Table IV. For DTDI images,
we observe that when setting QP=0 in the compression,
the CPSNR gains of our proposed hybrid method, ‘Proposed’,
are 2.31dB and 2.19dB, respectively, when compared with the
method by Chung et al. under the COPY and BILINEAR
chroma reconstruction processes. For Bayer mosaic images,
when compared with Lin et al.’s chroma subsampling scheme,
our proposed hybrid method has PSNR gains, 12.5dB and
16.66dB, respectively.

From the observation in Tables II and IV, we conclude that
the fewer the number of colors in each pixel, the greater the
quality improvement by the proposed hybrid method.

IV. EXPERIMENTAL RESULTS

The three test image sets are the IMAX test set with
18 images, of which each is of size 500x500, the Kodak test
set with 24 images, of which each is of size 768 x 512, and the
16 screen content images (SCIs), each with size 1024x512,
as shown in Fig. 7. All the concerned experiments are imple-
mented on a computer with an Intel Core i7-6700 CPU
34 GHz and 8 GB RAM. The operating system is the
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TABLE IV

AVERAGE CPSNR AND PSNR GAINS OF THE PROPOSED HYBRID METHOD
FOR DTDI AND BAYER IMAGES WHEN COMPARED WITH TWO
STATE-OF-THE-ART CHROMA SUBSAMPLING SCHEMES

DTDI
Chung et al. [7]-COPY Proposed-COPY
DTDImax 41.64 43.69
DTDIkodak 47.48 49.51
DTDIgcy 38.94 41.79
Average CPSNR 42.69 45.00
Average gain 2.31
DTDI
Chung et al. [7]-BILINEAR | Proposed-BILINEAR
DTDImmax 41.28 43.18
DTDIkodak 48.33 50.29
DTDIgcy 38.96 41.69
Average CPSNR 42.86 45.05
Average gain 2.19
Bayer
Lin et al. [11]-COPY Proposed-COPY
BayerIMAX 43.14 55.59
Bayerkodak 48.26 56.87
Bayerscy 40.39 56.81
Average PSNR 43.93 56.43
Average gain 12.50
Bayer
Lin et al. [11]-BILINEAR Proposed-BILINEAR
BayerIMAX 37.06 55.35
Bayerkodak 44.50 56.77
Bayergcy 35.57 54.98
Average PSNR 39.04 55.70
Average gain 16.66

Microsoft Windows 7 64-bit operating system. The program
development environment is Visual C++ 2013. The HEVC
reference software used for image compression is HM-16.4.

In Subsection IV-A, when setting QP=0, we demonstrate the
CPSNR gains and the color mean square error (CMSE) reduc-
tions of the proposed hybrid method when compared with the
conventional chroma subsampling schemes under the COPY
and BILINEAR chroma reconstruction processes for the RGB
full-color images. For the Bayer mosaic images, the PSNR
gains and MSE reductions of the proposed hybrid method
are also illustrated when compared with Lin et al.’s subsam-
pling scheme. In Subsection IV-B, we demonstrate the visual
merit of the proposed hybrid method. In Subsection IV-C,
for different QPs, the experimental results are reported to
demonstrate that, in terms of the RD curves and BD-PSNR
performance, the proposed hybrid method also has better per-
formance when compared with the conventional subsampling
schemes.

A. PSNR Gain and MSE Reduction Merits

To evaluate the quality of the reconstructed RGB full-color
images, the CPSNR metric is defined by

2552

N
!
CPSNR = — S 101og ) —2>—
N 2_ 10logig CMSE

n=1

. i,RGB
with CMSE = ﬁ D pep 2cerG.BI ¢ (p) —
1CRGB(p)1 in which P = ((I,m)[1 <] < H,1 <m < W}

(14)
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TABLE V

AVERAGE CPSNR GAINS AND CMSE REDUCTIONS (IN PARENTHESES) OF THE PROPOSED HYBRID METHOD FOR RGB FULL-COLOR
IMAGES WHEN COMPARED WITH SEVEN EXISTING CHROMA SUBSAMPLING SCHEMES

COPY
- - - 4:2:0 4:2:0 4:2:0 4:2:0 Average CPSNR gain
420(4) 420 420R)  pREeT)  (BRIGHT) — (BRIGHT MEAN)  (MPEG-B) | (Average CMSE reduction)
Comentional | 3702 36.12 36.07 34.80 3324 37.40 35.19
IMAX (1571)  (2229)  (22.52) (30.15) (31.87) (16.38) (27.82)
Proposed 3847 37.03 36.95 35.72 35.66 3834 36.08 111
(12.85)  (18.02)  (18.27) (24.26) (24.88) (13.12) (22.53) (-4.69)
Comentional | 2395 .63 2258 S ) 2085 1354 1187
Kodak (2.89) (3.95) (4.00) (5.51) (6.06) (3.23) (4.73)
Proposed 4434 354 43.40 012 a2 4434 074 083
(2.35) (3.20) (3.30) (4.47) (5.31) (2.66) (3.87) (-0.74)
Comentional | 3300 3351 3341 3236 3238 33.62 32.98
s (30.10)  (42.57)  (43.83) (55.50) (57.56) (42.72) (46.10)
Proposed 35.89 34.43 3434 3327 33.66 35.03 33.88 1.04
(24.82)  (35.01)  (35.89) (45.58) (48.37) (34.16) (37.89) (-8.09)
Comentional | 3586 37.42 3735 36.12 35.49 38.19 36.68
Average (1623)  (22.94)  (23.45) (30.39) (31.83) (20.78) (26.21)
Proposed 39.73 3833 3823 37.04 36.92 39.24 37.56 0.99
(1334)  (1874)  (19.15) (24.77) (26.19) (16.65) (21.43) (-4.51)
BILINEAR
. . . 4:2:0 4:2:0 4:2:0 4:2:0 Average CPSNR gain
420(4)  420(L)  420R)  pRECT)  (BRIGHT) — (BRIGHT MEAN)  (MPEG-B) | (Average CMSE reduction)
Comventional | 3633 3736 3430 3850 3325 36.28 3823
IMAX (20.74)  (1624)  (33.94) (11.99) (31.99) (21.09) (13.02)
Proposed 37.09 38.19 35.07 3932 3558 37.16 39.06 1.06
(1699)  (1331)  (27.62) (09.82) (25.39) (17.09) (10.66) (-4.02)
Comentional | %433 75.66 72 7769 175 1398 7728
Kodak (2.65) (1.97) (4.91) (1.29) (4.94) (2.92) (1.39)
Provosed LK) 36.83 4256 4930 237 34,88 48.60 1.06
PO (2.09) (1.47) (4.05) (0.85) (4.29) (2.35) (0.98) (-0.57)
Comventional | 3406 34.63 32.00 3511 32.18 33.08 35.10
sl (3737)  (34.61)  (57.42) (33.94) (57.14) (45.82) (32.45)
Proposed 34.96 3553 33.02 35.99 3323 3426 35.99 0.96
(30.98)  (28.70)  (47.18) (28.25) (47.98) (36.99) (26.89) (-7.40)
) 3825 39.22 36.03 7043 35.73 3778 7021
Average Conventional | 5055y (17.60)  (32.09) (15.74) (31.36) (23.28) (15.62)
Pronosed 39.15 30.18 3691 4154 37.06 3877 4122 1.03
PO (16.69)  (14.49)  (26.28) (12.97) (25.89) (18.81) (12.84) (-3.99)

denotes the set of pixel coordinates in one WxH image;
N denotes the number of test images used, e.g. N=18 for the
IMAX image set; Iz’réiRGB(p) and I;fé’RGB(p) denote the
C-color value of the pixel at position p in the nth
original RGB full-color image and the reconstructed one,
respectively.

Based on the three RGB test image sets, Table V indi-

cates that under the COPY and the BILINEAR chroma

reconstruction processes, the proposed hybrid method always
has better CPSNR performance marked in boldface when
compared with any of the conventional ones. On average,
the CPSNR gains (CMSE reductions) of the two combinations,
Proposed-COPY and Proposed-BILINEAR, are 0.99 (4.51) dB
and 1.03 (3.99) dB, respectively, when compared with the
conventional combinations. Table VI shows the average MSE
reductions of the proposed hybrid method for Bayer mosaic



4634

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 26, NO. 10, OCTOBER 2017

TABLE VI

AVERAGE MSE REDUCTIONS OF THE PROPOSED HYBRID METHOD FOR BAYER MOSAIC IMAGES WHEN
COMPARED WITH LIN ef al.’S CHROMA SUBSAMPLING SCHEME

images when compared with the chroma subsampling scheme
by Lin et al. Since the average PSNR gains of the proposed
hybrid method over Lin ef al.’s subsampling scheme for
the reconstructed Bayer mosaic images have been shown
in Table IV, we only demonstrate the MSE reductions of the
proposed hybrid method in Table VI.

Here, the PSNR metric is defined by

2552

PSNR = Z 10logjp ~ -

5)

with MSE — ﬁ Z:pEP[Ir(l;ri,Bayer(p) - 1,:“’Bayer(p)]2

which P = {({,m)|l <[ < H,1 < m < W} denotes the
set of pixel coordinates in one WxH Bayer mosaic image,
10789 (Y and I;°B9 (p) denote the color values of the
pixels at position p in the nth original Bayer mosaic image
and the reconstructed analogue.

In (14), the CPSNR definition reveals that all the three
components, R, G, and B, have been considered to be of
the same importance. However, sometimes people consider
one component, say G component, to be more important
than the other two components, i.e. R and B components.
Consequently, based on this color component preference,
the traditional CPSNR metric in (14) can be extended to

2552

1
CPSNR? = — > 101 i
N n; 810 CarSEP

(16)

with CMSEP ZleLa orz R(l) Irec R(l) +ﬂ orz G( )
ISP+ 118 (1) - ﬂ“ B(1)12 in which L= {(i, j)|1 <
i 5 H,1 < j < W} denotes the set of pixel coordinates in one
WxH image, and l =a+ f+y for0 <a,f,y < 1. When
setting @ = f = y=1/3 in (16), we have CPSNR=CPSNR?’.
Suppose one prefers G component with weight 0.6 rather than
R and B components with weight 0.3 and 0.1, respectively,
and then one can set =0.3, f=0.6, and y=0.1. Generally,
following the color component preference, the pixel distortion

term in (3) can be modified to
PDP(Y)) = 3a (RO — RI*“)2 4 38(Go" —

+3y (B -

G;’EC)Z

By’ (17)

In Appendix, the value of Yiide“l can be determined in constant
time such that the pixel distortion with color component pref-
erence PDP (Y/) can be minimized. To be nothing surprising,

the value of the finally determined Y/ ideal and the reconstructed

COPY BILINEAR
MSE Average MSE reduction MSE Average MSE reduction
Bayerniax Lin et al. 374 17.87
Proposed 0.16 -3.58 0.19 -17.67
Baverc.i. Lin et al. 0.98 2.55
YeTKodak  Pronosed | 0.13 0.84 0.14 2.41
Bayerscy Lin et al. 10.60 23.97
Proposed 0.22 -10.38 0.53 -23.44
Average Lin et al. 5.11 14.79
Proposed 0.17 -4.93 0.29 -14.51
TABLE VII

THE PERFORMANCE OF EACH COLOR COMPONENT FOR
THREE COLOR COMPONENT PREFERENCES

a=0.3,=0.6,y=0.1
Conventional Proposed
R G B R G B
IMAX | 3823 | 4338 | 35.13 | 38.67 | 43.73 35.1
Kodak | 44.02 | 49.13 | 4195 | 4428 | 49.63 | 42.23
SCI 35.18 | 42.05 | 33.07 | 3592 | 43.16 | 33.31
a=04,=047y=0.2
Conventional Proposed
R G B R G B
IMAX | 3823 | 4338 | 35.13 | 39.97 | 40.68 36
Kodak | 44.02 | 49.13 | 4195 | 4533 47.1 42.89
SCI 35.18 | 42.05 | 33.07 | 36.56 | 40.05 | 33.68
a=0.3,=03,y=03
Conventional Proposed
R G B R G B
IMAX | 3823 | 4338 | 35.13 | 38.73 | 39.72 | 37.54
Kodak | 44.02 | 49.13 | 4195 | 44.15 | 46.63 | 44.39
SCI 35.18 | 42.05 | 33.07 | 35.09 | 39.56 35.2

image pixel with color component preference would be differ-
ent from the ones without color component preference. Based
on the three color component preferences, say (a, £, y )=(0.3,
0.6,0.1), (a, B, 7)=(0.4,0.4,0.2), and (a, 8, y)=(0.3, 0.3, 0.3),
Table VII illustrates the performance of each color component
for the three color component preferences. It will be an inter-
esting research issue to model the color component preference
based on the social media to satisfy both the learning-based
color component preference and the distortion-minimization
criterion.

B. Visual Effect Merit

As shown in Fig. 8(a), we take the amplified sub-image
of one IMAX sub-image highlighted by the red rectangle as
the comparison basis. Figs. 8(b)-(c) depict the reconstructed
RGB full-color sub-images by the traditional combination
‘Conventional 4:2:0(A)-COPY’ and our proposed combination
‘Proposed 4:2:0(A)-COPY’, respectively, where ‘Conventional
4:2:0(A)-COPY’ denotes the combination 4:2:0(A)-COPY and
‘Proposed 4:2:0(A)-COPY’ denotes the combination joining
the proposed luma modification based 4:2:0(A) and the COPY
reconstruction process. We observe that the proposed combina-
tion ensures that the black spots in the reconstructed RGB sub-
image are almost the same as those in the original RGB
sub-image, while the traditional combination suffers from the
blurred black spots. As shown in Fig. 8(d), the traditional
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TABLE VIII

AVERAGE BD-PSNR COMPARISON OF THE PROPOSED HYBRID METHOD FOR RGB FULL-COLOR IMAGES OVER
THE SEVEN EXISTING CHROMA SUBSAMPLING SCHEMES

COPY
Image test set QP interval 4:2:0(A) 4:2:0(L) 4:2:0(R) (D?légT) (Bl;‘iégT) (BRIGéI%;?VIE AN) (M:‘F%é)-B)

0-12 0.6961 0.7766 0.7561 0.8147 0.9922 0.7797 0.7764

12-24 0.3260 0.4050 0.3964 0.4631 0.6011 0.3689 0.4453

IMAX 24-36 0.0801 0.0728 0.0639 0.0625 0.0720 0.0546 0.1031
36-48 0.0229 0.0148 0.0006 0.0116 -0.0135 0.0014 0.0056

40-51 0.0171 0.0127 -0.0089 0.0104 -0.0174 -0.0131 -0.0086

0-12 0.5992 0.6539 0.5865 0.6906 0.4246 0.5512 0.6450

12-24 0.1924 0.2125 0.2048 0.2384 0.1320 0.1760 0.2307

Kodak 24-36 0.0349 0.0276 0.0427 0.0248 0.0082 0.0303 0.0370
36-48 0.0056 -0.0037 0.0073 -0.0099 0.0056 -0.0024 0.0070

40-51 0.0014 -0.0104 0.0001 -0.0I1T 0.0058 -0.0057 0.0023

0-12 0.8343 0.8730 0.8951 0.8834 1.2549 1.3612 0.8529

12-24 0.6415 0.7181 0.7449 0.7683 1.0910 1.1518 0.7074

SCI 24-36 0.3244 0.3444 0.3742 0.4081 0.5730 0.6017 0.3986
36-48 0.0995 0.1043 0.1147 0.0899 0.1226 0.1367 0.1187

40-51 0.0417 0.0502 0.0602 0.0511 0.0658 0.0689 0.0695

Fig. 8. The visual effect comparison for the reconstructed RGB color images by ‘Conventional 4:2:0(A)-COPY’, ‘Proposed 4:2:0(A)-COPY’, ‘Conventional
4:2:0(BRIGHT)-COPY’, and ‘Proposed 4:2:0(BRIGHT)-COPY’. (a) The original IMAX sub-image and the amplified one. (b) The reconstructed RGB sub-
image ‘Conventional 4:2:0(A)-COPY". (c) The reconstructed RGB sub-image ‘Proposed 4:2:0(A)-COPY’. (d) The reconstructed RGB sub-image ‘Conventional
4:2:0 (BRIGHT)-COPY". (e) The reconstructed RGB sub-image ‘Proposed 4:2:0(BRIGHT)-COPY".

combination ‘Conventional 4:2:0(BRIGHT)-COPY’ suffers
from shrunken and blurred black spots in the reconstructed
RGB sub-image, while the reconstructed RGB sub-image cre-
ated by our proposed combination ‘Proposed 4:2:0(BRIGHT)-
COPY’ is quite similar to the original one.

C. Quality-Bitrate Trade-off Merit

Based on the three test image sets and the COPY chroma
reconstruction process, the RD curves are plotted to demon-
strate the quality-bitrate trade-off merit of the proposed hybrid
method. First, the bitrate of one compressed image set is
defined by

. B
bitrate = — (18)
N

where B denotes the total number of bits used to compress one
test image set with N images, e.g. N=18 for the IMAX test
set. When setting QP=0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40,

44,48, and 51 in the compression, the RD curves in Figs. 9-10
demonstrate the quality-bitrate trade-off superiority of the
proposed hybrid method for the reconstructed RGB full-color
and Bayer mosaic images, respectively, when compared with
the conventional chroma subsampling schemes and Lin et al.’s
scheme. In Figs. 9-10, for QP<20, the quality gain is clearly
visible.

Besides the RD curves comparison in Figs. 9-10, we further
provide the BD-PSNR comparison [2] to indicate the average
PSNR difference over the same bitrate interval for any two
concerned chroma subsampling schemes. For the reconstructed
RGB full-color images, we take the conventional chroma
subsampling schemes to be the comparison basis and then
tabulate the BD-PSNR results of the proposed hybrid method
in Table VIII. For the reconstructed Bayer mosaic images,
we take Lin et al.’s subsampling scheme to be the comparison
basis, and Table IX demonstrates the BD-PSNR result of
the proposed hybrid method. In Tables VIII-IX, a positive
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Fig. 9.  RD curves of the seven conventional chroma 4:2:0 subsampling schemes and the proposed ones for the three RGB full-color test image sets.
(a) RD curves for 4:2:0(A)-COPY. (b) RD curves for 4:2:0(L)-COPY. (c) RD curves for 4:2:0(R)-COPY. (d) RD curves for 4:2:0(DIRECT)-COPY.
(e) RD curves for 4:2:0(BRIGHT)-COPY. (f) RD curves for 4:2:0(BRIGHT_MEAN)-COPY. (g) RD curves for 4:2:0(MPEG-B)-COPY.

low and middle QP values, the proposed hybrid method
outperforms the conventional and Lin et al.’s subsampling
schemes.

value of BD-PSNR in boldface indicates the quality superiority
of the proposed hybrid method under a fixed QP interval.
In Figs. 9-10 and Tables VIII-IX, we observe that under
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Fig. 10. RD curves of Lin et al.’s scheme and the proposed one for the three Bayer test image sets. (a) RD curves for IMAX test image set. (b) RD curves

for Kodak test image set. (¢) RD curves for SCI test image set.

TABLE IX

AVERAGE BD-PSNR COMPARISON OF LIN ef al.’S SCHEME AND
THE PROPOSED HYBRID METHOD FOR BAYER MOSAIC IMAGES

COPY
Image test set QP interval Proposed
0-12 6.9061
12-24 1.4590
BayerIMAx 24-36 0.1046
36-48 0.0031
40-51 -0.0032
0-12 3.6778
12-24 0.4717
Bayerkodak 24-36 0.0479
36-48 0.0021
40-51 0.0012
0-12 12.3132
12-24 6.1124
Bayerscy 24-36 1.4357
36-48 0.1655
40-51 0.0734

Although the RD curves in Figs. 9-10 and the BD-PSNR
performance of the proposed hybrid method decay in high QP,
it seldom occurs in practice because encoding images under
high QP values often leads to poor visual perception.

V. CONCLUSION

In this paper, we have presented a novel and effective
hybrid method joining the conventional chroma subsampling
scheme and luma modification for RGB full-color, Bayer
mosaic, and DTDI images, prior to compression. For RGB
full-color images, we first explain why determining the ideally
modified luma value for each pixel is a constraint minimization
problem. Next, a near-optimal solution is presented based
on the differentiation technique. To solve the challenging
problem, i.e. removing the gap between the near-optimal
solution and the ideal solution, a theorem and its correctness
are provided to guarantee the modified, i.e. globally optimal,
luma value can be determined in constant time practically.
Furthermore, we adjust the proposed results to tackle the
DTDI and Bayer mosaic images whose CFA structure has
been widely used in modern color digital cameras to sub-
stantially increase the quality of the reconstructed images.
To the best of our knowledge, this is the first time that

such a hybrid method is proposed to substantially increase
the quality performance of the reconstructed images for the
three kinds of images. Based on the IMAX, Kodak, and SCI
test image sets, the experimental results demonstrated that,
in terms of the CPSNR, MSE, visual effect, RD curve, and
BD-PSNR of the reconstructed images, the proposed hybrid
method always has the best performance when compared
with the related state-of-the-art chroma subsampling schemes.
One future research work is to study the effect of using
the refined luma component to further refine the co-located
chroma component. The other future research work is to model
the color component preference based on the social media to
achieve the distortion-minimization criterion. The other future
research work is to incorporate the results of this paper into
the chroma reconstruction issue studied in [15].

APPENDIX
THE IDEALLY MODIFIED LUMA VALUE IN (17) CAN BE
DETERMINED IN O(1) TIME.

Proof: Similar to the proof in Theorem 1, let YiR <
Yl.G < Yl.B, Low; = LYiRJ, and High;, = [YiB]. Assume
Y iideal < |Y l.RJ. In what follows, we show that the assumption
‘Yl.ideal < LYiRJ’ is not true. Because Yiide“l must satisfy
the minimal pixel-distortion criterion with color component
preference in (17), we have

PDP(LYR]) > PDP (videy. (19)
Therefore, it yields
[V = LYRD? 4 parS — LYRD? 4 (rF — 1Y )2

_ [a(YiR _ yjdealy2 gy G _yidealy2 (YiB_Yiideal)Z:I
—u [(YiR — YR — (YR - Yiideal)2:|

n [(YiG o S Yiideal)2:|

+y [(YiB — LYiRJ)z _ (YiB _ Yiideal)z]

>0 (20)
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Unfortunately, (19) and (20) conflict, and it indicates that the
original assumption ‘Yiide“l < LYiRJ’ is not true. Similarly,
we can prove that the assumption ‘¥/4¢! > [yB7> is still
not true. By Table I, we conclude that Yiideal should be in
a small search range with constant length. In other words,
Yiide“l can be determined in O(1) time by search over the
range[Low;, High;]. We complete the proof.
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