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Abstract
Prior to encoding a color image, such as the RGB full-color image IRGB , the Bayer color
filter array (CFA) image IBayer , or the digital time delay integration CFA image IDT DI ,
performing chroma subsampling on the converted chroma image is a necessary step. Previ-
ously, several chroma subsampling methods were developed for IRGB , IBayer , and IDT DI

independently. In this paper, we propose an effective bilinear interpolation-based iterative
chroma subsampling method for the considered three image types simultaneously, achiev-
ing better reconstructed images. Based on the considered three types of images collected
from the Kodak, IMAX, and SCI (screen content images), the comprehensive experimental
results demonstrated that under the versatile video coding (VVC) platform, our chroma sub-
sampling method achieves the best quality and quality-bitrate tradeoff of the reconstructed
color images when compared with the existing chroma subsampling methods.

Keywords Bayer color filter array (CFA) image · Chroma subsampling · Convex
block-distortion function · Digital time delay integration CFA image · Quality-bitrate
tradeoff · Quality enhancement · RGB full-color image

1 Introduction

In this chroma subsampling study, we consider three image types: the RGB full-color image
IRGB , the Bayer color filter array (CFA) image IBayer , and the digital time delay integration
(DTDI) CFA image IDT DI . The four Bayer CFA patterns [3, 19] in Fig. 1 have been widely
used in modern color digital cameras, and each pixel in IBayer has only one R (red), G
(green), or B (blue) color value. The two DTDI CFA patterns [5] in Fig. 2 have been widely
used in industrial high-speed line scan cameras, and each DTDI CFA pixel has two color
values, namely (G, B)-color value or (G, R)-color value.

In our chroma subsampling scheme, prior to compression for IBayer and IDT DI , as
depicted in Fig. 3, both IBayer and IDT DI should be demosaicked to RGB full-color images
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Fig. 1 Four Bayer CFA patterns. (a) [G1, R2, B3,G4]. (b) [R1,G2,G3, B4]. (c) [B1,G2,G3, R4]. (d)
[G1, B2, R3,G4]

at the server side. To demosaick IBayer to an RGB full-color image, several demosaicking
methods [13, 15, 20, 23, 27] can be used. Due to the available code, the method in [13]
is used to demosaick IBayer . For IDT DI , it is known that a DTDI image contains 50% R,
100% G, and 50% B color values. Using the modified version of the method [13], we first
apply the G color-guided linear regression approach [13] to reconstruct the missing R color
pixels, and then apply the same approach to reconstruct the missing B color pixels. The
execution code of the modified version of the demosaicking method [13] for IDT DI can be
accessed from the website1. Then, following BT.601-5 [11], the RGB full-color image is
transformed to a YCbCr image IYCbCr using the following RGB-to-YCbCr conversion:⎡

⎣
Yi

Cbi

Cri

⎤
⎦ =

⎡
⎣

0.257 0.504 0.098
−0.148 −0.291 0.439
0.439 −0.368 −0.071

⎤
⎦

⎡
⎣

Ri

Gi

Bi

⎤
⎦ +

⎡
⎣

16
128
128

⎤
⎦ (1)

where for 1 ≤ i ≤ 4, (Ri,Gi, Bi) and (Yi, Cbi, Cri) denote the triple-values of the ith
RGB pixel and the converted YCbCr pixel, respectively, in each 2×2 RGB block and the
collocated 2×2 YCbCr block.

Our chroma subsampling scheme focuses on 4:2:0 format which determines one subsam-
pled (Cb, Cr)-pair of each 2×2 CbCr block BCbCr , but our discussion is also applicable to
4:2:2 format. After encoding the subsampled YCbCr image, the encoded bit-stream is trans-
mitted to the decoder via the internet. At the client side in Fig. 3, the decoded subsampled
CbCr image is upsampled. When the input image is IRGB , the upsampled YCbCr image is
transformed to the reconstructed RGB full-color image using the following YCbCr-to-RGB
conversion: ⎡

⎣
Ri

Gi

Bi

⎤
⎦ =

⎡
⎣
1.164 0 1.596
1.164 −0.391 −0.813
1.164 2.018 0

⎤
⎦

⎡
⎣

Yi − 16
Cbi − 128
Cri − 128

⎤
⎦ (2)

When the input image is IBayer (or IDT DI ), by (2), the upsampled YCbCr image is directly
transformed to the reconstructed Bayer (or DTDI) CFA image based on the corresponding
CFA pattern in Fig. 1 (or Fig. 2). Without the loss of generality, we take Figs. 1(a) and 2(a)
as the representatives of the Bayer CFA pattern and the DTDI CFA pattern, respectively.

1.1 Related works

Chroma subsampling has a long history, and previously, several chroma subsampling works
were developed for IRGB , IBayer , and IDT DI separately. We first introduce the related
works for IRGB , and then we introduce the related works for IBayer . Finally, the related
works for IDT DI are introduced.

1Execution code of the modified version of the demosaicking method [13] for IDT DI , URL: ftp://140.118.
175.164/DTDIdemosaicing.

ftp://140.118.175.164/DTDIdemosaicing
ftp://140.118.175.164/DTDIdemosaicing
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Fig. 2 Two DTDI CFA patterns.
(a) [(G1, B1), (G2, R2), (G3,
B3), (G4, R4)]. (b) [(G1, R1),
(G2, B2), (G3, R3), (G4, B4)]

1.1.1 Related works for I RGB

For IRGB , the five traditional chroma subsampling methods, namely 4:2:0(A), 4:2:0(L),
4:2:0(R), 4:2:0(DIRECT), and 4:2:0(MPEG-B) [21] are first introduced. For simplicity,
4:2:0(DIRECT) is abbreviated as 4:2:0(D). Then, we introduce the two state-of-the-art
works: the IDID (interpolation-dependent image downsampling) method [30] and the
MCIM (major color and index map-based) method [24]. Throughout this paper, the two
terms ‘chroma pair’ and ‘(Cb, Cr)-pair’ denote the same thing.

4:2:0(A) determines the subsampled (Cb, Cr)-pair of BCbCr by averaging the four
(Cb, Cr)-pairs of BCbCr . 4:2:0(L) and 4:2:0(R) determine the subsampled (Cb, Cr)-
pairs by averaging the two chroma pairs in the left column and right column of BCbCr ,
respectively. 4:2:0(D) determines the subsampled chroma pair by selecting the top-left
(Cb, Cr)-entry of BCbCr . 4:2:0(MPEG-B) determines the subsampled chroma pair by per-
forming the 13-tap filter with mask [2, 0, -4, -3, 5, 19, 26, 19, 5, -3, -4, 0, 2]/64 on the
top-left location of BCbCr .

Using the new edge-directed interpolation (NEDI) [14] which improved the edge-
directed interpolation (EDI) method [1], Zhang et al. [30] proposed an IDID chroma
subsampling method. Their combination is called ‘IDID-NEDI’ in which NEDI is used as
the chroma upsampling process at the client side. Considering the palette mode used for
screen content images [18], Wang et al. [24] proposed an MCIM method to improve the
IDID method, and their best combination is called ‘MCIM-BICU’ in which BICU denotes
the bicubic interpolation used to upsample the subsampled chroma image at the client side.

Fig. 3 The proposed chroma subsampling scheme for IRGB , IBayer , and IDT DI in the coding system
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1.1.2 Related works for I Bayer

Differing from the previous chroma subsampling methods for IRGB , when the input image
is IBayer , Chen et al. [6] observed that in (2), the R value is dominated by the Y and
Cr values, and the B value is dominated by the Y and Cb values. Therefore, the subsam-
pled (Cb, Cr)-pair of each BCbCr is set to (Cb3, Cr2). However, their method does not
benefit the quality of the reconstructed G component. To overcome this disadvantage, Lin
et al. [16] proposed a COPY-based 2×2 Bayer CFA block-distortion function, in which
the operator ‘COPY’ is used to copy the subsampled chroma parameter-pair of BCbCr ,
denoted by (Cbs, Crs), for estimating the four chroma pairs of BCbCr . Then, based on
the block-distortion function, they applied the differentiation (DI) technique to determine
the subsampled (Cb,Cr)-pair of BCbCr . Their combination is called ‘DI-COPY’ in which
‘COPY’ is still used as the chroma upsampling process at the client side.

To improve the DI method, Chung et al. [8] proposed a COPY- and gradient-descent
(GD)-based chroma subsampling method. In the GDmethod [8], the 2×2 Bayer CFA block-
distortion function is based on the COPY-based chroma upsampling process that was used
in the DI method. Their combination is called ‘GD-BILI’ in which BILI denotes the bilin-
ear interpolation used to upsample the subsampled chroma image at the client side. Based
on the COPY-based DI method [16], but considering the demosaiced RGB full-color block-
distortion, Lin et al. [17] proposed a modified 4:2:0(A) chroma subsampling method which
selects the best case among the four subsampled (Cb,Cr)-pairs of BCbCr by consider-
ing the ceiling operation-based 4:2:0(A) and the floor operation-based 4:2:0(A). At the
client side, they improved the previous upsampling process [26] by considering the dis-
tance between each estimated chroma value and its three neighboring (TN) pixels. Their
combination is called ‘modified 4:2:0(A)-TN’.

1.1.3 Related works for IDTDI

For each 2×2 DTDI block BDT DI in IDT DI with the DTDI CFA pattern in Fig. 2(a), each
pixel in the left column of BDT DI contains one (G,B)-pair, but each pixel in the right col-
umn ofBDT DI contains one (G,R)-pair. Because (2) indicates that the B color is dominated
by the Y and Cb components, and the R color is dominated by the Y and Cr components,
in Chung et al.’s color domination (CD) method [7], the subsampled Cb component and the
subsampled Cr component of BCbCr are determined by performing 4:2:0(L) and 4:2:0(R)
on BCbCr , respectively. Their combination is called ‘DI-CA’ in which at the client side,
the chroma-averaging (CA) based upsampling process is used to reconstruct each miss-
ing chroma pair by averaging the neighboring reference chroma pairs which have the same
(G,R)-pair or (G,B)-pair as that of the missing chroma pair.

1.2 Motivation

Because the previous chroma subsampling works were developed for IRGB , IBayer , and
IDT DI separately, their approaches are quite different. To the best of our knowledge, in the
literature, no other chroma subsampling methods targeted for IRGB can also be used for
IBayer and IDT DI using the same demosaicking method. It motivated us to design a novel
and more effective method to handle the chroma subsampling problem for the considered
three image types simultaneously.
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1.3 Contributions

The major contributions of the proposed effective chroma subsampling method for IRGB ,
IBayer , and IDT DI are clarified as follows.

Differing from the COPY-based block-distortion function used in [8, 16, 17] for only
IBayer , we first propose a BILI-based block-distortion function for IRGB , IBayer , and
IDT DI simultaneously. Next, we prove that the proposed BILI-based block-distortion func-
tion is a convex function for any image type. Then, we derive a BILI-based formula to
determine the initial subsampled (Cb, Cr)-pair for each 2×2 CbCr block BCbCr . Fur-
thermore, we propose an iterative method to refine the initial subsampled chroma pair of
BCbCr for any image type, achieving better quality enhancement and quality-bitrate trade-
off, such as the BD-PSNR (Bjøntegaard delta peak signal-to-noise ratio) [4], merits of the
reconstructed color images relative to the existing methods.

Based on the considered three kinds of testing color images collected from the Kodak
[10], IMAX [29], and SCI (screen content images) [22] datasets, the comprehensive experi-
mental results have justified that under the versatile video coding (VVC) platform VTM-8.0
[12], our chroma subsampling method achieves the best quality and quality-bitrate tradeoff
performance of the reconstructed color images when compared with the traditional methods
and the existing methods [24, 30], [7, 8, 16, 17].

The remainder of this paper is organized as follows. In Section 2, our BILI-based block-
distortion function is proposed. In Section 3, we prove the convex property of the proposed
block-distortion function, and then the proposed iterative chroma subsampling method is
presented. In Section 4, the experimental results are demonstrated to justify the quality
and quality-bitrate tradeoff merits of our chroma subsampling method. In Section 5, some
concluding remarks are addressed.

2 The proposed BILI-based block-distortion function

Differing from the COPY-based block-distortion function used in the previous works only
just for IBayer , we propose a new and more effective BILI-based block-distortion function
for IRGB , IBayer , and IDT DI simultaneously.

For easy exposition, we just consider the Cb component of each 2×2 Cb block BCb.
As depicted in Fig. 4, let the subsampled Cb parameter of BCb be denoted as Cbs which
is located at (1, 0). Let the top-left, top-right, bottom-left, and bottom-right estimated Cb

Fig. 4 The depiction of the proposed BILI-based chroma estimation method for estimating Cbest
1 at the

server side
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entries ofBCb be denoted byCbest
1 ,Cbest

2 ,Cbest
3 , andCbest

4 , respectively. To estimateCbest
1

located at (3/4, 1/4), we refer to the parameter Cbs and the three neighboring subsampled
Cb values of the corresponding 2×2 Cb blocks, namely CbT located at (1, 1), CbT L located
at (0, 1), and CbL located at (0, 0), which have been obtained in advance by using the
proposed chroma subsampling method which will be presented in Section 3.

Applying BILI on the parameter Cbs and the three known reference Cb values, CbT ,
CbT L, and CbL in Fig. 4, Cbest

1 is estimated as

Cbest
1 = (

3

4
)(1 − 1

4
)Cbs + (1 − 3

4
)(
1

4
)CbT L

+ (
3

4
)(
1

4
)CbT + (1 − 3

4
)(1 − 1

4
)CbL

= 9

16
Cbs + 1

16
CbT L + 3

16
CbT + 3

16
CbL

(3)

By the same argument, to estimate Cbest
2 , we refer to the parameter Cbs , the two known

subsampled Cb values, CbT and CbT R in Fig. 4, and one future subsampled Cb value, CbR

in Fig. 4, which can be obtained by using the 4:2:0(A) method for IRGB and IDT DI , but
can be obtained by using the DI method [16] for IBayer . The estimation of Cbest

3 and Cbest
4

can be similarly followed. Generally, the four estimated Cb entries of BCb, Cbest
1 , Cbest

2 ,
Cbest

3 , and Cbest
4 , are expressed as the following linear function with parameter Cbs :

Cbest
i = 9

16
Cbs + C̄bi (4)

for 1 ≤ i ≤ 4 with

C̄b1 = 1

16
CbT L + 3

16
CbT + 3

16
CbL

C̄b2 = 1

16
CbT R + 3

16
CbT + 3

16
CbR

C̄b3 = 1

16
CbBL + 3

16
CbB + 3

16
CbL

C̄b4 = 1

16
CbBR + 3

16
CbB + 3

16
CbR

(5)

In the same way, the four estimated Cr entries of BCr can be expressed as a linear function
with parameter Crs .

After presenting the proposed BILI-based estimation method for estimating the four
chroma pairs of BCr , the estimated 2×2 CbCr block is denoted by Best,CbCr . Based
on Best,CbCr , the collocated 2×2 luma block BY , and the input image type t ∈
{RGB,Bayer,DT DI }, by (2), we can obtain the estimated 2×2 t block Best,t at the server
side. For example, when the input image type t equals ‘RGB’, based on Best,CbCr and BY ,
by (2), the estimated 2×2 RGB block Best,RGB can be obtained.

We now present the proposed BILI-based block-distortion function to measure the sum
of squared errors (SSE) between each 2×2 ground truth t block Bt and the estimated 2×2
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t block Best,t for t ∈ {RGB,Bayer,DT DI }. Let St
i , 1 ≤ i ≤ 4, denote the color set of the

ith pixel of the 2×2 t block. It thus yields

BRGB = {SRGB
1 , SRGB

2 , SRGB
3 , SRGB

4 }
= {(R1, G1, B1), (R2, G2, B2), (R3, G3, B3), (R4, G4, B4)}

BBayer = {SBayer

1 , S
Bayer

2 , S
Bayer

3 , S
Bayer

4 } = {G1, R2, B3, G4} for Fig. 1(a)

BDT DI = {SDT DI
1 , SDT DI

2 , SDT DI
3 , SDT DI

4 }
= {(G1, B1), (G2, R2), (G3, B3), (G4, R4)} for Fig. 2(a)

(6)

Using the SSE criterion, for the input 2×2 ground truth block Bt , t ∈ {RGB,Bayer,

DT DI }, our BILI-based block-distortion function is expressed as

Dt =
4∑

i=1

||St
i − S

est,t
i ||2 (7)

where ‖.‖ denotes a 2-norm operation, S
est,t
i denotes the color set of the ith pixel in

the estimated 2×2 t block Best,t . For t = ‘RGB’, by (7), the distortion DRGB equals∑4
i=1[(Ri − Rest

i )2 + (Gi − Gest
i )2 + (Bi − Best

i )2], where (Rest
i , Gest

i , Best
i ), 1 ≤ i ≤ 4,

denotes the triple-value of the ith RGB pixel in the estimated 2×2 RGB block Best,RGB .
Similarly, for t = ‘Bayer’, the block-distortion DBayer equals [(G1 − Gest

1 )2 + (R2 −
Rest
2 )2 + (B3 − Best

3 )2 + (G4 − Gest
4 )2].

Using (1), our BILI-based block-distortion function in (7) can be rewritten as

Dt(Cbs, Crs)

=
4∑

i=1

∑

c∈St
i

[(1.164Yi + acCbi + bcCri) − (1.164Yi + acCbest
i + bcCrest

i )]2

=
4∑

i=1

∑

c∈St
i

[ac(Cbi − Cbest
i ) + bc(Cri − Crest

i )]2

=
4∑

i=1

∑

c∈St
i

[ac(Cbi − (
9

16
Cbs + C̄bi)) + bc(Cri − (

9

16
Crs + C̄ri))]2

(8)

where for 1 ≤ i ≤ 4, the values of ac and bc are defined by

ac =

⎧⎪⎨
⎪⎩

0 for c = Ri

−0.391 for c = Gi

2.018 for c = Bi

bc =

⎧⎪⎨
⎪⎩

1.596 for c = Ri

−0.813 for c = Gi

0 for c = Bi

(9)
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3 The proposed BILI-based iterative chroma subsamplingmethod

For the considered three image types, we first prove the convex property of the proposed
BILI-based block-distortion function in (8), and then a BILI-based formula is derived to
calculate the initial subsampled chroma solution of BCbCr . Finally, we propose an iterative
chroma subsampling method to refine the initial subsampled chroma solution.

3.1 Convex property proof of the proposed block-distortion function

According to the convex function definition [9], if the determinant of the Hessian matrix of
Dt(Cbs, Crs) in (8), denoted by det (H(Dt (Cbs, Crs))), is positive, the proposed block-
distortion function Dt(Cbs, Crs) is a convex function for t ∈ {RGB,Bayer,DT DI }. The
Hessian matrix of Dt(Cbs, Crs) is expressed as

H(Dt(Cbs, Crs)) =
[

∂2Dt

∂Cb2s

∂2Dt

∂Cbs∂Crs

∂2Dt

∂Crs∂Cbs

∂2Dt

∂Cr2s

]
(10)

with

∂2Dt

∂Cb2s
= 2(

9

16
)2

4∑
i=1

∑

c∈St
i

a2c

∂2Dt

∂Cr2s
= 2(

9

16
)2

4∑
i=1

∑

c∈St
i

b2c

∂2Dt

∂Cbs∂Crs
= ∂2Dt

∂Crs∂Cbs

= 2(
9

16
)2

4∑
i=1

∑

c∈St
i

acbc

(11)

In detail, the determinant of H(Dt(Cbs, Crs)) is expressed as

det (H(Dt ))

= 4(
9

16
)4(

4∑
i=1

∑

c∈St
i

a2c

4∑
i=1

∑

c∈St
i

b2c −
4∑

i=1

∑

c∈St
i

acbc

4∑
i=1

∑

c∈St
i

acbc).
(12)

Let vt
1 = (aSt

1
, aSt

2
, aSt

3
, aSt

4
) and vt

2 = (bSt
1
, bSt

2
, bSt

3
, bSt

4
) be two vectors for t ∈

{RGB,Bayer,DT DI }. For example, for t = ‘RGB’, we have

vRGB
1 = (aR1 , aG1 , aB1 , aR2 , aG2 , aB2 , aR3 , aG3 , aB3 , aR4 , aG4 , aB4)

= (0,−0.391, 2.018, 0,−0.391, 2.018, 0,−0.391, 2.018, 0,−0.391, 2.018)

vRGB
2 = (bR1 , bG1 , bB1 , bR2 , bG2 , bB2 , bR3 , bG3 , bB3 , bR4 , bG4 , bB4)

= (1.596,−0.813, 0, 1.596,−0.813, 0, 1.596,−0.813, 0, 1.596,−0.813, 0)

(13)

Similarly, for t = ‘Bayer’, we have v
Bayer

1 = (aG1 , aR2 , aB3 , aG4) = (−0.391,

0, 2.018,−0.391) and v
Bayer

2 = (bG1 , bR2 , bB3 , bG4) = (−0.813, 1.596, 0,−0.813).
Generally, for t ∈ {RGB,Bayer,DT DI }, vt

1 is not parallel to vt
2 and vice versa.
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Table 1 The values of the
determinant of
H(Dt (Cbs, Crs)) in (12) for
t ∈ {RGB,Bayer,DT DI }

t = ‘RGB’ t = ‘Bayer’ t = ‘DT DI ’

det (H(Dt (Cbs, Crs))) 86.2040 6.6216 26.4863

From the equality ‘‖vt
1‖‖vt

2‖cosθ = <vt
1, vt

2 >’, it yields the inequality: ‖vt
1‖2‖vt

2‖2 ≥
<vt

1, vt
2>

2. Using this inequality and the unparallel property between vt
1 and vt

2, it yields

4∑
i=1

∑

c∈St
i

a2c

4∑
i=1

∑

c∈St
i

b2c > (

4∑
i=1

∑

c∈St
i

acbc)
2 (14)

Using the inequality in (14), (12) indicates that the determinant of H(Dt(Cbs, Crs)),
namely det (H(Dt )), is positive, implying that the proposed BILI-based block-distortion
function Dt(Cbs, Crs) in (8) is a convex function for t ∈ {RGB,Bayer,DT DI }. Table 1
tabulates the positive values of det (H(Dt )) for t ∈ {RGB,Bayer,DT DI }, and the readers
are suggested to refer to the related calculations in the website2. We thus have the following
result.

Proposition 1 For t ∈ {RGB,Bayer,DT DI }, the proposed BILI-based block-distortion
function Dt(Cbs, Crs) in (8) is a convex function.

3.2 Determining the initial subsampled chroma solution

Using the convex property in the proposed block-distortion function Dt(Cbs, Crs) in (8),
as described in Proposition 1, want to find the critical point of Dt(Cbs, Crs) such that the
function Dt(Cbs, Crs) at the critical point has the minimal value in the real domain. Then,
the determined critical point will be used as the initial subsampled (Cb,Cr)-pair of each
2×2 CbCr block BCbCr in the practical integer domain.

By taking the first derivative on (8) with respect to Cbs and Crs , respectively, and then
setting the two derivatives to zero, it yields

∂Dt (Cbs, Crs)

∂Crs
= 0

∂Dt (Cbs, Crs)

∂Cbs

= 0.

(15)

After solving (15) in the real domain, the critical point of our BILI-based block-distortion
function Dt(Cbs, Crs) is denoted by (Cb

(0),t
s , Cr

(0),t
s ), as listed in (16). In the practical

integer domain, we take one 2×2 Bayer CFA block example in Fig. 5(a) to point out the
merits of our BILI-based initial solution (Cb

(0),Bayer
s , Cr

(0),Bayer
s ) relative to the previous

COPY-based initial solution used in the previous works. Note that besides the Bayer CFA
image type, our initial solution in (16) is also applicable to the RGB and DTDI image types.

2Determinant values of Hessian matrix of the block-distortion in (8), URL: ftp://140.118.175.164/adaptive/
detHD.pdf.

ftp://140.118.175.164/adaptive/detHD.pdf
ftp://140.118.175.164/adaptive/detHD.pdf
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Cb(0),t
s =

(
4∑

i=1

∑
c∈St

i

b2c ) · [
4∑

i=1

∑
c∈St

i

a2c (C̄bi −Cbi ) + acbc(C̄ri −Cri )] − (
4∑

i=1

∑
c∈St

i

acbc) · [
4∑

i=1

∑
c∈St

i
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(16)

For Fig. 5(a), its demosaiced 2×2 RGB full-color block BRGB and the converted YCbCr
block BYCbCr are depicted in Fig. 5(b) and (c), respectively. The eight neighboring
(Cb, Cr)-pairs referred by the current 2×2 CbCr block BCbCr are shown in Fig. 5(d). In
the practical integer domain, Fig. 5(e) depicts the convex-like grid plot of the previous
COPY-based Bayer CFA block-distortion function, and the red point in Fig. 5(e) denotes
the COPY-based initial solution. Figure 5(f) depicts the convex-like grid plot of our BILI-
based Bayer CFA block-distortion function, and the red triangle in Fig. 5(f) denotes our
BILI-based initial solution. Comparing Fig. 5(e) and (f), we have two observations: (1) our
initial solution is more close to the optimal solution marked by a yellow triangle in Fig. 5(f),
leading to a lower computation cost merit and (2) our optimal solution has less SSE, leading
to a better quality enhancement effect.

4 Experimental results

On the newly released VVC reference software platform VTM-8.0, based on the Kodak,
IMAX, and SCI datasets, the thorough experimental results demonstrated the quality
enhancement and BD-PSNR improvement merits of our BILI-based iterative chroma sub-
sampling method for IRGB , IBayer , and IDT DI relative to the traditional methods and the
state-of-the-art chroma subsampling methods [7, 8, 16, 17, 24, 30]. The execution time
comparison among the considered methods is also made.
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Fig. 5 For t = ‘Bayer’, an example to show the time and quality merits of our BILI-based block-distortion
function relative to the previous COPY-based block-distortion function. (a) The input 2×2 Bayer CFA block
BBayer . (b) The demosaiced RGB full-color block BRGB . (c) The converted YCbCr block BYCbCr . (d)
The eight neighboring subsampled (Cb,Cr)-pairs referred by the current 2×2 CbCr block BCbCr . (e) The
convex-like grid plot by the previous COPY-based block-distortion function for Fig. 5(a). (f) The convex-like
grid plot by our BILI-based block-distortion function for Fig. 5(a)

All the considered methods are implemented on a computer with an Intel Core i7-8700
CPU 3.2 GHz and 24 GB RAM. The operating system is the Microsoft Windows 10 64-bit
operating system. The program development environment is Visual C++ 2019.

4.1 Quality enhancementmerit of our method and time comparison

When setting QP to zero, the four quality metrics, namely PSNR, CPSNR (color peak
signal-to-noise ratio), SSIM [25], and FSIM [28], are used to show the quality enhancement
merit of our chroma subsampling method relative to the existing methods for IRGB , IBayer ,
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and IDT DI . In these experiments for QP = 0, the related results are computed by passing
the compression process and decompression process.

4.1.1 For I RGB

The CPSNR metric of the reconstructed RGB full-color image is defined by

CPSNR = 1

N

N∑
n=1

10 log10
2552

CMSE
(17)

with CMSE = 1
3XY

∑
p∈P

∑
c∈{R,G,B}[In,c(p) − I rec

n,c (p)]2 in which the testing image is
of size 3×X×Y where ‘3’ denotes the number of color spaces. In,c(p) and I rec

n,c (p) denote
the c-color pixel-values at position p in the nth input RGB full-color image and the recon-
structed analogue, respectively.N denotes the number of testing images in the dataset. Here,
N equals 24, 18, and 26 for the Kodak dataset, the IMAX dataset, and the SCI dataset,
respectively. We first calculate the CPSNR value of each dataset, and then the average
CPSNR value of the three CPSNR values of three datasets is taken as the resultant CPSNR
value.

For convenience, let the proposed iterative chroma subsampling method be denoted by
‘ours’. Table 2 indicates that our combination ‘ours-BILI’, where ‘BILI’ is used as the
chroma upsampling process at the client side, has the highest average CPSNR (in boldface)
among the considered combinations, indicating the best quality enhancement effect of our
combination for IRGB . In Table 2, the individual results of IMAX, Kodak, and SCI are
tabulated in the parentheses (), [ ], and {}, respectively.

The average execution time (in seconds) required for each image by the considered
chroma subsampling method is tabulated in the last column of Table 2. Although our chroma
subsampling method takes more time than the five traditional methods, our method achieves
a much better quality enhancement effect. When compared with IDID [30] and MCIM [24],
our method takes much less time and has higher average CPSNR. On the other hand, not
only our method has a better quality enhancement effect, but our method is also much faster
than the comparative methods, IDID and MCIM.

SSIM [25] is used to measure the product of the luminance, contrast, and structure simi-
larity preserving effect between the original image and the reconstructed image. For IRGB ,
the SSIM value is measured by the mean of the three SSIM values for the R, G, and B
color planes. Table 2 demonstrates that our combination ‘ours-BILI’ has the highest average
SSIM among the considered combinations.

FSIM [28] is another image quality assessment with high consistency with the subjec-
tive evaluation. FSIM first utilizes the primary feature “phase congruency (PC)” which is
contrast invariant and the minor feature “gradient magnitude” to obtain the local quality
map, and then FSIM utilizes PC as a weighting function to obtain a quality score. Table 2
also indicates that our combination has the highest FSIM for the IMAX and Kodak datasets
among the considered combinations, but the FSIM value of our combination is little lower
than 4:2:0(A)-BICU for the SCI dataset.

4.1.2 For I Bayer

Based on the testing Bayer CFA images collected from the three datasets, the PSNR,
SSIM, and FSIM values are used to compare the quality of the reconstructed Bayer CFA
images. Table 3 indicates that our combination ‘ours-BILI’ has the highest average PSNR,
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Table 2 The CPSNR, SSIM, FSIM, and time comparison among the considered combinations for IRGB

IRGB CPSNR
(dB)

CPSNR
Gain (dB)

SSIM SSIM
Gain

FSIM FSIM
Gain

Time (s)

4:2:0(A)-BILI (38.2951) (2.1305) (0.9645) (0.0109) (0.999685) (0.000174) (0.0011)

[45.8896] [1.7567] [0.9871] [0.0035] [0.999981] [0.000005] [0.0369]

{31.7219} {1.6623} {0.974} {0.0056} {0.998701} {-0.00028} {0.004}
38.6355 1.8499 0.9752 0.0067 0.999456 -0.000035 0.0140

4:2:0(L)-BILI (38.731) (1.6946) (0.9672) (0.0082) (0.99968) (0.000179) (0.0008)

[46.9503] [0.696] [0.9895] [0.0011] [0.999981] [0.000005] [0.0188]

{31.7602} {1.624} {0.9745} {0.0051} {0.997757} {0.00066} {0.0019}
39.1472 1.3382 0.9771 0.0048 0.999139 0.000282 0.0072

4:2:0(R)-BILI (38.7328) (1.6928) (0.9671) (0.0083) (0.99968) (0.000179) (0.0006)

[45.4934] [2.1529] [0.986] [0.0046] [0.99998] [0.000006] [0.021]

{31.7801} {1.6041} {0.9748} {0.0048} {0.9978} {0.000617} {0.0022}
38.6688 1.8166 0.9760 0.0059 0.999153 0.000268 0.0079

4:2:0(D)-BILI (38.8903) (1.5353) (0.968) (0.0074) (0.999653) (0.000206) (0.0007)

[47.3983] [0.248] [0.99] [0.0006] [0.999978] [0.000008] [0.019]

{31.6288} {1.7554} {0.9756} {0.004} {0.997219} {0.001198} {0.0019}
39.3058 1.1796 0.9779 0.0040 0.998950 0.000471 0.0072

4:2:0(MPEG-B)-BILI (38.5787) (1.8469) (0.9658) (0.0096) (0.999644) (0.000215) (0.0021)

[46.7852] [0.8611] [0.9885] [0.0021] [0.999982] [0.000004] [0.0696]

{31.5463} {1.8379} {0.9742} {0.0054} {0.998263} {0.000154} {0.008}
38.9701 1.5153 0.9762 0.0057 0.999296 0.000125 0.0266

IDID-NEDI [30] (42.9659) (0.8914) (0.9683) (0.0071) (0.999635) (0.000224) (7.5032)

[47.623] [0.0233] [0.9906] [0] [0.999984] [0.000002] [185.509]

{32.3443} {1.0399} {0.9742} {0.0054} {0.998393} {0.000024} {21.3944}
39.5510 0.9344 0.9777 0.0042 0.999344 0.000077 71.4689

4:2:0(A)-BICU (39.7294) (0.6962) (0.9714) (0.004) (0.999838) (0.000021) (0.001)

[46.9147] [0.7316] [0.989] [0.0016] [0.999984] [0.000002] [0.0343]

{32.4623} {0.9219} {0.9754} {0.0042} {0.9989} {-0.000483} {0.0038}
39.7021 0.7833 0.9786 0.0033 0.999574 -0.000153 0.0130

4:2:0(L)-BICU (39.5839) (0.8417) (0.9708) (0.0046) (0.999757) (0.000102) (0.0005)

[47.4031] [0.2432] [0.9901] [0.0005] [0.999983] [0.000003] [0.0209]

{31.9891} {1.3951} {0.9743} {0.0053} {0.997657} {0.00076} {0.0023}
39.6587 0.8267 0.9784 0.0035 0.999132 0.000289 0.0079

4:2:0(R)-BICU (39.5842) (0.8414) (0.9707) (0.0047) (0.999757) (0.000102) (0.0007)

[46.2148] [1.4315] [0.9873] [0.0033] [0.999982] [0.000004] [0.0219]

{32.0039} {1.3803} {0.9746} {0.005} {0.997697} {0.00072} {0.0025}
39.2676 1.2178 0.9775 0.0044 0.999145 0.000276 0.0084

4:2:0(D)-BICU (39.2455) (1.1801) (0.9688) (0.0066) (0.999673) (0.000186) (0.0006)

[47.1661] [0.4802] [0.9896] [0.001] [0.999978] [0.000008] [0.0199]
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Table 2 (continued)

IRGB CPSNR
(dB)

CPSNR
Gain (dB)

SSIM SSIM
Gain

FSIM FSIM
Gain

Time (s)

{31.5865} {1.7977} {0.9738} {0.0058} {0.997008} {0.001409} {0.0022}
39.3327 1.1527 0.9774 0.0045 0.998886 0.000535 0.0076

4:2:0(MPEG-B)-BICU (39.125) (1.3006) (0.968) (0.0074) (0.999683) (0.000176) (0.002)

[46.9216] [0.7247] [0.9887] [0.0019] [0.999983] [0.000003] [0.0783]

{31.748} {1.6362} {0.9734} {0.0062} {0.998239} {0.000178} {0.0077}
39.2649 1.2205 0.9767 0.0052 0.999302 0.000119 0.0293

MCIM-BICU [24] (39.1827) (1.2429) (0.9707) (0.0047) (0.999686) (0.000173) (0.0649)

[48.1996] [-0.5533] [0.9911] [-0.0005] [0.999985] [0.000001] [1.7914]

{32.7887} {0.5955} {0.9732} {0.0064} {0.998742} {-0.000335} {0.1962}
40.0570 0.4284 0.9783 0.0036 0.999471 -0.000050 0.6842

ours-BILI (40.4256) (0.9754) (0.999859) (0.0294)

[47.6463] [0.9906] [0.999986] [0.7525]

{33.3842} {0.9796} {0.998417} {0.1137}
40.4854 0.9819 0.999421 0.2984

SSIM, and FSIM in boldface among the considered combinations. In Table 3, the individ-
ual results of IMAX, Kodak, and SCI are still tabulated in the parentheses (), [ ], and {},
respectively. In Particular, the PSNR gain of our combination is 1.27 dB over the currently
published work ‘GD-BILI’ [8]. Besides the quality enhancement merit, our chroma subsam-
pling method is also faster than the GD method. Although our method takes more time than
4:2:0(A) and DI [16], our method has significant quality improvement relative to the two
methods.

As mentioned before, the COPY-based block-distortion function used in the modified
4:2:0(A) method [17] is based on the demosaiced RGB full-color block-distortion criterion,
but not on the Bayer CFA block-distortion criterion. Therefore, their combination ‘modified
4:2:0(A)-TN’ mainly benefits the quality of the reconstructed RGB full-color image, but
not for the reconstructed Bayer CFA image.

4.1.3 For IDTDI

When setting t = ‘DT DI ’, the proposed chroma subsampling method can well handle
chroma subsampling for IDT DI . Based on the same three datasets, Table 4 indicates that
our combination ‘ours-BILI’ has the highest average CPSNR among the considered com-
binations. The average CPSNR gains of our combination are 2.288 dB and 0.8128 dB over
4:2:0(A)-BILI and CD-CA [7], respectively. Table 4 also demonstrates that our combina-
tion has the highest average SSIM, but the FSIM value of our combination is little lower
than 4:2:0(A)-BILI. For each image, the average execution time requirement (in seconds) of
each considered chroma subsampling method is tabulated in Table 4. Although our chroma
subsampling method takes more time than 4:2:0(A) and the CD method, our method has a
significant quality enhancement effect.
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Table 3 The PSNR, SSIM, FSIM, and time comparison among the considered combinations for IBayer

IBayer 4:2:0(A)-BILI DI-COPY [16] GD-BILI [8] ours-BILI

PSNR (dB) (40.5732) (44.0523) (45.8896) (47.4698)

[47.4013] [49.2148] [51.7971] [52.6374]

{33.0005} {37.9361} {38.096} {39.4854}
40.3250 43.7344 45.2609 46.5309

PSNR Gain (dB) (6.8966) (3.4175) (1.5802)

[5.2361] [3.4226] [0.8403]

{6.4849} {1.5493} {1.3894}
6.2059 2.7965 1.2700

SSIM (0.9954) (0.9978) (0.9985) (0.9988)

[0.9966] [0.9981] [0.9988] [0.999]

{0.9905} {0.9964} {0.9958} {0.9964}
0.9942 0.9974 0.9977 0.9981

SSIM Gain (0.0034) (0.001) (0.0003)

[0.0024] [0.0009] [0.0002]

{0.0059} {0} {0.0006}
0.0039 0.0007 0.0004

FSIM (0.998158) (0.997942) (0.99919) (0.999303)

[0.999978] [0.999897] [0.999985] [0.999987]

{0.997324} {0.997783} {0.998511} {0.998679}
0.998487 0.998541 0.999229 0.999323

FSIM Gain (0.001145) (0.001361) (0.000113)

[0.000009] [0.000090] [0.000002]

{0.001355} {0.000896} {0.000168}
0.000836 0.000782 0.000094

Time (s) (0.001) (0.0011) (0.022) (0.0176)

[0.0386] [0.0352] [0.472] [0.3767]

{0.0035} {0.0033} {0.0746} {0.0532}
0.0144 0.0132 0.1895 0.1492

4.2 Quality-bitrate tradeoff and visual effect merits of our method

When setting QP =0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, and 51, the visual effect merit of our
method is first illustrated, and then we demonstrate the quality-bitrate tradeoff merit of our
combination ‘ours-BILI’ over the other combinations. The quality-bitrate tradeoff of each
combination is first represented by a RD-curve where the X-axis denotes the average bitrate
required for one image and the Y-axis denotes the average CPSNR or the average PSNR of
the reconstructed color images. Next, we demonstrate the average BD-PSNR merit of our
combination ‘ours-BILI’ over the other combinations relative to the baseline combination
‘4:2:0(A)-BILI’.
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Table 4 The CPSNR, SSIM, FSIM, and time comparison among the considered combinations for IDT DI

IDT DI 4:2:0(A)-BILI CD-CA [7] ours-BILI

CPSNR (dB) (41.0412) (42.9797) (43.747)

[48.4785] [49.1936] [50.0855]

{34.1616} {35.9337} {36.7127}
41.2271 42.7023 43.5151

CPSNR Gain (dB) (2.7058) (0.7673)

[1.607] [0.8919]

{2.5511} {0.779}
2.2880 0.8128

SSIM (0.9891) (0.9927) (0.9942)

[0.9975] [0.9979] [0.9984]

[0.9893] [0.9919] [0.992]

0.9920 0.9942 0.9949

SSIM Gain (0.0051) (0.0015)

[0.0009] [0.0005]

{0.0027} {0.0001}
0.0029 0.0007

FSIM (0.999322) (0.999238) (0.999524)

[0.999983] [0.999980] [0.999988]

{0.998385} {0.997601} {0.997968}
0.999230 0.998940 0.999160

FSIM Gain (0.000202) (0.000286)

[0.000005] [0.000008]

{-0.00042} {0.000367}
-0.000070 0.000220

Time (s) (0.001) (0.0006) (0.024)

[0.0302] [0.0185] [0.5652]

{0.0037} {0.0021} {0.0795}
0.0116 0.0071 0.2229

We take the 22nd ground truth SCI image in Fig. 6(a) as the testing image to demonstrate
the visual effect merit of the reconstructed RGB full-color image using our combination
“ours-BILI” relative to the seven comparative combinations. The magnified subimage in
Fig. 6(b) is decoupled from the grey color region containing two words “one slide” on the
inside of the bottom red rectangle in Fig. 6(a). For QP = 51, after performing the eight con-
sidered combinations on Fig. 6(a), the eight reconstructed magnified subimages for Fig. 6(b)
are shown in Figs. 6(c)-(j), and we observe that our combination “ours-BILI” has the best
visual effect in the eight combinations.
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Fig. 6 The visual effect merit of our method. (a) The 22nd ground truth SCI image. (b) The magnified
subimage of (a). (c) 4:2:0(A)-BILI. (d) 4:2:0(L)-BILI. (e) 4:2:0(R)-BILI. (f) 4:2:0(D)-BILI. (g) 4:2:0(MPEG-
B)-BILI. (h) IDID-NEDI. (i) MCIM-BICU. (j) ours-BILI

Fig. 7 The quality-bitrate tradeoff merit of our combination for IRGB
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Fig. 8 The quality-bitrate tradeoff merit of our combination for IBayer

4.2.1 The quality-bitrate tradeoffmerit in terms of RD curves

Let B1, B2, and B3 denote the total bits required for the Kodak dataset with 24 images, the
IMAX dataset with 18 images, and the SCI dataset with 26 images, respectively. Further,
the average bitrate requirement of one image is defined as 1

3 (
B1
24 + B2

18 + B3
26 ).

For IRGB , the RD curves of the considered combinations are illustrated in Fig. 7 and we
observe that under the same bitrate condition, our combination ‘ours-BILI’ has the highest
CPSNR among the considered combinations. For IBayer and IDT DI , the RD curves of the
considered combinations are depicted in Figs. 8 and 9, respectively, indicating that under
the same bitrate condition, our combination still has the best quality among the considered
combinations.

4.2.2 The BD-PSNRmerit

Finally, we demonstrate the average BD-PSNR merit of our combination ‘ours-BILI’ over
the other combinations relative to the baseline combination ‘4:2:0(A)-BILI’. Here, the aver-
age BD-PSNR reduction percentage [4] is used to evaluate the average PSNR (CPSNR)
difference under the same bitrate. In Tables 5, 6 and 7, we list the BD-PSNR results for the
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Fig. 9 The quality-bitrate tradeoff merit of our combination for IDT DI

Table 5 Average BD-PSNR reduction(%) among the considered combinations for IRGB

QP 4-16 QP 12-24 QP 20-32 QP 28-48

4:2:0(L)-BILI (0.4046) (0.349) (0.2273) (0.1074)

[0.1914] [0.155] [0.1006] [0.0377]

{0.0395} {0.0146} {-0.0393} {-0.0668}
0.345 0.1946 0.1033 0.0372

4:2:0(R)-BILI (0.3615) (0.2265) (0.0576) (-0.0192)

[-0.4528] [-0.2173] [-0.1035] [-0.0385]

{0.0415} {-0.0083} {-0.1097} {-0.2055}
0.0694 0.0703 0.0162 -0.0505

4:2:0(D)-BILI (0.5373) (0.4722) (0.2745) (0.115)

[-0.005] [0.1144] [0.1149] [0.0447]

{-0.091} {-0.1247} {-0.2391} {-0.3264}
0.4163 0.2225 0.0867 -0.0259

4:2:0(MPEG-B)-BILI (0.2639) (0.226) (0.1277) (0.0524)

[0.1655] [0.1355] [0.0822] [0.0276]

{-0.1846} {-0.1793} {-0.1679} {-0.1134}
0.1799 0.0745 0.0126 -0.0098
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Table 5 (continued)

QP 4-16 QP 12-24 QP 20-32 QP 28-48

IDID-NEDI [30] (0.4223) (0.3808) (0.2336) (0.1185)

[0.6467] [0.2279] [0.8435] [2.8035]

{0.5417} {0.4655} {0.2939} {0.0751}
0.6504 0.4504 0.2896 0.1262

MCIM-BICU [24] (0.4596) (0.4316) (0.2821) (0.157)

[0.8188] [0.1954] [0.8117] [2.778]

{0.948} {0.8234} {0.5894} {0.3058}
0.8553 0.5673 0.3764 0.1887

ours-BILI (1.7688) (1.2886) (0.6687) (0.2604)

[0.5891] [0.2774] [0.8688] [2.8124]

{1.4411} {1.2277} {0.806} {0.2696}
1.3976 1.0794 0.7104 0.3075

Table 6 Average BD-PSNR reduction(%) among the considered combinations for IBayer

QP 4-16 QP12-24 QP 20-32 QP 28-40

DI -COPY [16] (2.4526) (1.2947) (0.4836) (0.121)

[0.104] [-0.0227] [-0.0262] [-0.0081]

{4.6959} {4.0379} {2.5815} {1.0707}
2.6005 1.8401 1.1505 0.4415

GD-BILI [8] (3.7312) (2.1115) (0.8921) (0.3252)

[0.5252] [0.1554] [0.057] [0.0287]

{4.7515} {4.1333} {2.7383} {1.0753}
3.3876 2.3528 1.5338 0.6371

ours-BILI (4.5996) (2.4496) (0.9574) (0.3242)

[0.5348] [0.1526] [0.0537] [0.0259]

{5.9544} {5.0503} {3.1936} {1.1494}
4.1446 2.803 1.7858 0.699

Table 7 Average BD-PSNR reduction(%) among the considered combinations for IDT DI

QP 4-16 QP12-24 QP 20-32 QP 28-40

CD-CA [7] (1.7643) (1.0408) (0.3377) (0.036)

[0.3244] [0.2149] [0.0388] [-0.0107]

{1.7304} {1.5997} {1.152} {0.4076}
1.2864 1.001 0.6072 0.1991

ours-BILI (2.678) (1.5211) (0.6813) (0.1454)

[0.5771] [0.3611] [0.1065] [0.0382]

{2.3748} {2.1196} {1.4493} {0.3953}
1.894 1.4666 0.9461 0.3525
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considered combinations relative to the baseline for IRGB , IBayer , and IDT DI , respectively,
indicating the best BD-PSNR reduction merit of our combination.

5 Conclusion

In the past years, several chroma subsampling methods were developed for IRGB , IBayer ,
and IDT DI separately. In this paper, we have presented the proposed effective BILI-
based iterative chroma subsampling method to tackle chroma subsampling for the above-
mentioned three image types simultaneously, in particular, using the same demosaicking
method for IBayer and IDT DI . Instead of the COPY-based block-distortion function used in
the previous works only for IBayer , we first propose a BILI-based block-distortion function
for the considered three image types. Next, using a mathematical inequality, we prove that
the proposed block-distortion function is a convex function. Then, we propose a more effec-
tive method to handle chroma subsampling for IRGB , IBayer , and IDT DI simultaneously.
The comprehensive experimental results have justified that under the VVC compression
platform VTM-8.0, our chroma subsampling method achieves substantial quality enhance-
ment and BD-PSNR improvement effects when compared with the traditional methods
and the existing methods [7, 8, 16, 17, 24, 30]. The future work is to apply our itera-
tive chroma subsampling method to tackle the chroma subsampling operation for wireless
capsule endoscopy compression [2].
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